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Abstract

Protein lysine deacetylases (KDACS), including the classic Zn2*-dependent histone deacetylases
(HDACS) and the nicotinamide adenine dinucleotide (NAD™)-requiring sirtuins, are enzymes that
play critical roles in numerous biological processes, particularly the epigenetic regulation of global
gene expression programs in response to internal and external cues. Dysregulation of KDACs is
characteristic of several human diseases, including chronic metabolic, neurodegenerative, and
cardiovascular diseases and many cancers. This has led to the development of KDAC modulators,
two of which (HDAC inhibitors vorinostat and romidepsin) have been approved for the treatment
of cutaneous Tcell lymphoma. By their nature, existing KDAC modulators are relatively
nonspecific, leading to pan-KDAC changes and undesired side effects. Given that KDACs are
regulated at many levels, including transcriptional, posttranslational, subcellular localization, and
through their complexation with other proteins, it should be possible to affect specific KDAC
activity through manipulation of endogenous signaling pathways. In this Minireview, we discuss
our present knowledge of the cellular controls of KDAC activity and examples of their
pharmacologic regulation.
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Introduction

Protein lysine acetylation, involving enzymatic transfer of an acetyl group from the cofactor
acetyl coenzyme A (acetyl-CoA) to the terminal amine present on lysine side chains, is
among the most important post-translational modifications of proteins.[!: 2] Catalyzed by
lysine acetyltransferases, acetylation not only eliminates the normal positive charge present
on the primary amine under physiological conditions, but also prevents alternative lysine
modifications, including methylation, biotinylation, ubiquitination, SUMOylation,
NEDDylation, glycation, among others.[3 4] Given this panoply of lysine modifications,
lysine acetylation can exert a host of effects on proteins, affecting protein structure and
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activity, protein—protein and protein— nucleic acid interactions, protein subcellular
localization and trafficking, and subsequent protein modifications, and stability. Therefore,
protein acetylation, one of the most common posttranslational modifications, is a major
regulator of protein function in organisms ranging from bacteria to humans.[>: €l

As might be expected for a regulatory protein modification, lysine acetylation is readily
reversible. Deacetylations are carried out by a second group of enzymes, lysine deacetylases
(KDAC), which are present in all organisms.l”: 81 Numerous lysine acetylases and
deacetylases are typically present, even in the simplest of organisms, and the full spectrum
of proteins affected by these enzymes is quite large, comprising thousands of different
proteins in higher organisms.[ 101 Some of the main targets of acetylation are the lysine
residues present in the protruding N-terminal tails of nucleosomal histone proteins, whereby
lysine deacetylation generally favors chromatin compaction and decreased levels of gene
transcription, and lysine acetylation the converse.[11] Thus, KDACs are among the primary
epigenetic repressors of gene expression in all organisms.

Elevated levels of histone deacetylation are evident in several chronic human diseases,
particularly cancer and certain neurodegenerative diseases.[12-14] The molecular basis for
their involvement spans from the transcriptional repression of critical tumor suppressor
genes to inhibition of cellular responses to misfolded and aggregated protein
accumulation.[!3] This has led to the development of KDAC inhibitors as a therapeutic
approach for these diseases.[16: 171 In contrast, activation of certain KDACs has been found
to suppress aging and increase longevity in model organisms.[28-20] Thus, the search for
KDAC activators is also being actively pursued.[21]

While some success has been achieved in the development and clinical application of both
KDAC inhibitors and activators, much remains to be done. A significant limitation of
existing therapeutics is their relative lack of isoform selectivity. This is to be expected given
the ubiquitous nature of KDACs and their importance in multiple biological processes.
While KDAC modulators with increased selectivity remain a worthwhile goal, there is an
increasing appreciation that alternatives to direct catalytic effectors need be pursued. In this
Minireview, we provide an overview of different human KDAC—their structural features,
post-translational modifications, associations into functional complexes, and biological
regulation. Emphasis is placed on those KDACs primarily involved in epigenetic regulation.
Following that we explore studies demonstrating effects on specific KDACs through
pharmacologic modulation of their regulatory pathways and provide an overview of future
directions for selective KDAC modulation research.

KDAC Classifications

Globally, KDACs may be thought of as belonging to two superfamilies: those incorporating
a bound Zn2* ion and commonly referred to as “classic” histone deacetylases (HDACs) and
those requiring a nicotinamide-adenine dinucleotide (NAD™) cofactor and are usually called
sirtuins.[22. 231 We will continue to use this naming convention throughout the remainder of
this Minireview when referring to specific deacetylases or subsets thereof, with KDACs
being reserved for the set of all lysine deacetylases. In humans, 18 KDACs are known and
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these can be grouped into classes -1V based on their structural homology (Figure 1). Class |
members include human HDACL, 2, 3, and 8. Class Il members are organized into two
subclasses: Ila (HDAC4, 5, 7, and 9), which possess highly homologous N-terminal
extensions involved in specific protein~HDAC interactions, and I1b (HDACG6 and 10), which
lack these extensions. Class 111 members include the human sirtuins SIRT1 through 7 and
have been further subclassified based on their phylogeny. Class 1V has a single member,
HDAC11, which possesses features characteristic of both class I and class II HDAC. In each
class, the primary region of homology is the conserved deacetylase domain.[2% This is aptly
shown in Figure 1, where the percentage amino acid identity and similarity in the
deacetylase domain is indicated between each KDAC class member and its archetype, either
HDACL (class 1), HDACS (class I1), or SIRT1 (class I1). As the class IV HDAC11 exhibits
homology with both class I and class Il HDACs, identity and similarity values are provided
against both archetypes.

KDAC Enzymatic Mechanisms

Classic HDAC enzymes catalyze the deacetylation of acetyl-.-lysine side chains in proteins
through a general base-promoted nucleophilic attack by a water molecule bound to an
activesite-coordinated Zn2* (Figure 2a).[24 23] The access to the active site is a tubular
channel 11 A in depth, which exhibits a high degree of sequence conservation among all
HDACSs. While this channel is sufficiently large to accept a variety of small molecules,
proteins are the preferred substrates of KDACSs given stabilizing interactions between their
peptide backbone and amino acids present at the pocket exterior. Finally, while all human
HDAC:Ss can function as lysine deacetylases, they do not catalyze deacetylation with equal
efficiency. In vitro experiments with recombinant HDACs and a luminogenic peptide
substrate provide a ranking of HDAC2 >1>6>3>4,5, 7,8, 10 > 11 > 9 with regards to
intrinsic deacetylase activity.[26] However, how representative these values are of protein
activities in vivo remains questionable. Generally, class | HDACs are thought to exhibit
greater deacetylase activity than class lla HDACs, although this may be highly dependent on
the context they reside within (e.g., whether they are part of a multiprotein complex).[271

Sirtuins catalyze the formation of an ADP-ribose-imidate intermediate between a chemically
reactive enzyme-bound NAD* and the N-g-amino group of acetyl-.-lysine in proteins and
generate nicotinamide (Figure 2b).[28] Subsequent attack by a base-activated water yields
the novel product 2’-O-acetyl-adenosine-diphosphate-ribose (2’-AADPR), which can
nonenzymatically interconvert to 3’~AADPR in solution.[2%] As enzyme-bound NAD* is a
quite reactive species, it can potentially be attacked by nucleophiles other than peptidyl-
acetyl-lysine.[3% In fact, sirtuins were originally reported to ADP-ribosylate proteins.[3 32]
However, other than the example of mitochondrial SIRT4 ADP-ribosylating glutamate
dehydrogenase, most other examples occur at far lower frequency than observed deacety-
lation events and might actually reflect nonenzymatic ADP-ribosyltransfer by intrinsically
reactive AADPR.[33-33] Finally, sirtuins have different levels of reported intrinsic
deacetylase activity, with SIRT1-3 being more catalytically active than SIRT6 and 7.13¢]
Notably, SIRT5 preferentially acts on acyl lysines other than acetyl-lysine, including
malonyl-lysine and succinyl-lysine, which are among the known spectrum of acyl lysine
modifications known to exist in vivo.[4 37]
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KDAC Tissue Specificity and Subcellular Localization

In general, KDAC:s are fairly ubiquitous with regards to their distribution in different tissues,
with comparable levels of mRNA present in all cell types investigated.[38 391 Information
regarding their expression levels is provided in Table 1. However, this is not to say that
different KDACs are expressed at equal levels. For example, levels of HDAC7, HDACS,
and SIRT2 mRNA are very high in most all cells, while those of HDAC4, 5, and 10 and
SIRT?7 are typically found at 100-fold lower levels. Likewise, there is some tissue specificity
in expression observed for certain KDACs. Examples include increased levels of HDAC1
mRNA in more proliferative tissues (blood, small intestine, colon), HDAC4 in blood and
brain, SIRT1 and 7 in blood, SIRT3 in brain, and SIRT2 in heart, striated muscle, and brain.
These elevated levels most likely reflect an increased requirement for their encoded proteins
in the proper function of these tissues. While this is a reasonable hypothesis, corresponding
data regarding their absolute protein levels is at present incomplete, and a complete
understanding of their full complement of substrates and their cellular acetylation status has
yet to be achieved.[40: 41l mRNA levels, while presently tractable, is but a first step towards
understanding KDAC levels and their biological roles in different tissues.

Given their original definition as HDACSs and the primary localization of histone proteins in
chromatin, one might be led to believe that, at least with regards to HDACS, these are mostly
nuclear proteins. At a first assumption level, this is generally correct.[42] Class | HDACs are
primarily nuclear proteins, as are SIRT6 and 7. Information regarding the subcellular
localization of KDACs is provided in Table 1.143] However, it should also be noted that
certain KDACs, including class Ilb HDACG6 and 10 and SIRT2 are primarily cytoplasmic,
while SIRT3-5 are located exclusively in mitochondria. Thus, it is highly unlikely that
histone acetylation and epigenetic regulation is significantly affected by these KDACs. Most
interesting are those KDACSs, including HDAC3 and 8, most class Ila/IV HDAC, and
SIRT1, that can shuttle between nuclear and cytoplasmic compartments. For these proteins,
their subcellular localization is often controlled through post-translational modifications
resulting from different signal transduction pathways and upstream cues. One example is the
phosphorylation of conserved Ser/Thr residues upstream of the deacetylase domain in class
Ila HDACs by Ca?*/calmodulin-dependent kinases, protein kinase D, or checkpoint kinase-1
and lla HDAC sequestration in the cytoplasm by 14-3-3 proteins.[44-48] |n addition,
subcellular localization can be a primary means of affecting their biological function, either
through limited their accessibility to partner proteins or target substrates.

KDAC Modifications and Effects

As important regulatory proteins, it is not surprising that KDACS can be subjected to many
post-translational modifications. Primary among these are phosphorylations and various
modifications of lysine residues, including acetylation, methylation, SUMOylation and
ubiquitination.[42] Sites of reported post-translational modifications for the different KDACs
are shown in Figure 1.[43:49.50] Emphasis has been made to include only those modification
sites in human proteins that have been independently verified by multiple methods. While
our current understanding of KDAC modifications is hardly exhaustive, it is nonetheless
possible to ascertain certain trends from the available data. For example, phosphorylation
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sites in both classic HDACs and sirtuins are primarily located outside of their conserved
deacetylase domains. Such is less consistent for other post-translational modifications, for
example, acetylations and ubiquitinations, which can be found both within and outside of the
conserved deacetylase domains. As might be expected from the high degree of homology
observed between different members of a particular KDAC class, there is significant
complementarity between the modification sites present in different KDACs. Examples
include the cluster of phosphorylation sites located towards the C terminus of class |
HDACL and 2 and the phosphorylation sites immediately downstream of the deacetylase
domain in subclass | SIRT1 and 2. However, it is also quite evident from the available data
that significant differences do exist between the post-translational modifications observed in
different KDACs. These differences provide a possible means by which cells specifically
regulate the activity of particular KDACSs. In addition, these differences could provide a
possible approach for the pharmacological control of specific KDAC levels and/or activity.

At present, our understanding as to the biological importance of specific post-translational
modifications on KDAC:s is far from complete. For that subset of post-translational
modifications that have been well characterized in human proteins by multiple methods,
available information including modification, responsible enzyme, sites and their biological
effects is provided in Table 1.[43. 49. 501 Given their considerable interest in the
pharmaceutical field, most information regarding KDAC post-translational modifications
involves phosphorylations.[42] These have been shown to increase the enzymatic activity of
KDACs (e.g., HDACL1, HDACG6 and SIRT1), facilitating their association into multiprotein
complexes (HDACL into mSin3), partitioning them into appropriate subcellular
compartments (SIRT1 to the nucleus), and increasing protein stability (SIRT1).[51-56]
Conversely, certain phosphorylation events can partition class Ila HDACs (HDAC4, 5, 7, 9)
into the cytoplasm, where they are unable to interact with histones or be directly involved
with epigenetic regulation, or inhibit KDAC association with substrates, thereby inhibiting
their deacetylase activity.[44 4. 57, 58]

Phosphorylation is not the only post-translational modification reported for KDACSs. Others
include lysine modifications such as SUMOQylation, which typically facilitates nuclear
transport and/or enzyme activation (HDAC1, SIRT1), and ubiquitination, which typically
but not always results in increased protein degradation.[5%-641 Curiously, while acetylation
has also been reported for certain KDACSs, its persistence and function beyond competing
with other lysine modifications is as yet not fully understood.[65: €6]

KDAC Complexes and Substrates

In order to exert biological effects, KDACs must interact with their specific target acetylated
proteins. This entails more than just being at the right place and time. With regards to
epigenetic regulation, the desired outcome typically involves changing chromatin structure
for a subset of genes, thereby affecting a change in a program of gene expression. Achieving
such specificity requires site recognition beyond that which is possible with a single
polypeptide. While several KDACs form simple complexes with sequence-specific DNA-
binding transcription factors, several KDACs primarily function as parts of larger,
multiprotein complexes.[67] This is well recognized for the essentially nuclear class |
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HDAC:S, including HDAC1-3. HDAC1 and 2 are members of the multiprotein complexes
Sin3, Mi-2/NuRD, CoREST, CtBP, and MiDAC, whereas HDAC3 is a member of N-CoR/
SMRT complexes.[”- 67711 Constituents of these complexes include histone binding proteins
(RBBP4/7), modified histone recognition proteins (ING1/2), methylated DNA recognition
proteins (MBD2/3), histone demethylases (KDM1A), DNA methyltransferases (DNMT1),
chromatin remodeling ATPases (CHD3/4), and transcriptional repressors (SIN3A/ B;
p66A/B, NCoR), among others. Notably, these proteins have obvious functions in chromatin
recognition and modification, as expected by the central role of these complexes in
epigenetic regulation. Curiously, several of these complexes incorporate multiple KDAC,
for example HDACL1 and 2 in Sin3, Mi-2/ NuRD and MiDAC complexes, HDAC1-3 in
CoREST and CtBP. The need for redundancy in these cases is not fully known, although
complexes containing HDAC3 and either HDAC?7 or 9 may exist to provide more effective
overall deacetylase activity, given the weak intrinsic catalytic activity observed for the latter
class lla HDACs.[27. 72]

Not all KDACs are members of multiprotein complexes or are multiprotein complex
members at all times. This is quite evident with those KDACs that shuttle between different
subcellular compartments. For example, the class Ila HDAC4, 5, and 7 can interact with the
N-CoR complex when present in the nucleus but interact with 14-3-3 proteins once
phosphorylated and present in the cytoplasm. Similarly, KDACs can form simple complexes
with individual transcription factors, such as HDAC1 with Sp1 or E2F1/Rb and SIRT1 with
p53, thereby affecting their stability, nuclear localization, or transcriptional activity with
resulting downstream effects on specific programs of gene expression.[73=73 In fact, the full
spectrum of interacting partners for individual KDACs is just beginning to be fully
understood. Mass-spectrometry-based proteomic analysis of proteins associating with
epitope-tagged KDACs and shRNA-based synthetic lethality genetic screens have only
recently been applied towards identifying proteins that physically or functionally associate
with individual KDACs.I87: 78] This has led to a wealth of data regarding the biological
processes affected by individual KDACs. While chromatin modification and control of gene
expression are major functions of many KDACs, even the known nuclear KDACs have
significant functions in other processes, including cell cycle, RNA processing, ubiquitination
control, signal transduction, protein and ion transport, and protein folding. Most important
among all are KDAC roles in various metabolic processes. This would be highly expected,
given the shared role of the metabolic cofactor NAD?* in sirtuin catalytic function. However,
even ostensibly nuclear class | HDACs were also found to have significant roles in
metabolic regulation, for example, regulation of adenosine monophosphate-activated protein
kinase by HDAC1.[76]

KDAC Pharmacological Modulation

As both specific classic HDACs and sirtuins have been ascribed to various human diseases,
this has led to the identification of pharmacological modulators of KDAC activity. In the
case of HDACs involved in epigenetic regulation, diseases such as cancer and
neurodegenerative diseases typically report increased HDAC activity. Thus, the search has
been exclusively for HDAC inhibitors (HDACI).[24] In the case of SIRT1, augmenting its
activity has been reported to increase lifespan in multiple organisms, while either SIRT
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activation or inhibition has been found to have antitumor activity in different cancer models.
Presently both SIRT activators and inhibitors are being actively pursued.[21]

HDAC:I are all active site-binding competitive inhibitors, incorporating a Zn%*-chelating
moiety, an 11 A linker spanning the enzyme access channel, and a “cap” group interacting
with the exterior of the protein. Chelating moieties explored include hydroxamates,
benzamides or thiolate anions (Figure 3).[77-7]

As the active site and access channel are highly conserved among HDACS, achieving
specificity has historically been directed towards changes in cap groups, although changes in
the chelating moiety (e.g., hydroxamate to aminobenzamide) can drive specificity for certain
HDACs.[80. 81] presently, paninhibition of class | HDACs by the carboxylate valproate,
selective inhibition of HDAC1 and HDACS by the benzamide entinostat (MS-275), and
preferential inhibition of HDAC1 and HDAC?2 by romidepsin have been reported.[82. 83]
Selective inhibition of HDAC8 and HDACS has also been described, but these inhibitors are
also found not to affect general histone acetylation levels, suggesting that these HDACs may
not be greatly involved in epigenetic regulation.[84 85] Rather, the clinically more useful
HDACI have generally been pan-HDACI, including vorinostat and romidepsin, although
these can be fraught with untoward side effects, believed to be a consequence of their
limited selectivity.[86-88]

Based on their differing cofactor requirements and chemistry, sirtuins are not susceptible to
the chemical inhibitors used to target classical HDACs. Rather, both the cofactor NAD* and
the reaction product nicotinamide (NAM) greatly affect the rate of lysine deacetylation by
sirtuins, making sirtuins directly responsive to cellular levels of these important products of
metabolism and energy homeostasis.[89: 901 Additional modulators of sirtuin activity have
been identified and are currently under investigation. These include sirtuin inhibitors
sirtinol, salermide, EX-527, and AGK-2, and sirtuin activators resveratrol and imidazo[1,2-
b] thiazoles SRT1720 and SRT2104 (Figure 4a, b).[91-98] Specificity for individual sirtuins
has yet to be fully investigated. However, SIRT1 and 2 are often found to both be affected
by different inhibitors, with EX-527 exhibiting a high degree of specificity for SIRT1 and
AGK-2 preferentially inhibiting SIRT2.[21. 93.94] From a structural perspective, sirtuin
inhibitors have only the slightest resemblance to nicotinamide, and their mechanisms of
action are not fully understood, although it appears that 3-napthols like sirtinol and
salermide do not bind to the NAD™ site but rather affect substrate binding at a proximal site
and indoles like EX-527 stabilize the closed enzyme conformation and prevent product
release.[99. 1001 However, circumstances are even more clouded with sirtuin activators,
suggesting that they may not actually involve direct effects on sirtuin enzymatic activity but
rather on ancillary effects, including post-translational modifications affecting protein
trafficking/stability or altering cellular NAD* levels.[101]

Alternative Regulation of KDAC Activity

Example 1: Selective HDACL inhibition

HDACL and its close compatriot, HDAC2, are arguably the most important deacetylases
involved in epigenetic regulation.l!> 1021 |nvariably nuclear in localization, their primary
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targets are acetylated histones, although many nonhistone nuclear proteins have also been
identified.[16: 1031 Homozygous germline deletion of HDAC1 is embryonic lethal at day 9.5,
resulting in proliferation defects.l[194] Notably, loss of HDAC1 function cannot be
compensated for by overexpression of alternative HDACs, including HDAC?2 or 3.[105]
Similarly, cell type-specific knockouts of HDAC1 alone or with HDAC2 demonstrated
increased proliferation and decreased differentiation, often leading to early lethality.[3: 102]

HDACL overexpression is observed in several cancers, including colorectal, gastric, and
pancreatic, and increased expression typically correlates with decreased survival.[106-110]
However, this was not the case with breast cancer, wherein increased HDACL expression
correlated with elevated expression of estrogen and progesterone receptors, which rendered
the cancer more amenable to treatment.[*11] HDAC1 primary mechanism of action in cancer
cells is thought to arise through its suppression of cyclin-dependent kinase (CDK) inhibitors
p21WAFL/CIP1 and p27KIPL expression, thereby resulting in a loss of cell cycle controls and
promoting increased proliferation.[104. 1121 HDAC1 overexpression also can suppress
apoptosis by intrinsic but not extrinsic pathways and suppress autophagy, rendering cancer
cells refractory to many anticancer treatments.[113-116] Alternatively, HDAC as part of
multiprotein complexes can be recruited by chromosomal translocation-derived chimeric
transcription factors to downregulate genes involved in differentiation. Examples include
RARa/PLZF in acute promyelocytic leukemia and AML1-ETO and CBFb-SMMHC in
acute myeloid leukemia.[117-120]

Suppressing HDACL activity has been an important goal in cancer chemotherapy research.
To date, those HDACI that have been approved for clinical use (e.g., vorinostat and
romidepsin, for the treatment of cutaneous T cell lymphoma) and those most promising
agents in advanced clinical trials are all HDAC1 inhibitors.[*21. 122] However, they are also
either pan-HDAC: or class I-selective HDACI and have exhibited multiple significant
adverse effects, including gastrointestinal symptoms, bone marrow suppression, cardiac
toxicity, thrombocytopenia, neutropenia, diarrhea, vomiting, and fatigue, albeit often at
decreased severity as compared with other antineoplastic agents.[88] This is understandable
given the importance of class | HDACs in multiple biological processes and in multiple cell
types. Several laboratories have sought to design an HDAC1-specific inhibitor. While
HDACI with some preference for HDACL compared with other class | HDACs have been
described (e.g., entinostat), this goal has been difficult to achieve, given the structural
similarity in the active sites of all HDACs and especially between HDAC1 and 2.[24 25]

Notably, HDACSs do not often exist as independent molecules but as part of multiprotein
complexes. This is especially true for HDAC1, which is often found in chromatin
remodeling complexes such as COREST, mSin3, and NuRD.[”: 68-70] These typically consist
of a stable core consisting of HDAC1, HDAC?2, and the histone-binding proteins RBBP4
and RBBP7, as well as additional more labile members that facilitate complex association
with specific sites in chromatin.[87] As it is through these complexes that HDAC1 acts
epigenetically upon specific programs of gene expression, both in normal cells and in
cancer, investigators have begun to use isolated chromatin remodeling complexes to identify
molecules that selectively bind to them and interfere with their deacetylase activities.[123]
While these studies are at an early stage, such an approach offers the potential of identifying
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more functionally selective HDACi. However, this will only be true if the search is
expanded to include molecules that disrupt complex function and not just those that block
acetyl-lysine access to the enzyme active site, as this may not be sufficiently altered in
chromatin remodeling complexes to allow selective recognition by small molecules.

HDACL does not originate as a member of multiprotein complexes, and nor is its residence
among them permanent. Formation of these complexes is a post-translational event and,
while relatively stable entities, their maintenance can be affected by cellular cues.
Unsurprisingly, various signal transduction pathways and post-translational modifications
can regulate the homeostasis of HDACZ1-containing complexes. Perhaps the best example of
this is phosphorylation of HDAC1 at Ser 421 or Ser 423 by casein kinase 11 (CK2) or cyclic
AMP-dependent protein kinase (PKA), leading to recruitment into repressor complexes and
increased activity.[1: 1241 Such phosphorylation events can be reversed:; for example,
genotoxic stress activation of ataxia telangiectasia mutated (ATM) leads to activation of
protein phosphatase 1 (PP1), thereby removing the Ser 421/423 phosphorylations from
HDAC1 and causing its dissociation from Rb complexes.[125]

Phosphorylation changes in and of themselves can affect HDAC activities and delivery but
these effects can be shortlived and are readily reversible. More robust changes require
additional modifications that affect overall cellular levels of HDAC proteins. An example of
this is ubiquitination, the ligation of a 76-amino-acid polypeptide onto lysine residues of
target proteins.[126] Polyubiquitination, in which sequential polymerization of ubiquitin
occur through their Lys48 residues, is a marker for protein degradation by the 26S
proteasome. Notably, ubiquitination of HDACL at any of several lysine residues promotes it
degradation.[89] Several ubiquitin E3 ligases have been identified that ubiquitinate HDAC1,
including CHFR, KCTD11, and MDM2.[62. 63, 127, 128] Recovery of HDAC activity
necessitates minimally translation of existing HDAC1 mRNA and reconstitution of
HDACZ1-containing complexes—Iengthy events compared with phosphorylation changes on
the time scale of most cells.

Selective cellular depletion of HDACs was well demonstrated by the specific loss of cellular
HDACL1 protein following exposure of cells to proinflammatory cytokines. Activation of the
NF-xB signal transduction pathway by cytokines, such as TNFa, IL-1f or LPS, caused a
substantial cellular depletion of HDAC1 in several cancer cell lines.[129] Cellular levels of
other class | HDACs were unaffected. Depletion occurred through ubiquitination of HDAC1
and subsequent proteasomal degradation. Kinase activity from the IxB kinase (IKK)
signalsome was required for this degradation to occur, although it was not shown to directly
phosphorylate HDACL. Interestingly, HDAC1-containing species normally associated with
the p21WAFL/CIP1 promoter region, presumably Sp1-localized mSin3A complexes or the
like, were absent following proinflammatory cytokine treatment. Such was evident by the
local loss of both HDAC1 and HDAC?2, whereas overall cellular HDAC2 levels were
relatively unaffected. These data are consistent with a model in which IKK signaling
labialized HDAC1-containing multiprotein complexes, leading to HDAC1
polyubiquitination and proteasomal degradation. Similar results were observed following
cellular treatment with the proinflammatory cytokine IFNg and presumably involve JAK/
STAT1 signaling.[130] At present, the exact proteins responsible for these HDAC1 post-
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translational modifications, presumably one or more kinases and/or phosphatases and a
ubiquitin E3 ligase, remain unknown.

Selectively depleting HDAC1 levels through proinflammatory cytokine exposure might be
feasible, but highly undesirable from a cancer therapy point of view. Inflammation,
especially mediated through NF-xB signaling, is generally thought to be a critical
component of cancer progression, fostering proliferation, antiapoptosis, angiogenesis, and
metastasis.[!31: 132] Countering inflammation is also a valuable facet of cancer prevention
and treatment. As part of our characterization of NF-«xB signaling involved in HDAC1
depletion, we investigated selective small-molecule inhibitors. Curiously, we discovered that
the reported IKK2-specific kinase inhibitor parthenolide was capable of inducing HDAC1
depletion in the absence of proinflammatory cytokines.[233] This effect was specific for
HDACYL,; other class | and class Il HDACs investigated were not affected. As before,
HDACU1 depletion involved polyubiquitination and proteasomal degradation, and required
sequences in the C terminus (432-482 aa) of HDACL. Yet while dissociation of
transcriptionally repressive complexes associated with the p21 WAFY/CIPL promoter was
observed, these effects did not require the IKK signalsome or other members of the NF-xB
signaling pathway. Rather, the genotoxic stress mediator ATM was required for
parthenolide-induced HDAC1 depletion. Given what is now known regarding ATM and
HDACL, we now believe that parthenolide activates ATM, which in turn phosphorylates and
activates PP1. Activated PP1 facilitates the removal of Ser 421/423 phosphorylations from
HDAC1, thereby leading to its depletion from multiprotein complexes.[134] Parthenolide-
activated ATM also directly phosphorylates the tumor suppressor p53 and the E3 ligase
MDM?2, thereby dissociating this complex.[*35] With MDM2 no longer occupied with p53, it
is interesting to speculate that it can then be responsible for de-phosphorylated HDAC1
ubiquitination and degradation, much as has been observed for MDM2-mediated HDAC1
ubiquitination when complexed with the androgen receptor transcription factor.[63 It should
be noted that while sesquiterpene lactones such as parthenolide cause multiple cellular
changes, including glutathione depletion, increasing reactive oxygen species, and apoptosis
induction, the specific depletion of HDAC1 by parthenolide might not be a direct
consequence of these effects.[13¢] Similarly, other sesquiterpene lactones tested do not
promote specific HDACL1 depletion nor do other molecules that activate ATM through
DNA-damage induction (E. Chanchorn, unpublished observations). HDACL1 depletion by
parthenolide likely requires coordinate effects on multiple pathways and proteins.
Identification of additional molecules that act similarly will require careful assay design to
observe such cooperativity in effects.

Example 2: Selective SIRT1 activation

SIRT1 is probably one of the most important sirtuins involved in epigenetic

regulation.[8: 21. 1371 As a NAD*-dependent deacetylase, it communicates the cellular
metabolic state to the regulation of targeted gene expression. Mainly resident nuclear, the
primary targets of SIRT1 include acetylated histone residues, including H3K9, H3K56, and
H4K16, as well as several nonhistone nuclear proteins, including transcription factors p53,
FOXO01/3/ 4, and PGC-1a..[87] Mice that possess homozygous germline deletion of SIRT1
are smaller at birth and often die shortly there-after.[138] Whole-body SIRT1-overexpressing

ChemMedChem. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Van Dyke

Page 11

mice exhibited several positive phenotypes, including protection against development of
glucose intolerance, obesity, and fatty liver disease induced by diet and aging, as well as
reductions in several age-related and metabolic syndrome-associated cancers.[139-1411 Sych
is very similar to results in lower eukaryotes demonstrating increased longevity with
activation of their SIRT1 homologues.

SIRT1 has a mixed story with regards to its role in cancer. SIRT1 is well known to
deacetylate p53, thereby leading to its inactivation.[242] Given the important role of p53 as a
tumor suppressor, this would suggest that SIRT1 acts as an oncogene, promoting cell
proliferation and suppressing apoptosis. Similarly, the effects of SIRT1 on chromatin
promote the silencing of important tumor suppressors, including CDH1, GATADS, and
SFRP1, again supporting the role of SIRT1 as an oncogene.[243] However, SIRT1 is also
known to deacetylate the transcription factor proto-oncogene c-Myec, thereby inhibiting its
function, as well as deacetylating and inhibiting HIF-1c, an important promoter of cell
growth and angiogenesis under hypoxic conditions.[244. 145] Knockout and overexpression
studies in mice tend to favor a tumor suppressor role for SIRT1 in some, but not all,
cancers.[146] Examination of tumor samples from a variety of human cancers has also shown
mixed results, with both elevated and decreased levels of SIRT1 being reported in different
cancers.[147-149] Thys, the role of SIRT1 in individual cancers remains uncertain and both
SIRT1 activation and inhibition are being explored for the treatment of cancer.

With regards to the well-recognized roles of SIRT1 in aging, metabolic diseases and age-
related cancers, efforts have been made to identify compounds that activate endogenous
SIRT1 activity. Foremost among these is resveratrol, a polyphenolic flavonoid antioxidant
found in grapes, red wine and other plant products.[159] Resveratrol was originally identified
in a high-throughput biochemical screen of compounds that promoted SIRT1-mediated
deacetylation of a fluorescent peptide substrate.[151] Evidence was obtained indicating that
resveratrol decreased the K, value of both the peptide substrate and NAD* without affecting
the Vinax value of the reaction, consistent with it being an allosteric activator of SIRT1. This
effect was specific for SIRT1 and was not observed for SIRT2.[9] However, later studies
found that resveratrol did not affect the binding of native peptide substrates, suggesting that
the stabilization could be an artefact of the coumarin fluorophore used in the original
assays.[95 96, 152] Resveratrol was found to significantly extend the lifespan of yeast, the
nematode Caenorhabditis elegans, flies, and certain mouse model systems, consistent with
sirtuin overexpression studies.[151. 153-155] However, resveratrol interacts with many
different molecules in vivo and affects a multitude of different biological processes,
including those involving mitochondrial biogenesis, various metabolic pathways, and
inflammation.[150] Teasing out a single cause-and-effect might not be possible for this
molecule. Most interesting are recent studies demonstrating that 5° AMP-activated protein
kinase (AMPK), an enzyme critically involved in metabolism control, is activated by
resveratrol, potentially through direct inhibition of phosphodiesterase 4 and/or mitochondrial
ATP synthase.[156-1581 AMPK activation results in increased levels of NAD* and thus could
activate SIRT1, albeit indirectly.[159]

Additional small-molecule activators of SIRT1 have now been synthesized by Sirtris
Pharmaceuticals and other companies.[?1] Perhaps the best characterized is the imidazo[1,2-
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b] thiazole SRT1720.197] Preclinical studies with this molecule demonstrated significantly
improved metabolic parameters in a mouse model of diet-induced obesity, decreased blood
glucose in a leptin-deficient ob/ob mouse model, and improved insulin sensitivity in a
Zucker fa/fa model of diabetes. Most important, treatment of animals with SRT1720
demonstrated increased acetylation of known SIRT1 targets, including FOXO1, p53, and
PGC-1a.[192] Several cell-based siRNA/shRNA SIRT1 knockdown studies have been
performed that support the contention that the biological effects of SRT1720 are mediated,
at least in part, through SIRT1.[101. 1601 However, in vitro studies have not always shown
high-affinity direct binding between SRT1720 and SIRT1.197. 1611 Additionally, like
resveratrol, SRT1720 is also well recognized to have potent anti-inflammatory properties,
decreasing levels of inflammatory cytokines like TNFa and IL-6, and the chemokine
MCP-1.[160] Thus, a clear causal connection between direct pharmacologic SIRT1 activation
and various biological effects remains elusive.

It is well recognized that KDACs are a worthwhile target for pharmacologic modulation in
several chronic human diseases, including diabetes, aging, various neurodegenerative
disorders, and cancer. To date, some success has been observed in clinical trials with
different KDAC modulators and two HDACI, vorinostat and romidepsin, have been
approved for the treatment of one form of cancer, cutaneous T cell lymphoma. Clinically
successful KDAC modulators exhibit many undesirable side effects, some of which can be
life threatening. This is understandable given that the typical KDAC modulator is not highly
specific, affecting multiple KDAC isoforms in both normal and disease cells. Ideally what is
desired is a KDAC modulator that is specific for a critically important KDAC present in a
unique context in the targeted cell. One example might be a HDACIi specific for the NCoR/
SMRT multiprotein complexes repressing retinoic acid-inducible myeloid differentiation
gene expression through their association with the RARa/PML chimeric transcription factor
product of a t(15;17)(q22;g21) chromosomal translocation commonly present in acute
promyleocytic leukemia neutrophilic promyleocytes.[162] Alternatively, even a celltype or
isoform-specific KDAC modulator could be sufficiently selective such that its benefits could
outweigh those potentially decreased side effects that may still arise. The search for more
specific/selective KDAC modulators presently continues.

Obviously, it is not a simple endeavor to design an isoform-specific KDAC modulator, let
alone one that is also cell type or context specific. Humans have 18 different KDACs
expressed ubiquitously throughout their bodies, most of which are performing important
biological functions ranging from regulating specific gene expression to controlling specific
protein stability and activity. These can be subdivided into two large families, 11 classic
HDAC:Ss and seven sirtuins, based on the structure of their active sites and the chemistry used
to catalyze acetyl-lysine hydrolysis. Present KDAC modulators typically bind at or near
these enzyme active sites. Thus, given the high degree of structural homology between
different HDAC or sirtuin active sites, it is quite difficult to achieve isoform selectivity with
small molecules that interact with only a small, conserved, surface on these proteins.
Complicating this is the observation that many KDACs do not predominantly exist in cells
as isolated proteins but rather as members of large, multiprotein complexes. It has recently
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been recognized that these multiprotein complexes should be the targets of drug discovery
and not naked KDAC alone.[123] However, the limitations of successful drug design suggest
that small molecules will still find it difficult to discriminate between different KDACs, let
alone different multiprotein complexes, so long as these drugs are also targeting KDAC
active sites.

While certain KDACSs spend most of their existence in tight complex with other proteins, for
example the core deacetylase complex consisting of HDAC1, HDAC2, RBBP4, and RBBP7
present in the epigenetic regulatory multiprotein complexes CoREST, mSin3, and NuRD,
this is definitely not always the case.[67] KDACs need to be initially loaded into these
complexes and, like all things in biology, these complexes have finite lifespans. KDAC
association in multiprotein complexes is dynamic and is affected by post-translational
modifications, such as phosphorylations, which can readily change as a result of temporal or
environmental cues. We have observed during the course of cell treatment with
proinflammatory cytokines that HDACL levels were severely depleted, including those
HDAC1 proteins present in multiprotein complexes.[12%] This would suggest that
pharmacologic modulation of the signaling pathways responsible for specific multiprotein
complex homeostasis might be a more facile approach towards achieving specificity in
targeting individual KDACs and their biological functions. A schematic model outlining this
approach is shown in Figure 5. Note that such an approach also offers the potential of
achieving cell-type specificity in regulating KDAC activity, given that their interacting
partners and regulatory pathways might differ in different cell types.

It is the associations between KDACSs and other proteins that confer the unique specificity of
their biological functions. Thus, these associations should be the target of drug interventions.
While a direct approach targeting protein—protein interfaces might potentially be feasible, an
alternative approach directed towards the pharmacologic regulation of existing signaling
pathways is more akin to the biology that regulates KDAC activity in vivo and is a
worthwhile avenue to pursue for the treatment of many chronic human diseases. Such would
be analogous to high-dose retinoic acid treatment, which promotes the dissociation of the
HDAC3-containing NCoR/SMRT multiprotein complex from its directing oncogenic
transcription factor RARa/PML, which has been found to be an effective treatment for
many patients with acute promyelocytic leukemia.[163]
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Schematic representations of human histone deacetylases (HDACS) with the locations of
their conserved deacetylase domains; their respective superfamilies are indicated through the
color of their deacetylase domains. Both classical HDACs and sirtuins are organized by
homology class. Shown are Zn2* (blue) and NAD*-dependent (red) deacetylase domains,
their percentage identity and similarity to a class archetype (e.g., HDAC1, HDACS, SIRT1),
and total protein length in amino acids. HDAC11 has homology to both HDACL1 and
HDACS; the latter values are shown in parentheses. Also indicated are the locations of
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validated KDAC post-translation modifications including acetylation (orange A, top),
SUMOylation (green S), ubiquitination (black U), and phosphorylation (red inverted P,
bottom).
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Figure 2.

Protein deacetylation by a) classic histone deacetylases (HDACS) or b) sirtuins.
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Histone deacetylase inhibitors (HDACI). Coordination of enzyme active site Zn2* ion is
indicated.
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Sirtuin a) inhibitors and b) activators.
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Figure5.
Schematic model of specific KDAC targeting through pharmaco-logic modulation of its

regulatory pathway. Example shown is postulated from the depletion of HDAC1 following
cell treatment with the proinflam-matory cytokine TNFa.
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KDAC characteristics.

Table 1

KDAC Tissue specificity[@ Subcellular localization  Post-translational modifications,
biological effectslP]

HDAC1  u+ +; blood, intestines, Nucleus [P CK2AL 8421,423] enzt, —Sin3A

colon, thymus, thyroid + + + [SU (-SUSENPY) K444,476] enz?t

[UbCHFR,KCTDll] pr0¢

HDAC2  u++ Nucleus [P CK2A1 5394] enzt
[P S422,424] enz

HDAC3  u++ Nucleus > cytoplasm [P CK2AL 5424] enzt

HDAC8  u+++ Nucleus > cytoplasm [P PKACA 539] enz)

HDAC4  u ~; blood, brain + Nucleus/cytoplasm [P CaMK4SIK1 5246,467,632] —14-3-3, enzl.

HDAC5  u~ Nucleus/cytoplasm [P AMPK.CaMK4 5959 498] —14-3-3, enz)
[P AurB 5278,279] 14-3-3, enzt

HDAC7 u+++ Nucleus/cytoplasm [P PKP1 5155,358,486] —cyto

HDAC9 4 4 [P CaMK1 5220,451] —14-3-3, enzl,
[P PRK1 5253] nucl

HDAC6  u++ Cytoplasm > nucleus [P EGFR Y570] enz)

HDAC10 u+ Cytoplasm > nucleus

HDAC11 u~ Nucleus/cytoplasm

SIRT1 u ~; blood + + Nucleus/cytoplasm [P INK1 527,47, T530] —nucl, enzt
[P CPK1T530, S540] —nucl, enzt
[_SJSENPl] enzl

SIRT2 u + + +; heart, muscle, Cytoplasm [P CDK1CDK2 5368] enz

brain + + + + [P S372] enzt

SIRT3 u +; brain + + Mitochondria

SIRT4 u+ Mitochondria

SIRT5" u+ Mitochondria

SIRT6 u+ Nucleus

SIRT7 u ~; blood + Nucleolar

[a]
[b]

u, ubiquitous. +, low level mMRNA.

Page 26

P, phosphorylation; SU, SUMOylation; Ub, ubiquitination. Enzyme involved indicated in superscript. Negative sign indicates removal of

modification. Residue involved indicated if known. Enz, enzyme activity; pro, protein level; 1, increased; |, decreased; —, associate with/transport
to; red text, does not associate with/transport to.

*
HDACS5 may not be a deacetylase but rather a related lysine demalonylase and desuccinylase.
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