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Preface

Sir Peter Medawar, Nobel laureate in 1960, thought that the book On Growth and
Form by D’Arcy Wentworth Thompson is “the finest work of literature in all the
annals of science that have been recorded in the English tongue” [1].

The central theme of D’Arcy Wentworth Thompson’s work is a critical reframing
of the theory of evolution, where he deplored overemphasis of evolution in terms of
pure Darwinism and the widespread underestimation of the impact of physical laws
and the rules of simple mechanics on “growth and form” of all organisms. He wrote
in 1917:

An organism is so complex a thing, and growth so complex a
phenomenon, that for growth to be so uniform and constant in
all the parts as to keep the whole shape unchanged would
indeed be an unlikely and an unusual circumstance. Rates vary,
proportions change, and the whole configuration alters
accordingly.

D’Arcy Wentworth Thompson may thus have given a very early definition of
epigenetics," while historically this honor is attributed to the renowned biologist
Conrad Hal Waddington, who coined the word epigenetics. In 1942, he defined
epigenetics as “the branch of biology which studies the causal interactions between
genes and their products which bring the phenotype into being” [2].

Epigenetics has since then been used in most different contexts. Derived from the
Greek prefix epi-, the term had acquired different meanings such as “after”, “post”,
or “additionally”. Nowadays, in the molecular realm, epigenetics has borne out
nearly all these meanings, dealing with all processes in a cell that are considered
“additional” to classical genetic processes and sources of genetic information like
the DNA sequence.

Most recent research in cell biology gives a spectacular confirmation of D’Arcy
Wentworth Thompson’s visionary hypotheses: Physical forces within and bound to

1) In his pioneering work On Growth and Form
published in 1917, the biologist D’Arcy
Thompson (1860-1948) laid the foundations
of what is now called biomathematics.
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Preface

the 3D geometries of the locations where the cells grow and transmitted by the
cytoskeleton are (in part) responsible for the future functionality of the cell [3-5]. The
cellular matrix consisting of collagen and proteoglycans serves as a point of fixation
and stabilizes the growing and developing cell. Depending on the geometry offered
and influences from neighboring tissue, either an adipocyte or a hepatocyte is
generated from a stem cell.

The focus of interest of today’s epigenetic research is on linking the phenomenon
to molecular evidence [6]. Giving care to a baby may fundamentally alter gene
expression profiles due to “simple” cellular chemistry such as methylation and
acylation of DNA and histones, which regulates transcription. The levels of gluco-
corticoid receptors in the hippocampus are higher in groups of rats that give their
offspring more maternal care. Obviously, giving care induced a protein involved in
the promotion of glucocorticoid receptors in the brain, by attracting methylating and
acetylating enzymes to its gene location [7]. This is an example of what the book of
Sippl and Jung is about.

After an introduction to the topic, the volume is divided into two large parts, each
comprising six chapters. The first part introduces the methodology, ranging from
computational approaches to structural biology aspects to cell biology and biochem-
istry. The second part is devoted to targets. Here, several classes of epigenetic targets
and their ligands are presented and discussed in detail.

With this book, the editors, who also contributed chapters of their own, have
succeeded to convene leading experts in the growing new field of “epigenetic drug
design” and have thus made it possible for everyone entering the field to start off
with a sound base of knowledge.

The series editors would like to thank Wolfgang Sippl and Manfred Jung for their
excellent work presented in this book. We also want to express our gratitude to Nicola
Oberbeckmann-Winter, Waltraud Wiist, and Frank Weinreich from Wiley-VCH for
their valuable contributions to this project.

anuary 2009 Raimund Mannhold, Diisseldorf

ry
Hugo Kubinyi, Weisenheim am Sand
Gerd Folkers, Ziirich
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A Personal Foreword

”

“Silence like a cancer grows...” Paul Simon, in “The Sounds of Silence,”
released on Columbia Records, 1965.

“The role of histone becomes, thus, part of the problem of how the
environment affects gene activity. Biology has by now outgrown the
abstract and rigid limitations of classical genetics; for now it is clear that
the chromosome, like other centres of vital activity, is subject to regulation
by feed-back of the periphery.” A. E. Mirsky, 1965 (sic !) [1]

Some 40 years later we basically stand in awe when reading those matter-of-factly
spoken but definitely at that time prophetic words from Dr. Mirsky. Already in 1950
Stedman had discussed the role of histones in differentiation [2] and in 1964 Allfrey
reported on the acetylation of histones [3]. The words of Mirsky are the concluding
remarks of a Ciba Foundation symposium on histones and their role in transfer of
genetic information. There it was discussed that “chromatin represents a ...
metabolically active region of the nucleus” (p. 48). Many “fine bands” had been
resolved in electrophoretic analysis of the histones but of course many details of the
processes involved totally eluded the scientific knowledge of these days. But already
then, a “functional correlation between histone acetylation and the RNA-synthetic
capacity of the chromatin” was suggested.

Today we know that DNA methylation and posttranslational modification of
histones such as acetylation are the biochemical manifestations of the impact of
the environment on the cell and constitute the basis of what we call today “epige-
netics”. In other words, epigenetics is defined now as inheritable changes on gene
expression and hence the proteome that are not based upon changes in the DNA
sequence. A prominent example is the silencing of genetically intact tumor sup-
pressor genes that are involved in the pathogenesis of cancer. Although the basic
concepts were conceived and the term epigenetics was introduced around 60 years
ago [4], epigenetic research (at least in terms of the underlying molecular determi-
nants) remained mostly “silent” until the mid-1990s. Then, the seminal discoveries
of Allis [5] and Schreiber [6] introduced histone-modifying enzymes as defined
biochemical entities with a role in transcriptional regulation. Later, the first links
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of those enzymes to cancer on a molecular level [7, 8] were identified and the role of
further modifications was discovered and described, for example histone methyla-
tion [9]. New ground-breaking discoveries like histone demethylation [10] and its link
to cancer [11] are not older than five years, so we are still in the infancy of epigenetics;
nevertheless the first epigenetic drugs are already approved for the treatment of
patients and a number of additional compounds are in clinical trials. So we will
continue to listen to the sounds of epigenetic silence and hope that new epigenetic
drugs will be able to break the silence and we will be able not to write only scientific
monographs but also be able to write the histone code with small molecules.

In this volume we want to present the state of the art of epigenetics with regard to
drug discovery. The chapters are divided into two major sections; one series of
articles deals with the methodology that is available and the other presents the
targets, their link to human diseases and available inhibitors. We apologize to all
scientists whose efforts in the field were not duly cited in this book. We thank our
authors, the publishers at Wiley-VCH and our families for support.

December 2008 Wolfgang Sippl, Halle (Saale)
Manfred Jung, Freiburg

References

Mirsky, A.E. (1966) in Histones — Their
Role in the Transfer of Genetic Information
(eds Ciba Foundation Study Group, Nr.
24), Churchill Itd, London, p. 112.
Stedman, E. (1950) Cell specificity of
histones. Nature, 166, 780-781.

Allfrey, V.G., Faulkner, R. and Mirsky,
A.E. (1964) Acetylation and methylation
of histones and their possible role in
the regulation of RNA synthesis.
Proceedings of the National Academy of
Sciences of the United States of America,
51, 786-794.

Gottschling, D.E. (2004) Summary:

epigenetics — from phenomenon to field.

Cold Spring Harbor Symposia on
Quantitative Biology, 69, 507-519.
Brownell, J.E., Zhou, J., Ranalli, T.,
Kobayashi, R., Edmondson, D.G., Roth,
S.Y. and Allis, C.D. (1996) Tetrahymena
histone acetyltransferase A: a homolog
to yeast GenSp linking histone
acetylation to gene activation. Cell, 84,
843-851.

Taunton, J., Hassig, C.A. and Schreiber,
S.L. (1996) A mammalian histone
deacetylase related to the yeast

transcriptional regulator Rpd3p. Science,
272, 408-411.

Lin, R.J., Nagy, L., Inoue, S., Shao, W,
Miller, V.H. and Evans, R.M. (1998) Role
of the histone deacetylase complex in
acute promyelocytic leukaemia. Nature,
391, 811-814.

Grignani, F., De Matteis, S., Nervi, C,,
Tomassoni, L., Gelmetti, V., Cioce, M.,
Fanelli, M., Ruthardt, M., Ferrara, F.F.,
Zamir, 1., Seiser, C., Grignani, F., Lazar,
M.A., Minucci, S. and Pelicci, P.G.
(1998) Fusion proteins of the retinoic
acid receptor-alpha recruit histone
deacetylase in promyelocytic leukaemia.
Nature, 391, 815-818.

Rea, S., Eisenhaber, F., O’Carroll, D.,
Strahl, B.D., Sun, Z.W., Schmid, M.,
Opravil, S., Mechtler, K., Ponting, C.P.,
Allis, C.D. and Jenuwein, T. (2000)
Regulation of chromatin structure

Dby site-specific histone H3
methyltransferases. Nature, 406,
593-599.

Shi, Y., Lan, F., Matson, C., Mulligan,
P., Whetstine, J.R., Cole, P.A. and
Casero, R.A. (2004) Histone



n

demethylation mediated by the nuclear
amine oxidase homolog LSD1. Cell, 119,
941-953.

Metzger, E., Wissmann, M., Yin, N,
Muller, ].M., Schneider, R., Peters, A.H.,

A Personal Foreword

Gunther, T., Buettner, R. and Schule, R.
(2005) LSD1 demethylates repressive
histone marks to promote androgen-
receptor-dependent transcription. Nature,
437, 436-439.

XX



Part One
General Aspects and Methodologies

Epigenetic Targets in Drug Discovery. Edited by Wolfgang Sippl and Manfred Jung
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32355-5



1
New Frontiers in Epigenetic Modifications
Adam L. Garske and John M. Denu

1.1
Introduction

The basic packaging unit of the genome, the nucleosome, consists of ~146 bp of
DNA wound around an octamer of histone proteins. The histone octamer is
composed of an H3/H4 tetramer and two H2A/H2B dimers. The unstructured
N-terminal regions (tails) of histones protrude outward from the nucleosomal core
through superhelical gyres of DNA. While genetic information is encoded in the
DNA sequence, processes such as transcription, recombination, DNA replication
and DNA repair are controlled by the “epigenome” (epi is Greek for upon or in
addition to). The epigenome is often characterized by heritable or long-term alter-
ation in gene expression patterns that cannot be ascribed to changes in DNA
sequence [1]. At the molecular level, epigenetics involves the dynamic regulation
of covalent modifications to DNA and the histone proteins. Epigenetics is implicated
in processes such as gene expression and silencing, apoptosis, maintenance of stem
cell pluripotency, X-chromosome inactivation and genomic imprinting [2]. There-
fore, epigenetics can be viewed as the conduit from genotype to phenotype. This
chapter provides a framework for our current understanding of molecular epige-
netics with particular emphasis on the histone code and it examines the utility of
small molecule inhibitors of enzymes that modify DNA and histones.

1.2
DNA Methylation

In multicellular eukaryotes, DNA methylation is associated with transcriptional
silencing [3]. In these organisms, DNA methylation has been observed exclusively
on the C5 position of the cytosine ring and is frequently found in CpG-rich regions.
This process is attributed to the action of DNA methyltransferases (DNMTs), which
utilize the cofactor, S-adenosyl-L-methionine. Approximately half of all human genes
have CpG islands in their promoter regions but these stretches of DNA are typically
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hypomethylated and transcriptionally permissive. Methylation in the proximity of
the transcription start site or within a gene is associated with transcriptional
repression [1, 4, 5].

DNA methyltransferases can be classified in two categories: (1) de novo DNMTs and
(2) maintenance DNMTs [3]. De novo DNMTs methylate previously unmodified
cytosines in CpG islands, while maintenance DNMTs duplicate existing DNA
methylation patterns onto newly synthesized DNA strands during replication.
DNMT3a and 3b are examples of de novo DNMTs and are capable of methylating
both unmethylated and hemimethylated (only one strand in the DNA duplex is
methylated) sites of DNA. Another protein, DNMT3-like (DNMT3L), acts as a
regulatory factor in de novo methylation of DNA despite lacking a catalytic domain.
This protein is involved in genetic imprinting [6] and methylation (indirectly) of
retrotransposons in pre-meiotic spermatogonial stem cells [7]. In the case of genomic
imprinting, DNMT3L was found to collaborate with DNMT?3a to achieve DNA
methylation by localizing the latter to unmodified K4 of histone H3 via a plant
homeodomain (PHD)-like domain [8]. DNMT1, which has a catalytic preference for
hemimethylated DNA, is an example of a maintenance DNA methyltransferase [3].
DNMT1 is localized to replication foci by interaction with proliferating cell nuclear
antigen (PCNA) [9]. Recently, an accessory protein, UHRF1, was shown to target
DNMT1 to hemimethylated DNA during S phase [10, 11]. UHRF1 is known to bind
methylated DNA in the context of CG, CXG (X=A, T or C) or an asymmetrical
sequence using a SET and RING associated (SRA) domain [12]. Furthermore,
UHRF1 was found to be required for stable association of DNMT1 with chroma-
tin [10]. Therefore, DNMT1 appears to regulate epigenetic inheritance in a mecha-
nism that involves a complex with UHRF1 and PCNA in regions of replicating
heterochromatin (tightly packed, transcriptionally repressive chromatin) that contain
hemimethylated DNA [11].

Several other means for targeting DNMTs have been identified. In a sequence-
dependent manner, DNMTs bind directly to DNA by virtue of a conserved proline and
tryptophan (PWWP) domain [13]. For both de novo methyltransferases, DNMT3a
and DNMT3b, a PWWP domain is essential for chromatin targeting [14]. Missense
mutation of the PWWP domain in the DNMT3B gene triggers centromeric
heterochromatin instability, pericentromeric instability and facial anomalies (ICF)
syndrome [14]. A second mechanism for DNMT targeting is through recruitment by
site-specific transcriptional repressors [3]. The oncogenic fusion protein, promye-
locytic leukemia-retinoic acid receptor (PML-RAR), localizes methylation to specific
genes in cancer cells by recruitment of DNMTs [15]. More recently, the polycomb
group protein, enhancer of Zeste homolog 2 (EZH2), was found to target DNMTs to
EZH2-repressed genes [16]. Finally, small RNA molecules have been implicated in
DNMT targeting [3].

Transcriptional repression by DNA methylation is achieved by various modes of
action. In one such mechanism, DNA methylation simply inhibits the binding
of a transcription factor [17]. By a more complex means of action, a number of
DNA methyl-binding proteins potentiate transcriptional silencing. In some cases,
binding is accompanied by the action of an associated histone-modifying enzyme.
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For example, one DNA methyl-binding protein, MBD1, associates with SET domain
bifurcated 1 (SETDB1), a histone methyltransferase (HMT). During DNA replica-
tion, SETDB1 associates with MBD1 in addition to chromatin assembly factor-1 and
catalyzes methylation of histone H3 at lysine 9. Trimethylation at H3K9 is associated
with heterochromatin [18]. A second example thatlinks DNA methylation to a histone
modification state involves PML-RARo. [19]. MBD1 can form a repressor complex
with N-CoR, DNMTs, HDAC3 and PML-RARa to silence PML-RARa-dependent
promoters. This aberrant gene silencing is manifested by HDAC-mediated histone
deacetylation, DNA methylation, as well as time-dependent spreading of MBD1
outside of the promoter region. The spreading of MBD1 along regions of methylated
DNA is thought to recruit additional repressor enzymes [19].

13
Histone Modifications and the Histone Code Hypothesis

Avibrant area in epigenetic research involves covalent modifications of histones [20].
The most commonly observed histone modifications include acetylation, methyla-
tion and phosphorylation. However, other modifications such as citrullination,
ubiquitination, SUMOlyation, prolyl isomerization, ADP-ribosylation and biotinyla-
tion are being increasingly recognized. These modifications are primarily located on
the unstructured N-terminal tails of histones (Figure 1.1), yet an increasing number
of modifications in the o-helical histone fold domains have been documented. In this
chapter, we limit our detailed discussion to histone acetylation and methylation.
One interpretation of the epigenetic consequences of histone modification is the
histone code hypothesis, which predicts that combinatorial histone modification
states result in unique biological outcomes [21]. This molecular “code” is regulated by
alteration of histone-histone interactions, histone-DNA interactions and histone—
nonhistone protein interactions. While there is some dispute whether each histone
modification state results in a unique downstream function, itis generally agreed that
histone modifications can lead to differences in binding and selectivity and that these
differences can propagate a variety of epigenetic outcomes.

0 ¥ ¥ X
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Figure 1.1 PTMs found on the first 30 residues of the human
histone proteins. Only acetylation, methylation, deimination
(formation of citrulline) and phosphorylation are shown.
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A number of strategies have emerged for characterizing histone modifications and
understanding their significance. The workhorses of histone modification mapping
have been modification-specific antibodies and mass spectrometry [20] (see the
requisite chapters in this book for more details). In the ChIP on chip approach,
DNA is crosslinked to DNA-binding proteins, digested and immunoprecipitated with
an antibody for the histone modification of interest. Following PCR amplification of
the associated DNA, the histone modification can be linked to particular gene regions
using microarray technology. This methodology was used extensively in a large-scale
human and mouse epigenome study [22]. While this method was extremely powerful
for mapping locations of histone modification on genes, it is limited by the specificity
of available antibodies and cannot be used to determine the modification status of
histones within the same nucleosome. Mass spectrometry, in contrast, is capable of
determining the modification status of individual histone proteins. A recent study
identified 74 unique histone H4 modification patterns in differentiating human
embryonic stem cells [23]. Several chemically driven strategies have found utility
in studying the effects of histone posttranslational modifications. For example, native
chemical ligation/expressed protein ligation [24-26], chemical incorporation of
methyl-lysine mimetics [27] and genetic incorporation of modified amino acids
(such as acetyl lysine) [28] have enabled the generation of site-specifically modified
histones. In one study employing semisynthetic histones, acetylation of H4K16 was
shown to modulate chromatin compaction and its ability to form cross-fiber inter-
actions [25]. Recently, we developed a method for assaying the specificity of enzymes
and proteins that read the histone modification patterns using combinatorial peptide
libraries based on the modification patterns of N-terminal histone tails [29].

Reversible lysine acetylation of histones is regulated by the opposing activity of
histone acetyltransferases (HATS) and histone deacetylases (HDACs). Acetylation
of the lysine e-amino group results in neutralization of a positive charge, while
deacetylation reestablishes the presence of a primary amine. Hypoacetylation
typically facilitates formation of highly condensed chromatin (heterochromatin) and
transcriptional repression, while hyperacetylation tracks with chromatin that is more
“loosely” associated with DNA (euchromatin) and transcriptional activity. HATs
employ an acetyl-CoA cofactor, operate in large multiprotein complexes and can be
classified as members of the GNAT, MYST or CBP/p300 families of enzymes [30].
However, a recently identified HAT in yeast, Rtt109, appears to belong to an entirely
different family due to lack of homology with other HATs [31]. HDACs are
responsible for the removal of acetyl groups from histone lysines. These protein
deacetylases are categorized as class I, 11, IIl and IV HDACs [32]. Class I, IT and IV
HDACs are metal-dependent acetyl hydrolases that yield acetate as a product.
Class III HDAGs, or sirtuins, utilize an NAD* cofactor and couple deacetylation
with the formation of O-acetyl-ADP-ribose (OAADPr) and nicotinamide. Sirtuins
have been postulated to link epigenetics to metabolic processes and act on a number
of nonhistone proteins [33].

Reversible histone methylation is a highly specific process that is catalyzed by the
action of histone methyltransferases (HMTs) and histone demethylases on lysine
and arginine residues. Like DNMTs, HMTs employ a SAM cofactor. Lysine can be
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mono-, di- or trimethylated and arginine can be monomethylated and symmetrically
or asymmetrically dimethylated. The consequences of histone methylation appear
to be largely context-dependent. For example, trimethylation of H3K4 is a mark of
transcriptionally active chromatin, while trimethylation of H3K9 tracks with tran-
scriptionally repressive chromatin. Lysine HMTs are divided into the SET and Dotl
families [30]. Members of the SET family contain a SET domain and representative
examples include mixed-lineage leukemia (MLL) and EZH2 proteins, which are
specific for methylation of H3K4 and H3K27, respectively. Dot1 lacks a SET domain
and is responsible for mono- and dimethylation of H3K79 [30]. Protein arginine
methyltransferases (PRMTs) usually act on glycine-arginine-rich regions within their
substrates. Following N®-monomethylation, type | PRMTSs can catalyze a subsequent
methylation on the same atom (asymmetric dimethylation), while type II PRMTs
methylate the other w-nitrogen (symmetric dimethylation) [30].

The discovery of LSD1, the first histone demethylase to be characterized, inva-
lidated the notion that histone methylation was a permanent mark [34]. LSD1 is an
FAD-dependent amine oxidase that catalyzes mono- and di- demethylation of H3K4.
Interestingly, a byproduct of LSD1 catalyzed demethylation, hydrogen peroxide,
is thought to link local DNA oxidation to estrogen-induced gene expression [35].
The Jumonji C (JmjC) hydroxylases, another class of histone demethylases, require
iron and o-ketoglutarate and produce formaldehyde as a byproduct. While LSD1
only demethylates mono- and dimethyl lysine residues in proteins, members of the
JmjC family such as JMJD2A and JARID1A are specific for di- and trimethyl lysines.
JMJD6 demethylates both symmetric and asymmetric arginine to their monomethy-
lated counterparts at H3R2 and H4R3 [36]. Protein arginine deiminases (PADs) have
been suggested to catalyze methylated arginines demethylimination to furnish
citrulline [37], yet in vitro evidence for this transformation suggests that methylargi-
nine is a very poor substrate, if at all [38]. Further studies are needed to resolve these
issues. Deimination of arginine to citrulline, however, has been widely character-
ized [39]. Currently, there is no evidence that protein deimination is a reversible
modification. See the relevant chapters of this book for more information on
reversible histone aceylation and methylation.

1.4
Origins of Specificity in Histone Binding Proteins/Modifying Enzymes

The primary readers of the histone code are histone binding domains (HBDs). HBDs
are often found in histone-modifying enzymes, ATP-dependent chromatin remodel-
ing factors and transcription factors. In this chapter, we focus on domains with the
ability to recognize acetylation and methylation. The observation that bromodomains
function as histone acetyl-lysine binding modules [40] set the stage for discovery of
anumber of specialized HBDs. The specificity of the these binding modules appear
to be dictated by both the type of modification and the context of the modified amino
acid [41]. For example, although both heterochromatin protein 1 (HP1) and polycomb
protein PC2 both contain chromodomains (methyl-lysine binding modules), the
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former binds trimethylated H3K9 while the latter binds trimethylated H3K27 despite
an identical sequence surrounding each lysine (ARKS). The binding specificity is
achieved by means of an extended recognition groove in polycomb that recognizes
residues 20-24 [42]. Another mechanism for discriminating among potential
binding partners is by the extent of a particular modification state (e.g. mono-, di-
or trimethylation).

Bromodomains, which are composed of approximately 110 amino acids, fold into
a left-handed antiparallel four-helix bundle. They contain a hydrophobic tunnel,
which accommodates binding of acetylated lysine. Relative to other histone binding
domains, bromodomains are promiscuous with regard to the sequence to which
they bind and typically have dissociation constants in the ~50-350 uM range [2].
These targeting modules are frequently found in HATs. It has been suggested that
bromodomains enable a mechanism whereby HATS can propagate acetylation along
a histone or a nucleosome. Other proteins that harbor bromodomains include
members of the HMT family and ATP-dependent remodeling enzymes. One such
example, the SWI/SNF ATP-dependent remodeling complex employs a bromodo-
main to associate with acetylated promoter nucleosomes [43]. Using the energy
liberated from ATP hydrolysis, the SWI/SNF complex mobilizes nucleosomes. The
bromodomain binding activity of SWI/SNF is essential for displacing the SAGA HAT
complex, as well as facilitating octamer transfer on H3-acetylated nucleosomes [44].

The tudor domain royal superfamily includes the chromodomain, double chro-
modomain, chromo barrel, tudor, double/tandem tudor and MBT domains [45, 46].
Tudor and chromo domains bind to di- and trimethylated lysine while MBT domains
prefer mono- and dimethylated lysine. Tudor domains are also capable of recognizing
symmetrically dimethylated arginine. Increasing lysine methylation results in
reduced hydrogen bonding potential and solvation properties, as well as greater
hydrophobicity and a larger cation radius. Because many methyl binding modules
engage in cation- interactions [46], the degree of methylation is critical in conferring
specificity. Domains that preferentially bind to higher lysine methylation states can
accommodate a diffuse and hydrophobic cation. In contrast, hydrogen bonding
and steric exclusion are dominant factors in regulating specificity for lower methyla-
tion states (or unmethylated lysine) [46]. It was noted that the chromodomain of
HP1 binds specifically to di- and trimethylated H3K9. HP1 recognizes methylation
catalyzed by the action of the suppressor of variegation 3-9 homologue 1 (SUV39H1)
methyltransferase [30]. Structural analysis revealed that a H3K9 trimethylated
histone peptide was immobilized in an induced B-strand sandwich with the pro-
tein [46]. Since the original HP1 structures, a similar induced B-strand fit was
observed for the interaction between other methyl-recognizing proteins and their
methylated peptide binding partners. An example of a double tudor domain is that
of the histone demethylase and transcriptional repressor, JMJD2A. The JMJD2A
double tudor domain preferentially binds to di- and trimethylated H3K4 and
HA4K20 [47-49].

With regard to specificity, plant homeodomain (PHD) fingers constitute the most
diverse class of histone binding modules. These modules recognize lysine in
unmodified, mono-, di- and trimethylated states. Although not structurally related,
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PHD fingers do share a few salient features with members of the tudor domain royal
superfamily: most engage methyllysine through cation-n interactions and induce
their peptide binding partners to adopt a complementary B-strand [46]. One of the
first PHD fingers to be biochemically and structurally enumerated was that of
inhibitor of growth 2 (ING2) [50]. ING2 is a member of the mSin3a-HDAC1 complex
and, in response to DNA damage, stabilizes this complex at promoters of prolifera-
tion genes via interaction with trimethylated H3K4 [51]. The ING2-PHD finger binds
trimethylated lysine by virtue of a two-residue aromatic cage. One of these residues,
W238, forms the boundary for an adjacent groove to the H3K4 binding site that
accommodates H3R2, which interacts with D230 and E237 (Figure 1.2). A homolo-
gous tryptophan has been observed in almost all methyl-binding PHD fingers
characterized to date. Unlike the ING2-PHD finger, the RAG2-PHD finger (another
trimethylated H3K4 binding module) binds in a conformation in which R2 is twisted
out of plane with K4 [52, 53]. Interestingly, this difference in orientation and lack
of interaction with a carboxylate permits methylation of R2 without a defect in
binding. In fact, it has been suggested that symmetric dimethylation of R2 yields a
very modest increase in affinity for peptides trimethylated at H3K4 — an added level of
sophistication for the histone code reading capacity of the RAG2-PHD finger [53].
Furthermore, unlike the ING2-PHD finger, the RAG2-PHD finger does not engage
trimethylated H3K4 in an aromatic cage (aromatic residues above and adjacent to
the quaternary amine) but rather in what is dubbed an “aromatic tunnel” (aromatic
residues are only adjacent to the quaternary amine; Figure 1.2). Functional evidence
demonstrates that binding at trimethylated H3K4 by the RAG2-PHD finger is
necessary for V(D)] recombination in vivo [52]. This finding provided the first
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evidence for involvement of H3K4 trimethylation in a process other than regulation
of gene expression. Interestingly, a W453R mutation in the RAG2-PHD finger
disrupts this interaction [52] and results in Omenn’s syndrome, a rare human
immunodeficiency. In contrast to both the ING2 and RAG2-PHD fingers, the PHD
finger of BHC80, a member of the LSD1 co-repressor complex, shows a preference
for unmethylated H3K4 [54]. Binding of unmethylated H3K4 by the BHC80-PHD
finger is characterized by an electrostatic interaction and hydrogen bonding in
addition to steric exclusion of methyl groups. Also, unlike the RAG2 and ING2
PHD fingers, the BHC80-PHD finger-induced B-strand extends to R8 of a histone H3
peptide. Binding activity of the BHC80-PHD finger is essential for LSD1-mediated
gene repression and appears to function downstream of H3K4 demethylation by
retaining LSD1 at target promoters [54]. A recent study revealed that the autoimmune
regulator (AIRE)-PHD finger also recognizes unmethylated lysine and links this
process to transcription of tissue-restricted antigens [55].

Perhaps most intriguing are proteins capable of reading a histone code with
multiple histone binding domains. Multivalent engagement results in a more
favorable Gibbs free energy (AG) of binding relative to monovalent association. This
is because multivalent binding increases the heat liberated upon association (enthal-
py) with minimal entropic penalty due to pre-organization of the domains [2].
An example of a protein that utilizes multiple domains for histone binding is TAF1
(formerly TAF;250), the largest subunit of the TFIID complex, which is responsible
for initiation of transcription. In this protein, the binding pockets of two bromodo-
mains are separated by ~25A, making them ideally situated to simultaneously
recognize and bind acetylated lysines 5 and 12 or 8 and 16 of histone H4 [56]
(Figure 1.3). H4 peptides diacetylated at these positions bind ~28 and ~7 times more

Domain 2

Acetyl-Lysine binding sites

Figure 1.3 Structure of double bromodomain of TAF1 [56]
(PDB entry 1EQF). Because the TAF1 bromodomains are
separated by ~25 A, they are proposed to simultaneously bind
acetylated lysines 5 and 12 or 8 and 16 of histone H4.
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tightly (respectively) than a peptide monoacetylated at lysine 16. A second example of
a histone binding protein with the potential for combinatorial histone code reading
is the bromodomain and PHD domain transcription factor (BPTF), the largest
subunit of the ATP-dependent chromatin remodeling complex, nucleosome remo-
deling factor (NURF) [57]. BPTF is of particular interest because it bears two different
histone-reading modules: a bromodomain and a PHD finger domain, which are
appended by an o-helical linker. The PHD finger binds di- and trimethylated H3K4
but the role of the bromodomain is unclear. Recognition of H3K4 by the BPTF
subunit may be involved in NURF-mediated ATP-dependent chromatin remodeling
and Hox gene expression during development [58]. While TAF1 and BPTF are
individual proteins with the capacity to recognize dual covalent histone modifica-
tions, the yeast Rpd3S HDAC complex contains two proteins with domains that
collaborate to recognize methylated H3K36 [59]. The Rpd3S HDAC complex is
responsible for suppressing cryptic initiation of transcription within coding regions
of a gene by histone deacetylation. This is achieved when the Rpd3S complex
is targeted to active sites of transcription by association of the chromodomain of
the Eaf3 subunit and the PHD finger of the Rcol subunit with methylated H3K36.
In this cooperative binding event, the Rcol-PHD finger is primarily responsible for
providing affinity for nucleosomes, while the Eaf3 chromodomain contributes
specificity for the methylated H3K36 mark [59, 60]. These examples demonstrate
how multiple domains can cooperate to read a histone code with high fidelity and
enhanced affinity.

1.5
Histone Modification Cross-talk

The crux of the histone code is manifested by a variety of cross-regulation or
“cross-talk” mechanisms, which serve to regulate the activities of histone binding
proteins/modifying enzymes [61]. The most obvious form of regulation is the
mutual exclusivity of some modifications. For example, a di- or trimethylated lysine
residue cannot be acetylated by a HAT. The occurrence of regularly spaced modifi-
able amino acids on histones can facilitate antagonistic or agonistic effects on the
activities of histone binding proteins/modifying enzymes. An intriguing example
involves the interplay between asymmetric trimethylation of H3R2 and trimethyla-
tion of H3K4 [62-64] (Figure 1.4). A quantitative chromatin immunoprecipitation
study revealed that while H3K4 trimethylation occurs at the 5 region of actively
transcribed genes, asymmetric dimethylation of H3R2 is found within the body of
genes or at inactive promoters in a mutually exclusive manner [62]. After identifying
PRMT6 as the methyltransferase responsible for asymmetric methylation of
R2 in vivo, Guccione et al. demonstrated that immunoprecipitated PRMT6 can
methylate an unmodified H3 peptide but not an H3K4 trimethylated version [63].
An ASH2/WDRS5/MLL family methyltransferase complex, which is responsible
for H3K4 trimethylation in vivo, can methylate an unmodified H3 peptide, but
does not tolerate asymmetric dimethylation at R2. This finding was ascribed to
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Figure 1.4 Example of histone cross-talk on interaction of WDRS5 with the H3 tail and

histone H3. PRMT6 and the ASH2/WDR5/MLL subsequent methylation by the MLL complex (c).
complex are capable of methylation of H3R2 and Trimethylation of H3K4 is a hallmark of active
H3K4, respectively (a). PRMT6 cannot methylate promoters, while asymmetric dimethylation of
R2 in the presence of H3K4 trimethylation (b). H3R2 is typically associated with inactive
Asymmetric dimethylation of R2 prevents promoters.

disruption of binding of the WDR5-WD40 repeats with H3K4 when H3R2 was
dimethylated, a previously observed interaction [46]. A similar study in yeast found
that trimethylation of H3K4 by the Set1 methyltransferase complex was abrogated in
the presence of asymmetrically dimethylated H3R2. Ablation of enzymatic activity
was attributed to disruption of the interaction of the Spp1-PHD finger with H3K4,
a component of the Setl complex that is necessary for trimethylation [64]. These
studies reveal how modification cross-talk can be leveraged to achieve transcrip-
tional regulation.

A recent study illustrates the complex interplay of histone modifications in
regulation of the interaction with the transcription factor, TFIID [65]. The TFIID
complex, which consists of several subunits, is involved in initiation of transcription.
Genome-wide surveys [22, 66] revealed that TAF1, the largest TFIID subunit, was
frequently found in regions with high distributions of H3K4 trimethylation as well as
H3K9 and H3K14 acetylation. Using a quantitative mass spectrometry approach,
Vermeulen et al. discovered that selective anchoring of TFIID to the nucleosome
was facilitated in a trimethylated H3K4-dependent manner [65]. This was ascribed to
interaction of the TAF3-PHD finger with trimethylated H3K4. In vitro binding assays
with H3 peptides revealed that the TAF3-PHD finger has ~10-fold increased affinity
for trimethylated H3K4 relative to dimethylated H3K4. Furthermore, asymmetric
dimethylation of H3R2 resulted in a >25-fold loss in binding affinity for peptides
that were trimethylated at H3K4. Interestingly, acetylation of H3K9 and H3K14
enhanced the affinity of TFIID for H3K4 trimethylated peptides in a pull-down
assay. Vermeulen et al. suggest that the stronger interaction is due to the combined
binding of the TAF3-PHD finger and the TAF1 tandem bromodomain. However, the
superior affinity of the TAF3-PHD finger for trimethylated H3K4 is thought to be
the dominant driving force behind the interaction. In support of this hypothesis,
ablation of the PHD finger interaction reduced the mRNA levels of a variety of
genes [65].

The examples of cross-talk in the histone code noted thus far involve events
occurring on a single histone, or in cis. Cross-talk also occurs in trans, that is, between
histone molecules. A good example of histone cross-talk in trans involves the
link between H2B monoubiquitination at H2BK120 (H2BK123 in Saccharomyces
cerevisiae) and methylation at H3K4 and H3K79, both of which are hallmarks of
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transcriptionally poised chromatin. During transcription in budding yeast, mono-
ubiquitination of H2B precedes di- and trimethylation of H3K4 and trimethylation
of H3K79 [61]. Mechanistic insight for the requirement of H2B ubiquitination
came with the recent discovery that ubiquitination of H2BK123 in yeast mediates
interaction with Cps35, a subunit necessary for the H3K4 methyltransferase
activity of COMPASS, the yeast homology of the MLL complex [67]. Interestingly,
monomethylation of these residues is not linked to ubiquitination of H2B [68, 69].
Another instance that highlights cross-talk in trans involves the activity of UTX,
a JmjC-domain containing protein. UTX mediates H3K27 demethylation, which is
linked to H3K4 trimethylation and downregulation of H2A ubiquitination [70, 71].
During retinoic acid signaling, a UTX/MLL complex is recruited to HOX genes and
facilitates transcription by methylating H3K4 and demethylating H3K27. Demeth-
ylation of H3K27 blocks chromodomain-mediated interaction with polycomb
repressive complexes (PRCs) and subsequent ubiquitination of H2A. The combined
action enables transcription of HOX genes.

1.6
Inhibitors of DNMTs and HDACs

Because proper epigenetic regulation is essential for normal functioning of the
genome, there is burgeoning interest in the development of drugs that target
epigenetic misregulation. A dynamic epigenetic model for complex disease suggests
that a pre-epimutation (epigenetic occurrence that predisposes one to disease) is
compounded by a variety of factors that occur over time [72]. These factors may
include the effects of tissue differentiation, hormones and environment. The model
predicts that a critical threshold is reached at some point and this results in a disease
phenotype. Most studies of epigenetic misregulation involve its role in carcinogene-
sis and tumor progression. Increasing evidence suggests that epigenetic dysfunction
is associated with several types of cancer [72]. Unlike genetic information, epigenetic
marks are potentially reversible and therefore represent an opportunity to ameliorate
the disease phenotype.

Aberrant DNA methylation can be manifested in two ways: genome-wide hypo-
methylation and promoter-specific hypermethylation. Genomic hypomethylation is
associated with instability as well as the formation of abnormal chromosome
structures [1]. In contrast, promoter-specific hypermethylation leads to transcrip-
tional inactivation of genes (notably tumor suppressors). Examples of genes inacti-
vated by inappropriate DNA methylation include those of the cell cycle inhibitor,
p16™* and the DNA repair proteins BRCA1 and hMLH1 [73]. Because aberrant
DNA hypermethylation is often associated with cancer, there have been significant
efforts to develop therapeutic agents to target DNMTs. Small molecule inhibitors
of DNMT; fall into two classes: nucleoside analogs and non-nucleoside analogs
(Figure 1.5). Nucleoside analogs are cytidine mimics that become phosphorylated
and incorporated into DNA and/or RNA once inside the cell. These molecules
function as irreversible inhibitors in which a covalent DNMT intermediate is trapped
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Figure 1.5 Selected small molecule inhibitors of DNMTs. 1 and 2
are irreversible nucleoside inhibitors while 3, 4, 5 and 6 are
reversible small molecule inhibitors.

at the 6-position of the cytosine ring. In the case of 5-azacytidine (5-Aza-CR; 1),
B-elimination cannot release the DNMT intermediate due to the absence of an acidic
hydrogen atom at the 5-position. Zebularine (2), which lacks an exocyclic amino
group at the 4-position of the ring, does not undergo B-elimination for reasons that
are not completely understood. Unfortunately, nucleoside analogs are frequently
pleiotropic, often exhibit significant toxicity and have limited stability in aqueous
solution. Although zebularine is stable in aqueous solution, it has poor bioavailabili-
ty [74]. It is unclear whether the effects of nucleoside analog inhibitors are due to
decreasing DNA methylation or DNMT depletion [72].

Due to the limitations of nucleoside-mimic DNMT inhibitors, there is consider-
able interest in developing non-nucleoside inhibitors. For example, RG108 (3),
a phthaloyl tryptophan derivative was identified in a small molecule screen as a
DNMTT1 active site inhibitor [75]. RG108 inhibits methyltransferase activity in vitro
and reduces global methylation levels in human cancer cells [76]. Hydralazine (4),
a vasodilating drug, is reported to inhibit DNA methylation [77]. Surprisingly, in a
recent Phase I study, hydralazine reactivated tumor suppressor genes in cervical
cancer patients without altering global methylation levels [78]. Treatment with
procaine (5), an anesthetic drug, afforded a 40% decrease in cystosine methylation
in MCF-7 breast cancer cells [79]. However, in vitro, procaine does not exhibit
DNMT inhibitory activity [76]. Recently, constrained analogs of the procaine
scaffold were developed to increase potency [80]. One pyrrolidine derivative of
procaine (6) exhibited modest inhibitory activity against DNMT1, but did not appear
to decrease global DNA methylation levels in human myeloid leukemia cells relative
to treatment with procaine [80]. Natural products such as psammaplin A and
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Figure 1.6 Selected small molecule inhibitors of HDACs.
Compounds 7 and 8 are short-chain fatty acids, compounds 9
and 10 are hydroxamic acids, compounds 11 and 12 are cyclic
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(—)-epigallocatechin-3-gallate (EGCG) are being evaluated as DNMT inhibitors [1].
Finally, MG98, an antisense oligonucleotide designed to repress expression of
DNMT1 has shown mixed results in clinical trials [72].

HDACs represent another class of epigenetic therapeutic targets. As with aberrant
DNA methylation, inappropriate HDAC activity is linked to transcriptional mis-
regulation. At the cellular level, HDAC inhibitors facilitate apoptosis of tumor cells
and may control host immune responses and tumor vasculature [32]. To date, the
Zn”*-dependent Class T and IT HDACs have received the most attention. Inhibitors
of Class I and II HDACs include short-chain fatty acids, hydroxamic acids, benza-
mides and cyclic tetrapeptides [1] (Figure 1.6). Short-chain fatty acids such as butyrate
(7) and valproic acid (8) were the first HDAC inhibitors to be identified. However,
these compounds elicit inhibition in the millimolar range, suffer from poor bio-
availability and are non-specific. Hydroxamic acids such as the natural product,
trichostatin A (TSA) (9) and suberoyl anilide hydroxamic acid (SAHA; also known as
Vorinostat and Zolinza) (10) are among the most successful HDAC inhibitors. TSA
is a low-nanomolar Class I and II HDAC inhibitor that antagonizes the growth of
non-small-cell lung cancer (NSCLC) at micromolar concentrations [81]. While SAHA
is ~30-fold less potent than TSA as an HDAC inhibitor, it has had considerable
therapeutic success [72]. SAHA has shown anticancer activity in Phase I studies of
refractory hematologic and solid tumors and a partial response in Phase II refractory
cutaneous T cell lymphoma (CTCL) studies. Recently, SAHA received FDA approval
for the treatment of CTCL-induced skin lesions [72]. The therapeutic success of
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SAHA may be due to its ability to inhibit multiple HDACs with moderate efficiency.
Cocrystal structures of the HDAC core with TSA and SAHA have been useful
in dissecting the molecular details that confer HDAC inhibition [82]. In these
structures, the inhibitors coordinate to an active site zinc and engage in a series
of hydrogen bonds via their hydroxamic acid moieties. The hydroxamic acids are
tethered to an aromatic capping group by an aliphatic linker that participates in
multiple van der Waals contacts throughout a tubular pocket. The identity of the
capping group appears to confer specificity. For example, HDACG6 is not inhibited
by compounds with cyclic tetrapeptide capping groups [30].

Cyclic tetrapeptide natural products such as trapoxin (11) and apicidin (12) are
potent HDAC inhibitors. Trapoxin is an irreversible inhibitor that features an
electrophilic a-epoxyketone linked to a peptide capping group. Apicidin, in contrast,
exploits an ethyl ketone as its zinc-binding group. Apicidin shows antiproliferative
activity against a variety of cancer cell lines by a mechanism that appears to involve
induction of the p21WAF/“P! gene [72]. Recently, nonpeptidic analogs of apicidin
were developed to improve potency and selectivity in HDAC inhibition [83, 84].
A 4-phenylimidazole derivative (13) with a methyl ketone zinc-binding group
selectively inhibits HDACs 1, 2, 3 (ICso values ~100nM) and HDAC 6 (ICso
~300nM). HDACs 4, 5, 7 are not inhibited by 13 at levels as high as 10 uM. The
4-phenylimidazole derivative displayed submicromolar ICs, antiproliferation activity
against cervical, colon and kidney cell lines [84]. This compound also inhibits tumor
growth in a xenograft model.

Benzamides constitute a fourth class of HDAC inhibitors. One example, MS-275,
is a phenylenediamine derivative that exhibits robust HDAC inhibition in patients
with advanced myeloid leukemia as well as refractory solid tumors or lymphoma in
Phase I studies [72]. MS-275 is currently in Phase II trials. In a recent study aimed at
optimizing the benzamide scaffold, several bis-(aryl) type analogs were synthesized
and evaluated for their activity against a panel of HDACs [85]. Moradei et al. found
that a thienyl substitution para to the free amino group in the phenylenediamine core
rendered inhibitors specific for HDACs1, 2 with potency superior to that of MS-275.
Isoform-specific inhibitors should aid in dissecting the roles of HDACs in normal
cellular functioning and cancer.

What does the future hold for pharmacological epigenetic modulators? While
there will undoubtedly be improvements in HDAC and DNMT inhibitor design,
there is increasing interest in using epigenetic modulators in combination therapy
(e.g. to sensitize tumors to cytotoxic agents or radiation) [72]. HDAC and DNMT
inhibitors might be used together to achieve gene reactivation. Combination therapy
has had some success in the case of patients with myelodysplastic syndrome and
acute myeloid leukemia (AML) [86]. Another direction in epigenetic drug discovery
might be to target interactions between histone binding modules and their cognate
binding partners. There have already been reports of small molecules that block
the interaction between bromodomains and nonhistone proteins such as HIV-1
Tat [87, 88] and p53 [89]. Further study of the biological modes of action of epigenetic
modulators and the continued identification of new epigenetic biomarkers will be
essential.
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In this postgenomic era, the ultimate step in understanding how genotype translates
to phenotype will require unraveling the language of epigenetics. This pursuit will
involve the development and implementation of new technologies to map the

epigenome with increasing resolution as well as improving our understanding of
the dynamic interplay that represents the histone code. Deciphering the molecular
basis for epigenetic regulation will facilitate the development of new drugs and
therapies and provide a fertile area of research for years to come.
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Structural Biology of Epigenetic Targets

Christophe Romier, Jean-Marie Wurtz, Jean-Paul Renaud, and Jean Cavarelli

2.1
Introduction

The dynamic remodeling of chromatin is essential to most DNA-based nuclear
processes [1, 2], and it comes as no surprise that epigenetic changes are implicated
not only in normal development but also in various diseases, including cancer [3-5].
The intricacy of epigenetic mechanisms is shown by the large number of possible
epigenetic marks [6] and the discovery that these marks not only destabilize
nucleosomes but help in recruiting other epigenetic effectors to specific locations
— information which led to the histone code hypothesis [7, 8]. Consequently, the
number of studies in the past two decades dedicated to deciphering these mechan-
isms and their effectors at the cellular and molecular levels followed an almost
exponential growth [9].

This large effort was accompanied by a wealth of structural data on epigenetic
effectors in an attempt to understand epigenetic mechanisms at the atomic level.
Certainly, the most impressive achievement was the crystallographic structure
of the nucleosome [10] that showed not only how the DNA is wrapped around
the (H2A/H2B)-(H3/H4),-(H2A/H2B) histone octamer, but also how histone tails,
the main targets of histone-modifying enzymes, interact with DNA. This structure
represented a cornerstone in the field of epigenetics as, for the following biochemical
and structural studies, it provided a first view on how DNA recognition sites and
epigenetic marks might be presented to incoming effectors.

Structural studies also embraced all epigenetic effectors in an effort to understand
their structure/function relationships. Thanks to the large progress of structural
biology in fields as diverse as biochemistry, molecular biology, nuclear magnetic
resonance, X-ray crystallography and computer hardware and software, three-dimen-
sional structures of epigenetic effectors have been obtained, either in a free state or in
complex with cofactors and/or peptide substrates from target proteins. So far, most of
the structural work has been carried out on individual, defined modules bearing
either a catalytic activity, as described in this chapter, or responsible for the specific
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recognition of an epigenetic mark [11]. Clearly, a lot of work remains to be done,
but the structural data already collected give a crucial molecular insight into the
anatomy that underlies some epigenetic target recognition and binding and the
chemistry behind the function of these macromolecules.

This large set of structural knowledge already obtained on epigenetic targets
paves the way for drug design studies to act on major biological processes such
as development, aging, diseases and notably cancer (see dedicated chapters in
this book). Catalytic domains are specifically addressed by many of these studies. In
this chapter, we review the structural knowledge gained on catalytic domains of
the main DNA- and histone-modifying enzymes: histone acetyl transferases,
histone deacetylases/sirtuins, histone methylases, histone demethylases and DNA
methylases.

2.2
Histone Acetyltransferases

Histone acetyltransferases (HATs) are enzymes that acetylate specific lysine residues
in histones through the transfer of an acetyl group from an acetyl-coenzymeA
(AcCoA) molecule, causing profound effects on chromatin structure and assembly
as well as gene transcription. HATS are found in most, if not all, eukaryotic organisms
as multiprotein complexes, some HAT catalytic subunits even being shared between
various complexes that display different substrate specificities based on their subunit
composition [12]. Despite their name, HATs do not restrict themselves to the
acetylation of histones, since these enzymes have also been shown to act on
nonhistone proteins, broadening their scope of action [13].

HAT catalytic subunits are divided into several families based on conserved
sequence motifs [14]. The two major families are termed GNAT (Gcn5-related
N-acetyltransferases) and MYST (MOZ, Ybf2/Sas3, Sas2, Tip60). Smaller families
have also been defined: p300/CBP (CREB-binding protein), nuclear receptor
co-activators, ATF-2, Rtt109 and possibly TAFy1 [12]. Whereas proteins from the
GNAT and MYST families display some sequence similarity in their conserved
regions, the other families are much more divergent in terms of sequence [14].
Following the isolation of the first HAT subunits, numerous structural studies were
carried out on these enzymes in the past decade and led to a wealth of structural data
on the GNAT, MYST and p300/CBP families.

2.2.1
Structures from the GNAT Family

The structures of four HATs (yeast Hatl, Gen5 from yeast (y) and Tetrahymena
thermophila (t), human PCAF, yeast Hpa2) from the GNAT family have been solved so
far [15-19]. These structures show that the evolutionarily conserved sequences
of these proteins — termed motifs A, B, C, D [14] — form a conserved structural
core. This core domain is constituted by a central highly curved five-stranded
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Figure 2.1 Structures of histone acetyl- whereas the rest of the structures are colored
transferases (HATSs). Ribbon representation according to the secondary structure elements.
of the structures of the HAT domains of (a) The acetyl-coenzymeA (AcCoA)/coenzymeA
Tetrahymena thermophila Gen5 (PDB code 1gsr), (CoA; Gen5, Hat1, Esal, Rtt109) or Lysine-

(b) Saccharomyces cerevisiae Hat1 (PDB code ~ coenzymeA (p300) molecules bound to the
1bob), (c) S. cerevisiae Esal (PDB code Tmja), enzymes are colored cyan. The specific loops of
(d) Homo sapiens p300 (PDB code 3biy) and p300 and Rtt109 HATSs that cover the AcCoA
(e) S. cerevisiae Rtt109 (PDB code 3d35). The  binding groove are colored blue.

conserved structural core is colored orange,

antiparallel B-sheet flanked by three a-helices (Figure 2.1). The highest structural
conservation is observed for the three central strands and the helix-linking strands 34
and B5, which correspond to the most conserved sequence motifs, D and A. In
contrast, the remaining N- and C-terminal regions of these proteins that flank this

25



26

2 Structural Biology of Epigenetic Targets

conserved structural core show much more structural divergence or are sometimes
structurally totally unrelated (Figure 2.1).

Recognition of AcCoA, the cofactor that donates the acetyl group to the lysine
substrate, is highly similar in these structures. AcCoA binds to a groove at the surface
of the protein that is formed by the structural core (Figure 2.1). The protein/AcCoA
interactions imply almost exclusively motifs A and B of the enzymes, many of these
interactions being made via hydrogen bonds to the protein backbone, which explains
why the mode of recognition of the cofactor is similar despite protein sequence
variations. Directinteractions with side-chains as well as water-mediated interactions
are also observed [15-21]. Interestingly, these interactions are made predominantly
with the acetyl group, the pantetheine arm and the pyrophosphate group of AcCoA.
The 3’ phosphate-adenosine moiety, in contrast, makes relatively few or no contacts
with the protein, which explains its different conformations observed in the various
structures.

2.2.2
Structures of HATs from the MYST Family

For the MYST family, structural data have been described for two proteins: yeast
Esal and human MOZ (monocytic leukemia zinc finger) [22, 23]. Surprisingly,
although sequence conservation between the GNAT and MYST families concerns
only motif A, these enzymes display a highly similar structural core as described for
the GNAT family (Figure 2.1). Especially, the five-stranded antiparallel B-sheet
and the three o-helices are also found in these structures. Overall comparison of
Esal and MOZ structures reveals relatively little structural difference. However,
comparing these enzymes to those of the GNAT family shows a structural divergence
for the N- and C-terminal regions of these proteins. In contrast and as expected from
the conservation of the structural core between the two families, binding of AcCoA to
the MYST and GNAT enzymes is highly similar, with a strong interaction with the
acetyl group, the pantetheine arm and the pyrophosphate group of AcCoA, and less
with the 3’ phosphate-adenosine moiety. It should be noted that the structures
(pdb codes 2giv, 20u2) of the human MYST enzymes MOF and Tip60 in complex
with CoA and AcCoA, respectively, confirm the observations made with the Esal and
MOZ proteins.

223
Structure of the p300 and Rtt109 HATs

Structure of a HAT from the p300/CBP family has been long awaited, since
these enzymes have no sequence similarity with enzymes of the GNAT and MYST
families. The structure of the p300 HAT domain was solved very recently in complex
with a Lys-CoA bi-substrate inhibitor, which required a highly intricate expression
and purification protocol in order to produce a protein amenable to crystallization
studies [24]. Analysis of the structure revealed however that, despite no sequence
conservation, a similar structural core is observed as for the GNAT and MYST
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families (Figure 2.1). This structural core is composed of the five-stranded antipar-
allel B-sheet and two of the three o-helices. The region encompassing the missing
helix is structurally completely divergent from the other HAT enzymes whose
structure is known.

Still, the binding of the CoA moiety of the Lys-CoA inhibitor is highly reminiscent
of the binding of CoA and AcCoA to enzymes of the GNAT and MYST families.
Notably, the location of the acetyl group, the pantetheine arm and the pyrophosphate
group is nearly identical. The major difference comes from the 3’ phosphate-
adenosine moiety that interacts much more strongly with the enzyme. Further,
a large p300-specific loop — formed by an insertion between the fifth strand and the
C-terminal helix of the conserved structural core — almost entirely covers the AcCoA
binding pocket, increasing the number of interactions made between the protein and
the cofactor (Figure 2.1). Finally, comparison of the electrostatic potential at the
surface of p300, Gen5 and Esal HATs shows major differences for the former
enzyme that may account for its substrate specificity [24].

Yeast Rtt109 HAT acetylates lysine 56 at the end of helix a1 of histone H3. The
recently published structure of this enzyme in complex with AcCoA revealed that,
despite a lack of sequence similarity, it contains a conserved structural core [25-27]
(Figure 2.1). Comparison of the Rtt109 structure to other known HAT structures
shows the highest structural similarity with the p300 enzyme, notably with the
presence of the specificloop covering the AcCoA-binding pocket, suggesting that they
belong to the same family.

2.2.4
Binding of Histone Substrates by HATs of the GNAT Family

The most detailed structural analysis of histone substrate binding by HAT has been
carried out on the GenS enzyme from the GNAT family [17, 28-30]. Gen5 has been
shown to acetylate preferentially histone H3 on lysine 14, but it can also acetylate
histone H4 and p53 in vivo ([28] and references therein). The structures of Gen5 in
complex with CoA and either H3, H4 or p53 19mers has brought specific structural
knowledge on substrate recognition by this enzyme [28, 30]. Interestingly, in all
structures the lysine to be acetylated is bound to a pocketlocated in close vicinity of the
binding site for the acetyl group of the AcCoA molecule (Figure 2.2). Especially,
binding is built up on van der Waals interactions and hydrogen bonding to both the
protein and the CoA molecule.

However, whereas lysine recognition is similar, large differences are observed for
the rest of the peptides. In the case of the H4 and p53 peptides, electron density is
observed for only a few more residues C-terminal to this lysine. The picture is
completely different for the H3 peptide since 15 of the 19 residues are observed in
density, showing a strong binding of the peptide in a cleft at the surface of the protein
(Figure 2.2). Anchoring of the peptide is not only due to the lysine to be modified
(K14) but also to several other residues that create an extensive set of interactions with
Gen5 [17, 30]. Strikingly, the use of an identical peptide bearing an additional
epigenetic mark, the phosphorylation of serine 10 (S10P) enhances even further
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(b) <

(c) (d)

Figure 2.2 Structures of Gen5 histone (b) histone H3 phosphorylated on serine
acetyltransferase (HAT) bound to coenzymeA 10 (PDB code 1pua), (c) histone H4 (PDB code
and various peptides. Schematic representation 1q2c) and (d) p53 (PDB code 1q2d). The

of Tetrahymena thermophila Gen5 HAT domain  black circle in (a) shows the proximity of the
(ribbon representation) bound to coenzymeA  lysine to be modified to the coenzymeA

and 19mers (both shown as ball and sticks) molecule. The black circle in (b) indicates the
from (a) histone H3 (PDB code Tpu9), phosphorylated serine 10.

the binding of the H3 peptide to Gen5 [30]. In this structure, all 19 residues are seen
in density, with large rearrangements of the binding of the N-terminal region of the
peptide (Figure 2.2). Notably, residues 9, 10 and 11 display a completely new set of
interactions with Genb5.

Altogether these structural studies on Gen5 bound to various 19mer peptides from
H3, H4 and p53 clearly highlight how HATS can display substrate specificity despite
the presence of a similar structural core in all these enzymes. In fact, peptide binding
isnotonly carried out by the conserved structural core, which anyway does not display
strong sequence conservation, but also by nonconserved structural regions of the
protein. This view is further reinforced by the structure of Hatl bound to AcCoA and
a H4 peptide (PDB code 2pOw), where the peptide apparently binds differently
relative to the conserved structural core.
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225
Catalytic Mechanism of HATs

In the case of the GNAT family, biochemical and structural studies on yGenS led to
the proposal of a ternary complex mechanism involving glutamate residue 173
located in strand 4 of the conserved structural core [21, 31]. In this mechanism,
deprotonation of the Ne-nitrogen of the target lysine by Glu173 is followed by a direct
nucleophilic attack of the deprotonated nitrogen on the acetyl group of the AcCoA
molecule [31]. Although this glutamate residue is conserved in the Gen5 and human
PCAF enzymes, different residues are found at this position in other members of the
GNAT family. However, comparison with the structure of Hat1 shows that glutamate
255 on strand B5 of the conserved structural core could play an identical role [21].
The picture is less clear when considering the structure of Hpa2 [15], indicating
that further experiments should be carried out to characterize more precisely the
catalytic mechanism of HATS from the GNAT family.

Understanding of the catalytic mechanism of members from the MYST family also
remains unclear. Initial structural and biochemical studies on yeast Esal revealed
that glutamate residue 338 is structurally conserved at position Glu255 of Hatl
and that catalytic activity is lost upon its mutation in glutamine, leading to the
proposal of a ternary complex mechanism as for GNAT enzymes [22]. Further studies
showed however that Cys304 is also absolutely required for catalysis and forms an
acetyl-cysteine intermediate, indicative of a ping-pong catalytic mechanism for
MYST HATs [32]. However, recent studies of yeast Esal in the context of the HAT
complex Piccolo Nua4 have shown that this complex acts through a ternary complex
mechanism involving Glu338 [33]. Clearly, further studies are required to solve these
discrepancies.

Finally, the recent structure of the p300 HAT and concomitant biochemical work
shed some light on the mechanism of this enzyme. Notably, these experiments
appeared to contradict a ternary complex or a ping-pong mechanism. Rather,
the authors proposed a Theorell-Chance catalytic mechanism for this HAT [24].
Once again, it is expected that further work will be required to confirm this
hypothesis. The mechanism of Rtt109 is still poorly characterized but preliminary
data indicate that this enzyme could proceed through a ping-pong mechanism;
possibly through the formation of an acetyl-lysine intermediate formed with Rtt109
lysine290 [25-27].

23
Histone Deacetylases

Histone deacetylases (HDACs) catalyze the removal of acetyl groups from the
Ne atom of histone lysines in a nucleosomal context, ensuring the reversibility of
histone acetylation. Histone deacetylation is often associated with transcriptional
repression and silencing since it promotes chromatin higher order structures and
the recruitment of silencers [34]. As other enzymes involved in chromatin
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modifications, HDACs also deacetylate nonhistone proteins, mostly transcription
factors, but also cytoskeletal proteins, nuclear import factors and molecular chaper-
ones, affecting their biological activity or stability [35].

HDACs belong to the lysine deacetylase superfamily, whose members are found
from bacteria to animals. At least 18 protein lysine deacetylases are found in
vertebrates, divided into four classes based on phylogeny [36]: class I (HDACs
1-3, 8), homologous to yeast Rpd3, class II (HDACs 4-7, 9, 10), homologous to
yeast Hdal, class IIT (SIRTs 1-7), homologous to yeast Sir2 and class IV (currently
containing only HDAC11). Classes I, IT and IV HDACs are Zn>"-dependent
deacetylases and are now referred to as “classic” HDACs [37], whereas class III
HDACs are unrelated, NAD " -dependent deacetylases called sirtuins (see below).
Class Il is further divided into two subclasses: class ITa (HDACs 4, 5, 7, 9) containing
a single catalytic domain and class IIb (HDACs 6, 10) containing two catalytic
domains.

Classic HDACs are related to archaeal and eubacterial enzymes, suggesting
a common ancestor with nonhistone deacetylase activity [36, 38]. In agreement,
not all HDACs use histones as substrates: enzymatically active histone deacetylases
belong mostly to class I, whereas class ITa members function as signal transducers
involved in nucleocytoplasmic trafficking and class IIb members are cytoplasmic
regulators [39]. The HDAC activity attributed to class IIa HDACs would rather
function by recruiting pre-existing enzymatically active SMRT/N-CoR complexes
containing HDACS3 [40]. In contrast, little is known about the single class IV member,
HDACI1. Interestingly, as for HATs, HDACs are mostly functional within multi-
protein complexes which target their catalytic activity to specific chromatin sites [9].
This catalytic activity is even more tightly regulated since the sequence-specific
DNA-binding proteins which recruit HDACs also contribute to their activation.

2.3.1
Structure of HDACs

Initial structural work led to the structure determination of a bacterial class I HDAC
homolog from Aquifex aeolicus, HDLP (histone deacetylase-like protein), both apo
and in complex with HDAC inhibitors [41]. The structure revealed a single o/
domain, with a central eight-stranded parallel 3-sheet sandwiched between two layers
of o-helices. Only one half of the residues constitute these secondary structure
elements, the other half forming loops. The protein was shown to bind a catalytic
Zn”™ ion coordinating two conserved aspartates and one conserved histidine, as well
as the bidentate hydroxamic acid inhibitor. HDACS8 was the first mammalian HDAC
whose structure was solved [42, 43] (Figure 2.3). Despite the low sequence identity
between HDAC8 and HDLP, both structures share the same fold, most differences
being observed in loops and peripheral regions. HDACS binds not only a catalytic
Zn®" ion but also two other cations (most probably K*) that appear to play a
structural role.

The crystal structure of FB188 HDAH (histone deacetylase-like amidohydrolase
from Bordetella/Alcaligenes strain FB188), a bacterial class II HDAC homolog,
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Figure 2.3 Structures of mammalian HDAC7 in complex with TSA (PDB code 3C10)
“classic” histone deacetylases. Ribbon and (d) class Ila human HDAC4 in complex with
representation of the conserved catalytic an hydroxamic acid inhibitor (PDB code 2vqm).
domain of: (a) class | human HDACS in The proteins are colored according to secondary
complex with trichostatin A (TSA; PDB code structure elements, the catalytic Zn>" ions are

1t64), (b) human HDAC8 Tyr306Phe inactive  shown as cyan spheres, the class Ila-specific
mutant in complex with a peptidic acetyl-lysine structural Zn>™ ions as orange spheres and the
substrate (PDB code 2v5w), (c) class Ila human structural K* ions as magenta spheres.

broughta first glimpse into the structure of class [l HDACs [44]. Although this enzyme
shares only around 20% sequence identity with HDLP and HDACS, it exhibits a
similar fold as class T HDACs and the Zn? * - and proximal cation-binding sites are also
conserved. In both cases, major differences are found in the loops surrounding the
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entrance to the active site, reflecting differences in protein substrates for class I and
class II deacetylases. Presumably, the loop variability across all HDACs, especially at
the rim of the active site channel, allows substrate protein recognition and specificity.

The first structures of eukaryotic class ITa HDAC catalytic domains appeared very
recently: those of human HDAC7 and HDAC4, in the apo form and in complex
with different inhibitors [45, 46] (Figure 2.3). Their overall fold is similar to that of the
class I HDACS, the bacterial class I homolog HDLP and the bacterial class II homolog
FB188 HDAH. As mentioned for the FB188 HDAH enzyme, the greatest structural
variability is found in the loop regions around the active site entrance. One striking feature
is a novel, class 1Ta HDAC-specific zinc-binding motif close to the active site entrance
(Figure 2.3). This motif, conserved within and unique to eukaryotic class ITa HDACs, is
probably involved in substrate recognition and may provide a site for docking of
regulatory factors. Furthermore, this domain in HDAC4 shows some conformational
flexibility: itadopts a “closed” conformation in the apo form similar to the one observed in
HDAC?7 and an “open” conformation in the inhibitor complexes. Curiously, the second
Zn* " binding site coordination is slightly different in the open conformation.

23.2
Binding of Acetylated Lysine by HDACs

The structure of an inactive mutant of HDAC8 bound to a diacetylated peptide derived
from p53 ((N-acetyl)Arg-His-Lys(e-acetyl)-Lys(e-acetyl) (C-amino-7-yl-methyl-4-couma-
rin)) [47] confirmed the position of the active site that had been inferred from the
position of various inhibitors, a 12-A tunnel-like, hydrophobic cavity with the catalytic
Zn”" ionatthe end. In the structure, the C-terminal e-acetyl-lysine is buried in this cavity
and coordinates the zinc ion through the carbonyl oxygen of the acetyl group, located
approximately as the carbonyl oxygen of hydroxamate inhibitors (Figure 2.3). The
structure also highlights the important role of Asp101 in substrate recognition and
positioning. This residue, conserved in class I and class I HDACs but not in HDLP,
HDAH, and HDAC11, is located at the rim of the active site tunnel, where its side-chain
carboxylate interacts with the backbone of the peptidic substrate, imposing a constrained
cis-conformation. Presumably, this interaction locks the histone tail and correctly
positions the acetyl-lysine during the deacetylation reaction. Indeed, the enzymatic
activity of mutant HDAC8 Asp101Ala towards purified histones is greatly reduced.

Although no structure of class II HDAC has been solved in complex with an
acetylated peptide, the structure of FB188 HDAH bound to an acetate molecule, the
deacetylation reaction product, showed that the acetate was bound to the Zn®™"
ion [48]. A 17-A long channel was found in FB188 HDAH, leading from the bottom of
the active site cavity to the protein surface, and was proposed to function as an exit
tunnel for the acetate, as previously proposed for HDLP [41, 44].

233
Catalytic Mechanism of HDACs

Biochemical and mutagenesis studies and the various structures of HDACs led to the
proposal of a catalytic mechanism that would imply the nucleophilic attack by an
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enzyme-activated water molecule (deprotonated by the His142-Asp176 charge relay
system; HDAC8 numbering) on the carbonyl carbon of the e-acetyl group on the
substrate lysine, leading to a tetrahedral intermediate. The breakdown of this
tetrahedral intermediate requires the protonation of the amide nitrogen. It is
proposed that a proton would be transferred from His142 to the neighboring His143,
which would then protonate the amide nitrogen [49]. Another hypothesis suggests
that this proton is donated by Tyr306, hence explaining that the Tyr306Phe mutant
is inactive against the substrate [47]. However, it is not clear how the tyrosinate
anion would be stabilized. At least, Tyr306 is probably involved in enhancing the
polarization of the carbonyl bond through a hydrogen bond between Tyr306 OH and
the carbonyl oxygen of the acetyl group, making the carbonyl carbon more susceptible
to a nucleophilic attack, and in stabilizing the transition state by hydrogen bonding the
oxyanion intermediate. Interestingly, Tyr306 is conserved in all other class I HDACs
(1, 2, 3), in the class [ homolog HDLP, in the class II homolog HDAH, in class IIb
HDAC:S (6, 10) and in class IV HDAC11, but not in class Ila HDACs (4, 5, 7, 9) which
all possess a histidine at the corresponding position, in good agreement with their low
level of enzymatic activity towards histone acetyl-lysines. In HDAC4, His976 (corre-
sponding to Tyr306 in HDACS) is rotated away from the active site, making room for a
water molecule which makes a hydrogen bond with the carbonyl oxygen of the
hydroxamic acid inhibitor. This water molecule could stabilize the oxyanion interme-
diate as Tyr306, though less efficiently, thus explaining the low activity of class II
HDACs against acetylated histones. In HDAC4 His976Tyr/inhibitor structures, the
tyrosine is oriented as Tyr306 in HDACS, at a distance compatible with its participa-
tion in catalysis [46], in good agreement with a mutagenesis study which showed thata
His-to-Tyr mutation in HDAC4, 5 and 7 strongly increased their catalytic activity;
conversely, a Tyr-to-His mutation in class I HDACs drastically reduced their
activity [50].

234
Structural Basis of Inhibition of HDACs

The seminal work on HDLP revealed the mode of binding of two classic inhibitors:
trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA) [41]. Both show
anticancer activities and SAHA was recently approved by the FDA for the treatment
of cutaneous T-cell lymphoma. In both cases, the Zn® " ion is coordinated by two
aspartates, one histidine and the bidentate hydroxamic acid of the inhibitor through
the carbonyl oxygen and the hydroxyl oxygen. Inhibitor binding to HDACS is
similar [42, 43]. Comparison with the binding of a peptidic substrate to a HDACS8
inactive mutant confirmed that the carbonyl oxygen of the hydroxamic acid mimics
the carbonyl oxygen of the acetyl-lysine and that the hydroxyl group mimics the
catalytic water [47]. Like the acetyl-lysine side-chain, the various inhibitors make
van der Waals contacts in the hydrophobic channel with the conserved Gly151,
Phel52, Phe208 of HDACS8. In HDAC7/inhibitor complex structures, the hydro-
xamic acid binds the Zn*" ion in a monodentate fashion through the hydroxyl
oxygen and a water molecule makes a hydrogen bond with the hydroxamic acid
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carbonyl oxygen. In HDAC4, the situation is also different: the hydroxamic acid
binds the Zn”>* ion in a monodentate fashion through the carbonyl oxygen, which
is also bound to a water molecule. Finally, the recent structure of HDCA4 in
complex with a trifluoromethylketone inhibitor revealed that the trifluoromethylk-
etone is in its hydrated form, with both oxygen atoms of the gem-diol binding the
catalytic zinc ion [46].

24
Sirtuins

The sirtuins (silent information regulator 2-related proteins; class III HDACs) form
a specific class of histone deacetylases. First, they do not share any sequence or
structural homology with the other HDACs. Second, they do not require zinc for
activity, but rather use the oxidized form of nicotinamide adenine dinucleotide
(NAD") as cofactor. The reaction catalyzed by these enzymes is the conversion
of histones acetylated at specific lysine residues into deacetylated histones, the other
products of the reaction being nicotinamide and the metabolite 2’-O-acetyl-adenosine
diphosphate ribose (OAADPR) [51, 52]. As HATs and other HDAC:sS, sirtuins not
only use acetylated histones as substrates but can also deacetylate other proteins.
Intriguingly, some sirtuins do not display any deacetylase activity but act as ADP-
ribosyl transferases.

Sirtuins have been conserved from bacteria to eukaryotes. Notably, they all possess
a conserved catalytic core domain flanked by sequence-divergent N- and C-terminal
regions. If bacteria and archaebacteria generally possess one or two sirtuins, this
number is higher in eukaryotes, with five sirtuins in Saccharomyces cerevisiae
and seven in human. The presence of sirtuins in all phyla of life led to a wealth
of structural data, not only on eukaryotic enzymes but also on bacterial and
archaebacterial enzymes.

2.4.1
Structure of Sirtuins

The resolution of the structures of a sirtuin homolog from A. fulgidus and the catalytic
core of human SIRT?2 revealed that the core domain of sirtuins is composed of
a Rossmann fold domain and a smaller domain composed of an o-helical module and
a zinc-binding module, with a large groove between these two domains [53, 54]
(Figure 2.4). Initial structural studies showed that the NAD" molecule binds in this
groove in a so-called “inverted conformation.” Three binding pockets (A, B, C) were
defined in these studies and NAD was shown to bind to the A and B pockets, although
pockets B and C were shown to be required for catalysis [54, 55]. Further studies
showed that NAD binding was not efficient in the initial structures, explaining that
the nicotinamide moiety could not be seen in density [56, 57]. These new studies
refined the view on NAD binding, showing that the nicotinamide moiety binds in
pocket C (Figure 2.4).
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Figure 2.4 Structures of histone deacetylases ~ The secondary structure of the proteins are
from the sirtuin family. Ribbon representation  shown as dark gray helices and the beta strands

of the structures of the conserved catalytic and coil regions are in light gray. The zincions are
domain of histone deacetylases: (a) Homo shown as spheres. (b) The NAD" molecule
sapiens SirT2 (PDB code 1j8f) and (b) bound to the enzyme and the acetylated peptide
Thermotoga maritima Sir2 bound to NAD* of p53 are shown as ball and sticks. The

and an acetylated p53 peptide (PDB code 2h4f). acetylated lysine is labeled.

This mode of binding of the NAD * molecule is in agreement with acetylated lysine
binding, since the structures of sirtuin/acetylated peptides revealed a binding of the
modified peptide in the major groove of sirtuins, the acetylated lysine being found in
a tunnel that leads to the NAD * binding site [56, 58-61] (Figure 2.4). Two residues
are also found in the vicinity: a histidine and an asparagine that have been shown to be
important for catalytic activity [54].

242
Catalytic Mechanism of Sirtuins

Despite the large amount of biochemical and structural studies of sirtuins in complex
with various substrates, cofactors and reaction products, the catalytic mechanism of
this class of enzymes is still a matter of debate. SN*like [56] and SN*like [60]
mechanisms have been inferred from structural studies but further biochemical and
possibly structural studies will be required to clarify which mechanism is used by
sirtuins. It should also be noted that another matter of debate concerns the mode of
noncompetitive inhibition of sirtuins by the reaction product nicotinamide [62],
various structural studies having highlighted different binding pockets for this
molecule [63, 64].

2.5
Histone Methylation Enzymes

Protein methylation is one of the most common protein modifications found in a
wide range of prokaryotic and eukaryotic proteins that are involved either in
regulation of transcription or in translation. Several amino acids can be modified,
mainly by either N-methylation or C-methylation. Protein methylation has been
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reviewed in several recent articles or book chapters [65-67] and therefore in this
chapter we only focus on the main trends found in structural modules involved in
histone methylation.

Within histones, lysine and arginine residues are abundant and highly posttran-
slationally modified; and methylation of these two amino acids has been extensively
studied during the past several years, as it is correlated with either activation or
repression. The state of methylation has been shown to create recognition or binding
templates recruiting effectors, resulting in the modification of the chromatin
environment or specific chromatin states. Aberrant histone methylation has been
linked to a number of developmental disorders and human diseases. Lysine methyl-
ation and arginine methylation are catalyzed, respectively, by lysine methyltrans-
ferases (KMTs) and protein arginine methyltransferases (PRMTS).

Each nucleosomal histone is extensively posttranslationally modified, particularly
in its flexible N-terminal tail. The best characterized sites of histone methylation are
mainly located on histones H3 and H4. Histone methylation uses S-adenosyl-
L-methionine (AdoMet or SAM), the second most widely used enzyme substrate,
as methyl donor group to form different states of methylated lysine or arginine and
S adenosyl-L-homocysteine (AdoHcy or SAH). SAM-binding proteins represent
an extremely heterogeneous assemblage of 15 different folds [68]. Among them,
SAM-dependent methyltransferases are divided into five structurally distinct
classes, revealing how an overall similar mechanism of methyl transfer can be
achieved with large global and local structural diversities [69].

2.5.1
Histone Lysine Methyltransferases

Histone lysine (K) methyltransferase (HKMTS) may lead to mono, di- and trimethy-
lation of the e-amino group and the extent of modification at a specific site controls
the recruitment of the effector proteins. Two unequally populated folds are presently
known: the SET domain-containing family and the Dot1 family (for a recent review,
see Ref. [70])

2.5.1.1 SET Domain of HKMTs

The SET domain, originally identified in three Drosophila proteins, Su(var)3-9,
enhancer of zeste, and trithorax, which are all involved in epigenetic gene regulation,
posttranslationally methylate a variety of cellular proteins. This conserved domain,
which is approximately 130 amino acids long, is mainly found in a large number
of eukaryotic proteins as a general lysine methyltransferase. For this domain, there
are currently 1795 sequences from 289 species in the Pfam database (see PFAM
PF00856) and 30 structures in the PDB.

SETdomain containing HKMTs have been classified according to the presence or
absence and the nature of the sequences surrounding the SET domain that are
conserved within families [71, 72]. The SET domain has a unique structural
fold classified as class V AdoMet-dependent methyltransferase (MTase) [69],
characterized by four highly-conserved signature sequences, namely motif I
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(GxG), motif II (YxG), motif III (RFINHxCxPN) and motif IV (ELxFDY; where x
is any amino acid). The conserved domain folds into several small B-sheets
that surround a knot-like structure to which additional domains (pre-SET (or
nSET), post-SET (or cSET)) or an insertion domain (i-SET) may be added
(Figure 2.5).

HKMTs with SET domains methylate various N-terminal lysine residues of
histones H3 and H4. The first SET domains containing histone lysine methylase
reported were the mammalian Suv39h1 and its fission yeast homolog Clr4,
which methylate histone H3 at Lys 9 [73]. Subsequently, other SET domain-
containing proteins (Setl, Set2, Set7/Set9, G9a, ESET) were shown to methylate
Lys 4, Lys 9, Lys 27, or Lys 36 of histone H3 tail. More than 15 structures
of HKMTs containing a SET domain (either in the free form or in complex with
cofactor SAH and/or substrate peptides; and therefore mimicking an enzyme/
cofactor/substrate complex) have been solved, including Neurospora crassa DIM-5,

Figure 2.5 Representative examples of two
SET domain-containing structures. (a) Human
SET7/9 in complex with SAH and a histone
peptide cofactor (PDB code 109s). The N-SET
(shown in light blue), SET (B strands shown
in yellow and helices in red) and C-SET
(shown in magenta) domains in SET7/9 are
indicated. The bound SAH molecule is shown
in a stick model, together with the lysine
side-chain of the bound histone peptide

(the rest of the peptide is not shown).

(b) Structure of human SET8 in complex

with a histone H4 peptide (PDB code 1zkk).
The SET domain is color-coded as in panel A.
The bound SAH molecule is shown in a stick
model, together with main chain of the bound
histone peptide (side-chains are not shown).
(c) Structure of yeast Dot1 (PDB code 1u2z).
Only one monomer is represented. The C-
terminal catalytic domain is shown in yellow (
strands) and red (helices). The bound SAM is
shown as shown in a stick model.
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Schizosaccharamyces pombe Clr4 and several structures of histone H3 K4-specific
methyltransferase SET7/9, SET8/PreSET7 and a viral SET domain protein (referred
to as vSET) from Paramecium bursaria chlorella virus 1 (for a recent exhaustive review,
see Ref. [74]).

Thus, a large amount of structural data has been collected, revealing deep
structural insights into the molecular basis of the substrate specificity, methyla-
tion multiplicity and catalytic mechanism of histone lysine methylation. The
results were recently reviewed in detail (see Refs. [70, 74-76]). The lysine
substrate and SAM/SAH cofactor binding sites are located on separate faces of
the domain. The U-shaped conformation of the cofactor SAH bound to the SET
domain and the geometry of its binding cleft are highly conserved in SET domain
lysine methyltransferases, together with a narrow hydrophobic channel that links
the substrate lysine or methylated lysine and SAH (Figure 2.5). However, due to
their high substrate specificity, SET domain HMTs show overall low sequence
similarity and the residues at the active site are not all conserved. Substrate
specificity is controlled by a network of polar interactions between the peptide
substrate and the SET domain, including residues from the i-SET region. The
chemical and geometrical nature of the channel (which creates an idiosyncratic
network of molecular interactions between the enzyme, cofactor and the meth-
ylated peptide) has been shown to play a crucial role in determining the
methylation multiplicity of the SET domain. The structural studies of ternary
complexes of several SET domains strongly argue in favor of a SN* nucleophilic
attack of the e-amine to transfer the methyl group form SAM and form SAH and
methylated lysine. Several possible mechanisms have been proposed and dis-
cussed, but no clear consensus in the understanding of the catalytic reaction has
emerged.

2.5.1.2 Dot1 HKMTs

Dotl, a nuclear protein originally identified in a genetic screen for high-copy
disruption of telomeric silencing [77], methylates Lys-79 within the core domain of
histone H3. Methylation of histone H3 at lysine 79 is conserved among most
eukaryotic species. As suggested by sequence analysis, Dot1 has been shown to
contain SAM-binding motifs characteristic of class I MTases, similar to those found
in PRMTs. Dotl homologs vary in length from 582 residues in yeast to 2232 in
Drosophila and contain a conserved core catalytic domain. Structures of Dotl
confirm that the catalytic domain is formed by a seven-stranded B-sheet flanked
by a-helices, a characteristic feature of the class I AdoMet-dependent MTases
(Figure 2.5). Structures of Dot1 with SAM/SAH cofactors reveal an extended SAM
conformation distinct from the U-shaped conformation observed in structures of
SET HKMTs [78, 79).

Dotl proteins and SET HKMTs illustrate how methyl transfer to a protein Lys side-
chain can be done with different structural scaffolding and unrelated local active site
spatial arrangements. To date, Dotl proteins are the only nonSET HKMTs and
further work and structures are needed to understand the mechanism of methylation
of Lys-79, a histone core residue.
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2.5.2
Histone Arginine Methyltransferases

Posttranslational methylation of arginine is a widespread epigenetic modification found
in eukaryotes that is catalyzed by the protein arginine methyltransferases (PRMTs). At
least nine members of PRMTs (PRMT1 to PRMT9) have been identified and classified
into two main classes (type I and II PRMTS; for a recent review, see Refs. [80-82]). Both
classes catalyze the formation of mono-methylarginine as intermediate. In a second step,
type I PRMTs (PRMT1, PRMT3, PRMT4, PRMT6) form asymmetric dimethylarginine,
whereas type II enzymes form symmetric dimethylarginine.

PRMTs belong to class I MTases and contain a catalytic core domain of 320
residues that is well conserved in sequence (and therefore in structure) among all
PRMTs members (for recent reviews, see Refs. [65, 81]. Idiosyncratic modules may be
added to this catalytic domain. Several structures of the catalytic domain of type I
PRMTs are known including rat PRMT1 [83], rat PRMT3 [84], yeast PRMT1/
Hmt1 [85] and mouse PRMT4/CARM1 [86, 87]. The catalytic module is folded into
two domains connected by a conserved cis-proline residue (Figure 2.6). The first
domain at the N-terminal end contains a typical Rossmann fold and two terminal
helices. The second domain is a B-barrel to which an arm containing a four-helix
segment is added. This arm has been shown to be involved in the dimerization of
PRMTs. The Rossmann fold domain harbors the AdoMet consensus fold conserved
in AdoMet-dependent methyltransferases [88]. PRMTs are characterized by four
signature sequences, two located in the Rossmann fold-like domain and the other two
in the B-barrel. Crystal structures of the catalytic cores of apo and SAH-bound PRMTs
revealed induced folding upon cofactor binding and a detailed vision of the cofactor
binding site which is surrounded by all four PRMT signature sequences. Based on
those structures, a putative arginine-binding pocket can be defined and involvement
of several residues in a classic SN type mechanism has been proposed.

Despite this large structural information, the binding mode of substrates prior to
methylation or the binding mode of product subsequent to methylation remains to be
visualized and understood at the atomic level. Dimer formation has been shown to be
a conserved feature in the PRMT family. It is proposed that the dimer structure is
necessary to build up the productive SAM binding site and to allow stepwise
production of the final methylation product, dimethylarginine. The PRMT family
has a wide substrate spectrum and the molecular mechanism by which PRMTs can
recognize and methylate so many different protein substrates still remains unclear
despite extensive work by many groups. Further insights should come from the stru-
ctures of binary or ternary complexes including PRMTs domains and peptide substrates.

2.6
Histone Demethylases

Until recently, methylation was considered as a permanent modification of chroma-
tin because of the high thermodynamic stability of the N-CH3 bond. Within recent
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Figure2.6 (a) Overview of the conserved PRMTs
catalytic domain illustrated by the structure of
SAH-CARM 1140 450 at 2.2 A (PDB code 3b3f).
The catalytic module is folded into two domains:
SAH/SAM binding domain at the N-terminal end
containing a Rossmann fold-like architecture
(showninyellow) and two terminal helices (shown
in pink). The second domain is a B-barrel (shown
in green) to which a dimerization arm containing
helix segments is added (shown in blue). The last
C-terminal strand, shown in orange, has not been
observed in other known PRMTs structures and is
essential for CARM1 activity. The bound SAH
molecule is shown in a stick model and the four

motifs characteristic of PRMT catalytic domain
(labeled I, I1, 111, 1V) are highlighted in red. (b) The
2.35 A structure of rat SAH-PRMTT1 (PDB code
Tor8) crystallized with peptides not well ordered in
the crystal revealed nevertheless the putative
peptide binding site (the side-chain ofthe arginine
to be methylated is shown as stick model).

(c) Ribbon representation of PRMT dimer
illustrated here by a SAH-CARM1140_450 dimer.
PRMT dimerization has been shown to be
essential for enzymatic activity as it may allow
processive production of the final methylation
product, asymmetric dimethylarginine for type |
PRMTs.

years, several families of histone demethylases have been discovered, revealing the
plasticity and the dynamic nature of histone methylation [89, 90]. This discovery led to
the identification of proteins that antagonize histone methylation by different
enzymatic mechanisms, other than histone exchange or histone tail cleavage.
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One type of enzymes removes specifically the methyl group(s) from lysine residues
in histones by an oxidative cleavage of the o-carbon bond of the substrate or by the
hydrolase of the methyl amine group by the presence of an iron and a-ketoglutarate
as cofactor [76, 90, 91].

For methylated arginines two kinds of enzymes have been described. Initially,
enzymes catalyzing the demethylimination of the arginine, thus transforming the
arginine residue in citrulline, have been isolated [92, 93]. As such these enzymes are
not true demethylases as they fail to restore the free arginine residue. More recently,
an enzyme catalyzing the demethylation of arginines has been characterized [94].

2.6.1
Lysine Histone Demethylases

Lysine specific demethylases have been classified into seven groups named KDM1
to KDM7 (KDM for Lysine DeMethylase) [90, 91, 95]. The KDM1 group comprises the
first enzyme that has been identified as a lysine specific histone demethylase (LSD1).
The other six groups (KDM2 to 7) exhibit all a Jumonji-C (JmjC) domain that presents
similarities with the AlkB catalytic domain, suggesting that these JmjC-domain
containing proteins might have a similar hydrolase activity to function as demethy-
lase [96, 97]. Structural biology studies have been published for several members of
these seven groups that reveal key three-dimensional aspects concerning their
interaction with different partners or substrates.

2.6.1.1 LSD1 (KDM1)

LSD1, also known as BHC110, is the first lysine specific demethylase that was
discovered. It has been assigned to group I of lysine demethylases (KDM1) [90, 91].
LSD1 contains an amine oxidase domain responsible of the enzymatic activity and
has been isolated as a stable component from several histone modifying complexes.
The enzymatic characterization of this protein revealed that FAD (flavine adenine
dinucleotide) is required as a cofactor for the removal of the methyl group. Further-
more, LSD1 requires a protonated nitrogen in order to initiate demethylation so that
this enzyme is only able to demethylate mono- or dimethylated substrates but not
trimethylated substrates [98, 99].

Two independent studies determined the structure of LSD1 alone and showed
that this protein is composed of three structural units, comprising a SWIRM N-
terminal domain, a six-helix bundle and a C-terminal oxidase domain. All these
domains pack closely against each other [98-100] (Figure 2.7). The C-terminal
domain contains a large insertion (~100 residues) that forms an additional domain
called the tower domain. This last domain protrudes from the compact structure as
an antiparallel coiled coil (Figure 2.7). The catalytic domain adopts a two-lobe
organization that is also observed in other flavoenzymes. One lobe associates with
the FAD cofactor whereas the other lobe is involved in substrate recognition and
binding (Figure 2.7).

Further, LSD1 requires Co-REST, a chromatin-associated transcriptional repres-
sor, to demethylate nucleosomal substrates [101, 102]. The structure of this complex
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Figure 2.7 Structures of a lysine-specific atoms colored in gray, red, orange and blue,
hystone demethylase 1 (LSD1). In all three respectively. (b) The human LSD1 complex
pictures, the LSD1 protein is in the same with a C-terminal fragment of Co-Rest
orientation. (a) The human LSD1 structure (PDB code 2iw5) comprising the two SANT
(PDB code 2HKO) with the tower domain domains separated by the linker region (helices
(top two helices), just below the AOL in green). The picture is a focused view on the
domain, (harboring the FAD cofactor and Tower domain of human LSD1 and the Co-Rest

the substrate-binding subdomain).The protein  fragment, as in (a). (c) the histone demethylase
is represented schematically, with the helices,  LSD1/tranylcypromine complex (PDB code

B-strands and coil regions colored in red, 2z3y). The color code for the protein and the
yellow and green, respectively. The FAD atoms are the same as in (a). The

cofactor is in stick representation with the tranylcypromine inhibitor is shown as sticks in
carbon, oxygen, phosphorus and nitrogen the middle of the domain.

reveals that Co-REST wraps around the protruding Tower domain without altering
the catalytic domain [103] (Figure 2.7). LSD1/Co-REST was cocrystallized with
a peptide of the N-terminal region of H3 with dimethylated K4 that, unfortunately,
was not interpretable. More recently, the structure of a similar complex was
determined together with a substrate-like peptide inhibitor [104]. This complex
reveals that the peptide binds in a funnel-shaped pocket where only 16 out of the
23 residues are visible (Figure 2.7). Other LSD1 complexes have been reported
with different substrates that bind intimately to FAD [100, 105, 106].

2.6.1.2 The JmjC Family: Jumonji-C Domain Containing Proteins

A large number of histone lysine methylation sites have been characterized,
showing that the trimethylated state is prevalent. Given that LSD1 demethylates
only mono- and dimethylated lysine substrates, it seemed likely that additional
enzymes would catalyze such a reaction. Indeed, the recent discovery of pro-
teins that harbor a JmjC domain and have demethylase activity revealed a novel
family of enzymes that also contain other domains associated with chromatin
remodeling.
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The JmjC-containing histone demethylase (JHDM) family encompasses seven
sub-families that comprise approximately 20 members in humans [76, 91, 95].
The first two members JHDM1 (KDM2) and JHDM2 (KDM3) are only able to
demethylate mono- or dimethyl lysine residues (H3K36 and H3K9, respectively) [91].
The third group of proteins JHDM3/JM]JD2 (KDM4) are true trimethyl demethylases
that specifically catalyze the demethylation of H3K9me3 and H3K36me3. The next
group is named JARID (KDMS5) and is highly similar to JHDM3/JM]JD2 but
demethylates only H3K4 in either the di- or trimethyl state. Little is known of the
last group JMJD3 (KDM6). The catalytic mechanisms of the JmjC domain containing
proteins are all hydroxylation reactions that involve iron and o-ketoglutarate as
cofactors.

2.6.1.3 Lysine Demethylase JHDM1 (KDM2)

Two JHDM1 genes (JHDM1A and JHDM1B) are present in the human genome.
It has been shown that JHDM1A demethylates only mono- and dimethyl lysine of
histone H3 (H3K36). This was rather unexpected given that the catalytic mechanism
of a JmjC domain does notrequire a protonated nitrogen, unlike LSD1, and therefore
could also have the ability to remove the methyl in all three states. So far, two crystal
structures have been deposited in the protein database but without any publication
underlining the work. The crystal structures describe two forms of the human
JHDM1A lysine demethylase, apo and in a complex with o-ketoglutarate (PDB codes
2yul and 2yu2).

2.6.1.4 Lysine Demethylase JHDM3/|M)D2 (KDM4)

The proteins belonging to the JMJD2 subfamilly are specific trimethyl lysine
demethylases that comprise four members (JMJD2A-D). The JMJD2 enzymes
exhibit a catalytic core in the N-terminal region composed of a JmjN domain and
a JmjC domain. JMJD2 enzymes preferentially demethylate H3K9me3,
H3K9me2, H3K36me3 and H3K36me2, leading to the accumulation of lysines
in the monomethylated state that they are unable to modify. Unlike other
members of the JHDM family, the JM]JD2 enzyme requires both the JmjN and
the JmjC domains to efficiently catalyze the demethylation reaction. The struc-
ture of the catalytic core of JMJD2 was recently solved in the absence and
presence of a-ketoglutarate [107] (Figure 2.8). These complexes reveal the three-
dimensional architecture of the JmjC and JmjN domains that together form most
of the catalytic core. The JmjC domain exhibits helices and B-strands that form a
jellyroll-like fold typical for metalloenzymes. The JmjC domain provides the
scaffold that binds the iron atom that is chelated by three strictly conserved
residues, one histidine and two glutamates and is also observed in close
contact with the o-ketoglutarate cofactor. Furthermore, the JmjN domain, com-
posed of three helices positioned between two B-strands, is located opposite to
the catalytic center and forms extensive interactions with the JmjC domain.
The JmjN domain is not present in all JHDM enzymes, suggesting that it may
play a particular role in the demethylation reaction as suggested by deletion
experiments [91].
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Figure 2.8 Structures of the catalytic core The substrates are shown as sticks with the
domain of JMJD2A. (a) The catalytic core without carbon, oxygen and nitrogen atoms colored in
substrate (PDB code 2gp3) butin the presence of gray, red and blue, respectively. In all pictures the
iron and zinc atoms (spheres in red and blue  protein is represented schematically, with the
respectively). (b) The catalytic core in the helices, B-strands and coil regions colored in red,
presence of o-ketoglutarate (pdb code 2gp5).  yellow and green, respectively.

Additional structural elements have been revealed by these three-dimensional
structures, such as the presence of a mixed domain between the JmjN and JmjC
domains, which is composed of a few helices and coils, and a novel zinc finger
following the JmjC domain. The zinc finger motif is unique as it is formed by
two cysteine residues from the JmjC domain and a cysteine and histidine residue of
the region following the JmjC domain.

Further, different groups crystallized the catalytic core of the JMJD2A enzyme
as a complex in the presence of different lysine substrates, iron and an analog of the
o-ketoglutarate that mimics the initial coordination of the cofactor, but does not
initiate the hydroxylation process (Figure 2.8). Detailed interactions were obtained
for different methylated lysine states of histone H3K9 and H3K36 with either two or
three methyl groups [108, 109].

2.6.2
Arginine Demethylases

2.6.2.1 Histone Demethylimination

Enzymes that convert peptidyl arginine to citrulline comprise a large family of
peptidyl arginine deiminases (PADs). PADs are highly specific for peptidylarginine
residues and they belong to a larger superfamily known as guanidine-modifying
enzymes, called the amidinotransferase superfamily [93, 110]. Today five homologs
have been identified in humans, named PAD1-4 and PAD6. They are multidomain
enzymes whose activity is regulated by calcium. The proteins are composed of a
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Figure 2.9 Overall structure of (b) Close up view of the substrate benzoyl-L-
Peptidylarginine deiminase 4 (PAD4). arginine amide bound to PAD4. The substrate
PAD4 is a Ca® " -dependent enzyme that carbon, oxygen, phosphorus and nitrogen atoms
catalyzes the conversion of protein arginine are colored in gray, red, orange and blue,
residues to citrulline. (a) Ribbon respectively. The protein is represented
representation of the PAD4/benzoyl-L-arginine  schematically, with the helices, B-strands and coil
amide complex (PDB code 1wda) in the regions colored in red, yellow and green,

+

presence of the Ca® " ions (green spheres). respectively.

catalytic domain and the human members exhibit two immunoglobulin-like domains
at the N-terminus of the protein that are thought to be involved in protein-protein
interactions and/or substrate targeting.

PAD4 is a nuclear protein that has been shown to deiminate histones at
multiple arginine sites of histones H2A, H3, and H4. This enzyme is able to modify
either nonmethylated histone arginines or monomethylated histone arginines.
It has been shown that this enzymatic modification antagonizes the arginine
methylation [92, 93, 110]. The structure of PAD4 shows that this enzyme adopts
an elongated form, the C-terminal catalytic domain presenting an o/ propeller
fold [111] (Figure 2.9). The structure of PAD4 with benzoyl-L-arginine amide further
revealed an active site cleft built up by B-strands [111]. Further, structures of an
inactive mutant of PAD4 in complex with various peptides provided a deeper insight
into how PAD4 recognizes natural target proteins [112] (Figure 2.9).

2.6.2.2 Histone Arginine Demethylase

The conversion of arginine into citrulline does not represent the reverse modification
of methylation per se. The recent discovery of a histone arginine demethylase
containing a JmjC domain (JM]JD6) revealed a more direct way for performing
arginine demethylation [94]. Structural data are awaited to decipher the catalytic
mechanism of this enzyme and the differences thatlead to arginine rather than lysine
recognition by the JmjC domain.
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2.7
DNA Methyltransferases

Methylation of DNA occurs in all phyla of life. In eukaryotes, methylation is
dependent upon the kind of organism, some eukaryotes being even devoid of
methylated DNA [113]. In mammals, a major mark is the methylation of cytosine
at its C5 position (*™C), found mostly in CpG dinucleotides. So far, four enzymes
have been implicated in >™C methylation of DNA in these organisms: Dnmt1,
Dnmt3a, Dnmt3b, DnmtL. Dnmt3a and Dnmt3b appear responsible for initial CpG
methylation, whereas Dnmt1 seems mostly in charge of maintaining the methylation
pattern during chromosome replication, changing hemi-methylated DNA into fully
methylated DNA [114]. DnmtL is similar in sequence to the Dnmt3a/b enzymes
but is devoid of any activity due to the lack of conserved catalytic residues. However,
Dnmt3L is required for the methylase activity of the Dnmt3a/b proteins.

Structural knowledge has long remained scarce on mammalian DNA methyltrans-
ferases. If this remains true for Dnmt1, recent studies shed light on the Dnmt3 and
Dnmt3L proteins. Notably, structures were obtained of: (1) the complex formed
between the C-terminal domains of Dnmt3a and Dnmt3L and the reaction product
S-adenosyl-L-homocysteine (AdoHcy) [115] and (2) full-length Dnmt3L bound to a
histone H3 peptide unmethylated on lysine 4, methylation of this lysine preventing
binding of Dnmt3L to histone H3 [116]. These structures show that both Dnmt3a
and Dnmt3L have a fold characteristic of unpermuted, AdoMet-dependent MTases
of class I [69]. However, in the ternary complex only Dnmt3a binds an AdoHcy
molecule.

The structure of the Dnmt3a/Dnmt3L complex shows a tetrameric arrangement
with a central homodimer of Dnmt3a flanked on each side by Dnmt3L mole-
cules [115] (Figure 2.10). Such an arrangement is biologically relevant, as demon-
strated by mutational analysis of various residues at protein/protein interfaces.
Further, the binding of Dnmt3L appears to lock the catalytic loop of Dnmt3a in an
active conformation and to enhance the binding of AdoMet to Dnmt3a, thus
providing an explanation for its regulatory role in the methylation reaction. Further,
dimerization of Dnmt3a would be in agreement with observations of tandem
methylation of CpG dinucleotides [115].

The structure of full-length Dnmt3L bound to an unmethylated peptide from
histone H3 N-terminal tail [116] is providing additional information on how the
Dnmt3a/b-Dnmt3L complex may act on nucleosomal substrates as well as a
structural view on the link between histone and DNA modifications. In this structure,
the histone H3 peptide is interacting with the N-terminal zinc-binding domain of
Dnmt3L (Figure 2.10). Using both structures, modeling of a full-length Dnmt3a-
Dnmt3L complex binding to a single nucleosome provides a structural explanation to
the fact that mammalian DNA methyltransferases act on nucleosomes [114].

Neither structure provides a direct view on the catalytic mechanism of these
enzymes. However, prior biochemical and structural studies on bacterial MTases in
complex with DNA revealed a mechanism involving base-flipping followed by a
nucleophilic attack of a conserved cysteine on carbon C6 of the cytosine to be
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Figure 2.10 Structures of mammalian unmethylated histone H3 peptide bound

DNA methylases. (a) Ribbon representation (PDB code 2pvc). Dnmt3L is colored green

of the structure of the tetrameric complex for the C-terminal domain oriented as in
formed between the C-terminal domain of (a) and yellow for the N-terminal zinc-binding
Dnmt3a2 (orange) and the C-terminal domain. The peptide is colored according
domain of Dnmt3L (green) (PDB code 2qrv).  to the atom type. The structural zinc ions

The AdoHcy molecules are colored cyan. of the N-terminal domain of Dnmt3L are shown
(b) Ribbon representation of the as blue spheres. The unmethylated lysine is
structure of full-length Dnmt3L with an labeled.

modified [117, 118]. In the following step, a C5 nucleophilic displacement of the
methyl group of AdoMet leads to the 5-methyl-6-Cys-S-5,6-dihydrocytosine transient
intermediate that might be deprotonated into the final *™C product by a water
molecule [119].

It has long been thought that DNA methylation was a long-term epigenetic mark.
Recent studies that show a cyclic pattern of DNA methylation and demethylation
at promoters are challenging this view [120, 121]. Dnmt3a and Dnmt3b are also
suggested to be the enzymes carrying out the demethylation of the DNA, possibly
in complex with other proteins, the mechanism for this reaction remaining
unknown [120].

2.8
Concluding Remarks: the Challenge of Structural Studies of Epigenetic Targets

Despite the large amount of cellular, biochemical and structural data obtained so far
on epigenetic targets, major debates remain on how epigenetic mechanisms are
carried out. In the case of structural studies, this is exemplified by the lack of clear
understanding of the molecular mechanisms sustaining the catalytic activities of the
various enzymes involved in epigenetics, as discussed above. Explanations for this
are multiple and highlight the future challenge of structural studies of epigenetic
targets as well as major implications for drug design approaches.

First, it should be noted that most of the modules whose structures were
determined so far often represent subdomains of epigenetic effectors. Indeed, a
landmark of many of these proteins is to be composed of different modules, some
responsible for epigenetic marks recognition and others bearing catalytic activities.
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The rationale behind this is to be able to recruit an enzymatic activity at specific
locations, for instance a histone acetyltransferase being recruited by a bromodomain
— recognizing acetylated histone tails — to propagate chromatin decondensation by
acetylation at specific gene promoters [122]. Furthermore, many studies have
demonstrated that full-length proteins display different recognition properties
towards epigenetic marks or modified catalytic activities than their isolated modules,
showing an influence of medium- or long-range intramolecular interactions.

Second, many epigenetic effectors are part of macromolecular complexes,
as illustrated by HATS [12]. The multiple subunits composing these complexes are
also very often composed of multiple modules, thus expanding the capacity of
recruiting one or several catalytic activities at specific locations, depending on
several different epigenetic marks rather than on a single one and making extended
use of the histone code [7, 8, 11]. Additionally, in this context an epigenetic mark
recognition or a catalytic activity is not only influenced by intramolecular but
also by intermolecular interactions. Another implication for structural analyses
is that studies with substrates should not be restricted to small molecules and
peptides but should also consider larger substrates, such as full-length transcription
factors, nucleosomes — epigenetically modified or not — or even nucleosomal arrays.

Clearly, the use of single modules from epigenetic effectors has opened the way
for understanding how these proteins are acting. It has also eased structural studies
since many of these modules could be produced in large quantities in Escherichia
coli, with a few exceptions where the baculovirus expression system was used
(CARM1, HDAC?7) or in the case of p300 HAT domain that required a complicated
expression protocol prior to structural studies, explaining why it took so long to
obtain structural data on this module [24]. It can be expected that the intricacy of
the biochemical work required prior to structural studies will increase to tackle the
challenge of understanding epigenetic mechanisms in molecular terms in the
context of full-length proteins and macromolecular complexes. This will require an
extended use of existing techniques, for instance applying multiexpression tech-
niques [123] and endogenous purification [124] in complex reconstitution. But
the development of new techniques will certainly be also necessary, notably to
stabilize and characterize transient interactions. Further, structural studies will not
be addressed solely by NMR or crystallography but by a combination of these
techniques with others such as small angle X-ray scattering (SAXS) and electron
microscopy (EM).

Drug design approaches should definitively benefit from these studies since they
will be able to study the effect of their effectors in a context that should be biologically
more relevant. Several aspects should however be considered. First, many epigenetic
effectors bearing catalytic activity are shared between different macromolecular
complexes where their activity might be differently modulated. Second, the compo-
sition of these complexes might be influenced by both the cell type and the cell state,
varying even further the modulation of the catalytic activity. Integrating these data in
drug design studies might be of paramount importance since it could allow the
precise design of effectors molecules that would affect a precise pathway leaving
others unaffected.
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Computer- and Structure-Based Lead Identification for
Epigenetic Targets

Ralf Heinke, Urszula Uciechowska, and Wolfgang Sippl

3.1
Introduction

The two major biochemical pathways of epigenetic regulation are DNA methylation
and posttranslational modifications of amino acids in histone proteins. The modi-
fications interact with each other and constitute a particular pattern of alterations
in the chromatin structure, the so-called histone code [1]. The posttranslational
modifications of histones have been shown to participate in a wide array of cellular
processes, including regulation of gene transcription, gene repression and mitosis.
The regulation of these covalent modifications and the implications of this regulation
are currently of great interest in the scientific community [2]. Although histone
proteins are under the control of various posttranslational modifications, such as
acetylation, methylation, phosphorylation, ubiquitinlyation or glycosylation, the
focus of most studies has been mainly on lysine acetylation/deacetylation and
methylation/demethylation. Over the past decade, many of the enzymes that regulate
these histone modifications have been identified and characterized on a molecular
level. A large effort has been accompanied by a wealth of three-dimensional (3D)
structures on epigenetic targets in an attempt to understand on an atomistic level
epigenetic targets and regulation. (see Chapter 2 in this book). From the early
discovery of histone deacetylase inhibitors, such as trichostatin A, to the more recent
discovery of novel histone modifying enzyme inhibitors, structure- and computer-
based approaches were applied to analyze target-ligand interaction and to rationalize
the development of small molecule modulators [3]. This chapter summarizes the
progress on small molecule inhibitors identified by structure- and computer-based
approaches that can modulate the activity of histone deacetylases, histone acetyl-
transferases, histone methyltransferases and histone demethylases.
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3.2
Computer-Based Methods in Drug Discovery

Ithas become common sense in drug discovery to use computer-based in silico design
techniques to identify and optimize novel molecules with a desired biological
activity [4]. As a practical matter, computer-based methods are frequently split into
disciplines that focus on either structure-based or ligand-based approaches. When
the 3D structure of a target protein is known, then it is possible to apply structure-
based methods. New candidate molecules may be docked into a particular binding
pocket in order to study whether they can interact with the protein in an optimal way.
In an ideal situation, the target protein has already been crystallized in complex with
a first lead structure. However, in particular for novel targets, structural information
is frequently not available at the time of the first experiments (e.g. high-throughput
screening). When no 3D structure is available, but a sufficient number of active
analogs have already been synthesized, then pharmacophore-based methods can be
applied to identify novel molecules that fit a particular pharmacophore model [5, 6].
It may seem straightforward to develop new molecules for known proteins by
applying structure-based approaches, but there are significant problems invoked.
Protein flexibility, multiple ligand binding modes, solvation and entropic effects are
some of the problems that must be solved to end up with reliable models. There
are also studies available that demonstrate the efficiency of ligand- and structure-
based approaches in direct comparison [6], as well as synergies obtained by using
both approaches in combination [7]. As the costs for computational power keep
dropping and parallel computing are now available, in silico modeling techniques
are no longer a limiting problem to analyze large databases comprising millions
of compounds [4]. In general, in silico methods gained influence on the validation of
targets, hit finding, hittolead, expansion, lead optimization and also the prediction of
suitable ADMET and off-target activity profiles [8].

3.2.1
Pharmacophore-Based Methods

The classic definition of a pharmacophore [9], the spatial arrangement of functional
groups in a molecule necessary to mediate a biological effect, is based on a 3D point of
view of molecules. It reflects the way medicinal chemists characterize the interaction
pattern of molecules for a given target protein. However, depending on the different
research areas, scientists have different views. Computational chemists often use the
term pharmacophore in a more abstract way. Influenced by the structural represen-
tation of molecules, a set of topological connections is used to define the properties
and dimension of a molecule in 2D. Here, the spatial and topological distribution
of pharmacophoric features is converted to a lower dimensional representation,
for example vectors. Such vectors, which represent pharmacophore descriptors, are
referred to as “fingerprints,” “keys,” “bitstrings” or “correlation vectors,” depending
on the type of information stored. The pharmacophore descriptors or fingerprints
can be regarded as a transformed molecular representation instead of an explicit
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3D structure [10]. Both fingerprint and pharmacophore models are often used to
rapidly screen large compound collections to identify novel potential hits [11].

322
3D Quantitative Structure—Activity Relationship

Three-dimensional quantitative structure—activity relationship (3D-QSAR) techni-
ques are the most prominent computational means to support chemistry within
indirect drug design projects. The primary aim of these techniques is to establish
a correlation of biological activities of a series of structurally and biologically
characterized compounds with the spatial fingerprints of numerous field properties
of each molecule, such as steric demand, lipophilicity and electrostatic interactions.
Typically, a 3D-QSAR study allows identifying a correlation between molecular
structure and biological effect and provides guidelines for the design of next-
generation compounds with enhanced biological activity. The most frequently
applied methods include comparative molecular field analysis (CoMFA) [12], com-
parative molecular similarity indices analysis (CoMSIA) [13] and the GRID/GOLPE
program (generating optimal linear PLS estimations) [14]. Several reviews have been
published in the past few years focusing on the basic theory, the pitfalls and the
application of 3D-QSAR approaches [15-18]. Apart from the commercial distribu-
tion, a major factor causing the ongoing enthusiasm for CoMFA-related approaches
comes from the proven ability of several of these methods to correctly estimate the
biological activity of novel compounds [15].

3.23
Ligand Docking

The increase of available structural data for protein-ligand complexes has accelerated
the development of structure-based methods. Today, protein-ligand docking is
considered as the most important tool for structure-based drug design. The docking
process can be divided into two major parts: (1) the correct placement of a molecule in
a protein binding pocket and (2) the prediction of ligand affinities by a so-called
scoring function [6]. Considering the complexity of the underlying thermodynamics
of the ligand binding process, this evidently is a challenging task. After more than
20 years of development, a large number of docking programs and even more scoring
functions are available. In contrast to pharmacophore screening approaches, the
performance of docking methods is a trade-off between computational demand and
accuracy. A major problem of current docking programs is that they do not take
into account protein flexibility or do not consider protein/ligand desolvation pro-
cesses. Only very recently, docking programs were developed (e.g. AutoDock4 [19],
GOLD4 [20], Glide [21], FlexE [22]) which consider protein flexibility to some extent.
Another problem which often occurs in ligand docking is the correct placement of
water molecules within the binding site, which represent putative ligand binding
partners. Structure-based approaches are able to provide important information
about the interaction between a ligand and a macromolecule, but the accurate
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prediction of the binding affinity is still an unsolved problem [23]. A detailed
discussion about the limitations of docking and scoring programs can be found in
recently published reviews [23, 24].

3.24
Virtual Screening

High-throughput screening of chemical libraries is a well established method for
finding new lead structures in early drug discovery. However, the increasing number
of purchasable compounds makes it necessary to have fast and reliable pre-filtering
methods to reduce the number of compounds selected for experimental testing.
In contrast to high-throughput screening, virtual screening (VS) compounds are
selected on the basis of computer-based predictions. In this way, VS approaches try to
select the most promising compounds from an electronic database for biological
testing. VS can be carried out by applying different kind of approaches: (1) by
searching databases for molecules with chemical similarity to a set of known
actives [11], (2) by identifying compounds which match a given pharmacophore [4]
or (3) by fitting molecules into the 3D structure of a macromolecular target [25]. In
addition, pre-screening filters are usually applied that filter a compound library
before docking towards compounds with favorable pharmacokinetics, optimum oral
bioavailability, compatibility with some types of metabolisms and consequently low
toxicity. The secret to success in VS lies in the choice of an appropriate combination
of methods [23].

To evaluate the performance of a given VS technique, validation studies are usually
carried out. For this purpose, known binders are pooled with a set of randomly
selected compounds to assess how well the known binders “enrich” during the
course of the screening process. Such considerations are relevant for the develop-
ment of new methods; however, in actual drug discovery projects, at the end of
the day, a newly discovered chemotype or a druglike lead structure represents the
ultimate goal. Impressive enrichment rates of known actives will not be convinc-
ing [23]. Since the early VS attempts, a plethora of application studies has been
performed and the list of success stories is steadily growing. Despite the fact that VS
is still a developing discipline, it has been reviewed frequently [4, 8, 23-26], most
recently in a comprehensive overview by Klebe [23].

3.25
Binding Free Energy Calculations

Accurate prediction of binding affinities for a diverse set of ligands using scoring
functions turns out to be genuinely difficult [25]. In general, this is a problem of
subtraction of large numbers, inaccurately calculated, to arrive at a small number.
The large numbers are the protein-ligand interaction energy on one hand and the
cost of bringing protein and ligand out of solvent and into a complex on the other
hand. The result of this subtraction is the free energy of binding, the small number
we want to know. As long as full protein-ligand flexibility and the complexity of
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protein-ligand—water interaction is not covered by docking and scoring, it cannot be
expected to end up with accurate affinity prediction. Of course, more accurate
methods may be considered. Among the most accurate today are thermodynamic
integration/free energy calculation methods, which can sometimes calculate the
differences in affinities between related molecules within 1kcal/mol [27]. The
problem with these methods is that they demand so much computation time as
to be infeasible for a large compound selection usually studied in VS. Recent reports
suggest that progress is being made in calculating absolute binding affinities, but
these methods, too, remain too slow for docking screens, though they may be useful
in rescoring docking hit lists [28, 29].

33
DNA Methyltransferases

Only a few studies have been published so far where rational approaches have been
used to identify selective inhibitors of DNA methyltransferases (DNMTs). One
reason might have been the missing crystal structures of therapeutically relevant
DNMTs, such as DNMT1. Due to the lack of an experimental 3D structure of
DNMT1, Lyko et al. generated a homology model for the catalytic domain based
on the crystal structures of DNMT2 and bacterial homologs [30]. While this model
demonstrated a significant conservation of the catalytic site — due to the high
sequence identity of 50% between the related enzymes — it also revealed a number
of unique structural features: His1459 of DNMT1 is substituted with alanine at the
corresponding positions in the bacterial methyltransferases. In addition, the side-
chains of Arg1310 and Argl1312 have different conformations compared to the
corresponding side chains in the two bacterial methylases. The authors stated that
these differences influence the binding of the ribose ring in the cytosine ligand by
creating a tighter cavity.

To identify small molecule DNMT inhibitors Siedlecki et al. virtually screened
the NCI Diversity Set [31]. The Diversity Set consists of 1990 compounds that
are representative of the chemical diversity of more than 140 000 compounds. To
refine the database for docking calculations, unwanted compounds not suitable for
the DNMT1 active site (considering size, hydrophobicity, uncommon atom types)
were removed. To test whether the applied scoring function was suitable for the
DNMT binding pocket, known binders were used first as a training set. The
DOCKS [32] program was able to correctly predict the bioactive conformation of the
training set ligands. The validated protocol was then applied to screen the NCI
Diversity Set. The visual analysis of the docking and scoring data resulted in seven
identified virtual hits. Two of them were experimentally tested in a cell-free in vitro
assay and were found to be active in the range between 10 and 100 uM. The most
interesting and most active compound is the tryptophan derivative RG108
(NSC401077; Figure 3.1). In the same study, NSC303530 was also identified as
a somewhat weaker inhibitor. Analogs of R108 that do not contain the carboxylic
acid group were found to be inactive.
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Figure 3.1 Molecular structures of two DNMT inhibitors
identified by virtual screening of the NCI diversity set [31].

34
Histone Deacetylases

3.4.1
Classic HDACs

So far 18 different members of HDACs have been discovered in humans and
classified into four classes based on their homology to yeast histone deacetylases [33].
Class I includes four different subtypes (HDAC1, 2, 3, 8), class II contains six
subtypes which are divided into two subclasses: class IIa with subtypes HDAC4, 5,
7,9 and class IIb with HDACG6, 10. Class I and class II HDAC share significant
structural homology, especially within the highly conserved catalytic domains.
HDACS 6 and 10 are unique as they have two catalytic domains. HDAC11 is referred
to as class IV. While the activity of class I, [T and IV HDACs depends on a zinc based
catalysis mechanism, the class III enzymes, also called sirtuins, require nicotinamide
adenine dinucleotide as a cofactor for their catalysis.

Cocrystal structures of HDACs in complex with hydroxamic acid containing
ligands have been useful in dissecting the molecular details of HDAC inhibition [34].
The first of these structures was obtained with HDAC-like protein (HDLP) com-
plexed with two different inhibitors [3]. Later, crystal structures of human HDAC4,
HDACY7 and HDACS, as well as bacterial FB188 HDAH have been resolved (see
Chapter 2 in this book for more details). Unfortunately, for two of the most promising
HDAC subtypes for drug discovery, HDAC1 and HDACG6, no structural data are
available at the moment. The architecture of the solved HDACsS is very similar, with
the residues in the active site being conserved between bacterial and human HDACs.
However, the organization of the loop and distal helices is different in the known
HDAC structures, for example HDACS shows a more open and accessible substrate
binding channel. The deacetylase active site with the zinc ion is located at the end of
an approximately 12 A tunnel. The zinc ion is penta-coordinated by two aspartic acids
and one histidine. The remainder of the substrate channel is made up of lipophilic
amino acids which are highly conserved across the isoforms. Especially, two aromatic
side-chains which restrict the width of the tunnel can be found at the same position
in the different HDAC structures. At the top of the binding cavity is a rim leading to
the surface, which is formed by several loop regions that differ between subtypes.



3.4 Histone Deacetylases
e
-
His541 .
,\ |Arg540
= lle28 | i
Asp626 | e )
4
Y
Met677 T{ Pro542
- . v
Phe73s ) \ g o8
- "4
., { #
HisE70 £ o /
{ His709 =
i
N ™ % _
Aol - N\’ I J Asp801
HisBE9 '
#5 AspT707

Figure 3.2 X-ray structure of HDAC7 (2PQP.pdb) in complex with
the inhibitor TSA (shown in ball and stick mode). Only the
residues in the binding pocket are shown. Hydrogen bonds are
displayed as dashed lines.

As an example, the binding mode of the cocrystallized inhibitor trichostatin A (TSA)
at HDACY is shown in Figure 3.2.

In the crystal structures, the inhibitors coordinate to the active site zinc and make
a series of hydrogen bonds via their hydroxamic acid moiety. The hydroxamic acids
are linked by a flexible spacer with bulky cap groups. The aromatic or aliphatic
spacer participates in van der Waals interactions throughout the long channel,
whereas the terminal part of the inhibitor interacts with residues at the rim of
HDAC. In general, the binding mode of the cocrystallized inhibitors TSA and SAHA
is conserved among the different species and subtypes [35].

3.4.1.1 Docking Studies Using X-Ray Structures and Homology Models

Ligand-bound structures of the target protein provide a suitable starting point for
structure-based drug design. Since the first of the solved structures was that of HDLP,
molecular modeling studies started with the analysis of the inhibitor binding
mode for this bacterial enzyme. A variety of studies were reported in the meantime
where structure-based optimization of HDAC inhibitors was successfully guided
by docking the compounds into the HDLP active site [36—44] (see also Chapter 9
in this book). In the case of HDAC-1 and HDAC-6 a crystal structure of the enzyme
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is yet to be elucidated and, in its absence, homology models of HDAC-1 and
HDAC-6 complexed with hydroxamate-based inhibitors were generated by several
groups [45-56]. The refined models were generally checked for structural integrity
using molecular dynamics simulations and various protein structure checking tools.
The predictive ability of the models was evaluated through docking studies of known
hydroxamate- or benzamide-based HDAC inhibitors. For constructing the homology
models the available crystal structures of HDLP and HDACS were considered in the
case of HDACI. The models show a high degree of similarity compared to the
HDACS crystal structure. The two conserved aromatic amino acids (Phel50 and
Phe205 in the case of HDACT1) face each other and form the most slender part of the
substrate channel. The channel exit is composed of nonstructured loop regions.
Molecular dynamics simulations indicate a high flexibility of this region, which
makes structure-based design a challenging task [45, 48, 49]. For HDAC6, which has
two catalytic domains, so far only two 3D models have been reported. Whereas
one was generated on the basis of the bacterial FB188 HDAH (38% sequence
identity) [57], a further model was derived using the recently published human
HDACY crystal structure in complex with SAHA and TSA (49% sequence identi-
ty) [53]. Both HDAC6 models were generated for the catalytic domain located at the
C-terminal region and have been used to explain structure-activity relationships for
a series of HDACG6-selective inhibitors. In the study by Schifer et al. [53, 58] the
generated HDAC6 model was used to dock a series of biaryl- and pyridylalanine-
containing hydroxamate inhibitors. The HDACG6 structure showed a clearly defined
hydrophobic binding cavity formed by several aromatic and hydrophobic residues
(His499, His560, Phe566, 1le569) which accommodated the hydrophobic cap group
of the inhibitors. As an example, the binding mode of the HDACG6-selective
phenylalanine-containing hydroxamate inhibitor 5a is show in Figures 3.3 and 3.4.

3.4.12 3D-QSAR Studies

The published QSAR [59-61] and 3D-QSAR [62-65] models for HDAC inhibitors
were used to explain the differences in activity of hydroxamate-based compounds.
All the reported models, which showed moderate to good internal predictivity, were
mainly used in a retrospectively way to explain the biological activities of HDAC
inhibitors. Generally, the 3D-QSAR models were compared with ligand docking
results to get insight into the structural requirements for anti-HDAC activity.

3.4.1.3 Virtual Screening Studies

Only a few virtual screening studies focusing on HDACs have been published so far.
The rationale for that might be the as yet unsolved crystal structure of the therapeuti-
cally interesting subtypes HDAC1 and HDACG and the limited number of commer-
cially available hydroxamates. At Argenta, a virtual screening approach was initiated
based on the published crystal structure (PDB code: 1C3R) of the HDAC-like protein
(HDLP) [66]. A virtual library of 644 hydroxamic acids was generated from a database
of available carboxylic acids. The designed compounds were docked and scored using
the FlexX program [22]. Based on the virtual screening results, 75 compounds were
selected and tested in an HDAC (subtype) enzyme assay. ADS100380 (Figure 3.4) was
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Figure 3.4 Molecular structures of HDAC inhibitors mentioned in the text.
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identified as a sub-micromolar (ICso=0.75 uM) HDAC inhibitor. As expected, the
corresponding carboxylic acid of ADS100380 was inactive. The docking study
indicated that the catalytic zinc ion to which the hydroxamic acid group of
ADS100380 binds is located at the bottom of a tube-shaped pocket. Thus, optimiza-
tion of ADS100380 was designed to make additional interactions at the entrance
to the HDAC active site by tethering hydrophobic aromatic groups to the pyrazole
nitrogen. Several nanomolar HDAC inhibitors were obtained by the structure-guided
optimization process (e.g. inhibitor 6p in Figure 3.4).

To test the performance of a ligand-based VS Jagarlapudi et al. used a total of
20 well defined HDAC inhibitors [67]. On the basis of the known inhibitors the
authors generated a pharmacophore model using the Catalyst software. The derived
HypoGen pharmacophore model consists of four pharmacophore features: one
hydrogen bond acceptor, one hydrophobic aliphatic and two ring aromatic centers.
This model was validated against 378 known HDAC inhibitors from literature with
a correlation of 0.897 as well as a significant enrichment in VS. The validated model
was further used to retrieve molecules from the NCI database (238 819 compounds).
The pharmacophore screening retrieved 4638 molecules while 297 molecules were
indicated as “highly active.” Unfortunately, no experimental validation of the identi-
fied compounds was carried out thus making it impossible to judge whether the
approach has some relevance for real life studies.

Another retrospective analysis of already known HDAC inhibitors was carried out
by You et al. [68]. They generated a 3D chemical-feature-based pharmacophore model
and compared the ligand-based model with the structural-functional requirements
for the binding of the HDAC inhibitors. Using this model, the interactions between
the benzamide MS-275 and HDAC were explored. The result showed that the type
and spatial location of chemical features encoded in the pharmacophore are in full
agreement with the enzyme—inhibitor interaction pattern identified from molecular
docking. However, also in this study no experimental validation of the modeling
results was provided.

342
Sirtuins

The class I1I deacetylases, named sirtuins, are structurally and functionally different
from other HDACs. In contrast to the zinc-dependent deacetylation of classic
HDAGS, sirtuins depend on NAD™ to carry out catalytic reactions. A variety of
sirtuin crystal structures have been published over the past few years. The structures
of human Sirt2 and Sirt5 as well as several bacterial Sir2 proteins could be derived,
whereas no 3D structure is available for Sirt1 and the other subtypes [69]. All solved
sirtuin structures contain a conserved 270-amino-acid catalytic domain with variable
N- and C-termini. The structure of the catalytic domain consists of a large classic
Rossmann fold and a small zinc binding domain. The interface between the large and
the small subdomain is commonly subdivided into A, B and C pockets. This division
is based on the interaction of adenine (A), ribose (B) and nicotinamide (C) which are
parts of the NAD" cofactor. (Figure 3.5) Whereas the interaction of adenine and
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Figure 3.5 X-ray structure of human Sirt2 in complex with NAD *
(predicted by docking). The molecular surface of the protein is
colored according to the cavity depth.

ribose is similar in all available sirtuin X-ray structures, the interaction of the
nicotinamide part is less clearly defined. Several, so-called productive and nonpro-
ductive conformations of nicotinamide have been observed in the crystal structures,
reflecting the high flexibility of this part of the cofactor. In the X-ray structure of a
Sirt2 homolog from Archeabacteria it was shown that the acetylated peptide binds
in a cleft between the two domains [70]. The acetyl-lysine residue inserts into a
conserved hydrophobic pocket, where NAD™ binds nearby (Figure 3.5). In case of the
human Sirt2 X-ray structure no structural information about the NAD" or substrate
binding is available. However, due to the homology with bacterial sirtuins, docking
studies showed that NAD" interacts in a comparable way with human and bacterial
enzyme [71].

Several inhibitors are available for Sirt2 that have been discovered by virtual
screening approaches [72-74]. Based on docking studies that were carried out for
human Sirt2 and competition experiments with NAD ", it was found that adenosine
mimetics (e.g. the kinase inhibitor Ro-318220) are potent Sirt2 inhibitors which
interact with the adenine subpocket [73]. The planar ring systems of the docked
maleimides fit perfectly in the adenine-binding pocket and make hydrogen bonds
bond with Cys324 and Asp325. The docking of the most potent inhibitor Ro-318220
revealed a second putative binding site for the polar amidine group near 11e93 and
Asp95 (Figures 3.6 and 3.7).

67



68

3 Computer- and Structure-Based Lead Identification for Epigenetic Targets

Figure 3.6 Interaction of the inhibitor Ro-318220 (gray carbon
atoms) at the adenosine binding site of Sirt2 as predicted by
docking.

Tervo et al. carried out a receptor-based VS on the screening collection from
Maybridge, comprising about 60 000 compounds [74]. Using the UNITY software [75]
a simple pharmacophore query was generated first to select potential Sirt2 hits.
The database searching returned 66 candidate compounds, of which 44 compounds
passed an in silico intestinal absorption model generated with the VOLSURF
program [76]. The retrieved hits were subsequently docked in the Sirt2 binding
pocket using the GOLD program. The location of the docking poses at the active site,
as well as their ability to match the requirements of the search queries, was visually
analyzed. On the basis of the visual inspection 15 compounds were selected for test
their ability to inhibit Sirt2 in vitro. Two out of 15 experimentally tested compounds
showed a moderate in vitro inhibitory activity toward Sirt2 (JFD00244, ICso =57 uM;
CD04097, ICso = 74 uM; Figure 3.7). The docking study which was carried out with
the human Sirt2 crystal structure revealed that the active inhibitors interact mainly
with Asp95, GIn167, Asn168 and with 1le169, mostly by forming hydrogen bonds to
the backbone atoms. On the basis of the docking study, the authors suggested that
this region, which is also the postulated binding site for nicotinamide, is also
important for the inhibitor binding. This observation is also supported by the finding
that the docked inactive compounds do not show hydrogen bonds to these amino
acid residues. Using the same approach Poso et al. performed further VS on other
compound libraries [77-79]. Several moderately active inhibitors could be identified
from the Leadquest and Maybridge compound collections.

A recent effort to identify a Sirt2 inhibitors culminated in the report of the
vinylnitrile AGK2 (Figure 3.7). AKG2 and chemically similar analogs were identified
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Figure 3.7 Molecular structures of sirtuin inhibitors mentioned in the text.

in a focused library screening. To elucidate the structural mechanism of Sirt2
inhibition by AGK2 Outeiro et al. [80] developed 3D models of human Sirt2 in
several different conformations by combining available human and yeast crystal
structures. The high flexibility of the active site loop made this strategy necessary.
The different Sirt2 conformations were subsequently used for docking the identified
inhibitors using the ICM program [81]. Comparative analysis of the low-energy
ligand conformations confirmed that the preferred site for ligand binding is pocket C,
where the nicotinamide part of NAD * interacts. A hydrogen-bonding pattern for
AKG2 was observed which is similar to that of other Sirt2 inhibitors. AGK2 inhibits
Sirt2 with an ICs value of 3.5 uM and shows more than 10-fold selectivity versus
Sirtl and Sirt3. In further biological experiments AGK2 displayed the ability to block
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o-synuclein-mediated toxicity in a Parkinson’s disease model, possibly by modulat-
ing tubulin acetylation.

Neugebauer et al. used docking simulations to analyze the binding of several
Sirt2 inhibitors and to rationalize the structure—activity relationships of a series of
arylsplitomicins (Figure 3.7) [82]. Docking studies using the human Sirt2 X-ray
structure showed that the Sirt2 inhibitor cambinol (Figure 3.8a) interacts with the

(b)

Figure 3.8 (a) Binding mode of cambinol (green carbons) at
the Sirt2 binding pocket. Hydrogen bonds are shown as dashed
lines. (b) Binding mode of the lactam-based inhibitor 12
(magenta) and cambinol (green) at the Sirt2 binding pocket.
Hydrogen bonds are shown as dashed lines.
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nicotinamide subpocket (C). Several conserved water molecules are observed in the
nicotinamide subpocket of human and bacterial X-ray structures. The polar moieties
of cambinol and the indole 35 [83] (Figure 3.7) were found to interact with the polar
residues GIn167, Asn168 and the water molecules of the nicotinamide subpocket
(Figure 3.8a). Also the docked B-phenylsplitomicin showed the same binding mode,
including a hydrogen bond to the water molecule bonded to GIn167. The B-phenyl
substituent of the (R)-isomer fits into a hydrophobic channel and is sandwiched
between Phel19 and His187. By synthesizing and assaying the pure enantiomers
of a B-phenylsplitomicin rac-8c (Figure 3.7) the postulated binding mode could be
validated. As predicted by the docking study only the (R)-isomer is a potent Sirt2
inhibitor with an ICs, value of 1.0 uM whereas the (S)-isomer is weakly active.

One of the limitations of splitomicins has been found the instability of the lactone
ring, which led to a short half-life particularly at physiological pH [84]. Therefore, VS
was used to discover novel more drug-like chemotypes. Similarity-based searching
of commercial databases and subsequent docking the hits into the Sirt2 binding
site yielded two novel classes of sirtuin inhibitors. In the first series of inhibitors
the lactone of B-phenylsplitomicin is replaced with the lactam ring, resulting in
equally active inhibitors. The predicted binding mode of the lactam-based inhibitor
12 is shown in Figure 3.8B. Provided that the lactams retain the in vivo activity,
their stability makes them more suitable for further development as sirtuin
inhibitors.

The second series of inhibitors are based on a common thiobarbiturate structure,
which shows similarity to the cambinol structure [85]. A set of seven active Sirtl and
Sirt2 inhibitors could be identified and the binding mode was predicted using the
GOLD docking program. To rationalize the experimental results, binding free energy
calculations were carried out by molecular mechanics Poisson-Boltzmann/surface
area (MM-PBSA) calculations [86]. A significant correlation was observed between
calculated binding free energies and measured Sirt2 inhibitory activities. Thus,
the prediction model could be used to estimate the inhibitory activity of novel
candidate drugs. The analyses suggested a molecular basis for the interaction of the
identified thiobarbiturate derivatives with human Sirt2. The interaction of the most
potent thiobarbiturate 25 (ICso = 8.7 uM) with human Sirt2 is shown as an example
in Figure 3.9. A common feature of the active inhibitors is the interaction (hydrogen
bond) of one thiobarbiturate NH-group with the backbone carbonyl of Gln167
and the hydrogen bond between the barbiturate CO-group and His187. The bulky
naphthyl or biaryl substituent is facing in the acetyl-lysine substrate channel and
makes van der Waals interactions with the aromatic ring system of Phell9 and
His187.

Suramin (Figure 3.10), a symmetric polyanionic naphthylurea derivative, is
originally used for the treatment of trypanosomiasis. Additionally, it shows a wide
range of biological activities such as antiproliferative and antiviral activity. The
observation that suramin inhibited Sirtl [87] inspired Trapp et al. [71] to test a
diverse set of suramin analogs to carry out structure—activity studies and to investi-
gate the structural requirements for the binding of suramin derivatives by molecular
docking. Suramin exhibited an ICs, value of 297 nM against Sirtl and 1150nM
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Figure 3.9 Interaction of the thiobarbiturate 25 (white carbons)
with the Sirt2 binding site. Hydrogen bonds are shown as
dashed lines.

against Sirt2. Whereas variations on the benzoyl portion of suramin only led to
a slight increase of the inhibitory potency, variation of the suramin core structure
afforded the small urea compound NF675 (Figure 3.10) that showed an ICsq value of
93 nM for Sirt2. The putative binding site of suramin derivatives was examined using
therecently published X-ray structure of suramin cocrystallized with human Sirt5 [69]
and a Sirt2 model that was generated on the available X-ray data for this subtype.
Consideration of the binding mode of suramin with Sirt5 and subsequent docking
studies suggested that the binding site for suramins is localized between the
nicotinamide binding pocket and the peptide substrate binding region, thus inhibit-
ing the deacetylation step. This finding was in agreement with the results obtained
by competition analyses in which suramin inhibited sirtuins in a noncompetitive
manner regarding both NAD " and peptide substrate. Despite their so far unmatched
inhibitory potency, the application of suramins within cellular studies or even
therapeutic approaches is problematic due to their high polarity. However, suramin
derivatives may be useful tools for the investigation of polar motifs in new sirtuin
inhibitors that address the same binding pocket.

The available structural information on human sirtuins and the derived docking
results suggest that inhibitors can interact with different binding pockets. Whereas
for adenosine analogs an interaction was predicted for the adenine pocket and
verified by competition experiments, for a variety of inhibitors (e.g. AKG2,
B-phenylsplitomicins, cambinol, thiobarbiturates and the indole 35) bearing polar
moieties the interaction with the nicotinamide or the substrate pocket is postulated.
Crystal structures of human sirtuins together with inhibitors from the different
structural classes will be helpful for structure-based optimization.
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Figure 3.10 Molecular structure of the sirtuin inhibitors suramin and NF675.

Since no crystal structure has been reported so far for Sirt1, Poso et al. generated
a homology model for the domain area at residues 244 to 498 of the full-length
Sirt1 [88]. The authors proposed the binding-mode of recently reported set of indole-
based Sirtl inhibitors [3]. The interaction site and the ligand conformation were
predicted by the use of molecular docking techniques. To distinguish between
active and inactive compounds, a structure-based pharmacophore model was con-
structed. The validated pharmacophore was suggested as a filter for further database
screening. However, an experimental validation of the described approach has not
been reported so far.

3.5
Histone Acetyltransferases

Histone acetyltransferase (HAT) enzymes are divided into several families based on
conserved sequence motifs. The two major families are named GNAT (Gcen5-related
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N-acetyltransferases) and MYST (MOZ, Ybf2/Sas3, Sas2, Tip60; for details see
Chapter 2 in this book). Numerous structural studies were carried out on HATSs
in the past decade that lead to a wealth of structural data on the GNAT, MYST and
p300/CBP families [89-91]. Despite the large number of available crystal structures
derived for HATSs, HAT-cofactor and HAT-substrate complexes, no study was reported
so far which used 3D structural information for virtual screening or molecular
design of HAT inhibitors. The few available HAT inhibitors were mostly identified
by random screening campaigns or empirical findings (see Chapter 11 in this book
for more details).

3.6
Histone Methyltransferases

During the past several years, a variety of crystal structures of histone lysine and
arginine methyltransferase in complex with the cofactor analog SAH and/or in
complex with peptide substrates have been reported [92]. However, no 3D structure
of a complex between a histone methyltransferase (HMT) and an inhibitor has been
reported so far. Due to the lack of experimental structures, a variety of molecular
modeling and docking studies has been carried out for HMTs in order to understand
the structural requirements for inhibitor binding.

The first crystal structure for a PRMT enzyme was reported in 2000 for rat PRMT3
in complex with the cofactor analogue SAH [93]. The results revealed a two-domain
structure — a SAM binding domain and a barrel-like domain — with the active site
pocket located between the two domains. The rat PRMT1 crystal structure in complex
with SAH and a substrate peptide were published in 2003 and allowed for the first
time the analysis of the enzyme-substrate interaction [94]. Mutagenesis studies on
rat PRMT1 confirmed that two active site glutamate residues (Glu144 and Glu153)
are essential for enzymatic activity and that dimerization of PRMT1 is essential for
cofactor binding. The crystal structures of rat PRMT1 were obtained at a nonphy-
siological pH value (pH 4.7; maximum enzymatic activity at pH 8.5), resulting in a
conformational change of one of the active site glutamates (Glu153) and a disordered
helix oX which is part of the substrate binding pocket.

The available rat PRMT1 and PRMT3 crystal structures have been used to provide
a structural explanation for the inhibitory activity of a set of synthesized analogues
of AMI-1 (Figure 3.11). Docking of inhibitors such as 4b (Figure 3.11) into PRMT1and
the Aspergillus homologue RmtA revealed a potential interaction with the arginine
substrate and the cofactor binding pocket. In contrast, related analogs could be docked
either in the SAM or substrate binding site. However, no experimental confirmation
by competition experiments has been reported to support the postulated binding
mode [95]. The reported series of dye-related small molecules was further used to
establish a receptor-based 3D-QSAR model for nine selected inhibitors from the
study. The 3D-QSAR model which was generated using the GRID/GOLPE [14]
approach showed good internal predictivity (4> = 0.93). However, due to the limited
number of molecules in the 3D-QSAR analysis, the model is of limited validity.



3.6 Histone Methyltransferases

[0}
OOCL,
HO OH

Br Br

75

I COOH
Br ! X l Br
HO o o

Br Br

AMI-5 (ecsin) 6e 4b

NH

Stilbamidine Allantodapsone 6
O 0.0 H
0o @] \\S/, N
N S "N N
s N\/\H HN H/\© N

o © ‘ HN
® ° 2
RM-65 7 9

Figure 3.11 Molecular structures of PRMT inhibitors mentioned in the text.

In a further study Mai et al. [96] chose the AMI-5 (eosin; Figure 3.11) chemical
structure as a template to design a new series of simplified analogs, starting from
a pharmacophore hypothesis. In this hypothesis, the presence of two o-bromo- or
0,0-dibromophenol moieties inserted into hydrophobic moieties were identified as
crucial for having antimethyltransferase activity. They prepared a series of substitut-
ed 1,5-diphenyl-1,4-pentadien-3-ones (e.g. compound 4b; Figure 3.11) and docked
them into the generated model structures of human PRMT1, CARM1 and into the
SET7 crystal structure. The analysis of the AutoDock-proposed binding modes
revealed that the compounds are able to bind in the SAM or in the Arg/Lys substrate
binding sites. The most active compounds could be docked in the SAM binding
pocket of the two PRMTs (PRMT1 and CARM1), whereas for SET7 most of the
developed compounds occupied both the lysine and SAM binding site.

Applying a combination of structure-based virtual screening and biochemical
characterization, two drug-like substrate competitive PRMT1 inhibitors (allantodap-
sone, stilbamidine; Figure 3.11) were reported recently [97]. Based on a generated
homology model of human PRMT1 and subsequent docking into the substrate
binding site, key interactions between the identified inhibitors and PRMT1 could be
derived. A common feature of the actively tested inhibitors is the hydrogen bonding
of a basic or polar group with the active site Glu152 (which corresponds to Glu144 in
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rat PRMT1). A basic or polar moiety of the inhibitors mimics the guanidine group
of the arginine side-chain of the substrate peptide. In addition, the inhibitors show
van der Waals interactions with several aromatic residues of the binding pocket
(Tyr47, Tyr156, Trp302; Figures 3.12a and 3.12b). The proposed binding mode could
be confirmed by competition expriment using a synthetic histone substrate.

Based on the identified PRMT1 inhibitors stilbamidine and allantodapsone,
Heinke et al. [98] expanded their virtual and biological screening for novel inhibitors.
Structure-based VS of the Chembridge database comprising 328 000 molecules was
performed using a combination of ligand- and target-based in silico screening.
To focus on lead-like PRMT inhibitors, the authors filtered the Chembridge database
for molecules with a molecular weight below 400, a topological polar surface area
(TPSA) below 150A* and at least one nitrogen atom. This resulted in 189000
molecules which were virtually screened using a structure-based pharmacophore
model. The model was generated with the LigandScout program on the basis of the
PRMT1-allantodapsone interaction model. The pharmacophore-based screening
resulted in 6232 compounds (3.3%) which passed the LigandScout pharmacophore.
The 6232 compounds were docked subsequently into the substrate binding pocket
of PRMTT1. Due to the fact that docking scores are not good discriminators between
true actives and false positives, the authors focused not only on the derived Gold-
scores but used additional filters for selecting potential candidates for the biological
testing (i.e. compounds were automatically selected which showed a binding mode
similar to the known PRMT1 inhibitors). Among the top-ranked 100 docking poses
which fulfilled the distance constraints, nine compounds from clusters of similar
molecules were selected and experimentally tested using human PRMT1 and an
antibody-based assay with a time-resolved fluorescence readout. Among several
aromatic amines (inhibitors 6 and 9; Figure 3.11), an aliphatic amine and an amide
(inhibitor 7) were also found to be active in the micromolar range.

A further fragment-based virtual screening identified a-methylthioglycolic amides
as new lead PRMT inhibitors [99]. Similarity-based searching for analogs resulted in
RM-65 (Figure 3.11), which was identified as bisubstrate PRMT1 inhibitor. Docking
of RM-65 showed that the compound blocks the cofactor and the substrate channel,
showing mainly favorable van der Waals interaction with aromatic residues (Tyr43,
Tyr47, Met56, Val108, Tyr156, Tyr160) of the SAM and Arg-binding pocket [101].

Jenuwein et al. applied both VS and HTS to screen the Boehringer Ingelheim
chemical compound library for inhibitors of the lysine methyltransferase G9a.
Cheminformatic tools were used to identify molecules that would have an increased
probability to function as potential G9a inhibitors. A similarity searching approach
was carried out using nine known inhibitors of Arg- and Lys-methyltransferases
(AMI compounds 1-9) [100]. The similarity was calculated on the basis of ligand/
protein-based fingerprints/site-points [101]. The approach was used both for a
ligand-based and protein-based VS. For the protein-based screening a homology
model was developed, based on the crystal structure of DIM-5 (1PEG.pdb) [102],
alysine methyltransferase with 30% identity in the SET domain to G9a. Each method
scored the compounds in the screening collection. Additional compounds were
randomly selected, and a total of 125000 substances were subsequently evaluated
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Figure 3.12 (a) Predicted binding mode of (b) Predicted binding mode of allantodapsone
stilbamidine (colored magenta) at the substrate  (colored magenta) at the substrate binding pocket
binding pocket of PRMT1. The cofactor analog SAH  of PRMT1. The cofactor analog SAH is shown in
is shown in orange at the bottom of the figure.  orange at the bottom of the figure. Hydrogen bonds
Hydrogen bonds are shown as dashed lines. are shown as dashed lines. Only residues of the
Only residues of the binding site are displayed.  binding site are displayed.
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Figure 3.13 Molecular structures of G9a inhibitors mentioned in the text.

in HTS. The experimental in vitro testing on G9a revealed seven hits with activities
in the low micromolar range. Beside the unselective inhibitor acylbenzimidazole
BIX-01338, one selective inhibitor was identified (BIX-01294; Figure 3.13). BIX-
01294 inhibited G9a at an ICs, of 2.7 uM and showed no activity against SUV39H1
or PRMTI. Cell lines treated with BIX-01294 showed a reduction in histone H3
lysine 9 dimethylation; the mono- or trimethyl stages appeared unaffected. In
addition the mode of action for two inhibitors was examined by measuring the
dependence of the reaction kinetics on the concentration of the cofactor SAM.
Whereas the unselective inhibitor BIX-01338 displayed competitive inhibition with
SAM, BIX-01294 inhibited G9a in an uncompetitive manner with SAM, suggesting
that it can only bind the enzyme—cofactor complex, but not the free enzyme.

3.7
Histone Demethylases

The first histone demethylases (HDMs) were identified only recently. In 2004, Shi
and co-workers discovered the first demethylase specifically demethylating histone
H3 atlysine 4 and named it lysine-specific demethylase-1 (LSD1) [103]. LSD1 shows
a high sequence homology with FAD-dependent amine oxidases. Two years later,
another family of histone demethylases was identified and termed Jm;jC protein [104].
These demethylases use Fe(Il) and o-ketoglutarate in an oxygenation reaction to
remove the methyl groups from lysine residues. Since the expression levels of several
of these demethylases are increased in primary tumors, HDMs are considered as
potential drug targets [105]. Therefore it is not surprising that a huge effort is now
being made to explore the structural requirements of modulating these targets and to
identify small molecule inhibitors. A variety of crystal structures have been solved in
the past four years, which helped in understanding the binding of substrates and first
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available unselective inhibitors (for more details see Chapter 13 of this book). It is
likely that the available 3D structures of HDMs will soon result in the structure-
guided design of druglike and selective inhibitors [106].

3.8
Summary

Despite many technical challenges, structure-based virtual screening has an impor-
tant role in drug discovery. As a steadily growing number of epigenetic targets are
characterized biologically and also structurally, structure-based methods are more
and more applied to design specific inhibitors to elucidate their therapeutic potential.
Ligand docking and scoring technologies have steadily improved and the importance
of the adequate validation of pragmatic virtual screening protocols is now well
recognized. While both ligand- and receptor-based approaches already have demon-
strated their worth in identification of novel lead compounds for epigenetic targets,
there is still the challenge to improve the predictive accuracy of scoring functions,
particularly to enable scoring-based methods to have a greater impact in guiding lead
optimization.
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Histone Modification Analysis Using Mass Spectrometry
Ana Villar-Garea and Axel Imhof

4.1
Introduction

The biological function of histones is strongly regulated through posttranslational
modifications (PTMs). Different modifications affect each other and lead to an
intricate network of interdependent modification patterns, which has been suggested
to constitute a “histone code.” Histones are very abundant, small basic proteins
that package DNA in the eukaryotic nucleus to form chromatin. The four core
histones are densely modified within their first 20-40 N-terminal amino acids, which
are evolutionarily extremely well conserved despite having no structural function.
The presumptive histone code consists of combinations of multiple PTMs of amino
acids within these N-terminal tails. It has been suggested that cells use the
modifications to encrypt various chromatin conformations and gene expression
states. The analysis of modified histones can be used as a model to dissect complex
modification patterns and to investigate their molecular functions. Here we review
analytical methods that have been used to decipher complex histone modification
patterns and we discuss the implication of these findings for chromatin structure and
function.

Posttranslational modifications (PTMs) of proteins play a key role in regulating the
biological function of many polypeptides. The spectrum of modifications ranges
from the addition of relatively small groups such as methyl, acetyl and phosphate
groups to the attachment of larger sugar moieties or the generation of isopeptidic
bonds between the molecule of interest and the small peptides ubiquitin or
SUMO [1]. In this review we focus on two of those modifications that are commonly
found to regulate histone function: acetylation and methylation of lysine residues.
Mass spectrometry provides key tools for the analysis of PTMs [2-5]. Every modifi-
cation adds a distinct mass to the molecule studied and, thanks to the high resolution
of modern mass spectrometers and the development of “soft” ionization techniques,
the mapping of posttranslational modifications has been greatly facilitated during the
past couple of years. The increased usage of these high-resolution methods not only

Epigenetic Targets in Drug Discovery. Edited by Wolfgang Sippl and Manfred Jung
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32355-5

87



88

4 Histone Modification Analysis Using Mass Spectrometry

allowed a much faster detection of PTMs but also revealed a much higher abundance
of PTMs on histone molecules than previously anticipated. However, in order to
precisely map the residue that is modified, elaborate methods have been
established to enrich peptides that carry particular modifications [6-9] and to study
them by MS/MS or MS" mass spectrometry. Frequently, histones carry several
different modifications, which can be localized on a single peptide within a protease
digest [10-13].

4.2
Histone Molecules

Histones are very basic proteins with an isoelectric point between 10.31 and 11.27 for
human complement. They are present in virtually all eukaryotes (with the exception
of dinoflagellates [14]) where they are associated with most of the nuclear DNA.
The DNA is wrapped around an octamer formed by the four core histones H2A, H2B,
H3 and H4 to build a nucleosome. This particle is the fundamental repeating unit
of chromatin [15]. A string of nucleosomes can fold into a higher order structure,
the exact molecular nature of which is still not fully understood but clearly has a
strong influence on gene expression.

Since the crystal structures of the octamer and nucleosome have been solved at
high resolution [16], we know that the C-terminal “globular” domains of the core
histones form the proteinacaeous core of the nucleosome. The N-termini (“the tails”)
in contrast protrude into solution and do not adopt a defined structure, which could
be resolved by X-ray crystallography. These N-terminal tails are extremely well
conserved during evolution [15], suggesting an important role in nucleosome
function. This notion is further supported by the fact that the histone tails are
essential for viability in yeast [17]. The likely reason why these tails have been
conserved during evolution is their intense posttranslational modification. The
histone H3 tail for example is formed by about 38 amino acids, with 19 of them
being potentially modified. This not only generates a very high density of PTMs
on a short stretch of the protein but also produces a challenge for the analysis of the
modification pattern within this stretch. In the following review, we briefly describe
methods that allow a prefractionation of histone molecules or protease digestion
products of histones.

4.3
Capillary Electrophoresis

A further improvement of the more traditional slab gel analysis is the use of high-
performance capillary electrophoresis (HPCE), which combines the separation
power of high-performance liquid chromatography (HPLC) with the selectivity and
speed of conventional gel electrophoresis. However, as HPCE separations are often
performed using fused silica capillaries the positively charged histone molecules
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interact with the negatively charged silanol groups of the capillary, leading to an
extreme peak broadening and a low resolution. To circumvent this problem several
additives such as hydroxypropyl methylcellulose have been added to the running
buffer to suppress the interaction between histones and the inner surface of the
capillary [18-20]. Although easy to handle and very reliable, the dynamic coating
procedure does not allow online coupling to an ESI mass spectrometer. In order to
allow a combination of CE and the high analytical power of mass spectrometry
permanently coated capillaries are used to analyze core histone molecules using
0.1M formic acid and a sheath liquid of methanol/water (80:20) to facilitate
ionization [21].

4.4
Reversed Phase Chromatography

Another powerful method that is frequently used to separate core histones from each
other as well as the peptides resulting from a tryptic digest is reversed phase
chromatography [22]. As the histones contain a highly hydrophobic core they bind
very efficiently to a C4 reversed phase column. These columns have an extremely
high resolution and are able to differentiate between histone variants that differ in
justafewamino acids, such as H3.1and H3.3[23, 24]. Besides the separation of intact
histones, reversed phase columns are also frequently used to separate peptides
generated by a protease digest of histone molecules to reduce the complexity
of a peptide mixture and to facilitate the analysis of the individual peptides. Although
LC separations are generally much more time-intensive that the CE separation
discussed in the section above, it is by far the preferred pre-fractionation method for
online couplings to mass spectrometers, as the coupling to a MS detector is much
more reliable and reproducible. For example, the high resolution power of C18
reversed phase chromatography coupled to high resolution mass spectrometry
allows the distinction of trimethylated and acetylated peptides not only based on
their different mass but also based on the difference in retention time from a C-18
column (Figure 4.1).

4.5
Mass Spectrometry

Mass spectrometry provides a more direct and precise technique to study histone
modifications. As with the other methods discussed above, mass spectrometry also
has several pitfalls that should be taken into account when analyzing histone
modifications. First of all histones and especially the core histones H3 and H4 are
rich in lysine residues. Consequently, trypsin as an enzyme that is routinely used for
the identification of proteins via peptide mass fingerprints cannot be used for regular
“in gel” digestion of histones. Other enzymes that have a different specificity (such as
Asp-N or Arg-C) are more frequently used in the analysis of histones [25]. A drawback
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modification expected m/z found m/z difference / ppm retention time / min
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monoacetylation 494.7849 494 7846 -0.61 27.3

Figure 4.1 Separation of H3 9-17 trimethylated subsequently digested with trypsin. The resulting
at K9 from H3 9-17 monoacetylated. Histone  peptides were analyzed by LC-MS/MS employing
H3 isolated from Drosophila melanogaster was ~ LTQ-Orbitrap (Thermo Scientific) as detector.
acylated with deuterated acetic anhydride and  (a) Chromatogram of the analysis. The y axis
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of using those enzymes is their low activity when used for “in gel” digestions, making
a more laborious and less sensitive reversed phase HPLC purification of individual
histones necessary [22, 26-28]. Another way to circumvent this problem that is used
by many laboratories using mass spectrometry to analyze histones and histone
modifications is the derivatization of lysines within the histone molecules using acid
anhydrides [29-31]. This class of molecules reacts very efficiently with unmodified or
monomethylated e-amino groups of lysine residues, thereby preventing the tryptic
cleavage C-terminal of the modified residue. As di- and trimethylation or acetylation
of the lysine e-amino group also prevent the trypsin cleavage, trypsin only cleaves the
C-terminal of an arginine residue. The resulting peptides are much larger and can be
analyzed by MALDI-TOF mass spectrometry more easily. Another advantage of this
procedure is that the digestion with trypsin can be done in a gel slice from an SDS
PAA gel, which allows a rapid, reliable and easy separation of the individual histone
molecules. In addition to this effect the derivatization of lysine residues with
isotopically labeled anhydrides can be used to quantitatively determine the acetyla-
tion status of a particular lysine.

However, especially when non-isotope-tagged molecules such as propionic anhy-
dride are used, an additional complication has to be taken into account when
analyzing the spectra. Propionylation of lysines leads to a mass shift of 56.0262,
which is close to the addition of four methyl groups (56.0626). This is especially
problematic if a peptide contains more than one lysine, such as the H3 peptides
containing amino acids 9-17 or 27-40. An observed mass that corresponds to an
unmodified peptide for example can also be explained by a peptide carrying one
methyl group on one lysine and an acetyl group on the other. Therefore MS/MS
experiments have to be performed in order to unambiguously assign a modification
pattern to a particular peptide.

A related problem that is specific for the analysis of PTMs within histone
molecules is the fact that several lysines within the histone tail (H3K9, H3K27) can
carry either one, two or three methyl groups or one acetyl group. Whereas the mono-
and dimethylated histones can be easily distinguished from an acetylated isoform,
the mass shift generated by the addition of three methyl groups is very similar to that
generated by an acetylation (42.0468 vs 42.0105) resulting in a mass difference of
0.036 Da or 36 ppm for a peptide with a M, = 1000. This is particularly important as
the two modifications have distinct biological outputs. Whereas H3K9me3 is a signal
for gene repression and the silencing of a whole genomic locus, acetylation of the
same residue indicates a transcriptionally active gene [12, 32]. Several ways have been
used to distinguish between the two types of modifications using mass spectrometry.

d
|

represents the relative abundance of the total ion
current for m/z values between 300 and 2000 for
full MS spectra. (b) Zoom of the chromatogram
displayed in (a). (c) Zooms of the full MS spectra
acquired at 25.74 min (left) and 27.35 min
(right). The observed masses indicate that at
25.74 min elutes the peptide 9-17 trimethylated
atone lysine (K9 according to the MSMS spectra)

whereas at 27.35 min elutes 9-17 with one
natural acetyl group (K9/K14 according to the
MSMS spectra). (d) The table summarizes what
is shown in the other panels. The high resolution
and accuracy of the spectrometer allows the
distinction between acetylated peptides
containing trimethylated lysine residues from
those containing acetylated lysines.



92

4 Histone Modification Analysis Using Mass Spectrometry

One possibility is the recording of mass spectra with an accuracy of less than 5 ppm
and a high resolution. This high mass accuracy can be achieved by using a high-
resolution TOF mass analyzer in reflector mode and an internal calibration standard
with a mass close to the one of interest [33]. However, with the development and
increasing availability of high resolution FT mass spectrometer, a more elegant and
direct way is frequently used to distinguish between the two modifications [26, 34].
A distinction between those two modifications can also be accomplished by studying
the fragmentation behavior of the modified peptide in an MS/MS experiment.
Very often the analysis of PTMs in histones makes use of the appearance of specific
immonium ions that are generated after collision-induced decay of a modified
molecule (precursor ion scan) or the loss of specific masses from a selected precursor
ion after low-energy fragmentation (neutral loss). Both techniques have been applied
to distinguish trimethylation from acetylation. In the case of a peptide carrying an
acetylated lysine, high collision energy fragmentation leads to the formation of a
specific ion with a m/z value of 126, which is not generated when the lysine is
trimethylated [33]. In contrast, the fragmentation of a peptide where the same
lysine is trimethylated results in a peptide characteristic of a neutral loss of 59
[M + H-59]", which can be explained by the loss of a trimethyl amine moiety
(N(CHj3)3). This loss is only observed in ions that carry the modified lysines and can
therefore also be used to precisely map the modification in an MS/MS experiment.
This is particularly useful when the two peptides analyzed have the same elemental
composition and therefore the same monoisotopic mass, such as the H3 peptide
9-17 trimethylated at position 9 and acetylated at position 14 versus the peptide
acetylated at position 9 and trimethylated at position 14 [33].

Finally, one of the biggest challenges in the analysis of protein molecules carrying
complex modifications is the precise assignment of each modification within a
single molecule. This interference between different modifications is of major
biological interest as the modifications are often used to integrate various signals
within a common pathway. However, when analyzing a mixture of molecules it is
difficult to determine whether two modifications are located on the same molecule
or exclude each other. A possible solution for this problem is the recent develop-
ment of so-called “top down proteomics” that allows the sequence determination of
intact proteins without prior proteolytic cleavage. As in the case for distinguishing
methylated from acetylated lysines, the increased availability of high-resolution
mass spectrometers permitted a rapid expansion of the methodological toolbox
analyzing entire proteins. The high resolution of a Fourier transform mass
spectrometer (FTMS) allows a reliable and precise assignment of multiply charged
polypeptides and therefore greatly facilitates the interpretation of fragmentation
spectra, which could otherwise not be deconvoluted using mass spectrometers with
alower resolution power. Fragmentation in a FTMS mass spectrometer is achieved
by a process called electron capture dissection (ECD), in which multiply charged
ions are trapped in a cyclotron and irradiated with a beam of low-energy electrons
generated by an electron gun [35-37]. This fragmentation leads to an extensive
cleavage of the N-C,, amine backbone bond resulting in a series of ¢ and z ions
(in contrast to the b/y fragmentation generated by CID) that can be used to deduce
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the primary sequence and the location of a specific PTM even within larger peptides
such as the histones [38—40]. This then allows the analysis of complex modification
patterns within the same molecule, thereby enabling the investigation of the
interdependency of various modifications. In addition, due to the nature
of fragmentation, ECD can also be used to detect the position of very labile
modifications that are easily lost in other fragmentation methods [37].

An alternative method for top down sequencing that does not require expensive
mass spectrometers was recently reported by Hunt and colleagues, also using
histones as model proteins [41]. In their case complex fragmentation spectra are
facilitated by collisions between radical anions and a protonated analyte. In this
process, an electron is transferred to the positively charged ion. The radical anion
then becomes a neutral aromatic hydrocarbon which is pumped away by the vacuum
system, and the protonated peptide becomes a radical cation that then fragments at
the amide backbone in a process analogous to that observed under electron capture
conditions. This process results in the production of singly and doubly charged ion
series that can be easily analyzed by low-resolution mass spectrometers such asanion
trap. This process has been termed electron transfer dissociation (ETD) coupled to a
proton transfer reaction (PTR) and allows a top down proteomics approach without
requiring expensive equipment (Figure 4.2a). ETD is especially well suited to study
labile posttranslational modifications such as N-phosphorylation [42] as it keeps the
labile bond intact while still giving rise to a fragmentation of the peptide backbone
(Figure 4.2b, C).

The use of different approaches to study complex histone modification patterns
ranging from the bottom up approach that allows a detailed and quantitative
measurement of particular histone modifications to the top down methods that
help the dissection of interdependencies between different modifications will greatly
facilitate the analysis of complex modification patterns and provide a deeper insight
into the biological role of these patterns.
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5
In Vitro Assays for Histone-Modifying Enzymes
Alexander-Thomas Hauser and Manfred Jung

5.1
Introduction

The major aim of medicinal chemistry is to provide small molecules that can be
developed into new drugs. For the determination of potency and selectivity in both
mono-target- and multi-target-based approaches, biochemical in vitro assays are very
important, and mostly even indispensable tools. In this chapter, we want to review
assay systems that are used to determine the activity of different histone-modifying
enzymes. These assays can be used in high-throughput screening (HTS) for the
identification of new lead structures as starting points for medicinal chemistry
programs and the development of chemical tools. Such tools can help to elucidate the
specific functions of epigenetic modifiers and the role of these in cellular processes.
We focus in this chapter on the most important histone-modifying enzymes. We start
with some general aspects on screening and assay setups commonly used for
enzymes that carry out posttranslational modifications and then we present assays
used for enzymes that affect reversible histone acetylation and methylation.

5.2
Screening Hierarchy

In any target-based drug discovery approach a whole set of assays is necessary for
in vitro evaluation of potential drugs. Of course there is the need for an assay for the
initial target in a cell-free system. Then cell- or (later) animal-based assays are used
that: (i) may verify the inhibition of the target in a relevant range of concentration, (ii)
link this target verification to a certain function and (iii) register the occurrence of
a desired phenotype. Here, we limit the scope mostly to cell-free assay systems as
cell-based assays are subject of other chapters in this book; but we point out
applications of some of these assays in cellular systems. Generally, each type of
assay may be used for the primary screening and several screening campaigns have
led to inhibitors that target epigenetic modifiers by any one of these approaches.
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While in vitro enzyme assays are probably the standard approach for the primary
screen (for examples see Refs. [1-3]), other strategies have also been employed. Target
verification for posttranslational modifications, like histone acetylation, is typically
done by Western blots which suffer from low throughput. But ELISA-type variants
that allow for a higher throughput can be performed [4-7]. As an example of
functional assays, protein overexpression, for example p21 with histone deacetylase
(HDAC) inhibitors [8], by Western blot or ELISA can either be measured or reporter
gene assays [9-11] can be used. Finally, as phenotypic assays proliferation or
differentiation can be applied in standard assays that also have led to the discovery
of epigenetically active compounds [12, 13]. Each approach has its own advantages
and disadvantages. No matter which assay was used for primary screening, eventually
the other layers of testing have to follow before a new inhibitor may proceed to animal
testing and finally clinical trials.

5.3
General Principles of Screening for Histone-Modifying Enzymes

As histone modifications are one example for posttranslational protein modifications,
antibodies directed at these modifications may generally be used for the quantitation
of the conversion by the enzyme. In these cases histones or peptides that derived from
substrate sequences from histones or nonhistone proteins serve as substrates. The
histone peptides might contain a tag (usually biotine) for immobilization or conjuga-
tion purposes. The antibody is usually detected with a secondary antibody against the
F.-part or protein A from Staphylococcus aureus that also binds the F.-part [14]. The
secondary antibody may be labeled with a fluorophor or for example lanthanides for
final quantitation purposes. Generally one could avoid this procedure by labeling the
primary antibody but this requires additional steps for each modification that is
screened. With the secondary antibody strategy one such antibody can be applied in
theory for all targets that eventually will be assayed. Antibody-based approaches are
usually more specific if one detects the modification (i.e. acetylation or methylation of a
certain amino acid) and not the unmodified form. For example, this may be used for
both an acetyltransferase and a deacetylase. But only in the case of the acetyltransferase
is the specific formation of the modification really measured. In the case of monitoring
a deacetylase or demethylase with an antibody unspecific binding of the enzyme or
other proteins during the course of the assay procedure may mask the modification
and falsely mimic removal of the modification. It is very important to have robust
inhibitors of the enzymes for control experiments as such masking effects are not
affected by inhibitors as opposed to a decrease in the signal that is caused by the
desired target.

Enzymes that cleave off modifications may be assayed by measuring the formation
of either the protein or a protein-mimicking substrate or the small molecule product
or byproducts (like acetate for histone deacetylases, or formaldehyde or hydrogen
peroxide for histone demethylases). Transferases may generally be screened by
measuring the conversion of the cosubstrate or quantitatin the formation of the
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metabolite of the cosubstrate (e.g. formation of CoA-SH from acetyl-CoA by
acetyltransferases). Examples of these general procedures and additional screening
assays are presented in the following sections in a target-based fashion (Table 5.1).

5.4
Histone Deacetylases

The equilibrium of reversible histone lysine acetylation is maintained by histone
deacetylases (HDACs) on one hand and histone acetyltransferases on the other hand.
Human histone deacetylases can be separated into four classes [15]. HDACs of class
I, IT and IV are zinc-dependent amidohydrolases, whereas class III HDACs, also
referred to as sirtuins, have a mechanism that is dependent on NAD " [16]. As
histone deacetylases have been widely studied, it is not surprising that there are also
a large number of assays existing that have helped to characterize modulators of
these enzymes and subsequently the enzymes themselves.

5.4.1
Radioactive Assays

Traditional radioactive HDAC assays are based on the measurement of released
tritiated acetic acid from radiolabeled histones or oligopeptide substrates via
extraction and scintillation counting. To determine enzyme activity, enzyme
samples are mixed with pre-prepared acetate-labeled protein or oligopeptide. After
incubation, extraction with ethyl acetate and centrifugation, an aliquot of the
overlaying organic phase is added to a liquid scintillation cocktail and counted for
radioactivity in a scintillation spectrophotometer [17]. The tritiated histones were
originally gained by a complicated procedure, in which chicken were exposed to
phenylhydrazine. The degree of acetylation of the radiolabeled core histones may
differ from preparation to preparation, making it difficult to standardize the substrate
properties. Therefore, efforts have been made to use chemically [*HJacetylated
oligopeptides with 8 [18] or 24 [19] amino acids derived from histone peptide
sequences as HDAC substrates, which can be produced under defined standardized
conditions. These radioactive assays have been widely used, but the requirement to
separate the product from the substrate in the extraction step limits the assay
throughput. A homogeneous version of the radioactive assay is the scintillation
proximity assay (SPA) [20], where no extraction and separation are necessary. In the
SPA, a [*H]acetate radioactively labeled oligopeptide histone substrate is coupled via
an N-terminal biotin group to streptavidine-coated SPA beads. The proximity of the
radiolabel to the beads, which contain a scintillant, results in energy transfer and
therefore emission of light. Incubation of the [*H]acetylated substrate with histone
deacetylases releases radioactively labeled acetate, leading to a decrease in light
emission. This scintillation proximity assay is applicable for a number of target
enzymes by altering the radiolabeled substrate and allows for a higher throughput,
but like all other radioactive assay systems it leads to several problems, such as
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Figure 5.1 Structure of small molecule histone deacetylase substrates.

exposure of laboratory personnel to radioactivity, decontamination of screening
equipment and disposal of radioactive waste. Therefore, attempts have been made
to develop methods that use inexpensive substrates that are easy to obtain and allow
nonradioactive in vitro determination of histone deacetylase activity.

5.4.2
Fluorescent Assays

In the search for nonisotopic HDAC substrates, different fluorescence-labeled
substrates have been developed, allowing for a convenient nonradioactive assay.
The first described fluorescence-based HDAC activity assay [21] uses the lysine-
derived deacetylase substrate Boc(Ac)Lys-AMC, also called MAL (Figure 5.1). The
incubation with a histone deacetylase preparation shows time-dependent conversion
into its metabolite ML.

As this deacetylated metabolite shows the same fluorescence properties as the
parent substrate, the conversion had to be monitored in the original assay by a
protocol that includes an extraction step before using a reversed phase HPLC and
fluorescence detection, which prohibited a high throughput. The precision of this
method, concerning the extraction procedure, can be increased with the use of an
internal standard [22], and a new protocol for the extraction procedure even allows for
a plate reader measurement [23, 24]. The HPLC protocols may still be of value if
selected highly fluorescent inhibitor candidates can be verified after initial plate
reader screening with an independent method. Finally, a truly homogeneous assay
version based on a derivatization reaction of MAL was realized [25]. In this so-called
HDASH method, the fluorescence of the generated metabolite ML is quenched by
the addition of the amine detection reagent naphthalene dicarboxaldehyde (NDA),
whereas the amount of the remaining substrate MAL can be detected without any
further separation steps (Figure 5.2).

Alternatively, MAL can also be determined using an assay procedure that makes
use of a second incubation step with a detection reagent containing the endopepti-
dase trypsin [26]. This enzyme is able to recognize MAL as a substrate only if
deacetylation by a deacetylase preparation has taken place. Upon cleavage by trypsin,
the aminocoumarin is released and can be detected without extraction steps due to its
fluorescent properties (Ag; = 390 nm, Ag,, =460 nm) that differ from those of MAL.
This homogenous assay protocol was originally used with tripeptide substrates
that contained a C-terminal acetyl-lysine-coumarinylamide [27] and there also are
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Figure 5.2 Quenching of HDAC metabolite ML by chemical derivatization.

commercial assay kits that work similarly and in part use larger peptide substrates. Z
(Ac)Lys-AMC, also termed ZMAL (Figure 5.1) [28], is an optimized analog of MAL,
whose conversion into its metabolite ZML by histone deacetylases takes place faster
and to a greater extent. Fluorescence-labeled oligopeptides have also been used, for
example in HPLC assays for HDACs [29] or in automated microfluidic assays for
histone deacetylases and acetyltransferases [30].

Interestingly, ZMAL, in contrast to MAL, also is a good substrate for HDACs of
class III (sirtuins). The NDA detection protocol does not work with sirtuins, but as
ZML s a very good substrate for trypsin, a convenient homogenous sirtuin assay can
be performed with the inexpensive ZMAL. While ZMAL is deacetylated equally well
by HDAC1 as a histone deacetylase of class I and by HDACG as a class II deacetylase,
MAL shows moderate subtype selectivity towards HDACG. Similar substrates that
show even greater selectivity towards certain subtypes of deacetylases (HDACI,
HDACG, sirtuins) have also been described as helpful tools in order to elucidate the
subtype selectivity of HDAC inhibitors [31]. For example it has been shown for
HDACS that a trifluoroacetyl group instead of an acetyl moiety is important for good
conversion [32]. A trifluoroacetyl lysine derivative without a fluorophore has been
used for noninvasive HDAC activity detection in cells by '°F nuclear magnetic
resonance (NMR) [33]. As MAL is cell permeable it can be used to determine cellular
HDAC activity not only from cell culture but also from patient material [34]. This can
be used to monitor clinical studies with HDAC inhibitors.

There is also the possibility to detect the acetate released by HDACs during the
deacetylase reaction [35, 36]. In this method, the acetate is converted to acetyl-CoA in
the presence of acetyl-CoA synthetase, CoA and ATP. In a second step, this generated
acetyl-CoA and oxaloacetate form citrate in a reaction catalyzed by citrate synthetase.
The detection reaction in this assay is the generation of the required oxaloacetate from
L-malate catalyzed by L-malate dehydrogenase, hereby reducing NAD" to NADH™,
whose absorption can be monitored at a wavelength of 340 nm. For HDACS a
thioacetyl derivative is used that releases thioacetate which can be monitored by the
thiol-sensitive Ellman’s reagent and measurement of absorbance [37].

Asthe investigation of the interactions between HDAC inhibitors and the enzymes
are an important issue, competition assay systems are helpful implements in
facilitating the characterization of inhibitor binding. Such a competition binding
assay that has been developed for histone deacetylases is based on fluorescence
resonance energy transfer (FRET) between tryptophan residues of the histone
deacetylase and a fluorescent HDAC inhibitor [38]. In competition with other
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Figure 5.3 FRET competition assay for HDAC.

inhibitors, this fluorescent inhibitor FAHA (2-furylacryloylhydroxamate) is displaced,
leading to a decrease in fluorescence resonance energy transfer (Figure 5.3). This
decrease in FRET subsequently leads to a reduced quenching of fluorescence. This
assay is applicable for screening with a high throughput, but is especially well suited
for kinetic studies of inhibitor binding and displacement.

Another homogenous protocol that utilizes fluorescence resonance energy
transfer [39] makes use of a peptide substrate based on p53, a known nonhistone
substrate for sirtuins [40]. This peptide carries a single acetylated lysine residue,
a fluorescent group near the C-terminal end and a nonfluorescent quenching group
near the N-terminus. After deacetylation of the lysine residue by a preparation
showing sirtuin activity, the peptide in a second step is cleaved by trypsin, resulting in
a strongly increased fluorescence intensity of the fluorophor.

Intensity-based fluorescence assay systems are prone to false-negative or -positive
results (depending on the assay design) by library components with intrinsic
fluorescence or quenching properties. One way to avoid that is by the use of longer
wavelength fluorophores, for example rhodamins in the case of sirtuins [41], instead
of the coumarins that are used in most cases. Another approach to avoid these
problems is an assay protocol that is based on fluorescence polarization (FP) [42]. FP
makes use of linear polarized excitation light and measures the degree of polarization
of the emitted light. The polarization increases with a decrease in molecular rotation,
which correlates with the size of the fluorescent molecules [43]. So, FP assays are
homogeneous systems which are less prone to quenching effects, which has made FP
a widely applied technique. The assay protocol described to investigate sirtuin
inhibition and activation [44] also utilizes a peptide substrate based on a segment
of the sirtuin substrate p53. This peptide substrate is biotinylated on the N-terminal
end and linked to a fluorescent tag on the C-terminal end. In this coupled enzyme
assay, the first step is the deacetylation of the substrate and the second step is the
cleavage by trypsin at the newly exposed lysine residue. Streptavidin is added in order
to create a large difference in size between the uncleaved, still biotinylated
and fluorescence-tagged substrate and the smaller cleavage product which still
contains the fluorophore but not the biotin tag. Finally, fluorescence polarization
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is determined at 650 nm excitation wavelength and an emission wavelength of
680 nm. A high deacetylase turnover in this assay results in high polarization signals,
because when the trypsin cleavage cannot take place, the whole streptavidin-bound
fluorescent substrate is left, showing low molecular rotation. Another FP assay is
based on the competition of inhibitors with a fluorescein-labeled derivative of the
HDAC inhibitor suberoylanilide hydroxamic acid (SAHA, INN: Vorinostat) [45]

5.5
Histone Acetyltransferases

Histone acetyltransferases (HATS) catalyze the transfer of an acetyl moiety from acetyl-
CoA to the €-amino group of certain lysine residues within core histone proteins.
This transferase reaction produces acetylated histones and the deacetylated cofactor
CoA-SH. As HATS are important enzymes in the regulation of gene expression, there
are also a number of assays available to detect acetyltransferases activity.

5.5.1
Radioactive Assays

Traditionally, HAT activity is measured with a discontinuous radioactive filter-
binding assay, which uses [*H]acetyl-CoA as a histone acetyltransferase substrate
[46]. The transfer of [*H]acetyl-groups to the histone substrate by histone acetyl-
transferases is detected by liquid scintillation counting of [*H]acetylated histones,
which are retained on a phosphocellulose disk. Due to its discontinuous character,
this assay is technically problematic and not ideal for kinetic analysis. Hence, other
assays that work with radiolabeled acetyl-CoA have been described that are suitable
for a higher throughput. These work with streptavidin-covered beads [47] or a variant
of the SPA with microtiter plates that contain a scintillant (FlashPlates) [48]. But as all
these protocols are based on radioactively labeled substrates, they apparently show
the same disadvantages that were described for the radioactive HDAC assay proto-
cols. Therefore, nonradioactive assays have been developed to study histone acetyl-
transferase activity.

5.5.2
Assays Based on CoA-SH Detection

Several spectroscopic assays measure the amount of CoA-SH, which is generated by
HATS during the acetyltransferase reaction [49, 50]. This determination of CoA-SH
can be carried out by using a coupled enzyme system, utilizing the CoA-SH-
dependent oxidation reaction of o-ketoglutarate dehydrogenase. This oxidation
delivers succinyl-CoA, accompanied by the reduction of NAD © to NADH, which
can be quantified photometrically at a wavelength of 340 nm (Figure 5.4).
Alternatively, pyruvate and pyruvate dehydrogenase can be used instead of
o-ketoglutarate and its corresponding dehydrogenase. This oxidation reaction
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Figure 5.4 Oxidation reaction of o-ketoglutarate dehydrogenase.

provides acetyl-CoA, while NAD " still is reduced to NADH, which can be measured
at 340nm. As production of CoA-SH takes place at all histone acetyltransferase
reactions, this methods are suitable for a wide variety of uses, independent of the
nature of the substrate or the enzyme. But photometric determinations usually are
not as sensitive as fluorescence-based assay systems and therefore larger amounts of
substrate and enzyme are needed to perform the quantification.

Therefore, a way to determine the amounts of generated CoA-SH by fluorescence
has been developed [50]. In this method the released CoA-SH is chemically trans-
formed into a fluorescent product, as the maleinimide group of the coumarin-derived
7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CPM) is able to react
with the thiol group of CoA-SH in a Michael reaction (Figure 5.5). So the amount of
transformed CPM can be determined as a function of generated CoA-SH (Agx = 390
nm, Agy, =469 nm). This method is more sensitive than the photometric assays
described above, but the very reactive maleinimide group of CPM can react with
cysteine residues of other proteins and therefore causes high background emissions.
Many proteins are stored in thiol-containing buffers, which makes the use of
this method impossible. Another problem is that potential inhibitors of histone
acetyltransferases that are able to react with thiol groups themselves, as shown for
curcumin, cannot be tested in this kind of assay system.

5.5.3
Antibody-Based Assays

In order to avoid the described problems, antibody-based assays have been developed.
As mentioned above, usually a primary antibody recognizes the modification, which
in turn is then quantitated. One of these approaches is based on the technology of
AlphaScreen (Amplified Luminescent Proximity Homogeneous Assay) [51, 52],
also known as luminescent oxygen channeling immunoassay (LOCI) [53], a method
that can be used to study protein—protein interactions in general. In this case
the enzymatic transfer of acetyl groups to a histone peptide is determined.

CPM / Ex = 390 nm
0o Em =469 nm 0O

Figure 5.5 Detection of CoA-SH with CPM as fluorescent addition product.
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The biotinylated histone peptide substrate is incubated with the HAT enzyme and
acetyl-CoA. In a second vessel, the so-called donor beads and the acceptor beads are
incubated together with an antibody that is directed against the acetylated histone
lysine residue. The donor beads are streptavidin-coated and contain a photosensitizer,
for example a phthalocyanine, that under certain conditions leads to the formation of
singlet oxygen. The acceptor beads contain a thioxene derivative, which can react with
singlet oxygen and the product spontaneously decays under chemoluminescence.
These acceptor beads are coated additionally with protein A. As this protein is able to
bind antibodies without affecting their binding capability, the antibody binds to the
acceptor beads. After the two incubation batches are pooled, the biotinylated peptide
substrate ligates to the donor beads because of their streptavidin coating and the
antibodies that are linked to the acceptor beads are able to recognize the acetylated
lysine residues. When exciting the preparation at 680 nm, singlet oxygen is generat-
ed. This singlet oxygen only has a limited lifetime of 4 us which allow it to diffuse
about 200nm. Only when an acceptor bead is present within this distance does
the thioxene react in a cycloaddition reaction with singlet oxygen and the resulting
dioxetane decays under chemoluminescence, which can be monitored at a
wavelength of 520-620 nm (Figure 5.6). This proximity is only possible when the
antibody linked to the acceptor beads has recognized its substrate. We have set up
such an assay for a homogeneous screening method for inhibitors of the histone
acetyltransferase PCAF [54]. This assay is applicable to be used for other posttrans-
lational modifications like histone lysine or arginine methylation simply by changing
the antibody and possibly the histone peptide substrate.

Another antibody-based immunosorbent assay that can be used to determine
HAT activity uses a secondary anti-IgG antibody, which is directed against the
primary antibody and is labeled with the lanthanide Europium (Eu). After
another washing step that removes all nonbound secondary antibody, one last
incubation step is performed, which releases the lanthanide ion from the
antibody, so that the final detection of time-resolved fluorescence (340/615 nm)
caused by the released metal ion correlates with the acetylation level of the
oligepeptide histone substrate, which is correlated with enzymatic activity. So far,

\/
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Thioxene Dioxetane

Figure 5.6 Reaction sequence in the AlphaScreen assay.
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this assay has been used for the determination of cellular HAT activity [5] but it
can also be used for in vitro assays.

5.6
Histone Methyltransferases

Histone methylation by methyltransferases is another widely described modification
that also plays an important role in regulation of transcriptional activity. Methylation
can occur either on arginine or on lysine residues in the N-termini of histones
and therefore this group of enzymes can be separated into protein arginine
methyltransferases (PRMTs) and lysine methyltransferases (KMTs).

5.6.1
Arginine Methyltransferases

Protein arginine methyltransferases (PRMTs) can be divided into two different groups.
PRMTs of both groups are enzymes that catalyze the transfer of the methyl group from
the cosubstrate S-adenosyl methionine (SAM) to the guanidine group of arginines in
protein substrates [55]. Thus, monomethylated arginine residues and S-adenosyl
homocysteine (SAH) are generated in all cases. The two groups of PRMTs, however,
differ in the following reaction, which leads to dimethylated arginines. Type-l arginine
methyltransferases catalyze the transfer of the second methyl group to the same
nitrogen of the arginine guanidine, leading to an “asymmetric” dimethyl arginine,
whereas the PRMTS of type II transfer the second methyl group to the other terminal
nitrogen of the guanidine group forming a “symmetric” dimethylated arginine.

For methyltransferases mostly antibody-based assays have been used in order to
determine the enzymatic activity. Again, the primary antibody is targeted towards the
modification and serves as a starting point for the quantitation. One assay system
uses a nonhistone protein substrate and a secondary antibody that is labeled with a
peroxidase [56]. After all washing and incubation steps, a peroxidase substrate
solution is added, in this case 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS). This compound is oxidized by the peroxidase to form stable radicals that can
be detected photometrically at a wavelength of 415nm. In a heterogeneous assay
system again an Eu-labeled secondary antibody can be used both for in vitro assay and
also for the detection of cellular hypomethylation [57]. As a homogeneous assay, the
Alphascreen technology (see above) can be used for the arginine methyltransferase
PRMT1 [54].

5.6.2
Lysine Methyltransferases

Lysine methyltransferases catalyze the transfer of methyl groups from the cosubstrate
SAM to certain lysine residues in histone proteins. To characterize modulators of these
transferases, the above-mentioned antibody-based assay protocols are also applicable.
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Again, Eu-labeled secondary antibodies are used, for example in an in vitro assay for the
PKMT G9a [58] or for cellular hypomethylation of the target of the lysine methyl-
transferase SET7/9 [59]. An alternative is a radioactive assay, in which the biotinylated
synthetic peptide substrate is bound to the cavities of avidin-coated microplates.
The methylation reaction is started by the addition of a methyltransferase prepara-
tion and the radioactively labeled cosubstrate S-adenosyl-[methyl-*H] methionine
(PH]AdoMet) [60]. During the methylation reaction, the radioactivity of the cosub-
strate is transferred to the peptide substrate. After washing of the plates in order to
remove the free [>’H]AdoMet, the bound radiolabeled peptide is released with the help
of hydrochloric acid and finally radioactivity is quantified by scintillation counting.
Although this protocol shows the disadvantage of using radioactivity, it is sensitive,
inexpensive and allows for a high throughput and automation.

A coupled enyzmatic assay makes use of S-adenosylhomocysteine hydrolase
(SAHH) which hydrolyzes the methyltransfer product SAH to homocysteine and
adenosine. The homocysteine concentration can be determined by conjugation of its
free sulfhydryl moiety to a thiol-sensitive fluorophore [61]. This could of course also
be used for arginine methyltransferases.

5.7
Histone Demethylases

Until recently, histone methylation by methyltransferases had been thought to be an
irreversible epigenetic modification, but now we know that histone demethylation
takes place on both lysine and arginine residues, and therefore we can distinguish
between histone lysine demethylases and histone arginine demethylases. Increasing
efforts are pursued to further characterize both groups of enzymes and therefore in
vitro assay systems play an important role in elucidating the specific functions of
these chromatin-modifying enzymes in gene regulation.

5.7.1
Lysine Demethylases

In the case of lysine methylation, two different families of histone lysine demethy-
lases with different mechanisms of action have been described. This has implication
also for the assay design.

There are demethylases which act like amine oxidases that are dependent in
their mechanism on their cosubstrate flavine adenine dinucleotide (FAD). So far,
lysine-specific demethylase 1 (LSD1) is the only representative of this class [62].
LSD1, as an amine oxidase leads to oxidation of the methylated lysine residue,
generating an imine intermediate, while the protein-bound cosubstrate FAD is
reduced to FADH,. In a second step, the imine intermediate is hydrolyzed to produce
the demethylated histone lysine residue and formaldehyde. Importantly, the reduced
cosubstrate is regenerated to its oxidized form by molecular oxygen, producing
hydrogen peroxide (Figure 5.7) [62, 63].
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Figure 5.7 Lysine demethylation by the amino oxidase LSD1.

As equimolar amounts of formaldehyde and hydrogen peroxide are produced
throughout the demethylase reaction, detection of these small molecules can be used
to determine LSD1 activity. The amounts of released hydrogen peroxide can be
detected in a peroxidase-coupled approach [64]. The detection makes use of the two
substrates 4-aminoantipyrine and 3,5-dichloro-2-hydroxybenzenesulfonic acid.
These substrates are oxidized in the presence of a peroxidase and hydrogen peroxide
to generate a deeply red-colored product, whose production can be spectroscopically
monitored at a wavelength of 515 nm. Alternatively, chemoluminescence generated
by luminol and horseradish peroxidase in presence of hydrogen peroxide can be
detected [65, 66]. In order to quantify the released formaldehyde, a formaldehyde
dehydrogenase can be used. This dehydrogenase generates formic acid by oxidation
of formaldehyde and thereby NAD ™ is reduced to NADH, whose absorbance can be
measured at 340 nm [67].

The other class of histone lysine demethylases is a growing group of enzymes with
a jumanjiC domain as catalytic core. These jumanjiC domain-containing (JmjC)
enzymes are members of the cupin superfamily of o-ketoglutarate-dependent Fe(II)
oxygenases. JmjC enzymes demethylate methylated lysines through hydroxylation
of the methyl groups, forming an unstable hemi-aminal intermediate besides the
o-ketoglutarate-derived products succinate and carbon dioxide. The hemi-aminal
intermediate spontaneously decomposes to the demethylated lysine residue and
formaldehyde (Figure 5.8) [68].

This release of formaldehyde can also be quantified by using formaldehyde
dehydrogenase, as described above. An alternative way to determine demethylase
activity by measuring the amounts of released formaldehyde is the use of the Nash
reaction [68, 69]. This method is based on the formation of the colored 3,5-diacetyl-
1,4-dihydropyridine by condensation of formaldehyde and acetylacetone in the

HaC .
*Y NH,* JmiC NH, " NHg"

| Fe(ll) | |

(CHy)4 / S (CHy)4 \ (CHy)4
o o

a-KG  Succinate ,\L\,\ HCHO
0O, CO,

Figure 5.8 Lysine demethylation by the oxygenases of the Jm|C family.
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presence of ammonium. The generation of this heterocycle is monitored and
quantified at a wavelength of 415 nm.

5.7.2
Arginine Demethylases

For a long time, removal of arginine methylation was thought to be possible only by
arginine deimination. This means the conversion of arginine residues into citrulline
residues [70]. But recently, a member of the above-mentioned jmjC oxygenases was
shown to remove methyl groups from arginines, leaving unmethylated arginines [71].
There are no specific assay systems to identify modulators of histone arginine
demethylases so far, but the mentioned antibody-based methods that are not specific
for a certain target can of course also be used to determine arginine demethylase
activity.

5.8
Conclusion

For the major epigenetic targets convenient homogeneous assays are now available.
Whereas for acetylation and deacetylation simple procedures based on fluorescence
are available for protein methylation, mostly antibody based assays are used.
These assays are important tools in the characterization of new inhibitors that are
interesting as tools for the investigation of cellular functions of epigenetic targets and
also as potential drugs. Such assays also allow for the determination of enzymatic
activity in immunoprecipitation experiments in order to study protein—protein
interactions and are helpful in the characterization and purification of candidate
proteins that are thought to be epigenetic modifiers. Thus, such in vitro assays will be
important tools to further drive epigenetic research, especially in the field of drug
discovery.
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Epigenetic Targets in Drug Discovery: Cell-Based Assays
for HDAC Inhibitor Hit Validation

Mira Jung, Kwon-Jeong Yong, Alfredo Velena, and Sung Lee

6.1
Introduction

Inhibitors of histone deacetylases (HDACs) are emerging as novel potential
therapeutic agents for patients with cancers and/or neurological diseases. A number
of HDAC inhibitors (HDACIs) have already entered clinical trials; and recently the
hydroxamic acid derivative Vorinostat, suberoylanilide hydroxamic acid (SAHA),
received FDA approval for the treatment of patients with cutaneous T-cell lymphoma.
Furthermore, improved understanding of the roles of various HDAC isoforms in
cell processes and in diseases contribute to the strategies for developing second
generation inhibitors offering enhanced target specificity and improved toxicity
profiles. Reports presenting new classes of HDAC inhibitors with isoform specificity
have been developed utilizing in vitro enzymatic screening assays. However, in vitro
enzyme activities have limitations and full assessment of isoform specificities
of HDACISs requires the application of assays based on functions of multiprotein
complexes that may include HDACs and/or other cofactors. In this setting, cell-based
assays are needed to permit selective profiling and screening of HDACI for relative
HDAC isoform inhibitory activities for rational drug discovery. The approaches that
have been used to assess molecular and biological actions of HDACISs in cells and
tissues are reviewed in this chapter.

Histone deacetylases are metalloenzymes that catalyze the deacetylation of the
e-lysine of acetylated substrates, including histones and nonhistone proteins. Eighteen
human HDACs have been identified to date and these are divided into four classes,
based on structure, sequence homology, and domain organization. Class I consists of
HDACs 1, 2, 3 and 8. These HDACs are homologous to yeast RPD3 [1, 2]. Class I
HDAC:s are expressed primarily in the nucleus and play a role in cell proliferation [3,
4]. Class II HDACs include isoforms 4, 5, 6, 7, 9 and 10 and are further subdivided
into IIa (HDACs 4, 5, 7, 9) and IIb (HDACs 6, 10) [5]. These enzymes are
characterized by a large NH,-terminal domain or a second catalytic site and play
roles in cellular differentiation and development [6]. Class [II HDACs were originally
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found in yeast, include the SIRTs (sirtuins) or Sir2-related proteins and are NAD-
dependent [3, 7]. Class III HDACs are not affected by TSA or by other hydroxamate
inhibitors. Class IV comprises of HDAC 11, based on a phylogenetic analysis and is the
least characterized to date [8].

Inhibitors of HDACs have been discovered and developed as promising anticancer
drugs based on their actions in cell growth arrest, anti-angiogenesis, apoptosis
and cellular differentiation [3, 9]. Various approaches have been used for screening
candidate ligands, including in vitro enzyme assays and cell-based assays. However,
accumulated recent reports reveal large variations in data obtained using different
assays relying on various preparations of HDAC proteins and artificial substrates
which do not reflect the cellular situation. Such variations make data interpretation
difficult, underscoring the need for suitable assay systems that permit the identifi-
cation of promising drug candidates with specificity and clinical relevance.

6.2
In Vitro Assays for HDAC Inhibitors

Primary screenings of candidate HDACIs are generally performed using in vitro
assays consisting of sources of HDACs (i.e. cell extracts or rat liver) and substrates
(i-e. radiolabeled acetylated histones or synthetic peptides with a fluorophor). Isoform
selective studies are performed using purified recombinant, immunoprecipitated
proteins using antibodies against selected HDACs and computer-based virtual
prediction assays.

6.2.1
In Vitro Enzymatic Assay and Substrate Specificity

Commonly, in vitro determination of HDAC activity is a manual assay utilizing
a coupled two-step process, including enzymatic deacetylation of a substrate
followed by reaction termination and readout [10]. Assays utilize nuclear extracts
and substrates containing labeled (radioactive or fluorescent) acetylated histones.
For the isotope-based assays, the enzymes are incubated with acetate-radiolabled
histones prepared from chicken reticulocytes or chemically [*H]acetylated peptide
substrates, and the enzymatic activity is determined by liquid scintillation count-
ing [11]. Alternatively, histones may be obtained from cells following treatment with
[*Hlacetyl-CoA [12]. The caveats of these approaches include the variability of
prelabeled acetylated core histones within preparations, potential high costs, their
labor-intensive nature and the presence of radioactive waste.

Non-isotopic assays have been developed using synthetic acetylated forms of
fluorescein-labeled substrates. A number of artificial substrates containing acetylated
lysines based on some proteins, such as histones, p53 and p300/CBP, are available for
HDAC enzyme activities [11-14]. These include the generic peptides (Fluor-de-Lys),
Ac-GA-(NH-Ac-K)-amino-4-methylcoumarin (AMC), Boc-K(Ac)-7-AMC, Ac-NH-
GGK(Ac)-AMC [12] and Ac-NH-RHK(Ac)K(Ac)-AMC [14]. The generic peptide
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(Fluor-de-Lys) trade marked by BioMol is used for pan-HDACs, while Ac-GA-(NH-
Ac-K)-AMC, Ac-NH-GGK(Ac)-AMC and Ac-NH-RHK(Ac)K(Ac)-AMC have been
advanced for HDAC1, 3, 6 and 8 specificity [13, 14]. Limitations of this approach
include detection of fluorescence, less favorable substrates due to steric hindrance
caused by the bulky fluorescein group, low solubility and low reactivity.

6.2.2
In Vitro High-Throughput Assays

The recent development of automation and high-throughput methods for measuring
enzyme activities has been implemented to overcome the limitations of manual
assays for drug screening. Hassig et al. [15] reported the use of a miniaturized high-
throughputrobot (i.e. the proprietary Kalypsys uHTS screening robot) for screening a
600000 small molecule compound library using Hela nuclear extract with a
fluorescent acetyl-lysine substrate (BioMol). Another approach incorporates robotic
screening that measures target inhibition in a cellular context for compound profiling
as proposed by Ciossek et al. using the substrate Boc-K(Ac)-7-AMC, a cell-permeable
HDAC substrate [16]. However, optimization of the assay for suitable HDAC
substrates, kinetics of substrate cleavage in specific cells and reaction conditions
appear to be under development.

6.2.3
In Vitro Isoform-Specificity Assays

With the commercial availability of purified recombinant HDAC proteins, the
number of reports claiming development of isoform-specific HDACIs has increased.
FK228, a natural product HDACI in clinical trials, shows strong inhibitory activities
toward HDACs 1 and 2 and weak activities toward HDACs 4 and 6 [17]. The
hydroxamate, Tubacin, was identified through the screening of a rationally designed
chemical library, and was found to be relatively selective for the inhibition of tubulin
deacetylase (TDAC) HDACH, based on the high concentrations required to induce
histone acetylation [18]. The recently identified inhibitor, SB-379278-A, shows
selectivity for HDAC8 and also fails to affect cellular histone acetylation [17].
MS275 belongs to the benzamide class of drugs and is reported to inhibit HDAC1
(ICs50=300nM) as compared to HDAC3 (8 uM) and does not inhibit HDAC8
(IC50>100 uM). A novel series of (aryloxopropenyl)pyrrolyl hydroxamates have been
described as HDAC inhibitors and some of these have been found to select for maize
HD1-A, a mammalian Class II (IIa) HDAC homolog.

However, various assays utilizing nonstandardized sources of HDAC protein
preparations and substrates appear to generate large variations in the resulting data.
Asan example, Table 6.1 summarizes the observed variations in the recently reported
invitro data for the effects of SAHA on individual HDAC isoforms [14, 19-23]. HDAC
isoforms used for in vitro screening assays have been expressed in Escherichia
coli (HDAC1, 3), Picchia, SF9 insect cells (HDAC1-11) or mammalian cells
(recombinant HDAC1, 3); these sources may lead to differential enzyme activities.
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Table 6.1 Summary of the observed variations in the in vitro data
for the effects of SAHA on individual HDAC isoforms.

Isoforms ICso inhibition activity (nM)
Andrianov  Balasubramanian  Beckers Kozikowski Li Richon
BPS N9 [20] n4] [21] [22] [23]
HDAC1 40.6 68.1 28 21 68 148 10
HDAC2 134 163.6 60 164
HDAC3 46.5 67.1 44 37 48 119 20

HDAC4 >30000 100.9
HDACS ~15000 107.3

HDACG6 17.7 110.6 22 25 90
HDAC7 21000 102.4

HDACS 76.9 1374.7 410 1200 1524
HDAC9 >30000 107.2

HDAC10 57.5 40

HDAC11 133

Bioscience (BPS) used recombinant HDACs prepared in baculovirus systems; Andrianov et al. used
batch-mode capture for recombinant HDAC preparations; Balasubramanian et al. performed
continuous protease-coupled enzyme assays for recombinant HDAC activity; Kozikowski et al. used
a microfluid method for activities; Li et al. and Richon et al. used immunoprecipitated HDAC
proteins for reactions.

These differences may reflect difficulties in obtaining equivalent enzymatic activities
of recombinant HDAC isoforms.

Another factor affecting the action of drugs is related to the substrate specificity
of individual HDACs and possible cofactors, which may stabilize the protein or
direct the enzyme to its biological targets [12, 24]. For example, purified recombinant
HDACG6 has been shown to be extremely active by itself, while HDAC3 exhibits
poor enzymatic activity unless it is prepared in the presence of SMART/N-CoR,
which serves to stabilize the protein [24]. Furthermore, the kinetic variables (K, K;)
of these purified enzymes need to be considered for a baseline of enzyme activity
prior to use in isoform-specific inhibition assays. Some reported studies have
used semi-purified epitope-tagged proteins and immunoprecipitated proteins for
measuring in vitro inhibition activity [22, 23]. However, the endogenous biologically
active multiprotein complex may also confer less potency than a recombinant
protein. Therefore, claims of isoform specificity based on in vitro assays should be
interpreted with caution.

6.3
Cell-Based Assays

Histone deacetylases mediate the extent of acetylation of nuclear and cytoplasmic
proteins, leading to regulation of key cellular processes, including cell growth,
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differentiation and death. Understanding the biological mechanisms of HDACs
within the context of the cell provides a rational basis for selectivity profiles. Although
histone deacetylases are known to be associated with transcriptional repression,
accumulated studies have revealed a broad range of HDAC functions (reviewed in
Ref. [25]). Class  HDACs are mainly in the nucleus of most cell types and contributes
to cancer cell proliferation and apoptosis [26]. However, a recent report has demon-
strated that HDACS is a prominently cytosolic marker of smooth muscle differentia-
tion, associates with cytoskeletal proteins and plays a role in smooth muscle
contractility [27]. HDACS also associates with the inv(16) fusion protein, a frequent
chromosomal translocations found in acute myeloid leukemia (AML) [28]. Class II
HDACs are characterized by subcellular localization, their expression is more
restricted and they play important roles in cellular differentiation and development.
These HDACs are not directly involved in processes that control proliferation and
apoptosis in tumor cells. Class Ila enzymatic activity is not intrinsic, but is derived
from its association with HDAC3 [24]. Recent studies have shown that the Class ITb
HDACG is a deacetylase of tubulin and Hsp90 and its inhibition decreases cell
motility, but does not affect cell cycle progression [29, 30].

6.3.1
HDAC Activity Assays in Cultured Cells

To determine isoform selectivity of HDAC inhibitors, epitope-tagged HDAC cDNAs
are expressed in cells, and pull-downs using antibodies to epitope-tags are affinity
purified and used for assays. However, the pull-down products often contain protein
complexes with multiple HDACs and/or other cofactors, presenting an obstacle to
HDACT selectivity assays. Investigations of nuclear preparations by anion exchange
chromatography revealed complexes that contained predominantly HDAC1 and 2,
but not HDAC3 [31]. Furthermore, purification of Class II HDACs has also been
difficult for similar reasons. HDACs 4, 5 and 7 have been shown to be enzymatically
active in the presence of HDAC3 [32]. Taking such caveats into consideration,
inhibitor potency and selectivity against different recombinant forms of HDACs
need to be optimized within the context of these complex form preparations.
Identifying the distinct role of protein cofactors in the biological activity of deace-
tylases should provide the strategies for potential clinical applicability with selectivity
profile.

6.3.2
Detection of Acetylated Histones and Nonhistone Proteins

The first functional cell-based assay for the determination of pan-histone deacetylase
activity was achieved by detecting hyperacetylated histones by Western blotting.
The histone acetylation level in cells offers a measure of candidate HDACI activity
and has been linked to antiproliferative and cytotoxic effects. Beckers et al. used a
cellular histone hyperacetylation assay for quantification of the cellular efficacy of
HDACISs using the Cellomics Array Scan II platform in 96 wells [14]. The program
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identifies cells by nuclear staining with Hoe33342 and by nuclear fluorescence of
Alexa Fluor 488, which quantifies nuclear histone acetylation levels with the mitotic
index normalized with nuclear fluorescence intensity. However, recent studies
demonstrated that the chelating moieties of HDAC inhibitors are major determi-
nants of tubulin deacetylase activity (the TDAC site is one of two catalytic sites
on HDACHG) that is observed in cellular systems as accumulation of acetylated
o-tubulin [33]. SAHA and TSA cause accumulation of acetylated tubulin, but other
HDACIS (e.g. trapoxin B, sodium butyrate, FK-228) do not, suggesting the selectivity

at the cellular level with these HDACIs.

The accumulation of acetylated histone and acetylated tubulin are also used as
surrogate measures for inhibition of tumor cell growth and induction of apoptosis.
Pharmacokinetics and pharmacodynamics of HDACIs have been determined by
evaluating expression levels and kinetics of acetylation of histones or nonhistone
target proteins, including o-tubulin, Hsp90, p53 and p21. Hyperacetylations of
o-tubulin and Hsp90 have also been tightly linked to HDACG inhibition. The data
shown in Figure 6.1 demonstrate kinetics of acetylating histone H4 and a-tubulin
in response to some HDACIs [34, 35]. Other approaches have been developed in
cell-based high-throughput assay formats to monitor competitive binding of HDAC
inhibitors to cellular HDACs. One approach is by staining cells with an HDACI-
derived fluorophor (K-trap-coumarin dye) to visualize nuclei by fluorescence
microscopy [36]. Using a genetic-like approach, a miniaturized “cytoblot” assay,
has also been developed to understand cellular pathways in mammalian systems

G50 [nM]
Structura Cpd
pan HD1 HD2 HD& HD& HD10
- I. o
S 80 | s2 | 193 | 16 |2ee0 | 7o | 7o%
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Figure 6.1 Effects of various concentrations

of HDAC inhibitors on acetylation of
o-tubulin and histone in MCF7 human

breast carcinoma cells. MCF7 cells were

incubated for 5 h with various HDAC

inhibitors at the indicated concentrations.

The total cell extracts were isolated by

scraping cells into SDS-lysis buffer.
Protein concentrations were determined by
performing Bradford assay using bovine

serum albumin as a standard. Equal amounts

of proteins were subjected to SDS-
polyacrylamide gel electrophoresis.

The separated proteins were transferred to

a polyvinylidene difluoride membrane, and
nonspecific IgG binding sites were blocked by
incubation with 5% nonfat dry milk for Th at
room temperature. The membranes were then
incubated overnight at 4 °C with primary
antibodies. Immune complexes were detected
by enhanced chemiluminescence

(Amersham Biosciences).
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using small molecules [37]. Another approach utilizes an ELISA type methodology
after fixation and permeabilization, which is suitable for screening libraries of
compounds for inhibitors of acetylase or deacetylase activity [38]. It is anticipated
that further identification of nonhistone proteins as individual HDAC isoform
substrates may advance the capacity for selectivity profiling of candidate isoform-
specific HDACIs.

6.4
Biological Function-Based Assays

6.4.1
Cell Proliferation Assays

HDAC Inhibitors promote cell growth arrest, differentiation and cell death. Particu-
larly, HDACIs induce growth arrest in proliferating cancer cells and normal cells are
considerably more resistant to these inhibitors than are malignant cells [3]. Inhibition
of cell proliferation can be assessed by determining the ICs, concentrations of HDAC
inhibitors, for example using the CellTiter 96 AQueous one solution cell proliferation
assay kit (Promega), which is a colorimetric method for determining the number
of viable cells in proliferation or cytotoxicity assays. Various numbers of cells are
added to the wells of a 96-well plate and allowed to equilibrate with 20 ul/well of
CellTiter 96 AQueous one solution reagent. After incubation for 1h at 37°C, the
absorbance at 490 nm is recorded using an ELISA plate reader. The antiproliferative
effects of HDACIs on a panel of cancer cell lines complement the in vivo enzyme
inhibition assays.

6.4.2
Reporter Systems

HDAC family members play as important regulators of gene transcription that control
biological processes. As such, in vitro and in vivo reporter systems have been developed
to characterize HDACIs targeting specific signaling pathways by using a target
promoter linked to a reporter gene (i.e. luciferase or GFP), known as reverse chemical
genetics [31]. This approach utilizes cell lines with reporter constructs for a given
signaling pathway, which provides information on changes in cellular phenotype [39].
For example, the promoter of cyclin-dependent kinase inhibitor p21 contains six SP1
binding sites, some of which are directly associated with HDAC-mediated gene
activation [40]. A number of sequence-specific DNA-binding proteins (e.g. NCoR,
SMART, MEF, MeCP2, sin3A) utilize HDACs to repress transcription and block tumor
suppressor gene functions, resulting in antiproliferative effects in vitro and in vivo
[41, 42]. The functional importance of recruiting HDACs for B-lymphocyte maturation
protein (Blimp-1)-dependent repression of c-myc transcription has been demonstrated
by using Gal4-fusion protein assays [43]. Tumor necrosis factor (TNF)-induced NFkB-
dependent gene expression, such as interleukin-8 gene, has been shown to be
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regulated by HDAC1 and HDAC2 by which TSA treatment results in an increase in
both basal and TNF-induced expression of the NFkB-regulated IL-8 gene [44].

Stable integrated reporter constructs targeting signaling pathways, including
TGFp tumor-suppressor- or NFkB-mediated, have been used for high-throughput
assays [45]. The reporter construct was engineered to contain repeats of factor-
binding elements linked to a minimal SV40 or CMV promoter and the reporter
gene. A genetically integrated cell model system with ErbB2 promoter-reporter has
also been used for a breast cancer-specific cell screen [46]. Therefore, the reporter
assay system is useful to study unknown molecular basis for antitumor selectivity
of candidate HDACIs. Furthermore, considering the finding that Class II HDACs
regulate transcription by bridging the enzymatically active SMART/N-CoR-HDAC3
complex [24], intrinsic HDAC activity via the transcriptional coprepressor may be
deciphered by this approach.

Another approach involves the use of a phenotypic selection-based yeast
model [47]. This model utilizes genetic modification by silencing ura3 inserted into
the telomere region of yeast chromosomal DNA where yeast cells can grow in the
presence of thymidine analog 5-fluoroorotic acid (5-FOA). In the presence of
inhibitors, however, cells die because of the desilencing of ura3 and the subsequent
conversion of 5-FOA to toxic fluorouracil by URA3. This assay has been successfully
used to identify Sir2 inhibitors in high-throughout screening [47].

6.4.3
High-Throughput Gene Expression Analysis

Growing evidence support the premise that there are fundamental epigenetic
differences between normal and tumor cells that alter transcriptional responses
following exposure to HDAC inhibitors. Transcriptional responses may be cell
type-specific, or HDACI-specific. HDACs utilize histone and nonhistone proteins
as substrates, including key modulators of oncogenesis (e.g. p53, Hsp90, STAT, Bax,
NFxB) [9]. Acetylation of these molecules by HDAC inhibition results in the
modulation of signaling cascades and cellular processes. However, little is known
of the cellular and molecular factors that determine sensitivity or resistance to
HDACIs. Therefore, high-throughput gene expression analysis generates a global
view of gene regulation in response to stimuli. Advanced bioinformatics programs
allow extraction of vital information from vast amounts of microarray data.
Expression profiling studies have shown that HDACI treatment of cells alters the
expression of 2-10% of cellular genes [48]. Upregulated genes include tumor
suppressors (i.e. p21, p16, gelsolin, TBP2, etc.) and downregulated genes include
those coding for invasion and angiogenesis (i.e. Her2/Neu, VEGF, cyclin proteins).
Microarray technology has been applied to characterize structurally different
HDACIs using clustering algorithms. Recent studies have demonstrated HDAC
inhibitor-specific profiles in response to structurally different compounds
(SAHA, TSA, MS-275) in T24 bladder and MDA breast carcinoma cells and revealed
the core regulated genes predominantly involved in cell cycle/apoptosis and DNA
synthesis [49]. MS-275 produces a gene expression pattern significantly different
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from the hydroxamate HDAC inhibitors, SAHA and TSA, probably due to its subtype
profile.

HDACs appear to function in concert with multiprotein complexes that are
recruited to specific regions in the genome that generate the unique spectrums of
expressed and silenced genes [50]. HDACIs are able to depress gene expression,
resulting in antiproliferative effects in vitro and antitumor effects in vivo. Which
HDAC(s) are involved, resulting in antiproliferative and antitumoral phenotypes can
be addressed. There is compelling data on potential species-specific and tissue-
specific roles of HDACIs. Gene expression profiling of HDACIs may be used to
identify acetylation patterns of HDAC substrates and for optimal selectivity patterns
of candidate HDACIs (e.g. o-tubulin or p53) in selective assays. Identifying bio-
markers and/or substrates specific for HDAC isoforms should advance development
of selective HDACISs.

6.4.4
Flow Cytometry Analysis

The action of HDACIs attributes to cell growth arrest and apoptosis. HDACIs have
shown to disrupt cell cycle progression, arresting cells mainly in G1 phase. In
parallel, quantification of acetylated lysines of histones and G1 checkpoint proteins,
such as p53 and p21, has been used to determine the effect of HDACIs on cell cycle
progression. Cell cycle arrest following HDACI treatment correlates with the
induction of p21 expression in a p53-independent manner. As shown in Figure 6.2,
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Figure 6.2 Cell cycle distributions of MCF-7 cells after treatment
with TSA for 24 hours were determined by performing flow
cytometric analysis. Following treatment of cells with 50 nM and
1uUM of TSA, the samples were analyzed on a Becton-Dickinson
FACStar®'“s instrument and the percentage of nuclei with Gy, S,
and G,/M DNA content was determined. p21 protein was also
correspondingly increased at various intervals.
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MCE-7 cells exposed to 50 nM TSA were in G1 phase (>70%). However, cells treated
with 1uM TSA arrested cells predominantly in G2/M phase, suggesting a dose-
dependent fashion. With either dose, cells accumulated least in the S phase. In
addition to accumulation of hyperacetylated nucleosome core histones, TSA
enhanced p21 expression. Therefore, flow cytometry (FACS) offers an efficient tool
for analyzing the action of HDACISs in cell proliferation. This method is particularly
useful for application to clinical samples, where cell numbers may be small. The
effects of HDACISs on the cell cycle are dose-dependent.

Furthermore, since the cell growth arrest is often linked to cell death, The annexin
V staining positive cell or the amount of DNA fragmentation assessed by TUNEL and
FACS analysis has been interpreted as indicative of apoptosis. The HDACI-induced
apoptosis can also be determined by Western blotting of target proteins, detection of
mitochondrial membrane potentials, activation of caspases and their substrate
cleavages in a dose- and time-dependent manner.

6.5
HDAC Isoform Functional Assays

Inhibition of HDACs has become an interesting approach for anticancer
therapy. Therefore, two approaches, gene knockdown in cells and knockout in
animals, have been developed and widely used for functional studies of specific
HDAC isoforms.

6.5.1
Depletion of Target Genes in Cells

Gene knockdown approaches using small interfering double-stranded RNA (siR-
NA) targeting specific molecules has provided insights into HDAC containing
protein complexes. Reduction of Class I HDAC levels resulted in a phenotype
similar to that observed following exposure of cells to small molecule HDAC
inhibitors. The knockdowns of Class I HDACs (HDAC1, HDAC3) exhibit signifi-
cant morphological phenotype similar to that observed with HDACI (SAHA)
treatment of cells, whereas knockdowns of Class II HDACs (HDAC4. HDAC?)
in HeLa cells show no changes in cell morphology and proliferation [39]. HDAC7
has a specific role in the clonal expansion of T cells by suppressing Nur77-
dependent apoptosis [36] and in vascular integrity through suppression of
MMP10 [51]. HDACG is a deacetylase known to act on tubulin, which promotes
independent cell movement as occurs in metastasis [52, 53]. Tubulin deacetylation
is also required for disposal of misfolded proteins in aggresomes [54]. HDACG6 also
deacetylates heat shock protein 90. Disruption of its chaperon function is crucial to
cancer cell stress response [55-57]. Therefore, the gene knockdown approach
supports the development of selective inhibitors designed against the Class I
HDAC:s for the treatment of cancers, perhaps reducing potential dose-limiting
toxicities.
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6.5.2
Knockout Animal Models

Recent studies using genetically manipulated animal models offer physiological
roles of HDAC isoforms. HDAC1 knockout mice die during embryonic develop-
ment [58], implicating its involvement in development and cell proliferation. HDAC4
knockout mice have a pronounced chondrocyte hypertrophy and die of aberrant
ossification [59]. HDAC9 knockout mice show cardiac hypertrophy [60] that is further
exacerbated in HDAC9 and HDACS double-knockout animals [61]. Recently, Olsen
et al. reported that global deletion of HDAC2 results in peri-natal lethality in mice due
to severe cardiac defects [62]. HDAC1 and HDAC2 are functionally redundant in
cardiac growth and development and maintain cardiomyocyte identity and function,
at least in part, through repression of genes encoding skeletal muscle specific
myofibrillar proteins and calcium channels. Mice lacking HDAC7 die during
embryogenesis from abnormalities in endothelial cell development [63]. As such,
Class II HDACs are associated with pathological cardiac growth and maintenance
of normal cardiac size and function, suggesting that strategies for normalizing gene
expression in the failing heart (by regulating HDAC phosphorylation and function)
represent potentially powerful therapeutic approaches [52]. Taken together, these
knockout models provide physiological functions for HDACs in vivo.

6.6
Anticancer Activity

Consistent with early clinical findings in trials using HDACIs in patients to
demonstrate that HDACI treatment leads to tumor regression and symptomatic
improvement in a broad spectrum of human malignancies, histone deacetylation
affects the expression of numerous genes implicated in oncogenesis, including
angiogenesis, cellular differentiation, migration, invasion and adhesion. Cell-based
assays have demonstrated that the action of HDACIs inhibiting angiogenesis is a
mechanism underlying in vivo antitumor activity in xenograft models [64].

6.6.1
Antiangiogenic Assays

Multiple HDAC inhibitors have been shown to prevent new vessel formation in other
models of angiogenesis [65-67]. Approaches include a molecular link between
angiogenic factors (i.e. transcriptional activity, acetylation, polyubiquitination, deg-
radation) and HDACISs, determining capillary tube-like structures and migration.
In the presence of high concentrations of VEGF, endothelial cells form tube
and capillary-like structures on the surface of basement membrane matrices.
The zangiogenesis inhibitory activity of HDACIs has been measured using in vitro
assays with endothelial cells (HUVECs) or rat aortic ring, freshly isolated from
Sprague—Dawley rats and embedded in fibrin gel clots in six-well plates [64, 67].
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Recent studies have demonstrated that overexpression of HDACI represses the
tumor suppressors, p53 and von Hippel-Lindau (VHL), but induces the hypoxia-
responsive genes, hypoxia inducible factor alpha (HIF-1a) and vascular endothelial
growth factor (VEGF) and increases angiogenesis. Conversely, HDAC inhibitors
derepress the tumor suppressors, p53 and VHL, and repress HIF-1a and VEGF
(68, 69].

Class I HDAC4 and HDACG6 have also been shown to be associated with HIF-1o.
protein. Silencing these HDACs reduced HIF-1a protein expression and transcrip-
tional activity [70]. Class II HDAC7 knockdown in endothelial cells altered cell
morphology, migration and capacity to form capillary tube-like structures in vitro but
did not affect cell adhesion, proliferation or apoptosis [71]. Alteration of angiogenesis
factors, including platelet-derived growth factor B and its receptor (PDGFR-f}) were
unregulated following HDACY silencing, suggesting that HDAC7 may be a rational
therapeutic target for cancer treatment.

6.6.2
Invasion Assay

HDACIs exhibit anti-invasion activities [70]. LBH589 attenuates VEGF-induced
signaling in endothelial cells and reduces endothelial cell chemotaxis and invasion.
Class I HDACs have been shown to directly regulate the expression of E-cadherin, a
gene important for cell-cell adhesion, by which loss of E-cadherin expression causes
epithelial invasion and the repressor Snail recruits HDAC1 and HDAC2 and the
co-repressor mSin3A to the E-cadherin promoter. Others have shown that combined
treatment of prostate cancer cells with a peroxisome proliferator-activated receptor-y
(PPARY) agonistand the HDAC inhibitor VPA reduces the invasiveness of these cells
while increasing expression of E-cadherin mRNA and protein [72]. Since E-cadherin
expression often is lost in prostate cancer, combination therapy may reduce the
metastatic potential of prostate cancer. HDAC1 has also been shown to repress
cystatin, a peptidase inhibitor that suppresses tumor invasion [70]. Knockdown of
HDACT or overexpression of cystatin reduces cellular invasion [73].

6.6.3
Tumor Xenograft Models

The finding that inhibitors of HDACs preferentially kill transformed cells at doses
that confer little effect on normal cell growth has been a largely attractive rationale for
developing HDACI inhibitors as anticancer agents. Some of HDACIs are currently in
phase Iand I1 clinical trials. Whether the selectivity profile of HDACI inhibitors has a
major consequence on their clinical activity remains unknown. Accumulated studies
have shown antitumor activities of HDACIs against solid (e.g. breast, colon, lung,
prostate, ovarian, lung) and hematological (e.g., acute lymphoblastic leukemia, acute
myeloid leukemia, chronic lymphoblastic leukemia, chronic myeloid leukemia,
lymphoma, myeloma) malignancies by using cultured cancer cells and tumor
xenograft animal models. A range of HDACIs has been administered via oral,
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intraperineal, intravenous and subcutaneous routes [14, 64]. The pharmacological
doses are HDACI-dependent, ranging within micrograms to milligrams per
kilogram of body weight per day for 5-28 days. Duration of treatment varies based
on the administration routes. The compound can be administrated once daily
intravenously for five consecutive days, while oral and i.p. administration can be
delivered daily over 30 days without obvious toxicity. The maximum tolerated dose
(MTD) is defined as the maximum dose that results in no death when the compound
is administered with doses from 10 mg/kg to 200 mg/kg depending on HDACIs to
animals once daily for compound-based scheduled days. MTD is often evaluated by
measuring body weight loss or death following treatment. The levels of acetylated
histones or nonhistone proteins (e.g. o-tubulin, p21, p53) have also been assessed as
surrogates for efficacy of HDACIs in target tissues.

6.7
Perspective

The actions of HDAC inhibitors on cell cycle, apoptosis, angiogenesis, cellular
differentiation and cellular transformation suggest the potential for their use in
treating various tumor types, by affecting different mechanisms. Understanding
which HDAC isoforms are most important for tissue type-specific cancer biology
may lead to predictive markers and insights into clinical applications. As such, drug
discovery efforts for HDAC inhibitors with isoform specificity should offer the
potential for tissue type-specific cancer therapy and an improved therapeutic window
by modulating a small set of disease-focused genes.

Findings that not all HDACIs can function as chemosensitizing agents suggest
that HDACIs may target specific HDAC isoforms, or more likely, nonhistone
proteins to varying degrees, the end result being changed chemosensitivity.
Recent reports have shown that a number of HDAC isoforms are associated with
breast cancer carcinoma. Significantly, strikingly different amounts of some HDAC
isoforms were observed in different stages of breast cancer carcinoma. HDACI,
3 and 5 were abundant in ductal and invasive lobular carcinoma whereas detectable
levels were not observed in metastatic carcinoma. Therefore, itis of particular interest
that there are cell line-dependent differences in the chemosensitizing effectiveness
of the tested compounds, suggesting potential cancer-specific effects. These differ-
ences may support the potential for identifying HDAC-specific inhibitors for use
alone or in combinations with hormonal therapy to achieve tumor-specific sensitivity.

Although HDACIs have generated significant interest as anticancer agents due to
their ability to cause growth arrest, terminal differentiation and/or apoptosis in
carcinoma cells, identification of the compound as an inhibitor of selected HDACs is
still a major challenge. Ithas become evident that HDACs are present as multiprotein
complexes and, in some cases, multiHDAC-containing complexes in their active
forms. This suggests that any selectivity determinations would have to be considered
in the context of these complexes. Although rapid progress has been made toward
understanding the functions of individual HDACs, a remaining question is how the
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activities of these enzymes actually coordinate in the cell. Therefore, increased
understanding of how HDACIs work will continue to aid our ability to establish new
paradigms for rational drug design with broad clinical implications-continually
improving the design of drugs for targeted human cancer therapies.

Without understanding biological functions, it is difficult to assess the relative
contribution of individual or classes of HDACs to the therapeutic benefit of HDAC
inhibition. Assessing HDACI selectivity in vitro must be approached with caution
since active enzymes consist of a multiprotein complex containing other HDACs and
cofactors. Endogenous biologically active multiprotein complexes confer less potency
than a recombinant protein. Furthermore, lack of selectivity observation by HDACIs
may be due to the use of a generic HDAC substrate, “Fluor-de-Lys.” Thus, isoform
specific substrates need to be developed. Another caveat is pertinent to physico-
chemistry of the selected compounds. Although containing potent enzymatic
and cellular activity, the pharmacoproperties of compounds, such as a half-life
in vivo, pharmacokinetics/dynamics and antitumor effects with toxicity, are critical
parameters to be considered for the selection of lead compounds. As such, pharma-
codynamic response and its relationship to pharmacokinetics will guide optimal
dose selection and regimen in human use.
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Chromatin Immunoprecipitation ChIP: Wet Lab Meets In Silico
Martin Seifert and Robert Schneider

7.1
Background and Overview

7.1.1
Chromatin and DNA Organization

All eukaryotes face the same challenge: they have to fit approximately 2m of DNA
within their nucleus. This has two implications: (i) a high compaction of the DNA is
required and (ii) the DNA has to be accessible for processes like transcription, DNA
repair and replication. Eukaryotic cells solve these issues by organizing DNA into
chromatin. The basic elements of chromatin are the nucleosomes. A nucleosomal
core particle consists of a histone octamer (two of each of the histones H3, H4, H2A,
H2B) around which 1.75 turns of DNA are wrapped. With the help of the linker
histone H1 and additional chromatin-associated proteins, higher-order chromatin
structures are formed. The histone proteins are highly covalently modified (such as
lysine acetylation, serine and threonine phosphorylation, arginine and lysine meth-
ylation; for a recent review see Ref. [1]). These posttranscriptional modifications
can directly alter chromatin structure for example, by neutralizing the positive charge
of histones. In addition, the huge combinatorial potential of these modifications can
be read out — according to the so-called histone “code” hypothesis — by proteins that
bind to specific modifications (or combinations of modifications) [2, 3]. Although itis
still under discussion whether these modifications form a true “code”, it is now well
established that they are fundamental for the regulation of gene expression [4].
Inactive and active chromatin domains can be defined at the molecular level by the
presence (or absence) of specific histone modifications (or combinations of mod-
ifications), by the degree of chromatin compaction and the presence of chromatin
associated proteins. Several earlier studies focusing on specific genes or loci showed
thatactive chromatin is generally more accessible and enriched in acetylated forms of
histones H3, H4, H2A [5] and histone H3 methylated at lysine 4 (H3/K4) [6]. H3/K4
di- and tri-methylation and H3 acetylation correlate globally with open chromatin [7].

Epigenetic Targets in Drug Discovery. Edited by Wolfgang Sippl and Manfred Jung
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32355-5

139



140

7 Chromatin Immunoprecipitation ChIP: Wet Lab Meets In Silico

In contrast to this, inactive chromatin is characterized by histone hypoacetylation and
the enrichment of histone H3 lysine 9 (H3/K9) methylation [6].

More recent genome-wide mapping studies of histone modifications allowed
high-resolution and mapping of many histone marks [8, 9] These new studies showed
that actively transcribed regions are preferentially enriched in H3/K4 mono-, di- or
tri-methylation, H3/K36 tri-methylation and mono-methylation of H3/K9, H3/K27
and H4/K20. Interestingly, the distribution of these marks over genes is not equal;
for example tri-methylation of H3/K4 is commonly enriched at the 5’ end of
transcribed regions and can serve as an indicator for transcription start sites, whereas
the H3/K36 methylation mark tends to be enriched at the 3’ end. In contrast tri-
methylation of H3/K9 and H3/K27 is linked with transcriptional repression [8].
Active promoters and enhancers are found to be associated with H3/K4 methylation
and H3/K9 mono-methylation. These criteria, therefore, can be used to identify and
define genomic elements.

However, this quite simple “black and white” picture of active and repressive
marks turns out to be an oversimplification. Some activating marks are not only
found on genes that are transcribed, but also on genes that are poised for transcrip-
tion [10]. Additionally, some modifications that were initially considered to be
repressing, such as H3/K9 di-methylation, can be found in the body of certain
active genes. Furthermore, in so-called “bivalent chromatin domains” repressive
marks (H3/K27 tri-methylation) and activating marks (H3/K4 tri-methylation) can
co-exist [8, 11-13]. These finding suggests that the histone “code” is likely more
complex than it was initially thought and that not individual modifications but rather
the combination of modifications is the real indicator for the transcriptional state.

General or specific transcription factors can activate or repress transcription —
at least partially — by altering the chromatin structure. Many transcription factors
have been shown to recruit specific chromatin-modifying enzymes. Recent studies
allowing the genome-wide mapping of transcription factors have resulted in the
identification of new target genes [14].

7.1.2
Chromatin Immunoprecipitation as a Powerful Method to Study Chromatin

The fascinating results described above were all obtained using the chromatin
immunoprecipitation method (ChIP). ChIP is a very powerful and widely applied
technique that has many variations on a common theme. All these variations have
in common the fact that they can be used to analyze not only the dynamics of
modifications of histones but also the spatial and temporal association of specific
proteins (transcription factors, receptors, etc.) with DNA. The ChIP technique
enables the precise mapping of temporal changes at specific promoters, genes
or other genomic regions of interest at a unique resolution of up to the single
nucleosome level (approx. 170 base pairs). Additionally, using ChIP it is possible to
follow their distribution, for example transcription factors or histone modifications
over entire genomes (see below). Importantly, the application of the ChIP technique
allows one to gain unique insight into how genes are regulated in their native context.



7.2 The Basic Principle of ChIP

The basic principle behind the ChIP method is relatively simple: It is based on
the selective enrichment of a chromatin fraction containing a specific antigen
(e.g. transcription factors, DNA binding proteins, modified histones, etc.) by an
immunoprecipitation step. Specific (important, see below!) antibodies that recognize
a protein of interest or the modified form of a protein can be used to determine the
relative abundance of it within DNA regions.

Here we provide insight into the ChIP technique, the most important steps and
some trouble-shooting guidelines. We describe the variations of ChIP and recent
new developments, especially for genome-wide studies. We also focus on the data
analysis, since in silico data analysis becomes more and more central for successful
ChIP experiments. In the last section we discuss two examples for data analysis
based on recent publications. For detailed ChIP protocols we refer the reader to the
excellent protocols database freely available at: http://www.epigenome-noe.net/
researchtools/protocols.php.

7.2
The Basic Principle of ChIP

Nowadays ChIP is a standard technique to determine whether a protein of interest

(or a modification of the protein) is present at a specific DNA sequence in vivo.
Figure 7.1 shows the basic steps of the “standard” ChIP protocol. It consists of

Chromatin Immunopreciptation assays (ChiP)
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Figure 7.1 The basic steps of ChIP. For details see text.
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an initial immunoprecipitation step (for the antigen and the bound chromatin),
followed by analysis of the DNA which is attached to the immunoprecipitated
proteins. The analyses of the DNA varies depending upon which questions are to
be addressed, such as Southern blot, PCR, quantitative real-time PCR, hybridization
on microarrays, or deep sequencing (see below for details). Subsequent to the wet-lab
steps, enriched DNA regions can be mined by bioinformatics methods.

Often a cross-linking step is applied to stabilize the interactions between proteins
and DNA. Thus, ChIP can be divided into: (i) native ChIP (“N-ChIP”) without cross-
linking and (ii) “X-ChIP” with cross-linking. Here we discuss briefly these two ways
of performing ChIP.

7.2.1
N-ChIP

The N-ChIP method was initially described by Gilmour and colleagues. They showed
a preferential association of RNA polymerase II and topoisomerase I with active
genes in Drosophila [15, 16]. In 1988 the Crane—Robinson laboratory at Portsmouth
University published the first account of an antibody against a histone modification
applied in ChIPs [17]. They applied an acetyl lysine-specific antibody to immunopre-
cipitate and to enrich chicken nucleosomes containing acetylated histones. In their
study, they demonstrated a positive in vivo correlation between histone hyperacetyla-
tion and an active transcriptional state of the analyzed genes. The advantage of the
N-ChIP method is that potential antigens cannot be obscured (e.g. by irreversibly
cross-linking a binding protein onto it, or by fixing it in an inaccessible position)
by cross-linking. However, a tight association with chromatin is essential and
therefore N-ChIP is usually limited to the analysis of histone, histone modifications,
or strongly chromatin-associated proteins (such as MeCP2 or HP1; for a review see
Ref. [18]).

7.2.2
X-ChiIP

The aim of the cross-linking step in ChIP protocols is to fix the proteins of interest
stably to their chromatin binding sites. Proteins with lower affinity to DNA or
proteins with high mobility (such as most transcription factors) require cross-
linking for stabilization. Therefore, X-ChIPs (compared to N-ChIP) allows the
analysis of a significantly broader range of chromatin-associated factors. In 1993,
Orlando and Paro established a ChIP protocol using formaldehyde as a cross-linking
agent [19]. Formaldehyde (together with UV treatment) is still the most common
cross-linker for ChIPs (at the concentrations used it efficiently cross-links proteins
to DNA). The choice of the proper cross-linker and/or cross-linking conditions
(e.g. time, concentration) is crucial for the success of the ChIP. However, changes in
the epitope or epitope occlusion may occur due to the cross-linking process and,
according to our experience, often higher relative enrichments may be obtained with
N-ChIP.
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7.2.3
Choice of DNA Fragmentation Method

Before the immunopreciptation step the chromatin has to be fragmented in order
to make interactions accessible and to increase the resolution of the ChIP. Two
different methods are commonly used: fragmentation via sonication of the chroma-
tin, or an enzymatic digestion with micrococcal nuclease.

Enzymatic digestion is preferentially used in combination with N-ChIP protocols,
since cross-linking can affect the accessibility for micrococcal nuclease and the
resulting digestion of cross-linked chromatin can be relatively inefficient. The
advantage is that enzymatic digestion is possible up to mono-nucleosomes (approx.
170 base pairs) and these mono-nucleosomes can be further purified using a sucrose
gradient. These pure mono-nucleosomes allow very high resolution and can be
stored at —80 °C for years. However, enzymatic digestion is not completely random
as it favors certain sequences and is not digesting the entire genome equally. Thus,
some genomic loci may be over- or under-represented. In contrast to this, sonication
is thought to generate randomly sized DNA fragments, with no particular sequences
being preferentially fragmented. Typically the fragments obtained by sonication are
longer (2-3 nucleosomes), decreasing the resolution of the ChIP.

7.2.4
Choice of Antibodies

Polyclonal (or more and more monoclonal) antibodies are used to immunoprecipitate
proteins together with the interacting DNA. The most crucial step for a successful ChIP
experiment is the choice of the right antibody. The antibody should be fully char-
acterized to avoid the risk of chipping artefacts. But what does it mean to be
“fully characterized?” Usually, the antibodies should be purified using affinity chro-
motography and be tested for their ability to immunoprecipitate the epitope they are
raised against under the immunoprecipitation conditions to be used in the subsequent
experiment (e.g. Western blot or mass spectrometry). Especially for antibodies against
modifications, it is of central importance to check the specificity of the antibodies
thoroughly. Many of the antibodies raised against modified histones cross-react upon
further testing with other epitopes. Our standard antibody testing procedure involves
screening the antibodies in ELISA, dot blots and Western blot (using the specific and
unspecific antigens as competitor) to demonstrate specific epitope recognition.
Immunofluorescence, combined with antigen competition, can be used to verify that
antigen recognition also occurs under more native conditions. The best test is to
perform parallel ChIP experiments in wild-type cells and a cell line mutant for the target
antigen, or alternatively lacking the enzyme thatadds the modification, in order to show
that the observed enrichment is indeed only due to the expected target antigen. This
technique, however, is often not possible for histone modifications. Frequently,
polyclonal antibodies immunoprecipitate better than monoclonal ones, (although
several companies now offer good rabbit monoclonal antibodies) since polyclonal
antibodies usually contain several populations of antibodies that recognize different
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epitopes (e.g. in the case that some epitopes are masked due to cross-linking). In our
experience many commercially available antibodies are not thoroughly tested, and
significant batch to batch variation can occur (in particular if the antibody is raised in
different animals), necessitating additional batch to batch quality control.

Unfortunately, the conditions for the immunoprecipitations (especially the strin-
gency of the binding and wash buffers) have to be determined experimentally for
each antibody. These stringent conditions, on the one hand, can help to reduce the
background, but on the other hand, can result in a loss of signal.

7.3
Different Variations of ChIP

Different variations of ChIP experiments are now rapidly evolving. This is mainly
due to the rapid progress in the field of microarrays and next-generation sequencing
that can be used for the analysis of the immunopreciptated DNA. We discuss
here the most important variations of the standard ChIP protocol with a focus on
ChIP-on-chip and ChIP-sequencing technologies.

7.3.1
ChIP-On-Chip

The combination of chromatin immunoprecipitation with DNA microarrays allows
the genome-wide analysis of the distribution of an antigen. The immunoprecipitated
DNA is quantitatively amplified, labeled and used to probe DNA microarrays.
In principle ChIP-on-chip methods can be divided into two basic groups, depending
on the content of the microarrays which are used: (i) microarrays/promoter tiling
arrays and (ii) genome tiling arrays.

In microarrays the probes are designed with a focus on specific genomic elements
such as promoters. These promoter tiling arrays have the advantage that costs are
reduced, but they are biased since array design relies on known annotation. Thus,
relevant regions may not be covered [20].

Genome tiling arrays have a probe content covering entire genomes. These arrays
allow a global genome-wide analysis. However, experimental costs can be high as the
entire genomic content has to be distributed on several arrays. In addition, from
a cost perspective, one has to consider that a statistically sound basis is only achieved
if experiments are done in replicates.

7.3.2
ChIPDSL

Based on ChIP-on-chip, ChIP DSL (DNA selection and ligation) is aimed at the
improvement of specificity and sensitivity. [t was first published by Kwon et al. [21]. Its
advantages are the avoidance of repetitive sequences and a significantly improved
sensitivity due to PCR amplification of ligated oligonucleotides in an unbiased
manner, as all amplicons contain the same pair of primers. The clear disadvantage of
this technology is that only predefined sequences can be measured.
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7.33
ChiP-Sequencing

ChIP-sequencing, also known as ChIP-Seq, is the next generation of technology for
chromatin research. Rather than individual DNAs, millions of DNA molecules are
sequenced in parallel with next-generation sequencing methods. ChIP-Seq com-
bines chromatin immunoprecipitation (ChIP) with deep sequencing methods
provided by 454, Illumina or ABI. With these next-generation sequencing technolo-
gies (NGS), the production of several million sequence reads during each run
becomes feasible. ChIP-Seq can be used to precisely and cost-effectively map global
chromatin positions.

ChIP-Seq has distinct advantages over ChIP-on-chip. Compared to whole genome
tiling approaches, the advantages are lower costs, minimal hands-on processing,
a requirement for fewer replicate experiments and a requirement for less input
material [22]. In addition ChIP-Seq offers the first real opportunity to work in a totally
unbiased way, as no predefined content (as is necessary for the design of probes)
is applied. This allows the discovery of unexpected genomic elements (e.g. from
integrated viral genomes) and provides the ability to perform analysis in organisms
where little or no genomic sequence information is available. Additional advantages
are increased sensitivity and scalability of sensitivity: Increasing the number of
sequencing runs performed improves the signal to noise ratio, until saturation is
reached. In addition, as each DNA is sequenced without hybridization, there are no
issues with cross-hybridization.

As the data obtained are sequence reads, ChIP-seq offers a rapid analysis pipeline
(as long as a high-quality genome sequence is available for read mapping), as well as
the potential to detect mutations in binding-site sequences which may directly
support any observed changes in protein binding and gene regulation. However,
the huge amount of data produced with each sequencing run (in the terabyte range)
requires sophisticated methods for data handling and analysis (see Section 7.5).

7.3.4
Re-ChIP

For re-ChIP (or double ChIP), two sequential rounds of immunoprecipitations
are performed using two different antibodies. Re-ChIP allows one to determine
whether two antigens occur together on the same chromatin fragment or on different
fragments and can be used to assemble proteins in complexes [23].

7.3.5
ChIP-Chop

ChIP-chop allows one to determine if the DNA that is associated with an antigen of
interest is highly CpG-methylated. The Escherichia coli enzyme McrBC is used to
hydrolyze (“chop”) the DNA that is methylated specifically at purine/cytosine sites.
Hydrolysis within the target DNA sequence prevents detection of the DNA by
PCR [24].
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7.3.6
Methyl-DNA Immunoprecipitation (MeDIP)

Methyl-DNA immunoprecipitation (MeDip) can be used to identify methylated
CpG islands in the genome. MeDip utilizes either antibodies against methylated
CpG or the MBD (CpG methylation binding) proteins for immunoprecipitation
of methylated DNA. Analysis of the DNA by tiling arrays or sequencing makes DNA
methylation mapping across the genome possible [25].

7.4
Analysis of ChIP Data

The generation of massive amounts of raw data by the methods described above
requires advanced bioinformatic and biostatistic tools for a successful analysis.
The ChIP data analysis (regardless of the wet lab method used) is comprised of
three generic steps:

1. Detection and definition of enriched regions;
2. Annotation of enriched regions;
3. Analysis of enriched regions.

Currently, for many laboratories, data analysis is the limiting step. Therefore
we discuss here the basic principles of ChIP data analysis (see also Figure 7.2).

7.41
Detection and Definition of Enriched Regions in ChIP-on-Chip Experiments

The first step in defining enriched regions in ChIP-on-chip is a statistical analysis,
the aim of which is to identify probes and clusters of probes which are significantly
changed compared to background. This can be done by statistical testing algo-
rithms like T-tests, ANOVA, SAM [26], or by model-based algorithms like MAT [27].
The common data sets used for comparison are replicated probes with specific
enrichment that are compared to replicates of input DNA (or unspecific enrich-
ment) controls. Regions are then defined by a sliding window or peak-finding
algorithms. The output of this analytical step is the identification of chromosomal
positions with a start and end position (so called BED file format), plus a measure
for significance and ratio.

7.4.2
Detection and Definition of Enriched Regions in ChIP-Seq Experiments

ChIP-Seq analysis starts with the mapping of raw read sequences to a reference
genome. Mapping reads from a next-generation sequencing platform present an
obvious challenge: several millions of reads have to be mapped to large (mammalian)
genomes within a reasonable amount of time. Short-read mapping algorithms are
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Figure 7.2 Data analysis strategies for ChIP data.

available that are effective in particular contexts. Here we describe some of the most
commonly used mapping algorithms:

1. The efficient large-scale alignment of nucleotide databases (ELAND) algorithm is
part of the Illumina sequencing analysis pipeline. ELAND is optimized to map
very short reads, with the longest read possible being 32 bp in length, and ignores
the additional bases when the sequenced reads are longer. ELAND allows
maximally two mismatches between the read and the genomic background
sequence, which may not be sufficient for longer reads. However, ELAND is
very useful for many mapping tasks because it is extremely efficient.

2. The SXOligoSearch algorithm (by Synamatix) can quickly map reads of varying
length, using different criteria, with performance varying depending on both the read
length and the mapping criteria. SXOligoSearch depends on the use of the proprietary
SynaBASE data structure. This data structure is a heavily compressed and annotated
index for the reference genome that retains all nonredundant information. The gains
in mapping speed by using such a data structure come at a cost in terms of the
memory required for the SynaBASE data structure (www.synamatix.com).
The extreme memory requirements of the data structure make SXOligoSearch
unsuitable for use on the hardware that is available in most laboratories.

3. Recently, the RMAP algorithm was published by Smith et al. [28]. It efficiently uses
two different mapping criteria, both based on approximate matching of the read
and the reference genome.

4. The Genomatix Mining Station contains a mapping algorithm based on the
Genomatix Genome Thesaurus, a library of shortest unique sub-words in the
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genome. The Genome Thesaurus allows to find anchors very fast, subsequently
alignments of the reads are carried out. In the mapping process, also information
about SNPs can be obtained.

After the mapping to a reference genome, a clustering step is performed to define
regions with a higher read density. The simplest way is to apply a sliding window.
Recently, more sophisticated model-based algorithms for clustering have became
available (http://www.liulab.dfci.harvard.edu/MACS/). The output of ChIP-Seq is
also chromosomal position, for example in a BED file format that can be directly
compared to ChIP-on-chip data.

Finally, if no reference genome is available, one can try to assemble the raw
read sequences to regions of enrichment. A combination of Sanger sequencing and
next-generation sequencing may be helpful here.

7.43
Annotation of Enriched Regions

The first step towards a biological interpretation of data is the data visualization. For
this purpose raw reads, as well as the output files with the chromosomal positions of
the enriched clusters (BED files) can be uploaded into current genome annotations.
Public domain genome annotations like the genome browsers of UCSC (http:www.
genome.ucsc.edu/) and Ensembl (http://www.ensembl.org/index.html), as well as
commercial solutions like ElDorado (http://www.genomatix.de/products/ElDorado/)
can be used for data upload. For regions which are not directly overlapping with
annotated genomic regions, the next upstream and downstream elements can be
searched and a distance can be assigned on the plus and minus strand. Additional
information that can be obtained includes looking for phylogenetic conservation of
regions of interest. To annotate the regions, public domain as well as commercial
software packages are available. The Cis regulatory annotation system (CEAS) package
is available at http://www.ceas.cbi.pku.edu.cn/. RegionMiner can be obtained at
http://www.genomatix.de/regionminer. The correlation with available annotation
allows a general annotation plus basic statistics (for the localization) of the enriched
regions. In addition, the knowledge of overlapping or closest annotation (loci) opens
new possibilities for subsequent pathway mining.

7.4.4
Analysis of Enriched Regions

The logical next step following the annotation of the enriched regions is to look
deeper into the regions from a sequence perspective. Several options are possible
depending on the type of ChIP. If the immunoprecipitation was performed against
a certain transcription factor (TF), the enriched sequence can be scanned for the
sequence binding motif of this TF. A calculation determining if the specific
transcription factor binding site (TFBS) is overrepresented in the enriched region
compared to the entire genomic background or a specific genomic element (e.g.
promoters) is possible. Additionally, co-occurring binding motifs which are found
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in close proximity to the motif of interest can be identified and their degree of
representation can be evaluated.

If the immunoprecipitation was performed against a chromatin binding factor
with an as yet unknown binding motif, enriched sequences can be used to retrieve
the binding motif. In the same way, previously known binding motifs can be
modified.

7.5
Data Analysis Examples

Currently, many different possibilities for data analysis are available. Common data
analysis strategies are illustrated by two examples, one based on ChIP-on—chip and
the other on ChIP-Seq; and we discuss them here in more detail. Both datasets are
publicly available:

1. ChIP-on-chip data analysis based on estrogen receptor and RNAPolII enrich-
ments in MCF7 cells [20].

2. ChIP-Seq of histone modifications correlated with DNAse Seq of open chromatin
in CD4 cells [8, 29].

Example 1: Transcription Factor Specific ChIP

The data for this example was derived from the supplementary material of the
estrogen receptor (ER) ChIP-on-chip publication of Carroll et al. [20]. The dataset
consists of three replicates of specific enrichments for the estrogen receptor alpha
and RNA Polymerase II versus input controls. All three replicates were performed
on the Affymetrix human tiling 1.0 microarrays (14-chip set).

e Task: Statistical analysis for regions significantly enriched in estrogen receptor
binding.

o Method: As the first step in the data analysis strategy, a statistical analysis is
performed. This can be done with different programs (e.g. MAT or
ChiplInspector [30]).

Result: If the analysis is performed with ChipInspector with a false discovery rate
(FDR) of 1% and a sliding window of 3 probes and a window of 300 bp, 4708
enriched regions are obtained. MAT, after BLAT analysis (to eliminate redundant
sequences), identifies a final set of 3665 unique estrogen receptor binding
sites and 3629 unique RNA Pol II binding sites using a threshold FDR of 1%.
Figure 7.3 shows the correlation between the two methods. Over 70% of regions are
overlapping. The significant regions are provided in a BED file format.

e Task: General annotation of significantly enriched regions.

e Method: For this task the enriched regions are mapped onto the genome under
study and correlated with the available genome annotation using the program
RegionMiner With this method, it is possible to determine if enriched regions
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Figure 7.3 Correlation between MAT and Chiplnsector results.
All enriched regions identified by MAT are aligned at the zero
position and correlated by all enriched regions identified by
Chiplnspector within a window of —10000 to + 10000 bp. The
curve shows the correlation histogram. The two lines give the
mean count (309) and the standard deviation of counts (713) in
the entire window.

overlap with annotated regions or, if not, what is the next upstream and downsteam
annotation on the plus and minus strand of the genome.

e Results: Table 7.1 shows the general statistic of the annotation for the enriched
regions. It is obvious that only a small percentage of the ER binding occurs within
known promoter regions.

e Task: Visualization in the genome annotation.

e Method: BED files can be uploaded into current genome browsers such as the
UCSC (http://www.genome.ucsc.edu/), Ensembl (www.ensembl.org), or EIDorado
(http:/ /www.genomatix.de/ElDorado) genome browsers.

e Result: Figure 7.4 shows region 582 (as an example) and the flanking genomic
regions in ElDorado.

o Task: Identification of overrepresented transcription factor binding sites (TFBS and
modules of TFBS on sequence level).

o Method: To evaluate if certain TFBS are overrepresented compared with the entire
genomic background, or compared to promoter sequence background. It is
necessary to have a library of binding site descriptions (e.g. TRANSFAC
(http:/ /www.biobase-international.com/pages/index.php?rid=transfacdatabases)
or MatBase (http://www.genomatix.de/matbase) and to be able to count the
number of binding sites in the enriched regions and the entire genome. It is



Table 7.1 Annotation and general statistics of enriched regions.

7.5 Data Analysis Examples

2622
2086
296
428
36
286
135
85
78
63
52
60
1110
703
473
352
250
216
211

Statistics of Regions
4708 regions given in input

Description

55.69% regions overlap with at least one locus

44.31% regions overlap with intergenic regions
6.29% regions overlap with at least one promoter
9.09% regions overlap with at least one transcriptional start region (ISR)
0.76% regions overlap with at least one repeat

6.07% regions overlap with axon 1
2.87% regions overlap with axon 2
1.81% regions overlap with exon 3
1.66% regions overlap with axon 4
1.34% regions overlap with exon 5
1.10% regions overlap with exon 6
1.27% regions overlap with exon 7
23.58% regions overlap with intron 1
14.93% regions overlap with intron 2
10.05% regions overlap with intron 3
7.48% regions overlap with intron 4
5.31% regions overlap with intron 5
4.59% regions overlap with intron 6
4.48% regions overlap with intron 7

then possible to calculate a random expectation value which gives the probability
for a binding site per basepair. This allows one to calculate not only the degree of
representation of a TFBS in an enriched sequence, but also a p-value or z-score.
These calculations can be done with CEAS or RegionMiner.

e Result: Transcription factor binding sites for the ER-enriched regions (calculated

with RegionMiner and CEAS; Tables 7.2 and 7.3).

From the RegionMiner analysis it is clear that estrogen receptor elements
(EREs) are strongly overrepresented in enriched regions. ER is found at 2116
sequences. The random expectation would be only 825 matches. This results in

11508828

Il |
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Region 582

M GREB1

v

Further regions of

significant enrichment

Figure 7.4 Visualization of enrichment. Color code:
yellow = promoter; green = exon; gray = primary transcript;
orange = enriched region; red =TSS; red box = promoter

prediction.
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7.5 Data Analysis Examples

Table 7.3 Overrepresentation of TFBS motifs from CEAS ranked by p-value.

an over-representation of 3.88 with a z-score of 82.72. CEAS results can be seen in
Table 7.3.

Additionally, we can now address the question as to which other factors are
co-occurring with the most overrepresented ER-binding motif (ERE family). This can
be done by setting the ERE family as a mandatory factor. RegionMiner then searches
for which TFBSs occur in proximity to the EREs and whether the motif of two TFBS
(ERE + X) is also overrepresented. (Table 7.4) The module representation analysis
show on the first three positions the co-occurrence of AP1, RXR and FKHD (forkhead
domain) factors. The co-localization of ERE and FKHD is experimentally verified [31].

Example 2: Data Analysis for Epigenetic Modifications Based on ChIP-Seq

The data for this example is derived from the publication of Barski et al. [8]: “High-
resolution profiling of histone methylations in the human genome” [8] and Boyle et al. [29]:
“High-resolution mapping and characterization of open chromatin across the genome” [29].
Both datasets were done on CD4 cells. The raw sequence reads were mapped and
clustered according to a proprietary Genomatix NGS protocol. 36 sequence tags in
a 100 bp window were used as the significance threshold for the clustering of the
mapped reads.
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7.5 Data Analysis Examples | 155

e Task: Global correlation of histone modification with genomic elements, for
example, the correlation of H3K4me3 histone methylation with transcription start
regions (TSR).

o Method: Use RegionMiner to compare the annotated TSR with the modifications
in a window of —10000 to + 10 000 bp around the enriched regions (Figure 7.5).

e Result: There are two distinct peaks of tri methyl H3K4 enrichments around the
TSR (which are aligned at the zero position) with a most frequent distance
of 176 bp, indicating that H3K4tri-methylation occurs at a preferred distance to
the TSR.

Task: Correlation between several datasets.

Method: Instead of comparing one ChIP dataset with pre-existing annotation, two
or more ChIP datasets can be compared using RegionMiner. In this case we show

Homo sapiens

Frequency of distances from

Transcriptional start regions (middle) to 158 _H3K4me_ BED.text

47008 transriptional start regions (319062 total, 318984 distinct regions)
15877 158_H3K4me3_BED.txt (16168 total)

Most frequent distance:176

13600

10000
g
5
= |
g
s +std (2942)
=
=
£
3 mean (2387)

-5000 -3000 -1000 0O 1000 3000 5000
_=_ _=== 4+— Enriched regions
,t\

Transcription start
regions (TSR)

Figure 7.5 Correlation of the H3K4me3 enriched regions with

TSR. All transcription start regions are aligned at the zero position

and correlated with the regions enriched in H3K4me3. The two

lines give the mean count (2387) and the standard deviation of
counts (2942) in the entire window. The gray bars symbolize the
enriched regions relative to the TSR.
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Homo sapiens

Frequency of distances from

158_H3K4me_BED.text (middle) to DNasel-HS_10-100.bed

15111 158_H3K4me3_BED.txt (16168 total, 16168 distinct regions)
20177 DNasel-HS_10-100.bed (38304 total)

Most frequent distance:160

7200,
7000

6000/
5000/

4000/

3000 +std (1811)

Correlation frequency

H3K4me3 enriched regions

2000,
0o0] {20177 regions aligned at

Oﬂimean {(1028) e the middle position)
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Figure 7.6 Correlation of open chromatin IP regions from the DNAsel hypersensitivity screen
(DNasel hypersensitivity data) with H3K4me3  (symbolized as dark-gray bars). The two lines
enrichment. All H3K4me3 enriched regions give the mean count (1028) and the standard
(symbolized as gray bars) are aligned at the zero deviation of counts (1811) in the entire window.
position and correlated with the open chromatin

the comparison of the H3K4me3 enrichments with the open chromatin data
(DNAse Seq) from Boyle et al. [29] (Figure 7.6).

e Results: Two distinct peaks for the correlation of H3K4me3 enrichment and DNAse
accessibilityare obtained witha mostfrequentdistance of 160 bp, indicating thatopen
chromatin occurs with a specific distance of approximately 160 bp to regions with
H3K4me3 methylation. Two peaks are obtained because the measurementprocedure
of the open chromatin data and the histone modifications are not strand-specific.

7.6
The Future of ChIP

Currently the number of ChIP grade antibodies available is rapidly increasing,
allowing the analysis of more and more new antigens. The use of alternative, more
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specific and faster cross-linking reagents, along with the automation of the ChIP
protocol will enable us to improve the temporal resolution in response to specific
signals. Atthe moment, array-based profiling approaches are getting more and more
substituted by next-generation sequencing approaches. Recent and future advances
in direct sequencing of immunoprecipitated DNA will significantly increase the
resolution of genome-wide analyses and will make this method widely accessible.
In the next few years, comprehensive reference maps will be available that will help to
interpret and integrate the obtained results. The immense amount of data generated
by deep sequencing will require new bioinformatics and, increasingly, biostatistic
tools. One current shortfall is the fact that repeated genomic regions cannot be
analyzed by ChIP sequencing, or by ChIP-on-chip. To solve this issue, further
improvements in the ChIP protocols and the data analysis will be necessary. For
the future, a combination of ChIP and mass spectrometry analysis will enable not
only the analysis of single antigens, but also the identification of protein complexes
bound to specific DNA sequences. One might speculate that at some point new,
innovative, non-invasive imaging technologies might replace ChIP, but until then,
ChIP will remain the most powerful technique available for the study of protein
interactions with DNA.
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8
DNA Methyltransferase Inhibitors
Wolfgang Sippl and Manfred Jung

8.1
Introduction

The major two biochemical pathways of epigenetic regulation of transcription are DNA
methylation and posttranslational modifications of amino acid side-chains in histones.
The latter actually comprise a whole set of different biochemical modifications, such as
reversible acetylation of lysines, methylation of arginines and lysines, phosphorylation,
but also large molecule modifications such as sumoylation or ubiquitinylation. Those
histone modifications interact with each other and constitute a pattern of alterations in
the chromatin structure, the so-called histone code. Multiple enzymes are involved and
the same modification on different amino acids in the histone proteins may lead to
opposing effects of transcription [1]. The various modifications on histones and their
biological consequences are outlined in other chapters in this book. DNA methylation
refers to the enzymatic addition of a methyl group to nucleotide bases. There are three
known types of base methylation: (i) adenine can be modified at the N-6 position (in
Dbacteria, also in most eukaryotes) and cytosine can be modified (ii) at the N-4 position
(mostly thermophilic bacteria) and (iii) at the C-5 position. The latter modification is
the most common form of DNA alteration among all organisms [2]. Cytosine is
methylated by DNA nucleotide methyltransferases (DNMTs) to 5-methylcytosine.
The differences in biological significance of various patterns of methylation result
from the stretch of DNA where the methylation takes place. Usually methylation of the
promoter regions of genes results in repression of transcription. For DNMTs the first
inhibitors are already approved for clinical use but there is much less work published
that deals with novel inhibitors or structure—activity relationships [3], as compared to
other epigenetic modulators, for example histone deacetylases.

8.2
DNA Methylation

DNMTS catalyze the methylation of cytosines located 5’ to a guanosine as part of a
CpG dinucleotide (CpG) in DNA to 5-methylcytosines using S-adenosyl methionine

Epigenetic Targets in Drug Discovery. Edited by Wolfgang Sippl and Manfred Jung
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32355-5
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Figure 8.1 CpG dinucleotide as part of the DNA. The arrow indicates the methylation site.

(SAM) as the methyl donor (Figure 8.1) [2, 4]. Therefore, DNA actually contains
five and not only four different bases (i.e. adenine, thymine, guanine, cytosine,
5-methylcytosine). At first this seems to be a contradiction to the conserved genetic
code and the definition of epigenetics. In a narrower sense, epigenetics is regarded
as “somatically inherited changes in gene expression that occur without a change in
the genetic code” [5]. In the case of DNA methylation, the biochemical modification
occurs directly on the DNA but the base pairing of cytosine to the guanine on the
complementary DNA strand is not altered upon methylation (Figure 8.2) and thus
the genetic code is preserved. Frequently, longer hypermethylated stretches of CpG
sequences are observed which are recognized by proteins with methyl-CpG-binding
domain proteins (MBDs) which mediate epigenetic regulation (see below) [6].
Single 5-methylcytosines in DNA that are not complexed by proteins are prone to
hydrolysis to thymines, leading to a 5-methyl-C to A transition (Figure 8.3) [7].
This may occur spontaneously but is also catalyzed by DNA deaminases from the
Aid/Apobec family [8]. This carries the risk of point mutation rates, but may be

0O
2
(NﬁN/H NZ R R: -H; Cytosine
N /)\ e )\N ‘ R: -CH,; Methylcytosine

Figure 8.2 Base pairing of cytosine or methylcytosine with
guanine in DNA. R": Phosphodeoxyribose of the DNA backbone.
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H
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R e

Figure 8.3 5-Methylcytosine deamination to thymine in DNA. R’:
Phosphodesoxyribose of the DNA backbone.



8.3 DNA Methyltransferases

beneficial. For example it plays a role in “hypermutations” of immunoglobulin loci
which lead to an expansion of the armory of antigen receptors, hence strengthening
the immune system [9].

Altogether about 70-80% of CpG sites are methylated [10-12]. CpG dinucleotides
are found in short DNA regions with a length of about 0.5-4.0kb, which are
known as CpG islands and which are located in the proximal promoter regions of
approximately half of the genes in our genome. These CpG islands represent about
1-2% of the total genome and contain more than half of the unmethylated CpG
sites [10, 12-14]. High degrees of methylated sequences can be found in satellite
DNA, repetitive elements, nonrepetitive intergenic DNA and exons of genes [15].
So far, no rigorous proof for an enzyme with 5-methylcytosine demethylating ability
in humans has been obtained and the discussion continues whether such an activity
exists [16], despite recent developments in the field [17, 18] (see also below).

83
DNA Methyltransferases

So far, four members of DNMTs are known in mammals: DNMT1, DNMT2,
DNMT3A and the related DNMT3B [19-21]. The protein DNMT3L shows high
sequence similarity with DNMT3A but it lacks a conserved segment in the C-
terminal domain required for methyltransferase activity. Therefore, DNMT3L is
not an active methyltransferase but has dual functions of binding the histone tail as
well as activating DNMT3A. Due to homology it is therefore sometimes counted as
a fifth DNMT protein in humans, belonging to the DNMT3 family [22]. DNMT3L
was found to stabilize the conformation of the active-site loop of DNMT3A.
Whereas DNA methylation in early embryogenesis is carried out by the de novo
methylases DNMT3A and DNMT3B, the methylation level in differentiated cell is
regulated by DNMT1. Therefore, DNMTT1 is also called maintenance methyltrans-
ferase. DNMT1 was the first cytosine methyltransferase identified and is closely
associated with the DNA replication process. It transfers the DNA methylation
patterns from the parent strand to the newly synthesized strand. DNMT2 is a
relative small protein (391 amino acids) and shows all the sequence and structural
characteristics of the other DNMTs, except for the large N-terminal domain present
in DNMT1 and DNMTS3. Despite the sequence and structural similarity between
DNMT?2 and the other DNMTs, DNMT?2 is not necessary for DNA methylation in
vivo. It has been shown that genomic methylation level is not measurably altered in
DNMT2-deficient mouse embryonic stem cells [19]. Recently, it was reported that
human DNMT2 methylates cytosine 38 in the anticodon loop of aspartic acid
transfer RNA [23].

Mammalian DNMTs (beside the enigmatic DNMT?2) are built from two domains:
the N-terminal regulatory domain and the C-terminal domain which bears the
catalytic site. DNMTs possess ten conserved, characteristic sequence motifs;
six of which are present in nearly all cytosine methyltransferases from bacteria
through plants to mammals [24]. The different motifs are described regarding their
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function [25]: motifs I-III form the cofactor binding pocket, motif IV provides the
cysteine that forms the thiolate initiating the methyl group transfer, motifs VI, VIII,
X compose the substrate binding site and motifs V, VII form the target recognition
domain.

The first methyltransferases that could be crystallized were prokaryotic enzymes
(e.g. the bacterial cytosine methyltransferases M.Hhal, M.Haelll) which are
simpler in structure and less complex than the mammalian DNMT family
members DNMT1 and DNMT3. Later, crystal structures were also reported for
DNMT2 and DNMT3A, whereas no X-ray diffraction data have been derived so far
for DNMT1 [26]. Three-dimensional structures are available for the PWWP domain
of DNMT3B [27], intact DNMT3L in complex with a histone H3 amino-tail
peptide [28] and a complex between the C-terminal domains of DNMT3A and
DNMTS3L [29]. Since all known DNA methyltransferases use SAM as the methyl
donor, the active site shows high structural similarity; and it is suggested on the
basis of a homology model of DNMT1 [30] that this enzyme has the same
architecture of the binding site. The crystal structures of DNMT2, DNMT3 and
the bacterial cytosine methyltransferases are essentially superimposable over the
C-terminal domain including the catalytic site. The binding pockets show high
structural conservation of residues interacting with deoxycytidine and the SAM
cofactor (Figure 8.4(a)).

The crystal structure of the DNMT3A-DNMT3L complex contains two monomers
of each protein (resulting in a tetramer) and was crystallized without bound DNA.
In this complex DNMT3L stabilizes the conformation of the DNMT3A active site
loop. Since the DNMT3A structure is similar to the bacterial methyltransferase
M.Hhal (which was cocrystallized with DNA) the DNMT3A-DNMT3L-DNA complex
could be modeled from the bacterial complex [29]. DNTM3A has a relatively small
DNA binding domain (~50 base pairs) compared to the bacterial enzymes. However,
in the tetramer two active sites come together closely which leads to doubling of the
DNA binding surface. It was suggested that the DNA is bound to both binding sites,
such that the two active sites are located in the major groove ~40 Angstroms apart,
which corresponds to one DNA helical turn. In this modeled DNMT3a-DNA complex
the cytosine is located between the nucleophile Cys706 and the cofactor SAM.
Figure 8.4(b) shows the interaction of a stretch of DNA in which the inhibitor
zebularine has been incorporated (from the crystal structure of M.Hhal) with the
catalytic site of DNTM3A.

Since in differentiated cells DNMT1 is responsible for the transfer of the
methylation patterns, it represents the more interesting target for experimental
cancer therapies. Due to the lack of an experimental 3D structure for this enzyme,
Lyko et al. [31] generated a homology model based on DNTM2 and bacterial enzymes.
While this model demonstrated a significant conformational preservation of the
catalytic site, it also revealed a number of unique structural features: His1459 of
DNMT1 is substituted with alanine at the corresponding positions in the bacterial
methyltransferases. In addition, the side-chains of Argl1310 and Argl312 have
different conformations compared to the corresponding side-chains in the two
bacterial methylases. The authors stated that these differences influence the binding
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(a)

Figure 8.4 (a) The Dnmt3a-C/3L-C tetramer with one contiguous
curved DNA molecule covering two active sites. The cofactor SAM
is shown in orange. (b) Interaction of DNA-incorporated
zebularine (colored orange, taken from the bacterial Hhal crystal
structure) with the catalytic site of DNMT3A. The bound cofactor
analog SAH is shown in green.

of the ribose ring in the cytosine ligand by creating a tighter cavity. Differences in
DNMT1 were also observed for the number of charged residues neighboring the
catalytic site. These differences could be used to design selective DNMT1 inhibitors.
The quality of the homology model was demonstrated by a successful virtual
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screening which let to two non-nucleoside DNMTT1 inhibitors (for details see
below) [30].

8.4
Biochemical Mechanism of DNA Methylation

The biochemical mechanism of cytosine methylation has been studied in detail [32,
33]. DNMT undergoes a complex with the DNA and the cytosine which will be
methylated flips out of the DNA double helix [34]. The methyltransferase is then
forming a covalent adduct (I) with the DNA by means of the conjugate addition of
the thiol group of a cysteine residue in the active site to the double bond of the
cytosine. This adduct (I) then reacts with the cosubstrate SAM (II) which is also
presentin the active site and a methylated adduct (III) is formed. A glutamate in the
active site of the DNMT delivers the carboxylate that participates in the process.
Finally, a retro-Michael-type elimination of the enzyme and an adjacent proton
will liberate the enzyme from the DNA under formation of a 5-methylated cytosine
base which finally flips back into its original position within the DNA double helix
(Figure 8.5) [35]. This mechanism is the basis for the activity of the two inhibitors
approved for human use and this knowledge can been exploited for further
inhibitor design (see below). It has been proposed that from intermediate (I) in
the absence of SAM a deamination to thymine occurs with subsequent base repair
excision to cytosine [18]. This would be formally a demethylation reaction but notin
a direct biochemical sense.

8.5
Physiological Role of DNA Methylation

DNA methylation is an essential function in normal mammalian cells. It is involved
in genomic imprinting (restriction of the expression of a gene to only one of the
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two parental chromosomes) [36] which is important for development. It is also
necessary for X chromosome inactivation [37], the mechanism of dosage compensa-
tion in female mammals.

DNA methylation may directly decrease the binding affinity of certain transcrip-
tion factors to DNA [38]. Additionally, methylated CpG sites recruit MBD proteins,
which in turn leads to transcriptional repression [39]. siRNA-mediated knockdown
of MBD proteins leads to a re-expression of silenced tumor suppressor protein
candidates [40]. DNA methylation and histone modification are dependent on each
other [41, 42] and from this interplay a synergy in derepression (e.g. between histone
deacetylase and DNMT inhibitors) can be observed [43—45] (see also below).

The importance of DNA methylation for normal genome function can also be
shown by the finding that homozygous mutation of the DNMT gene results in
embryonic lethality [46]. Thus, unwanted activation of certain genes by DNMT
inhibitors may pose a risk, for example by derepression of proinvasive genes [47],
which puts a caveat to those therapeutical approaches.

8.6
DNA Methylation and Disease

Epigenetics and hence also DNA methylation can be seen as a biochemical manifes-
tation of environmental cues [48]. These epigenetic alterations may lead to
an increased susceptibiliy to certain physical diseases, for example cancer [49,
50], but also psychiatric diseases [51, 52]. This increases over time, as was elegantly
described in homozygotic twins who had the same gene set but became more and
more different in terms of DNA methylation pattern with increasing age [53].
Genome-wide studies of epigenetic patterns will become increasingly important
in order to correlate those patterns with human disease [54-56]. Ultimately, the goal
will be to use those patterns as predictive markers for disease risk, disease progres-
sion and optimized treatment [57].

In cancer cells the hypermethylation of certain promoter regions is known as one
of the most important epigenetic changes taking place in tumors, leading to
transcriptional silencing of tumor suppressor genes [58-60]. This may be due to
overexpression of the enzyme [61, 62], aberrant recruitment of the enzymatic
proteins [63] or expression of truncated mutants [64]. A large variety of genes are
aberrantly methylated in cancer cells, including genes that are involved in regulat-
ing DNA repair (e.g. BRCA1, MLH1), signal transduction (e.g. RASSF1), the cell
cycle (e.g. p16™%* p15™KM) metabolism of carcinogena (e.g. GSTP1), cell
adherence phenomena (e.g. CDH1, CDH13), apoptosis (e.g. DAPK, TMS1) or
angiogenesis (e.g. THBS1) [60, 65]. But besides the promotor regions of protein-
coding genes also nonprotein-coding regions of the DNA can be affected and DNA
methylation in the regulatory region has also an impact on microRNA expres-
sion [66]. An example is the suppression of the formation of miRNA-124a by DNA
hypermethylation. This in turn leads to an activation of the oncogenic cyclin D
kinase 6 [67].
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8.7
DNMT Inhibitors

Whereas in the case of histone deacetylases one inhibitor is approved for human
use, about 5-10 are in clinical trials and hundreds are known from preclinical
research, which is almost opposite to the case of DNMT. Already two inhibitors
are the active ingredient of a marketed drug but only a handful of mostly unselective
and not very potent inhibitors are known beyond that. This is rather unusual for
drug discovery research, but given the emergence of epigenetic research in the
past 10 years, the development of novel preclinical entities with DNMT inhibitors is
likely to emerge and selected candidates may approach the clinic as a second
generation of inhibitors.

Generally, DNMT inhibitors can be divided in two big classes. One group
consists of base analogs which are incorporated into DNA and act as suicide
substrates for DNMT via a covalent adduct formation. The other group acts on the
free enzyme in the same way as “classic” enzyme inhibitors do.

8.7.1
Covalent DNMT Inhibitors

This group contains the two marketed inhibitors, decitabine (Dacogen) and
5-azacytidine (AzaC, INN: azacitidine, Vidaza®) [68, 69]. Additionally, 5-fluorocyto-
sine and zebularine also belong to the same group (Figure 8.6). These compounds act
as prodrugs and show no activity during in vitro DNMT assays [70]; only after

NH, NH,
i »
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HO OH HO'
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2’-Deoxy-5-fluorocytidine Zebularine
Figure 8.6 Nucleoside analogs as prodrugs for covalent inhibition of DNMT.
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incorporation into the DNA are they able to block DNMT. There is also an ester
prodrug of decitabine available which is hence a prodrug of a prodrug [71].
While the deoxyriboside decitabine can be directly transformed into the triphosphate
(by deoxycytidine kinase) which then serves as a building block for DNA polymerases,
the riboside azacitidine needs to be deoxygenated in the sugar moiety before it is
phosphorylated by cytidine—uridine kinase. This step is performed by ribonucleotide
reductase on the level of the diphosphate. Then, the same triphosphate as from
decitabine is formed and the false base is incorporated into DNA (Figure 8.7). Hence,
the rate of DNA incorporation of azacitidine is much lower than for decitabine.
Additionally, azacitidine as a riboside is incorporated into RNA [72] which might be a
reason for additional side-effects. The activity of each inhibitors is in the low
micromolar region [73].

Once the azacytosine analogs are incorporated into the DNA, they are also subject
to a covalent addition of the thiol group of the DNMTand an adduct (Ia) similar to (I)
in Figure 8.5 is formed. This adduct (Ia) in most cases also reacts with S-adenosyl
methionine (II) to a methylated adduct (IIla). But due to the absence of an a-proton
the enzyme cannot be liberated by elimination and remains trapped to DNA
(Figure 8.8).

In the case of 5-fluoro-deoxycytidine (FAC) an methylated adduct (IIIb) is also
formed, from which (again due to substitution of the o-proton by the fluorine) no
liberation of the enzyme by elimination is possible [74]. Zebularine is a riboside
prodrug like azacitidine that is also incorporated in both RNA and DNA. It is
somewhat different, though, as the covalent enzyme adduct (Ib) is formed but
methylation does not occur and is not necessary for inhibition. Although elimination
of the enzyme should be possible, a stable intermediate is formed [35] (Figure 8.9).
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The potency of zebularine is about 10-fold lower than for the azacytosines [73].
Zebularine also inhibits cytidine deaminase [75] which is involved in nucleoside
catabolism and deactivates also for example azacitidine and its desoxy analog [76].
Thus, it increases the concentrations of nucleoside triphosphates for incorporation
into DNA, the efficacy of DNA methylation and ultimately the anticancer activity
of for example azacitidine [77, 78]. Zebularine is metabolized by aldehyde oxidase
and it has been shown that its activity can be increases if an inhibitor of that enzyme,
for example raloxifene is given in combination [79]. One big question about all
epigenetic drugs is the origin of the observed selectivity towards cancer cells. For
zebularine, it has been shown that much less activation towards triphosphate
metabolites that can be incorporated into DNA occurs in normal muscle tissue as
compared to cancer tissue [80].

The covalent trapping of the enzyme leads to a depletion of the cellular pool
of DNMTs and subsequent DNA hypomethylation. This in turn results in activation
with respect to the reactivation of silenced genes. Additionally, the covalently
trapped DNMT may inhibit RNA and DNA polymerases, which leads to an
inhibition of protein biosynthesis and DNA strand breaks. This may lead to
apoptosis and hence cytotoxicity. Thus, it is not easy to dissect the reasons for
the clinical efficacy of these inhibitors in terms of real epigenetic and plain cytotoxic

effects [81].
N ’
Lk
0 'T‘ S-Enzyme O 'T‘ S-Enzyme
R’ R’

Ib IIIb

Figure 8.9 Covalent intermediates in the DNMT inhibition by
zebularine (Ib) and 2'-deoxy-5-fluorocytidine (llIb).
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8.7.2
Noncovalent DNMT Inhibitors

These inhibitors act directly on the enzyme without the necessity for incorporation
into the DNA. In theory, this should shift the dual activity of reactivation of silenced
genes and cytotoxicity towards the epigenetic effects which may result in reduced
side-effects. But the proof for that remains yet to be established.

Few reports are available for systematic approaches towards new selective
inhibitors of DNMTs. The most prominent example is the tryptophan derivative
RG108 (NSC401077) that was identified via a virtual screening approach [30, 82] and
is active between 10 and 100 uM. In the same study, NSC 303530 was also identified
as a somewhat weaker inhibitor (Figure 8.10). The analog of R108 that does not
contain the carboxylic acid group was found to be inactive.

Hydralazine is a vasodilating drug and inhibition of DNA methyltransferases in
the range of 10-20 uM have been reported in vitro [83]. In addition, hypomethylation
in cell culture has also been shown [84]. Also the local anesthetic procaine [85] and its
amide analog procainamide [84] have been identified as DNA methyltransferase
inhibitors. Synthetic analogs of procaine have shown activity only around 500 uM [86]
(Figure 8.10).

There are also some natural products that were identified as inhibitors of
DNMTs [87]. Certain disulfide bromotyrosine derivatives, such as psammaplin
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Figure 8.10 Synthetic DNMT inhibitors.
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A, isolated from the sponge Pseudoceratina purpurea, were found to be potent
inhibitors of both DNMT1 and also histone deacetylases [88] (see also the chapter
on histone deacetylases). (—)-Epigallocatechin-3-gallate (EGCG), a major polyphe-
nol from green tea leaves, inhibits DNA methyltransferases and is thereby able to
reactivate silenced genes like P16"™** and hMLH1 in tumor cells [89]. EGCG is a
pleiotropic inhibitor that has received a lot of attention, especially for cancer
chemoprevention, but with such inhibitors it remains to be determined which of
its inhibitory or stimulatory activities are the most important for its net effect in
biological systems [90]. Two polyphenols from coffee, caffeic acid and chlorogenic
acid, have also been reported to inhibit DNMT1 in the low micromolar range [91]
and polyphenols from apples have also been described to have a similar activity [92].
Anisoflavone from soy beans, genistein, inhibits methylation of DNA and thus can
lead to re-expression of methylation-silenced genes, such as RARB, p16'V** and
MGMT in the esophageal squamous cell carcinoma cell line KYSE 510 [93]
(Figure 8.11). As the histone acetylation status is also known to have an impact
on the re-expression of these genes, the weak inhibition of histone deacetylase
activity observed after treatment of the cells with genistein is also possibly
contributing to the gene reactivation. Biochanin A and daidzein, two other iso-
flavones, are weaker inhibitors of DNMTs and as they also are less effective in
reactivating the RARP gene. Thus, a direct correlation between the inhibition of
DNA methyltransferases and the re-activation of the silenced genes was
assumed [93].

A further natural product inhibitor is mithramycin A, a structurally complex
anticancer antibiotic. Mithramycin A is a member of a group of aureolic acid-type
polyketides that are produced by the soil bacterium Streptomyces argillaceus [94].
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Figure 8.11 Natural products that inhibit DNMTs.
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Mithramycin A binds to GC-rich or CG-rich DNA sequences and blocks DNMT
methylation activity. Docking of mithramycin A into the DNMT1 catalytic domain
indicates that the trisaccharide of the inhibitor can fit into the putative cytosine
pocket and the aglycon core is bound between the two arms that fasten the
hemimethylated DNA.

Novel approaches to therapeutically downregulate DNA methylation include
the DNMT1 antisense compound MG98. However, clinical phase trials with the
single drug showed no effect (partial or complete remission) or the effects could not
be linked to DNMT inhibition [95-97].

8.8
Therapeutic Applications of DNMT Inhibitors

The inhibitors available for human use, azacitidine and decitabine, have been
approved for the treatment of myelodysplastic syndrome (MDS) [98, 99]. MDS
summarizes a set of different conditions that affect the maturation of blood cells.
Itis a group of bone marrow stem cell malignancies that have a pathogenetic overlap
with acute myeloid leukemia, show peripheral blood cytopenias and, in more
advanced subtypes, varied degrees of maturation arrest [100]. Both drugs are
approved for all subtypes of MDS. Response rates are usually around 30%.
The question whether the clinical benefit results more from epigenetic effects and
re-activation of silenced maturation factors or more from cytotoxic effects on the
immature hyperproliferative cells remains open.

Several studies have shown the ability of DNMT inhibitors to prevent cancer using
different pathways [101-104]. Genistein demonstrated cancer chemopreventive
activities in animal models [105]. It has been studied in different cancer cell lines
and inhibition of cancer cell growth has been shown [106]. But several mechanisms,
such as antihormonal effects, are discussed to explain this activity and the exact
contribution of DNMT inhibition to in-vivo activity in cancer chemoprevention
remains to be determined.

Many in vitro investigations have shown a cooperation of DNA methylation and
histone deacetylation in the repression of transcription [107, 108]. Thus, it seems
logical that the combination of DNMT and HDAC inhibition has been shown to
induce differentiation, apoptosis and growth arrest in cancer cell lines [109]. The
re-expression of hypermethylated genes such as MLH1, TIMP3, CDKN2B and
CDKN2A was increased when HDAC inhibitors were combined with inhibitors of
DNA methyltransferases. In contrast, HDAC inhibition alone was not able to
reactivate transcription [110]. The silencing of the COX 2 gene, whose promoter
was shown to be hypermethylated in gastric cancer, can be relieved with a
synergistic treatment of DNMT and HDAC inhibitors [111]. More connections
and hence potential for combined therapeutic approaches between inhibitors
targeting histones and DNA methyltransferase inhibitors are becoming evi-
dent [112, 113].
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8.9
Conclusion

DNA methylation is one cornerstone of epigenetic regulation. The mechanistic
understanding of the biological implications of this modification is steadily increas-
ing. Already, inhibitors of DNMTs are approved for human therapy. Many clinical
studies with DNMT inhibitors both as single agents and in combination therapies for
the treatment of cancer are currently under way. But there is clearly a lack of potent
and selective inhibitors that do not act via incorporation into DNA. This next
generation of DNMT inhibitors offers the promise of optimized epigenetic therapy
with fewer side-effects.
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9
Histone Deacetylase Inhibitors
Philip Jones

9.1
Introduction

For decades it has been known that nucleosomes, made up of DNA wrapped around
a core of eight histones, form the key structural units of chromatin that are essential
for the packaging of eukaryotic DNA. Equally, it has been thoroughly described that
the long N-terminal extensions of these histones undergo a plethora of posttransla-
tional modifications such as: acetylation, methylation and phosphorylation, as well as
ubiquitinylation, sumoylation and ADP-ribosylation [1]. Despite speculation more
that 40 years ago by Vincent Alfrey et al. that these modifications could have a
functional role in modulating transcription efficiency, it is only now in the past
decade or so that the scientific community has established the role of posttransla-
tional modifications in the epigenetic regulation of DNA; and for novel pharmaco-
logical agents targeting chromatin remodeling to undergo development. Indeed,
it was a serendipitous observation 30 years ago that dimethyl sulfoxide (DMSO), and
several other agents, caused the terminal differentiation of murine erythroleukemia
cells that unbeknowingly triggered the development of the first chromatin remodel-
ing agents, such as butyric acid. Moving ahead two decades, it took until the 1990s
for the first of the enzymes responsible for the deacetylation of histone tails of
chromatin to be identified — histone deacetylase 1 (HDAC 1) [2]. Subsequently, there
has been an explosion of research in this area, culminating with the FDA approval in
October 2006 of the first HDAC inhibitor (HDACI), vorinostat, for the treatment of
cutaneous T-cell lymphoma (CTCL) [3].

Histone deacetylases (HDACs) and their counterparts the histone acetyl trans-
ferases (HATS) are two opposing enzyme families responsible for controlling the
acetylation status of chromatin; thereby playing a crucial role in chromatin remodel-
ing and in the regulation of gene transcription [1, 4, 5]. Whilst the HATSs add acetyl
(Ac-) groups onto lysine residues on histone tails, the HDACs are responsible for
their removal. Acetylation of the e-amino group of lysine residues on the histone tails
neutralizes their positive charge and thereby prevents the histone tails interacting
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with the negatively charged DNA, thereby giving rise to a relaxed chromatin structure,
allowing transcriptional activation. In contrast, deacetylation by the HDACs acts as
a method of transcription repression, by removing the Ac-groups and condensing
the chromatin. The HDACis therefore act to selectively alter gene transcription by
chromatin remodeling. HDACs also function on a range of nonhistone substrates,
thereby affecting protein stability, protein—protein interactions, protein localization
and DNA binding.

In humans, 18 HDACs have been identified and classified according to their
homology to yeast HDACs [6]. Class I, II and IV HDACs are zinc-dependent
enzymes, whereas the third class (sirtuins) are NAD " -dependent enzymes and are
covered elsewhere in this book. Class I (HDACs 1, 2, 3, 8) are closely related to yeast
Rpd3; class ITa (HDACs 4, 5, 7, 9) and class IIb (HDACs 6, 10) are related to yeast
Hdal and this latter subclass contains two catalytic sites. Finally, class IV HDACs
contain just one member (HDAC 11). Whilst classes I and IV HDACs are mainly
found in the nucleus of cells, class Il HDACs are free to shuttle between the nucleus
and the cytoplasm. The exact physiological role of each of the individual HDAC
isoforms in cells is far from fully understood, yet it is known that these enzymes act
on many other nonhistone substrates. They also often function as part of larger
multiprotein complexes and are frequently associated with other HDAC isoforms
and/or require the presence of several coregulators.

HDACis have emerged as interesting drug candidates, in particular antineoplastic,
and a number of agents are being explored in the clinic in both solid and hematologi-
cal tumors, where they reverse the aberrant epigenetic state associated with cancer,
thereby regulating: cell differentiation, proliferation and/or apoptosis and angiogen-
esis, as well as immune response [4, 7]. Imbalance of histone and nonhistone protein
acetylation is common in human cancer and is related to HDAC overexpression and
aberrant recruitment by oncoproteins, or mutation in malignant cells. Also several
mutations affecting HATs have also been described in tumors. However, the full
physiological role of HDACs and their inhibitors is not fully understood and
continues to be investigated [5]. HDACis are also being investigated for the treatment
of neurodegenerative and psychiatric disorders [8] and inflammation.

9.2
Mechanism and X-Ray Crystal Structure

The understanding of the mechanism of action and the rational design of HDACis
is greatly facilitated by the availability of structural information and several X-ray
crystal structures of HDACs are available. The first of these was of HDAC-like protein
(HDLP) bound by two inhibitors [9]. Two independent groups have also published
crystal structures of HDACS [10, 11]. The architecture of these structures is very
similar, with the residues within and in the immediate vicinity of the active site being
conserved between HDLP and HDACS (Figure 9.1a). Also, based on sequence
homology these are likely to be common to all Zn-dependent HDACs. However, the
organization of the loop and distal helices make the active site of HDAC8 more open
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numbering). (b) Proposed catalytic mechanism.

and accessible compared to HDLP. The deacetylase active site is an approximately
12 Atunnel, containing the catalytic zinc at one end. The zinc ion is pentacoordinated

by two aspartic acids and one histidine residue;

the remaining two sites are occupied

by a bound inhibitor. Immediately above this are a critical tyrosine residue (histidine
in some class II HDACs) and two histidine-aspartic acid charge relay systems,
that both play a key role in the deacetylation reaction. The remainder of the tunnel
is made up of lipophilic amino acids which are highly conserved across the isoforms;
notable are two phenylalanine side chains which restrict the width of the tunnel.

At the top of this binding cavity is a rim leading

to the surface of the HDAC, which is

made from several loop regions that differ between subtypes. The binding mode of

the inhibitors are very similar between crystal
acting as a bidentate chelator of the zinc ion.

structures, with the hydroxamic acid
This functional group also makes a

number of other key contacts within the active site, with the conserved tyrosine
residue forming a hydrogen bond to the carbonyl oxygen and making interactions

with the two charge relay systems. The central

portion of the inhibitor then threads
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its way through the long narrow binding cavity, making a number of lipophilic
binding interactions, whilst the remote terminus of the inhibitor is correctly
positioned to interact with the rim of the HDAC. Interestingly, the structure of a
catalytically inactive HDAC 8 mutant bound to an Ac-lysine substrate reveals that
an essential conserved aspartic acid located at the mouth of the binding cavity makes
two hydrogen bonds to the substrate [10b]. Very recently, small molecule HDACis
bound to the catalytic domain of HDAC 4 have also been described [12].

The binding mode of these inhibitors gives an insight into the mechanism of the
deacetylation reaction based on the hypothesis that the bound hydroxamic acids act as
substrate analogs [9]. It is proposed that the Ac-lysine residue binds to both the active
site zinc and the tyrosine residue, these two interactions acting to polarize the C=0 to
attack (Figure 9.1b). The nucleophile in the deacetylation reaction is a water molecule
whose nucleophilicity is increased through coordination to both the zinc ion, and
to the Asp-His charge relay system. Upon attack, the resulting tetrahedral interme-
diate is then stabilized through two zinc—oxygen interactions, plus binding to the
active site tyrosine. Collapse of this intermediate then liberates the deacetylated lysine
residue.

9.3
Histone Deacetylase Inhibitors

To date there are seven distinct classes of HDAC inhibitors that are discussed in
this review: short-chain fatty acids like valproic acid (1), hydroxamic acids such
as vorinostat (2), aminoanilines exemplified by SNDX-275 (3), natural cyclic
peptides like romidepsin (4) and apicidin (5), electrophilic ketones like 6, small
molecule inhibitors derived from natural products, and thiols (Figure 9.2). All
classes of HDACis contain three key structural elements to their pharmacophore:
(i) a zinc-binding group which coordinates the zinc ion at the bottom of the long
narrow active site cavity, (ii) a capping group which interacts both with the amino
acids on the rim of the binding cavity and the protein surface and (iii) a linker
domain whose role is to ensure the correct positioning of the two former groups
and to interact with the lipophilic binding tunnel.

9.3.1
Short-Chain Fatty Acids

The simplest class of HDACis in terms of structure are the short-chain fatty acids,
exemplified by butyric acid (BA; 7) and valproic acid (1; Figure 9.3). Unsurprisingly
given their low molecular weight, lipophilicity and lack of functionality, these agents
are the least potent of the various classes of HDACis, with ICsq values in the
millimolar range. However in 1975 BA was shown to induce the differentiation in
Friend leukemia cells [13]; and then three years later to cause a dramatic and
reversible increase in histone acetylation [14]. These findings together with growth
arrest seen in many cell lines caused BA to be evaluated in the clinic. Despite very
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Figure 9.2 Representative HDACis and proposed HDAC inhibitor pharmacophore.

encouraging results seen in the first patients, more extensive clinical trials failed to
reproduce these findings, probably due to its short half life and low plasma levels
achievable. In an effort to obtain higher plasma levels several prodrugs of BA have
been developed [15], the most studied of these was AN9/Pivanex (8), which pro-
gressed as far as phase II clinical trials. Other aliphatic acids, like valproic acid (1),
have also been demonstrated to be modestly active HDACis (HDAC2 ICso=0.54
mM), relieving HDAC-dependent transcriptional repression and causing histone
hyperacetylation both in cell culture and in vivo [16]. Moreover, reduced tumor growth
and metastasis formation have been observed in a rat breast cancer model following
twice daily i.p. dosing.

o
o o0
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7: Butyric acid 8: Pivanex/AN-9 1: Valproic acid
Figure 9.3 Short-chain fatty acid HDACis.
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9.3.2
Hydroxamic Acids

The hydroxamic acid class is probably the most widely explored class of HDACis
and indeed, since the discovery of Trichostatin A (9), significant progress has been
made culminating with the approval of vorinostat (2) for the treatment cutaneous
manifestations of advanced CTCL that has relapsed or progressed on or following
two or more systemic therapies. Multiple other compounds from this class are now
being explored in man. The following section tries to capture all the key developments
of this class of HDACI, nevertheless several excellent reviews can be consulted for
further details [17].

Trichostatin A (TSA; 9) [18] was the first hydroxamic acid HDACI to be discovered,
being isolated from the fungus Streptomyces hydroscopicus (Figure 9.4). This com-
pound has subsequently become one of the main research tools for probing the
function of histone acetylation. Like butyric acid, interest in this natural product
arouse due to the demonstration that it was able to cause induction of Friend
leukemia cell differentiation, as well as G; and G,/M cell cycle arrest. In 1990 TSA
was identified to be a potent HDACI, giving rise to a marked accumulation of
acetylated histones in a variety of mammalian cells. Subsequently it was shown
that doses as low as 6.7 nM were sufficient to cause an accumulation of acetylated
histone H4 in cells. Using partially purified HDACs from mouse FM3A cells it was
demonstrated that TSA strongly inhibits HDAC with K; = 3.4 nM [19]. Interestingly,
the S-enantiomer of the natural product is devoid of activity. Unfortunately poor
pharmacokinetics precluded further development, but stimulated researchers to
development related HDACis with improved properties.

Following TSA, probably the most widely studied HDACI is vorinostat (2; SAHA/
Zolinza). Interestingly, the discovery of this compound arose by chance, as the groups
of P. Marks, R. Breslow and R. Rifkind were working to understand the mechanism

Tty
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H
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12: Suberoyl bishydroxamic acid (SBHA)
Figure 9.4 The first examples of hydroxamic acid HDACis.
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by which DMSO was able to arrest the growth and induce terminal differentiation
of transformed cells [20]. They identified that hexamethylene bisacetamide
(HMBA; 11; optimum concentration 5mM) was a more potent differentiating
agent [21] and although this compound caused minor and partial remissions in
myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML) in the
clinic, these remissions were only transient and a more potent derivative was sought.
Hypothesizing that a stronger binding group was required they prepared suberoyl
bishydroxamic acid (SBHA; 12) which was two orders of magnitude more potent
than 11, optimum concentration 30 uM [22]. They also rationalized that two hydro-
xamic acid groups were probably not required so replaced the second of these
with a lipophilic anilide moiety giving rise to suberoylanilide hydroxamic acid
(vorinostat/SAHA,; 2) which was itself sixfold more active than 12. This compound
is capable of inducing differentiation of murine erythroleukemia cells, causing
increased levels of p21 and G; cell cycle block. Subsequently, V. Richon recognized
the similarities to TSA and thereafter was able to reveal that this agent was capable
of inhibiting HDAC, with IC5o=10 and 20nM on HDACs 1 and 3 respectively.
Vorinostat has been shown to induce differentiation, cell growth arrest and/or
apoptosis in a wide variety of cell lines at low micromolar concentrations and to
have antiproliferative effects against a range of cultured transformed cells. These
findings are the subject of several other recent reviews [23, 24]. In vivo vorinostat
inhibits tumor growth with little toxicity in a wide range of animal models of solid
tumors (e.g. breast, prostate, lung, gastric cancer) and hematological malignancies.
In a phase IIb study for advanced, refractory CTCL the overall response rate was
29.7% following a daily oral dose of 400 mg [3, 25]. Clinical studies have also been
initiated against a wide range of solid and hematological malignancies, both as single
agent and in combination. Ongoing studies include: mesothelioma, renal cell,
bladder, prostate and breast carcinomas, as well as glioblastoma, melanoma, non-
Hodgkin’s lymphoma, MDS and AML. Phase II/III clinical studies are also underway
in nonsmall cell lung cancer in combination with carboplatin and paclitaxel.

Another related hydroxamic acid HDACi is oxamflatin (10), an unsaturated
hydroxamic acid prepared as part of a chemical library designed to identify com-
pounds capable to cause morphological revision of ras transformed NIH3T3 cells [26].
Oxamflatin has been profiled in a wide range of cancer cell lines and demonstrated
to cause growth inhibition at concentrations in the range of 0.02-0.72 ug/mL.
Subsequent work revealed that this inhibitor is capable of inducing morphologic
change of HeLa cells in a similar manner to TSA and follow up revealed that it caused
hyperacetylation. Thereafter, it was demonstrated that this agent directly inhibits
partial purified mouse HDACs with an ICso=15.7 nM. Interestingly, in a mouse
B16 leukemia model oxamflatin administered every other day at 8-50 mg/kg i.p. was
able to cause a dose-dependent increase in lifespan, with doses of 20 and 50 mg/kg
resulting in 30 and 67% increases.

As already mentioned, the field of hydroxamic acid HDACis is extensive, therefore
the next paragraphs are divided into sections depending on the nature of the group
attached to the hydroxamic acid, including: aliphatic, cinnamic, phenyl and hetero-
cyclic hydroxamic acids.

191
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9.3.2.1 Aliphatic Hydroxamic Acids

One of the first papers to describe synthetic HDACis described the development
of hybrid derivatives of TSA and the cyclic peptides. The group of Jung recognized
that both classes of compounds contained a zinc-binding group, a linker domain
and a capping region, therefore they hypothesized to combine various elements of
the two classes (Figure 9.5). The most effective unification of these classes was to
link the hydroxamic acid to a 6-aminohexanoic acid capped off with methyl
phenylalanine which inhibited maize HD2 76% at 30 uM. Similarly, the para-
dimethylaminobenzoic acid derivative of 6-aminohexanoic acid (13d) inhibited
94% at 30 UM [27]. Further exploration of this latter compound investigated the
influence of the chain length on HDAC activity [28]. A five- or six-carbon chain
between the hydroxamic acid and the amide group was found to be optimal,
with 13c and 13e displaying ICso = 100 nM. Further extension to a heptanyl spacer
was tolerated butless potent (ICso = 300 nM). In contrast, a shorter butyl spacer was
20-fold less active, with IC5o =2 uM. The inclusion of a benzyl linker was also
studied, and whereas when the phenyl ring was linked to the hydroxamic acid (13h)
a 180 nM inhibitor was obtained, in contrast the isomer 13g with the methylene
adjacent to the hydroxamic acid was devoid of activity at 40 uM. All these derivatives
were significantly less active than TSA (ICso=3nM).

Related investigation of the structure—activity relationship (SAR) of HDAC inhibi-
tion, including cellular activity, was undertaken by the groups of Novartis and
Methylgene [29]. The former group described an extensive investigation of vorinostat
and TSA analogs, and focusing on analogs of the former, they were able to demonstrate
that 2-aminopyridine analog (14a) was equipotent to vorinostat (HDAC ICso = 248 and
194 nM respectively) and maintained cellular activity (HCT116 ICso = 2.0 and 1.9 uM
respectively). The other pyridyl isomers despite displaying similar enzymatic activity
were less active in cells. In parallel, simplified analogs of TSA were described, this time
the inhibitors being tested on human HDAC nuclear extracts (NE) with rank order of
potency 6>7>5 > 4. The 13d displayed antiproliferative activity against HCT116 cells
(ICso=210nM) and also on a broad panel of cancer cell lines including colon SW620,
lung A549, breast MDA-MB-435 and lung H1299 cells (ICso = 0.7-3.9 uM). Interest-
ingly, alkylation of the amide resulted in a twofold loss of activity. Almost simulta-
neously, the group at Methylgene reported the investigation of analogs of TSA (16a-d)
and tested them against human HDAC1 [29b]. They too found that the optimal spacer
between the hydroxamic acid and the capping group was six methylenes, with
potencies in the order of 6>7>5 >4 atom spacer.

Meanwhile, the researchers at Abbott were also designing other potent HDACis
which they hoped could be subtype-selective by the incorporation of a macrocyclic
capping group on the 6-aminohexanoic hydroxamic acid framework [30]. Although
the targeted compound proved to be a relatively weak HDACI (ICso = 2.1 uM), the
group identified 19 as a potent byproduct (ICso =38 nM), with antiproliferative
activity in the range of hundreds of nanomoles. Subsequent SAR work on these
succinimide derivatives gave little overall improvement in terms of activity, but did
result in simplified structures such as 20. Key SAR findings included that both
carbonyl groups are required for activity and the addition of a second alkyl group on
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Figure 9.5 SAR exploration of aliphatic hydroxamic acid HDACis.

the succinimide results in an improvement of activity and finally that a five-
methylene chain was optimal.

Further work by the same group resulted in the identification of indole amides
as an alternative capping group for aliphatic hydroxamic acids [31]. Starting from
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a reverse amide version of SAHA (15a) which displays only micromolar HDAC
inhibitory activity, they were able to show that replacement of the phenyl group with
an indol-2-yl group results in a 60-fold improvement in activity. This gain in activity
was also seen in cells with 15b displaying ICso=0.14 and 0.15 uM in HT1080 and
MDA435 cells respectively. Further improvements in activity could be achieved by
substitution of the indole ring (e.g. 15¢). The unsubstituted derivative was tested in
a HT1080 fibrosarcoma xenograft model and was shown to cause 36 and 39% tumor
growth inhibition (TGI) when dosed every other day at 30 and 100 mg/kg.

The Abbott group also investigated different linkers between the aliphatic chains of
these hydroxamic acids and the capping group; and in an effort to enlarge the number
of connecting units they explored ‘conformation restricted” heterocyclic moieties [32].
Using SAHA and reverse SAHA as benchmarks (ICso = 140 and 1010 nM) this group
made a number of heterocycles as alternative connection motifs and demonstrated
that the isomeric oxazoles 18b and 18c are potent HDACis (ICso=9.8 and 13 nM),
showing the N—H bond is not essential. They also showed that simple phenyl (18d) or
methylene (18a) groups are much less active, with ICsy = 58 and 560 nM respectively.
Unfortunately 18b showed only weak cellular activity with ICso = 8.4 UM against
HT1080 cells, but further improvements in potency and cellular activity could be
achieved by the incorporation of substituents on the phenyl ring.

A limited amount of work was also conducted by the group of Schultz to
investigate the potential of N-formyl hydroxylamine head group to inhibit HDAC.
This bidentate chelating moiety was used successfully in inhibitors of angiotensin
converting enzyme and neural endopeptidase, however, in the case of HDAC a
50-fold loss in activity was observed with this group (17a—c) [33].

9.3.2.2 Cinnamic Hydroxamic Acids

Following the aliphatic hydroxamic acids, the second most widely investigated class
of hydroxamate HDACI are those of the cinnamic acid derivatives (Figure 9.6),
alternatively known as N-hydroxyphenyl-2-propeneamides. Indeed, several com-
pounds from this class have advanced into the clinic, including: panobinostat (24)
and belinostat (26a). Interest in this class of inhibitors arose from the finding that
m-carboxycinnamic acid bishydroxamide (CBHA) was a potent differentiating agent
(optimum concentration 4 uM) [21, 22] and was only twofold less active than SAHA.
Furthermore, comparing these structures to TSA and oxamflatin it can be imagined
how the remote double bond in TSA, or the alkyne in oxamflatin could readily be
substituted for an aromatic ring.

Researchers at Novartis identified NVP-LAK974 during an HTS campaign,
however despite this compound being a potent HDACi it had only poor efficacy
ina HCT116 colon cancer xenograft [34]. Efforts were then made to alter the structure
in the hope of improving the in vivo activity, concentrating primarily on the amine
substituents. In the secondary amine series, no clear SAR trend was observed,
but promising compounds like the fluoroindole 22a and indole 22b were identified
as being relatively potent HDACis with good antiproliferative activity. However, the
tertiary amines were generally more potent, with small aliphatic, nonpolar sub-
stituents giving a significant boost in activity. For instance, adding an iso-propyl (22c)
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Figure 9.6 SAR exploration of cinnamyl hydroxamic acid HDACis.

or hydroxyethyl (24) chain results in a three- to 13-fold increase in activity. The most
promising compounds from this series were then studied in vivo to determine
both their maximum tolerated doses (MTDs) and their in vivo efficacy in a HCT116
xenograft. Although most of these compounds showed good tumor growth inhibition
(TGI) this was occasionally compromised by body weight loss and/or efficacy was
seen only close to the MTD. NVP-LAQ824 (23) was identified as the most promising
compound due to the fact that good efficacy (55-20% T/C between 10-100 mg/kg)
was seen, with no changes in body weight. Also these efficacious doses were
significantly below the MTD of 200 mg/kg. Similarly, in an A549 lung xenograft
model statistically significant tumor growth inhibition was observed, with T/C of
7-32%. NVP-LAQ824 entered the clinical trials as a treatment for hematological
malignancies, but no recent development has been reported for this agent. However,
Novartis are developing panobinostat (24), a structurally related HDACi which is
currently in phase II/I1I clinical trials for chronic myeloid leukemia (CML), refractory
CTCL, MDS and multiple myeloma (MM). In a phase I study in patients with
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refractory hematological malignancies a reduction in peripheral blasts was seen in
eight out of 11 patients during the 7-day treatment period and increases in histone
H3 acetylation were detected [35]. Little preclinical data for panobinostat is available
but the compound is reported to be a potent HDACi (ICso=37nM) and shows
activity in a p21 promoter assay (ECso = 69 nM) [36].

A related series of cinnamyl hydroxamic acids bearing sulfonamides was devel-
oped by the groups at Methylgene [37] and TopoTarget [38, 39]. The researchers at
Methylgene identified a series of compounds (25a—i) whereby the hydroxamic acid
moiety was linked to a phenyl sulfonamide by distinct spacer groups. Initial work
focused on the identification of the optimal linker between the two groups; and it was
established that a two-carbon linker gave the most potent compounds, being fivefold
more active than a simple bond, or a one- or three-carbon linker. Interestingly,
substitution of this two-carbon linker was detrimental for activity. Despite there being
little difference in activities between the saturated (25c¢) and unsaturated (25e)
linkers, the group in Montreal decided to focus entirely on the cinnamyl series
and to investigate the role of the capping group. They determined that electron-
withdrawing groups were not tolerated on the phenyl ring. Instead, simple 4-chloro,
4-methoxy and 3,4-dimethoxy groups were beneficial for activity. The 3,4-dimethoxy
analog (251) was studied in a lung A549 xenograft model and daily doses of 20, 40 and
50 mg/kg i.p. resulted in 41-57% TGI.

The group at TopoTarget concentrated on designing a novel HDAC] scaffold
based on the structures of known HDACis and concentrated on motifs that they
considered to be compatible with drug development; in this way they evolved a series
of related sulfonamide HDACis (26a-d). Most of their work revolved around
cinnamyl hydroxamic acids with ‘forward’ or ‘reverse’ sulfonamides in the meta or
para positions of the phenyl ring (sulfonamide N or S attached respectively) where
highly potent inhibitors were identified. In the meta series they showed that reverse
sulfonamides were always more potent and culminated in the identification of
belinostat (formerly PXD-101; 26a). In the para series no clear trend emerged and
both forward and reverse compounds are tolerated. In contrast, substituents at the
ortho position are devoid of activity. With regard to the aromatic head group a wide
range of substituents are tolerated irrespectively of their electronic properties,
while interestingly N-substitution of the sulfonamide results in a 17-fold loss of
activity. With regard to SAR of the cinnamyl double bond, saturation of the alkene
results in an order of magnitude loss of activity, while replacement with an ether gives
an inactive compound. Belinostat (26a) is expected to be studied in an initial
regulatory study as monotherapy to treat peripheral T-cell lymphoma (PTCL) in the
second half of 2008 following i.v. administration and is under going phase II trials in
solid tumors (ovarian, hepatocarcinoma, mesothelioma) and hematological malig-
nancies (B- and T-cell lymphomas, MDS, AML, MM), as well as several combination
and phase I studies. Belinostat is a potent HDACi (ICso=27nM) and shows
cytotoxicity against a wide panel of tumor cell lines with ICs values in the range
of 0.2-3.4uM [39]. These cytotoxic effects correlate with histone H4 acetylation.
Similarly, induction of apoptosis was observed following treatment with belinostat, as
was induction of p21. In preclinical xenograft studies the compound was shown to
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cause a dose-dependent growth delay of both ovarian A2780 and colon HCT116
xenografts at doses of 10-40 mg/kg daily i.p., with no obvious signs of toxicity.

9.3.2.3 Phenyl Hydroxamic Acids

Turning attention to the phenyl hydroxamic acids, these are a relatively sparsely
explored series of HDACI, probably due to the fact that simple analogs are somewhat
less potent HDACis compared to alkyl or cinnamyl linkers. Nevertheless, the
group at Celera Genomics was able to identify the phenyl hydroxamic acid 27a,
ICso =43 nM, as a promising lead (Figure 9.7) [40a]. Through SAR studies they were
able to increase the activity sevenfold by replacement of the phenyl with a naphthyl
group. Substitution by a benzofuran further improved potency and addition of a
dimethylaminomethyl group at the 3-position gave PCI-24781 (formerly CRA-
24781; 27d). PCI-24781 is a potent HDAC 1 inhibitor (K; =7 nM) and also inhibits
many other HDAC isoforms, with K; =19, 8, 17, 280, 24 nM, respectively, on HDACs
2, 3,6, 8, 10. In pre-clinical studies, the compound was demonstrated to give rise to
anincrease in both histone and tubulin acetylation in many tumor cell lines, resulting
in inhibition of growth and induction of apoptosis (e.g. HCT116 GIso =200nM).Ina
HCT116 xenograft study a reduction in tumor growth was seen when administered
i.v. 4days/week with 57, 82 and 80% TGI at 40, 80 and 160 mg/kg respectively.
Currently PCI-24781 is being evaluated in phase I/II clinical trials for solid tumors.
The group at Pharmacyclics developed a related phenyl hydroxamic acid HDAC;,
PCI-34051 (27e) and demonstrated this to display greater than 200-fold selectivity
for HDAC8 (ICso=10nM) over the other HDAC isoforms [40b]. Interestingly,
this compound induced caspase-dependent apoptosis in T-cell lymphomas and
leukemias at low micromolar concentrations, but not in other hematopoietic or
solid tumor cell lines. Furthermore, PCI-34051 does not cause detectable tubulin or
histone acetylation.
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Figure 9.7 SAR exploration of phenyl hydroxamic acid HDACis.
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A related N-hydroxybenzylamide that has advanced into phase II clinical studies is
ITF2357 (28), developed by Italfarmaco [41]. This compound was demonstrated
to inhibit class I and IT HDACs, and to inhibit the proliferation of 9 MM and 7 AML
cell lines, with mean ICsy’s = 0.17 uM and 0.23 uM respectively. In a mouse model of
AML, injected cells home in on the blood, spleen, bone marrow and liver, usually
resulting in death in 3540 days. Daily administration of ITF2357 at 10 or 100 mg/kg
resulted in an increase of survival of 6 and 10 days respectively.

9.3.2.4 Heterocycle Hydroxamic Acids
In place of the aryl ring a number of groups investigated the possibility of linking a
heteroaromatic ring to the hydroxamic acid (Figure 9.8). Arguably the most success-
ful of these was the group at Johnson and Johnson, who identified the pyrimidine
hydroxamic acid R306465 (formerly JNJ-16241199; 29), which is undergoing
phase I trials as an oral agent. In preclinical models R306465 was demonstrated
to be a potent HDACi (ICso = 3.3 nM) and induced histone H3 and H4 acetylation in
human A2780 ovarian cancer cells [42]. Against a broad panel of human cancer cell
lines antiproliferation was observed, with ICsy = 15-486 nM. This compound also
showed efficacy in a range of xenograft studies, including A2780 ovarian, H460 lung
and HCT116 colon carcinoma models, when dosed once a day at 10-40 mg/kg.
Another related series of compounds was developed by the group at Argenta, who
developed a series of thiophen-2-yl hydroxamic acids [43]. This series arose from
a virtual screen on a virtual library comprised of 644 potential hydroxamic acids,
derived in silico from all the carboxylic acids available to Argenta. The results of the
virtual screen encouraged the company to synthesize 75 compounds, from which
ADS100380 (30) was identified as a moderately active HDACi (ICso=750nM),
displaying antiproliferative activity against MDA-MD-231 cells (ICso=11.4 uM).
Other closely related analogs (31a—e) with substituents off the pyrazole N-atoms
were then designed to make additional interactions at the mouth of the active cavity.
This resulted in substantial improvements in potency and cellular activity. One of
the preferred substitutions was the introduction of a four-atom tether to an
additional aromatic ring, especially including a nitrogen atom as the third atom.
Further investigation into the aromatic ring demonstrated that a range of hetero-
aromatic groups were tolerated, including indoles (31d) and benzodioxoles (31e).
The latter was studied in a human HCT116 xenograft and daily dosing of 50 mg/kg
i.p. resulted in 33% TGI. Unfortunately, this compound was a potent CYP3A4
inhibitor and was also only sparingly orally bioavailable in rats. In an effort to
improve these properties a search for replacements to pyrazole moiety was
undertaken, which resulted in the identification of heterocycles bearing a heteroat-
om in the 2-position as moderately active HDACis. The 2-pyridyl (32b) and the
2-pyrimidinyl (32e) analogs were fivefold more active than the corresponding
phenyl analog. Further SAR work in the 2-pyridyl series and the addition of a
benzylamino-methyl group in the 5- or 6-postion of the pyridine gave potent
compounds, with the S5-position being preferred. In fact, 32f had 10-fold weaker
CYP inhibition liabilities and also enhanced permeability, with F =50% in rats,
although it suffered from high clearance in mice.
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Figure 9.8 SAR exploration of heterocyclic hydroxamic acid HDACis.

Researchers at Merck developed a series of benzothiophen-2-yl hydroxamic acids
as HDACis [44] which can be considered a hybrid of the cinnamyl and thiophenyl
hydroxamic acids. Starting from simple acetyl hydroxamic acid (33a; ICso = 625 uM),
they showed that incremental boost in activity could be achieved introducing first
a phenyl ring (ICso = 20 uM), then replacing this with a thiophene (ICso = 6.6 uM).
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Finally, the fusion of a benzo-ring resulted in benzothiophene 33e with HDAC
ICso =670 nM. Further improvements in potency were accomplished by the intro-
duction of groups at the 5- and 6- positions of the benzothiophene. Optimal activity
could be achieved by the incorporation of an aromatic ring at the end of a three-atom
spacer, giving double-digit nanomolar HDACis. The most active compounds from
this series were phenylacetylamino (34f; HDAC ICso = 10nM, SC9 ICs, = 220nM)
and benzoylaminomethyl (34i; HDAC ICso=10nM, SC9 ICs5o =190 nM).

The group of Mai conducted an in-depth investigation of a series of pyrrole
containing analogs (35a—e) of TSA. His group found that, by replacing the remote
double bond of the natural product with this heterocycle, they could generate
potent HDACis [45]. Extensive SAR investigations were conducted in order to
determine: the optimal linker between the hydroxamic acid and the pyrrole, the
desired substitution pattern and the preferred capping groups. Furthermore, dock-
ing models were developed to assist with the rational design of these inhibitors.
Through this comprehensive work the group was able to evolve compounds with
distinct HDAC selectivity profiles, identifying compounds that are selective for
maize HD1-A over maize HD1-B, the homologs of mammalian class Ila HDACs
(HDACs 4, 5, 7, 9) and class 1 HDACs respectively. For instance, although
prototypical HDACis like TSA show essentially no selectivity between HD1-A and
HD1-B, through the introduction of substituents on the terminal aryl ring, Mai
and coworkers were able to develop potent dual HD1-A/HD1-B inhibitors like the
o-methyl or o-methoxy analogs 35d and 35e. The introduction of groups in the
meta position gave selective HD1-A inhibitors like 35¢ with 176-fold selectivity over
HD1-B. Yet, when this compound was tested against human HDACs 1 and 4, no
activity was seen at 5 UM against HDAC1, whereas 55% of HDAC 4 activity was
inhibited at the same concentration. Completing the SAR study, substituents were
also introduced in the para position of the aromatic ring but these were substantially
less active.

933
Aminoanilines

Besides aliphatic carboxylic acids and hydroxamic acids, another class of HDACis
receiving extensive attention is that of the aminoaniline class (Figure 9.9), exempli-
fied by CI-994 (36), SNDX-275 (3) and MGCDO0103 (38). The latter two of these are still
undergoing clinical investigation. The mechanism of action of these compounds is
a controversial subject of extensive debate, although one yet to be proven hypothesis
is that the ortho-amino aniline acts as a zinc-binding group.

CI-994 (36) was the first member of this class to be identified and arose from the
serendipitous observation that dinaline, a potential anticonvulsant and the des-acetyl
derivative of CI-994, caused bone marrow suppression. Furthermore, in preclinical
models it showed good antitumor activity [46] and it was revealed that dinaline
undergoes rapid acetylation in vivo, with CI-994 as the active species. After extensive
preclinical work CI-994 was evaluated in the clinic, but development has been
terminated. It was more recently shown that the antitumor activity is the result of
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Figure 9.9 SAR exploration of aminoanilines HDACis.

HDAC inhibition [47], as growth of HCT-8 colon carcinoma cells is inhibited by
CI-994 (ICso=4.7 uM), with simultaneous dose-dependent increases in histone
hyperacetylation. In vitro work also demonstrated that HDAC could be inhibited
50% at 25-50 M.
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Following in the footsteps of CI-994 is SNDX-275 (formerly MS-275; 3), which is
being developed by Syndax, who acquired worldwide rights from Bayer Schering
Pharma. This compound is currently in phase I/II development for non-small cell
lung cancer in combination with erlotinib or azacitidine; and it is also being studied
in hematological malignancies (MDS, CML or AML), with or without azacitidine
or growth factors. The compound is also being profiled as a monotherapy in
solid tumors and has a relatively long half life, allowing weekly or biweekly
administration [48]. Preclinically, SNDX-275 was shown to inhibit HDACs with
ICs0 = 2.0 uM and was demonstrated to cause hyperacetylation of histone H4, induce
p21WVAFYCIP and cause G cell cycle arrest [49, 50]. The ortho-amino group or ortho-
hydroxy group (37a; ICso=2.2uM) are crucial for activity, as the corresponding
meta- and para- isomers are devoid of HDAC activity. The SAR of these compounds
is also limited by the fact that further substituents are only tolerated in the position
para to the NH, group. Antiproliferative activities on a wide panel of cancer cell lines
range over 0.042—4.7uM and activity has been demonstrated in a broad set of
xenograft models at nontoxic doses. Further details of both the clinical and preclinical
development of this agent were recently described [51].

The other pioneers in the development of aminoanilines are the group at
Methylgene, which culminated in the discovery and development of MGCD0103
(38) [52, 53], now undergoing phase II trials in hematological cancers, including:
AML, MDS, CML, Hodgkin’s lymphoma, chronic lymphocytic leukemia and B-cell
lymphomas. Furthermore, studies in solid tumors are underway, as well as combi-
nation studies with azacitidine and gemzar.

This group in an effort to develop HDACi with more desirable pharmaceutical
properties than hydroxamic acids focused on combining known HDACI scaffolds
with the aminoaniline group present in CI-994 and SNDX-275 [54, 55]. Using their
knowledge, they rapidly evolved compounds like 39 equipotent to SNDX-275, which
showed low micromolar antiproliferative activities across a range of cancer cell lines;
and in a HCT116 xenograft model at 20 mg/kg i.p. gave 54% TGI.

By moving away from sulfonamide linkers, these researchers were able to
improve the antitumor activity of this class of compounds, both in vitro and
in vivo [56]. They developed a series of cinnamides with the generic structure of
40, with a two-atom linker to a terminal aryl ring. Through an extensive SAR study
interchanging NH and CH, groups on the linker and by the introduction of mono-,
di- and tri- methoxy groups on the aryl ring, they developed potent compounds,
exemplified by 41. These compounds show low micromolar antiproliferative
activity, cause histone hyperacetylation in cancer cells from 1 uM upwards and show
higher %TGI than SNDX-275 in xenograft models. Other developments include
the incorporation of 4-(heteroarylmethyl) capping groups, resulting in inhibitors
like 42a and 42b [57]. These compounds are potent HDACI inhibitors with
ICs50< 0.1 uM, displaying antiproliferative activities in the 400-800 nM range against
HCT116 cells. While 42a shows good in vivo activity flowing i.p. administration
(59% TGI at 40 mg/kg), 42b also shows efficacy following oral administration at
80mg/kg, with 55 and 67% TGI in NSCLC A549 and prostate DU145 xenografts.
Other potent analogs have been developed by the scientists in Montreal with a series
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of 4-(heteroarylaminomethyl) derivatives [58]. Starting from modestly active imidaz-
ole sulfide 43a (ICso = 0.5 uM), this group was able to improve the enzymatic activity
more than 15-fold to give a 2-aminobenzothiazole analog 43b (ICso=30nM).
Through subsequent manipulations they were able to engineer the molecules
to give 43¢ (HDAC1 ICso=60nM), with good antiproliferative activity (HCT116
IC59=0.2 uM), but moreover good in vivo efficacy. This compound showed activity
in four xenograft models (62-74% TGI) following either administration at 20 mg/kg
i.p., or oral administration at 90 mg/kg.

However, the most advanced compound developed by Methylgene is MGCD0103
(38), which is a selective inhibitor of HDACs 1, 2, 3, 11 with ICs0=0.15, 0.29, 1.66,
0.59 uM, respectively. In contrast to hydroxamic acid HDACis, MGCD0103 does not
inhibit the other isoforms at 10 uM [52, 53]. This isoform selectivity is maintained
in cells, while NVP-LAQ824 inhibits almost all deacetylase activity in cells,
MGCDO0103 inhibits only 75-85% of HDAC activity. The compound shows good
antiproliferative activities on a broad range of cell lines, both solid tumors and
hematological malignancies, with ICs, values in the range 0.2-1.45 uM. Further-
more, histone hyperacetylation is observed, as well as the induction of both cell cycle
block and apoptosis. This compound is orally bioavailable in preclinical species,
with a modest half-life, t;, =0.6-1.3 h. In tumor-bearing animals dose-dependent
tumor growth inhibition was observed in multiple xenograft models following daily
oral doses of 60-120 mg/kg.

Other related series of compounds have been designed by the groups at Merck and
AstraZeneca.

The former group evolved their series of compounds from N-(2-aminophenyl)
nicotinamide, a 12.4 UM screening hit [59]. The group rationalized that the 6-position
of the pyridine could easily be functionalized and set about a rapid SAR exploration.
This primary effort culminated in the identification of 44a, having almost a 100-fold
improvement in enzymatic activity (ICso = 168 nM). A more extensive SAR explora-
tion was then carried out on the piperazine ring, introducing substituents at every
position. Small alkyl groups proved beneficial for potency, with the two enantiomeric
3-methyl derivatives being particularly interesting. Although the S-enantiomer (44b)
was a weaker HDAC1 inhibitor (ICso=73 vs 40nM), the reduced cellular shift
made this S-enantiomer more potent in cells. In fact, this compound is a selective
class IHDACiwith ICsq =73, 272,939,>50 000, 16 720 nM against HDACs 1, 2, 3,6, 8
respectively. This compound also displayed acceptable PK in preclinical species
with good oral bioavailability, acceptable clearance and half-lives. The compound is
also active in a HCT116 xenograft model at 100 and 150 mg/kg.

The latter group evolved a series of related pyridine-containing aminoanilines
[60, 61]. Compound 45a was identified as a potent, low molecular weight lead and was
subjected to optimization efforts. Consequently, a range of more soluble analogs
were made with different C-3 substituents, as well as a range of amines in the 5-
position of the pyridine. One compound (45b) was of particular interest, with HDAC
1 pICs0=28.01 and good antiproliferative activity, HCT116 pICsy= 6.86. Further-
more, this compound was demonstrated to show low clearance and good
oral exposure in rats. A second related series developed by this group focused on

203



204

9 Histone Deacetylase Inhibitors

a series of compounds with a piperidine-4-yl group appended [61]. The group started
from N-(2-aminophenyl)pyridine-2-carboxamide and identified piperidine-4-yl as
an optimal substituent. A further round of SAR culminated with the identification
of 46b, that was a potent HDACI with pICso=7.46, displayed pICso = 6.44 against
HCT116 cells and gave an excellent dose response profile in an A549 xenograft model
following five doses per week.

9.3.3.1 HDACI and 2 Selective Aminoanilines

More recently, two groups simultaneously reported the development of a series of
selective HDAC 1 and 2 inhibitors (Figure 9.10) [62]. The roles of HDACs 1 and 2 are
well supported in regulating cell proliferation; furthermore both HDAC isoforms
have been shown to be over expressed in certain types of cancer; and RNA interfer-
ence to knockdown HDAC 1 and 2 results in inhibition of proliferation and the
induction of apoptosis. Through the introduction of an aromatic group in the
para position to the amino group in the previous series of compounds, the groups
at Merck and Methylgene claim they are able to exploit additional binding interac-
tions in the internal cavity of these two HDAC isoforms, thereby engineering HDAC
1 and 2 selective inhibitors. The corresponding analog 47 of SNDX-275 bearing
a 2-thienyl group was prepared and this resulted in 27- and fivefold improvements
in HDAC 1 and 2 activities (ICso =20 and 100 nM respectively), while abolishing
HDAC 3 activity. Similarly, the NH, group could be replaced by a hydroxyl group
(48¢), invoking a similar selectivity profile. The 2-thienyl group could be replaced
by phenyl (48d) and furyl (48e) groups, although bulkier groups were not tolerated.
Several derivatives were also tested in cellular assays and antiproliferative activities
in the range of hundreds of nanomoles were obtained. Related work by the Merck
group identified the biaryl phenol 49 as an HTS hit. This compound displayed greater
than 10-fold selectivity for HDAC 1 over 3, so the group decided to add substituents
off the thiophene ring in a hope of improving activity. This work lead them to the
para-phenyl analog of SNDX-275 (50), which like 47 was a selective HDAC 1 and 2
inhibitor (ICso = 10, 72,6180 nM against HDACs 1, 2, 3 respectively) and displayed no
activity on HDACs 4-8 at 20 uM. Further exploration of the SAR, replacing 3-pyridyl
group with amide and carbamates resulted in the identification of compounds, such as
51, which were potent HDAC1 inhibitors (ICso=6nM) and displayed growth
inhibition of HCT116 cells at 100 nM. This compound proved to be well tolerated
and efficacious in a HCT116 xenograft in a dose-dependent manner. Further work on
another HTS hit 52a investigated in detail the structural requirements for good
affinity. Focusing on the carboxylic acid fragment of this inhibitor it was revealed
that many (hetero)aryl rings were tolerated including phenyl, 3- and 4- substituted
pyridines. In contrast, pyrid-2-yl, as well as 2- and 3-aminophenyl groups resulted in
a loss of affinity. Fortunately, an amino group could be accommodated in the para
position and functionalized to make analogs of CI-994, including compound 53e
which displayed ICso =7 and 49 nM on HDACs 1 and 2, with no activity on the other
HDACs isoforms at 10uM. This compound too proved to be efficacious in vivo,
causing 52% TGI in a HCT116 xenograft at 30 mg/kg i.p.. SAR investigation was also
conducted on the biaryl fragment, where it was demonstrated that phenyl and 2- or
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Figure 9.10 SAR exploration of HDAC1 and 2 selective aminoaniline HDACis.

3-thienyl groups were optimal and polar groups were not tolerated. When non-
aromatic substituents were introduced, all with the exception of pyrrolidine were
only micromolar HDACis.

In some elegant work Schreiber designed a library of more than 7000 carboxylic
and hydroxamic acids, and aminoanilines capable of inhibiting deacetylases [63].
The group used high-throughput, cell-based assays to screen for the induction of
o-tubulin and histone acetylation, from which they were able to identify molecules
capable of inhibiting one or both of these deacetylases. Interestingly, none of the
aminoanilines showed any induction of a-tubulin acetylation, suggesting this class



206

9 Histone Deacetylase Inhibitors

% H

N.

HNM OH " b NH

© A
Iy ! f)

o) oo N
S\ro : : '\(\)/\Q
’\}\/X—ph KEj/\/\/
OH Ph 0

H
54: Tubacin 55: Histacin

Figure 9.11 Selective tubulin and histone deacetylase inhibitors developed by Schreiber.

of inhibitors is inactive against HDAC 6 (the o-tubulin deacetylase). From this work
they identified a selective, reversible inhibitor of o-tubulin deacetylation, tubacin
(54; Figure 9.11), which was shown to induce a-tubulin acetylation threefold at
10 uM (ECso = 2.5 uM), while causing no changes to histone acetylation. They also
identified a selective inducer of histone acetylation — histacin (55).

9.34
Electrophilic Ketones

In an attempt to move away from the hydroxamic acid zinc binding group, which is
known to causes poor pharmacokinetics as a result of hydrolysis or glucuronidation,
the group at Abbott searched for alternative zinc chelators culminating in the
development of a series of electrophilic ketone HDACis (Figure 9.12) [64-66].
Subsequently, a group at IRBM developed a related series of thiophene trifluor-
omethyl ketones and showed these to be selective class II HDACis [12].

Given that electrophilic ketones have been shown to be hydrated and able to inhibit
other zinc dependent enzymes, several activated ketones were prepared and tested
for HDAC inhibition. The trifluoromethyl ketone analog of SAHA (56) was
synthesized and shown to display weak but measurable HDAC inhibitory activity,
ICso = 6.7 uM. Subsequently, these trifluoromethyl ketones were further optimized
with changes to the lipophilic tether and the capping groups in order to develop
more potent analogs, such as 6 which was shown to be a modestly active HDACi
(ICsp = 310 nM) but unfortunately displayed only weak cellular activity (ICso = 4.2 UM
against HT1080 fibrosarcoma cells) [64]. The electrophilic carbonyl group is
required as the corresponding methyl ketones are inactive. Unfortunately these
compounds suffer from poor pharmacokinetics in vivo, being readily reduced to the
inactive alcohol. A related series of heterocyclic ketones was also explored; and
oxazoles exemplified by 57 proved to be potent HDACis, ICso=30nM. These too
suffered due to rapid reduction of the ketone group, even in MDA435 cells, and
consequently displayed only modest antiproliferative activities [65]. More promising
however were a series of a-ketoamides, which ultimately were shown to be effica-
cious in vivo [66]. The researchers at Abbott found N-methyl o-keto amides were
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Figure9.12 SAR exploration of electron deficient ketone HDACis, including selective class Il HDACis.

potent HDACis and that the N-methyl amides were optimal. The corresponding
carboxylic acids, as well as the primary, dimethyl and N-ethyl amides, were signifi-
cantly less active. Whilst maintaining a simple alkyl chain, investigation of the
capping groups identified bis-(hetero)aryl groups as optimal for potency and cellular
activity, with substituted aryl thiazoles being especially promising. For instance,
58 inhibited HDACwith ICso = 9 nM and displayed low micromolar antiproliferation
activities against HT1080 and breast MDA435 cancer cells. This compound gave
rise to tumor growth inhibition in a HT1080 xenograft model when dosed every
other day at 30 or 100 mg/kg i.p.

During work to identify second-generation HDACis, the group at IRBM became
interested in exploring selective class Il inhibitors. It is widely debated whether class
ITa HDACs (HDACs 4, 5, 7) have catalytic deacetylase activity, yet this group was
able to demonstrate that HDAC4 can be prepared and isolated cleanly from
Escherichia coli; and these bacteria preparations have weak but measurable deace-
tylase activity [67]. Furthermore, they were able to show that the low enzymatic
efficiency can be restored either by: mutation of an active site histidine to tyrosine,
or by the use of a non-acetylated lysine substrate, allowing the development of two
HDAC 4 assays (4GOF ‘gain of function’, 4WT). With these assays to hand, a novel
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series of class I HDACis were developed [12]. A focused screen of both in-house and
commercial compounds containing known zinc-binding groups was initially carried
out on both HDAC4 assays, identifying 59 to be a potent inhibitor of class Il HDACs,
showing ICso =350 and 320nM on HDAC 4GOF and 4WT assays respectively.
This compound also inhibited HDAC6 (ICso=550nM) and was shown to be
modestly selective over the class I isoforms (ICso=>5.7 and 3.5 uM against HDACs
1 and 3). 'H NMR data showed that the trifluoromethyl ketone was readily hydrated,
suggesting these may bind as the hydrate. Interestingly, the importance of the
thiophene moiety was demonstrated by the fact that the corresponding furan
derivative was 10-fold less potent, while most other (hetero)aryl replacements were
inactive. Studies into the zinc binding group showed that electron withdrawing
groups were essential for activity as the simple methyl ketone was inactive and also
that there was a steric constraint as homologation to the pentafluoroethyl ketone
was not tolerated. Ultimately, the series was further optimized to give potent and
selective class IT HDACis displaying around 10-fold selectivity over class I HDACs.
A representative being 60 which displays modest selectivity for class II HDACs
(IC50=287, 98, and 89 on HDAC 4GOF, 4WT and 6; IC5o =580 and 670nM on
HDACs 1 and 3). Interestingly, this compound inhibits tubulin deacetylation with
IC50=12uM in HCT116 cells, whereas only 40% inhibition of histone H3 deace-
tylation was seen at 50uM, thereby demonstrating that these compounds are
selective class IT HDACIs in cells. Recently it became possible to obtain X-ray crystal
structures of one of these inhibitors 61 bound to the catalytic domain of both
HDAC 4GOF and 4WT; and this demonstrated these inhibitors are active site
binders, with the hydrated ketone (61-hydrate) chelating the active site zinc in a
bidentate manner.

9.3.5
Natural Products

As well as hydroxamic acids like TSA, nature also delivers a wealth of cyclic
tetrapeptides that have been demonstrated to display excellent levels of HDAC
inhibition. Probably the best known of these is romidepsin (4; formerly known as
FK228/FR-901228 /depsipeptide) which is currently in late-stage clinical trials.
However, 30 years or so of screening natural products for antiproliferative activity
and in phytochemical assays led to the discovery of multiple HDACis, including:
HC-toxin (62), chlamydocin (63), trapoxin A (64a) and apicidin (5; Figure 9.13).
The vast majority of these structures contain some common features, including:
hydrophobic capping groups, at least one amino acid whose stereocentre in a
R-configuration and a nonproteinogenic long aliphatic amino acid (often L-Aoe or
L-Aoda) that may act as an Ac-lysine substrate analog. Furthermore, these natural
products often, but not always, contain a proline or pipecolinic acid residue. This field
of natural product HDACis has been recently reviewed [17c].

Romidepsin (4) is a natural product produced by Chromobacterium violaceum and
was shown to display potent antitumor activity both in vitro (ICso = 0.55-4.4 nM),
and in vivo where growth of mouse and human tumors in mice was inhibited [68].
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Initially its mechanism of action was unknown but, after showing similar pharma-
cology to TSA, it was revealed that romidepsin induced histone hyperacetylation in
cells [69]; and subsequently it was shown to inhibit purified HDACs (ICso = 1.1 nM).
Romidepsin is actually a natural prodrug and is activated by cellular reduction to
a dithiol (4-red; Figure 9.13) [70] and these thiols act as zinc-binding groups.
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Romidepsin has been shown to be a selective class I HDACI, with activities on
HDACs 1, 2, 4 and 6 of ICso = 36, 47, 510 and 14 000 nM respectively. A single-arm
registration trial of romidepsin in CTCL has been completed and an NDA
submission for romidepsin in CTCL is anticipated in 2008. Data from this phase
2b study were presented at the International Investigative Dermatology meeting
in May 2008 [71]; and the results reported included 72 evaluable patients with
CTCL and an overall response rate of 40%: five complete responses (7%) and
24 vpartial responses (33%). A separate registration trial in peripheral T-cell
lymphoma (PTCL) is underway and other trials are ongoing in additional indica-
tions, including MM. Related natural products to romidepsin are spiruchostatin
A and B [17¢].

HC-toxin (62) was one of the first HDACi natural products to be identified back in
the 1970s. The compound is produced by the fungus Cochliobolus carbonum and is
responsible for causing northern corn leaf disease, which affects maize [72]. The
cyclic tetrapeptide is comprised of two alanine resides and a proline moiety, together
with a L-Aoe group (2-amino-9,10-epoxy-8-oxodecanoic acid). It was only in the
mid-1990s that the compound was revealed to indeed be an HDACi [73]. Contem-
poraneously, chlamydocin (63) was isolated as a cytostatic compound from the soil
fungus Diheterospora chlamydosporia and was revealed to contain the same epoxy
ketone side-chain, together with D-proline, L-phenylalanine and a-aminoisobutyric
acid groups [74]. The compound demonstrated high cytotoxic activity against
mastocytoma cells, with EDso=0.8 nM. Interestingly a derivative lacking the key
epoxy ketone group proved to be inactive. Like the other members of this family,
chlamydocin was shown to be a potent HDAC], with ICso = 1.3 nM, causing histone
hyperacetylation in A2780 ovarian cancer cells and simultaneously arresting cells in
G;/M phase [75]. Moreover, the compound was demonstrated to exhibit nanomolar
antiproliferative activities against a broad panel of cancer cell lines. Two other
related natural products, trapoxin A and B (64a, 64b) were isolated from Helicoma
ambiens RF-1023 [76]. They both contain two L-phenyl alanine moieties together
with an L-Aoce side chain and differ from each other only by the presence of a
D-pipecolinic acid or D-proline group respectively. Yoshida demonstrated that
trapoxin A causes histone hyperacetylation in cells in a similar manner to TSA
and is able to inhibit HDAC at low nanomolar concentrations [77]. In mechanistic
studies, it was shown that this compound appeared to be a slow and irreversible
HDACI, as HDACs treated with trapoxin no longer recovered their activity, even
following dialysis for 18 h. These findings suggest that the epoxide may be alkylating
aresidue in the active site of the HDAC. The critical importance of the epoxy ketone
group was also revealed, as the reduced derivative was devoid of HDAC activity at
100 nM. Trapoxin has also yielded some elegant reagents; and Schreiber developed
a K-Trap, enabling him to purify trapoxin’s target to homogeneity, thereby enabling
the identification of HDAC 1. Also, a radiolabeled version of the natural product
was synthesized, which enabled the demonstration that trapoxin and TSA bind in
the same active site [2, 78]. Interestingly, preparation of a '*I-labeled derivative of
the natural products provided some suggestion that these epoxy ketones may not be
irreversible inhibitors.
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Probably the most recently discovered natural product of this class is FR235 222
(65) [79], a potent HDACi with ICso =17 nM. This compound differs from some of
the other members of the class due to the isovaline and methyl proline moieties,
although more markedly contains a o-hydoxyketone L-Ahoda amino acid as a zinc-
chelating moiety.

Despite Yoshida demonstrating that the epoxy ketone seems essential for activity,
several other related compounds lack this functionality and yet maintain HDAC
inhibitory activity. For instance, FR225497 (66; desepoxy trapoxin A) was isolated
from Helicoma ambiens and nevertheless inhibited HDACs (67% inhibition at
100 nM). FR225497 was shown to display both immunosuppressive and anticancer
activities, for example colon HT-29 cells, IC5o =270 nM [80]. Another class of these
natural products that lack the 9,10-epoxy group is apicidin (5), and its derivatives,
which were isolated from Fusarium pallidoroseum [81, 82]. Despite the absence of the
epoxy ketone, these fungal metabolites were demonstrated to have potent, broad
spectrum, antiprotozoal activity in the range 6-200 nM. In mouse malaria studies it
was shown that apicidin administered orally twice daily at 25 or 50 mg/kg was able
to substantially reduce the percentage of infected erythrocytes. Subsequently, it
was elucidated that its antiprotozoal activity was a result of HDAC inhibition
(ICso=0.7nM). Interestingly, despite these compounds lacking the epoxide they
are 30-fold more potent than HC-toxin, revealing the contribution of the cyclic
tetrapeptide core on affinity. More recently, it has been illustrated that apicidin
displays broad-spectrum antiproliferation activity against a wide panel of cancer cell
lines, with ICso = 0.21-3.8 uM; and this occurs with G, cell cycle arrest, accumulation
of hyperacetylated histone H4 and changes in cell morphology.

Beside epoxyketone and ketone natural products, cyclic peptides bearing carboxylic
acids and primary amides were recently isolated and demonstrated to be HDACis,
the azumamides A-E; (67a—e). These were isolated from the marine sponge Mycale
izuensis [83] and shown to be made up of three D-amino acids, plus a unique
(Z,25,3R)-3-amino-2-methyl-5-nonenedioic acid for azumamides C and E, or the
corresponding amide for azumamides A, B and D. These compounds display HDAC
inhibitory activity in the range 0.045-1.3 uM; and azumamide A was shown to display
modest growth inhibitory activity on colon cancer WiDr and leukemia K562 cells
(CCs0=5.8 and 4.5 uM, respectively).

Another related class of natural product HDACis are those of the psammaplin
family, isolated from the marine sponge Pseudocerating purpurea [84]. These are
highly functionalized bromotyrosine derivatives containing a disulfide bond. It is
hypothesized that these are natural prodrugs. Psammaplin A (68) was initially
identified; and further isolation work enlarged the family to ten members, plus the
structurally related bisaprasin. Profiling of these derivatives confirmed some com-
pounds to be very potent HDACis, with psammaplins A (68) and F (69) displaying
ICsg=4.2 and 8.6 nM respectively. The other family members were also confirmed
to be HDACis, although with weaker activity (ICso = 14-330 nM). Psammaplin A was
also tested in antiproliferation assays and shown to inhibit growth of several human
cancer cell lines, including lung A549 tumor cells with ICso=1.3 uM, and caused
tumor growth inhibition in an A549 xenograft model.
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9.3.6
Hybrid Cyclic Tetrapeptides

A number of groups have taken the approach of combining the cyclic tetrapeptide
scaffolds which typically contain L-Aoe epoxy ketone zinc-binding groups with more
potent zinc-binding groups found in other HDACis, for instance hydroxamic acids
or thiol groups (Figure 9.14). One of the first examples of this was the evolution of
the cyclic hydroxamic acid-containing peptides (CHAPs), which combined the
scaffolds found in compounds such as trapoxin B and introduced a hydroxamic
acid containing [-Asu(NHOH) chain [85]. These synthetic derivatives were potent
reversible HDACis with the trapoxin B analog CHAP1 (70), showing ICso = 1.9 nM,
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Figure 9.14 Synthetic hybrid cyclic peptides and small molecule ketone HDACis.
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compared to 0.11nM for the natural product. The potential of these synthetic
derivatives was revealed when CHAP31 (71), the analog of Cyl-1, was prepared.
Despite having only nanomolar potency, ICso = 3.3 nM, it caused growth inhibition
in B16/BL6 melanoma cells (ICso = 5.4 nM), induced histone acetylation at 10 nM
and moreover proved to have in vivo efficacy [86]. CHAP31 displayed tumor growth
inhibition in multiple xenograft models at daily doses of 1-10 mg/kg i.v.. A related
series of compounds are the sulfur-containing cyclic peptides (SCOPs), where the
L-Aoe group of the natural products has been replaced by L-2-amino-7-mercapto-
heptanoic acid. These too have been shown to be potent HDACis, with SCOP31 (72)
displaying HDAC ICso=4.6 nM [87].

9.3.7
Aliphatic Ketones

Recently, the researchers at IRBM used apicidin as a starting point for a drug
discovery program and evolved a series of potent, low molecular weight, nonhy-
droxamic acid HDACis (Figure 9.14) [88, 89]. Rationalizing that apicidin (5) pre-
sented potential issues in terms of chemical tractability and pharmacokinetic
liabilities, they sought a new lead and identified acyclic bis-indole 73, containing
the key L-Aoda aliphatic side-chain. Despite a 10-fold loss in terms of enzymatic
activity, ICso=590nM (compared to 44 nM for 5), submicromolar cellular activity
was maintained in, cervical Hela cancer cells ICso=730nM. Interestingly, the
R-enantiomer is inactive. SAR to replace both the amino and carboxy terminal
capping groups was undertaken, identifying analogs exemplified by 74 as potent,
selective HDACs 1, 2, 3, 6 inhibitor ICso=55, 170, 14, 13nM, respectively.
Furthermore, 74 showed submicromolar activity on a broad panel of cancer cell
lines. Unfortunately, the anilide bond was unstable in rodent plasma [89] and efforts
were undertaken to replace this bond by noncleavable bioisosteric groups. Indeed,
imidazole 75 proved to be plasma stable and moreover maintained good HDAC
inhibition with IC5o=>59, 110, 120nM against HDACs 1, 2, 3. The compound
showed modest activity on HDAC 6 (ICso = 340nM), but no activity on HDACs
4,5, 7. This compound showed good antiproliferative activity against a wide range
of cancer cell lines, for instance HeLa IC5, = 880 nM. When dosed at their MTDs, 75
displayed tumor growth inhibition comparable to the benchmark HDACis vorinostat
and SNDX-275 in a HCT116 xenograft model. This is the first example of a synthetic
small molecule aliphatic ketone HDACIi showing efficacy in an in vivo model.

9.3.8
Thiols and Related HDAC Inhibitors

Related to the natural product thiol-containing HDAC inhibitors like romidepsin
and the psammaplin family, a number of research groups explored the use of thiol-
containing compounds as HDACis (Figure 9.15). One of the first people to do so was
Suzuki, who recognized that: (i) thiols are used as inhibitors of zinc-dependent
enzymes such as angiotensin-converting enzyme and matrix metalloproteinases and
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(ii) the zinc ion is highly thiophilic. Therefore his group set about replacing the
hydroxamic acid present in HDACis like vorinostat. Surprisingly, although the
inhibitory ability of a monodentate zinc-binding group like a thiol was expected
to be less effective than that of a bidentate zinc chelator like a hydroxamic acid,
the analog of vorinostat (76a) was a potent HDACi with ICso=210nM [90]. The
corresponding thioacetate (76b) and methyl sulfide (76c) were substantially less
active, demonstrating the critical importance of the free thiol group. Similarly,
the corresponding sulfonamide and sulfone were also inactive. In order to explore
the SAR the effect of chain length was investigated (76e—g) and it was revealed that,
similarly to the hydroxamic acids, the optimal length was five or six methylene units.
The same group carried out an optimization of the aromatic capping group and it
was demonstrated that quinoline-3-yl (77a) and 4-phenylthiazol-2-yl (78a) groups
were able to improve HDAC activity. When 76a was tested in human NCI-H460 lung
cancer cells, it showed only weak activity despite the high enzymatic activity. It was
assumed this was due to poor membrane permeability and therefore the correspond-
ing disulfide was explored as a potential prodrug, but it too failed to show growth
inhibition. However, the acetyl (76b) and isobutyryl (76d) derivatives proved to be
good prodrugs, with growth inhibitory ICso=36 and 20uM respectively. The
corresponding isobutyryl derivatives were made of 77a and 78a, and were shown
to demonstrate strong growth inhibition of NCI-H460 cells, with ICso =8 and 2.1 uM
for 77b and 78b respectively. The latter was explored on a panel of nine other cancer
cell lines and was shown to have a mean ICso= 3.8 uM, compared to 3.7 uM for
vorinostat. Subsequently this class of HDACis was developed into a series of highly
potent and selective HDAC 6 inhibitors, developed from a HDAC 6 selective
substrate [91]. A series of N-Boc substrate mimetics were developed like 79b, whilst
maintaining the S-isobutyryl prodrug portion. These compounds were evaluated
in cells for their ability to cause accumulation of acetylated a-tubulin and histone
H4 in HCT116 cells. Interestingly, although the phenylthiazole and other aromatic
derivatives were shown to offer poor selectivity, simple aliphatic derivatives caused
dose-dependent increases in o-tubulin acetylation, without major increases in
histone H4 acetylation. For example the cyclopentyl derivative 79b showed
ECso=10.23 uM and >32 uM respectively. The corresponding thiol (79a) was prepared
and was evaluated in enzyme assays, whereby it was demonstrated to be a potent and
selective HDAC 6 inhibitor with ICso =29 nM, with greater than 35-fold selectivity
over HDACs 1 and 4.

Simultanously, Kozikowski and his group developed a series of mercaptoaceta-
mides as potential HDACis [92, 93]. This functional group was designed as a
bidentate zinc-chelating motif; and analogs of TSA (80a—-d) with diverse chain
lengths were demonstrated to be weak HDACis with ICs, values in the range of
hundreds of nanomoles. More potent derivatives were developed by inverting the
terminal amide group and replacing the para-dimethylbenzamide portion by
8-aminoquinoline (81a), 3-aminoquinoline (81b) or aniline (81c) with ICsq =44, 48,
300 nM, respectively. Unfortunately, these compounds proved to have antiprolifera-
tion activities only in the range of tens of micromoles. However, more recently it was
demonstrated that these compounds are in fact potent and selective HDAC
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6 inhibitors [93], where 81a inhibits HDAC 6 with ICsy = 95 nM and the other HDAC
isoforms only in the micromolar range.

Related mercaptoketones were developed by the group at Kalypsys [94]. This group
sought nonhydroxamate HDACis, and after a uHTS screen of 600 000 compounds,
they identified disulfide 82 as a hit, IC5o=135nM. This compound is actually
a prodrug, and during their enzyme assay, in the presence of reducing agent DTT,
the disulfide was reduced to the o-mercaptoketone 83. This series of compounds
was optimized to KD5170 (84), which is a prodrug with ICso=45nM on HDACs
extracted from Hela cells. This compound causes histone hyperacetylation in HeLa
cells with ECso=25nM and induces o-tubulin acetylation with ECso=325nM.
The thioester group serves to protect the thiol group from oxidative dimerization
and in serum undergoes facile hydrolysis by serum esterases. KD5170 shows
significant antiproliferative activity across a broad panel of cancer cells lines and
in the NCI-60 human tumor cell line panel shows ICso=0.1-7.7 uM, with a mean
IC50=1.6 uM. This compound was also demonstrated to cause significant tumor
growth inhibition in vivo when dosed orally in colon HCT-116, prostate PC-3 and
non-small cell lung NCI-H460 xenograft models.

9.4
Conclusions

HDAC inhibitors are exciting new epigenetic therapeutic agents; and the field has
come a long way from the observation that the first agents caused terminal
differentiation of mouse erythroleukemia cells. HDACis offer a diverse range of
potential therapeutic applications, most notably in the arena of anticancer therapy.
Following the successful approval of vorinostat for the treatment of cutaneous T-cell
lymphoma, a multitude of other clinical applications, together with more than a
dozen other structurally diverse HDACis, are currently being explored in man, both
as monotherapy and also in combination. Although the first-generation HDACis
target a broad selection of HDAC isoforms, medicinal chemists have shown it is
possible to design inhibitors targeting a more restricted set of HDAC subtypes.
Furthermore, as the molecular processes regulated by each of the individual isoforms
become elucidated, this will provide the stimulus for further development of selective
inhibitors. It will also allow patient stratification in the clinic, allowing the full
potential of these epigenetic therapies to be exploited. Ultimately, there is hope these
agents will be used therapeutically for the treatment of human diseases other than
cancer.
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10
NAD-Dependent Deacetylases as Therapeutic Targets

Hongzhe Li, Julian Simon, and Antonio Bedalov

10.1
Historical Perspective and Functions of Sir2 in Yeast

The founding member of the sirtuin family, SIR2, was characterized in the mid-
1980s as a gene required for the transcriptional [1] repression of the silent mating-
type loci and mating competence [2—4]. While the subsequent work led to recognition
of SIR2 as a key epigenetic regulator in yeast [5], a major breakthrough occurred in
2000 with the discovery that Sir2 possesses NAD-dependent histone deacetylase
activity [6-8]. At the mating type loci and at telomeres, the two regions that exhibit
characteristics of heterochromatin in yeast, Sir2 forms a complex with Sir3 and Sir4
(silent information regulator, SIR), which is recruited to chromatin through
protein—protein interactions with DNA-binding proteins [1]. After recruitment, Sir2
deacetylates histone tails, which is thought to promote spreading of the SIR complex
along the chromatin and to confer transcriptional repression over the region. In
addition, Sir2 associates with different proteins at the rDNA locus [9], where its main
role is suppression of recombination of tandem copies of rRNA genes [10]. The
function of Sir2 at the rDNA locus was found to be critical for promoting replicative
lifespan of mother cells [11, 12]. Yeast cells divide asymmetrically with a larger
mother cell giving rise to a smaller daughter. Mother cells have limited replicative
potential and die after producing 2040 daughter cells. Therefore, while a culture of
yeast cells is immortal, the lifespan of each mother cell is limited. One of the events
that limits a mothers’ lifespan is the accumulation of rDNA circles that are excised
during recombination at the rDNA locus and are preferentially retained in mother
cells during cell division [11]. By controlling the rate of recombination at the rDNA
locus, loss of SIR2 shortens and increased SIR2 dosage extends the lifespan of
mother cells [11]. The observation that increased activity of Sir2 in budding yeast
suppresses senescence led to studies in multicellular eukaryotes such as nema-
todes [13] and fruit flies [14], which showed that increased gene dosage of the Sir2
orthologs extends lifespan. Because nematodes and flies do not show accumulation
of rDNA circles during aging, and yet Sir2 orthologs promote longevity in these
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organisms, it was proposed that the longevity control role of sirtuins was retained
during evolution despite differences in the specific degenerative processes that occur
during aging in different species. One intervention shown to be universal in its ability
to extend longevity across species is calorie restriction. This led to the hypothesis that
the beneficial effects of calorie restriction in different species during aging are
mediated through a conserved molecular pathway that involves calorie restriction
induced increase in sirtuin activity [15]. Despite ongoing controversy whether calorie
restriction-mediated lifespan extension requires Sir2 [16], this hypothesis generated
a high level of enthusiasm for studies from many laboratories that evaluated the role
of Sir2 orthologs on various aspects of aging (e.g. neurodegeneration, type II
diabetes) in metazoan organisms including mice. Genetic and pharmacologic
manipulations of sirtuin activity showed beneficial effects in a surprisingly broad
spectrum of aging-associated conditions and diseases, suggesting that the Sir2-
family of enzymes presents an attractive pharmacological target.

10.2
Sirtuin Enzymatic Activity and its Modulation by Endogenous Molecules

The sirtuin family is defined by a homology with Saccharomyces cerevisiae Sir2 and
is broadly conserved from bacteria to humans. Different species carry widely
different number of enzymes with two members in Escherichia coli, five members
in S. cerevisiae, three in Schizosaccharomyces pombe, five in Drosophila melanogaster
and seven in mammals (SIRT1-7) [17]. The conserved catalytic domain contains
approximately 250 residues and functions as an NAD-dependent protein deacetylase
or mono-ADP-ribosyltransferase, or both (reviewed in [18]). The catalytic reaction
carried out by sirtuin family of enzymes, or class IIT histone deacetylases (HDAC), is
distinct from that carried out by class [, IT and IV HDACs that use a Zn ion at the
active site to activate a water molecule for amide bond hydrolysis. During Sir2-
mediated deacetylation cleavage of the glycosidic bond between nicotinamide and
ribose is coupled to transfer of the acetyl group from lysine onto the ribose moiety of
ADP-ribose to generate lysine, O-acetyl-ADP-ribose and nicotinamide [19]. Alterna-
tively the enzyme can transfer the ADP-ribose to a protein to generate a mono-ADP-
ribosylated protein. Among human enzymes, deacetylase activity has been demon-
strated for SIRT1, SIRT2, SIRT3, SIRTS and SIRT6. These enzymes differ in respect
to their cellular localization, substrate specificity and biological functions [20, 21].
SIRT1, which has been most extensively studied, is a nuclear protein implicated in
regulation of stress response [22, 23], differentiation [24], glucose homeostasis [25],
cholesterol mobilization [26], HIV transcription [27], mitochondrial respiration [28]
and ribosome biogenesis [29] through deacetylation of specific set of substrates that,
beside histones, include transcription factors and repressors (e.g. p53, FOXOs,
MyoD, NF-kappa B, LXR, BCL6, E2F1) [30], transcriptional coactivators (e.g. PGCla),
chromatin modifying enzymes (e.g. histone methyltransferase SUV39H1) [31] and
other proteins (e.g. Ku70) [32]. SIRT6 is also a nuclear protein and is implicated
in DNA damage repair [33], SIRT7 is localized in the nucleolus [34], SIRT2 is
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predominantly cytoplasmic [35] and SIRT3-5 are located in the mitochondria [36—
39]. With the exception of SIRT6, these enzymes do not exhibit high in vitro
specificity, as shown by their ability deacetylate a wide range of acetylated sub-
strates [40]. Because individual sirtuins have distinct N-acetyl lysine substrates,
specificity appears to be achieved at the level of protein—protein association and
cellular localization rather than inherent active site specificity. In contrast to other
deacetylases, SIRT6 has been shown to specifically deacetylate histone H3 lysine
9 residue both in vitro and in vivo with no detectable activity against other histone
residues [41] or other tested substrates [42]. In addition, SIRT4 and SIRT6 both have
robust ADP-ribosyl transferase activity [37, 39, 42]. While no in vitro enzymatic
activity has been demonstrated for the nucleolar sirtuin, SIRT7, using the available
substrates, the observation that the mutations known to abolish enzymatic activity of
other sirtuins led to the loss of SIRT7 biological functions suggests that SIRT7 also
functions as an enzyme [41].

Nicotinamide produced during sirtuin-mediated deacetylation inhibits sirtuin
activity and the physiological concentration of nicotinamide has been shown to be
sufficient to modulate cellular sirtuin activity in the cell [43—45]. Accordingly, the
enzymes that participate in the removal of nicotinamide have been shown to
influence sirtuin activity in vivo. Furthermore, cellular NAD levels also affect sirtuin
activity. NAD can be synthesized de novo in several enzymatic steps from tryptophan
via the kynurenine pathway, or it can be generated through reutilization of its
breakdown product by the salvage pathway. In yeast, the Sir2 homolog Hst1 acts as
cellular NAD sensor that controls transcription of the genes in the kynurenine
pathway and thus de novo NAD biosynthesis and cellular NAD levels [46]. In addition
to regenerating NAD, the salvage pathway also reutilizes and thus removes nicotin-
amide. Both of these two outcomes can promote SIR2 activity [47-49].

The redox state in cells and concomitant alterations of the NAD/NADH ratio are
implicated in the regulation of cellular sirtuin activity and control of several processes
including calorie restriction-induced lifespan extension in yeast [50], muscle differ-
entiation [51] and neurogenesis [52]. An alteration in the NAD/NADH ratio was
proposed to influence sirtuin activity by modulating the level of NAD, and conversely
by altering cellular NADH, which inhibits Sir2 activity. However, detailed characteri-
zation of coenzyme specificity of Sir2-proteins failed to generate biochemical support
for the role of cellular NAD/NADH alterations as cellular regulators of sirtuin
activity [53]. First, given that only a fraction of the total cellular NAD/NADH pool
isin the reduced state (NADH) (i.e. NAD/NADH ratio is estimated to be high), even if
the total pool were converted to NAD, the result would be only a minor increase in the
available NAD. Second, NADH has been shown to be an extremely inefficient sirtuin
inhibitor (ICs 15 mM) [53]. Because cellular NADH levels are at least two orders of
magnitude lower than the measured ICsy of NADH, itis unlikely that cellular NADH
level has a significant direct influence on sirtuin enzymatic activity. There is however
evidence that cellular redox state regulates SIRT1 protein level at the transcriptional
and posttranscriptional level. Cellular NADH levels and thus the NAD/NADH ratio
are proposed to control SIRT1 transcription though a regulatory circuit that involves
redox sensor CtBP and HIC1, an inhibitor of SIRT1 transcription [54]. Furthermore,
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a separate study suggests that glucose deprivation and cellular pyruvate control
SIRT1 protein, even though the level of SIRT1 mRNA does not change [25]. These
studies suggest that overall cellular SIRT1 activity may be influenced by NAD/NADH
ratio through alterations in SIRT1 protein level rather than through direct control of
SIRT1 enzymatic activity.

10.3
Small Molecule Inhibitors of Sirtuins

The first small molecule inhibitors of NAD-dependent histone deacetylases, beta-
naphthol containing compounds, sirtinol (1) and splitomicin (2) [55, 56], were
identified through cell-based screens in the yeast S. cerevisiae for compounds
that abrogate telomeric silencing (Figure 10.1). Splitomicin was shown to create a
conditional phenocopy of a sir2 deletion with loss of silencing at telomeres, silent
mating loci and ribosomal DNA. Several point mutants in the Sir2 small helical
domain adjacent to peptide binding site conferred resistance to splitomicin in vivo and
attenuated inhibition of Sir2 NAD-dependent deacetylase activity with splitomicin in
vitro, thus identifying a potential binding site [55]. Subsequent work with cambinol (3),
which inhibits human SIRT1 and SIRT2, showed that this class of molecules is
competitive with the peptide binding and is consistent with the location of the
identified point mutants [57]. One of the limitations of splitomicins was the instability
of the lactone ring, which led to a short half-life, particularly at physiological pH [58].
However, several splitomicin derivatives were described that have not only increased
potency (e.g. HR73;4[27]) but also retained inhibitory activity despite the replacement
of the lactone with the lactam ring [59]. Provided that the lactams retain the in vivo
activity, their stability makes them highly suited for further development as sirtuins
inhibitors. Despite the limitations, splitomicin and its derivatives proved to be useful
tools for dissection the cellular roles of sirtuins in chromatin biology [46, 55, 60] not
only in yeast but also in mammalian cells [27, 61, 62].

Several other classes of SIRT1 and SIRT2 inhibitors have been identified including
indole derivatives (e.g. EX-527) (5) [63], suramin and its derivatives [64, 65], adenosine
mimetics (i.e. kinase inhibitors) [66] and phloroglucinol derivatives (e.g. guttiferone
G, aristoforin, hyperforin) [67]. In addition, several inhibitors were derived from
compounds identified using virtual screening [68-70]. Among these compounds,
EX-527 is the most potent against SIRT1, with an ICs, value in the 100 nM range and
20-fold lower activity against SIRT2. This compound was shown to be cell permeable
and capable of inhibiting cellular SIRT1. The identification of suramin and several
related adenosine antagonists as SIRT1 inhibitors [64, 65] led to the investigation of
other drugs that bind to ATP binding pockets including kinase inhibitors as lead
structures that might inhibit sirtuin activity by interfering with the binding of the
adenosine moiety of NAD to the enzyme. Several known kinase inhibitors including
CDK inhibitors (paullones) and bisindolylmaleimides (BIMs) were found to be
relatively potent sirtuin inhibitors [66]. One of the BIM derivatives had a fivefold
selectivity against SIRT2 over SIRT1 and was shown to inhibit cellular SIRT2. These
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findings also suggest that small molecules that bind adenosine binding pockets such
as kinase inhibitors may cross-react with this enzyme class.

Several compounds that were identified in unbiased mammalian cell-based
screens for phenotypes that are not directly linked to chromatin biology were later
identified as SIRT1 and/or SIRT2 inhibitors. The SIRT2 inhibitor AGK2 (6) and
related compounds were identified in cell-based screens screen that alter aggregation
patterns and diminish toxicity of polyglutamine repeat containing huntingtin and
alpha-synuclein protein fragments in a search for possible treatments of Huntington
and Parkinson disease [71]. Tenovins (7) are nonselective SIRT1 and SIRT2 inhibitors
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with anticancer activity that were identified in a screen for compounds that activate
p53-dependent transcriptional reporter [72]. The sirtuin inhibitors identified through
these unbiased chemical genetic approaches not only expand the armamentarium of
cell-permeable small molecules that inhibit cellular sirtuins, but more importantly,
they identify unexpected links of human diseases processes to sirtuin function
and directly validate sirtuin inhibition as a potential therapeutic strategy for these
conditions.

While different sirtuins and the members of class I and II deacetylases (HDACs)
have distinct substrates that define their cellular roles, the division of labor among
these enzymes is not absolute. Several acetylated proteins have been found to be
deacetylated by more than one member within a family or by enzymes belonging to
different families. For example, lysine 16 of the histone H4 has been shown to be
deacetylated both with SIRT1 and SIRT2 [73, 74], whereas tubulin is deacetylated
by both SIRT2 and HDACG [35, 75]. The functional and substrate overlap among
different deacetylases has important implications in designing and using small
molecule inhibitors of these enzymes for therapeutic purposes and for dissecting
biology, as the inhibitors that are highly specific may not fully ablate specific cellular
roles of a given deacetylase. Therefore, less selective inhibitors may be advantageous
for altering cellular function and bringing therapeutic benefit. By the same token,
cancer therapies may involve the combination of inhibitors of different deacetylase
classes (e.g. sirtuin and HDACS). In contrast, highly selective inhibitors may be
advantageous over nonselective ones as their side-effects are expected to be lessened
by the relatively unperturbed function of the backup systems. Therefore, it will be
important to develop both highly selective as well broadly active inhibitors for
evaluating sirtuins as therapeutic targets.

10.4
Small Molecule Activators of Sirtuins

Firstactivators of sirtuins identified were plant polyphenols among which resveratrol
(9) was the most highly active [64]. At concentrations of 10 uM resveratrol led to an
approximately twofold increase in SIRT1 deacetylase activity. A number of beneficial
effects of resveratrol have been demonstrated in a variety of pre-clinical models
(see below). The elucidation of the specific molecular mechanism by which resvera-
trol exerts these effects is complicated by the multitude of its biological activities
(reviewed in [76]) and the unique interaction between this compound and the
substrate used in the deacetylase assay. The screen that led to identification of these
compounds employed as a substrate an acetyl-lysine-containing peptide with a
fluorophore [64]. SIRT1 deacetylation of the peptide enabled trypsin to cleave the
peptide, releasing the fluorophore, which was then capable of light emission.
Resveratrol promoted deacetylation of the substrate by increasing the affinity of the
substrate peptide for the enzyme acting as an allosteric activator. In vivo, resveratrol
was shown to extend the lifespan in yeast, flies and in mice fed high-fat diet [64, 77,
78]. Subsequent work showed that the peptide containing the fluorophore has
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significantly lower affinity for SIRT1 compared to the same peptide without a
fluorophore [79, 80]. Resveratrol specifically increases the affinity and deacetylation
of the fluorophore-containing peptide, while having no influence on the same
peptide without the fluorophore. Recently, structurally unrelated synthetic com-
pounds were also found to activate SIRT1 (e.g. SRT1720; 10). These compounds carry
out activation of SIRT1 at submicromolar concentrations and increase SIRT1 activity
several hundred-fold [81]. Furthermore, these compounds were found to be orally
bioavailable and led to improvement of several metabolic parameters in mice fed a
high-fat diet and other diabetes models in mice. Similarly to resveratrol, these
compounds acted as allosteric enzyme activators by increasing binding of the peptide
substrates and mapping studies using truncated forms of the enzyme revealed that
the small helical domain of SIRT1 was required for their activity. Because these
compounds were identified and characterized using fluorophore containing sub-
strates, it will be important to determine whether they discriminate between
unmodified and fluorophore-containing substrates.

In addition to resveratrol and other compounds that activate SIRT1 by promoting
peptide binding, a different mechanism has been described for isonicotinamide (11),
which was shown to activate yeast Sir2 through relief of nicotinamide inhibition [45].
As discussed previously, nicotinamide is an endogenous sirtuin inhibitor that
promotes the chemical reversal of the covalent reaction intermediates and generation
of NAD and acetyl lysine, resulting in nicotinamide exchange. Isonicotinmide is
competitive with nicotinamide in the exchange reaction thus promoting deacetyla-
tion both in vitro and in vivo.

10.5
SIRT1 as a Therapeutic Target in Metabolic Syndrome and Type 2 Diabetes

The metabolic syndrome comprises a set of disorders including central (abdominal)
obesity, insulin resistance, hypertension, proinflammatory and prothrombotic state
which markedly increases the risk of cardiovascular disease. It is estimated that up to
25% of the population in western societies is affected with this condition. Calorie
excess and physical inactivity have been proposed to be the main causes for this
epidemic. The health detriment brought on by calorie excess and the health benefits
created by calorie restriction have been proposed to be mediated through shared
genetic circuitry thatincludes SIRT1 [82]. SIRT1 has been implicated in the control of
several critical metabolic processes in various tissues including insulin secretion in
beta cells in the pancreas (SIRT1 promotes insulin secretion) [83, 84], gluconeogen-
esis in the liver (SIRT1 promotes gluconeogenesis) [25], fatty acid oxidation and
mitochondrial respiration in skeletal muscle (SIRT1 promotes both processes) [28]
and fatty acid mobilization and differentiation in the adipose tissue [24]. These
activities of SIRT1 raised the possibility that pharmacologic manipulations of its
activity could be used for obesity-associated metabolic syndrome and type 2 diabetes
(DM). The interest in SIRT1 activation as a therapeutic strategy in DM has been
stimulated by the initial observation that activation of SIRT1 by resveratrol prevents
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physiological decline and extends survival in mice fed high-fat diet [78, 85], a finding
that was later replicated using synthetic small molecule SIRT1 activators [81] and in
SIRT1 overexpression mouse models [86, 87]. The activation of SIRT1 with resveratrol
was thought to mimic calorie restriction-induced activation of SIRT1 and its beneficial
effects in several tissues, including muscle where SIRT1 promotes fatty acid oxidation
and mitochondrial respiration and in fat tissue, where SIRT1 promotes fat mobiliza-
tion. However, studies addressing the specific roles of SIRT1 in different metabolic
tissues indicate that the function of SIRT1 in metabolism is more complex than
previously thought. One of the well established deacetylation targets of SIRT1 that
mediates tissue specific metabolic processes in response to nutritional changes is the
transcriptional coactivator PGC-lalpha (peroxisome proliferator-activated receptor
gamma-coactivated receptor transcriptional coactivator-1alpha) [25]. PGC-1alpha is a
key regulator of glucose production in the liver and is activated through SIRT1-
mediated deacetylation. SIRT1 protein levels have been shown to increase in response
to fasting, in turn promoting PGC-1alpha deacetylation and stimulating gluconeogen-
esis [25]. SIRT1 knockdown in the liver achieved by adenoviral delivery of SIRT1-
specific shRNA leads improved glucose tolerance and reduced fasting glucose level in
the mouse model of diabetes [88]. Because increased glucose production in the liver
during fasting is one of the hallmarks of diabetes, it appears that pharmacologic
inhibition of SIRT1 function in the liver would be beneficial for reversing hyperglyce-
mia in diabetes. Consistent with the beneficial effects of reducing SIRT1 activity in the
liver in obesity, a separate study showed that liver specific SIRT1 knockout protects
animals from high-fat diet-induced weight gain and hepatic steatosis [89]. Another
important recent observation is that calorie restriction increases SIRT1 in some tissues
(e.g. muscle, white fat) and decreases SIRT1 activity in other tissues such as liver [89],
which argues against a simple model whereby calorie restriction equates with
increased SIRT1 activity. Together, these observations suggest that, while it may be
desirable to activate SIRT1 in some tissues, its inhibition would be beneficial in others.

The multitude of the protein targets and physiological roles that SIRT1 has in
different tissues as well as complex regulation of SIRT1 protein level by nutritional cues
makes it difficult to predict the net benefit of promoting or inhibiting SIRT1 activity on
metabolism in diabetes. It should be noted however that, while extremely valuable,
rodent models have only limited value in prediction the utility of drug targets in
metabolic diseases in humans. The role of SIRT1 inhibitors and activators in the
treatment of diabetes and obesity-associated metabolic syndrome will ultimately be
decided though clinical trials. Given the rapid progress in the field and interest of the
pharmaceutical industry, as illustrated by the fact that clinical trials with resveratrol
have already been initiated, it is likely that the optimal therapeutic strategy for targeting
SIRT1 in the treatment of DM will be defined in the very near future.

10.5.1
Sirtuins and Cancer

The wide spectrum of biological activities exhibited by the sirtuins linking tran-
scriptional repression and activation, metabolic state and stress response strongly
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suggests that this class of enzymes could play an important role in tumorigenesis
and cancer therapy. SIRT1 has been found to control the function of several tumor
suppressor proteins (e.g. p53, Rb) and oncoproteins (e.g. BCL6) [90-92]. Fur-
thermore, SIRT1 has been implicated in aberrant silencing of tumor suppressor
genes (TSGs). Inhibition of SIRT1 activity with splitomicin resulted in reactivation of
silenced TSG [62], suggesting that sirtuin inhibitors may constitute a new class of
epigenetic therapies that may complement DNA demethylating drugs and HDAC
inhibitors that are already in clinical use.

Among the firstactivities of human sirtuins to be described is the deacetylation and
downregulation of the DNA damage response and cell cycle control protein p53
by SIRT1 [91, 93]. In response to DNA damage, p53 activates a transcriptional
program of cell cycle arrest and DNA repair and, in some cases, apoptosis. The NAD-
dependent deacetylation of p53 promotes survival under conditions of DNA damage
and, conversely, inhibition of SIRT1 activity sensitizes cells to the cytotoxic effects of
DNA damaging agents. In a number of model systems, inhibition of SIRT1 leads to
hyperacetylation of p53 and increased sensitivity to DNA damage. Interestingly, the
sensitization of cells treated with SIRT1 inhibitors is only partially dependent on p53
as a number of p53-null cell lines are sensitized as well [57], suggesting the
involvement of other regulatory pathways. Retinoblastoma tumor suppressor pRb
is regulated by phosphorylation and acetylation [92]. SIRT1 activity downregulates
pRb activity and inhibition of SIRT1 by nicotinamide leads to increased pRb
acetylation and cell cycle inhibitory activity. Furthermore, the forkhead transcription
factors are involved in mobilizing a cellular response to stress and as with p53, SIRT1
deacetylation of FOXO3a dampens this protein’s ability to activate apoptosis pro-
grams, but leaves intact its ability to induce cell cycle arrest [22, 23]. These findings
suggest that inhibition of SIRT1 may sensitize cancer cells to genotoxic stress
through several pathways besides p53.

The transcriptional repressor BCL6 plays a critical role in maintaining B-cell
progenitors in an undifferentiated state and suppressing DNA damage checkpoints,
as these cells undergo rapid expansion and immunoglobulin gene rearrangement
and somatic hypermutation in the germinal centers after encountering an anti-
gen [94]. Aberrant BCL6 activity allows many B-cell-derived lymphomas to avoid
terminal differentiation and attain limitless replication. Like p53, BCL6 is a substrate
for SIRT1, but unlike p53, the repressive activity of BCL6 is enhanced by deacetyla-
tion [90]. Thus treatment of cells with inhibitors of NAD-dependent deacetylases
leads to hyperacetylation and inactivation of BCL6. Indeed, treatment of a panel of
BCL6-expressing germinal center-derived lymphomas with cambinol, an equipotent
inhibitor of SIRT1 and SIRT?2 led to BCL6 hyperacetylation and induction of apop-
tosis. Cambinol showed in vivo antitumor activity in lymphoma xenograft model [57].
Dual SIRT1 and SIRT inhibitors, tenovins, were also recently shown to be active in a
xenograft model of melanoma [72].

An endogenous SIRT1 modulator and several targets have been described that hint
at potential therapeutic benefits from pharmacological SIRT1 inhibition in a number
of cancer models. The gene product of deleted in breast cancer 1 (DBC1) interacts
with and inhibits SIRT1 [95, 96]. Downregulation of DBC1 expression in normal
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mammary epithelium cells leads to SIRT1-mediated downregulation of p53 and
increased resistance to genotoxic stress. This finding strongly suggests that phar-
macological inhibition to SIRT1 in DBC1 null breast cancer cells should lead to
increased sensitivity to standard chemotherapeutic agents.

Conversely, transcriptional repression by antagonists of the androgen receptor
(AR) requires SIRT1 activity. The androgen receptor, when occupied by a pharmaco-
logical antagonist recruits SIRT1 to AR-responsive gene promoters and promotes
histone H3 deacetylation [97]. Prostate cancer cells treated with SIRT1 inhibitors are
simultaneously more sensitive to androgen stimulation and insensitive to AR
antagonists. This finding suggests that stimulation of SIRT1 activity may have a
therapeutically beneficial effect in prostate cancer.

In addition to data describing the cellular functions of sirtuins and their targets,
more circumstantial data link sirtuin expression and tumorigenesis. For example,
mouse and human prostate adenocarcinoma have been shown to overexpress
SIRT1 [98]. In addition, a significant fraction of node-positive breast cancers over-
express SIRT3 (mitochondrial) and SIRT7 (nucleolar) [99]. The role of overexpressed
sirtuins in these tumor types remains to be elucidated but these results suggest that
multiple sirtuin isoforms may be valid therapeutic targets for human cancer.

Together these findings predict a major role for sirtuin modulators, both activators
and inhibitors, in the treatment of cancer.

10.6
Neurological Diseases

The roles of SIRT1 in nervous system include alleviating neural degeneration,
guiding neurogenesis and mediating neuronal oxidative resistance. Similar to the
paradoxical SIRT1 functions in other organs and in the regulation of metabolism,
both upregulation and downregulation of SIRT1 may result into neural protection.

The proposed role of sirtuins as “longevity genes” coupled with the recognition of
neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s
disease as hallmarks of aging, led several laboratories to explore of the possible link
between sirtuins and neurodegeneration. A first hint for possible role of SIRT1 in
nervous system came from a study that demonstrated that SIRT1 function is involved
in slowing down axonal degeneration in Wallerian degeneration slow (Wlds) mice
that overexpress a fusion protein containing NAD salvage enzyme nicotinamide
mononucleotide adenylyltransferase (Nmnat1) [100]. SIRT1 was later shown to re-
duce amyloid-beta toxicity by inhibiting NF-kB signaling in microglia [101] and to
attenuate neurodegeneration in mouse AD models. Impaired function of PGC-1
alpha in the central nervous tissue and the resulting mitochondrial dysfunction and
the lack of adequate oxidative stress defense are proposed to play an important role in
pathogenesis of Huntington disease (HD) and other neurodegenerative diseases.
The known role of SIRT1 as a deacetylase that promotes PGC-lalpha function
suggests that SIRT1 activation may alleviate neurodegeneration in HD through this
mechanism. Intriguingly, inhibition of SIRT2 was shown to be another therapeutic
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strategy in HD. AGK2, an inhibitor of SIRT2 has been identified as a compound that
alters the aggregation pattern of huntingtin and alpha-synuclein and alleviate the
resulting proteasome dysfunction and toxicity. These opposing effects by the two
related sirtuins, SIRT1 and SIRT2, in HD underscore the importance of developing
small molecules that are highly specific for each enzyme.

There are several neurological disorders where inhibition of SIRT1 may be used as
a therapeutic strategy. Fragile X-mental retardation syndrome is caused by trinucle-
otide repeat tracts in the 5’ UTR region of the FRM1 gene on the X-chromosome,
which leads to alterations in DNA methylation, histone hypoacetylation, transcrip-
tional silencing of the locus and thus loss of FRM 1 function [102]. Inhibition of SIRT1
with splitomicin resulted in transcriptional activation of the fragile X allele [61].
Importantly, SIRT1 inhibition-mediated abrogation of silencing of the FRM1 oc-
curred in absence of DNA replication or DNA demethylation, suggesting that
activation of FRM1 through SIRT1 inhibition may be possible in nondividing cells,
including neurons.

The SIRT1 protein is highly expressed in the brain during embryonic neuro-
genesis. Its expression level peaks between embryonic day 10.5 to day 13.5 in mice,
coinciding with rapid cortical expansion. During neural progenitor differentiation
SIRT1 promotes glial over neuronal differentiation [52] and inhibition of SIRT1
promotes neuronal differentiation. This finding raises the expectation that SIRT1
inhibition could promote neurogenesis and prevent excessive glial scarring as it
occurs during traumatic or vascular injury in the brain and spinal cord.

Consistentwith a protective role conferred by SIRT1 inhibition in the brain, a separate
study demonstrated that downregulation of SIRT1 protects neuronal cells against
oxidative damage [103]. This protective effect was linked to the role of cytoplasmic
SIRT1in promoting IGF-1and RAS/ERK1/2 signaling through deacetylation of insulin
receptor substrate 2 (IRS2), an adaptor molecule that links IGF-1 and insulin receptors
and its downstream effectors. Conversely, inhibiting SirT1 increases IRS-2 acetylation
and decreases its phosphorylation, which in turn suppresses the downstream targets,
MEK/ERK1/2, resulting in neuronal protection against oxidative stress. In addition
to the effect on IGF-1 that are mediated through cytoplasmic SIRT1, nuclear SIRT1
may regulate IGF-1 signaling by downregulating major IGF-1 binding proteins, such
as IGFBP1 [104]. With SirT1 inhibition, IGF-1 signaling is likely inhibited by the
abundance of secretive IGFBP1 and/or nonfunctioning supra-acetylated IRS-2. The
blockade of IGF-1 signaling is likely responsible for the reduced oxidative damage in
SirT1 knockout mice brain, similar to its role in blocking the epithelial ductal morpho-
genesis in SirT1 knockout virgin mammary tissue. IGF-1 signaling, including its
upstream effector, estrogen, also plays crucial role in adult neurogenesis.

10.7
Conclusion

The diverse and at times contradictory roles of NAD-dependent deacetylases in
human diseases make it difficult to predict with certainty whether inhibition or
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activation of a particular sirtuin or group of sirtuins will ultimately lead to a beneficial
therapeutic outcome. Only rigorous testing of both isoform-specific and pan-sirtuin
inhibitors and activators in appropriate animal models and ultimately human clinical
trials will determine the clinical utility of sirtuin modulators.
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Inhibitors of Histone Acetyltransferases: Discovery
and Biomedical Perspectives

Margarete von Wantoch Rekowski and Athanassios Giannis

11.1
Introduction

In 1963 J.H. Rubinstein and H. Taybi reported a rare human disease that induced
mental retardation, an increased risk of neoplasia and physical abnormalities,
including broad thumbs, big and broad toes, short stature and craniofacial
anomalies. The molecular basis of the Rubinstein-Taybi syndrome (RTS) was later
discovered to be a disruption of one copy of the human CREB binding protein
(CBP or CREB-BP) gene that encodes the histone acetyltransferase CBP [3].
In addition to CBP, all mammals have a closely related acetyltransferase, p300.
Retrospectively, RTS was the first disease found to be due to a defective acetylation
process [1-3].

CBP and p300 represent a family among nuclear transcription factors possessing
an intrinsic histone acetyltransferase (HAT) activity. These proteins feature a distinct
but closely related structure and an extensive homology that is characterized not
only by overlapping but also by unique functions. Further proteins with such a
functionality are known and grouped into different classes by sequence homologies
and similarities in their biological functions (Table 11.1).

HATS catalyze the post-translational acetylation of amino-terminal lysine tails
of core histones, which results in disruption of the repressive chromatin folding and
an increased DNA accessibility to regulatory proteins. The level of histone acetylation
is highly controlled and balanced by the activity of histone deacetylases (HDACs),
the opponents of HATs. Generally, acetylation is correlated with activation and
deacetylation with repression of gene expression. Therefore, the dynamic equilibri-
um of these proteins represents a key mechanism of gene regulation.

It should be noted that HATs and HDACs are not only limited to histones, but
rather various nonhistone proteins can be acetylated /deacetylated as well [2, 4]. Many
regulators of DNA repair, recombination and replication, viral proteins, classic
metabolic enzymes (e.g. bacterial and mammalian acetyl-CoA synthases) and
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Table 11.1 HAT families and functions of selected members.

Family HAT Organism Targets Function
GNAT Gcn5 Yeast, human H2B, H4, cMYC Coactivator
PCAF Human H3, H4, cMYC, p53, MYOD, E2F  Coactivator
Elp3 Yeast H2A, H2B, H3, H4 Elongation
ATEF-2 Yeast, human Activator
MYST MOZ Human H3, H4 Coactivator
Ybf2/Sas3 Yeast H3, H4 Elongation
Sas2 Yeast H3, H4 Silencing
Tip60 Human H2A, H3, H4, cMYC, DNA repair,
androgen receptor (AR) apoptosis
Esal Yeast H2A, H3, H4 Cell cycle
progression
MOF Fruit fly H3, H4 Dosage
compensation
CBP/p300 CBP Human H2A, H2B, H3, H4, pRbD, E2F, Global
p53, AR, c-MYB, MYOD, FOXO coactivator
p300 Human H2A, H2B, H3, H4, pRb, E2F, Global coactivator

P53, AR, c-MYB, MYOD, FOXO

recently kinases, phosphatases and other signaling regulators are substrates for these
enzymes. Hence, multiple cellular processes such as transcription, cell division,
differentiation, transformation, apoptosis and embryonic development are due to the
activity of HATs and HDACs (Figure 11.1) [5, 6].

Viral proteins RNA-Processing
HIV Tat Poly{A)polymerase
HIV integrase . Apoptosis
Histones SV40 T antigen Tenalation  “Kuro
H3, H4, H1 \ // Recombination &
Chaperones \ nlaj%iﬁ:tinn
ngggg /J}r DNA pol p &€
Signaling

Metabolic enzymes c-Abl tyrosine kinase

AcetylCoA synthase - —= Cdk9

Pyruvate kinase PTEM phosphatase

- ‘ Smad7
Cytoskeleton e 9
o-Tubulin "\w Transcription
Actin / \ %%3
Cortacin
l \ = 60 more
HATs & HDACs DNA repair

CBP/p300 FEN1

PCAF DMA glycosylases

HDAC1 NBS1

Figure 11.1 Substrates of HATs/HDACs and processes that
are initiated by their acetylation level, modified from Yang [7]
(P denotes protein).
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Acetylation of several nonhistone proteins is tightly related to their functions.
For example, acetylated o-tubulin can be found in stabilized microtubule structures,
suggesting that this modificated form plays an important role in the regulation
of microtubule dynamics. Furthermore, CBP/p300 participates in various tumor-
suppressor pathways (i.e. wnt, p53) and contributes to the actions of many cellular
and viral oncogenes (i.e. cjun, c-fos, c-myb, v-myb) [8]. Missense and deletion
mutations in the p300 gene have been found in breast, colorectal, gastric and
epithelial cancers, whereas loss of heterozygosity of p300 gene has been related to
glioblastoma and other malignancies. Several viruses encode proteins such as the
adenoviral Ela, the HTLV-1 Tax and the simian virus 40 large T protein which
specifically bind CBP/p300, preventing cell growth and enhancing DNA synthesis.
CBP displays important functions during central nervous system development
and increasing evidence suggests that CBP loss of function is involved not only in
RTS but also in further neurodegenerative diseases, such as polyglutamine-related
pathologies (Huntington’s disease), Alzheimer’s disease and amyotrophic lateral
sclerosis [9].

In recent years great effort has been taken to get a deeper insight into the
biochemistry and biology of HATs. Although a lot of knowledge has accumulated
leading to the causative connection between these enzymes and various diseases,
the processes behind are only poorly understood. In order to bridge this gap,
cell-permeable, small molecules that act as specific inhibitors of HATs are
urgently required. Such compounds would help to elucidate molecular mechan-
isms of HAT functions in cells. Furthermore, they can be regarded as valuable
tools in the area of epigenetics, as well as anticancer and antiviral drug
candidates.

11.2
HAT Inhibitors

The first reported selective inhibitors of the HATs p300 and PCAF were peptides
representing structurally simple bi-substrate analogs of H3 and acetyl-CoA [10, 11].
Hence, p300 was inhibited by Lys-CoA 1 and the more specific PCAF by the
20-amino-acid peptide H3-CoA-20 2 (Figure 11.2). Unfortunately, these inhibitors
showed low cell permeability and high metabolic instability, which decreases their
suitability for investigations in vivo [12].

In 2003 screening of plant extracts with antitumor activity gave rise to anacardic
acid 3 (Figure 11.2) which shows in vitro inhibitory effects on both HATs p300
and PCAF (ICso=8.5 and 5.0 uM, respectively). This natural product was the first
small molecule acting as a noncompetitive HAT inhibitor [13]. Beyond, recent
investigations demonstrated that anacardic acid inhibited Tip60 (a human HAT of
the MYST family, see Table 11.1) in vitro and thus blocked Tip60-dependent activation
of ATM and DNA-PK protein kinases by DNA damage in vivo. Treatment of human
cancer cells with anacardic acid increased their sensitivity to ionizing radiation,
providing a novel therapeutic approach to the radiosensitization of tumor cells [14].
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Figure 11.2 Di-substrate analogs Lys-CoA 1, H3-CoA-20 2, the
natural product anacardic acid 3, its analogs cyano-benzamides 5
and 6 and the p300 activator CTPB 4.

However, anarcadic acid was also found to be poorly cell permeable, thus limiting
its practical application.

Contradictory results were obtained from studies with benzamide analogs of
anacardic acid. While CTPB 4 (Figure 11.2) was reported to be an activator of
p300[13], the related cyano-benzamides 5 and 6 (Figure 11.2) acted as cell-permeable
inhibitors of p300, exhibiting a similar profile to anacardic acid [15].

A further series of HAT inhibitors using anacardic acid as lead structure was
synthesized by Jung et al. Biological studies of these compounds showed that analog 7
(Figure 11.3), having the longest alkyl side-chain of all tested compounds, was the
most potent, cell-penetrating inhibitor (ICso=14puM). It showed significantly
less toxicity than other structurally related compounds to the normal human cell
lines Hs-68 and NHP-5 at the concentrations sufficient to kill cancer cells. Beyond,
it was also the least efficient in suppressing p300 HAT activity in luciferase assay.
Nevertheless these compounds suffer from low solubility in aqueous medium and
very high lipophilicity. However, the effects of these new HATi on protein acetylation
and HAT activity in vivo represent a promising approach for the design of more potent
and specific inhibitors [16].

Recently, a cell-permeable inhibitor of the human Gen5 named MB-3 8 was
discovered (Figure 11.3). This compound is structurally related to the a-methylene-
v-butyrolactone class of compounds, a common structural element in a plethora
of natural products. MB-3 was developed by appropriate derivatization of the basic
v-butyrolactone motif without the arbitrary screening of large compound libraries.
Interestingly, the length of the aliphatic side-chain is crucial for biological
activity [17, 18].
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Figure 11.3 Anacardic acid analog 7, y-butyrolactone MB-3 8,
isothiazolones CCT077791 9 and CCT077792 10 and the
quinolines 11, 12 and 13.

The isothiazolone class of HAT inhibitors was disclosed by high-throughput
screening. These compounds inhibited enzymatic activity of both PCAF and p300
and also blocked cellular proliferation of a panel of human colon and ovarian
tumor cell lines. In particular, derivatives CCT077791 9 and CCT077792 10
(Figure 11.3) decreased protein acetylation in a time and concentration-dependent
manner in HCT116 and in HT29 human colon tumor cell lines. CCT077791
reduced total acetylation of histones H3 and H4 and acetylation of o-tubulin. Still,
the compounds also seem to have considerable off-target effects, which may be
attributable to their high chemical reactivity of these Michael-acceptors with thiol
groups [19].

Mai et al. recently reported the discovery of quinolines MC1752 11 and MC1626
12 (Figure 11.3). These derivatives were able to inhibit yeast cell growth, Gen5-
dependent gene transcription and acetylation of histone H3 in vivo. Further studies
showed that both quinolines led to hypoacetylated histones H3 and o-tubulin in
human cells (leukaemia U937) at the millimolar level. Due to these effects Mai et al.
prepared a series of second generation inhibitors combining the structural features
0of MC1626 and MC1752 with those of anacardic acid and MB-3. Asaresult MC1823
13 (Figure 11.3) was shown to be 10-fold more potent than the first generation
inhibitors and anacardic acid, but less potent than MB-3 [20].

Further HAT inhibitors are the naturally occurring compounds curcumin 14 and
garcinol 15 (Figure 11.4). They show equal activity in vitro and in vivo.

Curcumin represents a covalent inhibitor of CBP. Beyond, it showed anti-angio-
genic effects and is currently in phase II/1II of clinical trials for cancer therapy, as well
as in phase II for Alzheimer’s disease and psoriasis [21, 22]. Garcinol, a potent
inhibitor of PCAF and p300 (ICso=>5 and 7 uM, respectively) was found to induce
apoptosis and alter global gene expression in Hela cells. It was identified to repress
chromatin transcription. None of these inhibitors had effects on HDAC activity or on
histone-free DNA transcription [23].
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Curcumin 14

LTK-14 16
Figure 11.4 Inhibitors of HATs curcumin 14, garcinol 15 and LTK-14 16.

Starting from garcinol 15, Mantelingu et al. developed analog LTK-14 16
(Figure 11.4), a specific inhibitor of p300-HAT. Contrary to the parent compound
garcinol, LTK-14 was found to be nontoxic to T cells. Interestingly, it inhibits histone
acetylation of HIV infected cells, repressing the replication of HIV in these cells.
SAR studies performed by these authors showed that the low toxicity of LTK-14 is due
to the introduction of a methyl group at the aromatic moiety of garcinol. The
alkylation of one of the two phenolic groups in garcinol prevents an oxidation to
ortho-quinones which causes lower toxicity. Furthermore, cyclization at the south-
east part of garcinol induces the specificity of LTK-14 towards p300 and inactivity
against PCAF, a member of the GNAT family. Microarray analysis showed that
inhibition of p300-mediated acetylation by LTK-14 down-regulates 118 genes and
up-regulates six genes. Further, derivative LTK-14 is able to inhibit HIV replication in
SupT1 cells by histone acetylation at the viral long-term repeat (LTR) promoter which
requires the virally encoded transactivator of transcription (Tat) to be activated, Tat
induces the association of p300 and the CBP with the LTR promoter [24, 25]. In the
light of the very recent discovery that the similar phloroglucinols like hyperforin and
aristoforin are potent inhibitors of the HDACs SIRT1 and SIRT2 [26], it is necessary
to investigate whether LTK-14 has similar properties [27].

11.3
Summary

In summary, during the past five years several inhibitors of HATs have been
developed and biologically investigated. They represent interesting tools in the
emerging area of epigenetics and may also find applications in experimental antiviral
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therapy, as well as in the study of processes like cancer, ageing, neurodegenerative
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Histone Methyltransferases as Novel Drug Targets
Manfred Jung

12.1
Introduction

The N-terminal tails of histone proteins are rich in arginine and lysine residues
and undergo various types of posttranslational modifications. There are small
modifications such as acetylation, methylation, phosphorylation but also the
attachment of larger peptide groups such as ubiquitinylation and sumoylation [1].
This has an impact on chromatin structure and subsequently on gene transcription
and the epigenetic maintenance of altered transcription after cell division [2].

Most data has accumulated on reversible histone acetylation. Acetylation levels
are regulated by histone acetyltransferases (HATs) and histone deacetylases
(HDAC:S) [3, 4]. Small molecule inhibitors of HDACs affect gene regulation but
also signal transduction via the hyperacetylation of nonhistone substrate proteins.
The HDAC inhibitor vorinostat is used as a drug for the treatment of cancer and
several other HDAC inhibitors are in clinical trials [5, 6]. Histone methyltrans-
ferases have emerged in just the past few years as potential therapeutic targets in
the epigenetic field and only a few inhibitors are available so far [7].

12.2
Protein Methylation

Histone methylation participates in the regulation of gene expression patterns. Unlike
histone acetylation, histone methylation does not alter the charge of the amino acid
and hence the histone tail. There are changes in the basicity and the hydrophobicity
which are relatively small when viewed at the scale of the histone but still influence the
affinity of the histone tails to certain proteins, for example transcription factors, which
in turn result in certain signaling events. The histone methyltransferases are usually
subdivided into three classes: SET domain lysine methyltransfeases, nonSET domain
lysine methyltransferases and arginine methyltransferases (PRMTs). All of them
utilize S-adenosylmethionine (SAM) as cosubstrate for the methylation reaction.
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In contrast to, for example HDACs, histone methyltransferases are regarded to be
highly site-specific [8-12]. First reports on a greater variety of nonhistone substrates for
the lysine methyltransferase G9a [13] indicate that the specificity might be somewhat
less restrictive than previously thought but still in histones mainly only one residue is
modified [14]. Histone tails can be mono-, di- or trimethylated on the e-amino group of
lysine residues and can be mono- or dimethylated on arginine residues with two
possible patterns of dimethylation (see below).

12.2.1
Arginine Methylation

PRMTs lead to the methylation of certain arginine residues in histones as depicted in
Table 12.1. They are not restricted to histone substrates but also catalyze the
methylation of other proteins that play a role in signal transduction and cell
proliferation [15]. Usually glycine—alanine-arginine patches (called GAR muotifs)

Table 12.1 Selected arginine methyltransferases and links to disease.

Enzyme Links to disease (examples) Major target site(s)”

Type I enzmyes (asymmetric dimethylation)
PRMT1 Coactivator of hormone H4R3, NAB2p, NPL3p,
receptor function [53] many others
Essential component of
the MLL oncogenic
transcriptional complex [58]

PRMT2 Coactivator for the androgen Catalytically inactive
receptor [57]

PRMT4 (CARM1) Involved in estrogen-driven H3R2, H3R17, H3R26
cell cycle progression in (and others);
breast cancer [83] CBP/p300R2142 [85]

Knockdown impedes
androgen receptor
signaling [56]

Aberrant expression in
prostate tumor cells [84]
Methylation of CBP
contributes to its
coactivation [19]

Type II enzymes (symmetric dimethylation)
PRMT5 Expression of tumor H3RS8, H4R3; MBD2 [86]
suppressor genes in
fibroblasts is hampered [60]
PRMT7 Downregulation sensitizes Not yet known
cancer cells to camptothecin
treatment [87)

“If no reference is cited, source is Ref. [46].
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are methylated except by CARM1 [16]. This subtype and PRMT5 show an affinity
towards proline-glycine-methionine-arginine sequences (called PGM motifs) [17]
but also other muotifs, for example RGG [18], are possible. In the latter case,
incubation of the Ewing sarcoma (EWS) protein in vitro with PRMT resulted in a
methylation of 27 arginine residues. Generally, it needs to be established which of
the in vitro results in terms of substrate sites actually plays a role in vivo. Nonhistone
protein methylation also has an impact on other epigenetic modulators because
arginine methylation of the histone acetyltransferase CBP by the enzyme CARM1
contributes to the coactivating effects of CBP [19]. An important group of
substrates for arginine methylation are the different proteins involved in RNA
maturation [17, 20]; and DNA repair is also affected [21]. The latter casts doubt
on the safety of PRMT inhibitors as potential drugs. It has been shown that the
function of the protein MRE 11 that is involved in DNA damage control is dependent
on arginine methylation [22]. A more detailed overview of PRMT substrates can be
found in other review articles, for example Ref. [23]. The arginine methylation status
of proteins is sensed by proteins with a so-called Tudor domain. These are bound by
methylated peptide sequences depending on the state and the pattern (asymmetric
vs symmetric) of methylation [17, 24]. The regulation of PRMT activity may occur via
PRMT-binding proteins or posttranslational modifications [16]. For example the
protein BTG1 [25] and the BTG1-binding protein hCAF1 [26] regulate PRMT1 activity
and phosphorylation of CARM1 decreases its activity [27].

12.2.2
Lysine Methylation

Lysine methyltransferases are usually also highly specific in terms of histone
methylation. The biological consequences of the histone methylation depend on
the target site where they occur. In the case of histones, methylation of K4, K36
and K79 on H3 are implicated in activation of transcription whereas methylation
on H3K9, H3K27 and H4K20 are considered repressive marks [14]. But such
posttranslational modifications may vary in their biological effect, depending on
the cellular context or neighboring modifications [28]. The construction of designed
histone modification patterns by means of protein ligation [29, 30] or chemical
modification [31] are therefore important tools for further dissection of the “histone
code” [32], which may actually be a “nucleosome code” [28]. Opposing effects of lysine
methylation are also observed in nonhistone proteins, as the monomethylation of p53
at K372 by the lysine methyltransferase Set9 leads to transcriptional activation [33]
and methylation on K370 by Smyd2 [34] or K382 by SET8 [35] inhibits transcriptional
activity of p53. Generally, much less is known about nonhistone protein lysine
methylation as compared to arginine methylation and as mentioned the tumor
suppressor protein p53 is the most prominent example [36]. Lately, additional
lysine methylation targets have been discovered by probing the specificity of the
methyltransferase G9a by peptide arrays and subsequent sequence searches [13].
The methylation of the viral tat protein indicates that diseases other than cancer may
also provide lysine methyltransferases as future drug targets [37].
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12.3
Histone Demethylation

The existence of a reversal of histone methylation was doubted for quite some time
but has lately been described. Mono- and dimethylated lysines are demethylated by
an amine oxidase type protein called LSD1 [38, 39]. Trimethylated lysine residues
can only be demethylated by oxygenating enzymes such as a group of proteins with a
so-called Jumanji (Jm]J) domain. These do not depend on presence of a electron pair
on the g-amino group of the lysine [40-43] like LSD1 does. The Jm] proteins can also
demethylate dimethylated lysines and it was discovered that JM]JD6 is also able to
reverse arginine methylation [44]. PADI4, an arginine deiminase, catalyzes the
conversion of unmethylated and to some extent monomethylated arginines to
citrullines [45]. A detailed overview over histone demethylation is the subject of
another chapter in this book.

12.4
Histone Methyltransferases

So far nine arginine methyltransferases [46] and more than 20 lysine methyltrans-
ferases [11] have been identified in humans. Many of them show links to cancer. We
discuss several of these subtypes below and an overview can be found in Tables 12.1
and 12.2. For lysine methyltransferases traditionally individual names have been
used for the various subtypes. Lately, a common nomenclature for chromatin
modifying enzymes has been proposed. For the human lysine methyltransferases
the name KMTs should be used in analogy to (P)RMTs and eight groups (KMT1-8)
with different subtypes suggested for some members [47]. But this nomenclature is
not used consistently even throughout the recent literature so we provide both names
if available in Table 12.2.

12.4.1
Arginine Methyltransferases

Protein arginine methylation is catalyzed by two classes of enzymes: type I
methyltransferases and type II methyltransferases (PRMTs). Type I enzymes lead
to the formation of asymmetric ®-Ng,Ng-dimethylarginines and Type II enzymes
maintain the formation of symmetric ®-Ng,Ng-dimethylarginine tails (Figure 12.1).
PRMTs 14, 6, 8 belong to the PRMTs of type I and PRMTs 5, 7, 9 are considered to
be type Il enzymes. Additionally, two putative PRMTs 10 and 11 have been found in
the genome but a clear demonstration of their ability to act as methyltransferases
needs yet to be established [46]. For PRMT7 opposing reports on its catalytic activity
exist. The exclusive formation of monomethylarginine has been described in
one report but it was also shown to be a type II enzyme when a different substrate
was used [48, 49]. For PRMTs 2 and 9 so far no enzymatic activity has been
monitored yet.
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Table 12.2 Selected lysine methyltransferases and links to cancer.

Enzyme Links to cancer (examples) Major target site(s)”

SUV39H1/2 (KMT1A/B) Protein overexpression in dietary H3K9
induced tumors [88]
Increased mRNA levels in colon
cancer samples [65]

G9a (KMTIC) Contributes to H3K9 dimethylation H3KO9; various non-
and is involved in suppressor gene histone proteins (e.g.
silencing [89] CDYL1, WIZ, CSB,

HDACI)

automethylation [13]
Knockdown inhibited cancer cell

growth [66]

Eu-HMTasel (KMT1D) Overexpression in gland tumors H3K9
cells [90]

SETDB1/ESET (KMT1E) Cooperation with DNA methyl- H3K9

transferase silencing of promotor
regions in tumor cells [91]

MLL1 (KMT2A) Mutations/rearrangements H3K4
observed in leukemogenesis [63]

MLL4 (KMT2D) Involvement in viral (hepatitis B) H3K4
liver carcinogenesis [92]

SMYD2 (KMT3C) Suppressor of p53 transcriptional H3K56, p53K370
activity [34]

SMYD3 Overexpression and enhanced breast

cancer cell growth [93]

Overexpression also in colorectal and
hepatocellular carcinoma [94]

DOTI1L (KMT4) Role in leukemogenesis [68] H3K79

SET8/PR-SET7 (KMT5A) Suppressor of p53-dependent H4K20, p53K372,
transcription [35] p53K382 [95]

MMSET Transcriptional corepressor, its H4K20 (H3K4) [67]

knockdown impedes myeloma
viability [67]

“If no reference is cited, source is Ref. [47].

PRMT1 provides the major source of arginine methylation in cells [50]. Like PRMT4
(CARM1) it is a coactivator of androgen and estrogen receptors [51, 52] and both
subtpyes therefore represent a potential target for an indirect antithormone therapy.
Consequently, PRMT1 inhibitors have been shown to block sexual hormone receptor
activation in reporter gene models [53, 54]. PRMT1 also methylates the estrogen
receptor which contributes to these effects [55]. CARM1 is overexpressed in hormone
dependent breast and prostate tumors and its knockdown impedes androgen receptor
signaling [56]. Despite its apparent lack of catalytic activity also PRMT2 has been
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Figure 12.1 Protein arginine methylation pathways.

shown to be a coactivator for the androgen receptor [57], so protein—protein interac-
tions should also be involved in coactivator functions of PRMTs. PRMT1 is a necessary
component for the oncogenic transformation caused by a mixed lineage leukemia
(MLL) complex and its knockdown-suppressed MLL-mediated transformation [58].
PRMT1 is not necessary for viability but was shown to be important for proper
differentiation during embryogenesis. Therefore, knockout mutant mice die in an
early embryonic stage [59]. PRMT5 methylates the same arginine as PRMT1 (H4R3)
but towards a symmetric and not an unsymmetric product. Therefore, the significance
of Western blot analyses targeted against H4R3 highly depends on the selectivity of the
antibody between those two closely related products. PRMT5 negatively regulates the
transcription of tumor suppressor genes in fibroblasts and maintains a tumorigenic
state [60], but PRMT5 overexpression leads to growth inhibition in cancer cell lines [46].
PRMT1 and PRMT?3 are overexpressed in myocardial tissue of patients with coronary
heart disease [61] and therefore may also be interesting targets for cardiovascular
indications. But PRMTS5 is required for proper myogenesis [62] which might be a
cause of side-effects for unselective PRMT inhibitors.

12.4.2
Lysine Methyltransferases

Lysine methyltransferases have been linked in various cases to the pathogenesis of
cancer. Examples can be found for KMTs that induce repressive marks as well as for
those that lead to an activating methylation pattern. Possible reasons for a disturbed
regulation of methylation may result in mutations of enzymes or overexpression in
cancer cells. An indication for a therapeutic benefit of potential inhibitors is often
derived from siRNA knockdown of the requisite isotype. Mutations of MLL1 for
example are thought to be responsible for various forms of acute leukemia [63].
Overexpression of EZH2 was linked to breast or prostate cancer [64] and increased
levels in human cancers have also been observed for G9a. Increased mRNA levels for
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the isotype SUV39H1 have been described in patients with primary colorectal can-
cer [65]. siRNA-mediated knockdown of G9a inhibited cell growth [66] and MMSET
knockdown was also effective in suppressing viability in myeloma cells [67]. The human
homolog of the yeast methyltransferase Dot1, hDOT1L, has been linked to cancer in
recent studies. Itinteracts with the protein AF10, which acts as a MLL fusion partner in
leukemia cells. Hypermethylation of H3K79 was observed in AF10-MLL cells. Again,
antisense knockdown of hDOT1L expression blocked cell proliferation [68].

125
Histone Methyltransferase Inhibitors

Various epigenetic targets have been investigated in drug discovery approaches.
So far only HDAC and DNA methyltransferase (DNMT) inhibitors are approved for
the treatment of human cancer or are currently investigated in clinical studies [69].
The search for histone methyltransferase inhibitors is far less developed.

Generally, for enzymes that involve a peptidic substrate and a cosubstrate (SAM),
competitive inhibitors can be found either among compounds mimicking either one
of these substrate or among ligands that bind to parts of both the peptide and the
cosubstrate pocket. For example, for kinases it is very common to use inhibitors that
compete for the binding of the cosubstate (ATP) and by addressing additional binding
regions selectivity may still be obtained [70]. For histone methyltransferases so far
only rather unselective analogs of SAM are available. Examples are methylthioade-
nosine, S-adenosyl-homocysteine (SAH) and sinefungin [71]. The latter is a SAM
analog from bacteria and is very unselective. Therefore, therapeutic applications of
such compounds are not very likely. Thus, as far as is known or can be deduced from
docking studies, the available specific histone methyltransferase inhibitors either
compete mostly with the protein substrate or are bisubstrate inhibitors.

In terms of strategy, all available druglike histone methyltransferase inhibitors
were discovered by screening approaches, or were derived from such screening
hits subsequently by chemical synthesis. Either the screening campaigns were
performed as random screening projects or an enrichment by means of virtual
screening was performed initially.

12.5.1
Arginine Methyltransferase Inhibitors

The first inhibitors of arginine methyltransferases were found in 2004 [53]. Random
screening of 9000 compounds was performed with the yeast enzyme Hmt1p and the
nonhistone protein substrate Npl3. Nine compounds with activity in the low
micromolar region were identified and subsequently tested against human PRMT1.
The inhibitors, called arginine methyltransferase inhibitors (AMIs), were not
selective versus PRMT3, 4, 6; but two compounds, called AMI-1 and -6, were selective
in vitro against several lysine methyltransferases (Suv39H1, Suv39H2, SET7/9,
DOT1; Figure 12.2). AMI-1, but not -6, showed an in vivo effect on the methylation
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of Npl3 and also an inhibitory effect on the activation of estrogen and androgen
receptors [53]. Eosin (AMI-5; Figure 12.2), for example, is an unselective histone
methyltransferase inhibitor. The in vitro results for some of the AMIs have not been
verified in cell culture and caution is warranted for some of them, for example AMI-2
and -9, contain partial structures of well known promiscous enzyme inhibitors that
act in vitro by aggregation or precipitation [72].

Later, AMI-5 was used as a lead compound in the design of new inhibitors. Initial
structure activity studies were presented with compound 6e showing the best
activity [73] (Figure 12.3). The lead structure was further modified and simplified
to curcumin-like scaffolds with bromo- or dibromophenol substructures. For
example, compound 4b showed an ICs, value of 14uM against the Aspergillus
homolog of PMRT1 that is called RmtA [74]. 4b also inhibited CARM1 and SET7.
Compound 8e from this paper was selective at 100 uM for CARM1 over PRMT1. As
curcumin is known to be a HAT inhibitor [75] and the dibromophenol GW5074
shows sirtuin inhibitory properties [76], the new PRMT inhibitors were also tested
against these targets. Indeed, inhibition of HAT and sirtuin activity was also observed
for several compounds in vitro. But whereas cellular histone hypomethylation was
demonstrated for some of the inhibitors, itis unclear yet whether an effect on cellular
protein acetylation occurs in the same range of concentration. Compound 7b
(Figure 12.3) was optimized from the high-throughput screening hit 1 (Figure 12.2)
into a potent selective inhibitor of CARM1 [77].

Our group presented the first target-based approach to inhibitors of histone
arginine methyltransferase in 2007. A hPRMT1 homology model was created as a
basis for a virtual screening of compound libraries. The screening procedure was set
up in a way so that we were selecting potential ligands for the arginine and not for the
cosubstrate binding site. Manual inspection of the screening hits for binding to an
active site glutamate led to a subset of the NCI diversity set of about 40 compounds
which were chosen for in vitro testing. The procedure resulted in seven compounds
with ICsq values below 55 uM. Two inhibitors, stilbamidine and a compound we
called allantodapsone, also induced hypomethylation at the PRMT1 target H4R3 in
HepG2 cells. Additionally, kinetic studies were performed and both compounds were
found to be competitive with regard to the histone substrate. Selectivity studies with
SET7/9 revealed that allantodapsone also processed an inhibitory effect in vitro
towards this enzyme. Both inhibitors showed a dose-dependent block of the activa-
tion of the estrogen receptor by estradiol in a reporter gene model in MCF7a cells [54].

As an alternative strategy we performed a fragment-based virtual screening looking
for molecules with inhibitory properties and a molecular weight below 200 g/mol. We
discovered an a-methylthioglycolic amide that inhibited PRMT1 but lacked chemical
stability and did not have a druglike structure. As a consequence, by means of a
similarity search, compounds which posessed this o-methylthioglycolic amide
substructure were identified and tested against RmtA and PRMT1. This resulted in
the finding of a compound (RM65; see Figure 12.2) that inhibited both the Aspergillus
and the human enzyme with equal strength. In contrast, the original lead compound
showed a pronounced selectivity for the fungal enzyme. RM65 was selective for
arginine methyltransferases as compared to its action on SET7/9. Again, a cellular
hypomethylation could be observed in HepG2 cells. Although we had started with a
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synthetic variation of screening hits (ICsq values in brackets; if no
enzyme is mentioned, against hPRMT1).

fragment that binds to the arginine binding site, docking showed that the inhibitor
RM65 most likely acts as a bisubstrate mimic that targets both the histone and the
cosubstrate binding site [78]. In both studies, docking of all members of the virtual
libraries was performed. This was only possible due to the limited size of thelibraries in
question (2000-6000). For virtual screening of a larger database (Chembridge,
~330000 compounds) we prefiltered the library with a simple pharmacophore and
the resulting sublibrary with about 6000 members was then used for the docking
procedures (see Chapter 3 inthis book for further details). These effortsled toadditional
new lead structures with PRMT1 inhibition down to 13 uM (Figure 12.2) [79].

As an alternative approach an adenosine-derived mustard was developed as a
PRMT inhibitor by a strategy that was based on the mechanism of the enzyme. This
compound is an alkylating agent which is covalently attached to a peptide substrate
only upon incubation with PRMT1 [80]. It is not very druglike and is more of a
chemical tool.

12.5.2
Lysine Methyltransferase Inhibitors

For lysine methyltransferases few specific inhibitors have been reported so far and all
were discovered by random screening procedures. The first inhibitor that was
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discovered is the fungal mycotoxin chaetocin (Figure 12.4). It inhibits the histone
methyltransferase Su(var)3-9 from Drosophila melanogaster with an ICs, of 0.8 UM.
Inhibition of G9a is also observed (ICsq 2.5 uM), whereas the lysine methyltrans-
ferases EZH2 and SET7/9 were not inhibited below 90 pM. Chaetocin also inhibited
hSu(var)3-9 in cells and cytotoxic effects were observed [81].

The compound BIX-01294 was identified as an inhibitor of G9a in the low
micromolar region and a selectivity against SUV39H1 and PRMT1 was shown.
BIX-01294 also showed a reduction of the methylation levels of H3K9 dimethylation.
Known sites of other lysine methyltransferases like H3K27 or H4K20 were not
affected. In the same study dual inhibitors of arginine and lysine methyltransferases
like BIX-01338 were reported [82].
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12.6
Concluding Remarks

Although the field of histone methyltransferase inhibitors is still in its infancy in
terms of drug discovery, a lot of knowledge in terms of their biological roles has been
acquired. Test systems for in vitro and in vivo evaluation are available and model
approaches have been presented already that led to inhibitors of these enzymes with
promising cellular activity. Therefore, a dynamic development of the field can be
expected which hopefully will lead to clinical candidates in the upcoming years.
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13
Histone Demethylases"

Rasmus P. Clausen, Marianne T. Pedersen, and Kristian Helin

13.1
Introduction

Regulation of gene expression is a dynamic process during which several different
histone residues are covalently modified to affect the ability of RNA polymerase to
access the transcriptional start site. Thus, histone modifications such as methylation
are believed to constitute important regulatory marks involved in the control of gene
transcription. Strict regulation of gene expression patterns is crucial during devel-
opment and differentiation, and in these processes histone-modifying enzymes play
a central role. In recent years, enzymes catalyzing histone modifications have
attracted much interest as potential drug targets. This has been stimulated by several
results showing deregulated expression of these enzymes in human diseases such as
cancer [1-4].

13.2
Chromatin

The genetic information of all eukaryotic organisms — the DNA - is wrapped
around histone proteins forming an organized structure called chromatin. Histones,
especially their flexible tails extending from the nucleosomal core, are subjected to a
number of posttranslational modifications. These include methylation of lysine (K)
and arginine (R) residues, acetylation of lysines and phosphorylation of serines and
threonines. Whereas histone acetylation generally is linked to gene activation,
arginine and lysine methylation can lead to either activation or deactivation depend-
ing on the methylation state, the position of the methylation site at the histone and the
context in which the mark is found. In general, methylation of H3K4, H3K36 and
H3K79 are found in regions with transcriptional activity, whereas H3K9me2/me3,
H4K20me3 and H3K27me2/me3 are associated with transcriptionally silenced
chromatin [1-4].

1) RPC and MTP contributed equally to this chapter.
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In current models for transcriptional regulation, covalent modifications of
histones influence transcriptional competence by establishing a local environment,
that is open or closed chromatin, regulating accessibility of the DNA. Unlike histone
acetylation, methylation does not affect the net charge of the affected residue and
is not believed to affect DNA-histone interactions per se. Histone modifications
are suggested to be part of a “code” that is read by proteins via specific binding
domains and in this way translated into a functional signal. Thus, histone methyla-
tion can prepare genes for either transcriptional activation or repression depending
on the effector proteins that are recruited [1-4].

13.3
Histone Methylation and Demethylation

The histone proteins can be N-methylated sequentially, introducing up to two methyl
groups atarginines and up to three methyl groups atlysines, as can be seen in a crystal
structure of trimethyllysine 4 and dimethylarginine 2 at histone H3 (H3K4me3 and
H3R2me?2; Figure 13.1) [5]. These reactions are catalyzed by specific histone methyl
transferases (HMTs) with the methylating agent S-adenosyl-L-methionine (1) as the
methyl group donor (see Chapter 12). Dimethylation of arginines can lead to both
asymmetric and symmetric methylation since two of the three nitrogens in the
guanidinium group can be methylated (Figure 13.2).

Our current knowledge regarding histone methylation stems in large part from the
study of histone methyltransferases. Several of these enzymes are essential for
development, with deregulated expression being linked to human disorders such as
cancer [4]. Whereas proteins responsible for methylation of histones have been
known for almost a decade, enzymes with histone demethylase activity (HDM) have
only recently been discovered. Here we summarize our current knowledge regarding
histone demethylases with a focus on the demethylation mechanisms, potential roles

(a) (b)
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' 4
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Figure13.1 (a) Trimethyllysine 4 and dimethylarginine 2 at histone
H3 from X-ray structure [4]. (b) Chemical structure of the
methylating agent S-adenosyl-L-methionine.
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Figure 13.2 (a) Sequential methylation and demethylation of
lysines catalyzed by histone methyl transferases (HMTs) and
histone demethylases (HDMs), respectively. (b) Sequential
methylation and demethylation of arginines catalyzed by HMTs
and HDMs, respectively, leading to symmetric and asymmetric
dimethylarginines.

in development and disease as well as the possibilities of developing specific
inhibitors as pharmacological tools and therapeutic agents.

13.4
Histone Demethylases

As stated above, the first histone demethylases have been identified only recently.
Although, peptidylarginine deaminase results in demethylation of the histone the
products are citrulline and methylamine and not arginine [6, 7]. Thus, it is not a true
demethylase catalyzing the reverse reaction of the HMTs. A purified enzyme capable
of demethylating mono- and dimethylated lysine was first described in 1964 [8].
Detection of enzymic demethylation of methylated histone was reported in 1973,
however no single protein performing the reaction was isolated [9, 10]. Nevertheless,
until recently it was speculated whether methylation was a direct reversible process at
all[11]. In 2004, Shi and co-workers discovered the first true demethylase specifically
demethylating histone H3 at lysine 4 (H3K4) and termed it lysine-specific demethy-
lase-1 (LSD1), providing strong evidence for a dynamic regulation of histone
methylation [12]. It had already been suggested that demethylases were amine
oxidases, based on the notion that a broad class of compounds are substrates for
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Figure 13.3 (a) Mechanism for demethylation catalyzed by LSD1.
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amine oxidases [11]. The discovery was spurred by several reports noting that
formaldehyde was produced in this process, suggesting an oxygenation reaction
catalyzed by an oxygenase/hydroxylase or a dehydrogenation reaction by an amine
oxidase. Dehydrogenation of the methyl amino group yields a methyl imino
group that hydrolyzes to an instable hemiaminal followed by release of formaldehyde
(Figure 13.3), whereas oxygenation forms the hemiaminal directly from the
methyl amino group. The sequence homology with FAD-dependent amine oxidases
and a strong indication of a transcriptional role suggested that the LSD1 gene could
code for a demethylase. The characterization of LSD1 showed that histone demeth-
ylation indeed could occur via dehydrogenation.

Two years later it was shown that demethylation could also occur as a result of an
oxygenation reaction with the purification of a novel JmjC domain-containing
protein, termed JHDMI, that specifically demethylates histone H3 at lysine
36 (H3K36) in the presence of Fe(Il) and o-ketoglutarate [13]. The discovery
was inspired by studies demonstrating that the methyl groups of 1-methyladenine
(1-meA) and 3-methylcytosine (3-meC) in DNA can be removed by the AlkB family
of proteins via Fe(II) and o-ketoglutarate-dependent hydroxylation [14, 15]. In the
same year several other oxygenases from the same family were reported to catalyze
histone lysine demethylation [16-21].

Interestingly, since the expression levels of several of these demethylases
are increased in primary tumors (Table 13.1) and it is speculated that the demethy-
lases contribute to tumor formation and maintenance, they present strong candidate
drug targets.
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Table 13.1 Potential drug targets.

Name Evidence for oncogenic potential

LSD1 e Overexpressed in prostate cancers correlating with relapse during therapy.
o Depletion impairs androgen-dependent proliferation of a prostate cancer cell line.

FBXL10 e Overexpressed in lymphomas and mammary adenocarcinomas.
FBXL11 o Inhibit replicative senescence in MEFs.

JMJD2A e JMJD2C is amplified in esophageal squamous carcinomas and in desmoblastic
JMJD2B medulloblastomas.

¢ JMJD2A, JMJD2B and JMJD2C are overexpressed in prostate cancers.
JMJD2C e Depletion of JMJD2C inhibits proliferation of various cancer cell lines.

JARID1B  oJARIDI1B is overexpressed in breast and prostate cancers and JARID1C in prostate
JARID1C cancers.
o Depletion of JARID1B inhibits proliferation of breast cancer cell lines and tumor
growth in a syngeneic mouse mammary tumor model.

Note that some enzymes have important roles in nontransformed cells and/or tumor-suppressive
activities. See text for details and references.

13.5
LSD1/KDM1

LSD1 (synonyms include AOF2, BHC110, p110b, KDM1) was the first histone
demethylase to be isolated and characterized. LSD1 is a FAD-dependent amine
oxidase that specifically demethylates H3K4 at histone substrates in vitro [12].
Like other FAD-dependent amine oxidase, LSD1 oxidizes the lysine methyl ammoni-
um group by catalyzing the overall transfer of hydrogen from the methyl amino group
to FAD (2), generating a methyliminium ion (3, Figure 13.3). Two mechanisms have
been proposed for this oxidation step: a single-electron transfer (SET) and a polar
nucleophilic covalent mechanism; however no definitive evidence for either mecha-
nism has been disclosed [22, 23]. Both mechanisms involve a free lone pair on nitrogen
offering a chemical explanation for the specificity for mono- and dimethylated lysine,
since trimethylated lysines do not have a free lone pair. It has been shown that a
trimethylated H3K4 peptide acts as a competitive inhibitor, which supports the
argument that the trimethylated peptide readily binds in the active site but cannot
be converted [24]. The generated methyliminium ion spontaneously hydrolyzes to
formaldehyde and a demethylated lysine residue via an unstable hemiaminal (4).
LSD1 was initially demonstrated to demethylate H3K4me1l/me2 as a component
of the COREST/Rcor1 co-repressor complex. In agreement with methylation of H3K4
being linked to activation of transcription, demethylation by LSD1 is associated
with repression of CoREST target genes including neuronal genes in nonneuronal
cells [12]. The catalytic activity is influenced by the other protein partners in the
complex [24,25]. Later, LSD1 was reported to be a co-activator for the androgen
receptor (AR). The AR appears to change the specificity of LSD1 from H3K4 to H3K9,
which activates the transcription of AR target genes [26]. Furthermore, evidence was
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recently provided that LSD1 demethylates the p53 tumor suppressor protein, thereby
repressing transcriptional activity and the induction of apoptosis [27].

Several studies link LSD1 to both gene activation and repression programs
working in concert with other co-activators and co-repressors. Among the transcrip-
tion factors reported to interact with LSD1 are ERo, GFI1 and GFI1B, all suggested to
have important roles in development and oncogenesis [28,29]. LSD1 is essential
for mouse development [30]; and deletion of the Drosophila homolog reduces viability
and results in sterility and abnormal ovary development [31]. Specific deletion of
Lsd1 in the mouse pituitary demonstrated that LSD1 is required for late cell lineage
determination [30], while depletion of LSD1 was found to either impair or promote
differentiation of mammalian hematopoietic lineages in vitro [29]. Interestingly,
LSD1 is downregulated in vascular smooth muscle cells derived from db/db mice,
a mouse model for type 2 diabetes. The decreased levels of LSD1 could be linked to
enhanced expression of inflammatory genes and to subsequent proatherogenic
responses. These findings implicate dysregulation of LSD1 in vascular inflammation
and diabetic complications [32].

Currently, LSD1 is considered to be an interesting target for anticancer thera-
pies [33]. LSD1 is overexpressed in prostate cancers correlating with an aggressive
biology; and downregulation of LSD1 impairs androgen stimulated proliferation
of prostate cancer cells [26, 34].

Ten structures of LSD1 have been released so far [35-40]. Importantly, some
of these contain inhibitors of LSD1. These reports suggest how the histone is
recognized and how inhibitors may be designed.

13.5.1
Inhibitors of LSD1

Several potent inhibitors of LSD1 have already been reported. The mechanism
for demethylation by LSD1 via a redox reaction catalyzed by FAD suggests that it is
target for mechanism-based or suicide inactivators. This class of enzyme inhibitors
is relatively inert until it is processed by the target enzyme resulting in covalent
modification of residues or cofactors in the active site. Suicide inactivators may
display high specificity and irreversible inhibition of the inactivated enzyme, so that
the recovery of catalyst function requires de novo protein synthesis [41]. Several
suicide inactivators have been developed for the monoamine oxidases MAO-A and
MAO-B that has close homology to LSD1. Propargyl- and cyclopropylamine contain-
ing inhibitors are oxidized by the MAOs to generate electrophilic and radical
species that covalently modify these enzymes [42]. They are used therapeutically in
the treatment of cardiovascular and neuropsychiatric diseases and two of them,
pargyline (5; Figure 13.4) and tranylcypromine (6) are also reported to inhibit
LSD1 [26, 39, 43, 44]. Pargyline inhibits the demethylation of H3K9 by LSD1 and
consequently blocks AR-dependent transcription [26]. The mechanism of LSD1
inactivation by 6 has been studied using kinetic and structural approaches. Radical
ring opening of the cyclopropyl group has been proposed; however, differential
adduct formation involves either C4a or N5 attack of the flavin on the radical
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species [37, 39, 44]. Compound (6) shows a K; of 500 uM and a kipac of 0.67 min ™,
which is fast compared to the substrate turnover ke, of 3-3.5 min™* of LSD1 and
7min " for the LSD1/CoREST complex.

Several analogs of a 21-amino-acid peptide of the H3 tail (7; Figure 13.4) have been
shown to be inhibitors. Thus, the peptide consisting of the first 21 amino acids of H3
but with K4 exchanged for a methionine (8) is a potent inhibitor of LSD1 with a
K;=0.05uM [36]. The wild-type peptide has a K;=1.8 uM [45]. Truncation signifi-
cantly reduces the affinity. N-Propargyl substitution of the distal amino group of K4
(9) and K4mel (9) in the 21-amino-acid H3 peptide leads to potent suicide inactivators
with K;ranging from 0.1 t0 0.6 uM and ki, 0f 0.25 min~"'[39, 46, 47]. In contrast, the
N-aziridine-modified H3K4 (11) is a reversible rather than time-dependent inhibitor
of LSD1 [46, 47]. Covalent bond formation by the H3-propargylamines to N5 in FAD
in LSD1 occurs as demonstrated by NMR spectrometry. To capture the structure of
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the inactivated LSD1 using X-ray crystallography, the H3-propargyl inactivated
enzyme was reacted with sodium borohydride to reduce the linker double bonds
before crystallization. This structure revealed the potential basis for K4 selectivity —
the structure involved a series of three gamma turns over the first seven H3 amino
acid residues [39]. It is possible that seven-membered ring gamma turn mimics may
offer a new direction in designing LSD1 inhibitors [48]. Based on the considerable
homology LSD1 shares with FAD-dependent polyamine oxidases, including
spermine oxidase (SMO/PAOh1) and the fact that guanidines have been shown to
inhibit both SMO/PAOh1 and other polyamine oxidases, a number of biguanide and
bisguanidine polyamine analogs were tested as inhibitors of LSD1. Two of these (12,
13) were potent inhibitors of LSD1 and displayed noncompetitive kinetics [49].

Since there are no proteins with extensive homology to LSD1 and the catalytic site is
not very conserved amongst amine oxidases [40], it should be possible to exploit these
differences, when developing an inhibitor of LSD1. Thus, even though the inhibitors
described so far appear nonselective, it appears likely that elaborating the scaffold of
the suicide inhibitors will lead to the development of selective inhibitors. It is difficult
to assess whether the inhibitory peptides described are selective. But, the low affinity of
the peptides towards LSD1 despite a relatively high number of amino acids suggests
that these sequences can be improved and it is likely that shorter sequences, modified
peptides or peptidomimetic compounds with higher affinity could lead to smaller
molecules mimicking the histone tail, as seen for other targets [50].

13.6
JmjC Domain-Containing Demethylases

The jumonji protein family is characterized by the presence of the conserved
JmjC domain that was first identified in the jumonji protein (JARID2). Jumonji
means cruciform in Japanese and the gene was so named because mice with a
genetrap inserted in the Jumonji locus develop an abnormal cross-like neural
tube [51]. There are 27 different JmjC domain proteins (Figure 13.5) within the
human genome, of which 15 so far have been published to demethylate specific
lysines or arginines in the H3 tail.

Demethylation likely occurs via the same mechanism as for other Fe(Il)
and o-ketoglutarate-dependent hydroxylases established from crystallographic,
spectroscopic and isotope incorporation studies [52]. As shown in Figure 13.6A,
Fe is co-ordinated by water molecules, two histidines and a glutamate residue.
These residues are highly conserved within the family of Fe(II) and o-ketoglutarate
dependent hydroxylases, except that glutamate is exchanged for aspartate in
some hydroxylases. Initially, two water molecules are exchanged for a-ketoglutarate
(step I) and then the methylated lysine residue on the histone enters the active site.
This intermediate step is visualized in a crystal structure of JMJ2DA containing
Ni instead of Fe (Figure 13.6B) [53]. Water is replaced by oxygen (steps IL, III). From
this step less is known about the details of the mechanism, but presumably,
an electron transfer from Fe to oxygen results in a reactive peroxide that can attack
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o-ketoglutarate (step IV, V). This is followed by insertion of an oxygen atom into the
C1-C2 carbon—carbon bond of a-ketoglutarate leading to a carbonate—succinate
mixed anhydride bound to an Fe(III)-hydroxyl radical anion (step VI). The activated
oxygen species positioned near the substrate abstracts a hydrogen atom and forms
a substrate radical plus an Fe(III)-hydroxide species (step VII). Subsequent recom-
bination results in hydroxylated substrate and restores the Fe(II) form of the enzyme
(step VIII). Finally, the products are exchanged by water molecules, leading to the
starting species (step IX).

13.6.1
The FBXL/KDM2 Cluster

As mentioned above, the first JmjC domain containing demethylase described was
FBXL11/JHDM1A/KDM2A, which catalyzes the demethylation of H3K36me2/
mel [13]. While the closely related protein FBXL10/JHDM1B/KDM2B initially
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was reported also to be a H3K36 demethylase [13], a later study suggested it to be
associated with H3K4me3 demethylase activity [54]. Intriguingly, insertional mu-
tagenesis studies in rodents identified FBXL10 as both a potential tumor suppressor
gene [55] and — along with FBXL11 — as a putative proto-oncogene [56]. The
oncogenic potential of FBXL10 could be linked to the finding that FBXL10 —
dependent on the JmjC domain — inhibits replicative growth arrest (senescense) in
mouse embryonic fibroblasts [56]. However, FBXL10 was also demonstrated to
negatively regulate proliferation of Hela cervical carcinoma cells correlating with
demethylase-dependent repression of ribosomal RNA genes [54]. Further indicat-
ing diverse roles for FBXL10 in tumorigenesis, depletion of FBXL10 is associated
with spontaneous mutagenesis [55] and FBXL10 has been shown to act as a
repressor of the proto-oncogene c-Jun [57] and to be part of a co-repressor complex
recruited by BCL6 — a transcription factor commonly translocated in lympho-
mas [58]. A role for the demethylase activity of FBXL10 in these contexts has so far
not been described.

Taken together, the various observations suggest that FBXL10 has context-depen-
dent pro- and anti-oncogenic activities. In line with this, FBXL10 expression was
reported to be significantly decreased in human glioblastomas relative to normal
brain tissue [54], while FBXL10 was found to be overexpressed in lymphomas and
mammary adenocarcinomas [56].

13.6.2
The JMJD1/KDM3 Cluster

The JMJD1 or KDM3 cluster has three members in mammalian cells: JMJD1A/
TSGA/JHDM2A/KDM3A, JMJD1B/JHDM2B/KDM3B and JMJD1C/TRIP8/
JHDM2C/KDM3C. Of these, JMJD1A was shown to be a H3K9me2 /mel specific
demethylase [20], while the demethylase activity of the other family members
has not been published.

JMJD1A is highly expressed during spermiogenesis, and male [mjdla
genetrap mice are infertile. This defect has been linked to JMJD1A removing
repressive H3K9 marks from key genes involved in the final stages of sperm
chromatin condensation and maturation. The phenotype of the Jmjdla genetrap
mice is similar to those observed in human syndromes such as azoospermia or
globozospermia, indicating that JMJD1A could be involved in these infertility
syndromes [59]. While no other defects were reported for the Jmjd1a genetrap mice,
JMJD1A was implicated in the regulation of gene expression in smooth muscle cells
and embryonic stem (ES) cells and further found to play an important role for ES cell
self-renewal in vitro [60, 61]. Interestingly, JMJD1A was also demonstrated to interact
with AR stimulating androgen dependent transcription in prostate cancer cells [20].
Although, no specific role for JMJD1A was demonstrated in human tumors, these
results could imply that JMJD1A might be an interesting target for the treatment of
androgen-dependent prostate cancers.

The other two JMJD1 family members are largely uncharacterized. A splice variant
of JMJD1C is also suggested to be a co-activator for nuclear receptors including AR
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and reduced expression of this splice variant observed in breast cancer tissues [62].
Interestingly, human JMJD1B is located in a chromosomal area that is often deleted
in malignant myeloid leukemias and myelodysplasias; and ectopic expression of
JMJD1B has been shown to suppress clonogenic growth of a myelodysplastic cell
line [63].

13.6.3
The JM)D2/KDM4 Cluster

There are four members of the JMJD2 cluster: JMJD2A/JHDM3A/KDM4A,
JMJD2B/JHDM3B/KDM4B, JMJD2C/GASC1/JHDM3C/KDM4C and JMJD2D/
JHDM3D/KDM4D. The JMJD2 proteins have demethylase activity towards
H3K9me3/me2 and H3K36me3/me2 [17-19, 21]. The dual specificity means that
many different functions could be envisioned for the JMJD2 proteins, but so far their
cellular roles are largely uncharacterized.

Depletion of the JMJD2 homolog in Caenorhabditis elegans leads to alterations in
both H3K9 and H3K36 trimethylation levels and causes germ cell apoptosis with
altered progression of meiotic DNA double-stranded break repair [19]. Whether the
observed phenotype is caused by deregulation of target genes or mediated through
global effects on chromatin condensation is so far not known. In mammalian cells,
forced expression of JMJD2 proteins can affect heterochromatic architecture and in
this way potentially influence genomic stability [17, 18, 21].

While JMDJ2A initially was implicated in the repression of gene expression
[18, 64], JMJD2C has been linked to gene activation correlating with H3K9 demeth-
ylation. Like other demethylases, J]MJD2C was found to be a co-activator for AR and to
play an important role for ES cell self-renewal in vitro through regulation of key target
genes [67, 61].

Several lines of evidence suggest that members of the J]MJD2 family could be
involved in malignant transformation. JMJD2C was identified as a gene amplified in
esophageal squamous carcinomas [65]. It is also amplified in some desmoblastic
medulloblastomas [66] and expression levels of JMJD2A, JMJD2B, and JMJD2C
are elevated in prostate cancers compared to normal tissues [17, 67]. Importantly,
downregulation of JMJD2C inhibits proliferation of esophageal and osteosarcoma
celllines and androgen-stimulated growth of prostate cancer cells [17, 67]. The JM]D2
proteins therefore represent interesting drug targets for cancer treatments.

Several structures of the JMJD2A have been released, some in complex with
histone tail peptides and/or inhibitors [16, 53, 68-71]

13.6.4
The JARID1/KDMS5 Cluster

The JARID1 family is constituted by JARID1A/KDM5A/RBP2, JARID1B/PLU-1/
KDM5B, JARID1C/SMCX/KDM5C and JARID1D/SMCY/KDM5D. The JARID1
proteins have demethylase activity towards H3K4me3/me2 linking them to tran-
scriptional repression [72-77].
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JARID1A was identified through its ability to bind the tumor suppressor protein
pRB, a key regulator of cell cycle progression, apoptosis and cellular differentia-
tion [78, 79]. A complex interplay between JARID1A and pRB has been suggested
with JARID1A stimulating transcription of some pRB target genes through unknown
mechanisms [80]. Interestingly, among the identified JARID1A interaction
partners are components of the polycomb repressive complex 2 (PRC2) [81]. PRC2
harbors H3K27me3 methyltransferase activity and is critically involved in the
regulation of cell fate decisions during embryogenesis. Along with PRC2, JARID1A
was demonstrated to regulate and repress a number of developmentally important
target genes in ES cells during proliferation and differentiation leading to co-
ordinated effects on H3K4 and H3K27 methylation [72, 81].

In agreement with JARID1A playing an important role in differentiation, depletion
of JARID1A can cause growth arrest and promote differentiation in various cell
lines [80]. However, Jarid1a— /— mice are viable and display only minor defects in the
hematopoietic system that could be linked to derepression of JARIDIA cytokine
target genes [74]. This might reflect redundancy in the functions of mammalian
JARID1 proteins. A C. elegans line expressing a mutant version of the only Jarid1
homolog shows defects in vulva formation [72] and mutation of the Drosophila
homolog, Lid, is fatal [82]. Interestingly, Lid was found to be a co-activator for the
Drosophila homolog of the oncoprotein MYC being required for dMyc-induced cell
growth. dMyc was shown to inhibit the demethylase activity of Lid; and an interaction
between MYC and the mammalian JARIDIA and JARIDIB has also been
suggested [83].

JARID1B displays a restricted expression pattern. It is dynamically expressed
during development, but in adult tissues high expression levels are largely
confined to testis [84, 85]. Overexpression of JARID1B affects proliferation and
inhibits differentiation of ES cells [86] and JARID1B has been reported to interact
with the developmental transcription factors and oncoproteins, brain factor-1 (BF-1)
and paired box 9 (PAX9) [87]. Importantly, JARID1B is linked to malignant transfor-
mation. High levels of JARID1B expression are found in breast and prostate
cancers [84, 88]. Correlating with derepression of cell cycle control genes, depletion
of JARID1B inhibits the proliferation of breast cancer cell lines as well as tumor
growth in a syngeneic mouse mammary tumor model [77]. JARID1B therefore
appears to be an interesting target for the development of anticancer therapy.
Surprisingly, however, a splice-variant of JARID1B demonstrates a progressive
downregulation in advanced and metastatic melanomas [89].

The JARIDIC and JARID1D genes are located on the X and Y chromosomes,
respectively, with JARID1C escaping X-inactivation [90]. While JARID1C has been
reported to be overexpressed in prostate tumors and seminomas [91], JARID1C
has mostly been studied in relation to neurological disorders. Missense mutations
in JARIDIC are very frequently found in patients with X-linked mental
retardation [92] and, notably, such mutations have been demonstrated to reduce
the cellular demethylase activity of JARID1C [73, 76]. In addition several lines
of evidence link JARID1C to neuronal development. JARIDIC was found in
complex with REST regulating genes implicated in neurological disorders [76]
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and downregulation of JARIDIC in rat granule neurons was demonstrated to
impair dendritic morphogenesis [73]. In zebrafish depletion of the JARID1C
homolog was shown to cause brain-patterning defects and significant neuronal cell
death [73].

JARID1D —the least characterized JARID1 protein — was described to interact with
Ring6a, a polycomb-like protein regulating expression of a polycomb target gene [75].
This could suggest overlapping functions between JARID1A and JARID1D.

13.6.5
The UTX/)MJD3 (KDM6) Cluster

The KDM6 cluster consists of UTX/KDM6A, UTY and JMJD3/KDM6B. Whereas
UTX and JM]D3 are histone demethylases specific for H3K27me3/me2 and in this
way linked to transcriptional activation, no activity has so far been reported for
UTY [98, 93-95].

UTX is located on the X chromosome and escapes X-inactivation [96]. Several
studies have demonstrated UTX as part of multiprotein complexes containing H3K4
methyltransferase activity [98, 97]. This is analogous to the interaction between
JARID1A and PRC2. Indeed UTX and H3K4 methyltransferases have been found
to de-repress polycomb target genes during differentiation [98, 93, 95]. A similar
role has been suggested for JMJD3 [94]. These findings underscore the importance of
co-ordinated regulation of H3K4 and H3K27 methylation during development.

Unlike UTX, JM]JD3 is highly regulated at the transcriptional level. In macro-
phages, JMJD3 is induced by inflammatory stimuli [94], while JM]D3 is transiently
expressed during differentiation of stem cells down the neuronal lineage [99].
Correlating with target gene regulation, functional studies have implicated JMJD3
in neuronal commitment and keratinocyte differentiation [99, 100].

In agreement with UTX and JM]JD3 playing key roles in differentiation, deletion
of one of the three C. elegans JMJD3 homologs causes abnormal gonadal
development [93], while depletion of UTX homologs in zebrafish affects posterior
development [95]. Importantly, UTX shows decreased expression in various human
malignancies, while the gene encoding JMJD3 is located next to the p53 tumor
suppressor locus and thus commonly deleted in cancers [3].

13.6.6
Inhibitors of JmjC Domain-Containing Demethylases

Since JmjC domain-containing demethylases have only recently been discovered,
only very few inhibitors have been reported and those reported are already known
to inhibit other Fe(Il)- and o-ketoglutarate-dependent hydroxylases. Thus, oxalyl
glycine (Figure 13.7) is a very well established inhibitor of Fe(II)- and a-ketoglutarate-
dependent hydroxylases. A crystal structure has been deposited containing
2,4-pyridine dicarboxylic acid and JMJD2A. This compound was previously shown
to inhibit other hydroxylases [53, 101-103]. Very recently, a publication appeared
during the revision of this chapter describing several useful scaffolds with low activity
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Figure 13.7 Chemical structures of JMJ2DA inhibitors.

at JMJD2E [104]. Elaboration on these structures may provide selective inhibitors.
It is likely that selective inhibitors may be designed following the design strategies
used for development of selective inhibitors of histone deacetylases. These inhibitors
often consist of a metal-binding “warhead”, a lipophilic stretch imitating the
hydrophobic part of lysine and capped with a moiety inducing selectivity. Further-
more, it may be expected that many of the inhibitors consisting mainly of the metal-
binding part may suffer from lack of selectivity.

13.7
Summary

Since the discovery of the first histone demethylase in 2004, a number of demethy-
lases have been identified and implicated in the control of gene expression programs
and cell fate decisions. The cellular functions of histone demethylases are only
beginning to be deciphered, but many of these enzymes have nevertheless been
found to play biologically important roles. Histone demethylases are linked to the
regulation of for example stem cell self-renewal, differentiation, proliferation and
hormone-dependent responses. These processes are critical for development and
cellular homeostasis and their deregulation is implicated in pathological disorders.

From a therapeutic point of view it is interesting to note that several HDMs could
be involved in malignant transformation, as indicated by their overexpression in
human cancers and by their cellular roles. For the development of small molecule
inhibitors, it will be of importance to determine whether inhibition of a tumor-
promoting activity can be achieved without compromising vital roles in other cell
types or for example promoting tumor-suppressive activities. However, LSD1,
FBXL10, the J]MJD2 proteins and JARID1B are interesting targets for the develop-
ment of novel anticancer therapies.
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