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Abstract

Histone deacetylase inhibitors (HDACI) are an emerging class of novel anti-cancer drugs that
cause growth arrest, differentiation, and apoptosis of tumor cells. In addition, they have shown
promise as anti-parasitic, anti-neurodegenerative, anti-rheumatologic and immunosuppressant
agents. To date, several structurally distinct small molecule HDACi have been reported including
aryl hydroxamates, benzamides, short-chain fatty acids, electrophilic ketones, and macrocyclic
peptides. Macrocyclic HDACI possess the most complex cap-groups which interact with HDAC
enzyme’s outer rim and have demonstrated excellent HDAC inhibition potency and isoform
selectivity. This review focuses on the recent progress and current state of macrocyclic HDACI.
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1. INTRODUCTION

Epigenetic control of DNA transcription is a powerful means to regulate cell function [1].
The main epigenetic mechanisms in humans are DNA methylation and post-translational
modifications of histones, including methylation, acetylation, phosphorylation,
ubiquitination, sumoylation, and ADP-ribosylation [2-6]. Histone acetylation state,
specifically, is linked with transcriptional activation and is controlled by two enzymes with
opposing functions: histone acetyltransferase (HAT) and histone deacetylase (HDAC) [7-9]
HAT acetylates e-NH3 groups of histone lysines, disrupting the charge interaction between
the negatively-charged DNA backbone and positively-charged histone lysines. This causes
nucleosomes to adopt a more relaxed conformation, accessible to transcription factors.
HDAC, on the other hand, removes acetyl groups from histone lysines, ultimately resulting
in transcriptional suppression via nucleosomal inaccessibility [7].

HDAC has 18 known isoforms, organized into four different classes. Class I, 11, and IV
depend on a catalytic zinc ion and differ by cellular localization, while Class 111 HDACs
require NAD* [2]. Altered expression levels of HDAC enzymes have been observed in
many diseases, most notably in cancer [2, 10-12]. HDAC inhibitors (HDACI) have been
shown to cause growth arrest, differentiation, and apoptosis in a variety of cancer cell lines
[13-15]. In addition to cancer, HDACI are being investigated as a potential treatment option
for infectious diseases, such as malaria and leishmania [16-21], as well as in CNS disorders
[22-24].
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Early evidence of small molecule-induced histone hy-peracetylation came in the 1970s with
the revelation that butyric acid caused histone acetylation in HeLa and Friend
erythroleukemia cell cultures [25, 26]. Other compounds were subsequently shown to cause
anticancer activity in cell culture with similar association of histone acetylation [27]. In
1990, the natural product trichostatin A was shown to potently inhibit HDAC activity at low
nanomolar ranges [28]. However, it was not until the cyclic tetrapeptide trapoxin was used
as an affinity tag to isolate the first HDAC that the enzymes were recognized as the specific
molecular targets for HDACI [29]. Since then, HDACI have drawn much interest and
research efforts have culminated in the validation of HDAC inhibition as a clinically viable
approach for cancer treatment with the approval of SAHA for the treatment of cutaneous T-
cell lymphoma [30-33].

HDACI generally conform to a three-motif pharmacophoric model consisting of a zinc-
binding group (ZBG), a hydrophobic linker chain, and a cap group [34]. The recognized
mode of inhibition involves ZBG interaction with the catalytic zinc ion at the base of the
active site while the linker efficiently positions the cap group to make interactions with
amino acid residues on the surface of the enzyme [35]. Most HDACI chelate the active site
Zn using the hydroxamate moiety as a ZBG [35-37]. However, because of the poor
bioavailability and the possibility of undesirable side reactions, there is significant interest in
finding better ZBGs [38, 39]. Notable nonhydroxamate inhibitors include depsipeptide
FK-228, a cyclic peptide containing a disulfide bond, which is thought to be reduced in the
cell to a thiol moiety which serves to bind the zinc ion. Other examples include azumamides,
apicidins, trapoxins, the benzamide derivative MS-275, and the recently discovered natural
product largazole [13, 40-42]. It should be noted that in spite of the common
pharmacophoric model, there is significant structural diversity among HDACI (Fig. 1).

Macrocyclic HDACI, including cyclic tetrapeptides and depsipeptides, possess the most
complex cap groups, capable of making numerous interactions with the enzyme surface.
Because the amino acid composition of the enzyme surface differs between HDAC
isoforms, these macrocyclic HDACi have the potential for isoform-selective inhibition [42].
It is possible that macrocyclic HDACI could be very useful as agents customized and
targeted against specific cancer types since it has been shown that certain HDAC isoforms
have altered expression in specific cancers [43-46]. Also, with the lack of crystal structures
for all isoforms except HDAC 8 and the catalytic domain of HDAC 7, an isoform-selective
inhibitor could enhance both the structural knowledge of HDAC isoforms and elucidate the
distinct cellular functions of structurally similar isoenzymes [47, 48]. Initally, the progress
of macrocyclic HDACIi lagged behind that of their non-cyclic counterpart. This is mainly
due to the peptidyl nature of these macrocyclic templates which offered only a limited
number of side-chain modifications, in addition to the difficulty in the synthesis of strained
ring architectures [49-51]. These problems have been partially addressed through
substitution of amino acids within common macrocyclic frameworks, scaffold attachments,
and, most recently, with the search for nonpeptide macrocyclic HDACi [52-56]. The goal of
this review is to provide a current view on the progress of macrocyclic HDACI. The
examples contained are by no means representative of the complete structural diversity of
HDACI, but our intent is to cover relevant macrocyclic HDACI in order to provide an
accurate perspective of the current state of this field of HDACi [57-64].

2. REVIEW OF MACROCYCLIC HDACI
2.a. Peptide-Based Macrocyclic HDACI

Cyclic peptide based HDACi are among the most potent and the most structurally complex
class of HDACI. They generally fit the overall pharmacophoric model of all HDACi and
have been suggested to bind in similar manner as long chain hydroxamate HDACI [34]. This
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realization has inspired the identification of synthetic and semi-synthetic analogs, in addition
to other natural products. Variations within the cap group moiety of these HDACi result in
modulation of biological activity with enhanced isoform selectivity among different HDAC
isoforms [65]. Based on their macrocyclic moieties, these HDACI can be subdivided into
two families. The first class, as exemplified by trapoxin, apicidin, azumamide and HC-toxin,
are cyclic tetrapeptides (Fig. 2) containing a mixture of L- and D-amino acids and cyclic
amino acids such as proline or pipecolic acid. Both of these features reduce the ring strain
associated with cyclic tetrapeptides. The second family comprises bicyclic depsipeptides
[66] (Fig. 3) which are isolated from bacterial fermentation extracts. These bicyclic
depsipeptides are less stereochemically constrained because of larger macrocycles compared
to the cyclic tetrapeptides [67]. Unlike the tetrapeptide analogs, most of the bicyclic
depsipeptides are prodrugs, which must undergo intracellular reactions to unmask thiol-
containing side chains which then serve as the ZBGs. Even though thiol has weaker affinity
for zinc compared to a hydroxamic acid, interaction between the macrocyclic scaffold and
the amino acid side chains within enzyme hydrophobic outer rings that lead to the active site
is thought to result in the significantly higher overall potency observed, compared to SAHA.
As the enzyme rim residues are less conserved than those of the active site [68], these
depsipeptides discriminate well between the eleven HDAC isoforms in classes I, 1l and IV.
They have pronounced selectivity [42] for the Class | HDACs (HDAC1, HDAC2, HDAC3
and HDACS), which happen to be the isoforms most heavily implicated [65, 69, 70] in
cancer and other proliferative disease conditions.

The development of synthetic analogs based on these natural products is hampered by
complex and low yielding routes necessary to access these macrocycles. In addition, the
peptidyl nature of the macrocycles offer limited opportunities for semi-synthetic
modification. Many of these challenges have been overcome and several synthetic analogs
have been reported in the past decades. A detailed discussion of the structure activity
relationship (SAR) of cyclic tetrapeptide and depsipeptide HDACI is presented in section 2.
a. i. below.

2.a.i. Cyclic Tetrapeptide HDACi—Early examples of cyclic tetrapeptides include HC-
toxins [71-74], Cyl-1/2 [75-77], WF-3161 [78, 79] chlamydocin [80] and trapoxins A and B
[81] (Fig. 2). They belong to the family of hydrophobic cyclotetrapeptides containing a
unique amino acid 2-amino-8-0x0-9,10-epoxydecanoic acid (Aoe). These HDACI inhibit
HDAC through their epoxy-ketone functionality which reacts with the target enzyme in an
irreversible manner [29]. Replacement of the epoxy-ketone moiety with CH,=CH,,
CH,CH3, or CH, CH,0H has resulted in reduction of activity, whereas reduction of ketone
to alcohol leads to loss of activity in the case of chlamydocin [80]. Similarly, the 9,10-diol
analogue of HC-toxin shows no significant activity against HDAC [82]. HC-toxin shows
HDAC class | selectivity of greater than 1000-fold with 1C5p=10 nM against rat liver HDAC
proteins, which are comprised of predominantly HDAC 1-3 [83]. Chlamydocin, Cyl-2,
trapoxin A and B showed 640 to 57000-fold selectivity for HDAC1 versus HDACG6 with
IC50 = 110-820 pM against HDAC1 [84].

Apicidin, a fungal metabolite from two fusarium species (ATCC 74289 and ATCC 74322)
[85], belongs to the same class of cyclic tetrapeptide HDACI as the trapoxins. Unlike the
trapoxins however, apicidin lacks the terminal a-keto-epoxide and it is no surprise that it is a
reversible HDACI. Apicidin inhibits HDAC1 with single digit nanomolar 1C5q (IC59 = 1
nM), suggesting that the epoxy-ketone group is not necessary for exertion of biological
activity. Moreover, apicidin exhibits low nanomolar activity against the apicomplexan
family of parasites by inhibiting apicomplexan HDAC enzyme [85]. Successively, it was
evaluated as an antiproliferative agent by Han et al. [86] who demonstrated that apicidin
inhibits proliferation of tumor cells via induction of p21WAFL/CIPL jn 3 similar manner to
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other HDACI. A follow-up study by the same group revealed that apicidin induces apoptosis
by induction of Fas/Fas ligand expression [87].

In 2002, Singh et al. [88] reported isolation of five new analogs of apicidin namely, apicidin
A, C, D1, D2 and D3, together with the known apicidin isolated from Fusarium
pallidoroseum [89]. These apicidins differ essentially by the nature of the side-chain at C-2
(Fig. 2). The anti-HDAC activity of these apicidin analogs were evaluated using extracts
from human HeLa cells and E. tenella protozoa cells. Along with apicidin, apicidin A and
apicidin D1 were among the most active compounds with ICsq in the 1-4 nM range. In
contrast, compounds such as apicidin D, lacking the C=0 group at C-8, or having the C=0
reduced to alcohol, converted into oxime, and to CH, have considerably lower anti-HDAC
activity, with ICgq greater than 400 nM. This suggests that, in addition to the cyclic nature of
the peptide and the presence of a tryptophan residue, the C-8 keto group is critical for the
biological activity. This result conforms with the early observation by Colletti and
coworkers [90] who conducted SAR studies on the side chain of apicidin. They found that
reduction of the C-8 keto group to alcohol or CH, group or conversion to olefin or epoxide
resulted in the attenuation of the anti-HDAC activity of apicidin. However, substitution of
the ethyl ketone moiety of apicidin side chain with hydroxamic acid, epimeric epoxide, and
hydroxyketone resulted in analogs with improved HDAC activity relative to apicidin.
Interestingly, the methyl ester derivative was also found to be active, emphasizing the
importance of the macrocyclic ring in enzyme-inhibitor interaction. Altogether, they
identified several apicidin analogs with picomolar cytotoxic activity against human HelLa
cells and E. tenella protozoa cells.

Similarly, Komatsu and co-workers [84, 91] explored the idea of replacing the epoxy-ketone
of trapoxins, WF-3161, chlamydocin and HC-toxin with hydroxamic acid as the ZBG. These
synthetic hybrids of TSA and cyclic tetrapeptides are termed cyclic hydroxamic-acid
containing peptides (CHAPSs). Detailed SAR study on amino acid constituents of the ring
structure, chirality of amino acids, and side chain structure have resulted in potent HDACi
within this class of molecules. All CHAPs synthesized in this study were potent inhibitors of
HDAC1 with chlamydocin-type CHAP showing the highest inhibition of HDAC1 (ICsg =
0.44 nM) among all of them. Interestingly, CHAP carboxylic acid analogs exhibit good
HDAC activity (IC5q = 100 nM). Isoform selectivity for HDAC1 over HDACS6 varied with
the structure of cyclic tetrapeptide with chlamydocin-type CHAP showing 86-fold higher
selectivity for HDACL1 versus HDACG6. However, the epoxy-ketone group-containing parent
natural products show strikingly large isoform selectivity (640-57000-fold), indicating
importance of the epoxy-ketone group in isoform selectivity. Although parent natural
products show potent in vitro activity along with better isoform selectivity, they behave
poorly in in vivo studies, partly because of the chemical instability of the epoxy-ketone
group in blood. CHAP compounds may circumvent this problem because of their superior
half-life when compared to Aoe-containing parent natural products [84].

Recently, Ghadiri’s group [92] has probed the bioactive conformation of apicidin utilizing
the 1,4 and 1,5 triazole-modified cyclic tetrapeptide constructs 1 and 2, to mimic a trans and
cis amide bond, respectively. They provided evidence that supports cis-trans-trans-trans (c-
t-t-t) conformation of the cyclic peptide backbone as the most potent conformation of
apicidins, and not the all-trans (t-t-t-t) that predominates in solution. Against HDACL1 and
HDACS, the 1,5-disubstituted triazole 2 (ICsg = 7 nM and 9 nM) and apicidin (IC5¢p = 3 nM
and 11 nM), were more potent than the 1,4-disubstitited, 1 (IC5¢ = 25 nM and 16 nM), while
against HDAC6 and HDACS, the 1,5-disubstituted 2 (IC59 = 6100 nM and 105 nM) is more
active than apicidin (ICsg = >10,000 nM and 750 nM). This study provides strong evidence
on the influence of the conformational state of the cyclic tetrapeptide moiety of apicidin on
its affinity for HDAC, a fact that hitherto remained unclear.

Curr Top Med Chem. Author manuscript; available in PMC 2011 July 26.
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Structurally similar to the apicidins are the azumamides A-E which were isolated from the
marine sponge Mycale izuensis [93]. They belong to a rare class of HDACI, incorporating
four nonribosomal amino acid residues; three of which are R-amino acids (D-series), while
the fourth one is a unique g-amino acid [(Z)-(2S,3R)-3-amino-2-methyl-5-nonenedioic
acid-9-amide (Amnaa)] in azumamide A, B, and D and a free acid in C and E. The
azumamides have potent HDAC inhibitory activity with an ICsq range of 0.045 — 1.3 uM.
Azumamide E, one of the most potent of the azumamides, also showed roughly 100-fold
selectivity for class | over class Il HDACs (HDAC1-3, ICgq = 50-100 nM versus HDAC4-
7,9, IC5p = 9.7-28 uM) [94]. Chandrasekhar et al. [95] reported the total synthesis of
azumamide E and sugar amino acid-containing analog (azumamide E-SAA) 3. A near total
inhibition of HDAC activity in a cell-free system was achieved by 20 pM of compound 3.
However, whole cell activity of this compound was not reported in these studies. Ganesan
and coworkers [96] converted the azumamide E zinc binding group to an unnatural
hydroxamic acid. This unnatural inhibitor shows activity similar to FK228 (1C5q 7.0 £ 2.5
nM), indicating the shift from depsipeptide to peptide can be overcome by increasing the
affinity of the zinc binding group. This result is in contrast with earlier findings where
substitution of the epoxy-ketone group in chlamydocin to hydroxamic acid actually reduced
its biological activity [97].

Curr Top Med Chem. Author manuscript; available in PMC 2011 July 26.
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2.a.ii. Depsipeptide HDACi—FK-228 is the most well studied depsipeptide HDACIi to
date. FK-228 and a closely related FR901375, are naturally occurring depsipeptides isolated
from Chromobacterium violaceum [98, 99] FK-228 has a unique structural feature which
includes a 16-membered cyclic depsipeptide bridged by a 15-membered macrocyclic
disulfide ring (Fig. 3). FK-228 is a stable prodrug which is activated by glutathione
reductase in vivo by reduction of the disulfide bond to reveal a butenyl thiol moiety which
then interacts with zinc at the HDAC active site [42]. It shows high selectivity toward class |
HDACs compared to HDAC4 and HDACS6. Ganesan and co-workers [49], in their pursuit of
a SAR study on FK228, demonstrated that the dehydrobutyrine side chain is not essential for
activity. In addition, cleavage of the macrocyclic ester bond to give a linear peptide resulted
in loss of activity, an observation which underscores the importance of conformational
restriction of the macrocycle. This study also clarified the role of the disulfide moiety in
these compounds: the cysteine free thiol resulting from disulfide cleavage facilitates cellular
uptake. The potent activity of FK228 against a range of murine and human solid tumor cells,
coupled with ability to target epigenetic silencing mechanisms crucial to cancer formation,
facilitated its advancement into clinical trials as an anticancer agent [100, 101].

Spiruchostatin A and B, somewhat structurally simpler depsipeptides relative to FK228,
were isolated from a culture broth of Pseudomonas sp. by Shinya and co-workers in 2001
[102]. These are 15-membered bicyclic depsipeptides containing (3S,4R)-statine, D-
cysteine, D-alanine as amino acid residues along with disulfide bond linkage (Fig. 3). They
operate by a similar prodrug strategy as FK228 and display low nanomolar activity against
HDACL. Several total syntheses of spiruchostatins have appeared in the literature [103—
107]. Relatively recently, Narita et al. [108] reported total synthesis and biological activities
of FK-228, spiruchostatin A and B along with 5”-epi-spiruchostatin B. These cyclic
tetrapeptides all show potent activity (ICsg = 2 — 4 nM) against HDAC1 with ~500 fold
selectivity over HDACG6. The unnatural 5”-epi-spiruchostatin B analog showed the highest
isoform selectivity (1625-fold) for HDAC1 (ICsq = 2.4 nM) over HDAC6 (ICsg = 3900 nM)
while maintaining its cytotoxic activity. This isoform selectivity is 15 fold higher than
isoform selectivity of FK228, making it the highest level of class I/11 selectivity among all
natural as well as synthetic analogs of depsipeptides known to date [108].

Largazole, (Fig. 3), a structurally unique depsipeptide, was recently isolated from the marine
cyanobacterium Symploca sp. by Luesch and co-workers [40]. It is a 16-membered
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macrocyclic depsipeptide that exhibits potent biological activity as well as high HDAC1
selectivity [40, 109]. Several research groups have completed the total synthesis of largazole
and further investigated biochemical potency of the natural product and assessed key
derivatives with enhanced potency against human HDACs [109-114]. These studies
collectively established largazole as a thioester prodrug HDACI, which is likely activated by
metabolic hydrolysis of the octanoyl residue. Bowers et al. [109, 112] have prepared the
thiol derivative (largazole thiol) and reported potent biochemical inhibition against class |
HDACS (ICsg = 0.1 nM against HDACL1). In order to study conformation activity
relationship, peptide isosteres of FK228 and largazole thiol were synthesized and it was
found that the FK228 isostere was 50-fold less active, while the largazole thiol isostere was
9-fold less active than the natural product itself. This reduced activity was attributed to
difference in accessible conformational orientation due to subtle changes in chemical
structure of the macrocyclic cap group of the isosteres relative to the respective natural
product [112]. Cramer and co-workers [113] have shown that the free thiol, after rapid
hydrolysis of the thioester under physiological conditions, displayed slightly lower potency
(Gl5g=126 nM compared to Gl59=49 nM against human epithelial cancer cell line A431) but
higher selectivity against wild type cells using the MTT assay. Interestingly, an extension of
the thioester side chain by one or two methylene groups was found not to be compatible
with anti-HDAC activity, underscoring the importance of maintaining appropriate distance
between the core macrocyclic head group and the thiol ZBG [113]. Further SAR studies
have revealed the importance of the C-7 methyl group as demethylated derivatives showed
~1000-fold decrease in activity. Also (R)-configuration at C-17 position was found to be
inactive, underscoring the importance of (S)-configuration at the C-17 position for biological
activity [110, 115]. Substitution of the macrocycle valine with alanine is well tolerated [115,
116]. Epimerization of the C-2 carbon, valine to proline substitution, and oxidized and
strained thiazolethiazole derivatives have all resulted in diminished activity compared to
largazole [114]. Replacement of natural 3-hydroxy-7-mercaptohept-4-enoic acid ZBG with
benzamide and thioamide has not resulted in more potent analogs [114]. However the use of
hydroxamic acid as ZBG was not investigated. Interestingly, substitution of thiazole ring
with pyridine resulted in a largazole analog with a more potent HDAC inhibition than
largazole. This observation necessitates further study on the effect of substitution of thiazole
ring by other six membered heterocycles on the biological activity of larga-zole [114].

Much still needs to be done to decipher the intricacy of the SAR of cyclic tetrapeptide
HDACI. However, it is abundantly clear that the nature of the ring substituents and the
macrocycle conformations are major determinants of the strength of association of these
HDACIi with various HDAC isoforms.

2.b. Macrocyclic Peptide Mimetic HDACi

Although cyclic peptide HDACI possess potent HDAC inhibition activity (as discussed in
the previous sections), their development has been hampered mainly due to lack of a steady
source of natural products and development problems characteristic of large peptides, most
especially poor oral bioavailability [49, 51]. Efforts by Curtin and coworkers [117] to
prepare less peptidic macrocyclic HDAC inhibitors led to the synthesis of succinimide-based
hydroxamic acid macrocycle 4 and reaction byproduct 5 (Fig. 4). It turned out that the
byproduct 5 was a more potent HDAC inhibitor (ICsg = 38 nM) than the target compound 4
(ICs0 = 2.1 uM) with antiproliferative activity of ICsg = 250 nM and 150 nM against human
HT1080 fibrosarcoma and MDA435 breast carcinoma cells, respectively.

Recently, Etzkorn and co-workers [118] reported a cyclic peptide mimic hydroxamate
HDACI (6) demonstrating potent anti-HDAC activity in nuclear HDACSs, with an ICgq value
of 46 nM and a 4-fold selectivity of HDAC1 (ICsq = 57 nM) over HDACS (IC5q = 231 nM).

Curr Top Med Chem. Author manuscript; available in PMC 2011 July 26.
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The value of introduction of non-hydrolyzable peptide isosteres in the design of new
macrocyclic peptide HDACI head groups has further been validated by Pirali et al. [119].
Using ammonium chloride-catalyzed three-component reaction between various alkynyl-o-
isocyanoacetamides, amino-azido amides, and aldehyde derivatives, followed by Cu(l)
catalyzed intramolecular [3 + 2] cycloaddition reaction, they identified two peptidomimetic
macro-cyclic hydroxamate HDACi 7a—-b and 8a-b (Fig. 5).

The cytotoxicity of these compounds against SHSY-5Y cells was reported to be in the high
micromolar to low millimolar range. Compounds 7a and 7b have modest cytotoxic activity
(ICs50 = 100 puM) while 8a and 8b, are more potent with IC5g=6.2 +0.5 uM and 6.6 + 1.4
uM, respectively, compared to SAHA’s ICgq of 1.4 uM. Additionally, the HDAC inhibition
activity of compounds 8a and 8b paralleled their cytotoxicity with ICgg = 4.3 uM and 6.61
uM respectively, compared to SAHA 1Cgq = 3.4 uM. Molecular modeling studies using the
hydrophobic head group of intermediate 9 revealed that the three phenyl rings extended their
hydrophobic contacts to three different enzymatic pockets while the macrocyclic portion
interacted with the hydrophobic rim of the tubular pocket. This orientation facilitated
favorable interaction of the linear C; hydroxamate moiety-containing chain with the zinc ion
at the base of the pocket.

2.c. Non-Peptide Macrocyclic HDACi

Inspired by the peptidomimetic nature of macrolide antibiotics [120], we recently reported
the discovery of a new class of non-peptide macrocyclic HDACI [55]. Our molecular design
relies on our hypothesis that an appropriate substitution of the cyclic peptide moiety of a
prototypical cyclic peptide HDACi with macrolide skeletons will generate a new class of
potent non-peptide macrocyclic HDACI [55]. We indeed found that macrocyclic skeletons
derived from 14- and 15-membered macrolides are suitable as surrogates for the cap-groups
of macrocyclic HDACI. We showed that incorporation of a hydroxamate ZBG, through
hydrophobic SAHA-like and aryltriazolyl [121] linker groups, to the desosamine sugar
moiety of 15-membered azithromycin and 14-membered clarithromycin resulted in a new
class of non-peptide macrocyclic HDACi (Fig. 6). Our initial SAR studies focused on the
effects of the modification of the linker-cap group connection moiety (amide and 1,2,3-
triazole ring group), macrolide skeletons, and linker length (Fig. 6) on anti-HDAC activity
of these non-peptide macrocyclic HDACI [55]. We found that these compounds displayed
both linker-length and macrolide-type dependent anti-HDAC activities with 1Cs in the low
nanomolar range (Table 1).

Specifically, the HDAC inhibition activity was nearly identical between triazole-linked
compounds (12a, 1C5p = 91.6 nM) and amide-based compounds (10, ICsg = 107.1 nM)
(Table 1). This result is in contrast to our previous studies [121] where we found that
incorporation of triazole ring on simple aliphatic hydroxamates resulted in enhanced anti-
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HDAC activity. Optimization of the methylene linker length resulted in analogs with
enhanced HDAC affinity, specifically C;-linker compounds (12b, 1C5q = 13.9 nM; 13b,
IC50 = 10.6 nM; 14b, ICsy = 4.1 nM; 15b, ICgq = 1.9 nM; compare to SAHA, IC5q = 65
nM). A further increase in linker length did not improve HDAC inhibition activity (Table 1).
This result was confirmed through interrogation of the interaction between Histone
Deacetylase-Like Protein (HDLP) and these macrocyclic HDACI using Auto-Dock [55]. We
found that the hydroxamic acid moiety of C-linker compounds maintained optimal
interaction with the catalytic Zn%* ion at the enzyme’s active site. Additionally, interesting
molecular surface complementarities between the macrolide skeleton of C;-linker
compounds and the HDAC outer rim further enhanced their binding association. These
compounds adopt docked structures whereby the macrolide rings optimally interact with the
hydrophobic residues in enzyme outer rim while their hydrophilic hydroxy! groups are
oriented away from the pocket’s hydrophobic residues (Fig. 7a). Interestingly, 14-membered
compounds 14b and 15b demonstrated a 2- to 5-fold better HDAC inhibition potency
relative to their 15-membered congeners 12b and 13b. This may be due to the fact that the
larger 15-membered ring is about 0.5 A closer to the phenyl ring of Phe 338 that defines one
of the hydrophobic pockets at the enzyme outer rim compared to that of the 14-membered
compound (Fig. 7b). This might compromise the binding affinity of the 15-membered
compounds relative to the 14-membered analogs [55].

Consistent with literature reports [65] on isoform selectivity arising from modifications of
the cap group, these non-peptide macrocyclic HDACI are more selective against HDACs 1
and 2 relative to HDAC 8, another class | HDAC isoform, and hence have subclass HDAC
isoform selectivity. Particularly 14-membered C-linker compounds 14b and 15b displayed
several hundred-fold preference for HDAC 1/2 over HDAC 8 (14b, HDAC 1/2 ICgp = 4.1
nM, HDAC 8 = 1890 nM; 15b, HDAC 1/2 IC5p = 1.9 nM, HDAC 8 IC5p = 1390 nm) (Table
1). Furthermore, these compounds also displayed class | selectivity over class Il when tested
against HDAC 6 (15b, HDAC 6 ICgq = 148.5 nM), unlike SAHA which equally inhibited
HDAC 1/2 and 6 [55].

To screen for the whole cell activity of these macrocyclic HDACI, we studied their effect on
the viability of SKMES-1 (human NSCLC cell line), NCI-H69 (human SCLC cell line),
DU-145 (human prostate cancer cell line), and non-transformed human primary lung
fibroblasts and mammary epithelial cell lines. These compounds inhibited the proliferation
of all transformed cells with ECsq values close to or better than those obtained for SAHA
while remaining non-toxic to the non-transformed human primary lung fibroblasts and
mammary epithelial cell lines. Specifically, compounds 13a, 14b, and 15b are at least twice
as potent as SAHA in DU-145 cells (Table 2). We subsequently validated HDACs as
potential intracellular targets of these compounds by monitoring the drug induced changes in
the expression levels of p21WAFL/CIPL protein, a biomarker whose expression is upregulated
upon HDAC inhibition [55].

In a follow up investigation, we sought to further explore the SAR of this class of
macrocyclic HDACI. Specifically, we have probed the roles played by the hydrophobic
pocket bounded by the phenyl ring of Phe 338 in the interaction of the enzyme with the
macrocyclic moieties of these HDACI [122]. In this study, we incorporated a tricyclic
ketolide (TE-802) scaffold as an alternative macrocyclic surface recognition domain. The
resulting second generation macrocyclic non-peptide hydroxamates (Fig. 8) are potent
HDACI. Many of these compounds have better anti-HDAC activities relative to their
macrolide counterparts. These compounds also showed selectivity for class | over class 11
HDAC enzymes (Table 3), as well as low nanomolar cytotoxicity against various cancer cell
lines with relatively low cytotoxicity on the non-transformed cell lines (Table 4). Molecular
docking analysis revealed the structural basis of the enhanced anti-HDAC activity of these
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ketolide based HDACI. The enhanced hydrophobicity and/or rigidity of the TE-802 moiety
of the Cs- and Cg-linker compounds 16a and 16b, respectively, forced their ring to adopt a
docked orientation that is distinct from the corresponding 14-membered clarithromycin
template (Fig. 9a). The ketolide ring of 16b fit optimally into the Phe 338 pocket (pocket 1)
while the Cg-linker methylene group efficiently presented the hydroxamate ZBG to the
active site zinc. To accommodate the loss of one methylene group and consequently
optimally interact with the active site zinc, the ketolide ring of 16a has to be slightly lifted
out of the Phe-338 pocket and be more solvent exposed relative to that of 16b.
Concomitantly, a potentially energetically costly sharp kink is introduced into the linker
methylene group of 16a (Fig. 9b). This result may explain the 7-fold enhanced anti-HDAC
activity of 16b relative to 16a.

Further analysis of the docked orientations of analogs with longer methylene linker shed
more light on the chain length dependence of the anti-HDAC activities of these ketolide-
based HDACI. An illustrative example, comparing the docked structures of Cg-linker 16b
with that of Cq-linker 16g, is shown in Fig. 9c. In general, increase in linker lengths above
Cg progressively extrudes the ketolide ring from the Phe 338 pocket into solvent exposed
regions, thereby compromising the compounds’ affinity for the enzyme and resulting in the
attenuation of their HDAC inhibition activity.

The non-peptide macrocyclic HDACI described in this section are a relatively new class of
HDACI and the breath of their biological activities is yet to be fully explored. However,
because of the selective tissue distribution that may be conferred by the appended macrolide
moiety, some of these HDACI are anticipated to have targeted anticancer activity.
Specifically, compounds incorporating azithromycin skeleton could be selectively
accumulated in the lungs, thereby possessing lung-selective anticancer activity. The prospect
of tissue-specific HDACI delivery is a particularly enticing alternative to isoform selective
HDACI and could lead to the identification of new chemotherapeutic agents for use in
targeted cancer therapy applications [55].

2.d. Miscellaneous Macrocyclic HDACI

Fusetani and co-workers [123, 124] recently found that cyclostellettamines, a group of
structurally related macrocyclic bispyridinium alkaloids (Fig. 10) possess modest anti-
HDAC activity with 1Cgq between 17 — 80 uM (Table 5). Compared to their anti-HDAC
activity, cyclostellettamines possess enhanced cytotoxic activity against HeLa human cervix
carcinoma, P388 mouse leukemia and 3Y1 rat fibroblast cancer cell lines (Table 5, 1Csq
range between 0.6 —11.0 uM). The discrepancy between the anti-HDAC and whole cell
activities of cyclostellettamines may indicate additional or alternative mechanism(s) of
antiproliferative activity other than intracellular HDAC inhibition. Nevertheless, the allure
of the HDAC inhibitory activity of cyclostellettamines is the fact that they are structurally
unrelated to other naturally occurring macrocyclic HDACI currently known. It remains to be
seen if the HDAC inhibitory potency of this class of macrocyclic HDACI could be enhanced
to the level of those discussed in this review.

3. CLINICAL EVALUATIONS

To date, FK-228 (Romidepsin) is the only macrocyclic HDAC inhibitor to progress through
clinical trials. FK-228 was initially assessed for responses against a range of solid tumors,
and results from these studies showed promising responses among tested patients [125].
Initially two Phase | dosing trials were carried out. The first trial incorporated two doses at
days 1 and 5, repeating every three weeks, while the second trial administered three doses on
days 1, 8, and 15, repeating every four weeks. The maximum tolerated dose for each study
was determined to be 17.8 mg/m?2 and 14 mg/m?, respectively. Most patients showed limited
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activity, although promising responses against cutaneous T-cell lymphoma (CTCL) were
observed [125]. It should be noted that in an additional cohort, included after completion of
the first trial, a patient with peripheral T-cell lymphoma experienced complete remission in
response to FK-228. Following this success and similar results obtained in patients with
cutaneous T-cell lymphomas, a Phase Il trial was launched with a recommended dose of
17.8 mg/m?2, administered on days 1 and 5 of a 21 day rotation [100].

While responses against CTCL were promising, none of the patients experienced a complete
remission [100]. Because of this, other Phase Il trials are currently ongoing with the focus
on combination therapies of FK-228 and cytotoxic anticancer agents such as the proteasome
inhibitor bortezomib and the nucleoside analogue gemcitabine [126, 127]. Additionally, a
Phase Il trial involving FK-228 as a single agent against previously-treated colorectal cancer
has been completed, but no objective responses were observed [128].

Since the publication of the initial clinical results, FK-228 has entered numerous clinical
trials against other forms of cancer including lung cancer and various subtypes of leukemia
[129, 130]. In trials against acute myeloid leukemia (AML), apoptosis has been observed at
concentrations suggesting HDAC inhibition mechanisms [129]. After completion of this
study, several patients showed measurable antitumor responses, but no complete responses
[128]. Contrasting with this result, another clinical trial using FK-228 against AML, showed
no significant change in chromatin acetylation, specifically histone H3 and H4, but did result
in one complete remission and six stable disease conditions [131]. In a trial against lung
cancer, FK-228 produced no objective responses, but did confirm in vitro findings, namely
resulting in histone H4 acetylation, p21 expression, and a general shift of gene expression
towards those observed in normal lung epithelia [130].

There has been some concern over preclinical data that suggests that FK-228 could result in
cardiac toxicity. One trial reported serious cardiac complications in tested patients and had
to be terminated due to the death of one patient [132]. The cause of death could not be
determined, but was assumed to be due to a ventricular arrhythmia that may have been
related to several factors, FK-228 being one. On the basis of this, the trial was terminated.
Also, two patients were observed with asymptomatic ventricular tachycardia and three
experienced QTc prolongations, but these resolved between doses. It should be noted that
the results of this trial contrast greatly with subsequent clinical results. To date, no other
clinical observations of significant cardiac toxicity have been observed in studies using
FK-228 [128, 130, 131, 133] however it is important to underscore that the serious adverse
cardiac effects seen with FK-228 treatment could be cause for concern [134]. Also, it is
important to emphasize that Shah et al. noted that the cause of death in their trial could not
be determined to be linked with FK-228 treatment [132]. With the exception of this mar,
FK-228 has shown great promise in the clinic, specifically against T-cell lymphoma. Of
particular note is the remarkable length of response to FK-228, even after treatment has
ceased, extending over 3 years in some cases [135]. Due to the successes of the clinical
trials, in November of 2009, FK-228 (ISTODAX®) was approved by the FDA for treatment
of CTLC [136]. With this approval, the future looks promising for the clinical use of
FK-228, both as a single agent and in combination with other chemotherapeutic agents.

4. FUTURE PROSPECT

The outlook for macrocyclic HDACI is promising. The advent of several new macrocyclic
HDACI has enabled an undertaking of one of the first steps toward understanding the SAR
of these compounds. It is expected that these compounds will continue to elicit medicinal
chemistry interest for many years to come. Identification of better synthetic routes to
macrocyclic ring construction will no doubt play a crucial role in laying the groundwork for
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exploring the wealth of bioactivities of this promising HDACI. Specifically, the flashes of
success of FK-228 in clinical trials and its subsequent FDA approval by the FDA, as well as
the in vitro potency of other macrocyclic inhibitors, will continue to stimulate interest in the
use of this class of HDACI in cancer therapy and could open the doors for other macrocyclic
HDAC:I as clinical agents.
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Fig. (1).
Selected Examples of HDAC Inhibitors: (a) Linear HDACI, (b) Macrocyclic HDACI.
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Fig. (2).
Examples of cyclic tetrapeptide HDACI.
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Fig. (3).
Examples of depsipeptide HDACI.
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Fig. (4).
Structure of Macrocyclic Succinimide Hydroxamic Acids 4 and 5.
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Fig. (5).
a) Macrocyclic peptide mimetic class of HDAC inhibitors; b) Intermediate of the final
macrocyclic hydroxamic acid products 7 and 8.
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Fig. (6).
Analogs of (a) 15-membered azithromycin and (b) 14-membered clarithromycin classes of
HDAC inhibitors.
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Fig. (7).
Docked structures of 14- and 15-membered macrolide-derived HDACi at the active site of
HDLP. (a) Superposition of the low energy conformation of 13a (blue) and SAHA (yellow)
revealed the pocket binding preferences of inhibitors at the HDLP surface. (b) Relative
orientation of the macrocyclic rings of 13b (orange) and 15b (yellow) with respect to Phe
338 at the HDLP surface.
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Fig. (8).
Non-peptide HDAC inhibitors based on tricyclic ketolide scaffold.
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Fig. (9).
Docked structures of ketolide-derived HDACI at the active site of HDLP. (a) Superposition
of the low energy conformation of 13b (grey) and 16b (blue) revealed the pocket binding
preferences of inhibitors at the HDLP surface. (b) Relative orientation of the macrocyclic
rings of 16a (yellow) and 16b (green) within the Phe 338 pocket. (c) Comparison of the
orientation of the macrocyclic rings of the Cg-linker compound 16b (grey) and Cg-linker
compound 16e (light-blue) within the Phe 338 pocket revealed the structural basis for the
chain length dependence of the anti-HDAC activities of ketolide-derived HDACI.
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17: Cyclostellettamine G (m =1, n=1)
18: Dehydrocyclostellettamine D (m =1, n = 4)
19: Dehydrocyclostellettamine E (m =2, n =4)
20: Cyclostellettamine G (m = 1, n = 2)

Fig. (10).
Cyclostellettamine A and its congeners.
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In VitroAnti-HDAC Activity (ICgg) and Isoform Selectivity of Non-Peptide Macrocyclic HDACI

Table 1

Compound | HDAC 1/2 (nM) | HDAC 8 (uM) | Isoform Selectivity
10 107.1 6.68 62
11 109.8 2.32 21
12a 91.6 4.73 51.63

12b 13.9 0.99 71.77
12c 58.9 7.13 121
12d 1455 11.05 38
12e 226.7 ND c
13a 88.8 3.74 4211
13b 10.6 1.02 96.59
13c 72.4 6.78 94
l4a 37.0 3.99 107.90
14b 4.1 1.89 462.10
l4c 55.6 5.88 106
14d 169.8 10.55 56
l4e 223.4 ND c
15a 44.3 4.75 107.32
15b 1.9 1.39 743.32
15¢ 123.0 4.42 36
SAHA 65 1.86 28.61
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Anti-HDAC and Anti-Proliferate Activity of Cyclostellettamines 17 — 20

Table 5

Compound | HDAC pM | P388 uM | HeLapuM | 3Y1puM
17 80 2.7 2.8 11
18 17 13 0.6 4.3
19 30 13 18 3.2
20 61 2.1 1.8 7.2
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