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ABSTRACT: The application of class I HDAC inhibitors as
cancer therapies is well established, but more recently their
development for nononcological indications has increased. We
report here on the generation of improved class I selective
human HDAC inhibitors based on an ethylketone zinc
binding group (ZBG) in place of the hydroxamic acid that
features the majority of HDAC inhibitors. We also describe a
novel set of HDAC3 isoform selective inhibitors that show
stronger potency and selectivity than the most commonly
used HDAC3 selective tool compound RGFP966. These compounds are again based on an alternative ZBG with respect to the
ortho-anilide that is featured in HDAC3 selective compounds reported to date.
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Cellular phenotypes are ultimately controlled by both the
cell’s genomic DNA sequences and epigenetic factors that

have no effect on gene sequence but that do impact gene
expression. Epigenetic regulation mechanisms are driven by
chemical transformations that structurally modify either DNA
itselfor thehistoneproteinsaroundwhichDNAispackaged in the
nucleus of eukaryotic cells.1 Two enzymes strongly involved in
post-translational modification of proteins are histone deacety-
lases (HDACs) and histone acetyl transferase (HATs). Of the
numeroussubstrates that theseenzymesprocess, their interplay in
controlling the acetylation level of lysine residues in the N-
terminal tail of histones is of particular importance.2 Histone
acetylation diminishes the charge−charge interactions between
nucleic acids inDNAand the positively charged lysine residues in
histonesand isakeyrequisite for relaxationofchromatinstructure
and gene transcription. Favoring histone acetylation, as is
expected by inhibition of HDACs, therefore, promotes gene-
expression, and HDAC inhibitors continue to nurture extensive
interest in drug discovery due to their broad impact on cellular
events.
Class I HDACs are predominantly located in the nucleus and

are key players in regulating gene expression and cellular
differentiation. Class I HDAC inhibitors were originally
developed as anticancer agents,3 and to date four HDACis have
been approved for the treatment of cutaneous and peripheral T-
cell lymphomas and multiple myeloma.4 However, the finding
thatmany cancers andmost normal cells are relatively resistant to
HDACi induced protein hyperacetylation has resulted in a trend
toward exploration of HDACis for noncancer indications. While

clinical trials initiated prior to 2015 were almost exclusively
focusedontheiruseasantiproliferativeagents incancer, ca.70%of
post-2015 clinical studies aim to exploit positive pharmacological
effects induced by HDACis rather than their (ultimately)
cytotoxic properties.5 At tolerated doses, HDAC inhibitors can
still induce gene-expression changes making their use in cases
where therapeutic benefit may come from altering a target gene’s
expression of interest. One example is the use of HDACi for the
treatment of Duchenne muscular dystrophy (DMD)6 where
HDAC inhibition is thought to limit thefibro-fattydifferentiation
of fibro-adipocytic precursors (FAPs) and stimulate the
regeneration of muscles by acting on muscle resident satellite
cells. Immunological diseases7 such as encephalomyelitis and
rheumatoid arthritis, where HDAC enzymes play a key role in T-
cell function, are further examples where inhibitors may prove
beneficial.
Despite the therapeutic potential of HDACis, concerns about

their use (particularly for class I HDACis) as chronic treatments
persist due to known on- and off-target undesired effects.
Consequently the development of isoform selective HDAC
inhibitors has become the focus of intense recent activity.
Subtype-selective HDACis offer the potential for selective
pharmacological effects while managing the general mechanism
based toxicity associated with HDAC inhibition.8 Among class I
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enzymes the development of HDAC3 selective inhibitors9 is an
attractive goal. It is known that the accessory proteins required to
direct HDAC3 activity are different to those used byHDACs 1−
2,10 suggesting that its functionsmaydiffer andbe associatedwith
specific effects. HDAC3 has been associated with circadian cycle
mediated metabolism,11 inflammation,12 and CNS diseases.13

Moreover, inadditionto itsnuclear functionHDAC3isalso found
in the cytoplasm14 suggesting additional roles in post-transla-
tionally modifying cytoplasmic targets. HDAC3 activity (though
not the entire protein) was shown to be dispensable in HDAC3
inactive mice15 suggesting that on-target toxicity might be of
limited relevance.
We have previously16 reported on the discovery of what we

believe to be the first series of bona f ide selective Plasmodium
falciparum HDAC inhibitors (e.g., compound 1, Figure 1) that

effectively impeded the growth of malaria parasites in
erythrocytes. In tandem with this work (which aimed to avoid
human HDAC inhibition), we also focused on developing
improvedhuman class I selective and isoform selective inhibitors,
predominantly with a view to their use as therapeutic agents for
nononcological indications.Here,wedescribehowSAR fromour
work toward PfHDAC inhibitors was used in guiding these
efforts. We report an evolution of class I HDAC inhibitors (e.g.,
compound 2, Figure 1) to provide a new set of potent and highly
bioavailable inhibitors of human HDACs 1−3. Our profiling of
compound 6, a preclinical development candidate that demon-
strated proof-of-concept in an mdx mouse model for Duchenne
muscular dystrophy,17 is included. In addition, efforts employing
information fromourPfHDAC(andpan-class IHDACi)work to
generate isoform selective inhibitors is described. This led to the
discovery of new HDAC3 inhibitors with improved potency and
isoform selectivity with respect to benzamide analogs such as
RGFP966.18

Our past work to generate selective PfHDACis began by
screening a structurally divergent subset of our human HDAC
inhibitor collection on a P. falciparum parasite proliferation assay
inerythrocytes.Anearlyhitwascompound3, anoxazoleanalogof
known19 alkyl-ketone substituted imidazoles (e.g., 4) that were
themselves designed in our laboratories from apicidin.20

Replacement of the central imidazole ring in compounds like 4
with alternative five-membered aromatic heterocycles (data not
shown) reducedhumanHDAC1 activity by 5−10-fold for 5-aryl-
2-alkyl-1,3,4-oxadiazoles, ca. 10-fold for 5-aryl-2-alkyloxazoles
and by 50-fold or more for other heterocycles (triazole, N-
alkylimidazole, or 1,2,4-oxadiazoles). The oxazole based
compound 3 was therefore considered an appealing starting
point with a view to favoring PfHDAC vs human HDAC
inhibition, and two additional oxazole based analogs (5−6) were
prepared using known SAR from the imidazole series as a guide.
Changes to thenaphthalene ring(Ar=A inTable1)and/or to the
amide functionality (R in Table 1) were immediately introduced
to avoid the highmetabolic turnover in livermicrosomes that had
been a feature of early imidazole compounds.19

Compounds 5 and 6 ultimately failed to show relevant
selectivity in theP. falciparum parasite growth assay (with respect
to human HDAC assays) and were not further pursued as an
avenue toward antiparasitic agents. Intriguingly, however, we
observed that 2-methoxyquinoline compound6 showed stronger
than anticipated human HDAC inhibition. While the relative
potency of the naphthyl substituted oxazole-imidazole matched
pair 5 vs 7 followed the expected trend (around 10-fold weaker
potency for the oxazole analog), this was reversed for the 2-
methoxyquinoline analogs 6 vs 2. Testing of further 2-
methoxyquinoline substituted oxazole analogs (e.g., compounds
8 and 9) confirmed that, in the presence of the 2-methoxyquino-
line substituent as the aromatic group, the oxazole series was
robust in generating strong human class I HDAC inhibition
(Table1).Compounds6,8, and9had IC50sbelow3.5nMagainst
HDAC isoforms 1−3 and were potent inhibitors of class I
HDAC’s in our HeLa cellular assay. Notably the cellular potency
of 9 is almost an order of magnitude stronger than previously
reported inhibitors from the related imidazole class (e.g., 2).
Compound 6 was chosen for further profiling by virtue of its

structural analogy with the optimized imidazole 2. Biochemical
studiesdemonstratedthat6 showedpotent inhibitionof theclass I
enzymes HDAC1, 2, and 3 (IC50 of 1.7, 2.8, and 1.1 nM,
respectively). Strong selectivity against class II HDAC isoforms
was measured with 6 having an IC50 against HDAC6 of 177 nM

Figure 1.PfHDAC selective and human class I isoform selectiveHDAC
inhibitors.

Table 1. HDAC1 Inhibition and Cellular Class I HDAC
Inhibition for Oxazole Based HDACis

aHDAC1 IC50 (see Supporting Information for full data with
standard deviations). bHeLa cellular class I HDAC EC50.

cSee ref 19.
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andproving inactive at 5μMagainstHDACs4−7. In vitro studies
showedthat6causednoinhibitionofmetabolicenzymes fromthe
cytochrome P450 (CYP) family with IC50s against CYP isoforms
3A4,2D6,2C9, and1A2, all being>20μM.Sincehydroxamicacid
HDACis are typically positive in Ames tests, compound 6 was
testedagainst twostrainsofbacteria (Salmonella typhimurium and
Escherichia coli). No reverse mutations were detected, high-
lighting an attractive Ames-negative genotoxicity profile for 6.
Interestingly although the MPO2 score21 (a recent molecular
property based predictor for identifying CNS permeable
compounds) for 6 is 4.1 (slightly lower than the preferred value
(of 5) for probable brain penetrant compounds), it showed
medium-high permeability in a porcine brain endothelial cell
blood−brain barrier (BBB) assay (P = 10.5× 10−6 cm/s).22 The
apparent BBB permeability for 6 suggests that it may provide a
path to higher CNS levels than hydroxamic-acid based class I
HDACis. The in vivo pharmacokinetic profile for compound 6 is
summarizedinTable2. Inrat6showed100%bioavailabilitywitha

3.3 h plasma half-life and moderate (20 mL/min/kg) plasma
clearance. In linewith its structure,6was found tobemetabolized
by anumber of oxidative anddealkylative transformations, but no
metaboliteswere foundcirculating in ratplasmaafter sampling4h
postdose. High oral bioavailability (62%) was also measured in
mousewhereplasmahalf-lifeandclearancewere3.3hand13mL/
min/kg, respectively.Modestmouseexposurewasacharacteristic
of previously reported imidazole based compounds, meaning i.p.
dosing proved necessary as the administration route for
compound 2 in a human HCT116 colon carcinoma mouse
xenograft study.19Themouseprofile for6wasclearly significantly
improved,with a5mg/kgoral dosegeneratinganAUCof9.3μM·
h, 10-fold higher than 2 (AUC 0.9 μM·h). Changing the central
scaffold from an imidazole to an oxazole (which replaces a
hydrogen bond donor with a hydrogen bond acceptor) improves
the PK profile likely by increasing absorption/membrane
permeability. Oral bioavailability was retained in larger animals
(minipig) where bioavailability was 30% in spite of a potentially
significant liver first pass.
An off-target activity for imidazole based compounds such as 2

was hERGpotassium ion channel binding (IC50 of ca. 3 μM) and
in our hERG assay 6 showed a similar IC50 of 3.6 μM. In a
functional (patch-clamp) assay the IC50 for 6 was 10 μM. In
contrast, no significant binding (IC50 > 16 μM or >30 μM) was
measured on a panel of additional ion channels including the
sodiumNaV1.5, calciumCaV1.2, and four furtherK

+ channels.The
presence of hERG activity for 6was not viewed as a hurdle for the
advancement of this compound. Based on 6’s free fraction in
human plasma (1.8%), therapeutic doses should result in
unbound compound concentrations significantly below the
hERG IC50. Nonetheless, the observation of hERG binding for
6 (as well as for a number of further oxazole based analogs on our

program) led us to explore approaches to dial out hERG binding
from this compound series (Table 3). Chemistry tomodulate the

moderately basic and lipophilic properties of 6 (calculated23 pKa
7.65, calculated logD 3.09) were explored since the combination
of these properties are known to be associated with hERG
activity.24 To allow the optimal N-methylazetidine amide to be
retained, ways to reduce lipophilicity by making structural
changes at the oxazole’s 2-heteroaryl substituent were explored.
Compound 10, which has the same amine pKa as 6 but that is less
lipophilic (calculated log D 2.63 vs 3.09, respectively), showed
that this approach could be successful. Compound 10 had no
hERGbinding (IC50 >30μM)but retained cellular class IHDAC
potencywithin 2-fold of6. The impact of the basic amine pKa was
clear from strong hERG channel binding (0.19 μM) that was
measured for compound 8 (whose amine pKa is around a log unit
higher than 6, 8.81 vs 7.65, respectively). A marginal improve-
ment in hERG binding came from reducing the pKa of the
azetidine nitrogen in 6 by introducing a fluorine atom on the β-
carbon. The lower amine pKa of11 vs 6 (4.66 vs 7.65) led to 3−4-
fold reduced hERG binding but also impacted HDAC
biochemical and cellular potency that were both reduced by an
order of magnitude. More success was achieved from SAR to
explore compounds containing (alternative) electroneutral
amide functionality. A number of compounds of this type did
not bind to the hERG channel, with compounds 12−14 (all of
whichhavehERGIC50s above30μM)providingexamples.While
compound 12 was somewhat less active against HDACs than
compound6, thefinal two compounds inTable 3 showedbroadly
similar inhibition profiles as 6, with cellular class I HDAC
inhibition within 2−4-fold.

Table 2. In Vivoa PK Parameters for Compound 6

species F(%)
Clp

(mL/min/kg)
Vdss
(L/kg)

t1/2
(h)

AUCpo
b

(μM−h)
mouse 62 13 3.2 3.3 9.3
rat 100 20 5.3 3.3 21.5
minipig 30 20 0.64 3.7 2.6

aCompound 6 was dosed as a tartrate salt. bPlasma exposure after oral
administration of 20, 10, and 5 mg/kg doses in mouse, rat, and
minipig, respectively. Data are normalized linearly downward to 5
mg/kg.

Table 3. Oxazole Based HDACis

aHDAC1 IC50 (see Supporting Information for full data with
standard deviations). bHeLa cellular class I HDAC EC50.

cSee ref 23.
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Throughout the course of work toward both PfHDACis16 and
human class I HDACis,19 our compounds were routinely tested
onhumanHDAC isoforms1−3 (aswell as on isoforms fromclass
II HDACs). These data sets were explored in the search for SAR
that could lead to thedevelopmentof isoformselective inhibitors.
Figure2highlightsSARtrendsthatwerethebasis for thediscovery

of HDAC3 selective inhibitors. A consistent profile emerged for
compounds that contained an ethyl ketone as their zinc binding
group, with essentially equipotent activity being found across
HDACs 1−3. Of the 675 ethyl ketone analogs in our collection
that were tested on both HDAC1 and HDAC3, only a handful
(1.6%) showed 10-fold or higher selectivity (i.e., IC50 HDAC1/
IC50 HDAC3) for HDAC3 (Figure 2A). The lack of robust
selective starting points as well as the absence of any clear SAR
trends that we could identify (or that stood up to testing) made
ethyl ketone analogs a challenging starting point toward selective
HDAC3 inhibitors. Similar potencies on HDACs 1−2 were
typical for compounds from our work targeting PfHDAC (that
were based on an imidazole central core together with a
methylamide zinc binding group). However, for these com-
poundsa trend toward stronger inhibitionofHDAC3wasevident
from a set of 84 analogs that were prepared with a thiazole-5-
carboxamideadjacent to the imidazole(Figure2B).Amuchlarger
proportion of this compound set (>20%) was at least 10-fold
selective. Higher HDAC3 selectivity than had previously been
achieved was observed for a number of compounds, with the 4-
N,N-dimethylmethanaminophenyl compound (15, Table 4)
proving the best in this set, with 32-fold selectivity. While the
amideZBGappears tofavorHDAC3selectivity, theSARdepicted

in Figure 2B illustrates that the nature of the aromatic
functionality attached to the central imidazole ring is also
important.Theevident selectivitymeasured for15was incontrast
to the lack of selectivity found for the 2-naphthyl analog 16 (for
whichtheHDAC3IC50wascomparablewithHDAC1).Although
marginallymore selectivitywas found for compoundswithAr=2-
methoxy-3-quinoline (e.g., 17), again these analogs consistently
failed togeneratehighly selectiveprofiles.Theoriginof selectivity
for HDAC3 appears to lie in (stronger) attenuation of HDAC1
activity rather than improved inhibition of HDAC3. Although
compounds 15, 16, and 18 are similar in terms of their HDAC3
potency, compounds 15 and 18 are less efficient HDAC1
inhibitors. It is perhaps unsurprising therefore that the Ar
fragments that feature our most potent HDAC1 inhibitors (such
as 2-naphthyl or 2-methoxy-3-quinoline) proved consistently
suboptimal with respect to selectivity (see Supporting Informa-
tion). To explore whether further improved HDAC3 selectivity
and improved HDAC3 potency could be achieved, as well as to
improve our understanding of SAR, a 2D-array of compounds
containing structurally diverse amides (R inTable 4) and either a
“highly” selective (cf. compound 15) or a “moderately” selective
(cf. compound 18) Ar group was prepared. Given the dangers of
comparing activity ratios (that are especially sensitive to assay

Figure2.HDAC3selectivity trends for(A)compoundsbasedonanethyl
ketone ZBGand prepared as human class I HDACis, X = N, O; (B)
compounds based on a methyl amide ZBG prepared as PfHDACis.

Table 4. HDAC3 Selective Inhibitors

aIC50 values are the mean of at least three independent measure-
ments. See Supporting Information for full IC50 profiles and standard
deviations. bSelectivity for HDAC3 (IC50 HDAC1/IC50 HDAC3).
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variability)compoundswere inall cases tested inat least triplicate.
Compounds19−21 illustrate someof thefindings from this set of
60 compounds, more than a third of which generated HDAC3
selectivity above 10-fold. In virtually all cases the 4-N,N-
dimethylmethanaminophenyl analogs generated improved se-
lectivity with respect to the corresponding 4-pyrazolophenyl,
though in many cases the improvement was marginal. It is clear
from the work we have conducted that achieving HDAC3
selectivity requires the correct zinc-binding group, aryl sub-
stituent, and pendant amide. However, the SAR was not without
trends that couldbe followed.While thepresenceof a basic amine
in the aryl fragment was associated with high selectivity for
compound 15, basic groups in the amide R fragment consistently
failed to generate selective profiles. Amides R that did generate
high selectivity (arbitrarily definedas>15-fold) in thepresenceof
the 4-pyrazolophenyl Ar-group always generated high selectivity
in the presence of the 4-N,N-dimethylmethanaminophenyl Ar-
fragment (see Supporting Information). Examples included
compounds 19−20 that were 20-fold and 39-fold selective,
respectively.
Compound21provideda further exampleof a50-fold selective

HDAC3 inhibitor that emerged from this work, and it was
encouraging that the improved selectivity for analogs 20 and 21
also alignedwith improved potency againstHDAC3with respect
to 15 (26 and 28 nM vs 162 nM, respectively). In view of the
benefits we have described herein for replacement of the central
imidazole core with an oxazole, a final compound that was made
was analog 22. In this case significantly poorer HDAC3 potency
and selectivity were found for 22, suggesting that the imidazole
core is preferred for selective profiles.
Compound21 showedweak inhibition ofHDAC2(IC50 of 4.1

μM, 160-fold selectivity over HDAC3) and had IC50 > 15 μM
againstHDACisoforms4−7. In linewith itsweakpotency against
HDAC1−2 in biochemical assays, low activity was alsomeasured
for21 in our cellular class IHDACassay (IC50 12μM).The lower
concentration of HDAC3 with respect to isoforms 1 and 2 in the
HeLa cells in which the assay is run is expected to desensitize the
assay toHDAC3-selective inhibitors.However, at concentrations
of 21 that did not inhibit class I HDAC’s intracellularly (1 μM),
changes in the expression of UCP1 (a gene whose transcription
has been demonstrated to be dependent25 on HDAC3) were
apparent, giving a first indication of HDAC3 selective effects in a
cellular context. Compound 21 demonstrated good stability in
vitro, proving stable (t1/2 > 4 h) in both plasma and hepatocytes

frommouse andhumans. In viewof its strong selectivity and early
profile, compound21 represents anovel lead for thedevelopment
of HDAC3 selective inhibitors.
The synthesis of oxazole analogs containing the ethyl ketone

zinc binding group is outlined in Scheme 1. Amide coupling
betweenBoc-protectedL-Aodaaminoacid23andtheappropriate
aryl α-aminoketone 24 was followed by ring closure of the β-
ketoamide intermediate to furnish the 2,5-disubstituted 1,3-
oxazole 26. Elaboration of the amino substituent by TFA-
mediated deprotection followed by amide coupling with the
appropriate carboxylic acid gave compounds 8−9 and 12−14
together with the azetidine precursors 28−29. The azetidine
analogs were further elaborated by N-deprotection followed by
reductive aminationwith formaldehyde to give compounds6 and
11. Acid-mediated hydrolysis of 6 afforded the 2-quinolinone
analog 10.
Modification of the above route by employing (S)-2-

((benzyloxy)carbonyl)amino-8-(tert-butoxy)-8-oxooctanoic
acid in place of 23was used for the synthesis of oxazole analog 22
(see Supporting Information). The methylamide based com-
pounds 15−21 reported in Table 4 were prepared as we have
previously described.16

In summary, we have reported herein work that led to an
advanced set of nonhydroxamic acid class I HDAC inhibitors
(exemplified by compound 6) that show improved pharmacoki-
netics and cellular activity with respect to previously reported
compounds from this class. We found that hERG binding, an
undesired off-target biological activity, could be dialed out from
this compound series without a strong compromise in terms of
HDACactivityprofiles.Overall, theprofileof thepotentialclinical
candidate 6 compares favorably with current clinical HDAC
inhibitors, including Panobinostat.4 We also reported how a
change to the zinc-binding group discovered originally in the
contextofwork towardPfHDACinhibitors couldbeemployedas
a key first step toward biasing SAR for HDAC3 selective profiles.
Although SAR in this direction was capricious (with apparently
small structural changeshaving a large impact on activity profiles)
following SAR trends allowed us to identify robustly HDAC3
selective compounds for further optimization. Notably, com-
pound 21 was a 26 nM inhibitor of HDAC3 and was 50-fold
selective, data that compare favorably with perhaps the most
common HDAC3-selective tool compound RGFP9669,18 (that
when tested head-to-head in our assays showed an HDAC3 IC50
of 118 nM and was 20-fold selective).

Scheme 1. Synthesis of Oxazole Compounds Containing an Ethyl Ketone ZBGa

aReagents and conditions: (a) HOBt, EDC, DIPEA, DMF, 20 °C; (b) Ph3P, C2Cl6, TEA, DCM, 20 °C; (c) TFA/DCM (9:1), 0 to 20 °C; (d)
HCHO, NaOAc, NaCNBH3, MeOH, 0 to 20 °C; (e) HCl 4 N, DCM, 20 °C.
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