1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Expert Opin Orphan Drugs. Author manuscript; available in PMC 2017 July 31.

-, HHS Public Access
«

Published in final edited form as:
Expert Opin Orphan Drugs. 2016 ; 4(9): 961-970. doi:10.1080/21678707.2016.1215910.

Translating HDAC inhibitors in Friedrich's ataxia

Elisabetta Soragnil and Joel M Gottesfeld!”

1Department of Cell and Molecular Biology, The Scripps Research Institute, La Jolla, California
92037 USA

Abstract

Introduction—Friedreich's ataxia (FRDA) is an autosomal recessive neurodegenerative disease
caused by expansion of a GAA-TTC triplet in the first intron of the £X// gene, encoding the
essential mitochondrial protein frataxin. Repeat expansion results in transcriptional silencing
through an epigenetic mechanism, resulting in significant decreases in frataxin protein in affected
individuals. Since the FXN protein coding sequence is unchanged in FRDA, an attractive
therapeutic approach for this disease would be to increase transcription of pathogenic alleles with
small molecules that target the silencing mechanism.

Areas covered—We review the evidence that histone postsynthetic modifications and
heterochromatin formation are responsible for £XA gene silencing in FRDA, along with efforts to
reverse silencing with drugs that target histone modifying enzymes. Chemical and
pharmacological properties of histone deacetylase (HDAC) inhibitors, which reverse silencing,
together with enzyme target profiles and kinetics of inhibition, are discussed. Two HDAC
inhibitors have been studied in human clinical trials and the properties of these compounds are
compared and contrasted. Efforts to improve on bioavailability, metabolic stability, and target
activity are reviewed.

Expert opinion—2-aminobenzamide class | HDAC inhibitors are attractive therapeutic small
molecules for FRDA. These molecules increase X/ gene expression in human neuronal cells
derived from patient induced pluripotent stem cells, and in two mouse models for the disease, as
well as in circulating lymphocytes in patients treated in a phase Ib clinical trial. Medicinal
chemistry efforts have identified compounds with improved brain penetration, metabolic stability
and efficacy in the human neuronal cell model. A clinical candidate will soon be identified for
further human testing.
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1. Introduction

Friedreich ataxia (FRDA, OMIM 229300) is an autosomal recessive neurodegenerative
disorder caused by reduced levels of the essential mitochondrial protein frataxin [1]. Most
affected individuals harbor a GAATTC triplet repeat expansion in the first intron of the
nuclear FXN gene encoding frataxin [1]. These repeats induce heterochromatin formation
[2-6], resulting in transcriptional silencing and decreased levels of frataxin protein. The
available data are consistent with a negative correlation between repeat length, frataxin
levels, age-of-onset and disease severity in patients [7]. A small proportion of FRDA
patients (~4 to 5%) are compound heterozygous for the repeat expansion on one allele and
loss-of-function mutations (missense, nonsense, indel) in the other ~XNallele [8]. While
largely a neurodegenerative disease, the major cause of death in FRDA is cardiomyopathy
[9]. For those individuals with homozygous repeat expansions, the amounts of residual
frataxin protein (ranging from 5 to 35% of the levels in unaffected individuals) correlate
with the number of repeats and severity of clinical symptoms. Interestingly, heterozygous
carriers of the repeat allele have approximately 50 — 60% of the frataxin levels found in
unaffected individuals and are themselves healthy. Thus, increasing frataxin levels to those
found in carriers is predicted to be therapeutically useful.

Frataxin is involved in the assembly of iron-sulfur clusters, and their transfer to
mitochondrial enzymes and components of the electron transport chain (reviewed in [10,
11]). Given its role in mitochondrial protein homeostasis, frataxin deficiency results in
impaired activities of Fe-S enzymes, altered cellular iron metabolism with iron accumulation
in mitochondria, decreased mitochondrial energy production, and increased oxidative stress
[12]. To address deficits caused by the loss of activity of Fe-S enzymes, antioxidants (e.g.,
idebenone and co-enzyme Q10 [13]) and iron chelators (e.g., deferiprone, [14]) have been
proposed as therapeutics. However, no clear clinical evidence supporting a benefit of these
approaches have so far been obtained in randomized controlled trials (reviewed in [15, 16]).
While recent success in combination therapy has been reported [17], the alternative approach
of replacing or increasing frataxin expression in patients is an appealing therapeutic strategy
to slow or prevent disease progression. Gene therapy [18] or protein replacement therapy
[19] can in principle be used for this purpose. Studies in animal models support these
approaches, at least for the cardiac manifestations of the disease; however, clinical
development depends on the resolution of many general problems in the field of gene and
protein replacement therapy, in particular, targeted delivery, controlled expression, and, for
gene therapy, potential genotoxicity. An alternative approach we have focused on is
increasing output of XA mRNA from the endogenous alleles by small molecule gene
activating compounds. We expect that increases in XN mRNA will be paralleled by similar
increases in frataxin protein. The rationale for this approach is that the coding region of the
FXN gene is not mutated in the majority of FRDA patients, hence frataxin protein structure
is unchanged from unaffected individuals. Therefore, increasing levels of A XA mRNA and
frataxin protein from the endogenous gene is an attractive therapeutic approach, and has
been considered by many investigators in the field. A number of laboratories have reported
identification of small molecule activators of FXA mRNA synthesis or frataxin protein in
patient cells. These include histone deacetylase inhibitors [3, 20], erythropoietin alpha [21],
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dyclonine [22], gamma-interferon [23], SRC inhibitors [24], short oligonucleotides [25], and
inhibitors of frataxin degradation [26]. With the exception of HDAC inhibitors and frataxin
stabilizers, the mechanism of action of these compounds has yet to be elucidated. Here, we
review the progress in the development of drugs targeting ~X/ gene silencing caused by the
GAA-TTC repeat expansion. First, we summarize the evidence for the epigenetic basis of
FXN gene silencing in Friedreich ataxia and how such silencing might be overcome with
small molecule therapeutics.

2. Loss of frataxin in FRDA is due to heterochromatin-mediated
transcriptional silencing

2.1 Evidence for transcriptional defects in FRDA cells

Within a relatively short time after the initial publication of the genetic basis for FRDA [1],
two publications reported that expanded GAA<TTC repeats cause transcriptional silencing
of the FXN gene [27, 28]. Wells and colleagues first showed length- and orientation-
dependent inhibition of reporter gene expression with DNA constructs containing variable
numbers of repeats [27]. Subsequently, the activity of the endogenous FXN gene was
analyzed along with /n vitro studies documenting inhibition of transcription by eukaryotic
RNA polymerase Il [28]. This report also showed that the repeats did not affect RNA
processing of the primary transcript to the mature mRNA [28]. While one study has claimed
that expanded GAA repeats affected RNA splicing in a reporter construct [29], there is no
available evidence to suggest that GAA repeats affect RNA splicing [28]. There is also no
evidence that long GAA-repeat intron 1 RNA is stable and could lead to an RNA-toxicity
disease, such as found in myotonic dystrophy or fragile X-associated tremor/ataxia
(reviewed in [30]). Indeed, efforts to find RNA foci containing GAA repeat RNA have been
unsuccessful [31].

2.2 How do the repeats induce gene silencing?

Research into the mechanism whereby the GAATTC repeats cause transcriptional silencing
has led to insights for therapeutic development. Within a few years after the discovery of the
GAA-TTC repeats as the cause of FRDA, several groups reported that the repeats form
unusual DNA structures in vitro, such as triplexes and an intramolecular structure known as
“sticky” DNA [32-35]. These non-B type DNA structures were hypothesized to impede the
progress of RNA polymerase 11 through the repeats and lead to stalled or aborted
transcription [27]. We hypothesized that small molecules that exclusively bind B-type DNA
might be able to drive the equilibrium between non-B structures and B-type DNA, thereby
alleviating transcriptional repression. We showed that a pyrrole-imidazole polyamide that
was designed to bind GAASTTC repeat DNA did indeed reverse the “sticky” DNA
conformation and resulted in increases in FXN mRNA in patient lymphoid cells [36].
However, this compound has limited brain penetration, limiting its utility as a therapeutic for
FRDA [37]. Besides non-B DNA structures, a DNA-RNA triplex formed at the repeats could
be responsible for blocking transcription elongation [38, 39]. In this regard, recent work
suggests that R-loops are formed at expanded repeats and that these RNA-DNA hybrid
structures are involved in the initiation of silencing or may impede passage of RNA

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2017 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soragni and Gottesfeld Page 4

polymerase through the repeat region [40]. However, further studies are necessary to fully
elucidate the relevance of R-loops and other non-B DNA structures in £X/ gene regulation.

2.3 Repeat induced heterochromatin formation at pathogenic FXN alleles

An alternative, but not mutually exclusive, mechanism for silencing pathogenic FX/N alleles
is epigenetic gene silencing through heterochromatin. Heterochromatin is characterized by
histone hypoacetylation, histone H3 lysine 9 and lysine 27 methylation, and the association
of histone deacetylase enzymes, specific histone methyltransferases and heterochromatin
proteins, such as members of the HP1 family and polycomb group proteins (Figure 1). The
first report in support of an epigenetic silencing mechanism in FRDA came from Festenstein
and colleagues [2], who showed that a transgene containing GAATTC repeats was silenced
in vivo, in a manner reminiscent of position effect variegated gene silencing. In this study,
repeat-induced silencing was augmented by over-expression of the heterochromatin protein
HP1, and the silenced transgene was packaged into condensed chromatin, as evidenced by
resistance to nuclease digestion [2]. Interestingly, the repeats could be located outside of the
transcribed region of the transgene, suggesting that models for a block in transcription
elongation due to non-B DNA or RNA-DNA hybrids do not fully account for £XN gene
silencing.

Several laboratories, including our own, have used chromatin immunoprecipitation (ChIP)
methods to monitor the histone modifications on the endogenous FX/N alleles in cell lines
derived from Friedreich ataxia patients and in patient primary cells (peripheral lymphocytes)
[3, 5, 41-43]. Yandim and colleagues have recently provided a detailed review of the
literature on chromatin modifications associated with XN gene silencing [44]. The general
consensus from these studies is that the first intron of active FXNalleles in cells from
unaffected individuals is enriched in acetylated histones H3 and H4, compared with the
inactive alleles in Friedreich ataxia cells. Additionally, lysines 9 and 27 of histone H3
(H3K9 and H3K27, respectively) are highly methylated in Friedreich ataxia cells compared
with the normal cells. Along with hypoacetylation, trimethylation of H3K9 is a hallmark of
heterochromatin, and provides the binding site for heterochromatin protein HP1 [2]. H3K27
methylation is a mark of polycomb group mediated gene silencing [45]. Although the initial
studies on £XN chromatin were conducted in Friedreich ataxia lymphoid cells, the same
epigenetic differences between active and inactive FXNV alleles have also been found in the
affected tissues (brain and heart) from mouse models for the disease [4, 46] and in
Friedreich ataxia autopsy brain, cerebellum, and heart [4]. Other studies have documented
similar heterochromatin marks on pathogenic X/ alleles in neurons derived from patient
induced pluripotent stem cells [31]. Several reports have suggested that the chromatin
changes associated with pathogenic X/ alleles prevent transcript elongation by RNA
polymerase Il through expanded GAATTC repeats [42, 43, 47, 48] and one report
suggested that both transcription initiation and elongation may be affected [42]. More
recently, Bidichandani and colleagues have provided strong evidence that initiation of
transcription at pathogenic FX/Nalleles is impaired by the presence of a nucleosome over the
start-site both in patient cells [49] and in a mouse model [50]. Interestingly, the degree of
promoter silencing and chromatin compaction is directly related to the length of the
GAA-TTC repeats [51].
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3. Histone deacetylase inhibitors correct frataxin deficiency in Friedreich ataxia

Having established that X/ gene silencing is largely due to the epigenetic chromatin
modification state at the repeats and at the promoter element, we and other labs asked
whether small molecule inhibitors of chromatin modifying enzymes might be identified that
reactivate the gene in patient cells. Our laboratory and Festenstein [20] have focused on
histone deacetylase (HDAC) inhibitors as potential therapeutics. Numerous studies have
shown that small molecule HDAC inhibitors revert silent heterochromatin to an active
chromatin conformation, and restore mMRNA synthesis at genes that are silenced in various
human diseases, including neurodegenerative and neuromotor diseases [52, 53]. A model for
HDAC inhibitor reactivation of the £X/N gene is shown in Figure 1 [54]. Eighteen HDAC
enzymes have been identified in the human genome, including the zinc-dependent (class I,
class 11, and class 1V) and the NAD"-dependent enzymes (class 111 or sirtuins). HDACs 1, 2,
3, and 8 belong to class I. Class 1 is further divided into class Ila (HDACs 4, 5, 7, and 9)
and I1b (HDACs 6 and 10), according to their sequence homology and domain organization.
HDAC 11 is the lone member of class IV. HDAC inhibitors fall into several chemical classes
[55, 56], including small carboxylates (such as sodium butyrate, valproic acid, and sodium
phenylbutyrate), hydroxamic acids (such as trichostatin A and suberoylanilide hydroxamic
acid), benzamides (such as MS-275), epoxyketones (trapoxins), and cyclic peptides
(including apicidin and depsipeptide). The structures of some of these compounds are shown
in Figure 2. While the development of HDAC inhibitors as anti-cancer therapeutics is quite
advanced [57], interest in the development of HDAC inhibitors for neurodegenerative and
neuromotor diseases has increased in the past few years [53, 58].

Based on our finding of epigenetic silencing marks associated with pathogenic £XN alleles,
we asked whether HDAC inhibitors could reverse silencing in FRDA lymphoblasts and
primary lymphocytes [3]. We screened a small collection of the HDAC inhibitors discussed
above, and found that only a 2-aminobenzamide called BML-210 (Figure 2) was active in
restoring XN gene expression in FRDA cells. Increases in mature XN mRNA were
accompanied by increases in frataxin protein. Our gRT-PCR assays utilized primers that
span separate exons, providing additional evidence that RNA processing is not affected by
the repeat expansion [28]. We synthesized a number of derivatives of BML-210, including
4b and 106 (Figure 2), and found that these molecules as well were active. Although several
compounds, such as suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA),
showed global cellular HDAC activity (monitored as increases in total histone acetylation),
only 2-aminobenzamides increased acetylation at ~X/ gene chromatin and FX/N gene
expression. Chromatin immunoprecipitation experiments also showed that the 2-
aminobenzamide HDAC inhibitor 4b increases acetylation at particular lysine residues of
histones H3 and H4 within intron 1 of FXN (H3-K14, H4-K5, and H4-K12 [3]), while
SAHA and TSA did not. Chromatin signatures indicate that histone H3K9 is a key residue
for gene silencing through methylation and reactivation through acetylation, mediated by the
HDAC inhibitor [31]. Taken together, our results suggest that a specific HDAC enzyme, or
HDAC-protein complex, is involved in XN silencing and 2-aminobenzamides selectively
target this protein in cells.
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Our initial results with benzamide HDAC inhibitors were obtained with lymphaoblast cell
lines and primary lymphocytes from FRDA patients [3, 41], but have been extended to two
mouse FRDA models [41, 46, 59]. Importantly, the animal experiments document brain
penetration of the 2-aminobenzamides and activity in the nervous system and report
increases in XN mRNA and frataxin protein. Bidichandani and colleagues have shown that
HDACI 109 (Figure 2) is able to reverse nucleosome occupancy at the ~XN promoter and
relieve the transcription initiation defect in FRDA patient cells [60]. We recently found
increases in FX/ gene expression in human FRDA neuronal cells derived from patient
induced pluripotent stem cells with 2-aminobenzamide HDAC inhibitors [31]. Additionally,
we find that the 2-aminobenzamide HDAC inhibitors increase FXN expression selectively in
patient cells, with minor effects on the normal alleles [61, 62], indicating that these
compounds are likely acting on the mechanism of silencing induced by the repeats.
Significant increase in expression occurs in >80% of patients tested through /in vitro cell
culture with the majority showing a greater than 2 fold increase [60, 61]. Since heterozygous
individuals do not exhibit symptoms of Friedreich ataxia, the epigenetic effects of these
compounds may provide a therapeutically useful increase in ~X/NV messenger RNA in patient
cells.

Along with studies documenting the activity of 2-aminobenzamide HDAC inhibitors,
Festenstein and colleagues have reported that the class 11l HDAC inhibitor nicotinamide
(vitamin B3) has similar properties [20]. These authors reported increases in FXN mRNA
levels in patient lymphocytes, lymphoblast cell lines and in the YG8R mouse model. They
reported opening of AXN chromatin to nuclease sensitivity, along with small increases in
histone acetylation [20]. In contrast to the 2-aminobenzamides that are only active on
pathogenic FXN alleles, nicotinamide was reported to increase FXN gene expression in cells
from both patients and healthy individuals, suggesting a different mechanism of action for
these two compounds. Additionally, millimolar concentrations of nicotinamide are required
for activity while the 2-aminobenzamides are active in the low UM range. Another difference
between these compounds is that nicotinamide reverses histone H3 methylation (H3K9 and
H3K27) whereas benzamides had no effect on histone methylation levels [31]. This
observation may suggest that nicotinamide is working through regulation of sirtuin activity
on the histone methyltransferases, as reported for Sirtl [63].

4. Which HDAC isoform is the target of 2-aminobenzamide inhibitors?

We felt that it was essential to know the cellular HDAC enzyme target of our inhibitors for
future drug development. Previous studies with other benzamide-type HDAC inhibitors,
such as MS-275, indicated that these compounds target the class | HDAC family [56, 64].
We find that the pimelic 2-amimobenzamides, exemplified by compound 106, are also class
I histone deacetylase inhibitors, with a moderate preference for HDAC3 over HDACs 1 and
2, with little activity against the other class | HDAC, HDACS, and little or no activity against
class Il HDACs [65]. Using an activity profiling approach [66, 67], we were able to identify
class | HDAC:s as the cellular targets of the 2-aminobenzamides [68]. To understand why the
2-aminobenzamides but not other potent HDAC inhibitors, such as the hydoxamates SAHA
and TSA, fail to activate FXN gene expression, we determined the kinetic parameters for
these compounds with recombinant class | HDACs [65]. While the hydroxamates are rapid-
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on/rapid-off, classical competitive inhibitors, the 2-aminobenzamides inhibit HDACs 1 and 3
through a slow-on/slow-off mechanism [65]. This property can be documented both with
recombinant enzymes and in cellular assays [65, 69]. Small interfering RNA approaches also
point to a role for class | HDAC in £XN gene silencing in FRDA cell models [31].

While we have established that 2-aminobenzamides are potent activators of FX/N gene
expression, given results with nicotinamide [20], the question remained as to whether
compounds with other HDAC isoform selectivities would also activate FX/ gene
expression. To address this issue, we tested compounds with different selectivity profiles in
the FRDA lymphoblast cell line [68] and in neuronal cells derived from patient iPSCs [31].
Appending phenyl or thiophene groups at the 5 position of the 2-aminobenzamide ring
results in compounds that are ~100 to 300-fold selective for HDACs 1 and 2 over HDAC3
[68, 70, 71]. While HDAC inhibitors 3 (N1-(4-aminobiphenyl-3-yl)-N’-
phenylheptanediamide [68], Figure 3) and 233 (N-(2-amino-5- (2-thienyl)phenyl)-7-
nicotinoylamino-heptanamide [71], Figure 3) are potent inhibitors of recombinant HDAC1
and in cells, these compounds are without effect on £X/V gene expression either in
lymphoblasts [68] or iPSC-derived neurons [31]. Also an HDAC3-selective inhibitor (with a
fluorine at the 4- position of the benzamide ring; 966; (£)-N-(2-amino-4-fluorophenyl)-3-(1-
cinnamyl-1H-pyrazol-4-yl)acrylamide; ~30-fold selectivity for HDAC3 over HDAC1/2 [72],
Figure 3) is without effect on FXAV mRNA levels in lymphoblasts [51] and in neuronal cells
[31]. Potent inhibitors of class 1l and class 11 (sirtuin) HDACs also fail to activate FXNV
expression in the FRDA cells, although each of these compounds is active against known
substrates [68]. This latter finding with a potent class 11l inhibitor (6-chloro-2,3,4,9-
tetrahydro-1H-carbazole-1-carboxamide [73]) is striking in light of the claim that
nicotinamide is acting as a class 111 HDAC inhibitor [20]. Recent work has suggested that
only compounds that exhibit slow-on/slow-off kinetic properties against the class | HDACs
are active in restoring FXN gene expression in FRDA cell models [74].

5. Potential off-target effects of HDACI treatment

As HDAC inhibitors have been shown to induce widespread changes in gene expression in
mammalian cells, it was important to address the issue of off-target effects of benzamide
HDACI treatment in both unaffected and FRDA cells and animal models. We used high-
density microarrays to monitor the effects of HDACi 106 on gene expression in the brain,
cerebellum and heart of KIKI and WT mice [46]. 655 genes were affected, showing small
(less than two-fold) changes in expression. The relatively limited overall effect of HDACI
106 on expression profiles and the absence of significant dysregulation of apoptosis or
tumorigenesis-related genes suggest that severe adverse effects from this compound class are
unlikely, at least at the dosages used in this study. A second study utilized lymphocytes from
unaffected individuals, carriers and FRDA patients and found that 822 genes had a fold
change of 2 or greater in at least one of these cell sources [75]. The majority of the
differentially expressed genes induced by HDACI 4b or 106 were shared in lymphocytes
from controls, carriers and patients, as expected from the structural similarity and
mechanism of action of these compounds. A control compound, lacking the essential 2-
amino group of the benzamide ring that was inactive in ~X/V gene activation, had minimal
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effects on global gene expression. Overall, these two studies failed to reveal concerns for the
use of 2-aminobenzamides as therapeutics for FRDA.

In a second approach to determine the off-target effects of 2-aminobenzamides, we
synthesized an activity-based profiling probe (ABPP) of HDACI 106 [68]. In our first study,
we used western blotting to monitor capture of class | HDACSs by the probe, and indeed
identified HDAC3 as a major target [68]. Subsequently, we used a quantitative proteomic
method coupled with multidimensional protein identification technology (MudPIT) to
identify the proteins captured by the ABPP 106 probe [76]. Nuclear proteins were extracted
from FRDA patient iPSC-derived neural stem cells, and then reacted with a control and
ABPP 106 probe. The proteins selectively bound by the active probe were determined by
mass spectrometry. Beyond the class | HDACSs, pathway analysis indicated that the targets of
HDACI 106 are not only involved in transcriptional regulation, but also in posttranscriptional
processing of mMRNA and translational regulation. We did not find targets that would be
highly indicative of adverse effects of the compounds. A similar study employing the related
2-aminobenzamide BML-210 found that the major target was the HDAC3-NCoR complex
[77]. This study as well failed to uncover targets that would preclude the use of the 2-
aminobenzamides as therapeutic for a chronic disease.

Another potential concern for the use of HDAC inhibitors in repeat expansion diseases
comes from the finding that activating transcription of a GAA-repeat reporter construct in
mammalian cells induces repeat instability, with expansions predominating [78]. To address
the effect of HDAC inhibitors and repeat instability, we treated FRDA hiPSC-derived
neurons with HDACI 109 for up to 16 days in culture and monitored GAA repeat humbers.
While potent increases in FXNV mRNA were observed over this incubation period, no effect
on GAA repeat length was found [31]. In another study, HDAC complexes were found to
induce repeat expansions and inhibition with HDACi 4b was found to inhibit such
expansions [79]. Taken together, these results suggest that the 2-aminobenzamides do not
induce repeat expansion, at least in cell culture experiments. Lastly, a study of HDACi 109
in the YG8R FRDA mouse model found no significant animal toxicity on long-term (5-
month) exposure to the drug [59]. Taken together, these observations suggest that while
benzamide HDAC inhibitors have multiple cellular targets, and have significant effects on
gene expression, these off-target effects do not appear to raise significant concern for further
development of this compound class for FRDA therapy.

6. Human clinical trials

It was found that reversing the orientation of the “left” amide in HDACI 106, resulting in
compound 109 (Figure 2), improved brain penetration along with small improvements in
HDAC enzyme inhibitory activity [41]. This molecule was found to be active in two mouse
models for FRDA and in patient lymphocytes [41, 59]. In the YG8R mouse model, HDACi
109 increased frataxin protein expression in the brain and ameliorated motor deficits.
HDACI 109 was also found to be non-toxic on prolonged 5-month chronic treatment [59].
Based on these encouraging results, HDACi 109/RG2833 (the drug formulation product of
109) was subjected to full preclinical, Investigational New Drug (IND) assessment by
Repligen Corporation (Waltham, MA) and tested in a phase Ib safety trial in FRDA patients

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2017 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soragni and Gottesfeld Page 9

at San Luigi Gonzaga Hospital of the University of Turin, Italy [31]. RG2833 was well
tolerated with no drug related adverse effects in this small 20 patient trial. Importantly, the
drug was able to increase FXN gene expression in circulating lymphocytes in all but one
patient (whose peripheral blood lymphocytes failed to respond to drug treatment ex vivo),
and increases in FXN mRNA were observed at drug levels that were predicted to have an
observable effect based on /n vitro studies. The duration of compound treatment was
insufficient to observe statistically significant increases in frataxin protein expression. Along
with increases in FXNV mRNA, ChlIP assays documented increased acetylation at histone
H3K9 at the £XN/ gene in circulating lymphocytes from drug-treated individuals. These
findings provided a proof-of-principle for taking the 2-aminobenzamides forward as
therapeutics for FRDA. However, assessment of drug metabolic byproducts in serum
suggested that further medicinal chemistry efforts were warranted (see below).

Similar to the class | HDAC inhibitor, nicotinamide (vitamin B3) has also been assessed in a
human clinical trial in FRDA patients [80]. In this study, FRDA patients were given
escalating doses of nicotinamide, ranging from 2 to 8 grams, in both single and multiple
doses, over periods of up to 8 weeks. Similar to the RG2833 study, ~XN mRNA and protein
levels were monitored, along with chromatin signatures. High doses (3.5 to 6 g) resulted in
statistically significant increases in frataxin mMRNA and protein and a reduction in repressive
(methylation) histone modifications along ~X/N gene chromatin. In terms of safety, high
doses of nicotinamide were accompanied by adverse reactions such as nausea (100% of
patients in the high dose phase of the study) and vomiting (50%). These side effects were
resolved after drug withdrawal or reduction, or with the use of anti-nausea drugs. As
expected, this short-term study did not show significant changes in clinical measures of
ataxia.

7. Improved pharmacological properties required for human therapy

As mentioned above, we tested one Sirt1 selective inhibitor in FRDA lymphoid cells, and
found no effect on FXN gene expression. However, to our knowledge, no other study testing
other class 111 HDAC inhibitors in FRDA cells or animal models has been reported. Given
the low activity and lack of specificity of nicotinamide, this would seem to be a natural next
step in FRDA drug development. Although the 2-aminobenzamides are potent inducers of
FXN gene expression in both cellular and animal models, and have potencies greater than
100-fold that reported for nicotinamide (both /n vitroand in vivo), this compound class
suffers from liabilities that need to be addressed for their use as human therapeutics for a
chronic condition such as FRDA. The 2-aminobenzamides have relatively poor distribution
to CNS tissue (0.15 brain to serum for HDACI 109) and rearrangements or scission of the
amide bond adjacent to the phenylamine ring produce problematic metabolites, such as an
inactive benzamidazole and o-phenylenediamine, respectively, the latter being a suspected
carcinogen at very high doses (although far exceeding the levels produced by mg quantities
of HDACI). Through a medicinal chemistry effort, two structural features that individually
improve brain distribution and metabolic stability have been identified [81]. These are
replacement of the “left” amide with groups less likely to form intermolecular hydrogen
bonds such as ether, olefin, or ketone, each of which can improve brain penetration [81].
Additionally, introduction of an unsaturated linkage adjacent to the “right” amide
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substantially reduces formation of a benzimidazole metabolic byproduct (Figure 4a). On the
basis of these results, we synthesized the new lead compound click-1, using Cu(l)-catalyzed
click chemistry (Figure 4a) [81]. This synthetic route allows for the generation of
compounds containing both modifications mentioned above, but introduces a triazole into
the aliphatic linker region of the pimelic 2-aminobenzamide scaffold. We recently showed
that this compound is highly active in the FRDA iPSC-derived neuronal cell model as an
inducer of FXN gene expression, with comparable activity to HDACi 109/RG2833 (Figure
4b) [74]. Importantly, click-1 and related compounds demonstrated improved brain
penetration (> 0.7 brain/plasma ratio) and stability to benzimidazole formation. Based on
these findings, new generations of molecules have been synthesized and are currently in
efficacy and preclinical testing. Among the derivatives synthesized, modifications of the cap
group (Figure 4a) and in the linker region (introducing new heterocycles, phenyl groups and
other modifications) are being assessed.

8. Expert opinion

In the course of developing small molecule therapeutics for FRDA, the field has experienced
both success in early human clinical trials [31, 80] and other results suggesting that further
medicinal chemistry efforts are necessary to find compounds that will be effective, well
tolerated and non-toxic in patients. We will consider both nicotinamide and the 2-
aminobenzamides in the following section. Given the large amounts of nicotinamide needed
for observed increases in frataxin and the observed side effects [80], the doses required for
efficacy might be limiting for chronic treatment of a life-long condition such as Friedreich
ataxia. Therefore, it seems essential to know the precise molecular targets involved in FXNV
gene activation by vitamin B3. Since nicotinamide is relatively non-specific and could well
have multiple cellular targets, we argue that such knowledge is a prerequisite for further
clinical development. With such data in hand, it might be reasonable to pursue new chemical
entities as modulators of the relevant target of nicotinamide. While Festenstein and
colleagues have argued that nicotinamide is acting as an HDAC inhibitor with selectivity for
class 111 HDACs [20, 80], no studies have documented that down regulation of any class Ill
HDAC (sirtuin) by small interfering RNA methods can reproduce the effects of nicotinamide
in FRDA cells, as shown for the class | HDACs [74]. Likewise, no ChlIP experiments have
been published to document the association of a sirtuin with silent ~xXNValleles in FRDA
cells. We believe that such data are essential for future development of a class Il inhibitor
for FRDA.

For both nicotinamide and the 2-aminobenzamides, the observed changes in chromatin
postsynthetic modifications on XN gene chromatin could well be a consequence of gene
activation through a different mechanism of action rather than direct activation of FX/V by
HDAC inhibition. For example, we recently showed that other genes might be the direct
target of the 2-aminobenzamides, leading to ~XN gene activation [74]. By interrogating
microarray data from neuronal cells treated with inhibitors of different specificity (109, 966
and 233; Figure 2), we identified two genes, H2AFY2 and PCGF2, that were specifically
down regulated by the inhibitors targeting HDACs1-3 versus the more selective inhibitors.
These results were validated by gRT-PCR methods using the pan-class | inhibitors 109 and
click 1 (Figure 3) along with the HDAC3 (966) and HDAC1/2 (233) selective compounds.

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2017 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soragni and Gottesfeld Page 11

Both of these genes are known to be involved in transcriptional repression and hence
repression of these genes could in turn have a positive impact on £XN gene chromatin
structure and transcriptional activity. H2AFY 2 encodes a macroH2A protein that has been
implicated in X chromosome inactivation, gene repression and genomic imprinting
(reviewed in [82]). PCGF2 is a negative regulator of developmentally important genes, and
specifically involved in polycomb H3K27 methylation-mediated gene repression (reviewed
in [45]). While these data provide a correlation between HDACI 109 treatment, up-
regulation of FX/Nand down-regulation of these two gene products, future studies, such as
siRNA silencing and ChIP assays, are needed to address whether these two proteins,
macroH2A and Polycomb group ring finger 2 are indeed directly involved in £X/ gene
expression in FRDA neuronal cells.

While our recent findings [31] provide a proof of concept that patient derived neuronal cells
can be a quantitative screening tool for the development of an epigenetic therapy for FRDA,
the compound used in our clinical study, 109/RG2833, suffers from liabilities for chronic
use as FRDA therapeutics; namely, less than optimal brain penetration, and conversion of the
active molecule into inactive, potentially toxic metabolic products (benzimidazole and
products of amidolysis) that are poorly eliminated /7 vivo [81, 83]. Other preclinical studies
placed RG2833 and the benzimidazole in the high-risk category for inducing QTc
prolongation [31]. Given the cardiac involvement in FRDA, molecules that produce this
benzimidazole metabolite are unlikely to be useful for chronic treatment of FRDA. We
therefore searched for chemical modifications to the pimelic 2-aminobenzamide scaffold
that would circumvent these liabilities. As described earlier [81], replacement at the “left”
amide in the original scaffold were found to improve brain penetration, and modifications
adjacent to the “right” amide prevented cyclization to the benzimidazole, and also reduced
amidolysis. Compounds with these features exhibit no loss of activity compared to HDACIi
109 (Figure 3b). Thus, new derivatives are candidates for future clinical studies in FRDA. If
oral delivery of an HDAC inhibitor can be effective at drug exposures that are well tolerated,
it will provide impetus to further advance the 2-aminobenzamide class of compounds to
target histone deacetylase inhibition as a viable therapeutic strategy for this devastating
disease.
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Avrticle highlights

Friedreich ataxia is an autosomal recessive neurodegenerative disease caused
by a GAA-TCC triplet expansion in the first intron of the £X// gene, encoding
the essential mitochondrial protein frataxin.

Frataxin is involved in the synthesis of iron-sulfur clusters, and transfer of Fe-
S clusters to mitochondrial enzymes and components of the electron transport
chain.

Patients suffer from both neurological symptoms and cardiomyopathy due to
reduced levels of frataxin protein.

GAA TCC repeats cause epigenetic gene silencing, reducing levels of FXNV
mRNA and protein, which can be reversed with histone deacetylase (HDAC)
inhibitors.

Two HDAC inhibitors have been evaluated in human clinical studies, but both
molecules require improvements for use in chronic diseases.

Medicinal chemistry efforts have revealed modifications that improve
pharmacological properties of 2-aminobenzamide HDAC inhibitors, which
may lead to compounds for future clinical investigation.

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2017 July 31.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Soragni and Gottesfeld Page 18

Putative silencing pathway in Friedreich's ataxia

Figure 1. Model for epigenetic gene silencing in FRDA and activity of HDAC inhibitors
Gene activity is governed by the balance of activities of the chromatin modifying enzymes,

the histone acetyltransferases (HATS), histone deacetylases (HDACS), and histone
methyltransferases (HMTases). Histone methylation (me at H3 lysine 9) provides a binding
site for heterochromatin protein 1 (HP1), which has been shown to be involved in GAA
repeat mediated gene silencing [2]. The HDAC inhibitor 4b was shown to reverse silencing
[3]. Taken from Festenstein [54], with permission.
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Figure 2. Structures of the histone deacetylase inhibitors
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HDACIi 109 (RG2833)
R1,2=H
HDAC3 > HDAC1/2
NH, (~3-fold)
233: R1 = thiophene
3: R1 = phenyl
‘ R2 HDAC1/2 >>> HDAC3
R1 (~100—f0|d)

136/966: R2 = fluoro
HDAC3 >> HDAC1/2
(~30-fold)

Figure 3. Modifications to the benzamide scaffold create molecules with isoform selectivity
The structure of HDACI 109 is shown, indicating the positions of the benzamide ring that

can be modified to afford isotype selectivity (R1, R2) and the fold differences in HDAC
inhibitory activity for selective compounds are shown at the right.
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Figure 4. Compounds with improved pharmacological properties

(A) Structure of 106, highlighting the cap group (purple), left amide, and linker region.
Brain penetration can be improved by elimination of the left amide, and replacement with an
ether, olefin, or ketone. Metabolic stability can be improved by introducing a non-saturated
linkage adjacent to the right amide, which prevents formation of a benzimidazole. Cu(l)-
catalyzed click chemistry was used to generate compound click-1, where a triazole is
generated in the linker region of the histone deacetylase inhibitor [81]. (B) Efficacy of
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click-1 in neuronal cells derived from FRDA iPSCs, as measured by qRT-PCR, compared to
HDACI 109.

Expert Opin Orphan Drugs. Author manuscript; available in PMC 2017 July 31.



	Abstract
	1. Introduction
	2. Loss of frataxin in FRDA is due to heterochromatin-mediated transcriptional
silencing
	2.1 Evidence for transcriptional defects in FRDA cells
	2.2 How do the repeats induce gene silencing?
	2.3 Repeat induced heterochromatin formation at pathogenic
FXN alleles
	3. Histone deacetylase inhibitors correct frataxin deficiency in Friedreich
ataxia

	4. Which HDAC isoform is the target of 2-aminobenzamide inhibitors?
	5. Potential off-target effects of HDACi treatment
	6. Human clinical trials
	7. Improved pharmacological properties required for human therapy
	8. Expert opinion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

