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Abstract

Hydroxamate-based histone deacetylase inhibitors (HDACIs) have been approved as therapeutic 

agents by the US Food and Drug Administration for use in oncology applications. While the 

potential utility of such HDACIs in other areas of medicinal chemistry is tremendous, there are 

significant concerns that “pan-HDAC inhibitors” may be too broadly acting and/or toxic for 

clinical use beyond oncology. In addition to the isozyme selectivity challenge, the potential 

mutagenicity of hydroxamate-containing HDAC inhibitors represents a major hindrance in their 

application to other therapeutic areas. Herein we report on the mutagenicity of known 

hydroxamates, discuss the mechanisms responsible for their genotoxicity, and review some of the 

current alternatives to hydroxamates. We conclude that the hydroxamate group, while providing 

high-potency HDACIs, is not necessarily the best zinc-binding group for HDACI drug discovery.
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Introduction

Hydroxamates are a class of organic compounds containing the functional group C(O)-

N(R)-OH. Their carbonyl and N-hydroxy groups are capable of complexing metals in a 

bidentate fashion, making them excellent ligands for a number of metals of biological 

importance including zinc, iron, and nickel. Among those metals, zinc is one of the most 

frequently occurring metals in metalloenzymes (>300 enzymes).[1] In particular, zinc-

dependent endopeptidases, matrix metalloproteases (MMPs), and histone deacetylases 

(HDACs), which play significant roles in the growth, promotion, and spread of tumors, have 

been recognized as potential targets for cancer therapy in past decades. Hundreds of 

inhibitors against MMPs and HDACs have been or are being developed, and many of them 

contain a hydroxamate group as the zinc-binding group (ZBG). More than 50 MMP 

inhibitors have been investigated in clinical trials; however, all of them failed for reasons 
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that include inadequate trial design, poor ADMET properties (metabolic instability, low oral 

bioavailability, and toxicity), and limited knowledge of the complexity of MMP function.[2]

Unlike the story of MMP inhibitor discovery, three broad-spectrum HDAC inhibitors 

(HDACIs) bearing a hydroxamic acid function (vorinostat, panobinostat, and belinostat) 

have been approved as drugs, even though they still exhibit poor pharmacokinetics (rapid 

clearance) and selectivity profiles (multiple off-target interactions, including the hERG 

cardiac ion channel), and give rise to dose-limiting toxicity concerns.[3] In the meantime, 

more than ten hydroxamate-based pan-HDACIs are under clinical investigation for the 

treatment of various cancers (Figure 1).[4] Outside oncology, the targeting of specific HDAC 

isoforms is being pursued as a promising therapeutic strategy for neurological disorders,[5] 

based on the finding that several selective HDACIs bearing hydroxamate groups exhibit 

neuroprotective properties and improve cognition and motor activity, as well as other 

behaviors in animal models of depression,[6] Alzheimer’s disease (AD),[7] Huntington’s 

disease (HD),[8] Charcot– Marie–Tooth disease (CMT), etc.[9] The potential utility of 

HDAC inhibitors appears to be tremendous, but further translation of these ideas to the 

clinic will ultimately require the design of potent, isozyme-selective, and drug-like 

molecules that have minimal side effects. In general, HDACIs comprise three main motifs: a 

cap group that interacts with the surface of the enzyme, a linker that occupies a hydrophobic 

channel, and a metal chelator that coordinates with the zinc ion at the bottom of the catalytic 

pocket (Figure 1). A properly optimized cap group can improve both potency and 

selectivity, presumably through its ability to engage in appropriate contacts with residues on 

the enzyme surface. There is growing interest in developing HDAC-specific blockers for 

clinical use beyond oncology; nevertheless, significant concern is now emerging that the 

potential mutagenicity of the hydroxamate group would present an obstacle.

Mutagenicity

Mutagenic chemicals may exert their effect through substitutions of nucleotides in DNA as 

well as insertion or deletion of nucleotides, chromosomal breakages, and the rearrangement 

of chromosomes. Because of these mechanisms of action, mutagens are also potential 

carcinogens, and this concern has driven most of the mutagenicity testing programs. The 

hydroxamate group and its derivatives were found to be mutagenic as early as three decades 

ago.[10] Ames tests indicated that some alkyl and aryl hydroxamic acids lead to obvious 

mutation in strains of the bacterium Salmonella typhimurium.[11] O-Acetyl-

benzohydroxamate, a mutagen, was observed to form adducts with DNA and polyguanylic 

acid in vitro.[12] Moreover, some hydroxamic acid–metal complexes show effective capacity 

for DNA cleavage.[13] These interactions with DNA may cause DNA damage, mutation, and 

cancer development. There is substantial evidence to demonstrate that the HDAC tool 

compound trichostatin A (TSA), which shares structural similarity with vorinostat, shows 

mutagenicity in vitro. In 2006, it was reported that DNA damage is induced in leukemic 

cells in response to treatment with TSA.[14] In the same year, both clastogenic and 

aneugenic properties of TSA in human TK6 lymphoblastoid cells were reported, which 

indicated that exposure to TSA causes chromosomal aberrations, DNA damage, and 

aneuploidy in this cell line.[15] In 2013, a positive genotoxicity result for TSA was obtained 

within the acceptable toxic dose range in the TK6 cell-line-hosted GADD45a–GFP assay, 
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which has high sensitivity and specificity in the detection of genotoxic carcinogens and in 

vivo genotoxicants. This result also suggested that the genotoxicity of TSA may contribute 

to its antitumor activity.[16]

In many cases it is difficult to locate information on the mutagenic properties of HDAC drug 

candidates containing a hydroxamate group that are being advanced to clinical trials. 

However, detailed genotoxic assessments for approved HDACIs have been described in the 

pharmacology review materials submitted to the US Food and Drug Administration (FDA) 

(Table 1).[17] Vorinostat is mutagenic in the Ames test; is clastogenic in rodents (i.e., 

Chinese hamster ovary (CHO)) cells, but not in normal human lymphocytes; and is positive 

in an in vivo mouse micronucleus assay.[18] Both belinostat and panobinostat are mutagenic 

in the Ames test and L5178Y mouse lymphoma cells. Both panobinostat and vorinostat are 

negative for chromosomal aberrations in cultured purified human blood lymphocytes; 

however, in the case of panobinostat, an increased frequency of endoreduplication was 

observed, indicating an increase in the number of chromosomes. All hydroxamate HDACIs 

on the market are Ames positive and cause chromosomal aberrations in rodent cells. These 

drugs are being used only for cancer, as this undesired side effect can, to a certain extent, be 

tolerated in a disease considered to be life threatening. Certainly, for use in diseases that 

would require chronic, longer-term use of an HDACI, it would be preferable to have 

inhibitors available that are not genotoxic.

Proposed mutagenicity mechanism

According to the current hypothesis, hydroxamate mutagenicity is caused by a Lossen 

rearrangement, a reaction which transforms an activated hydroxamate into the corresponding 

isocyanate.[19] In the laboratory, the Lossen rearrangement is carried out by using preformed 

O-activated hydroxamic acid derivatives or by in situ activation of free hydroxamic acids 

with various activating agents such as carbonyldiimidazole (CDI) (Scheme 1a).[20] The O-

activated hydroxamates undergo deprotonation of the amide nitrogen atom under basic 

conditions, and then the anionic intermediates rearrange rapidly to the isocyanates. The 

isocyanates are unstable, and they easily undergo hydrolysis or react with available 

nucleophiles. Moreover, aliphatic and aromatic isocyanates are known to react readily with 

imidazole groups within enzymes to form ureatype adducts which are susceptible to 

hydrolysis or can be attacked by nucleophilic species other than water, for example, 

nucleophilic groups residing on DNA (Scheme 1a).[21]

The occurrence of the Lossen rearrangement under physiological conditions has been 

reported.[19] Thus it has been shown that 2-naphthohydroxamic acid can be converted into 

its O-acetyl derivative by acetyl-CoA present in bacteria. This process is a key step in 

priming a hydroxamic acid for the Lossen rearrangement. The presence of the isocyanate 

intermediate derived from the acetylated hydroxamate has been confirmed by trapping with 

aniline present in the reaction buffer, resulting in the formation of urea. Moreover, it has 

been shown that incubation of 2-naphthohydroxamic acid as well as its O-acetyl derivative 

with TA98 cell suspensions results in the formation of adducts with bacterial DNA. 

Furthermore, it was reported that 2-aminonaphthalene formed by way of the Lossen 

rearrangement with subsequent hydrolysis and decarboxylation was the major metabolite in 
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the presence of the TA98 tester strain. The amide metabolite, naphthalene-2-carboxamide, 

was also detected, which was formed by reduction of the O-acetylated hydroxamate under 

catalysis by NADH/NADPH. Only small amounts of the corresponding carboxylic acid 

were detected in the presence of bacteria TA98 at each time point. Therefore, the amount of 

the concomitantly released hydroxylamine, which is also a mutagen, is likely insufficient to 

cause the observed mutagenicity.[10a]

Of further note is the observation that 2-aminonaphthalene can be generated from its 

precursor, O-acetyl-2-naphthohydroxamic acid, in the absence of bacteria, indicating that the 

Lossen rearrangement proceeds in the absence of any enzyme catalysis. These results taken 

in total would strongly support the idea that the reactive isocyanates stemming from the 

Lossen rearrangement are the cause of the mutagenicity of hydroxamates. The rate-limiting 

step in this variant of the Lossen rearrangement is the formation of an activated 

hydroxamate, and the rate of the reaction is directly proportional to the relative acidity of the 

conjugate acid of the anionic leaving group.[22]

Most reported Lossen rearrangements take place in an alkaline medium, in the presence of a 

catalyst, or under neutral conditions. However, these observations are made under standard 

reaction conditions used in synthetic chemistry, and Lossen rearrangements in a biological 

environment do not necessarily proceed by the same mechanism, and may in fact exhibit 

reactivity patterns different from those observed in a synthesis context. For instance, 4-

(dimethylamino)benzohydroxamic acid is a very active substrate for the Lossen 

rearrangement. The reaction is complete within 5 min in 99% yield under conditions using 

CDI/CH3CN.[20b] However, the Phase II compound givinostat, bearing a structurally related 

moiety, has been reported to have no genotoxic effects in the mouse lymphoma assay and 

the chromosomal aberration assay in vitro, and in the micronucleus test and unscheduled 

DNA synthesis test in vivo.[23] Moreover, another 4-aminobenzohydroxamic acid derivative 

incorporating a benzothiophene ring was found to be Ames negative when tested using four 

strains of S. typhimurium (TA98, TA100, TA1535, and TA1537; Figure 2, compound 1).[24] 

However, as cytotoxicity was observed at concentrations of >50 µm in all the tester strains, 

this result may obscure the genotoxicity of the compound, and further evaluation of the 

mutagenicity of compound 1 is certainly warranted, and in particular would require study in 

the in vitro micronucleus test for chromosomal damage. It is clear that our present 

knowledge does not provide a definitive answer as to whether a Lossen rearrangement will 

or will not occur in a biological system. The exception to this statement would be the case in 

which the nitrogen atom bears an additional substituent. It is also possible that simple 

hydrolysis of the hydroxamate with formation of hydroxylamine, a mutagen, may compete 

with the Lossen reaction.

Hydroxamates exhibit much more efficient binding to zinc-containing enzymes than 

compounds containing other zinc-complexing groups such as carboxylic or phosphinic 

acids. The low acidity of hydroxamates (pKa values ~8.5) suggests that they are not 

appreciably deprotonated at physiological pH. They therefore approach the active sites as 

neutral molecules,[25] and deprotonation to form a strongly chelating hydroxamate anion 

takes place only after coordination to the zinc cation.[26] Metal-assisted mechanisms for the 

Lossen rearrangement, which are subject to only a very small energy barrier, should 
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therefore be taken into consideration. In an example of the zinc-triggered Lossen 

rearrangement, two acetohydroxamic acid molecules bond with zinc as neutral or anionic 

ligands. Hydrogen migration from the nitrogen atom to the hydroxy group leads to the 

formation of an unsaturated complex in which zinc bears anionic acetohydroxamate, water, 

and acetylnitrene as ligands. The nitrene can undergo rearrangement to yield the more stable 

methylisocyanate (Scheme 1b).[27] Recently, it has been observed that deprotonation 

occurred at the oxygen atom for the zinc complex, instead of at the nitrogen atom as in the 

potassium complex. The potassium-mediated Lossen rearrangement is initiated by hydrogen 

migration from the nitrogen atom to the oxygen atom to form an N-deprotonated 

hydroxamate–metal complex, which is of similar energy as the original complex.[28] Next, 

the metal hydroxamate undergoes Lossen rearrangement, followed by facile hydrogen 

migration from oxygen to nitrogen, to yield a metal carbamate (Scheme 1c). Although these 

metal-assisted Lossen rearrangements may provide another route for the transformation of 

hydroxamates in biological systems in addition to the acetylase-initiated pathway, further 

studies to assess their actual contribution in biological systems may be warranted.

Alternatives to Hydroxamates for HDACIs

The best strategy to circumvent mutagenicity issues related to the hydroxamate function in 

HDACIs is to develop alternatives to hydroxamate as ZBGs. To date, alternative ZBGs 

present in the most advanced HDACIs that are either in clinical use or under investigation 

are carboxylic acid (i.e., valproic acid), ortho-aminoanilide (i.e., chidamide, entinostat, 

mocetinostat, tacedinaline, etc.), and thiol (i.e., romidepsin).

The prototypical example for a thiol ZBG is the natural product romidepsin, a cyclic peptide 

that has been approved for the treatment of cutaneous and peripheral T-cell lymphoma. 

Romidepsin is a prodrug whose disulfide bond can be reduced within the cellular 

environment to release the free thiol.[29] It has been shown to be non-mutagenic in the Ames 

test as well as in the mouse lymphoma assay in vitro. Moreover, romidepsin is non-

clastogenic in an in vivo rat bone marrow micronucleus assay when tested at the maximum 

tolerated dose.[30] Recently, a preclinical study of ST7612AA1, a thioacetate prodrug, 

confirmed that the prodrug is rapidly absorbed and converted into the active thiol form after 

administration of a single oral dose to mice.[31] The thiol group thus represents a relatively 

potent zinc-chelating group, and various thiol-based HDACIs and their thioate prodrugs 

have been widely investigated over the last decade.[32] Notably, one thiol-based compound 

bearing a cycloheptyl cap group (Figure 3, 2)[33] and several mercaptoacetamides (Figure 3, 

3 and 4)[34] were found to display potent HDAC6-selective inhibition in enzyme-and cell-

based assays. Moreover, the neuroprotective capacity of mercaptoacetamide-based 

HDAC6Is (Figure 3, 3 and 4) has been demonstrated in primary cortical neurons and in a 

mouse model of AD.[5f, 34a, 35] However, it is important to note that some mutagenic 

potential has been found for thiol-containing compounds such as glutathione (Ames positive 

even at concentrations found in mammalian tissues), cysteine ethyl ester, and L- and D-

penicillamine.[36] Accordingly, the mutagenic safety of compounds bearing a thiol group as 

an alternative ZBG should be investigated.
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As noted above, the ortho-aminoanilides are an important class of HDACIs in clinical trials 

and include compounds such as chidamide (approved in China for the treatment of 

pancreatic cancer), entinostat (Phase III), mocetinostat (Phase II), and tacedinaline (Phase 

II). Most of the ortho-aminoanilide-based HDACIs display selective inhibition of the class I 

HDAC isoforms in addition to HDAC8. Several ortho-aminoanilides possessing alkyl or 

alkenyl linkers (Figure 3, RGFP109, RGFP966, and compound 5) or a chiral oxazoline cap 

(Figure 3, compound 6) were found to be HDAC3 selective.[37]

Over the years, novel zinc-binding motifs have emerged and could provide complementary 

selectivity profiles. Compound 7 containing an amino acid amide as the ZBG showed 

preferential inhibition of HDAC8.[38] Compound 8, processing a trifluoroacetylthiophene 

ZBG, shows selectivity against HDAC4/6.[39] A class IIa-selective HDACI bearing a 

trifluoromethyloxadiazole moiety as a unique chelating ZBG was identified by screening 

approximately two million individual compounds from GlaxoSmithKline’s diversity 

collection, and it exhibited good potency for the class IIa HDACs 4, 5, 7, and 9 (Figure 3, 

compound 9).[40] The β-thujaplicin analogue 10, containing a tropolone as the ZBG, is the 

first discovered highly potent and selective HDAC2 inhibitor. Interestingly, β-thujaplicin 

methyl ether (11) has been shown to be a highly potent and selective HDAC8 inhibitor.[41]

Perspectives

Despite the numerous clinical trials in progress using hydroxamate-bearing HDACI, it is 

difficult to gain ready access to the mutagenicity data that are likely present for many of 

these compounds. However, the available data reviewed in this paper suggest that a number 

of HDACIs bearing hydroxamates do indeed exert mutagenic effects. Nonetheless, 

hydroxamates still attract much attention in HDACI drug discovery because of their 

remarkable zinc chelating capability, isoform selectivity, and efficacy in vivo. The 

tremendous potential of HDACIs for the treatment of neurological disorders can be expected 

to drive further investigations into the mechanism of hydroxamate-induced mutagenicity and 

of Lossen rearrangements in biological environments, as there may be opportunities to 

identify non-mutagenic hydroxamate-based HDACIs. Moreover, non-hydroxamate zinc-

binding groups represent a solid alternative for developing non-mutagenic HDACIs, and we 

anticipate that screening methods like those used in the discovery of compound 9 will lead 

to further breakthroughs in this area.
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Figure 1. 
General structure of HDACIs and structures of therapeutically relevant HDACIs.
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Figure 2. 
Sample Lossen rearrangement and structures for HDACIs containing a 4-amino-N-

hydroxybenzamide moiety.
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Figure 3. 
HDACIs with thiol, aminoanilide, and atypical zinc-binding groups.
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Scheme 1. 
Proposed Lossen rearrangement mechanisms for hydroxamate anions.
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Table 1

Mutagenicity assay results of approved hydroxamate-based HDAC inhibitors.[a]

Mutagenicity Assays Vorinostat Belinostat Panobinostat

In vitro reverse mutation assay in 
bacteria (Ames test)

Positive (S. typhimurium TA97a, 
TA100, TA989, TA1535, TA1537, 
TA1538)

Positive (TA98, TA100, 
TA102, TA1535, TA1537)

Positive (TA97a)

In vitro assay in mammalian cells 
(chromosomal aberrations)

Mutagenic in Chinese hamster 
ovary (CHO) cells
Non-clastogenic in cultured purified 
human blood lymphocytes
Marked suppression of DNA 
synthesis in CHO cells

Mutagenic in L5178Y 
mouse lymphoma cells

Negative for chromosomal 
aberrations in cultured purified 
human blood lymphocytes, but an 
increased frequency of 
endoreduplication was observed, 
indicating an increase in the 
number of chromosomes
Positive for DNA damage in 
L5178Y mouse lymphoma cells

In vivo clastogenicity assay in 
rodents (micronucleus assay)

Clastogenic, 2–3-fold increase in 
micronucleated polychromatic 
erythrocytes (PCEs) in mouse bone 
marrow

Clastogenic, induces a 
significant increase in 
micronucleated PCEs at 
nontoxic dose of 260 mg 
kg−1 day −1

Not performed

[a]
All data were obtained from the pharmacology review materials for the Center for Drug Evaluation and Research (CDER), US Food and Drug 

Administration (FDA).
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