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Abstract 
 

Epigenetic abnormalities have been implicated in a wide variety of disorders and 

as such are of increasing interest as potential drug targets. Histone deacetylases 

(HDACs) and Lysine Specific Demethylase 1 (LSD1) are two such targets that 

have received significant attention in recent times. Although both enzymes have 

been found to be crucial in several regulatory roles, their overexpression has 

been observed in a number of cancers. Several HDAC inhibitors are already 

approved for use in various cancers and a number of LSD1 inhibitors are currently 

in clinical trials.  

The lack of approved inhibitors for LSD1 and the lack of isoform specific inhibitors 

of the HDACs suggests a need for further research and development in both of 

these key areas of epigenetic drug discovery. In addition, the ability of cancer as 

a disease to become resistant to treatment is a major hurdle. 

Evidence is now emerging that combining both HDAC and LSD1 inhibitors can 

have a synergistic effect in cancer. To that end, we have developed a dual 

LSD1/HDAC inhibitor based upon the structure of GSK2879552, the clinical 

candidate of GlaxoSmithKline. This dual inhibitor aims to take advantage of any 

synergistic effect between LSD1 and HDAC, as well as addressing the problem 

of drug resistance through the mode of dual target engagement.  

Further, we have developed a novel, potent, LSD1 inhibitor with good in cell 

activity. This was followed up with the synthesis of several analogues with the 

aim of working towards further structure optimisation.  

Work on our dual inhibitor, led to the development of two novel HDAC6 inhibitors 

with promising activity both in and out of cell. Again, the series was extended in 

order to determine if this activity could be further improved. 

Finally, a novel HDAC inhibitor comprising a carboxylic acid zinc binding motif, 

and low µM levels of activity is presented. 
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Chapter One 

 
1. Introduction 
1.1. Epigenetics, a quick look at the past. 
 
Although epigenetics is seen as a relatively modern branch of science, the 

concept of epigenetics has been around for some time. As far back as 
Hippocrates and Aristotle the idea of inheritance of acquired characteristics is 

put forward.1 Sometimes referred to as ‘soft inheritance,’ this is the theory that 
offspring may inherit traits acquired by their parents. In the early 19th century this 

school of thought became widely associated with a French naturalist by the 
name of Jean Baptiste Lamarck, and the idea of inheritance of acquired 

characteristics became known as Lamarckism.2 
The term ‘epigenetic’ itself, was not coined until 1939. In his book: An 

Introduction to Modern Genetics, developmental biologist Conrad Waddington, 
used the term to link the classical embryological theories of preformation and 

epigenesis.3 Preformation is the belief that the organism is somehow preformed 
in its embryonic state and that development is simply the miniature form 

unfolding into its adult form. Epigenesis is a competing theory in which the 
organism is not fully formed as an embryo but develops gradually over time by 
the addition of parts. Waddington suggested that although development 

proceeds on the ‘preformed’ qualities of the fertilised egg, its constituents 
interact to give rise to new types of tissue and organ not originally present, 

saying that this development must be considered ‘epigenetic’. He later 
introduced the idea of canalisation, as a way of explaining why it may be that 

some acquired traits persist into offspring while others do not.4 This led to his, 
now famous, epigenetic landscape illustration (Figure 1.1).5 This illustration is of 

an undulating landscape that represents the developmental pathway from 
genotype to phenotype. Marbles are shown to be rolling down this landscape 

from the highest point, representing the genotype, through a series of forks and 
slopes, before finally coming to rest at various phenotypic outcomes. The idea 

is to show that by manipulating the landscape, i.e. changing the environmental 
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conditions of the organism, one could change the phenotypic outcome without 

the need to change the genotype. He experimentally showed that by selectively 
breeding organisms with a desired characteristic, within a few generations’ 

offspring would display that characteristic without the need for environmental 
stimulation. 

 

 

Figure 1.1. Waddington’s Epigenetic landscape. 
(Used with permission)5 

The single groove at the top of the hill represents the genotype of the organism while 
the marble, when at the top, represents an undifferentiated cell (zygote). As the marble 
rolls down the landscape it makes ‘choices’ at various forks thus denoting the cell 

becoming more specialised as it does so. The troughs at the bottom denote specific 
phenotypes at which the differentiated cell comes to rest. The nature of the illustration 
implies the marble cannot go back up the hill or over to a different trough without outside 

interference, thus showing that once a cell has become specialised it cannot revert back 
to a less specialised state, or, become a cell of a different type. 

 

In 1958 Nanney published a paper giving a slightly different view on the use of 
the term ‘epigenetic’.6 The differences between the use of the term by 

Waddington and that by Nanney are summed up nicely by Haig who says; 
“Waddington introduced ‘epigenetics’ to refer to the study of the causal 

mechanisms by which genes of the genotype bring about phenotypic effects.” 
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Nanney chose ‘epigenetic’ to refer to mechanisms of cellular heredity that were 

not based on the semi-conservative replication of DNA.7 
Although both descriptions could perhaps be interpreted as being correct in 

terms of the modern understanding of epigenetics, it is Nanney’s interpretation 
which is more in keeping with the modern view. 

Modern day definitions of epigenetics are numerous, albeit many of them 
alluding to the same meaning. But perhaps the best way of looking at the subject 

should be based on one’s need of the description. In everyday life epigenetics 
could mean simply the differences observed in ‘identical’ (or more correctly, 

monozygotic) twins, or the difference between a caterpillar and a butterfly. If a 
deeper explanation is required then a molecular description defining epigenetics 

as the biological mechanism by which genes are either activated or silenced 
through reversible changes to genetic material, without any change to the DNA 

sequence itself, may be used. As will become apparent, it is this second 
description which is most appropriate to this work. 

 
1.2. A more modern view. 
Deoxyribonucleic acid (DNA) is the blueprint of all life. In human somatic cells, 

DNA is composed of approximately 3 billion base pairs making up 23 pairs of 
chromosomes. Of those only around 1.5% make up genes, sections of DNA 

which code for proteins, and it is these genes which are responsible for all life. 
Any changes to the genomic sequence of these genes can therefore have 

devastating effects. One example of this is sickle cell anaemia, a disease which 
affects the shape of red blood cells thus inhibiting their proper function. Red 

blood cells consist of four proteins bound together in a quaternary structure, two 
alpha-chains and two beta-chains. The beta-chains are coded for by the HBB 

gene, found on chromosome 11 and made up of 1605 base pairs. A single point 
mutation of this gene, in which adenine is substituted for thymine, leads to a 

glutamic acid residue being replaced by valine at position 6 in the protein.8 The 
result of this is a decrease in the hydrophilicity in that region of the beta-chain 

which thus enables adjacent chains to associate via hydrophobic interactions.  
This has the effect of aggregation between the beta-chains of affected cells thus 



 5 

deforming the cells and inhibiting their function. A second example is Tay-Sachs 

syndrome, a condition in which a deficiency of beta-hexosaminidase A leads to 
the toxic build-up of GM2 gangliosides in the cells of the spinal cord and brain. 

Beta-hexosaminidase A is an enzyme of which one sub-unit is coded for by the 
HEXA gene. According to the Human Gene Mutation Database (HGMD) there 

have been 169 different mutations to the HEXA gene reported to date, with 148 
of those resulting in Tay-Sachs9, many of which are due to single point 

mutations.  
These examples are two among many and illustrate the importance of keeping 

the genome safe from damage. In order to accomplish this, nature has come up 
with a number of ways to both protect and repair DNA. The double helix structure 

of DNA itself is one such method. By having two strands bound to one another, 
exposure of the base pairs is limited and hence less prone to damage. It also 

ensures that following cell division, each cell has one original copy of DNA 
therefore ensuring faithful replication and reducing the chance of mutation due 

to error. A further protective measure is seen in the way DNA is packaged within 
the nucleus. DNA is wound around proteins called histones. This histone-DNA 
complex, called a nucleosome, consists of an octamer of eight histone proteins 

along with a section of 146 base pairs of DNA. The nucleosomes are in turn 
linked by a section of DNA called linker DNA, made up of various lengths of non-

coding base pairs.10 The sugar phosphate backbone of DNA is anionic at 
physiological pH and can therefore bind electrostatically to the cationic lysine 

and arginine residues found on the tail like structures of the histone proteins. 
When DNA is bound like this, the genetic material is inaccessible and hence less 

prone to damage. However, this inaccessibility also means the coding parts of 
the DNA, the genes, are unavailable for transcription. The system which has 

evolved to remedy this is an epigenetic one.  
In order for genes to become accessible, the section of DNA containing the 

required gene must dissociate from the histone. This mean that either the DNA 
must become less anionic or the histone must become less cationic so as to 

decrease their affinity for one another. The latter is one solution chosen by nature 
and is accomplished by post-translational modification of the histone tails. 
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Functionalisation of certain residues, such as acetylation of lysine, has the effect 

of neutralising the charge on that residue and hence the histone. This allows the 
DNA at that point to unwind and become transcriptionally active. This process 

is reversible and with the functionalised residue restored, the affinity of the 
histone for the DNA returns and the gene is once again made inaccessible and 

inactive (Figure 1.2).  

 
 

 
 

Figure 1.2. The effect of histone modification on gene activation. 
 
(a) DNA tightly bound to histones and hence the genes are inaccessible and silenced. 

(b) Acetylation of the lysine residues on the histone tails results in a loss of affinity 
between the DNA and the histone. The DNA unwinds from the histone and the gene 

becomes activated and open to transcription. 
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This dynamic regulation is carried out by three groups of proteins commonly 

known as ‘writers’, ‘erasers’ and ‘readers’. The writers functionalise 
macromolecules susceptible to epigenetic change. These changes include 

methylation (Arg and Lys), acetylation (Lys), phosphorylation (Ser and Thr), 
ubiquitination (Lys) and sumoylation (Lys). The erasers remove these groups and 

the readers recognise the marks that make up this ‘epigenetic code’ and help 
facilitate various processes such as transcription. 

Probably the most studied epigenetic modification, and one focus of this work, 
is methylation, which cannot only occur at the arginine and lysine residues of 

histones, but can also occur on DNA itself, as well as at many other proteins. 
Methylation of DNA occurs at the C5 position of cytosine to give 5-

methylcytosine (5mC). The change is considered epigenetic as no 
accompanying change to the base sequence is observed. The ‘writers’ in terms 

of DNA methylation are DNA methyltransferases (DNMTs). They are a family of 
five enzymes, Dnmt1, Dnmt2, Dnmt3a, Dnmt3b and Dnmt3l.  All methylate 

cytosine, (Dnmt2 methylates cytosine at position 38 in aspartic acid tRNA),11 
through the recruitment of co-factor, S-adenosyl methionine (SAM), which 
donates a methyl group to cytosine, becoming S-adenosyl homocytesine (SAH) 

(Scheme 1.1).12  
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Scheme 1.1. A mechanism for the methylation of cytosine in which SAM acts 

as co-factor.12 

 
Methylation of cytosine occurs at CpG sites, regions of the genome in which 

cytosine and guanine are linked by a phosphate group. The CpG notation 
distinguishes this from cytosine-guanine base paring (CG) between which there 

is no phosphate. When CpG sites in promotor regions are methylated, proteins 
containing methyl binding domains (MBDs) are able to bind to them, thus 

preventing the necessary transcription factors from making contact and so 
silencing the gene.13 Gene silencing by methylation is a normal and required part 
of mammalian development14 but it can also be a source of disease, specifically, 

cancer. Hypermethylation of the CpG promotor regions of tumour suppressor 
genes, for example, can cause unwanted gene suppression and ultimately lead 

to the development of cancer.15  
 
1.3. Methylation of lysine 
There are currently six known sites of lysine methylation on histones: H3K4, 

H3K9, H3K27, H3K36, H3K79 and H4K20. Although all can lead to both 
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activation and deactivation of genes depending on their methylation state, each 

is generally associated with one or the other. For example, H3K4 is strongly 
linked to gene activation in both methylated and acetylated states. It does this 

via the promotion of postitive transcription factors in place of negative ones, and 
so H3K4me3 will promote the binding of  chromodomain-helicase-DNA binding 

protein 1 (CHD1)16 for example, while blocking the binding of nucleosome 
remodelling and deacetylase (NuRD) complex.17 Each can exist as an unmodified 

lysine or can be mono, di or tri-methylated and although long believed to be 
irreversible, the reversibility of lysine methylation was established in 2004 with 

the first reported lysine demethylase, Lysine Specific Demethylase 1 (LSD1).18 
This reversibility established lysine methylation as being able to take part in the 

dynamic process of gene activation and silencing. If the process were an 
irreversible one, then methylation would simply result in the permanent 

activation or repression of genes which is often seen in faulty systems resulting 
in disease. 

Methylation of lysine is facilitated by a range of enzymes collectively known as 
lysine methyltransferases (KMTs). There are currently more than thirty KMTs and 
all but one (DOT1L) contain the SET domain. All these SET-domain KMTs have 

a structurally conserved SAM binding pocket which facilitates the catalytic 
transfer of a methyl group to the lysine residue. One example is that of Ezh2, the 

catalytic subunit of Polycomb Repressive Complex 2 (PCR2). Ezh2 is non-
catalytic as a single entity, but in complex with two other non-catalytic subunits, 

it gains KMT function via its SET domain.19 Ezh2 is capable of mono, bi and 
trimethylation of H3K27 with trimethylation considered its primary function in 

vivo.20 It acts as a transcriptional repressor,20,21 although variants have also been 

implicated in transcriptional activation in a wide variety of cancers.22 As with all 

SET domain containing KMTs, methylation occurs via transfer of a methyl group 
from SAM, to give the corresponding H3K27me/me2/me3 residue, (Scheme 
1.2).23 
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Scheme 1.2. Methylation of H3K27 via mechanism proposed by Fortin et al. 

Evidence supporting the proposal that H3K27 is deprotonated by bulk solvent, which 
has access via a channel to the active site, is given. This shows that lysine deprotonation 

is enzyme-dependent and rate limiting and is unlikely to occur prior to binding.23  

 
1.4. Demethylation of Lysine 
There are two families of lysine demethylases (KDMs) comprising of more than 
25 enzymes. The bulk of those are the Jumonji C domain containing histone 

demethylases (JHDMs) which can demethylate all three lysine methylation 
states. This is achieved through the use of both α-ketoglutarate (αKG) and Fe(ll) 
co-factors. Fe(ll) coordinates both αKG and molecular oxygen thus allowing 

nucleophilic attack of O2 on αKG and releasing CO2 to give succinate and a 
highly reactive Fe(lV)=O species. Fe(IV)=O then hydroxylates the methylated 

lysine which then spontaneously decomposes into formaldehyde and 
demethylated lysine (scheme 1.3).24 
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Scheme 1.3. Fe(ll) mediated mechanism employed by JHDMs.24 

 

In contrast, the second family of KDMs which contains only two members, 
LSD1/KDM1A and LSD2/KDM1B, are incapable of removing methyl groups from 

trimethylated substrates. The reason is that the mechanism used requires the 
presence of a lone pair of electrons in order to facilitate the demethylation 
process.  LSD1/2 do not use iron cofactors but instead rely on flavin adenine 

dinucleotide (FAD) for their catalytic activity. Hydride transfer between this FAD 
cofactor and the lysine nitrogen lone pair is the most likely pathway taken and 

hence with the nitrogen lone pair tied up in trimethyl-lysine, this pathway would 
be unavailable. Reduced FADH2 is then oxidised with molecular oxygen to give 

hydrogen peroxide, while the imine is hydrolysed with water to give the same 
carbinolamine intermediate seen in the Fe mediated reaction above. This then 

collapses as before to give the demethylated lysine and formaldehyde by-
product (scheme 1.4).24 
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In LSD1 the FAD cofactor is embedded in the amine oxidase domain, the largest 

part of the 852 amino acid chain, made up of 457 residues. In addition, LSD1 
also consists of a 99 residue SWIRM domain and a 105 residue long Tower 

domain which splits the amine oxidase domain (Figure 1.3).25 It is this Tower 
domain, along with a lack of two zinc finger domains, which distinguish LSD1 

from LSD2. The Tower domain is an important feature, as it facilitates binding to 
several interacting proteins such as CoREST, CtBP1, HDAC1/2, snail and 

metastasis-associated protein (MTA).26, 27 These binding partners have been 
shown to be important in the demethylase activity of LSD1 by mutational 

deletion of the Tower domain.26 

 
Scheme 1.4. FAD dependent demethylation mechanism of LSD1.24 

 

The main histone substrates of LSD1 are mono and di-methylated lysine 4 and 
9 on histone 3 (H3K4me/me2 and H3K9me/me2). Demethylation of H3K4 has 

been linked to transcriptional repression while demethylation of H3K9 has been 
shown to aid transcriptional activation.28 In addition, LSD1 has also been 

reported to act upon a number of non-histone substrates. The tumor-suppressor 
p53 is one such target, specifically K370me2 of p53. By demethylating K370me2 

to k370me, p53 has a decreased affinity for the coactivator binding protein, 
53BP1. This lack of interaction with its coactivator means that mono-methylated 

p53 becomes transcriptionally repressed in terms of its pro-apoptotic function.29 
Furthermore, this LSD1-p53 complex results in an increased specificity of LSD1 
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for histone substrate H3K4me2.30 This suggests that p53 may well recruit LSD1 

in order to aid chromatin moderated gene regulation.  
A second example of a non-histone substrate of LSD1 is DNMT1. As discussed 

above, DNMT1 is a writer responsible for the methylation of DNA at the C5 
positon of cytosine. Its function is the maintenance of methylation patterns on 

DNA following DNA replication. Methylation at K1096 of DNMT1 can lead to 
degradation of this protein, but LSD1 mediated demethylation stabilises the 

protein and hence allows it to carry out its function.31 An interesting point of note 
is the lack of similarity shown between these non-histone substrates and their 

histone counterparts given the high level of specificity LSD1 seems to show for 
histone position. A greater understanding of this substrate recognition could 

therefore be useful when attempting to therapeutically target LSD1. It should be 
noted at this point that although there are numerous literature examples of non-

histone proteins as LSD1 substrates,29,32–39 there is yet to be given sufficient 
evidence given which confirms these as true LSD substrates.40 

 
Figure 1.3. Ribbon diagram of LSD1. 

 
Showing the SWIRM domain in red, the Tower domain in yellow and the amine oxidase 
domain (AOD) in blue with the FAD binding site in the AOD shown in green. Adapted 
from PDB entry 2HKO using PyMOL software. 
 
LSD1 appears to be required for the regulation of many biological processes. 
One such process which exemplifies this is the key role played in the formation 
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of blood cells. In conjunction with the methyltransferase, mixed-lineage leukemia 

1 (MLL), LSD1 has been shown to be essential in the maintenance of several 
blood cell types through the stages of differentiation from hematopoietic stem 

cells right through to granulocytes and possibly B cells, T cells and NK cells 
(Figure 1.4). Studies in which bone marrow contained LSD1 deficient cells, 

showed an inability to produce both myeloid and lymphoid progenitor cells, thus 
highlighting the critical role of LSD1 in this process.41 

 
Figure 1.4.  The differentiation pathway for the formation of blood cells. 

 
The process begins with pluripotent hematopoietic stem cells, which are themselves 
maintained by MLL and LSD1. They then differentiate into common myeloid and 
lymphoid progenitor cells via a pathway in which LSD1 is required. These progenitor 
cells then give rise to all other blood cells. LSD1 is believed to be required in the 
formation of erythrocytes, granulocytes and perhaps the B,T and NK cells of the immune 
system.41  
 
1.5. Irreversible inhibition of LSD1, the beginning. 
Monoamine oxidase (MAO) are a family of enzymes which, as their name 
suggests, catalyse the oxidation of monoamine substrates. They are found in 
the outer membrane of mitochondria and, amongst other things, metabolise 

certain neurotransmitters such as dopamine, serotonin and noradrenaline. Like 
LSD1, MAOs have a covalently bound FAD cofactor which features in its 

catalytic mechanism, converting amine substrates to the corresponding imine 
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prior to hydrolysis to the appropriate carbonyl compound. Of course, the 

difference is the substrate and so while MAO converts its amine substrate into a 
carbonyl, LSD1 removes methyl groups from methylamines with the 

corresponding loss of carbonyl by product, formaldehyde. 
The amine oxidase domain of LSD1 gives it an homology with MAO and hence, 

known MAO inhibitors (MAOIs) were the first to be tried in an inhibitory role 

against LSD1. Phenelzine (1.1), tranylcypromine (1.2) and pargyline (1.3) were 

some of the first small molecules studied in this way (figure 1.5), but due to their 

high affinity for MAO and in the case of pargyline their relatively weak inhibition 

of LSD1,42 they were unlikely to ever be marketed as LSD1 inhibitors. Inevitably, 

second generation analogues followed. Bizine (1.4, figure 1.5), was reported in 

2014 with an increased selectivity for LSD1 over MAO-A, MAO-B and LSD2 of 

23-fold, 63-fold and >100-fold respectively (table 1.1). Bizine also showed good 

cancer cell antiproliferation effects, slowing the rate of cellular proliferation in 

LNCaP and H460 with an IC50 of 16 and 14µM respectively. This was an 

improvement on phenelzine which showed less than a 50% reduction of 3H-

thymidine incorporation in H560 cells with 80 µM.43  

 

Enzyme Tested Inhibitor Ki (µM) 
Selectivity for 

LSD1 vs 
Enzyme Tested 

MAOA Phenelzine 0.8±0.4 0.2 
 Bizine 2.6±2.3 22.7 

MAOB Phenelzine 3.9±1.7 1.2 
 Bizine 6.5±4.6 62.5 

LSD2 Phenelzine N/A N/A 
 Bizine N/A >100 

 

Table 1.1. Phenelzine and bizine selectivity profile for LSD1 vs MAOA, MAOB 
and LSD2. 

Adapted from cole et al. supplementary table 1.43 

 

However, bizine is still the only real example of an irreversible LSD1 inhibitor 

based on the phenelzine structure. In contrast, compounds developed around the 

cyclopropane containing tranylcypromine (TCP) structure are abundant 

throughout the literature. 
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Figure 1.5. Some of the first MAO inhibitors trialled against LSD1 and the 

second-generation analogue of phenelzine. 
 

trans-2-Phenylcyclopropylamine (t-PCPA), also known by its trade name Parnate 

and perhaps most commonly as tranylcypromine (TCP), is a clinically approved 

drug for the treatment of various neurological disorders such as depression.44 

TCP inhibits MAO, resulting in an increase in the level of certain mood elevating 

neurotransmitters, thus alleviating the condition. In 2006 TCP was reported as an 

inhibitor of LSD1 with an IC50 of less than 2µM in addition to showing a global 

increase in H3K4me2 levels and reduced transcriptional activity within cells.45 

Unlike both phenelzine and pargyline, TCP contains two stereocenters. This begs 

the question, which stereoconfiguration is the most active and or specific? A study 

carried out in 2010 by Binda et al. compared the activity of racemic trans TCP 

with both the (1S, 2R) and (1R, 2S) enantiomers.46 The group also looked at the 

activity of the cis (1R, 2R) and (1S, 2S) configurations (Table1.2). They found 

both trans enantiomers and the racemic trans diastereoisomer to be the more 

active than either of the cis enantiomers. In addition, the (1R, 2S) configuration 

was found to be the superior enantiomer with a Ki of 168 µM. All compounds 

were, as expected, clearly more specific to MAO-B, including the cis enantiomers, 

and also much more potent. MAO-B activity was not determined in this study but 

other studies such as that by Hong et al. show both MAO-A and MAO-B to have 

similar activity in both cis and trans configurations, with trans having an IC50  of 

23 and 4 µM and cis of 29 and 8 µM against MAO-A and MAO-B respectively.47 

Interestingly, it seems that TCP also inhibits LSD2 with a comparative level of 

potency as for LSD1. Karytinos et al. reported a Ki of 242 and 180 µM for LSD1 

and LSD2 respectively.48 This was backed up by Binda et al. in 2010 who 

reported a Ki of 271 and 186 µM (Table 1.2). Binda et al. also showed that the cis 

diastereoisomer was superior to the trans with both (1R, 2R) and (1S, 2S) 
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showing a Ki of 131 and 68 µM respectively in LSD2. This is far superior to that 

of the same compounds in LSD1 which show a Ki of 364 and 506 µM (table 1.2).46 

 

   Ki (µM)  

Compound Stereoconfiguration LSD1 LSD2 MAO-A MAO-B 
t-PCPA Racemic trans 271 186 19 16 

t-PCPA (1R, 2S) 168 127 nd 89 

t-PCPA (1S, 2R) 284 137 nd 4.4 

c-PCPA (1R, 2R) 364 131 nd 39 

c-PCPA (1S, 2S) 506 68 nd 50 

 

Table 1.2. The Inhibition of tranylcypromine derivatives against LSD1, LSD2 
and MAO. 

All compounds were in the form of a HCl salt. nd = not determined. Table adapted 
from Binda et al. Table 1.46 
 

As discussed in section 1.4, the LSD1 mechanism of action involves the FAD 

cofactor within it’s active site. TCPs inhibitory action occurs via the formation of 

a covalent adduct between itself and the FAD cofactor.49,50 With the FAD cofactor 

tied up in this adduct, its catalytic function becomes inert and the enzyme thus 

ceases to function. The mechanism by which this occurs is thought to be via a 

single electron transfer (SET) mechanism in which a single electron is transferred 

from the TCP amine to one of the FAD nitrogens. This drives the homolytic bond 

cleavage, which opens up the cyclopropyl ring before the reactive intermediate 

covalently bonds to FAD (Scheme 1.5).  

A second competing theory is that of a hydride transfer mechanism. This would 

seem plausible as it would seem this is the most likely pathway by which the 

demethylation mechanism of LSD1 is thought to proceed (scheme1.4). However, 

X-ray crystal structures showing covalent adducts between the radical 

intermediates and FAD, consistent with a SET mechanism, would seem to make 

SET more likely.46,51,50 In addition, it stands to reason that a hydride transfer 

mechanism of action would lead to reversible inhibition of LSD1 and this has not 

as yet been observed. 
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Scheme 1.5. Inhibition of LSD1 by TCP via adduct formation with its FAD 

cofactor.49,50 

1.6. Irreversible inhibition of LSD1, beyond the first generation. 
 

The relatively weak inhibition and poor selectivity of TCP created an opportunity 

for the development of more potent, selective inhibitors. TCP was indeed a good 

starting point for the development of such inhibitors having been in use for a 

number of years as a treatment for depression and had been found to be 

relatively safe.52 It was also, importantly, known to inhibit LSD1.  

Three possibilities for the modification of TCP exist. Substitution of the aryl ring, 

alkylation of the amine and further substitution of the cyclopropyl ring (Scheme 

1.6). Some of the first modified compounds were introduced by Binda et al. in 

2010. By modifying the para position of the aryl ring, a decrease in Ki from 271 
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µM in TCP to 1-2 µM (1.5-1.7) was observed. In addition, several compounds 

also showed reduced MAO-B affinity from ki = 16µM in TCP to no observed 

inhibition. However, LSD2 and MAO-A were still inhibited with low µM Ki making 

these first inhibitors lack complete specificity for LSD1 (Figure 1.6). 

 

 
Scheme 1.6. Possible positions for the modification of tranylcypromine. 

A. Substitution of the aryl ring. B. Substitution of the cyclopropane ring. C. Alkylation of 

the amine. 
 

 
Figure 1.6. Examples of para substituted tranylcypromine analogues. 

 
Compounds show increased affinity for both LSD1 and LSD2 and reduced affinity for 

MAO-B.46 
 

Functionalisation of the benzene ring was also the target of many other groups, 

predominantly at the para position, with a variety functional groups. Benelkebir et 

NH2

R

NH2

N
H

R

NH2

R
NH2

R
NH2

R R

A

B

C

NH2

N
H

O

O NH2

N
H

O

NH2

N
H

O

NH

O

O

1.5
LSD1 Ki = 1.9 µM
LSD2 Ki = 20 µM

MAO-A Ki = 0.5 µM
MAO-B Ki = 7.4 µM

1.6
LSD1 Ki = 1.1 µM
LSD2 Ki = 61 µM

MAO-A Ki = 2.3 µM
MAO-B Ki = 3.5 µM

1.7
LSD1 Ki = 1.3 µM
LSD2 Ki = 38 µM

MAO-A Ki = 1.2 µM
MAO-B not active at maximum 267 µM



 20 

al. showed that simple para-bromination of TCP decreased Ki to 3.7 µM from 25.0 

µM in TCP, while in LNCaP prostate cancer cell lines IC50 decreased from 

>100,000 µM in TCP down to 111 µM.53 

The large size of the LSD1 cavity allows for the development of relatively large 

inhibitors. Ueda et al. designed inhibitors based on the superimposition of the x-

ray crystal structures of an FAD-TCP adduct and an FAD-N-propargyl lysine 

peptide adduct, both in the active site of LSD1. These compounds consisted of 

the amino acid side chain linked to the benzene ring of TCP through an ether 

bond. It was hoped that this group would bind sufficiently to LSD1 while also being 

unable to bind MAO due to the large groups inability to fit into the MAO active 

site. The result was 2 compounds (Figure 1.7, 1.8, 1.9) which showed both 

increased inhibition of LSD1 and decreased inhibition of both MAO-A and B.49 

The meta isomer was later modified by the same group (Figure 1.7, 1.10) by N-

alkylation to afford an inhibitor 6 times more potent than its unalkylated 

counterpart. However it was also reported to show 8 times less activity as an 

antiproliferative agent in HeLa cell lines. The reasoning put forward for the poor 

performance in cell was that binding proteins may have changed the 

conformation of the protein and therefore the shape of the active site.54 This 

compound was not reported as being tested against LNCaP cell lines. 
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Figure 1.7. Examples of more specific LSD1 inhibitors developed around the 
TCP scaffold.49,54 

 

Substitution of the benzene ring of TCP is perhaps the most common substitution 

in the academic literature and there are several reviews covering many of 

these.26,55,56 Less common are examples of substitutions on the cyclopropyl 

group. Vianello et al. reported a series of novel compounds in which TCP was 

substituted with a number of functional groups around the cyclopropyl ring.57 Most 

of the compounds reported increased potency as a LSD1 inhibitor relative to TCP 

but none showed any significant increase in specificity for LSD1 over MAO and 

many in fact showed an increased potency for both MAO-A and MAO-B. As an 

example of this compound 1.11 is modified by the addition of a phenyl group at 

the C1 position of the cyclopropane ring (Figure 1.8). LSD1 inhibition is increased 

from an IC50 of 11.6 µM in TCP to 0.2 µM but MAO-A inhibition also increased 

from 1.19 µM to 83 nm. Later the same compound was modified further to 1.12 

by Borrello et al. with the addition of a fluorine at the C2 position of the cyclopropyl 

group (Figure 1.8).58 This also increased affinity for LSD1 with a decrease in IC50 

to 2.1 µM from 25 µM in the TCP reference. Both MAO-A and MAO-B also saw 

modest increases to 18 and 37 µM respectively. However, when the phenyl 

substituent at C1 is removed (1.13) a loss of LSD1 affinity is observed with an 

IC50 > 25 µM. This affinity can however be regained, and in some cases improved 

upon, by small additional substitutions to the aryl ring. Substituting in the para 

position (1.14-1.16) with -CF3, -SF5 and Cl resulted in improved IC50 of 2.1, 0.8 

and 6.7 µM respectively, while replacing the meta -H (1.17-1.20) with -CF3, SF5, 

-OMe or -F resulted in an IC50 of 8.2, 8.4, 1.2 and 6.7 µM respectively. 1.19 and 

1.20 also showed good activity in THP-1and MV4-11 cells with respective IC50  

values of 8.5 and 1.6 µM in THP-1 and 1.9 and 4.9 µM in MV4-11. 
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Figure 1.8. Example of TCP analogues substituted at position C1 and C2 of the 

cyclopropyl ring.57,58 
 

A second approach to substitution of the cyclopropyl ring in TCP, is the formation 

of a spirocyclic group at the C2 position. Shi et al. recently published a series of 

such spirocyclic TCP derivatives.59 Synthesis starts with 1-indanone (1.21) which 

undergoes conversion of the carbonyl to terminal alkene 1.22 in a Wittig reaction, 

before cyclopropanation with ethyl diazoacetate and a rhodium(ll)acetate catalyst 

to give a mixture of trans and cis ethyl esters 1.23-R and 1.23-S. The esters were 

then hydrolysed to the respective carboxylic acids 1.24-R and 1.24-S which could 

then be converted to the corresponding carbamates 1.25-R and 1.25-S via 

Curtius rearrangement (Figure 1.9A). The respective R and S enantiomers were 

then separated via flash chromatography before deprotection to give 1.25-R and 

1.25-S as the HCl salts. Both 1.25-R and 1.25-S showed improved LSD1 

inhibition, IC50 0.17 and 0.78 µM respectively, and reduced MAO-A inhibition of 

>100 µM. This suggests that the conformational lock acts to enhance the 

inhibition of LSD1 and further increases selectivity over MAO-A. Further 

modification via N-alkylation resulted in LSD1 inhibitors with very low nm potency 

and good selectivity (Figure 1.9B).  
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Figure 1.9. (A) The synthetic route for the synthesis of spirocyclic TCP 

derivatives and (B) examples of N-alkylated analogues.59 
 

1.7. Irreversible LSD1 inhibitors in clinical trials. 
 

Unlike the histone deacetylases (HDACs), LSD1 does not have a clinically 

approved drug available. There are however several clinical candidates presently 

undergoing clinical trials, mainly for the treatment of cancer. Clinicaltrials.gov 

(accessed January 2020) currently lists nine different LSD1 inhibitors in eighteen 

different studies. Five of these inhibitors are TCP derived inhibitors (including 

TCP itself), one is phenelzine, and two are reversible LSD1 inhibitors. In addition, 
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the EU Clinical Trials Register (accessed January 2020) currently lists two TCP 

derived irreversible LSD1 inhibitors in seven separate studies.  

TCP itself is, at present, the subject of three clinical studies. All three studies are 

in combination with all-trans retinoic acid (ATRA) and one also incorporates the 

chemotherapy drug cytarabine. The vitamin A derivative, ATRA, has been used 

in cancer therapy for some time, mainly in the treatment of acute promyelocytic 

leukaemia (APL).60  For the treatment of non-APL AML, ATRA alone has not seen 

much success, but in combination with other chemotherapy agents however, it 

showed some promise.60,61 It was found that by inhibiting LSD1, H3K4me2 is 

upregulated which may reactivate the ATRA differentiation pathway in AML.60,62 

As a result, ATRA is commonly found being trialled in combination with many 

LSD1 inhibitors. 

Phenelzine is listed in one recently completed study for the treatment of 

metastatic breast cancer in combination with chemotherapy drug paclitaxel.  

Interestingly, all six TCP derived irreversible LSD1 inhibitors are N-alkylated 

(Figure 1.10, 1.31-1.35). Of these six, two are also substituted at the benzene 

ring (Figure 1.10, 1.32 and 1.34) but none are substituted at the cyclopropyl 

group. One of these five is quite unique in that the benzene ring itself has been 

substituted with a thiophene group (1.36).  

The first LSD1 inhibitor to enter clinical trials was Oryzons so called ORY-1001 

(1.31) in 2014 for the treatment of AML. In 2018 Oryzon published details of the 

structure and pharmacology of ORY-1001.63 The compound is comprised of four 

stereocentres, the TCP moiety has trans (1R, 2S) stereochemistry with the amine 

N-alkylated to trans-4-cyclohexylamine. ORY-1001 inhibits LSD1 with an IC50 of 

18 nM, SMOX at 7.4 µM and IL4I1, LSD2, MAO-A and MAO-B IC50 >100 µM. In 

cell, a THP-1 differentiation assay returned an EC50 <1 nM and also engaged 

enzymatically active LSD1 in THP-1 cells with an EC50 of 0.63 and 0.55 nM after 

24 and 96 hours respectively. It is also claimed that ORY-1001 performs well in 

vivo, reducing tumor growth in MV(4;11) xenographs and increasing survival in 

rodent xenograft models of acute leukemia. In addition to ORY-1001, Oryzon also 

have a dual LSD1/MAO-B inhibitor in clinical trials, ORY-2001 (1.32) which they 

also identify as Vafidemstat. Unlike ORY-1001, Oryzon have not published the 

structure or pharmacological data for this compound but the structure is thought 

to be 1.32 (Figure 1.10), however the chirality is unclear.64 Oryzen have put some 



 25 

limited data on their website, oryzon.com (accessed January 2020), in which they 

disclose ORY-2001 to inhibit LSD1 and MAO-B with an IC50 of 100 and 75 nM 

respectively. They claim they have had positive results in 7 different animal 

models and in-vitro models and that ORY-2001 corrects the lack of sociability of 

aged SAMP8 mice. Studies outside Oryzon have also suggested the prevention 

of the development of cognitive impairment in SAMP8 mice65 as well as complete 

rescue of memory in SAMP8 mice achieved at low doses.66 

Imago BioSciences currently have INCB059872 listed in 3 trials. A terminated 

study for sickle cell disease, a second study recruiting for Relapsed Ewing 

Sarcoma and a third study in combination with ATRA, Azacitidine and Nivolumab 

for solid tumours and hematologic malignancy. Again, the structure is not clear 

but believed to be similar to 1.33. No LSD1 inhibition data has yet been reported 

but at the 2016 AACR Annual Meeting, Lee et al. reported INCB059872 to be a 

potent, selective and orally bioavailable inhibitor of LSD1 through the formation 

covalent FAD-adducts. They also reported that a panel of SCLC cell lines was 

inhibited by INCB059782 with EC50 values between 47-377 nM but non-

tumorigenic cells, such as IL-2 stimulated T cells from normal donors were much 

less sensitive with IC50 values >10 µM.67 Imago BioSciences have a second 

compound also taking part in three clinical studies. IMG-7289 also identified as 

Bomedemstat, is listed as not yet recruiting in a study against thrombocythemia, 

recruiting for a second study against myelofibrosis, PPV-MF, PET-MF and PMF 

and a third complete study in combination with ATRA against AML and 

myelodysplastic syndrome. The exact structure has not as yet been divulged but 

is listed by the National Institute of Health website (nih.gov) as 1.34. As expected 

of a TCP derived compound, IMG-7289 is an irreversible inhibitor of LSD1 which 

increases both H3K4 and H3K9 methylation. In addition IMG-7289 treated mice 

showed decreased platelet count, reticulocytes, monocytes and neutrophils as 

well as increased global H3K9me2 levels in bone marrow compared to control 

mice.64  

TAK-418 is a compound developed by Takeda Pharmaceutical and currently is 

listed as recruiting for a study on healthy volunteers. The structure is undisclosed 

but possibly takes the form of 1.36 based on information from the National 

Institute of Health website (nih.gov). If this structure is accurate, then this 

compound is unique as a TCP derived LSD1 inhibitor as the benzene ring has 
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been replaced by a thiophene group. A patent taken out by Takeda lists 1.36 as 

inhibiting LSD1 with an IC50 value of <0.1 µM and an MAO-A and MAO-B IC50 

>100 µM.68  

In 2015, GlaxoSmithKline (GSK) published the structure and pharmacological 

data for three TCP derived compounds.51 GSK2879552 (1.35), GSK-LSD1 (1.37) 

and GSK2699537 (1.38). Although they have not explicitly disclosed the chirality 

of the compounds it is assumed from the figures published that all three have 

(1R, 2S) chirality. GSK-LSD1 and GSK2699537 have not undergone clinical trials 

but GSK2879552 is currently listed in three studies. All three classed as 

terminated with results. The conditions studied included SCLC, AML in 

combination with ATRA and Myelodysplastic syndrome in combination with 

Azacitidine. GSK2879552 inhibits LSD1 with a Kiapp value of 1.7 µM and is also 

reported to be 280-fold selective over D-amino acid oxidase. In addition, inhibition 

of MAO-A and MAO-B was too weak to calculate either Kiapp or Kinact values. In 

vitro, GSK2879552 was tested against a panel of 165 human cancer cell lines. 

Although several different cancers showed sensitivity to growth inhibition, 

antiproliferation was mainly seen in SCLC and AML cell lines with 9/28 SCLC and 

20/29 AML cell lines during the 6-day proliferation assay. In the sensitive cell 

lines, growth inhibition had EC50 values in the range 2-240 nM. Tumor growth 

inhibition (TGI) was measured in xenograph bearing mice to determine in vivo 

effects. H526, NCI-H1417, NCI-H510 and NCI-H69 tumor bearing mice showed 

TGI of 57, 83, 38 and 49 % repectively. In addition, one non-sensitive SCLC cell 

line, NCI-H2171, also showed partial TGI in vivo, suggesting broader activity 

profiles in SCLC in vivo than in vitro.51 
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Figure 1.10. (1.31-1.36) Structures of TCP derived LSD1 inhibitors that have 
taken part in clinical trials. (1.37-1.38) Additional TCP derived LSD1 inhibitors 

developed by GSK alongside their clinical candidate. 
 

1.8. The zinc dependent histone deacetylases (HDACs). 
 

As discussed, the reversible nature of lysine methylation was not established until 

2004.18 In contrast, the reversible enzymatic acetylation of histones was apparent 

over three decades earlier.69,70,71 Acetylation of histones is carried out by the so 

called histone acetylases (HATs) which act by transferring an acetyl group to the 

histone from acetyl Coenzyme A (Figure 1.11). In addition, acetyl CoA can 

acetylate histones directly with no involvement from HATs. The reverse of this 
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process is carried out by a family of enzymes collectively known as histone 

deacetylases (HDACs). The level of acetylation within the cell is therefore due to 

the balance between these two opposing processes. 

 

 
Figure 1.11. Acetyl Coenzyme A. 

 
The acetyl group, highlighted in red, is transferred to the histone proteins by HDAC 
enzymes. 
 

HDACs are part of an ancient protein superfamily comprised of the histone 

deacetylases, acetylpolyamine amidohydrolases and the acetoin utilisation 

proteins.72 The eighteen known HDACs are then divided further into the sirtuins, 

which contain the cofactor NAD+ in their active site, and the zinc-dependent 

HDACs. The latter is identified by the presence of a zinc(II) cation within the active 

site. The zinc-dependent HDACs are then classified further, into four classes 

based on their cellular function and DNA sequence similarity (Table 1.3).73,74  

Various proposals for the catalytic mechanism of the zinc dependent HDACs has 

been in the literature for some time.  In 1999, Finnin et al. proposed their model 

based on crystal structures of histone deacetylase-like protein (HDLP), HDLP-

Zn2+ trichostatin A and HDLP-ZN2+-SAHA complexes (Scheme 1.7).75 This was 

followed with proposals by Vanommeslaeghe et al. and Corminboeuf et al. in 

2005 and 2006 respectively.76,77 In 2010, Bertrand reviewed these proposals and 

concluded that the available evidence supported the Vanommeslaeghe model.78 

However, Bertrand revisited this in 201679 and reviewed several other 

mechanistic studies that had since being carried out80,81 thus showing that the 

details of the true mechanism have not yet being fully agreed on. That said, these 

mechanistic studies are more than sufficient models to allow the design of some 

highly potent inhibitors. 
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Class Protein Amino 
acids 

Cellular function Known Inhibitors 

I HDAC1 482 Cell survival and proliferation 
Vorinostat, 
Panobinostat, 
belinostat, ITF2357, 
PCI-24781, FK288, 
entinostat, 
MGCD0103, 
trichostatin A, 
LAQ824, mocetinostat, 
pracinostat 

I HDAC2 488 Cell proliferation and insulin 
resistance 

I HDAC3 428 Cell survival and proliferation 

I HDAC8 377 Cell proliferation 

IIA HDAC4 1084 Regulation of skeletogenesis 
and gluconeogenesis 

Vorinostat, 
Panobinostat, 
belinostat, ITF2357, 
PCI-24781,  
trichostatin A, 
LAQ824, pracinostat 

IIA HDAC5 1122 
Cellular development and 
differentiation, cardiovascular 
growth and function, 
gluconeogenesis. 

IIA HDAC7 952 
Thymocyte differentiation, 
endothelial function and 
glucogenesis. 

IIA HDAC9 1011 
HR, thymocyte differentiation, 
cardiovascular growth and 
function. 

IIB HDAC6 1215 Cell motility and control of 
cytoskeletal dynamics. 

Vorinostat, 
Panobinostat, 
belinostat, ITF2357, 
PCI-24781, trichostatin 
A, LAQ824, 
pracinostat 

IIB HDAC10 673 HR, autophagy mediated cell 
survival. 

IV HDAC11 347 Immunomodulators-DNA 
replication. 

Vorinostat, trichostatin, 
LAQ824, belinostat, 
IFT2357, mocetinostat, 
pracinostat 

 

Table 1.3. Classification of the zinc dependent HDACs, their cellular function 
and their known inhibitors. 

Table adapted from Suraweera et al. Table 1.74 
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Scheme 1.7. Deacteylation mechanism as put forward by Finnin et al.75 

 

1.9. Inhibitors of the zinc dependent HDACs. 
 

X-ray structures of the HDAC active site have identified the structure as 

consisting of a deep, narrow tube-like pocket, ~11Å long. The walls of the pocket 

are covered with mainly hydrophobic and aromatic residues and the Zn cation 

cofactor is positioned at the bottom of the pocket. In addition, there is a cavity 

adjacent to this pocket which may provide a space for the diffusion of the removed 

acetate molecule away from the active site.75 As such, the structure of HDAC 

inhibitors tend to consist of three main parts. A cap, which sits in a solvent 

exposed region, outside the narrow channel like pocket. A linker, that occupies 

the channel itself and a zinc binding group (ZBG), which chelates to the zinc 

cofactor at the heart of the active site (Figure 1.12). This model was studied 

further via HDAC-inhibitor crystal structures. Both suberoylanilide hydroxamic 

acid (SAHA) and the more potent trichostatin A (TSA), were studied in complex 

with HDLP. They found that both compounds form bidentate coordination to the 

zinc cofactor, make multiple van der Waals contacts along the tube-like 

hydrophobic portion of the pocket and the phenyl caps make contacts at the 
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entrance. The higher affinity of TSA over SAHA was attributed to the increased 

number of contacts in the hydrophobic channel and the better fitting cap. In 

addition, the reduced affinity of the SAHA cap may be due to the longer carbon 

chain of the linker making the separation between ZBG and cap larger. Also, 

reduced interaction between the linker and the pocket may be down to a lack of 

methyl group branches and the increased flexibility of the saturated chain.75  

 
Figure 1.12. The analogous nature of a typical HDAC inhibitor (SAHA) and its 

natural acetyllysine substrate. 
 

The early identification of HDACs as a drug target, relative to the demethylases, 

has led to the advanced development of their inhibitors. As such, there are 

currently five FDA approved inhibitors on the market as well as an additional 

inhibitor approved for use in china (Figure 1.13). An interesting feature of these 

approved inhibitors is the variety of both the zinc binding group and linker. Three 

of the six have a hydroxamate ZBG in addition to one thiol, one benzamide and 

one carboxylic acid. The hydroxamate is the most popular ZBG found in HDAC 

inhibitors throughout the literature due to its strong binding affinity with the HDAC 

zinc cation cofactor. However this strong binding interaction can also result in 

poor selectivity and off target side-effects due to the presence of other zinc 

dependent enzymes.82  
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Figure 1.13. Clinically approved HDAC inhibitors. 
 
Vorinostat, belinostat, panobinostat and romidepsin are FDA approved HDAC inhibitors. 
In addition, valproic acid is FDA approved for seizures but, although not approved for 
use as such, has been shown to weakly inhibit HDACs. Tucidinostat (formerly 
chidamide) is not FDA approved but is approved for use in China. 
 

One way to address this selectivity issue is through modification of the linker/cap. 

This approach has seen success through the development of a number of isoform 

selective HDAC inhibitors. Tubacin is one such example. Reported by Haggarty 

et al. in 2003,83 the structure is an analogue of SAHA with the addition of a large 

substituent to the para position of the benzene cap. This large cap is a mimic of 

the HDAC6 natural substrate, α-tubulin, and as such gives good selectivity over 

other HDAC isoforms (Figure 1.14).84  
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Figure 1.14. An example of how modification of a HDAC inhibitor cap can 

increase selectivity.83,84 
 

One further HDAC inhibitor of note is the clinical candidate ricolinostat (Figure 

1.15), also known as ACY-1215 (1.46). Ricolinostat has been the subject many 

of clinical trials for a number of different cancers including multiple myeloma, 

breast carcinoma, lymphoma and ovarian cancer. It is described as a potent 

HDAC6 inhibitor with an IC50 value of 4.7 nM in cell free enzymatic assays and 

shows more than 10-fold selectivity over the other class 1 HDACs, HDAC1, 2 and 

3 with IC50 values of 58, 48 and 51 nM respectively. In addition, HDAC8 has an 

IC50 value of 100 nM and the remaining zinc dependent HDACs, 4, 5, 7, 9 and 11 

> 1µM.85 

 
Figure 1.15 Structure of ricolinostat. 

HO

S O

N

O O

HN

O
N
H

OH
O

tubacin
1.45

HDAC6 IC50 = 0.004 µM
HDAC1-5, 7-11 IC50 = > 1.27 µM

N

N

N
H
N

O

H
N

O
OH

ricolinostat
1.46

HDAC1 IC50 = 58 nM
HDAC2 IC50 = 48 nM
HDAC3 IC50 = 51 nM
HDAC6 IC50 = 4.7 nM
HDAC8 IC50 = 100 nM

HDAC4, 5, 7, 9, 11 IC50 = > 1 µM



 34 

An additional example of improving isoform selectivity was reported by 

Balasubramaniam et al. in 2008 with their compound, PCI-34051 (1.47). The 

linker was modified from the long, chain like structure of SAHA and TSA to a 

short, planar aromatic linker. The result was > 200-fold selectivity for HDAC8 over 

HDAC1 and 6, and >1000 fold selectivity over HDAC2, 3 and 10 (Figure 1.16).86 

 

 
Figure 1.16. An example of how linker modification can increase HDAC isoform 

selectivity.86 
 

While these modifications to the cap and linker address selectivity between 

HDAC isoforms, they do not solve the problem of off-target effects due to the 

strong affinity of hydroxamic acids for metal ions. The obvious solution to this is 

to change the ZBG, although this comes with the penalty of weaker binding to the 

zinc ion and therefore a potentially less potent inhibitor. Common substitutions 

include benzamides and thiols. In addition, several examples of carboxylic acids 

can be found but due to the relatively weak binding of the carboxylic acid to the 

HDAC zinc cofactor, these are less prevalent.  

The benzamide group are the most common choice after the hydroxamic acids. 

They have the advantage of being largely selective for class 1 HDACs and the 

increase in selectivity would also suggest a decrease in off-target effects. 

Tucidinostat (1.43) is currently approved for use against relapsed and refractory 

PTCL by the Chinese Food and Drug Administration (CFDA) but not yet by the 

FDA (Figure 1.13, Table 1.4). However, at the time of writing, tucidinostat is listed 

in 59 clinical studies (ClinicalTrials.gov). In addition, there are several analogues 

of tucidinostat also taking part in clinical trials (Figure 1.17). Entinostat (1.48), 

mocetinostat (1.49) and tacedinaline (1.50) are currently listed in 67, 22 and 3 

clinical studies respectively.  
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Figure 1.17. Examples of HDAC inhibitors with a benzamide ZBG.84 
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Isoform 
IC50 (µM) Valproic 

acid 
(mM) Vorinostat Belinostat Panobinostat Romidepsin Chidamide 

1 76 18 3 0.8 95 0.7 

2 360 34 13 1.0 160 0.8 

3 58 21 2 1.3 67 1 

8 >1000 160 280 26 733 - 

4 >1000 >1000 200 470 >30000 1.5 

5 160 76 8 >1000 >30000 1 

7 >1000 600 530 >1000 >30000 1.3 

9 78 44 6 >1000 >30000 - 

6 27 15 11 330 >30000 >20 

10 88 31 2 0.9 78 >20 

11 110 44 3 0.3 432 - 

 

Table 1.4. IC50 values of FDA/CFDA approved HDAC inhibitors.87–90 

 

The thiol zinc binding motif is somewhat less explored and many of the examples 

found in the literature are centred around replacement of the hydroxamic acid of 

SAHA with a thiol group and then modifying the cap to increase selectivity.91–93 A 

more original use of thiols as ZBGs are found in the depsipeptides. Romidepsin, 

also known as FK228 and FR901228, is one such example of this class of 

inhibitor. A natural product isolated from the Chromobacterium violaceum 

bacterium, romidepsin was first reported in 1994 as a novel anti-tumor agent.94 

In 1998 it was reported as the first example of a class 1 natural product HDAC 

inhibitor.95 Later, it was shown by Cole et al. using the x-ray structure of a HDAC8-

largazole thiol complex, that the disulfide romidepsin is in fact the pro-drug and 

the inhibitory species is the free thiol which is reached following reduction of the 

disulphide bridge (Figure 1.18).96 In 2009, romidepsin was given FDA approval 

for use in CTCL and then PTCL in 2011. It remains the only approved 

depsipeptide HDAC inhibitor and is currently listed in 99 clinical studies 

(ClinicalTrials.gov). 
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Figure 1.18. The structure of the depsipeptide, romidepsin and the thioester, 

largazole along with their reduced/hydrolysed structures.96 
 
Largazole is a cyclic depsipetide isolated from Symploca sp. It shares a portion of its 
core structure with romidepsin and hydrolysis in vivo releases the free thiol which acts 
as a ZBG in HDACs. Largazole is a potent HDAC inhibitor in its own right and a number 
of analogues with impressive potency and antiproliferative effects have been 
developed.97,98  
 

The relatively weak binding affinity of carboxylic acids as a ZBG has resulted in 

little investigation of carboxylic acids as potential HDAC inhibitors. The most 

studied are the short chain fatty acids, Valproic acid (1.44), butyric acid (1.53) 

and phenylbutyrate (1.54) (Figure 1.19). All have been identified as weak HDAC 

inhibitors (mM levels of activity) but due to their anti-proliferative/anti-cancer 

effects they have been well studied for a number of years.99 Other carboxylic 

acids identified include the natural products chlorogenic acid (1.55) and caffeic 

acid (1.56) (Figure 1.19). HDAC inhibition activity In HeLa nuclear extracts 

revealed IC50  values of 375 µM and 2.54 mM for 1.55 and 1.56 respectively.100  
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Figure 1.19. Examples of HDAC inhibitors containing a carboxylic acid ZBG. 
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1.10. Introduction summary and thesis aims. 
 

This introduction has given an overview of the topic of epigenetics as well as the 

enzymes responsible for lysine demethylation and histone deacetylation. It has 

also given a brief summary of the main inhibitors of these enzymes developed to 

date and details of any current clinical activity. 

The following chapters will describe the design, synthesis and biological activity 

of some novel epigenetic inhibitors of both LSD1 and the zinc dependent HDACs. 

Each chapter will comprise a brief introduction covering any required detail not 

covered above.  

The synthesis of all compounds was carried out in large part by myself, the 

author, and those that were not, were carried out by undergraduate project 

students under my supervision. The biological data was gathered in collaboration 

with several other researchers. All HDAC assays and virtual docking studies were 

carried out by Dusan Ruzic of the Nikolic group, University of Belgrade. The LSD1 

assays were run by Roman Belle of the Kawamura group at the university of 

Oxford. The THP-1 cell viability assays presented in Chapter two (compounds 

2.8a-g) and all compounds in Chapter four were carried out by Gabriela 

Burianova of the O’Connell group, UEA. All other biological testing was carried 

out by Ipek Bulut of the Acilan Ayhan group, Koc University, Istanbul. 

The aim of this work is to contribute to and broaden the understanding of the field 

of epigenetic drug development in the area of LSD1 and HDAC inhibition. 
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Chapter Two 
 
2. A series of novel LSD1 inhibitors based on GSK2879552. 
2.1. Introduction 
 
In 2015, GlaxoSmithKline (GSK) reported a series of three LSD1 inhibitors (1.35, 

1.37, 1.38, Figure 1.10), disclosing both structure and biological activity data. 

Amongst them was GSK2879552 (1.35), described by GSK as a potent, 

selective, orally available, bioactive, mechanism based inactivator of LSD1. 

Following an extensive cell proliferation assay on 165 different cancer cell lines 

it was determined that both AML and SCLC cell lines displayed the highest 

sensitivity.51 Subsequently, GSK2879552 has been the subject of several clinical 

trials for both AML and SCLC along with high risk myelodysplastic syndromes. 

The structure of GSK2879552 includes a carboxylic acid functional group. This 

carboxylic acid allows for simple, one step conversion to other functional groups 

and, along with its strong biological profile, makes GSK2879552 a good starting 

point for the development of a novel LSD1 inhibitor.  

The LSD1 active site is a large cavity, ~23 Å from its entrance to the core of the 

catalytic site, and 1245 Å3 in volume. The left-hand side of the cavity consists of 

mostly hydrophobic residues while the right-side is much more acidic and lined 

with backbone carbonyl oxygen atoms. The FAD cofactor is found in the catalytic 

core, the N5 nitrogen atom of which is hydrogen bound to lysine residue K661 by 

a conserved water molecule. A point mutation of K661 eliminates all 

demethylation activity of LSD1, thus demonstrating its vital role.101      

The large size of the LSD1 active site gives plenty of scope for the design of its 

inhibitors. Given both the potency and selectivity of GSK2879552 it stands to 

reason that any changes should be minor in order to conserve/improve upon 

these features. To this end, we have designed and synthesised a series of seven 

potential LSD1 inhibitors based on GSK2879552 by modifying the carboxylic acid 

functional group to an alkylated amide. The following chapter presents the 

synthesis and biological activity data gathered thus far. 
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2.2. The synthesis of GSK2879552. 
 
Before any modification could be made to GSK2879552, it first needed to be 

synthesised in sufficient quantity. GSK2879552 can be purchased commercially 

but the high cost made this option inaccessible. In order to determine a synthetic 

route, the original patent containing GSK2879552102 was consulted and in 

conjunction with a retrosynthetic analysis (Figure 2.1), two routes were selected 

to try. Route A (Scheme 2.1) is the longest of the two, containing six steps in 

total. The first is a reductive amination with commercially purchased 

tranylcypromine (1.2) and Boc-protected carboxaldehyde 2.1 to give 2.2. 

Protection of the secondary amine to form a trifluoroacetamide affords 2.3 before 

removal of the Boc group to allow the resulting 2.4 to undergo SN2 displacement 

with 2.5 to give ester 2.6. Removal of the trifluoroacetamide group restores the 

secondary amine, 2.7a.  Finally, ester hydrolysis affords the target product, 

racemic trans-GSK2879552, 1.35.  

 
Figure 2.1. Retrosynthetic analysis of GSK2879552. 

 
GSK2879552 can be disconnected into three smaller subunits which, in turn, can be 
further amended to give the desired commercially available synthons. 
 
Route B (Scheme 2.1) is a shorter, four step synthesis starting with an SN2 

reaction between bromomethyl ester 2.5 and piperidinemethanol 2.9 to give 2.10. 
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Oxidation of the primary alcohol to an aldehyde then affords 2.11, before 

reductive amination with TCP gives the methyl ester 2.7 which is then hydrolysed 

to the target product, 1.35.  

 

Route A 

 
Route B 

 
Scheme 2.1. Possible synthetic routes to the target product, trans-

GSK2879552 (1.35). 
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Although route A is two steps longer than route B, two of those steps are 

deprotections which are expected to give high yields. In addition, the potentially 

low yielding reductive amination step is at the beginning of the synthesis and as 

such, allows for a larger scale reaction to negate that loss. There is also no need 

to carry out the oxidation of the primary alcohol to an aldehyde which was 

identified as another potentially low yielding step.  

The positives to route B are the reduced number of reactions required and 

although the reductive amination is late in the synthesis, this would mean less 

TCP which is by far the most expensive reagent. 

The first steps of both these routes were carried out in parallel. Initially, reductive 

amination was attempted using the HCl salt of TCP however, solubility issues 

ultimately led to the reaction being unsuccessful. Subsequently, TCP.HCl was 

neutralised with 4M NaOH and the solution extracted with dichloromethane to 

give the free base TCP in almost quantitative yield. Reductive amination was 

again attempted with the free base TCP and 2.1. Three fractions were isolated 

following workup and purification by flash chromatography, but none of them 

were consistent with the expected product 2.2. The literature was consulted for 

an alternative method which resulted in the trial of reductive amination in the 

presence of Titanium(IV) isopropoxide.103 Ti(OiPr)4 acts as a Lewis acid, 

coordinating to the aldehyde, activating it and promoting imine formation. The 

imine is then reduced with an appropriate hydride (Scheme 2.2). The reaction 

was carried out on a 600 mg scale, with respect to TCP and afforded a 36% yield.  

 
Scheme 2.2. Mechanism for Ti(IV) isopropoxide promoted reductive amination. 
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Chapter five NMR 
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