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1 Introduction 

1.1 Histone deacetylases  

1.1.1 Epigenetic machineries 

The definition of Epigenetics is changes in gene function that do not involve alterations in the 

primary sequence of nucleic acids. Such modification can be meiotically inherited to the next 

generation. Factors such as diet and lifestyle leave epigenetic footprints across the human genome 

and influence susceptibilities to diseases. Epigenetic changes are crucial for many cellular processes 

and organism functions like metabolic processes. The most important epigenetic modifications are 

the methylation of cytosine-phosphate guanine (CpG) islands within the DNA and an array of 

different posttranslational modifications of the histone proteins including the acetylation of amino 

acids in the N-terminal histone tails.1, 2  

Chromatin remodelling is a central mechanism in the epigenetic regulation of gene transcription and 

expression. The human genome is packaged into chromatin, a dynamic macromolecular complex 

that consists of DNA, histones, and non-histone proteins and can assume different levels of 

condensation. In general, condensed chromatin, called heterochromatin, mediates transcriptional 

repression, whereas transcriptionally active genes are in areas of open euchromatin. DNA-binding 

transcription factors (TFs) recruit chromatin-modifying complexes and have better access to 

euchromatin compared with a condensed conformation.3, 4  

DNA methylation is an epigenetic modification used for long-term silencing of gene expression.5 The 

so-called CpG islands are regions in the DNA where the bases cytosine and guanine repetitively 

alternate. Methylation takes place only at CpG dinucleotides, at the 5-position of the cytosine ring, 

almost exclusively within CpG islands.6 The alterations in chromatin structure caused by methylation 

change the interactions between proteins and DNA and leads typically to a decrease in the rate of 

transcription, however hypermethylation also occurs in regions of active genes.7 Most CpG islands 

are found in the proximal promoter regions and are generally unmethylated in normal cells. Their 

methylation is often associated with the inappropriate transcriptional silencing of genes and 

hypermethylation within the promoter region of tumor-suppressor genes are hallmarks of 

malignancy.8  

Jenuwein and Allis proposed in 2001 that different combinations of chromatin modifications 

constitute a so-called histone code and thereby extend the amount of information stored in the 

genetic sequence.9 The histone code is defined by the modifications that regulate the transcriptional 

activity of specific genes and the activity of transcription regulating multiprotein complexes.10 The 

combinatorial nature of post-translational modifications seems to reveal that the histone code 

considerably extends the information potential of the DNA code.  
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Histones are formed by a globular domain and a more flexible NH2 terminus protruding from the 

nucleosome (so-called histone tails). The N-terminal tail regions of histones undergo a wide variety 

of modifications and are the most important sites for histone modifications (Figure 1).  

 

Figure 1. Schematic presentation of specific sites of histone modifications in the amino termini of core histones and the 

nucleosome as the fundamental repeating units of chromatin. The nucleosome consists of a double-stranded DNA wrapped 

around a histone octamer. Different possible histone modifications at core histones and DNA methylation at CpG di-

nucleotides are shown. Picture from: 11 

 
Several post-translational modifications take place on the tail domains of histones, including 

acetylation, phosphorylation, methylation, ubiquitination, and isomerization (Figure 1). The basic 

unit of packaging is called nucleosome, consisting of two copies of each core histone H4, H3, H2B, 

H2A and 147 bp of DNA wrapped around this core. The binding between the DNA and histones is 

achieved by ionic interactions between basic amino acid residues in the histones and the acidic sugar 

phosphate backbone of the DNA.12 Histone post-translational modifications provide an important 

regulatory framework for DNA repair, gene expression, mitosis, meiosis and other mechanisms.  

1.1.2 Antagonistic actions of histone acetyltransferases and histone deacetylases 

Lysine acetylation occurs on residues in the N-terminal tails of histones and is controlled by the 

antagonistic actions of two families of enzymes, histone acetyltransferases (HATs) and histone 

deacetylases (HDACs). HATs use acetyl-CoA to transfer an acetyl group to the ε-amino group of the 

lysine moieties. Acetyl groups neutralize the positive charges on the basic histone tails, thereby 

weakening electrostatic interactions between the histones and the negatively charged phosphate 

backbone of the DNA. HDACs promote the removal of the acetyl group from the acetylated residue, 

resulting in the release of an acetate molecule. Based on their function, HDACs can be described as 
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epigenetic erasers, as well as phosphatases and demethylases. The antagonists of erasers are the 

epigenetic writers like HATs and DNA methyltransferases. Epigenetic readers identify specific histone 

recognition sequences and recruit other chromatin remodelling proteins. The reading protein 

modules are classified into several subgroups, among them the bromodomain-containing histone 

acetylation readers. 

Figure 2. Acetylation and deacetylation of lysine residues in histone tails by histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) alter the structure of the chromatin. Picture: modified from13 

Within the nucleosome, positively charged hypoacetylated histones are tightly bound to the 

phosphate backbone of DNA, maintaining chromatin in a transcriptionally silent state. Acetylation 

neutralizes the positive charge, disrupting tertiary structures in chromatin and thereby enhancing 

access of TFs, transcriptional regulatory complexes, and RNA polymerases to promoter regions of 

DNA. However, in some cases histone acetylation is involved in transcriptional activation.14  

HDACs are part of a high number of complex regulatory mechanisms. By removing acetyl groups 

from ε-amino lysines of proteins, HDACs not only alter transcription, but also influence alternative 

posttranslational lysine modifications such as ubiquitination. Ubiquitination is an enzymatic process 

that involves the bonding of an ubiquitin protein to a substrate protein, followed by inactivation and 

degradation by the proteasome. There is a direct link between acetylation and ubiquitination and 

both often occur on the lysines. The balance between acetylation and ubiquitylation influences the 

stability of the substrate protein. As a result, HDACs are able to decrease the half-life of several 

substrates by exposing the lysine residue for ubiquitylation.15, 16  

1.1.3 HDAC classification 

An extensive phylogenetic analysis of HDACs17 shows that HDACs are members of an ancient enzyme 

family found in animals, plants, fungi and bacteria. 18 human HDACs have been grouped in two 

families and four classes on the basis of their homology to yeast proteins and their co-factor 

dependence. The three HDAC classes I/II/IV contain 11 "classical" Zn2+-dependent enzymes whereas 

class III comprises seven nicotinamide adenine dinucleotide (NAD+) dependent enzymes (Figure 3).18 
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The class I/II/IV HDACs consists of an 8-stranded parallel β sheet placed between a number of 

α helices. These HDACs differ in size and structural organization but share a similar catalytic core that 

uses Zn2+ as co-factor, located at the bottom of the binding pocket.  

 

 
Figure 3. Mammalian classes of HDACs. Green rectangles indicate the conserved HDAC domain; numbers following the 

HDAC domain indicate the number of amino acids. Myocyte enhancer factor 2 (MEF2)-binding sites are marked by a blue 

square; 14-3-3, binding sites for the 14-3-3 chaperone protein; S, serine phosphorylation sites; ZnF, zinc finger. Picture 

from: 19 

Structurally unrelated to the other classes, class III is characterized by NAD+ dependency. Class III 

HDACs, called sirtuins, are widely expressed and have a broad range of biological functions. Among 

others, sirtuins participate in the regulation of oxidative stress, DNA repair and metabolism. The two 

HDAC families, the sirtuins and the classical HDACs, are evolutionarily conserved amongst 

prokaryotes and humans. However, sirtuins are not affected by the conventional HDAC inhibitors 

(HDACi) and will not be discussed any further. 

 

Class I HDACs, consisting of HDAC1, 2, 3 and 8, are considered as nuclear proteins, however, HDAC3 

navigates between the nucleus and the cytoplasm. Phylogenetic analysis suggests that HDAC1, 2, 3 

and 8 can be further subdivided into class Ia (HDAC1 and 2), class Ib (HDAC3) and class Ic (HDAC8).17 

With the exception of HDAC8,20 a specific characteristic of class I HDACs is their inclusion in large 

macro-protein complexes. These complexes often involve more than one HDAC subunit and are 

frequently in association with co-repressor proteins. Especially HDAC1 and HDAC2 interact with each 

other, forming the catalytic core of several multi-protein complexes.  
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HDAC4, 5, 6, 7, 9 and 10 are members of the HDAC class II and are relatively large proteins which can 

shuttle between cytoplasm and nucleus but are mainly localized in the cytoplasm. While class I 

HDACs are ubiquitously expressed in humans, class II HDACs show tissue specific expression. This 

class can be further divided into class IIa (HDAC4, 5, 7 and 9) and class IIb (HDAC6 and 10). The 

presence of a double deacetylase domain is a characteristic for class IIb HDACs. Class IIa is defined by 

a bipartite structure with a C-terminal HDAC domain and a large N-terminal adaptor domain, 

characterized by the binding sites for the transcription factor myocyte enhancer factor 2 (MEF2) and 

for the chaperone protein 14-3-3.21 The N-terminal adaptor domain mediates the HDAC class II 

interactions with tissue-specific transcription factors and co-repressors. Class IIa HDACs navigates 

between the nucleus and the cytoplasm and have non-histone proteins as primary targets. The class 

IIb subfamily has two members, HDAC6 and HDAC10. HDAC6 is the only enzyme containing two 

non-identical catalytic domains and a C-terminal zinc finger domain. HDAC6 is localized exclusively in 

the cytoplasm, where its main target is α-tubulin.22, 23 HDAC10 is found in the nucleus and cytoplasm. 

It also contains a partiala second catalytic domain.22, 24, 25 The specific substrates of HDAC10 remain 

unknown and HDAC 10 might function as a recruiter rather than as a deacetylase.25  

 

Class IV is composed by HDAC11 alone. This is the most recently identified isoform. HDAC11 shares 

conserved residues with both class I and II. Its expression patterns and function are only partially 

understood.26, 27  

1.1.4 Histone deacetylase multi-protein complexes 

HDACs (with the exception of HDAC8) belong to multiprotein complexes, which catalyse the cleavage 

of acetyl residues from histones and other proteins. These multiprotein complexes include 

transcriptional activators, proteins, other isoforms and/or cofactors.28-30 Although HDACs are unable 

to bind directly to DNA, the multi-protein complexes are recruited to promoters by interaction with 

specific transcription factors. These protein clusters are one of the difficulties in designing new 

HDACi, leading to the problem that inhibition on isolated enzymes isoforms does not always match 

the in vivo findings. The enzymatic or physical effect of HDACs on the activity of other HDAC family 

members and HDAC multi-protein complexes requires further investigation in the future.  

A particularly high number of HDAC containing complexes have been described for class I HDACs, 

which are targeted to specific genomic regions by interactions with DNA binding factors such as 

nuclear receptors and transcription factors.31 HDAC1 and HDAC2 are mainly found in Mi2/NURD 

complex, the Sin3 complex and the CoREST complex.32-35 HDACs of different classes can co-exist in 

the same macromolecular complex. The catalytic domain of HDAC4 interacts with HDAC3 within the 

large NCoR/SMRT nuclear co-receptor complex. HDAC4 contains minimal intrinsic deacetylase 

                                                           
a The second catalytic domain is vestigial and is thought to be dysfunctional in HDAC10. 
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activity, however, the enzyme is essential for HDAC activity and for transcriptional repression of 

target genes by this complex.36   

1.1.5 HDAC substrates  

Deacetylation of histones in promoters is generally associated with the formation of 

heterochromatin and transcriptional inactivation, however exceptions are known and some genes 

were found to be activated by HDACs.37 Apart from histones, other proteins in the cytoplasm and 

nucleus can be deacetylated by HDACs. As for histones, acetylation is considered as part of a 

complex set of post-translational modifications often working cooperatively to regulate the function 

of the modified protein. A growing list of acetylated proteins is currently available and it is supposed 

that in human cells more than 1750 proteins can be acetylated at lysine residues.38 The dynamic 

acetylation and deacetylation of non-histone proteins is critical for many cellular processes. While a 

large number of non-histone HDAC substrates have been identified, the molecular and biological 

activity of non-histone protein deacetylation have yet to be characterized for the majority of these 

targets.  

 

Inhibition of HDACs has been shown to significantly affect the acetylation of various tissue-specific or 

ubiquitous non-histone proteins. HDAC substrates are for example transcription factors (p53, c-Myb 

and FOXP3),39-41 nuclear receptors (glucocorticoid receptor),42 and cytoplasmic proteins (e.g. Hsp90 

and α-tubulin).22 Further examples are cell-cycle regulating proteins, e.g. retinoblastoma protein,43 

which are involved in many physiological and pathological processes. There is an intense connectivity 

between post-translational modifications of cell-cycle proteins and the epigenetic regulation of gene 

expression, where HDACs has an important role at both levels.  

 

HDAC6 plays a central role in cytoskeleton regulation, cell-cell interaction and in angiogenesis44, 45 It 

is the only HDAC isoform which is able to deacetylate α-tubulin, a protein subunit of microtubules. 

The polypeptide α-tubulin is involved in cytoskeletal structural integrity and cellular motility.46 

Inhibition of HDAC6 leads to hyperacetylation of the chaperone protein Hsp90 and reduces the 

chaperone association with its client proteins.47 In cells HDAC6 does not catalyse the removal of 

acetyl groups from histones. HDAC6 deacetylates histones in vitro, but there is no evidence for its 

activity in vivo.48, 49 

The activity of HDACs on non-histone proteins is a key aspect of HDAC function and the search for 

additional substrates is ongoing. However, it should not be ignored that histones are by far the most 

abundant HDAC substrates and histone acetylation surely represents a key target for the action of 

most HDACs.  
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1.1.6 Pharmacophore model of HDAC inhibitors 

The eleven classical HDACs are characterized by a highly conserved catalytic domain from bacteria to 

humans and the study of its crystal structures assisted in the development of potent HDACi. The 

catalytic domain is formed by approximately 300-400 amino acids50 and HDAC6 contains two such 

domains. The HDAC isoforms share the same folding pattern as well as similarity in the binding 

pocket. The chain conformation within the catalytic domain is similar among all known HDAC 

structures. Three residues coordinate the Zn2+ ion (His, Asp, Asp) and two histidine residues 

coordinate the zinc binding group of the ligand. A significant difference between the isoforms is a 

catalytic tyrosine, which is conserved in all HDACs except in vertebrate class IIa HDACs. This tyrosine 

is replaced by histidine in class IIa HDACs and is considered to act as a transition-state stabilizer.51  

Many HDACi structurally mimic acetyl-lysine and are characterized by a widely accepted 

pharmacophore model. The morphology of the HDACi pharmacophore, exemplified by vorinostat 

(suberoyl anilide hydroxamic acid) in Figure 4, consists of three substructures. A metal-binding 

moiety that binds the catalytic metal atom within the HDAC active site (Zn2+-binding group, ZBG), a 

hydrophobic linker or spacer to fit in the catalytic tunnel and a cap-group, which binds to the rim of 

the substrate channel.52 A connecting unit is often present between the cap-group and the linker 

region. 

 

Figure 4. General HDACi pharmacophore model exemplified by vorinostat. 

The metal binding moiety of these compounds bind the Zn2+ ion, which blocks the active site and 

keeps the HDAC in its inactive form. HDACi can be classified as members of at least four classes, 

based on their structure. One common classification is to HDACi containing a hydroxamic acids, e.g. 

trichostatin A and vorinostat. A second group contains a short-chain fatty acid, e.g. sodium butyrate. 

Third group contains a cyclic tetrapeptides, e.g. romidepsin. The forth group contains benzamides, 

e.g. MS-275.53 In addition several other possible classifications have been suggested after the 

discovery of a large number of highly diverse HDACi over the last decades. Today, the most frequent 

used ZBGs remains to be hydroxamic acid (e.g. vorinostat) and benzamide (e.g. MS-275). The most 

commonly used linkers are aliphatic chains (e.g. six carbon chain in vorinostat), aromatic rings (e.g. 
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phenylene in MS-275) or vinyl-aromatic structures (e.g. styryl in PXD-101). Recent studies have 

shown that all pharmacophore units have an impact on the isoform profile of HDACi.54 However, 

many exceptions from the pharmacophore model have been described. For example, lacking the cap 

or the linker unit.55 For a deeper understanding of HDACi properties see part 1.2.4 of the 

introduction. 

1.2 Effects of HDAC inhibition on tumor cells, cancer onset, progression and treatment 

1.2.1 Key effects of HDAC inhibition 

HDACi are primarily known as anticancer agents and are therefore investigated for their mode of 

action and clinical efficacy. For a long time cancer was considered to result from a wide variety of 

genetic and genomic alterations, such as amplifications, translocations, deletions, insertions, and 

point mutations. However, it became increasingly evident that the development of cancer and 

persistence may not only be caused by genetic mutations but also by epigenetic modifications. The 

global pattern of histone acetylation is dysregulated in cancer, which results in chromosomal 

abnormalities and may result in hyperactivation of oncogenes and the deactivation of tumor 

suppressor genes.  

Acetylation of histones and non-histone proteins play a key role in carcinogenesis. The genes 

induced by the presence of a HDACi are mainly involved in cell growth, differentiation, changes in 

gene expression, induction of apoptosis, cell cycle arrest and inhibition of angiogenesis and 

metastasis.56 Interestingly, HDACi induce accumulation of hyperacetylated histones in most regions 

of chromatin, but only a small number of expressed genes (around 10% according to analyses using 

DNA microarrays) show a change in transcription patterns.57  

Tumor growth arrest caused by HDACi can not only be explained on the basis of gene expression58, 

but also by alternative mechanisms. HDACi can cause accumulation of acetylated proteins that are 

regulators of cell-cycle progression, for example the retinoblastoma protein pRb, TFs such as p53 or 

glucocorticoid and thyroid hormone receptors. In Table 1, key effects of HDACi on tumor cells are 

summarized. 

Table 1. Key anti-tumor activities of HDACi. 

Biological effect  Key effects of HDACi 

Cell death -Induction of apoptosis through the intrinsic and extrinsic apoptosis 
pathways 

-Enhanced ROS (reactive oxygen species) production and decreased 
production of free radical scavengers 

-Accumulation of DNA damage through transcriptional downregulation 
of DNA repair proteins  
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Cell cycle arrest -Induction of cell cycle arrest, often in combination with other effects, 
such as cell death and differentiation 

-Cells that are resistant to apoptosis undergo cell cycle arrest, where 
G1/S phase-induced arrest is dominant over G2/M phase-induced 
arrest. 

Differentiation -Induction of tumor cell differentiation 

Inhibition of angiogenesis -Suppression of pro-angiogenic gene expression 

Tumor immunogenicity 
and regulation of immune 
cell subsets 

-Enhancement of  immunogenicity  

-Enhancement of antigen-presenting capacity  

-Inhibition of dendritic cell differentiation and function  

-Increase of tumor killing by natural killer cells and cytotoxic T cells  

-Increase of differentiation and function of CD8+ T cells  

-Suppression of inflammatory cytokine production  

 

The result of HDACi treatment is most often an induction of tumor cell apoptosis.59 Using preclinical 

models, a direct link between HDACi-induced tumor cell apoptosis and therapeutic efficacy has been 

described.59, 60 HDACi induce apoptosis using at least two different mechanisms.61 The first 

mechanism is also called the extrinsic pathway. This mechanism is activated through apoptotic signal 

transduction cascades mediated by members of the TNF (tumor necrosis factor) death-receptor 

family (e.g. DR4, DR5 and FAS) and their ligands (e.g. TRAIL or FASL).62 The second important 

mechanism is the intrinsic cell-death pathway, also known as ROS (reactive oxygen species) pathway 

or the mitochondrial apoptotic pathway.63 The intrinsic pathway has a substantial role in 

chemotherapy and radiation induced cell death and is controlled by the Bcl2 family proteins in the 

mitochondria.  

HDACi cause increased production of reactive oxygen species (ROS), which has been described as a 

significant factor in the pro-apoptotic character of HDACi. Tumor cells treated with HDACi showed 

higher concentration of ROS compared to HDACi treated non-proliferative cells. In addition, the 

thioredoxin concentration in tumor cells is reduced. The activity of redox proteins (thioredoxins 

and/or peroxiredoxins) plays an important role in protection of cells from ROS. It is assumed that 

reduced thioredoxin concentration in tumor cells is one of the reasons for tumor cells sensitivity to 

HDACi-induced apoptosis.64, 65 

HDACi cause an inhibition of cell proliferation by inducing cell-cycle arrest in G1 and/or G2 phase, 

thereby inhibiting cell growth and/or inducing apoptosis of transformed cells.59 HDACi induced 

activation of the intrinsic apoptotic pathway is not yet fully understood. It is assumed that HDACi 
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cause global changes in gene expression, which increases expression of pro-apoptotic proteins. 

Several mechanisms are involved in the induction of cell cycle arrest caused by HDACi. The most 

relevant is an increased expression of genes that participate in the regulation of the cell cycle such as 

CDKN1A (p21), which encodes the cyclin-dependent kinase inhibitor WAF1 (p21).66 This tumor 

suppressor protein prevents the dimerization of cyclin dependent kinases and cyclins. This leads for 

example to hypophosphorylation of the key tumor suppressor protein pRb and its two relatives p107 

and p130 and results in suppression of cell proliferation and a cell-cycle arrest in the G1 phase. 66, 67 

HDACi were historically identified on the basis of their ability to induce tumor cell differentiation.68 

The differentiation is associated with the ability to cause cell cycle arrest in G1 and/or G2 phase and 

leads to inhibition of cell growth.59 The HDACi concentrations necessary to cause growth inhibition 

correlate with those needed to induce hyperacetylation of histones.69 

Angiogenesis is a pivotal component of the progression and metastasis of solid tumors and 

haematological malignancies. The anti-angiogenic properties of HDACi have been associated with 

decreased expression of pro-angiogenic genes. The vascular endothelial growth factor (VEGF), basic 

fibroblast growth factor (bFGF), hypoxia-inducible factor-1α (HIF1α), angiopoietin, and endothelial 

nitric oxide synthase (eNOS) are downregulated after HDACi treatment.70-72 These effects decrease 

the nutrient supply, thus leading to an inhibition of the metastatic spread of the tumor.59 

Upregulation of gene expression of metastatic suppressors and down regulation of genes that 

promote metastasis are also responsible for the anti-metastatic character of HDACi.73, 74  

Growing evidences indicate that HDACi lead to an augmentation of the host immune response by an 

increased cytokine secretion.75 Immunomodulatory effects can result in an increased recognition of 

malignant cells by the immune system due to an increased expression of tumor-associated antigens. 

These immunomodulatory effects may contribute to the anti-tumor activity of HDACi. 

1.2.2 Known mutations in HDAC/HAT genes and expression abnormalities 

The interest for HDACs as therapeutic targets results from the observation that HDACs are 

overexpressed or deregulated in various human tumor types. Various studies in cancer cell lines and 

tumor tissue revealed changes in protein acetylation, particularly on histones, while an abnormal 

expression of HDACs enzymes has been found in a broad range of cancer types.59 However, it could 

not be shown that aberrant expression of HDACs can be a primary oncogenic effect. 

 

In several cancer types overexpression of individual HDACs correlated with significant decreases in 

disease-free survival rate and overall survival.76 Expression of HDAC1, 5, and 7 can be used as a 

molecular biomarker for tumor tissue versus normal tissue and is even able to predict poor patient 

prognosis independent of other variables such as tumor type and disease progression.76 

Furthermore, knockdown of HDACs can induce a range of anti-tumor effects such as cell cycle arrest 

and inhibition of proliferation and induction of apoptosis. In general, expression of class I HDACs 
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tends to be higher in tumor samples compared to the corresponding normal tissue. In other studies 

key events of tumor genesis, like the epigenetic repression of the tumor suppressor gene CDKN1A 

(encoding the cyclin-dependent kinase inhibitor WAF1 (p21)) has been linked to an overexpression of 

HDACs.77 In contrast, class II HDACs are downregulated in some tumor samples and high expression 

correlated with a better prognosis.78 Examples are known that HDAC6 overexpression correlates 

with better prognosis.79 Summarized, the level of HDAC expression and/or histone acetylation is not 

necessarily a suitable indication of clinical sensitivity to oncologic drugs. 

 
Recently, mutations in the HAT genes CREBBP and EP300 were linked to several tumor types. As 

expected, the inactivating mutations decreased tumor acetylation, and HDACi would be a possible 

complementary treatment to regain an epigenetic balance.80, 81  

1.2.3 Therapeutic implications and sensitivity of tumor cells 

HDACs are regarded as promising therapeutic targets for cancer treatment due to their critical role in 

the regulation of transcription of key genes, controlling cellular functions such as cell proliferation, 

cell cycle regulation and apoptosis.82 The treatment of normal and tumor cells with HDACi result in 

an accumulation of hyperacetylated histones. Nevertheless, tumor cells appear to be more sensitive 

to the growth inhibition and apoptotic effects of these agents than normal cells.83  

 

It was suggested, that tumor cells rely on specific epigenetic pathways and are unable to adapt to an 

‘epigenetic error’ caused by HDACi treatment, whereas normal cells utilize alternative compensatory 

pathways.84 Furthermore, the induction of death receptors and ligands was also demonstrated to be 

a tumor-cell-selective response to HDACi.60, 85 Due to increased levels of the protective thioredoxin in 

normal but not in tumor cells by HDACi treatment, reactive oxygen species (ROS) accumulate only in 

tumor cells but not in healthy cells.65 Interestingly, HDACi also kill nonproliferating tumor cell, 

whereas normal cells remain unaffected.86 However, the exact anticancer mechanisms of HDACi still 

need further investigation.  

1.2.4 HDACi approved for cancer treatment  

HDACs are among the most promising therapeutic targets for hematological malignancies and solid 

tumors. Several HDACi are approved by the FDA (Food and Drug Administration), the China FDA and 

the EMA (European Medicines Agency) and more than 18 HDACi are in clinical development (phase 

I/II). Lymphomas are the most common blood cancer type, occurring when lymphocytes mature and 

multiply uncontrollably. Nowadays, therapeutic efficacy of HDACi have been demonstrated for the 

treatment of non-Hodgkin lymphoma of the type cutaneous T-cell lymphoma (CTCL), peripheral 

T-cell lymphoma (PTCL), acute myeloid leukaemia as well as for Hodgkin’s lymphoma. 
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Table 1. Characteristics of approved HDACi. 

Structure and name Clinical application Classification 

 

vorinostat (SAHA)  

Zolinza® Merck 

- FDA approved in 2006 for 
cutaneous T-cell lymphoma 
(CTCL) and peripheral T-cell 
lymphoma (PTCL) 

- Approved alone or in 
combination 

-pan-HDACi,  hydroxamate 

 

romidepsin (FK228) 

Istodax® Gloucester 

-FDA approved in 2009 for 
cutaneous T-cell lymphoma 
(CTCL) and peripheral T-cell 
lymphoma (PTCL) 

-Class I HDACi, prodrug, 
cyclic peptide 

 

belinostat (PXD101) 

Beleodaq® Topo Target 

-FDA approved in 2014 for 
peripheral T-cell lymphoma 
(PTCL) 

-pan-HDACi, hydroxamate 

chidamide (HBI-8000) 

Epidaza® 

- chinese FDA approved in 
2015 for peripheral T-cell 
lymphoma (PTCL) 

- pan-HDACi, benzamide 

 

panobinostat (LBH-589) 

Farydak® Novartis 

- FDA and EMA approved in 
2015 for multiple myeloma 
(combination therapy) 

-pan-HDACi, hydroxamate 
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Cutaneous T-cell lymphoma (CTCL) and peripheral T-cell lymphoma (PTCL) are rare forms of 

non-Hodgkin’s lymphoma.87, 88 Vorinostat, romidepsin and belinostat have been clinically approved 

for CTCL and/or PTCL by the US FDA. Vorinostat (SAHA, Zolinza®) and belinostat (PXD101, Beleodaq®) 

are hydroxamate-based pan-HDACib. Romidepsin (FK-228; Istodax®) is a pro-drug and is the only 

approved cyclic tetrapeptide.89 Chidamide (HBI-8000) was developed and approved for relapsed or 

refractory peripheral T-cell lymphoma (PTCL) in China.90, 91 Additionally, panobinostat (LBH-589, 

Farydak®) has recently been approved by the FDA and the EMA for a combination therapy for certain 

patients with multiple myeloma, one of the most common blood cancers. Panobinostat is currently 

also investigated for the treatment of acute lymphocytic leukaemia and prostate cancers.92   

1.2.5 Drug combinations with HDACi for cancer treatment 

Chemoresistance is the major problem limiting anticancer drug-based therapeutic approaches. Novel 

strategies to prevent the development and to overcome chemoresistance are urgently needed. Drug 

resistances occur against classical cytostatic agents and targeted therapies as e.g. kinase inhibitors. 

For this reason multi-drug therapies with combined anticancer agents operating in different 

mechanisms became a standard treatment to prevent drug resistance and to produce synergistic or 

at least additive effects in various tumors. Chemoresistance may be due to epigenetic alterations 

leading to defects in the apoptotic pathway. HDACi have been investigated for the combined 

treatment in several types of cancer therapies, resulting in different degrees of success and various 

combinations have also been investigated in clinical trials.93,56  

DNA hypermethylation is associated with certain cancer genes and DNA methyltransferases 

inhibitors are effective anticancer agents that cause increased apoptosis in tumor cells.94-96 Several 

preclinical studies combining HDACi with inhibitors of DNA methyl transferases revealed synergistic 

antitumor activity.97  

Promising initial results have been described after combining HDACi with ROS-generating agents 

such as the tyrosine kinase inhibitors adaphostin.98 Cancer cells are known to have higher levels of 

ROS compared to normal cells and HDACi have been shown to induce oxidative stress in different 

types of cancer cells. 

A further successful strategy is the combination therapy involving HDACi and proteasome inhibition. 

After treatment of multiple myeloma cells with the proteasome inhibitior bortezomib, the cells 

became more sensitive to vorinostat and increasing apoptosis was observed.99-102 Early phase clinical 

trials demonstrated an increase in anti-tumor effects of vorinostat in combination with bortezomib 

in patients suffering from multiple myeloma.103-106 In 2015 the HDACi panobinostat (Farydak®) was 

approved for  combination therapy with bortezomib (Velcade®) for patients who no longer respond 

to one of the most effective treatments for multiple myeloma, the proteasome inhibition.107 

                                                           
b Pan-HDACi inhibit all types and isoforms of HDACs.   
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An important approach for cancer therapy is the combination of HDACi with DNA damaging 

chemotherapeutics.108 Numerous studies showed synergism or additive effects by combining HDACi 

and DNA-damaging agents such as topoisomerase inhibitors, inhibitors of DNA synthesis, DNA-

intercalators and agents covalently modifying DNA (i.e. doxorubicin, epirubicin, cisplatin, 5-

fluorouracil, etoposid, mephalan, ellipticine, and temozolomide).109-114 The use of HDACi permits the 

utilization of lower amounts of therapeutics and could lead to less undesirable side effects due to 

the DNA-damaging drugs. The HDACi induced sensitization of cells to DNA-damaging drugs is 

explained by the influence of HDACi on the chromatin structure. The decondensation of chromatin 

after HDACi treatment induces the relaxed condition, which makes the chromatin more susceptible 

to DNA damaging drugs. Exposing several human cancer cells to the HDACi trichostatin A or 

vorinostat prior to etoposide, ellipticine, doxorubicin or cisplatin increased the cytotoxicity of these 

drugs. After such an exposure the expression of p53, WAF1 (p21), and Gadd45 proteins was 

significantly increased.115 One of the observed effects after treatment with HDACi in combination 

with DNA-damaging agents was an increased level of proapoptotic proteins like Bim and Bmf.116 Two 

more possible effects of the cotreatment are impaired DNA repair and interference with genes 

important for survival after treatment with DNA damaging agents.117   

1.2.6. Isoform-selective HDACi - the next step in therapy? 

The contribution of HDACs to tumor development can be due to complex mechanisms other than 

HDAC overexpression, making a deeper investigation of HDAC isoforms necessary. Common pan-

HDAC inhibitors have massive side effects and poor anti-cancer activity against solid 

tumors. Non isoform-selective HDACi could increase the risk of toxic side effects and definitely limit 

their use as research tools. Most of the first generation HDACi are not selective towards specific 

isozymes. In the last years, HDACi with proposed selectivity for several HDAC isoforms have been 

developed and several of these second-generation HDACi are currently in clinical trials. However, the 

questions remain whether agents that selectively target a specific HDAC are beneficial. It still has to 

be demonstrated in clinic if isoform selectivity provides substantial advantages over pan-HDAC 

inhibition.118, 119  

1.2.6.1 Possible applications of selective HDAC1 inhibition 

The members of the HDAC class I family are deregulated in many cancers. Overexpression of HDAC1 

has been found in gastric, breast, pancreatic, hepatocellular, lung, and prostate carcinomas and in 

most of these cases HDAC1 up-regulation is associated with a poor outcome.120, 121 High expression 

of HDAC1, HDAC2 and HDAC3 was shown in renal cell cancer, colorectal and gastric cancer as well as 

in classical Hodgkin’s lymphoma.122, 123 In a different study analysing breast tumors, HDAC1 and 

HDAC3 expression correlate with estrogen and progesterone receptor expression suggesting HDAC1 

and HDAC3 as an independent prognostic marker.124 Taken together, these studies point towards the 
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overexpression of class I HDACs, in particular HDAC1, as a cancer marker associated with poor 

prognosis and all these could be examples for future application of HDAC1 selective HDACi.  

1.2.6.2 Possible applications of selective HDAC6 inhibition 

Since HDAC6 inhibition has no impact on the DNA state it could be a better drug target than other 

isoforms. HDAC6 knockout mice are the only HDAC mutant mice with no obvious phenotype except 

for increased α-tubulin acetylation.125 Among the Zn2+-dependent HDACs, HDAC6 is functionally and 

structurally unique. This isoform is primarily present in the cytosol and thus cannot be considered 

strictly as an epigenetic enzyme. HDAC6 is the only HDAC isoform able to deacetylate α-tubulin 

in vitro and in vivo and does not catalyze histone deacetylation in vivo.46  

Due to its unique mode of action HDAC6 has been suggested to be a particularly suitable target for 

cancer therapy. In addition to its two catalytical domains HDAC6 has a C-terminal ubiquitin-binding 

zinc finger domain.126 HDAC6 counteracts the toxic effects of misfolded protein accumulations by 

being involved in the two important protein degradation pathways, the aggresome-autophagy 

pathway and the ubiquitin and proteasome system (UPS).127, 128 HDAC6 function can be seen as a 

bridge between UPS and the authophagy pathway. HDAC6 binds polyubiquinated proteins through 

its ubiquitin-binding domain and delivering to the dynein motor. Polyubiquinated proteins are then 

directed to the aggresome for the subsequent lysosome degradation.129 Due to the rapid protein 

tumor rate cancer cells rely heavily on the protein degradation pathways and are more sensitive to 

proteasome inhibition than non-transformed cells.127, 130, 131 As mentioned in part 1.2.4 in 2015 the 

pan-HDAC-inhibitor panobinostat (Farydak®) was approved together with the proteasom inhibitor 

bortezomib (Velcade®).100-102 Combination of proteasome inhibitors with an HDAC inhibitor case 

cytotoxicity by inhibiting the UPS and the aggresome pathway. Dual targeting of protein degradation 

pathways with the selective HDAC6 and bortezomib have been shown to be synergistic in lymphoma. 

The use of a HDAC6 selective HDAC inhibitor could be beneficial in comparison to pan-HDACi and 

several trials showed promising results.105, 132-134 

HDAC6 regulates the formation of chaperone complexes of Hsp90 client proteins.47, 135 The reduced 

chaperone activity results in polyubiquitination and proteasomal degradation of a number of cancer-

related proteins, for example the epidermal growth factor receptor (EGFR).136, 135 By deacetylation of 

cortactin, an actin remodeling protein, HDAC6 plays a central role in cytoskeleton mediated 

processes.45 HDAC6 modulates cell motility by altering the acetylation level of cortactin and 

overexpression of HDAC6 has been connected to invasive metastatic behavior of tumor cells.137 

HDAC6 inhibition could act protective and has been shown to result in impaired cell motility.45  

 

Taken together, HDAC6 is involved in regulation of several critical cellular functions linked to cancer. 

Generally, high levels of HDAC6 expression have been associated with tumor-genesis.138, 139 Elevated 

levels of HDAC6 were documented in myeloblastic cell lines, in acute myeloid leukemia blasts and in 
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some breast cancers.138, 140-142 However, in a different study HDAC6 expression in breast cancer was 

also associated with better survival and was higher in small tumors, low histologic grade, and in 

estrogen and progesterone receptor-positive tumors.79 In oral squamous cell carcinoma significantly 

higher HDAC6 expression was found in carcinoma versus non-transformed cells. Additionally, in the 

sama study HDAC6 expression was increased in advanced stage cancers compared with early 

stage.140 HDAC6 has been shown to be required for oncogenetic tumor formation and potential 

regulatory role of HDAC6 in the malignant transformation process was suggested.138 Interestingly, 

after inactivation of HDAC6, resistance to oncogenic transformation and reduction of tumor cell 

growth was observed.138 The deacetylase activity was required for HDAC6 to support malignant 

tumorigenic growth, pointing to a possible pharmacologic inhibition of HDAC6 enzymatic activity for 

antitumor effects.138   

1.3 HDACs in non-cancer human disorders  

Due to the important role of HDAC enzymes in transcriptional regulation and beyond, an aberrant 

HDAC activity can lead to the development of several pathologies. A wide variety of conditions have 

been related to HDAC dysfunctions.  

A large number of brain disorders are associated with imbalances in protein acetylation. Epigenetic 

phenomena and HDACs are involved in nervous system and psychiatric disorders.143 HDACi have 

been investigated in several animal models of neurodegenerative diseases, including Huntington’s 

disease, Alzheimer’s disease, Parkinson’s disease and spinal muscular atrophy.144, 145 For example, 

inhibition of HDAC3 was able to reduce the expression of Huntington’s disease-associated genes and 

prevented Huntington’s disease-associated eye neurodegeneration in a Drosophila melanogaster 

model.146 In this study, HDAC1 and a pan-HDAC inhibition showed positive results in the 

Huntington’s disease model. Isoform-specific inhibitors could be more efficacious, with less 

toxicity.146 Especially selective inhibition of HDAC3 could be beneficial in neurodegenerative 

diseases. 

Several studies revealed that HDACs are implicated in various aspects of the immune response, 

including the innate and adaptive system.147 The adaptive immune response is subject to epigenetic 

regulation and HDACi have demonstrated preclinical efficacy in several rodent models of 

inflammatory conditions and in clinical samples taken from patients with an autoimmune disease. 148, 

149   

A link from HDAC activity to human cardiovascular disease is also emerging.150 HDACs are 

fundamentally important in cardiac development and have the potential to regulate many aspects of 

cardiovascular diseases. HDACs regulate hypertrophy, fibrosis and inflammation.151-153 Additionally, a 

role for HDACs in cardiomyopathy associated with metabolic diseases such as uncontrolled diabetes 

mellitus is also proposed.154 
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Activation of latent hepatitis B virus and Epstein-Barr virus has been observed in patients with cancer 

following treatment with romidepsin.155 According to these observations, HDACi recently have been 

suggested as an antiviral therapeutic strategy. Cells infected with integrated latent proviruses are 

able to evade the immune system and escape from a pharmacological attack. HIV production could 

be enhanced in vitro by either class I-selective or pan-HDACi, which could help to overcome the 

challenge of latent virus reservoirs. The reactivation of latent virus could be induced in infected cell 

lines and in resting CD4+T cells from patients receiving antiretroviral therapy.156 Preclinical results 

were already reproduced in a clinical study in patients with latent HIV infection.157  

1.4 Parasitic approaches of HDACi 

The need for new anti-parasitic drugs drives drug discovery research globally. HDACi are a promising 

class of new potential anti-parasitic agents.158 The potential of HDACi as anti-parasitic agents was 

first observed when the cyclic tetrapeptide apicidin was found to have anti-parasitic activity.159 

Interestingly, some human parasites share characteristics with malignant tumors. Parasites are 

considered to be similar to tumors in the intense metabolic activity and a dependence on lactate 

fermentation as an energy source within the human host.160, 161 Moreover, parasites exhibit a high 

rate of cell division without the control of the host162, 163 and are almost invisible to the host’s 

immune responses. Parasites like schistosomes achieve this by adsorbing host determinants onto 

their surface.164 In case of Plasmodium parasites allelic variability in different clones is thought to 

enable an effective immune evasion.165, 166  

The discovery of suitable candidates for the therapy of tropical diseases can be based on several 

approaches. The de novo drug discovery and rational structure based design, phenotypic screening 

of chemical libraries or the so-called piggybacking of established drugs are common strategies.167-169 

The piggyback approach is based on reusing chemical scaffolds, previously validated for other 

diseases.168 Targeting protein acetylation is a starting point for identifying new anti-parasitic drugs. 

The potential to use HDACi as new anti-parasitic agents was reported several times.170, 171 Addressing 

epigenetic enzymes and especially the inhibition of HDACs have been shown to be a promising 

strategy for many parasites. HDACs are recognized as an anti-parasitic target in several major human 

parasitic pathogens; Plasmodium, Toxoplasma, Trypanosoma, Schistosoma, and Lieshmania.172, 173  

1.5 HDACs as novel target in malaria treatment 

1.5.1 Plasmodium species and life cycle 

Malaria is caused by protozoan parasites of the genus Plasmodium. The six malaria parasites species 

infecting humans are Plasmodium falciparum, P. vivax, P. ovale (two species),174 P. malariae and 

P. knowlesi.175 P. falciparum and P. vivax are mainly responsible for the burden of the malaria 

disease. P. falciparum is most prevalent on the African continent, it is the species most commonly 

associated with severe and complicated disease and causes the most deaths from malaria. P. vivax 

has a wide geographic distribution in Africa, Asia and South America. It can develop in the Anopheles 
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mosquito vector at lower temperatures and form the dormant liver stage known as hypnozoite. 

However, the risk of infection with P. vivax is low as P. vivax needs a certain protein to invade red 

blood cells. This protein is encoded by the Duffy gene, which is missing in most of the African 

population.176  

The main species that infect humans (P. falciparum, P. vivax, P. malariae, and P. ovale) and the 

rodent species used in various model systems, such as P. berghei and P. yoelii have comparable life 

cycles (Figure 5).  

 

 

Figure 5. Life cycle of Plasmodium parasite. (1) Infection is precipitated by the bite of an Anopheles spp. mosquito. (2) 

Sporozoites enter the bloodstream. (3) In the liver, parasites undergo a replicative round within hepatic cells. The parasites 

then egress from the liver as merozoites and invade red blood cells. (4) Blood-stage parasites proceed through asexual 

replication. (5) Merozoites differentiate into male and female gametocytes. Picture from: 177 

The life cycle of P. falciparum is extremely complex with multiple intracellular and extracellular 

stages of development in both the Anopheline mosquito vector and the human host. The infection of 

humans begins with the bite of an infected female Anopheles mosquito (1, Figure 5), causing the 

transfer of sporozoite-stage parasites. Sporozoites migrate to the liver (2, Figure 5), where they 

invade hepatocytes and mature to hepatic schizonts. This is followed by asexual replication of the 

parasite inside hepatocytes, forming thousands of merozoites per hepatocyte over a period of 

approximately two weeks. For malaria species P. vivax and P. ovale parasites can remain dormant in 
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the liver as hypnozoites (3, Figure 5) and cause relapses weeks to years after the primary infection. 

When merozoites are released into the circulation, each merozoite can infect an erythrocyte (4, 

Figure 5). The infection and subsequently following destruction of red blood cells leads to fever, 

anaemia, and cerebral malaria and even to death if not treated adequately. During the erythrocytic 

phase, the parasite metabolizes the host’s hemoglobin to hemozoin, which is also called malaria 

pigment.178 Within this stage the parasite replicates in erythrocytes by cell division (schizogony). 

During thise asexual cycle, the parasite can commit to sexual development, differentiating into a 

male or female gametocyte.179 The distinct morphology of gametocytes compared to the asexual 

blood stages is reflected in their unique pattern of gene expression.180 Male and female gametocytes 

are the components of the malaria parasite life cycle which are taken up from an infected host 

bloodstream by mosquitoes and thus mediate disease transmission (5, Figure 5). The uptake of 

mature gametocytes by a feeding mosquito followed by the further development of the parasite in 

the mosquito midgut completes the P. falciparum life cycle.  

1.5.2 Malaria as a public health challenge - disease and pathology  

Malaria still represents one of the major health challenges mankind is facing today. The vector-borne 

tropical disease primarily affects the poorest and most vulnerable communities. Statistically, Africa 

suffered 92% of all malaria caused deaths in 2015, followed by South-East Asia with 6%.181 According 

to the World Health Organization Malaria Report 2016, there were approximately 212 million cases 

of malaria and 429 000 estimated deaths worldwide in 2015. The tropical disease is one of the 

reasons of poverty. African children under the age of 5 and pregnant woman carry the heaviest 

burden. Despite its high morbidity and mortality, as well as its social and economic impacts in 

malaria-endemic countries, for many years malaria was not of commercial priority for the 

pharmaceutical industry. However, the research efforts are growing. The decade-long scale up of 

vector control interventions, the introduction of rapid diagnostic tests and the availability of highly 

efficacious artemisinin-based combination therapy (ACT) led to a globally significant reduction of 

malaria cases.182  

The course of disease is determined by a combination of parasite-specific virulence factors like host 

inflammatory responses, age, and genetic disposition.183, 184 In areas with stable endemicity, year-

round malaria transmission continually exposes and re-exposes the community to the bites of 

infected mosquitoes, resulting in a persisting low-level parasitemia and established immunity. Only 

the asexual replication cycle is responsible for symptomatic disease, the exoerythrocytic liver stages 

and sexual blood stages are not known to cause organ dysfunction.185 Severe manifestations of 

malaria mainly affect infants and young children in highly endemic areas. Possible complications 

which are associated with the manifestation of malaria are severe anaemia caused by the 

destruction of red blood cells and cerebral malaria caused by obstruction of small vessels of the 

brain. The clinical outcome of the malaria disease ranges from nearly asymptomatic infection to 

death.184,186   
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1.5.3 Malaria prevention and treatment  

1.5.3.1 Prevention 

One of the most common and most affordable methods of malaria prevention are vector control 

strategies, for example the use of insecticide-treated mosquito nets.187 Indoor residual spraying 

utilizing the insecticide dichlorodiphenyltrichloroethane (DDT) and improved sanitation eradicated 

malaria from many parts of the world. However, DDT is considered to be a human carcinogen and 

due to its massive side effects on environment and human health the use of this insecticide has 

almost been stopped.188 

Today malaria remains to be endemic in tropical Africa and many parts of Asia. Some of the reasons 

are that eradication programs are often still difficult to implement, insufficient funding, inadequate 

health infrastructure as well as poverty and lack of education. In addition to that, development of 

insecticide resistance by the mosquito and drug resistance by the parasite have been 

documented.189 Mosquitoes resistant to pesticides enhance the global health burden massively as 

personal protection measures and vector control strategies like indoor house spraying, personal 

repellents and other remain the most practical method for wide-scale malaria control.189-191 In Africa, 

intermittent preventive therapy is advocated in some high-risk populations.192, 193 The objective of 

preventive chemotherapies is to prevent malarial illness by maintaining therapeutic drug levels in 

the blood throughout the period of greatest malarial risk. 

Numerous eradication programs and intensive research efforts focused on the development of a 

malaria vaccine.194 A practical and effective vaccine that is suitable for immunization of people living 

in endemic areas is still not available.177, 189, 194, 195 The development of an effective prophylactic 

vaccine is highly challenging as the parasite has various sophisticated mechanisms to avoid the host 

immune system. During the various life-cycle stages, the parasite synthesizes an assortment of 

possible targets, which have been used for the development of vaccines. The recently developed 

vaccine RTS,S (Mosquirix™) showed disappointing preliminary results in Phase III trials. The efficacy 

of this vaccine was reported to be lower than 16.8% declining to 0% over 4 years.196, 197 However, 

efforts to develop other vaccines with increased efficacy are ongoing.198 Since no malaria vaccine is 

yet available, antimalarial drug treatments and prophylaxis remain the most efficient strategies to 

control infections.  

1.5.3.2 Antimalarial drugs 

Antimalarial drugs remain to be fundamental for malaria prevention and treatment. However, no 

new antimalarial drug has reached the market in the past decades. The approved drugs are based on 

the following compound families: aryl amino alcohols (e.g. quinine, lumefantrine, mefloquine), 

antifolates (e.g. sulphadoxine and pyrimethamine), 4-aminoquinolines (e.g. chloroquine), 8-

aminoquinolines (e.g primaquine), and peroxides (artemisinin and its derivatives). 
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Table 2. Examples of main families of antimalarial drugs. 

Drug family and example Mechanism of action Note 

aryl aminoalcohols: e.g. quinine

 

- Interfere with the haem 
digestion199 

- Massive side effects 

- Clinical resistance to 
quinine occurs at low level 

- Mainly for treating 
severe malaria, often with 
antibiotics 

quinoline derivatives:                

4-aminoquinolines 

 e.g. chloroquine 

 

 

8-aminoquinolines      

 e.g. primaquine 

 

- Block the polymerization of 
the toxic byproduct of 
haemoglobin degradation, 
haem, into insoluble and non-
toxic pigment granules.200 

 

 

 

 

- Primaquine eliminates liver-
stage parasites, including 
dormant forms of P. vivax.199 

- Mechanism is not exactly 
known 

- Former first-line 
treatment for 
uncomplicated malaria 

- Massive resistances201-203 

 

 

 

 

- Primaquine causes 
haemolysis in glucose-6-
phosphate-dehydrogenase 
-deficient humans.  204 

 

ntifolates: e.g. sulfadoxine  

 

- Antifolates target two 
enzymes of the biosynthesis of 
tetrahydrofolate, the 
dihydropteroate synthase 
(DHPS) and dihydrofolate 
reductase (DHFR).205 

- Massive resistances206  

artemisinin derivatives:  

e.g. artesunate   

-The peroxide lactone group of 
the sesquiterpene lactone 
endoperoxidases releases 
reactive oxygen species.207 

 

- Resistance in South East 
Asia and other regions208, 

209 
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- The resulting free radical 
selectively binds to membrane 
proteins ultimately resulting in 
lysis of the parasite.207 

 

- Fast-acting drug of 
Artemisinin-based 
Combination Therapies 
(ACTs), combined with a 
long-acting partner drug. 

 

 

The cinchona alkaloids, like quinine, are natural products extracted from the bark of Cinchona plants. 

Quinine was already used during the early 17th century to treat malaria and it was the first widely 

used antimalarial drug.192 In the late nineteenth century, synthetic derivatives of 8-aminoquinoline 

(e.g. primaquine, Table 3) and 4-aminoquinoline (e.g. chloroquine) have been developed. The mode 

of action of chloroquine is to block the polymerization of the toxic by-product of haemoglobin 

degradation, haem, into insoluble and non-toxic pigment granules.200 Chloroquine is a safe, and in 

absence of resistant parasites, highly effective in treatment of blood stages, and was the most 

important anti-malarial drug for decades. However, the way of treatment and prophylaxis has been 

changed by the worldwide spread of parasite drug-resistance, especially to chloroquine.202, 203 

Nowadays almost all P. falciparum parasites are resistant to chloroquine. Primaquine's mechanism of 

action is not completely understood. It is known that primaquine severely disrupts the metabolic 

processes of plasmodial mitochondria.210 Primaquine is the only drug effective against liver stages, 

including the dormant hypnozoite stages of P. vivax and P. ovale.211  

Antifolates interfere with enzymes in the folate metabolism.205 This pathway is essential to malaria 

parasite survival and antifolates enable an effective causal prophylactic and therapeutic use. Some 

antifolates act synergistically when used in combination since they affect different steps of the 

pathway. The most common antifolate combinations consist of an inhibitor of dihydrofolate 

reductase (DHFR) combined with a dihydropteroate synthase (DHPS) inhibitor. The two components 

of combination (pyrimethamine, proguanil or dapsone as a DHFR and sulfalene or sulfadoxine as a 

DHPS inhibitor) act as synergists with each other, enhancing their activity and reducing the 

propensity for resistance development. However, resistances against this drugs have been 

reported.212-214 The development of antifolate agents for malaria therapy derived from attempts to 

treat leukaemia. Interestingly, antifolate drugs, also known as folate antagonists, restrain the 

production of folic acid. The folic acid deficiency hinders a rapid division of cells, making antifolates 

commonly used anti-cancer agents to treat various forms of cancer.215, 216 

The sesquiterpene lactone and endoperoxide artemisinin was isolated first in 1972 by chinese 

scientists from the leaves of the sweet wormwood Artemisia annua. In 2015 this discovery was 

awarded with the Nobel Prize in Medicine. The peroxide within the 1,2,4-trioxane system of 

artemisinins is essential for antimalarial activity. It is assumed that peroxides, generally reactive 

entities,  act as prodrugs and generate reactive oxygen species (ROS). It was suggested that the 
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peroxide group of Artemisinin becomes unstable inside the parasite due to high iron concentrations 

and releases ROS. However, the mechanism of radical generation and of parasite death are still 

matters of debate.217 High iron concentrations are also common in cancerous cells and artemisinin is 

undergoing early testing for the treatment of cancer.218 

Nowadays, an artemisinin combination therapy (ACT) is recommended by the World Health 

Organization (WHO) as the first-line treatment for P. falciparum malaria in all endemic regions. The 

excellent effectiveness and tolerability of ACTs brought new optimism into efforts to eliminate 

malaria. Artemisinin and its derivatives are potent, fast and act on all asexual blood stages (rings, 

trophozoites, and schizonts). The combination of an artemisinin derivate with a second antimalarial 

drug, usually with drugs with longer elimination half-lives and a different mode of action, has 

become the standard treatment.219 Globally, the number of ACT treatment courses procured from 

manufacturers increased from 11 million in 2005 to 337 million in 2014.182 However, the use of ACTs 

in poorer regions is limited by their high costs of ACTs and cases of artemisinin resistance have been 

reported for many years.209, 220-223  

1.5.4 Drug resistances and the search for new generation drugs 

Current drugs are often limited by low efficacy, side effect issues, and high costs. Growing insecticide 

resistances and spread of parasite resistances to the available drugs are two reasons for growing 

concern. Malaria caused by P. vivax is generally still treatable with chloroquine. However, 

chloroquine-resistance is now widely disseminated throughout malaria-endemic regions.201, 222, 224 

The emergence and spread of chloroquine-resistant P. falciparum, the most lethal form of human 

malaria, are major obstacles in the control of the disease. Similar concerns have been raised about 

artemisinin resistance.209, 220 The combination of drugs with different mechanisms of action is one 

way to address the problem of drug resistances.185 Monotherapies have been replaced with a 

combination of two drugs employing different modes of action.  

Desirable properties for the next generation of anti-parasitic and especially anti-malaria drugs have 

been discussed extensively.201, 225, 226 The target product profile (TPP) of the new anti-malarial drugs 

should include high potency and selectivity for the parasite, suitability for mass administration, a 

high barrier for resistances, and appropriate pharmacokinetic properties. In addition, new 

drugs/drug combinations also need to be affordable, as they are mainly needed in the poorest 

countries. A high efficacy against drug resistant parasites and an excellent safety profile are required 

as the two groups at most risk of malaria are children and pregnant women.225-229  

In the past, the focus of malaria research has been set on the P. falciparum species and drugs against 

the blood stages of the parasite, which is justified by the need of treatment and prevention of the 

disease.228 To achieve eradication of malaria, drugs active against all Plasmodium stages would be 

preferable.225, 230 Only one drug (primaquine, Table 3) completely eliminates P. vivax and P. ovale 
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hypnozoites and thus provides a radical cure.c However, primaquine requires repeated dosing231 and 

is toxic to individuals with glucose-6-phosphate dehydrogenase deficiency, which is a common 

condition in malaria-endemic regions.204  

To stop relapse, Plasmodium liver stages need to be targeted.226, 232 If infection can be blocked at this 

stage, there will be no pathology. Moreover, the low number of dormant hypnozoites substantially 

reduces the likelihood of the selection of drug-resistant parasites.233, 234 The development of drugs 

with liver stage activity suffers from the highly complex biology of Plasmodium species. Recent 

studies revealed a high number of genes and proteins that are expressed only during the liver 

stage.235-237 There are several challenges on the way to true causal prophylactic drugs,238 among 

them the eminent technical difficulties in studying Plasmodium species liver stages. 

In order to limit parasite transmissions to the mosquito, it is necessary to target the gametocytes of 

the malaria parasite.239, 240 The number and infectivity of P. falciparum gametocytes depend on the 

drug and its efficacy.241 Some anti-malarial drugs act not only against symptomatic asexual 

erythrocytic parasites but also indirectly on gametocytes by inducing an increase in 

gametocytogenesis, which leads to a potential increase in transmission.240, 241 Therefore, drug 

performances also need to be evaluated for the ability to limit transmission.239, 240 

The global aim of the research community must become the eradication of malaria. This will 

ultimately require an integrated strategy that includes new and old drugs, vaccines, vector control 

strategies and public health measures.  

1.5.5 Anti-malarial activity of HDACi - PfHDACs as novel target  

The development of Plasmodium parasites through the different stages of its life cycle is driven by 

the epigenetic control of the gene expression.242, 243 The protection from the host’s immune 

response by means of genetic variation is of central importance for the pathogenesis of the 

parasite.165, 166 Switching gene expression, controlled by dynamic chromatin changes, is an example 

of the excellent adaptation of parasites to survive in the human host and its dependency on 

epigenetic mechanisms. Multiple drug resistance has necessitated new efforts in the search for new 

drugs, which operate by novel mechanisms of action. The epigenetic regulation is therefore an 

interesting target for anti-parasitic agents.244,245,246 

HDACs are important regulators of transcription in P. falciparum and the inhibition of PfHDACs is a 

possible mechanism to target the parasite.171, 247-251 Pan-inhibitors of human HDACs, such as 

vorinostat (SAHA) and trichostatin A (TSA) cause hyperacetylation of P. falciparum histones and have 

potent antimalarial activity in vitro. Five HDAC encoding genes have been annotated in the genome 

of P. falciparum. Three of these genes encode proteins with homology to human class I and II HDACs, 

                                                           
c Radical cure: complete elimination of all forms of the Plasmodium parasite from the human host, 
including hypnozoites. 
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two further genes encode NAD+ dependent class III homologues. The class I homologue PfHDAC1 is 

localized in the parasite nucleus and transcribed across the P. falciparum life cycle. It is involved in 

the post-translational modification of histone and non-histone Plasmodium proteins.172, 228, 252 

PfHDAC1 is the only available recombinant PfHDAC enzyme.252 This isoform has the most similarity to 

HDACs of other species, with 61% sequence identity compared to the human orthologue human 

HDAC1 and 62% to human HDAC2. Unfortunately the high sequence identity of PfHDAC1 hinders the 

development of parasite-selective HDACi. 

Less is known about the class II PfHDAC homologues PfHDAC2 and PfHDAC3.243 Contrary to PfHDAC1, 

the structures of PfHDAC2 and PfHDAC3 are unknown. The class II HDAC enzymes have less 

sequence conservation with their human orthologues than PfHDAC1. Both are predicted to be high 

molecular weight proteins and a knock-down of PfHDAC3 inhibits asexual-stage growth and 

development.243 PfHDAC2 and 3 lack any homology outside the HDAC core243 and share less than 

14% amino acid identity to each other. Interestingly, they also have limited homology to HDACs 

class II of other species.243 The lack of recombinant PfHDAC2 and 3 as well as the lack of all PfHDACs 

crystal structures significantly complicates the rational design of anti-malarial HDACi targeting this 

isoforms. 

The inhibition of human HDAC1 is highly correlated with toxicity.42, 253, 254 Therefore HDACi with low 

activity against human class I enzymes and in particular against human HDAC1 and 2 are suitable 

starting points for the development of anti-Plasmodial HDACi. Homology models of PfHDAC1 have 

predicted that the active site of PfHDAC1 is highly conserved with that of human HDACs. However, 

the predicted structures also display differences at the entrance of the active site and foot pocket.255 

The problem of strong structure similarities between PfHDAC1, as predicted, and human HDACs is a 

difficulty, which is pronounced for many parasitic epigenetic targets.256  

The activity of several anti-tumor HDACi has been profiled against Plasmodium parasites and most of 

the compounds do not exhibit selectivity for the parasite versus human cells.158 However, some 

HDACi compounds, such as WR301801 and SB939, showed significantly higher in vitro selectivity for 

asexual intraerythrocytic stage parasites than for mammalian cells (Figure 6).170, 171  
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Figure 6. Chemical structures of HDACi, their in vitro activity against asexual blood stages of P. falciparum and cytotoxicity 
against mammalian cells.158, 170, 171 

Most anti-plasmodial HDACi show significant cytotoxicity against mammalian cells.170, 171 Undesired 

toxicity of HDACi in the human host remains to be a challenge using this new mechanism of action. 

In terms of in vivo efficacy promising results have been described already in mouse malaria models. 

SB939 and WR301801 (Figure 6) are two of the most promising anti-plasmodial HDACi. In a murine 

model of cerebral malaria SB939 was able to prevent the development of cerebral malaria-like 

symptoms when administered orally to P. berghei ANKA-infected mice.170 In case of WR301801 the 

study outcome was dependent on the routes of delivery of the compound. When administered by 

intraperitoneal injection WR301801 was able to cure mice.257 However, this compound failed to 

effect a cure in P. berghei infected mice when given in oral administration.171  

1.6 HDAC as novel target in schistosomiasis treatment 

1.6.1 Schistosomiasis as a public health challenge 

Bilharzia, or schistosomiasis, is caused by the trematode flatworm species Schistosoma. It is one of 

the major neglected human tropical diseases.258, 259 The main human disease-causing species are 

Schistosoma mansoni, Schistosoma haematobium, and Schistosoma japonicum, each with different 

intermediate snail host and distribution.259, 260 According to WHO statistics schistosomes cause at 

least 300,000 deaths yearly and infect around 230 million people worldwide.261 Under risk are 

individuals having contact with contaminated freshwater sources and specially children under the 

age of 14.262 The number of deaths due to schistosomiasis is difficult to estimate because of hidden 

pathologies such as liver, kidney failure and bladder cancer. The disease is prevalent in at least 78 

countries and the health impact has been estimated to be near to that of malaria, HIV/AIDS and 

tuberculosis.261 A majority of its burden occurs in Africa, where S. haematobium and S. mansoni are 

endemic, especially in poor communities without access to safe drinking water and adequate 

sanitation.263  
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Larvae of the endoparasite Schistosoma penetrate the skin and develop into male and female worms 

which pair up and live together in the blood vessels for years. Female worms mated with males 

produce hundreds of eggs which are passed out of the body in the urine or faeces. Others remain 

trapped in the body and cause damage to internal organs. Although mortality attributable to 

schistosomiasis is relatively low, morbidity can be severe and long lasting.263-265 

The complexity of the Schistosoma species is reflected in a large genome and transcriptome.266 The 

life-cycle includes radical morphological modifications and exhibits diverse phenotypes. There are 

two major forms of schistosomiasis - intestinal and urogenital.263, 267 In intestinal schistosomiasis, 

there is a progressive enlargement of the liver and spleen, intestinal damage, and hypertension of 

the abdominal blood vessels.264 In urinary schistosomiasis, the clinical picture shows progressive 

damage to the bladder, urethra and kidneys.267 Chronic disease contribute to major organ damage, 

so reducing the severity of symptoms is critical to the management of schistosomiasis.  

1.6.2 The need for new drugs for schistosomiasis 

Schistosomiasis is among the neglected parasitic diseases with a very limited number of drugs 

available for treatment.264, 268 No effective vaccines have yet been developed and there is currently 

no indication that a vaccine is likely to become available any time soon.269   

 

Since praziquantel (PZQ) was introduced for treatment of schistosomiasis it has been widely used in 

schistosome-endemic areas for more than 30 years and remains to be the drug of choice till now.268 

PZQ has replaced other anti-schistosomal drugs becoming the only drug of choice, which makes the 

search for alternative chemotherapeutic urgent. PZQ is considered to be safe, effective and relatively 

cheap. Given one single oral dose of 40 mg/kg it has an overall cure rate of 60-90% in individuals 

living in areas endemic for infection (defined by clearance of eggs from urine or stools).258 The 

application of PZQ is limited to adult worms, which has been shown in in vitro tests and has been 

confirmed by clinical data.270, 271 While the global use of PZQ is scaling up, PZQ does not prevent re-

infection and its mechanism of action is not identified.272 

 

The WHO strategy for schistosomiasis control focuses on periodic, large-scale treatment with PZQ 

(peventive chemotherapy) of affected populations. There is also a growing concern about reports 

from patients not cured by multiple doses.271, 273, 274 Mass treatment with a single drug increase the 

likelihood of the development of drug-resistant parasite strains. The development of resistance and 

the selection of resistant isolates that are stably resistant in the absence of drug pressure have been 

confirmed in the laboratory.272, 275-277 Besides these observations, resistant populations have already 

been characterized in endemic areas270 and the selection of field strains of schistosome that are 

resistant to PZQ is more and more likely.  
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1.6.3 Anti-schistosomal activity of HDACi - SmHDACs as novel target 

Schistosomes are endoparasites which possess a large genome and utilize epigenetic tools and 

mechanisms to control their complex lifestyle.278 The parasite has a dynamic epigenetic machinery 

that is necessary for the extensive phenotypic changes during the life cycle. In the S. mansoni 

genome several HDACs are encoded. 279, 280 Treatment of schistosomes with HDACi caused an overall 

increase of protein acetylation and dose-dependent mortality of schistosomula and adult worms.280-

282 HDACi caused accumulation of acetylated cellular proteins, more particularly of histone H4 and, 

to a lesser extent, H3 and induced a programed cell death pathway in schistosomes.280 While the 

exact mechanisms are not understood yet, the effector caspases 3/7 seem to play an essential 

role.280, 282 There is also evidence that HDACi treatment affects metamorphosis of Schistosoma 

parasites and blocks transformation of S. mansoni larvae from the free-swimming miracidia into the 

intramolluskal sporocyst.279 Taken together, HDACi treatment of schistosomes can lead to chromatin 

remodeling, modified regulation of gene expression and induced programmed cell death, which 

could explain the susceptibility of the parasite.  

 

Recent studies highlighted SmHDAC8 as a promising therapeutic target for the treatment of 

schistosomiasis.256, 283, 284 Interestingly, in contrast to the nuclear localization of the human HDAC8 

orthologue, the predicted subcellular localization of SmHDAC8 is cytosolic.282 The HDACi 

trichostatin A, vorinostat and valproic acid inhibited SmHDAC8 activity at all life cycle stages.280, 281 

Bioinformatic genome analyses revealed six Zn2+-utilizing HDACs in S. mansoni,281, 285 three of them 

are orthologues of class I HDACs, namely SmHDAC1, 3, and 8. As the human HDAC2 is the outcome 

of a vertebrate-specific duplication of the HDAC1 gene286, no human HDAC2 orthologue was 

identified in schistosoma genomes. SmHDAC1 and SmHDAC3 are highly conserved compared with 

the human orthologues, while SmHDAC8 contains several insertions in the protein sequence. 

SmHDAC4, 5, and 6 have not been functionally characterized yet and represent class II HDACs.278, 285 

Homologous genes for the remaining human class II isoforms HDACs 7, 9, and 10 and the single class 

IV member HDAC11 are not present in schistosomes. In addition to the Zn2+-dependent HDACs, five 

NAD+-dependent sirtuins have been identified in the S. mansoni genome. According to phylogenetic 

analysis they can be described as orthologues of mammalian Sirt1,2, 5, 6, and 7.287 

 

Only S. mansoni class I HDACs (SmHDAC1, SmHDAC3, and SmHDAC8) have been cloned and 

characterized so far.281 All three class I SmHDACs are expressed at all life-cycle stages, with SmHDAC8 

transcripts always being observed as the most abundant isoform.280 In contrast, human HDAC8 

shows the lowest level of expression of the four class I HDACs in human.288 Compared to the 

orthologue HDAC8 enzymes of other organisms, SmHDAC8 contains a significant number of 

alterations. Sequence alignment showed that the essential residues for HDAC activity are conserved, 

but the whole protein sequence contains six extensions of between 4 and 17 amino acids. These 

insertions are located outside the active site, probably not influencing the catalytic mechanism and 
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are not present in any other known HDAC8 family member.281, 289 S. mansoni HDAC8 has only one 

single active site amino acid substitution compared with human HDAC8. A methionine (Met 274) in 

human HDAC8 is substituted to a histidine (His 292) in SmHDAC8 pocket, that accommodates the 

aliphatic part of the substrate or inhibitor. The presence of a polar residue replacing a hydrophobic 

one reduces the hydrophobic character of the active site of SmHDAC8. This exchange could be a key 

feature to design SmHDAC8-specific inhibitors.283, 284, 290 Furthermore, X-Ray analysis revealed that 

the SmHDAC8 contains amino acid substitutions around the catalytic pocket which allow a change in 

the configuration of the side chain of a phenylalanine (Phe 151). In the schistosomal enzyme the 

Phe 151 side chain is free to adopt a flipped-out configuration, allowing the pocket to accommodate 

bigger substrates or inhibitors.284 All these make SmHDAC8 a promising target for the development 

of new, schistosome-specific drugs. 
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2 Aims of the thesis  

The objective of this work was the development and synthesis of anti-cancer and anti-parasitic 

HDACi. 

The goal of the first project was the synthesis of alkoxyurea-based HDACi with antiproliferative and 

chemosensitising properties. Currently it is under discussion if isoform-selective HDACi could be 

beneficial for a more effective chemotherapy compared to pan-inhibitors, enabling a more precise 

therapeutic use and fewer side effects.291 The model that HDACi act only by influencing gene 

transcription is oversimplified and non-genomic functions regulated by HDACs are important in 

oncogenesis as well.137, 138 Starting from the prototype-compound LMK214 we reasoned that the 

modification of the cap should lead to a novel type of HDACi with HDAC6 preference (Figure 7). We 

planned to synthesize an alkoxyurea-based HDACi library and to evaluate the antiproliferative and 

chemosensitising properties of the compounds in the working group of Prof. Dr. Kassack. Further 

biological characterization of the novel compounds and docking studies were intended to be 

performed by additional cooperation partners. 

                    
 

Figure 7. Alkoxyurea-based HDACi: strategy and target compounds. 

 

The aim of the second part of the thesis was the development of anti-parasitic HDACi using the 

piggyback approach.168  

In cooperation with the working group of Prof. Dr. Katherine Andrews we planned to screen our 

diversity orientated Kurz-group HDACi-library to find suitable anti-plasmodial lead structures. The 

design of the anti-plasmodial HDACi was guided by several aimed properties of the target 

compounds. The inhibition of human HDAC1 is highly correlated with toxicity.42, 254, 292, 293 Toxic side 

effects of class I HDACi and other broad spectrum HDACi hinder the application of class I-selective 
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HDACi in areas outside of oncology.253 We hypothesized that HDACi with low activity against human 

class I enzymes and in particular against HDAC1 are more likely to be suitable starting points for the 

development of anti-plasmodial HDACi with high parasite-selectivity. To evaluate the anti-plasmodial 

activity, the compounds were intended to be assessed against the asexual blood stages of the 

P. falciparum 3D7 strain and the multidrug-resistant Dd2 strain. This work was planned to be done 

by me in the Tropical Parasitology Lab of the Griffith Institute for Drug Discovery, in cooperation with 

Prof. Dr. Kathy Andrews. To determine the parasite selectivity, the cytotoxicity of the compounds 

against human cell lines was planned to be evaluated. Additionally we planned to verify the mode of 

action and the in vitro activity against early-stage and late stage P. falciparum gametocytes and 

P. berghei exo-erythrocytic stages.  

In initial studies a dose- and time dependent mortality of schistosomula could be induced by 

HDACi.256, 280, 284 It was suggested that the structural divergence of SmHDAC8 and the abundance of 

its transcript make it a promising target for drug development.281 SmHDAC8 is phylogenetically 

distant from its orthologues. Interestingly, SmHDAC8 mRNAs are expressed at all schistosome life-

cycle stages at higher levels than SmHDAC1 and 3, while human HDAC8 shows the lowest level of 

expression of the human class I HDACs.281, 288 One goal of this thesis was the development of 

anti-schistosomal HDACi, targeting SmHDAC8. In cooperation with Prof. Dr. Jung we intended to start 

our work with a screening of our Kurz-group HDACi-library to identify suitable SmHDAC8 inhibiting 

lead structures.  
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3 Publication I 

Alkoxyurea-based Histone Deacetylase Inhibitors Increase Cisplatin Potency in 

Chemoresistant Cancer Cell Lines 

K. Stenzel (40%)#, A. Hamacher#, F. K. Hansen, C. G. W. Gertzen, J. Senger, V. Marquardt, L. Marek, 
M. Marek, C. Romier, M. Remke, M. Jung, H. Gohlke, M.U. KassackΔ, T. KurzΔ  

J. Med. Chem. 2017, 60, 5334 − 5348 (DOI: 10.1021/acs.jmedchem.6b01538) 

 

Contributions to this project: 

- Synthesis of all precursors and target compounds (but not the prototype compounds 1a and 1b, 
Figure 8), analysis of all novel chemical structures and target compounds  

- Collection of data, analysis and interpretation of data, participation in writing of the manuscript, 
review and revision of the manuscript  

 

3.1 Project background  

Today HDAC6 is widely discussed as a therapeutic target for epigenetic drug discovery. HDAC6 does 

not catalyze histone deacetylation in vivo48, 49 and stands out from other members of the HDAC 

family in almost exclusively deacetylating cytoplasmic proteins. HDAC6 is involved in the regulation 

of several critical cellular functions linked to cancer, the best-studied is the role in the removal of 

misfolded proteins.127, 128 Additionally, functions in oncogenic tumorigenesis and correlation 

between HDAC6 expression and tumor aggressiveness have been described.138, 294 These studies are 

pointing to HDAC6 as a possible target in cancer treatment. Therefore HDAC6 provides a strategy in 

treating disease without affecting DNA modification. However, highly selective HDAC6 compounds 

generated only weak cytotoxic and antiproliferative activity in several tumor cells293, 295 and 

additional HDAC class I activity could be beneficial. Ricolinostat has been examined as monotherapy 

and in combinationd in a phase II study in multiple myeloma and lymphoma. This HDAC6 preferential 

inhibitor has 10 to 20-fold lower potency for class I HDACs 1, 2, and 3. This compound showed 

promising study results and it is expected that ricolinostat can be dosed more frequently with better 

tolerability than the approved pan-HDAC inhibitor panobinostat 133, 296,292 

Clinical application of standard chemotherapy drugs is often associated with resistance and toxicity, 

posing urgent demand for combination therapy. A promising strategy to increase the efficacy of 

chemotherapy drugs is the combination treatment with low doses of HDACi.297 It is increasingly 

                                                           
d Combination with bortezomib (proteasome inhibitor, Velcade®) and dexamethasone (used to treat 
many inflammatory and autoimmune conditions, often given to counteract certain side effects of 
their antitumor treatments) 
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recognized that the combination of HDACi with drugs such as platinum compounds (e.g. cisplatin) 

provides synergistic effects in the treatment of haematological and solid tumors, probably through 

HDACi-generated increased accessibility of DNA.108-111, 298  

 

3.2 Project overview and results  

HDAC6 selective inhibitors often contain bulky or branched cap groups due to the fact that HDAC6 

possesses a significantly wider channel rim compared to other HDAC isoforms.134, 299 The lead 

structure LMK214 (Figure 7) of the novel compound library showed potent inhibition of HDAC6 

(IC50 52 nM) and HDAC1 (IC50 189 nM), low activity against HDAC8 (IC50 >10 μM) and no inhibition of 

HDAC4 up to a concentration of 10 μM. Due to these preliminary results we performed a docking 

study in order to understand the selectivity profile of compound LMK214. Based on the results a 

series of analogues as potential HDAC6 inhibitors were designed and synthesized, focusing our 

structural modifications on the cap group.  

 
Figure 8. Target compounds of this study. Ar = 3-(trifluoromethyl)benzyl  

 

The synthesized novel alkoxyurea-based HDACi are characterized by a substituted quinoline or 

naphthyl cap group and an alkoxyurea connecting unit linker region. The intended HDACi 2-4e 

(Figure 8) were prepared according to a novel and straightforward microwave-assisted synthetic 

protocol allowing the systematic variation of the cap moiety (Scheme 1).  
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Scheme 1. Synthesis of alkoxyurea-based HDACi 2-4e. R: defined in Figure 8. Reagents and conditions: (a) Isobutyl 

chloroformate, NMM, benzyloxyamine, THF, 3 h; (b) Et3N, hydroxyphthalimide, CH3CN, reflux, 5 h; (c) Methylhydrazine, 

CH2Cl2, -10 °C, 3 h; (d) Pyridine, ClCO2C6H4NO2, CH2Cl2, RT, THF, 3 h; (e) R-NH2, Et3N, THF, MW, 100 W, 70 °C, 0.5 h; (f) Pd/C, H2 

(1 bar), MeOH, RT, 3 h.  

 

The activation of the aminoxy group of compound III was performed using 4-nitrophenyl 

chloroformate to obtain the 4-nitrophenyl carbamate 5. Attempts to introduce the alkoxyurea 

moiety using 1,1'-carbonyldiimidazole (CDI)- or 1,1´- carbonylditriazole (CDT)-mediated coupling 

protocols did not provide the targeted asymmetrical alkoxyureas 6a-h at all or only in a low yield. In 

an optimized protocol we utilized microwave heating in order to improve reaction times and yields 

(Scheme 1, yields  83-91%). In the last step a catalytic hydrogenation provided the alkoxyurea-based 

HDACi 2-4e in 54-72% yield (Scheme 1). 

 

The biological evaluation of the target compounds included MTT cytotoxicity assays300 and cellular 

HDAC assays using the cell-permeable substrate Boc-Lys(ε-Ac)-AMC. Upon deacetylation by cellular 

HDACs (all but class IIa) the substrate is cleavable by trypsin, releasing the fluorescent coumarin 

derivative.301, 302 For assessment of the antiproliferative activity the tumor cell lines Cal27 (human 

tongue squamous carcinoma cell line) and A2780 (human ovarian carcinoma cell line) as well as their 

cisplatin resistant sublines were used.303, 304 Some of the compounds showed similar or improved 

effects compared to vorinostat in the whole-cell HDAC assay but significantly enhanced cytotoxic 

effects against the human cell line Cal27 and its cisplatin resistant subline Cal27 CisR. 

 

The HDAC6 inhibitory activity of compounds 4b-d was further validated by investigation of the 

acetylation status of α-tubulin and H3 histone. Incubation of Cal27 and Cal27 CisR cells with 4b-d 

resulted in a hyperacetylation of H3 histone and α-tubulin, confirming the inhibition of HDAC6 in a 

more complex cellular environment.22 Based on their antiproliferative effects and HDAC inhibition, 

the three most potent compounds were selected for isoform profiling against human HDAC1, 

HDAC4, HDAC6, and HDAC8. In particular compound 4d demonstrated strong inhibition of HDAC6 

(IC50 2.8 nM), selectivity over HDAC8 (SI: 550) and HDAC4 (SI >3500), and moderate preference over 

HDAC1 (SI: 15). 
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The HDAC isoform profiling confirmed the results of our docking study. HDAC6 inhibitory activity of 

4d was 2-9-fold higher than of 4b and 4c and even 19-fold higher in comparison to the lead structure 

LMK214. In HDAC4 no docking configuration of our compounds could be identified. Thus, decoration 

of the quinoline moiety with small hydrophobic groups did result in improved binding affinities as 

hypothesized from the initial docking studies.  

 

In the next step we studied the effect of pretreatment with the three most active compounds 4b-d  

48 h prior to cisplatin in the cell lines Cal27 and Cal27 CisR. The drug combination studies with 

cisplatin showed for all three selected compounds a markedly enhancement of cisplatin-induced 

cytotoxicity and a synergistic anti-tumor effect with combination indices (CI) below 0.9. In particular 

compound 4d showed a 11.2 fold enhancement of cisplatin sensitivity in the cisplatin resistant 

subline Cal27 CisR.  
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4 Publication II 

Design and Synthesis of Terephthalic acid-based Histone Deacetylase Inhibitors with 

Dual Stage anti-Plasmodial Activity 

K. Stenzel (70%), M. J. Chua, S. Duffy, J. Antonova, S. Meister,  A. Hamacher, M. U. Kassack, 

E. Winzeler, V. M. Avery, T. Kurz, K. T. AndrewsΔ, F. K. HansenΔ 

ChemMedChem 2017, 12, 1627 – 1636 (DOI: 10.1002/cmdc.201700360) 

 

Contributions to this project: 

- Synthesis of all precursors and target compounds, analysis of all novel chemical structures and 

target compounds  

- P. falciparum in vitro growth inhibition assays (3H-hypoxanthine based assay against 3D7 and Dd2 

P. falciparum parasite strains), initial mode of action studies and initial mammalian cell toxicity 

assays  

- In vitro human HDAC assay 

- Collection of data, analysis and interpretation of data, participation in writing of the manuscript  

  

4.1 Project background  

The global agenda is striving for elimination and ultimately eradication of malaria disease.226, 227, 305 

Generally anti-malarial compounds with a new mechanism of action are preferable.225 HDACs have 

been shown to be important regulators of transcription in P. falciparum and the inhibition of 

PfHDACs is a possible mechanism to kill the parasite.171, 247-250 However, undesired toxicity of HDACi 

in the human host remains to be a major challenge on the way to safe anti-malarial drugs using this 

new mechanism of action. Development of new drug candidates that are not only active against 

asexual intra-erythrocytic stage malaria parasites is necessary. Drugs with activity against liver and 

sexual gametocyte stage parasites are needed to enable prophylaxis and interruption of 

transmission.226, 227 Previous results suggest that it may be possible to develop HDACi that target 

multiple malaria parasite life cycle stages.249 High cytotoxicity can be considered as a general 

problem for the first generation of anti-malarial HDACi. Thus, next generation anti-malarial HDACi 

should possess lower cytotoxicity against mammalian cells while at least retaining or improving the 

anti-plasmodial activity. 

 

In our previous study a mini-library of HDACi was constructed using a straightforward solid-phase 

supported synthesis. Several compounds from this set displayed potent in vitro activity against 

asexual stages and in addition some of the HDACi showed nanomolar activity against all three life 

cycle stages tested (asexual blood stages, exo-erythrocytic stages and gametocyte stages). Compared 
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to the reference compound vorinostat the parasite selectivity was increased, but unfortunately, 

most compounds from this series showed significant cytotoxicity against mammalian cells resulting 

in only moderate parasite selectivity.249  

 

Recent publications implies that highly selective human HDAC6 are weak in antiproliferative 

activity.293 Generally, the inhibition of human HDAC1 is highly correlated with toxicity.42, 254, 293 We 

hypothesized that HDACi with low activity against human class I HDAC enzymes and in particular 

against human HDAC1 are more likely to be suitable starting points for the development of anti-

plasmodial HDACi with high parasite-selectivity.  

4.2 Project overview and results 

HDAC6-preferential and selective HDACi often contain a sp2-hybridized carbon atom in α-position 

related to the ZBG, bulky or branched cap groups and a hydroxamic acid group as ZBG.306, 307 In this 

work we investigated the anti-plasmodial activity of a series of hydroxamate-based HDACi containing 

an terephthalic acid alkoxyamide-based connecting unit linker region. The compounds 9a-k were 

synthesized using a simple two-step protocol starting from the O-substituted hydroxylamine 

derivatives and mono-methyl terephthalate IV (Scheme 2). The N-alkylated intermediates 8a and 8b 

were prepared by a reaction of IV with N,O-disubstituted hydroxylamines furnishing the desired 

alkoxyamides. Finally, a hydroxylaminolysis provided the target compounds 9a-k and 10a,b. To 

investigate whether the hydroxamic acid can be replaced by a carboxylic acid, the methyl ester 7a 

was hydrolyzed to yield the desired free carboxylic acid 11. 

 
Scheme 2. Synthesis of terephthalic-based HDACi (9a-k, 10a and 10b, 11). Reagents and conditions: a) isobutyl 

chloroformate, NMM, R2ONH2, THF, 3 h, 67-93%; or R2ONHR1, CDI, RT, 77-79%; b) H2NOH·HCl, Na, MeOH dry, 70 °C, 3 h, 41-

83%; c) (i) KOH, MeOH, H2O, 90 °C, 5-6 h; (ii) HCl, H2O, 92%. 

 

The HDACi 9a-k, 10a,b and 11 were first tested against the 3D7 strain of P. falciparum using a 
3H-hypoxanthine incorporation assay. The screening revealed that 11 of 14 compounds tested (9a-k) 

showed IC50 values ≤1 μM, 10b had less potent activity with IC50 values ≤5 μM while 10a and 11 were 
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not active (IC50 >5 μM). Notably, compound 9f, bearing a 3,5-dimethylbenzyl group was the most 

active compound in this series (IC50 0.090 μM). Subsequently, we assessed the anti-plasmodial 

activity against the multidrug-resistant P. falciparum Dd2 strain and observed similar IC50 values and 

structure-activity relationships. This indicates that resistance mechanisms developed in the Dd2 line 

do not affect the in vitro activity of this series of anti-Plasmodial HDACi.  

To investigate the selectivity for asexual blood stage P. falciparum parasites cytotoxicity of all 

compounds was evaluated against human embryonic kidney 293 cell line HEK293. All compounds, 

except 9g, exhibited IC50 values in the double-digit micromolar range which can be seen as relatively 

low cytotoxicity against human cells. The five most active asexual intraerythrocytic stage inhibitors 

(9a, 9c, 9e, 9f, and 9g) showed human cell IC50 values from 8.3 to 29.7 μM and calculated selectivity 

indices (SI; human cell IC50/P. falciparum IC50) of greater than 100. Additionally the five most active 

asexual intraerythrocytic stage inhibitors (9a, 9c, 9e, 9f, and 9g) were tested against the human liver 

carcinoma cell line HepG2. The compounds showed IC50 values higher than 50 μM and 37 μM in case 

of 9g. Compound 9f, the most active compounds from this series (3D7 IC50 0.090 μM), was >100-fold 

more cytotoxic towards the P. falciparum 3D7 and Dd2 cell lines versus normal mammalian cell line 

HEK293 and >450-fold in comparison with HepG2 cells. 

 

To proof the mode of action of the compounds protein hyperacetylation assays were carried out. 

Consistent with the expected outcome representative compounds were shown to hyperacetylate 

P. falciparum histone H4. When a sub-set of compounds were also screened in vitro for their activity 

against early-stage and late stage P. falciparum gametocytes only moderate activity was observed 

(IC50 >2 μM). Additionally the pre-selected compounds were tested against exoerythrocytic liver 

stages. Interestingly, compound 9f, bearing a 3,5-dimethylbenzyl group, showed potent activity 

against P. berghei exo-erythrocytic stages (IC50 0.180 μM) and >270-fold selectivity for 

exo-erythrocytic forms over HepG2 cells. 
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5 Publication III 

Isophthalic acid-based HDAC Inhibitors as Potent Inhibitors of HDAC8 from 

Schistosoma mansoni 

K. Stenzel (60%), A. Chakrabarti, J. Melesina, F. K. Hansen, J. Lancelot, S. Herkenhöhner, B. Lungerich, 

M. Marek, C. Romier, R. J. Pierce, W. Sippl, Manfred Jung, T. Kurz 

Arch. Pharm. Chem. 2017, 350, e1700096 

 

Contributions to this project:  

- Synthesis or supervision of the synthesis of all precursors and target compounds, analysis of all 

novel chemical structures and target compounds 

- Collection of data, analysis and interpretation of data, participation in writing of the manuscript 

 

5.1 Project background  

For prevention of schistosomiasis no vaccine will be available in near future and for treatment mass 

administration of communities with a single administration of the anti-helminthic drug PZQ is 

recommended.308 While the global use of PZQ is scaling up, it does not prevent reinfections and its 

mechanism of action is not known. PZQ is rapidly becoming the only available drug, which increase 

the likelihood of the development of drug-resistant parasite strains. There is growing concern 

regarding reports from patients not cured by multiple doses of PZQ.271, 273, 274 Observations of 

resistant isolates have already been documented in endemic areas270 and the selection of field 

strains of schistosome that are resistant to PZQ is more and more likely.  

SmHDAC8 has been identified as a potential target for anti-parasitic therapy. Transcripts of SmHDAC8 

are expressed at higher levels than SmHDAC3 and SmHDAC1 during all life cycle stages,281 pointing at 

specific and vital functions in the parasite life cycle. The situation is different with human HDAC8. The 

enzyme shows relatively low level of expression and human HDAC8 inhibitors have the most limited 

effect on the human acetylome among all isoforms. Studies of human HDAC8 compounds showed 

that they exhibit a low effect on cell proliferation, indicating that the inhibition does not result in 

intrinsic toxicity. Limited toxicity of human HDAC8 inhibitors has been reported in several cell types.42, 

309, 310 All these make SmHDAC8 a promising target for the development of new species-selective 

drugs.  

5.2 Project overview and results 

In this project we combined the meta-substituted benzohydroxamate with an alkoxyamide 

connecting unit and various cap groups. The alkoxyamide group was used as a connecting unit which 
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presumably can enable charge-assisted hydrogen bonds due to the additional polarization of the 

N−H bond.109, 249 In order to probe whether this groups can serve as an alternative connecting unit in 

addition compounds with hydrazide-based connecting units have been synthesized.   

Using a straightforward two-step protocol the target compounds were synthesized from the mono-

methyl isophthalate and the O-substituted hydroxylamines and hydrazine derivatives. The 

alkoxyamide intermediates 12a-i and hydrazides 14a,b were treated with an excess of 

hydroxylamine hydrochloride in the presence of methanolic sodium methoxide and afforded the 

desired target compounds 13a-i and 15a,b. 

 

Scheme 3. Synthesis of alkoxyamide-based and the hydrazide-based HDACi 13a-i, 15a and 15b. Reagents and conditions: 

a) CDI, CH2Cl2, R1-ONH2 or R1R2-NNH2, RT, 0.5 h, 12 h; b) 1) NaOMe, MeOH, NH2OH.HCl, 70° C, 3-5 h. 2) NaOH, NH2OH, MeOH, 

CH2Cl2, 0° C, RT, 12 h. 

 

In a primary screen for inhibition of SmHDAC8 and representative human HDAC isoforms (HDAC1, 

HDAC6 and HDAC8) all compounds showed significant inhibition of SmHDAC8 deacetylase activity, 

moderate inhibition of human HDAC6 and only very low inhibition of human HDAC1. Most 

compounds inhibited human HDAC8 in similar fashion as SmHDAC8, however compounds 13d and 

15a revealed a stronger inhibition of SmHDAC8 in comparison to human HDAC8. Based on this 

primary screening, HDACi 13d and 15a and the unsubstituted prototype compound 13c have been 

investigated further. All three tested compounds demonstrated high selectivity for SmHDAC8 over 

the major human HDAC isoforms HDAC1 and HDAC6. The three compounds showed IC50 values in 

the range of 0.33–0.75 μM against SmHDAC8 and 13d and 15a showed a preference for SmHDAC8 

over its human orthologue.  
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Structural analyses at high resolution are useful tools in the development of novel potent and 

selective anti-schistosomal HDACi. Docking studies using the available human HDAC1, human HDAC8 

and SmHDAC8 structures were carried out allowing rationalization of the observed biochemical data. 

It has been shown that two important hydrogen bonds of the alkoxyamide connecting unit to Lys20 

and His292 contribute to the high activity of 13d against SmHDAC8.  

 

Additionally, a cell cytotoxicity assay in the human cell line HeK293 and in the human cell line HeLa 

was performed. In agreement with the finding that all of the tested inhibitors exhibited only low 

activity against human HDAC isoforms HDAC1 and HDAC6, the cytotoxicity of compounds 13d and 

15a in the human cell system was very low. 

We next analyzed the phenotypic activity of the most promising derivatives 13d and 15a on parasites 

in culture by examining their effects on the viability of the larvae (schistosomula) and the stability of 

adult worm pairs in culture. Our compound 13d showed only very moderate and not dose-

dependent toxicity toward schistosomula at 10 μM and 15a showed only slight activity. Both 

compounds couldnt significantly affect adult worm pairing during 5 days of culture in vitro. 
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6.1  Summary 

This work deals with the design, synthesis and biological evaluation of anti-cancer and anti-parasitic 

HDACi. Three HDACi-sets were synthesized and analyzed. The biological evaluation was performed in 

cooperation with a high number of international collaborators. Additional to the compound 

synthesis, the author of this thesis was involved in the biological characterization of the anti-parasitic 

properties of the compounds and in the performance of the in vitro human HDAC isoform assay.  

Depending on the target in each project, we hypothesized a certain HDACi isoform-profile as 

beneficial or disadvantageous. Experience from previous projects in our group and from other 

groups, compound screenings and in vitro experiment results contributed to an improved 

understanding of structure-activity relationships. The design of the compounds was primarily guided 

by the aimed isoform profile properties. Docking studies and mode of action investigations helped to 

expand our knowledge within the research projects. The collection and analysis of all these 

information enabled an optimisation of the lead structures toward the targeted anti-cancer or anti-

parasitic properties.  

Project 1: Alkoxyurea-based HDACi increase cisplatin potency in chemoresistant cancer cell lines  

In the first project we present the synthesis and biological evaluation of novel and potent 

alkoxyurea-based HDACi with quinoline- or naphthyl cap group, an alkoxyurea connecting unit linker 

region and a hydroxamic acid Zn2+-binding group. Compound 4d displays slightly higher HDAC 

inhibition in the cellular HDAC assay compared to vorinostat and significantly enhanced cytotoxic 

effects against the tumor cell line Cal27 and A2780 as well as their cisplatin resistant sublines. The 

HDAC isoform profiling was in line with the results of the docking study and revealed that 

compounds 4b-d are inhibitors with HDAC6 preference and nanomolar activity (Figure 9). Compound 

4d demonstrates strong inhibition of HDAC6 (IC50 2.8 nM), moderate preference over HDAC1 (SI: 

15.4) and selectivity over HDAC8 (SI: 550) and HDAC4 (SI >3500). 

 

Figure 9. Compound structure of 4d and docking pose for 4d, identified in a homology model of HDAC6. Roman numerals 

indicate hydrophobic subpockets in the crevice of HDAC6. 

 

The combination of cisplatin and compounds 4b-d enhanced the sensitivity of the cisplatin-resistant 

cell line Cal27 CisR. Notably, 4d was able to revert the cisplatin resistance in the Cal27 CisR cell line 
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with a shift factor of 11.2. The high acetylated H3 histone levels and acetylated α-tubulin levels 

found, revealed that the inhibition of HDAC1 and HDAC6 may both contribute to the enhancement 

of cisplatin chemosensitivity.  

Project 2: Design and synthesis of terephthalic acid-based histone deacetylase inhibitors with dual 

stage anti-Plasmodium activity 

Currently Zn2+-dependent HDACs are pharmaceutically highly investigated targets for epigenetic 

therapy. Chemical control of epigenetic pathways could represent a suitable possibility to attack 

eukaryotic parasites. Some of the terephthalic acid-based derivatives in this study are not cytotoxic 

at the highest concentration tested in HepG2 cells (IC50 > 50 μM). Compound 9f was the most active 

compound in this series and was >450-fold more cytotoxic towards asexual blood stage parasites of 

P. falciparum 3D7 strain (IC50 0.090 μM) versus mammalian cell line HepG2. While most work to date 

has focused on asexual stage parasites228 we could show that 9f has potent activity (IC50 0.180 μM) 

against exo-erythrocytic stage P. berghei parasites and >270-fold selectivity for exo-erythrocytic 

forms than versus HepG2 cells. It was possible to develop HDACi that selectively target two malaria 

parasite life cycle stages and 9f may be a valuable starting point for the development of novel anti-

malarial drug leads with low host cell toxicity. This generation compounds retain potent anti-

plasmodial asexual blood stage activity and decreases the host cell toxicity in comparison to our last 

projects.249 248 

Project 3: Isophthalic acid-based HDAC inhibitors as potent inhibitors of HDAC8 from Schistosoma 

mansoni 

A series of newly designed and synthesized alkoxyamide-based and hydrazide-based HDACi including 

an isophthalic linker were tested for inhibitory activity against SmHDAC8 and human HDACs 1, 6, 

and 8. Based on the primary results, HDACi 13d, 15a and the unsubstituted prototype compound 13c 

were further investigated. These compounds demonstrate high selectivity for SmHDAC8 over the 

major human HDAC isoforms HDAC1 and 6. The three compounds show IC50 values in the range of 

0.33-0.75 μM against SmHDAC8 and 13d and 15a show a preference for SmHDAC8 over its human 

orthologue. Selectivity over human HDAC8 still requires optimization, but there are strong 

indications that the high selectivity over human HDAC1 and 6, that we have already obtained, is of 

higher importance for a potential therapeutic setting. Docking studies provided insights into the 

putative binding modes and allowed rationalization of the observed selectivity profile. In cytotoxicity 

studies both tested compounds 13d and 15a were shown to have only very moderate effect on the 

viability of HEK293 and HeLa cells up to double-digit μM range concentrations. However, the most 

potent derivatives 13d and 15a only showed moderate or no influence on the viability of S. mansoni 

schistosomula.  
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6.2 Zusammenfassung 

Die vorliegende wissenschaftliche Arbeit beschäftigt sich mit dem Design, Synthese sowie der 

biologischen Evaluierung von anti-tumoralen und anti-parasitären HDACi. Die Verbindungen wurden 

in Zusammenarbeit mit einer großen Zahl von internationalen Kooperationspartnern biologisch 

evaluiert. Neben der Synthese der Verbindungen, führte die Autorin dieser Arbeit Teile der 

Charakterisierung der anti-parasitären Eigenschaften der Verbindungen durch, sowie den in vitro 

Assay an humanen HDAC. 

In Abhängigkeit von dem Target postulierten wir ein bestimmtes HDAC-Isoformprofil als vorteilhaft 

oder unvorteilhaft für die Zielsetzung des jeweiligen Projektes. Durch Erfahrung aus 

vorangegangenen Projekten, von uns und von anderen Gruppen, durch Screenings von 

Verbindungen und basierend auf Resultaten aus den in vitro Studien, konnten wir Erkenntnisse zu 

Struktur-Aktivitätsbeziehungen gewinnen. Das Design der HDACi wurde durch die angestrebten 

Eigenschaften im HDAC-Isoformprofil maßgeblich geleitet. Dockingstudien und tiefergehende 

biologische Experimente zu den Wirkmechanismen halfen dabei unseren Wissensstand in den 

jeweiligen Projekten zu vergrößern. Das systematische Sammeln und die Analyse von allen diesen 

Informationen ermöglichte uns eine Optimierung der Leitstrukturen hin zu den angestrebten 

Eigenschaften als anti-tumorale oder anti-parasitäre HDACi.   

 

Projekt 1: Alkoxyurea-basierte HDACi steigern die Cisplatin Aktivität in chemoresistenten Tumor-

Zelllinien 

Im ersten Projekt können wir die Synthese und die biologische Evaluierung von neuen und potenten 

Alkoxyurea-basierten HDACi mit Chinolin- oder Naphthyl Cap-Gruppe, einer Alkoxyurea 

Verbindungseinheit-Linker-Region und einer Hydroxamsäure-Funktion als Zink-bindende Gruppe 

präsentieren. Verbindung 4d zeigte eine leicht höhere HDAC Inhibition im zellulären HDAC-Assay im 

Vergleich zu Vorinostat und eine signifikant gesteigerte Zytotoxizität gegen die Tumor-Zelllinie Cal27 

und A2780, wie auch gegen deren Cisplatin resistenten Sub-Zelllinien.  

 

Bild 9. Struktur und Dockingergebnis der Verbindung 4d, identifiziert im Homologiemodell der Isoform HDAC6. Die 

römischen Ziffern zeigen die hydrophoben Seitentaschen am Eingangsbereich zum katalytischen Zentrum. 
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Das ermittelte HDAC Isoform-Profil war in Übereinstimmung mit den Resultaten der Dockingstudie 

und zeigte, dass die Inhibitoren 4b-d eine HDAC6-Präferenz und Aktivität im nanomolaren Bereich 

aufweisen (Bild 9). Verbindug 4d zeigte eine starke Inhibierung von HDAC6 (IC50 2.8 nM), eine 

moderate Präferenz für HDAC1 (SI: 15.4) und Seketivität über HDAC8 (SI: 550) und HDAC4 (SI >3500).  

Die Kombination von Cisplatin und den Verbindungen 4b-d verbesserte deutlich die Sensitivität der 

Cisplatin-resistenten Zelllinie Cal27 CisR. Die Verbindunge 4d konnte eine Aufhebung der Cisplatin 

Resistenz in der Cal27 CisR Zelllinie mit einem Verschiebungsfaktor von 11.2 hervorrufen. Die im 

Experiment gezeigte Hyperacetylierung der H3-Histone und die Acetylierung des α-Tubulins wiesen 

darauf hin, dass die Inhibition von HDAC1 und HDAC6 beide potentiell zur Steigerung der Cisplatin 

Chemosensitivität beitragen. 

Projekt 2: Design und Synthese von Terephthalsäure-basierten HDACi mit Aktivität gegen zwei 

plasmodiale Stadien 

Zur Zeit werden Zn2+-abhängige HDACs pharmazeutisch in zahlreichen Studien untersucht und als 

mögliche Angriffs-Ziele für Epigenetik-basierte Therapien wissenschaftlich diskutiert. Die chemische 

Kontrolle von epigenetischen Mechanismen könnte eine geeignete Möglichkeit sein um 

eukaryotische Parasiten zu bekämpfen. Gemessen in der humanen HepG2 Zelllinie zeigten mehrere  

Terephthalsäure-basierten HDACi dieser Studie nur geringe Toxizität mit IC50 >50 μM. Die Verbindung 

9f dieser Serie zeigte die höchste anti-plasmodiale Aktivität mit einem IC50 Wert von  0.090 μM 

gegenüber asexuellen Blutstadien des P. falciparum 3D7 Stammes. Gleichzeitig war 9f  >450-fach 

mehr cytotoxisch gegenüber den asexuellen Blutstadien des P. falciparum 3D7 Stammes im Vergleich 

zu der humanen Zelllinie HepG2. Während die meisten wissenschaftlichen Arbeiten sich auf die 

asexuellen Stadien des Parasiten konzentrieren, 228 konnten wir mit 9f eine Verbindung entwickeln, 

die zudem potent ist (IC50 0.180 μM) gegenüber exo-erythrocytische Stadien von P. berghei. Dabei 

wies 9f eine >270-fache Selektivität für die exo-erythrocytische Stadien im Vergleich zu HepG2 Zellen 

auf. Damit war es möglich, einen HDAC Inhibitor zu entwickeln, der selektiv gegen zwei plasmodiale 

Stadien wirkt. Die in vitro Aktivitäten und die Selektivität zeigen, dass 9f ein interessanter Startpunkt 

ist für die Entwicklung von weiteren, anti-plasmodialen Verbindungen mit geringer Zytotoxizität 

gegen den menschlichen Wirt. Im Vergleich zu dem Vorgängerprojekt konnten wir bei den anti-

plasmodialen HDACi dieser Generation die Aktivität gegen die asexuellen Blutstadien der 

Leitstrukturen beibehalten und gleichzeitig die Zytotoxizität gegen humane Zelllinien senken.249 248  

 

Projekt 3: Isophthalsäure-basierte HDAC-Inhibitoren als potente Inhibitoren der HDAC8 von 

Schistosoma mansoni 

Eine Serie von Alkoxyamid- und Hydrazid-basierten HDACi wurde synthetisiert, deren Verbindungen 

einen Isophthalsäure-Linker als gemeinsames Strukturelement beinhalten. Die neuen HDACi wurden 

auf ihre Aktivität gegen SmHDAC8 und die humanen HDACs 1, 6 und 8 getestet und 13d, 15a und die 
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unsubstituierte Prototyp-Verbindung 13c für weitere Untersuchungen ausgewählt. Alle drei 

Verbindungen zeigten eine hohe Selektivität für die SmHDAC8 im Vergleich zu den getesteten 

humanen HDAC-Isoformen HDAC1 und HDAC6. Die Aktivität lag bei IC50 Werten zwischen 0,33 und 

0,75 μM gegen das SmHDAC8 Enzym. Verbindungen 13d und 15a zeigten zudem eine leichte 

Präferenz für die SmHDAC8 im Vergleich zu der humanen HDAC8. Diese Präferenz sollte in Zukunft 

weiter verbessert werden. Es ist jedoch anzunehmen, dass für einen potentiellen therapeutischen 

Einsatz, die bereits erreichte Selektivität über die humanen Isoformen HDAC6 und HDAC1, wichtiger 

ist als die Selektivität über die humane HDAC8.  Dockingstudien zeigten die wahrscheinlichen 

Bindungseigenschaften der ausgewählten HDACi in SmHDAC8 und humanen HDAC-Enzymen und 

ermöglichten eine Rationalisierung des beobachteten Isoformprofils. Verbindungen 13d und 15a 

wurden anschließend an humanen Zelllinien in Zytotoxizitäts-Untersuchungen getestet. Dabei 

konnte bei den verwendeten HeLa- und HEK293-Zelllinien bis zu einem doppelstelligen μM-Wert 

kaum oder keine Effekte auf die Zellviabilität gesehen werden. Die beiden interessantesten 

Verbindungen 13d und 15a, mit der höchsten Aktivität an SmHDAC8 und der leichten Präferenz für 

SmHDAC8 im Vergleich zur humanen HDAC8, zeigten jedoch kaum oder keine Wirkung auf die 

Überlebensfähigkeit von S. mansoni Schistosomula.  
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