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Chapter 1 

General introduction 
 

 

 

On cancer 

Cancer is used as an umbrella term for diseases in which cells in a multicellular organism are 

behaving differently than their tissue of origin due to a variety of root causes.1–3 In these 

diseases this generally goes along with uncontrolled cell growth and cell proliferation, which 

in turn results in a diverse set of problems for the host organism, most prominently death. 

This makes cancer one of the leading causes of death throughout the world.1,4 While the 

development of many types of cancers is attributable to epidemiological factors, such as 

smoking,5,6 alcohol consumption,7,8 solar radiation9,10 and nutritional preferences,11,12 there 

are also general risk factors, namely age, partially through buildup of other risk factors.13 While 

the root causes vary, they all seem to cause mutations or genome rearrangements in different 

types of cells.14 Some of these mutations ultimately lead to the development of malignant 

cells, which are defined by six hallmarks: sustaining proliferative signaling, evading growth 

suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis and 

activating invasion and metastasis.1,2,15 The occurrence of malignant cells seems to be 

governed by an evolutionary process, starting out with small genetic alterations, leading 

through acquired genetic instability and clone selection to the above described 

characteristics.16 This furthermore suggests that each cancer might be, at least on some level, 

unique. Most cancer cells constitute of numerous genetic abnormalities and the question 

which genetic alterations are responsible for malignancy is subject to some debate and is, 

depending on the type of cancer, not definitely answered.17 To differentiate between 

mutations responsible for malignancy and the ones that are not, the terms driver and 

passenger mutations have been defined.18 Driver mutations have a causal relation to 

oncogenesis, the formation of cancer and are frequently additionally responsible for cancer 

maintenance. To use the screening for, and identification of mutations as a starting point for 



Chapter 1 

6 

the development of targeted treatments, it is crucial to distinguish between driver and 

passenger mutations.18 Responsible for a vast cellular signaling network, mutations in protein 

kinases have frequently been named driver mutations in cancer progression.19 

Protein kinases and kinase inhibitors 

Post-translational modifications (PTMs) are covalent chemical modifications of proteins that 

occur during or after protein-synthesis. This process ensures the possibility for regulation of 

activity and function of cellular processes. There are a multitude of different enzyme classes 

described that facilitate PTMs and among them, protein kinases take up a prominent role.20 

Protein kinases are a closely related class of enzymes that are characterized by their common 

function to phosphorylate other proteins, most commonly on serine, threonine or tyrosine 

residues.21,22 The reverse process of this, the dephosphorylation is controlled by 

phosphatases. The transfer of the phosphate group causes structural changes in the target 

enzyme, directly influencing its activity or localization. If the target enzyme is also a kinase, a 

concerted signaling pathway may be created, which are often called kinase signaling 

cascades.23 Through this system, cells can react or adapt to extracellular stimuli, involving 

many different cellular processes such as metabolic pathways or gene transcription. There are 

over 500 human kinases described in the human genome and many of them have been 

associated with driver mutations in cancer progression and as such qualify as drug targets.19,24 

Not surprisingly, a sizeable portion of these kinases are involved in signaling pathways 

connected to cell proliferation and apoptosis.25–27 

This led to extensive efforts to develop compounds that can selectively inhibit kinase signaling 

in aberrant pathways. Currently, 38 kinase inhibitors (KIs) have been approved by the 

authorities.26 The large number of kinases and the fact that most of KIs bind in the highly 

conserved adenosine triphosphate (ATP) binding pocket make the efforts to selectively inhibit 

one kinase in a complex cellular environment difficult. While there are more and less selective 

KIs, most clinically investigated KIs tend to inhibit at least several kinases.28,29 While profiling 

KIs in any complex environment, such as cells, off-target activity has always to be considered 

in the interpretation of the results. 

Acute myeloid leukemia and FLT3 

Acute myeloid leukemia (AML) is a group of hematopoietic disorders that are characterized 

by failure in differentiation and abnormal growth of hematopoietic stem cells, resulting in high 

levels of non-functional blood cells termed blast cells in the blood stream, leading to impaired 

blood flow, especially in capillaries, resulting in high mortality.30–33 Prognosis varies, but 

relapse rates remain high and especially older patients have a poor prognosis due to them not 

being able to cope with the standard chemotherapy.34,35 Untreated AML leads in almost all 
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cases to death within weeks to months and incident rates vary most prominently with age, 

steadily increasing to a peak at around 80 years. The median age of a newly diagnosed AML 

patient is 65 years old and the incident rate < 65 years olds is 1.8 and ≥ 65 years old is 17 per 

100.000 persons (data from the U.S., 2000 - 2003).36 Newly diagnosed AML is  genetically 

diverse and several genetic aberrations are deemed clinically relevant, amongst them 

aberrations in nucleophosmin (NPM1) and CCAAT/enhancer-binding protein alpha (CEBPA) as 

well as fms-like tyrosine kinase 3 (FLT3).33,34 

FLT3, classified as a type 3 receptor tyrosine kinase together with PDGFR, c-KIT and FMS, 

consists of an extracellular domain of five immunoglobulin-like domains, a transmembrane 

domain, a cytosolic juxtamembrane domain and two intracellular kinase insert domain linked 

tyrosine kinase-domains and is normally expressed in myeloid and lymphoid progenitor 

cells.37–39 Upon extracellular activation by the FLT3 ligand (FL), FLT3 activates, like other 

members of the type 3 receptor tyrosine kinases, downstream signaling pathways via PI3K, 

AKT, STAT5, mTOR, RAS and ERK.39,40 20 to 30% of AML patients harbor an internal tandem 

duplication mutation (ITD) in the juxtamembrane domain of FLT3 rendering the FLT3 

activation and signaling FL binding-independent. The continued signaling of the mutated FLT3 

receptor, possibly through alternate pathways than the wild-type counterpart, is thought to 

drive the proliferation of mutated cells growth-factor independent.41 

 

Figure 1: Clinically investigated first- (A) and second-generation (B) FLT3 inhibitors. 

Numerous FLT3 inhibitors have been described and the most promising of them have been 

investigated in clinical trials.42 The to date clinically investigated inhibitors include the so called 

first generation FLT3 inhibitors, which were originally developed for other targets and 

repurposed as FLT3 inhibitors. First generation inhibitors are lestaurtinib, midostaurin, 

sunitinib and sorafenib (Figure 1A). Second generation inhibitors, such as quizartinib, 

crenolanib and gilteritinib, were specifically developed as FLT3 inhibitors (Figure 1B). While all 
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of these drugs are highly potent FLT3 inhibitors, their clinical efficacy varies substantially, 

which can be partially explained by different off-target and pharmacokinetic profiles.42–44 

Different possible treatment regimens were investigated in clinical trials, including kinase 

inhibitor monotherapy or in combination with standard chemotherapy. Efficacy of the 

monotherapy trials varied from short lived partial response45 to promising in the cases of 

quizartinib, crenolanib and gilteritinib.43 The benefits of combination treatment, together with 

existing treatment regimens vary in a similar fashion from virtually non-existent with 

lestaurtinib46 to sufficient to obtain market approval, as seen in midostaurin.47,48 A substantial 

number of clinical trials, are still ongoing and it remains to be seen if any drug candidates can 

show enough benefit for patients to warrant approval. 

Complicating FLT3-ITD AML treatment is the emergence of drug resistance conferring 

mutations after FLT3 inhibitor treatment. This provides strong evidence that FLT3 mutations 

are driver mutations in AML progression, thereby validating FLT3 as a valuable target in AML 

treatment.31,49,50 Numerous mutations have been described, most notably in the amino acid 

residues of the activation loop (most frequently D835) and the gatekeeper residue (F691).49–

52 These mutations cause structural changes, thereby decreasing inhibitor binding activity. To 

treat these emerging mutations, or to preemptively prevent their emergence at relapse, new 

chemical matter is needed that retains activity against the numerous possible mutant forms 

of FLT3, either as a single agent or as combination treatment.49,53,54 

Aim and outline of this thesis 

The aim of this thesis is the discovery and optimization of novel FLT3 inhibitors that can be 

used to develop potential new treatments of drug-resistant acute myeloid leukemia (AML), as 

well as chemical biological techniques that facilitate their discovery. 

Chapter 2 brings together modern techniques and describes the development of a chemical 

proteomics-based assay to determine kinase inhibitor off-target landscape in living cells.55,56 

In this study five clinically investigated FLT3 inhibitors, namely sunitinib, quizartinib, 

crenolanib, gilteritinib and midostaurin, were tested for their off-target profile in two different 

AML cell lines: MV4-11 and U937. For numerous proteins cellular inhibitor-target engagement 

could be confirmed, and moreover new off-targets were discovered and subsequently 

validated. Chapter 3 shows the comprehensive structure-activity relationship of a H-89-

derived chemical series as FLT3 inhibitors for treatment of AML. Extensive structure-activity-

relationships of the H-89 series provided insight into the binding mode, as well as the 

development of highly active, sub-nanomolar FLT3 inhibitors. Chapter 4 describes the high 

throughput screening of more than 230,000 compounds to discover new chemical matter as 

FLT3 inhibitors that are less vulnerable to known clinically observed FLT3 mutations in the 

ATP-binding pocket. After the initial in vitro screen against FLT3, two deselection screens, dose 

response evaluation against FLT3 and an intensive literature study, 21 compounds were 

selected and tested in a total of seven human and murine cell lines to ensure activity against 
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mutant variations of the FLT3 gene. This culminated in the discovery of SPCE00476_01 and 

NP_004099_001. Chapter 5 describes the optimization the novel hits discovered in Chapter 4. 

Design, synthesis and testing of a large array of compounds did not only lead to a good 

understanding of the structure-activity relationship of the chemical series, but also led to the 

discovery of cellular active, sub-nanomolar FLT3 inhibitors with appropriate physico-chemical 

properties, such as molecular weight and lipophilic efficiency.  Two compounds were selected 

and further profiling of their off-target activity in AML cells using the chemical proteomics 

assay developed in Chapter 2, and pharmacokinetic properties in mice. Chapter 6 summarizes 

this thesis and suggests possible future directions for AML research.  
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