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Cancer is the overarching term for diseases in which abnormal cells divide in an uncontrolled 

manner.1 These cells can develop in and may subsequently spread to different types of tissue. 

Hallmarks of cancer, which are biological capabilities that are acquired during the 

development of a tumor, include, but are not limited to, sustaining proliferative signaling, 

resisting cell death and metastasis.2 In addition, there are characteristics that enable their 

acquisition, including genetic instability.2 The development of new anti-cancer drugs can 

therefore be aimed at one or multiple hallmarks or at characteristics that enable these 

hallmarks.2 The research described in thesis covers several phases of a drug discovery 

program (Figure 7.1) aimed at the discovery of small molecule kinase inhibitors for the 

treatment of cancer. This chapter summarizes the work described in previous chapters and 

provides future directions for further optimization and applications of the inhibitors. 

 

 
Figure 7.1 | Simplified scheme of the different phases in drug discovery. 

 

Target selection 

Protein kinases are a prominent class of drug targets for the treatment of cancer.3 Chapter 1 

introduces the protein kinase budding uninhibited by benzimidazole 1 (BUB1) as therapeutic 

target. BUB1 participates in the spindle assembly checkpoint (SAC), which is a safety 

mechanism during mitosis that ensures correct chromosome segregation.4 Many cancer cells 

suffer from a weakened SAC and interference with these diminished checkpoints to further 

disrupt SAC signaling is hypothesized to eventually result in cell death due to severe 

chromosomal instability.5,6 Potential kinase targets of the SAC include monopolar spindle 1 

(MPS1) and BUB1.5,6 Previously, MPS1 inhibitors have been developed, some of which have 

entered clinical trials.7–9 However, multiple mouse xenograft studies on MPS1 inhibitors only 

showed single agent efficacy when administered near the maximum tolerated dose and 

cotreatment with taxanes was therefore necessary to obtain the desired inhibition of tumor 

growth.10–13 Novel inhibitors with good physicochemical properties that allow cellular BUB1 

target engagement may result in single agent efficacy. This would make cotreatment with 

taxanes dispensable, which is desired in view of the fact that these agents cause severe side 

effects.14 BUB1 was therefore selected as target for the discovery of novel inhibitors. 

 

Hit identification 

Chapter 2 describes the results of a high-throughput screen which was used for the discovery 

of novel BUB1 inhibitors. A library of 53,408 compounds, enriched with kinase inhibitors, was 

screened and resulted in 214 confirmed actives. After deselecting compounds that interfered 

with the assay readout, and dose-response experiments, a qualified hit list of 25 structurally 

diverse molecules was obtained. Hits 1 and 2 (Figure 7.2) were prioritized based on their 
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favorable properties such as activity, molecular weight, ligand efficiency, lipophilicity and 

lipophilic efficiency.15 Both hits were resynthesized and their activities were confirmed. 

 

 
 

Figure 7.2 | Prioritized hits 1 and 2 of high-throughput screen and corresponding physicochemical properties. pIC50: half 

maximal inhibitory concentrations from high-throughput dose-response assay; MW: molecular weight (g/mol); LE: ligand 

efficiency15, defined as: LE = (−𝑅T ∗ ln(app.𝐾i))/HA , where HA stands for the number of ‘heavy atoms’ (non-hydrogen 

atoms); cLogP: LogP calculated by DataWarrior (v.5.2.1); LipE: lipophilic efficiency15, defined as: LipE = app. p𝐾i − cLogP. 

 

Hit to lead optimization 

In Chapter 3, the structure-activity relationship (SAR) of hit 1 was investigated. Synthesis and 

biochemical evaluation of 48 analogues resulted in the identification of compound 3 (Figure 

7.3). Compared to hit 1, compound 3 which was significantly less lipophilic and due to its 

slightly improved potency, a 10-fold better lipophilic efficiency was obtained. The docking 

pose of compounds 1 and 3 in the kinase domain of BUB1 matched with the observed SAR. 

Whereas the quinazoline N1 of 1 formed a hydrogen bond with the backbone of hinge amino 

acid Tyr869, no hydrogen bonds were established with the hinge region in the docking pose 

of compound 3. Instead, hydrogen bond formation was predicted between the pyrazole N2 

and both Lys821 and Asp946 as well as between the pyrimidine N1 and Lys821. 

 

 
 

Figure 7.3 | Chemical structures and physicochemical properties (as defined in Figure 7.2) of hit 1 and optimized hit 3. 

pIC50: half maximal inhibitory concentration, determined by the biochemical BUB1 assay; tPSA: topological polar surface 

area (Å2), calculated by Chemdraw (v.19.1). 
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Chapter 4 describes a comprehensive structure-activity relationship (SAR) study of hit 2. In 

total, 59 analogues were synthesized and biochemically evaluated. This yielded substituted 

2-phenyl-5-methoxy-N-(3-(5-(morpholinomethyl)-1H-benzo[d]imidazol-2-yl)-1H-pyrazol-

4-yl)pyrimidin-4-amines as highly potent BUB1 inhibitors, including compound 4 (Figure 

7.4A), which is the most potent BUB1 inhibitor reported to date. To study the binding mode 

of 4, the crystal structure of this compound bound to the kinase domain of BUB1 was 

elucidated (Figure 7.4B,C). Compound 4 binds in the ATP pocket of BUB1 leaving the 

regulatory (R)-spine16 intact. This indicated that 4 can be classified as a type I inhibitor.17 The 

benzimidazole-pyrazole scaffold forms three hydrogen bonds with the backbone of hinge 

amino acids Tyr869 and Glu867 of BUB1 (Figure 7.4B). An additional hydrogen bond is 

formed between the pyrimidine N1 and the side chain of Lys821 which is mediated by a 

water molecule. Furthermore, the morpholine is solvent exposed and the amine between the 

pyrazole and pyrimidine forms an intramolecular hydrogen bond with the benzimidazole 

nitrogen. The acetylene binds a pocket that is available due to the small size of the glycine 

gatekeeper residue of BUB1 (Figure 7.4C). 

 

 
 

  
 

Figure 7.4 | Hit optimization and crystal structure of optimized compound 4 bound to the kinase domain of human 

BUB1. (A) Chemical structures and physicochemical properties (as defined in Figure 7.3) of hit 2 and optimized 

compound 4. (B) Crystal structure of 4 bound to BUB1. Hydrogen bonds are visualized by dashed lines (yellow) and a water 

molecule is represented by small sticks. β-sheets 1–3 are semi-transparent for visualization purposes. (C) Representation 

of the surface around amino acids within 8 Å from 4. 

 

Chapter 5 describes the development of a cellular BUB1 target engagement assay using 

probe 518 (Figure 7.5) and gel-based activity-based protein profiling (ABPP). Probe 5 as well 

as 16 analogues were synthesized. To study BUB1 labeling, a U2OS cell line was generated 

that stably overexpressed GFP-FLAG-BUB1. Labeling by all probes was evaluated in this cell 

A 

B C 
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line and probe 5 was found to show the most favorable labeling profile. Mutating Cys1080 

to alanine completely abolished BUB1 labeling indicating that this amino acid is responsible 

for the formation of a covalent bond. Labeling of BUB1 by probe 5 was dose- and time-

dependent and labeling could dose-dependently be outcompeted by BUB1 inhibitor 

BAY1816032.19 This provided proof-of-principle for the use of 5 as BUB1 chemical probe that 

allows for studying cellular BUB1 target engagement using gel-based ABPP.  

 

 
 

Figure 7.5 | Chemical structure of probe 5.18 

 

Chapter 6 focuses on further profiling a subset of the substituted 2-phenyl-5-methoxy-N-

(3-(5-(morpholinomethyl)-1H-benzo[d]imidazol-2-yl)-1H-pyrazol-4-yl)pyrimidin-4-amine 

BUB1 inhibitors identified in Chapter 4 to study their potential as lead candidates for 

therapeutic purposes. To this end, drug-likeness was studied by investigation of several in 

vitro absorption, distribution, metabolism and excretion (ADME) assays. In addition, cellular 

BUB1 target engagement was investigated by using the assay developed in Chapter 5. A 

strong correlation was found between biochemical pIC50 values and BUB1 target 

engagement (Pearson’s r: 0.921, p-value: 0.0004), which suggested that cell permeability was 

similar among the compounds tested and that target engagement was mainly driven by the 

affinity for BUB1. Furthermore, the effects on U2OS cell proliferation were explored by 

sulforhodamine B (SRB) assays. These assays were performed with and without a low dose of 

paclitaxel to investigate potential synergistic effects between BUB1 inhibition and 

paclitaxel.19 A moderate correlation was found between BUB1 target engagement and pIC50 

values of the SRB assays (Pearson’s r: 0.655, p-value: 0.056). This suggested that inhibition of 

cell proliferation was, to a large extent, dependent on BUB1 inhibition, but that off-target 

activity contributed to the observed effect. ROB433 (6) and ROB464 (7) showed the most 

favorable profile (Figure 7.6, Table 7.1) with good physicochemical properties, subnanomolar 

affinity for BUB1, good cellular BUB1 target engagement and an acceptable in vitro ADME 

profile. Therefore, kinase selectivity was assessed for these compounds. At 100 nM, ROB433 

and ROB464 were selective over 346 and 352 kinases, respectively, while 49 (ROB433) and 

44 (ROB464) kinases were detected as off-targets. Finally, the antiproliferative activity of 

ROB433 (6) was assessed in a panel of 102 cancer cell lines. Concentrations required for half 

maximal growth inhibition (GI50) ranged from 101 nM (for KG-1 cells) to 5.57 µM (for THP-1 

cells). The mean GI50 value among all cell lines was 1.43 µM, which indicated that ROB433 

has a favorable cytotoxicity profile. 
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Figure 7.6 | Chemical structures of ROB433 (6) and ROB464 (7). 

 

Table 7.1 | Summary of physicochemical properties (as defined in Figure 7.3), ADME properties, aqueous solubility and 

activities of lead compounds ROB433 (6) and ROB464 (7). 

 ROB433 ROB464    ROB433 ROB464 
        

Biochemical activity 

(pIC50 ± SEM) 

8.57 ± 0.02 8.62 ± 0.03   Target engagement 

(pTE50 ± SEM) 

7.50 ± 0.11 8.01 ± 0.09 

        

Apparent Ki 

(nM) 

0.94 0.84   U2OS cell proliferation 

(pIC50 ± SEM) 

6.32 ± 0.06 7.39 ± 0.05 

        

Molecular weight 

(g/mol) 

535 553   Plasma stability 

(% remaining after 180 min) 

100 (h)* 

100 (r)* 

85 (m)* 

100 (h) 

100 (r) 

 
        

cLogP 3.1 3.2   Microsomal stability 

(t1/2 in min) 

41 (h) 

63 (r) 

22 (m) 

29 (h) 

49 (r) 

6.1 (m) 
        

LipE 5.9 5.8   Microsomal clearance 

(µL/min/mg) 

8.4 (h) 

22 (r) 

16 (m) 

12 (h) 

28 (r) 

57 (m) 
        

tPSA 

(Å2) 

107 107   Plasma protein binding 

(%) 

100 (h) 

100 (r) 

99.9 (m) 

99.7 (h) 

99.7 (r) 

        

     Aqueous solubility 

(µM) 

4.4 6.0 

        

* (h): human, (r): rat, (m): mouse 

 

Future directions 

Chapter 3 describes the optimization of hit 1 to compound 3. Docking studies revealed a 

different binding mode of 3 when compared to that of hit 1, in which the quinazoline N1 did 

not form a hydrogen bond with the hinge region of BUB1. To provide evidence for this 

proposed binding mode, a compound lacking the quinazoline N1 is proposed (Figure 7.7). 

If this molecule would show similar activity, it may indeed suggest that it does not interact 

with the hinge region of BUB1 and its predicted binding mode may provide future directions 

for further analogue design. 

 

The use of covalent drugs is an alternative approach to reversible kinase inhibition and has 

been shown to have several benefits.20 Due to the formation of a covalent bond, irreversible 

inhibitors have high potencies due to prolonged target occupancy. In addition, when off-

target binding only occurs in a reversible fashion, better selectivity can be achieved. 

Furthermore, covalent inhibitors might be less prone to acquired resistance, as was reported 

for covalent EGFR inhibition, which upon the T790M mutation improved affinity for ATP and 
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thereby reduced efficacy of reversible inhibitors.21,22 Chapter 5 describes the validation of 

compound 5 (Figure 7.5) as BUB1 probe which was found to covalently react with BUB1. 

Compound 5 therefore provides an excellent starting point for the development of 

irreversible BUB1 inhibitors. However, optimization of 5 proved challenging. Therefore, 

crystallization of this compound in the kinase domain of BUB1 would allow for a more 

rational design of novel covalent BUB1 inhibitors. 

 

 
 

Figure 7.7 | Proposed analogue of 3 to provide evidence for its predicted binding mode. 

 

BUB1 is known to phosphorylate histone H2A at threonine 120.23 The importance of the 

enzymatic activity of BUB1 in chromosome alignment is less well established since 

contradicting results have been published.24–27 In Chapter 6, ROB433 (6) and ROB464 (7) 

were identified as lead BUB1 inhibitors with good cellular BUB1 target engagement which 

provide opportunities to study aforementioned processes. A preliminary (N=1) study on the 

effects of BUB1 inhibition on H2A phosphorylation and chromosome alignment was 

therefore performed. To this end, human retinal pigment epithelial 1 (RPE1) cells, which are 

frequently used to study mitosis28, were synchronized in the G2 phase by CDK1 inhibitor 

RO-3306.29 After drug washout, cells were treated with monastrol, which causes monopolar 

spindles due to inhibition of motor protein kinesin Eg5.30 Simultaneously, cells were treated 

with a BUB1 inhibitor. Subsequently, another drug washout was performed to allow for 

bipolar spindle assembly. Cells were then treated with MG132, a proteasome inhibitor to 

prevent mitotic exit31, and a BUB1 inhibitor. H2A phosphorylation was visualized by 

immunofluorescence staining using an anti-H2A-p-T120 antibody. In addition, chromosome 

alignment was investigated by staining of CENP-C, located at the inner kinetochore, tubulin 

and DNA. 

 

Quantification of H2A phosphorylation (H2A-p-T120) revealed a significant reduction of 

H2A-p-T120 signal upon treatment with 100 nM of ROB433 and ROB464 (Figure 7.8A,C). 

This confirmed inhibition of BUB1 in a cellular system. In contrast, 300 nM of BAY1816032 

was required to match these results. To study chromosomal alignment, the 

immunofluorescence images were used to classify cells into different phenotypes based on 

their extent of chromosome alignment as determined by DAPI staining of DNA. Chromosome 

alignment was dose-dependently impaired and more profound for ROB464 compared to 

ROB433 (Figure 7.8B,C). BAY1816032 only moderately increased chromosome alignment 

errors at both concentrations. Based on the observation that 100 nM ROB433 and ROB464 

inhibited Aurora B in vitro (71 and 43%, respectively, Chapter 6), Aurora B may also be 

(partially) inhibited in living cells. To investigate this, phosphorylation of one of Aurora B’s 
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targets, histone H3 at Ser1032, was investigated as described above. Immunofluorescence 

staining by an anti-H3-p-S10 antibody revealed a significant reduction in phosphorylation of 

H3Ser10 (H3-p-S10) in both ROB433 and ROB464 treated cells (Figure 7.9A,C). This reduction 

was similar to cells treated with Aurora B inhibitor ZM44743933 (2 µM). Interestingly, 

BAY1816032 also reduced phosphorylation of H3Ser10, whereas no in vitro inhibition of 

Aurora B was observed for this compound.19 Previously, BUB1-mediated H2A 

phosphorylation has been reported to control the localization and activity of Aurora B.27 

Whether direct inhibition of Aurora B by ROB433 and ROB464 is responsible for the observed 

reduction of histone H3-S10 phosphorylation or that this is mediated via a reduction of H2A-

T120 phosphorylation, remains to be investigated. Of note, the fractions of moderately and 

heavily misaligned phenotypes for ZM447439 treated cells were similar to those of ROB433 

(300 nM) and ROB464 (100 nM) treated cells (Figure 7.9B,C). 

 

 

 

  
 

Figure 7.8 | ROB433 and ROB464 reduce phosphorylation of histone H2A-T120 and induce chromosome alignment 

errors in RPE1 cells. (A) Cells were synchronized by treatment with RO-3306 (5 µM, 16 h), monopolar spindles were 

induced by treatment with monastrol (200 µM, 2 h), bipolar spindle assembly was then allowed during treatment with 

MG132 (5 µM, 30 min). Drug washout was performed in between each treatment and during the treatment of monastrol 

and MG132 cells were cotreated with indicated inhibitor at indicated concentration. Cells were then permeabilized, fixed 

and immunostained with antibodies for H2A-p-T120, CENP-C and tubulin. DNA was stained by DAPI. The fluorescence 

intensity of H2A-p-T120 was determined in 22 cells per condition, unless fewer cells were available due to treatment-

related cellular defects, and normalized to vehicle-treated cells. (B) Cells were treated as in (A) and classified into four 

different phenotypes based on chromosome alignment as determined by DNA staining: aligned, moderately misaligned, 

heavily misaligned or other. Phenotypes of 20-25 cells were assessed per condition, unless fewer cells were available due 

to treatment-related cellular defects. (C) Representative images corresponding to graphs in (A) and (B) based on the most 

predominant phenotype as assessed in (B). Data represent mean with SEM (N=1). 
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Figure 7.9 | ROB433 and ROB464 reduce phosphorylation of histone H3-S10 and induce chromosome alignment 

errors in RPE1 cells. (A) Cells were synchronized by treatment with RO-3306 (5 µM, 16 h), monopolar spindles were 

induced by treatment with monastrol (200 µM, 2 h), bipolar spindle assembly was then allowed during treatment with 

MG132 (5 µM, 30 min). Drug washout was performed in between each treatment and during the treatment of monastrol 

and MG132 cells were cotreated with indicated inhibitor at indicated concentration. Cells were then permeabilized, fixed 

and immunostained with antibodies for H3-p-S10, CENP-C and tubulin. DNA was stained by DAPI. The fluorescence 

intensity of H3-p-S10 was determined in 22 cells per condition and normalized to vehicle-treated cells. (B) Cells were 

treated as in (A) and classified into four different phenotypes based on chromosome alignment as determined by DNA 

staining: aligned, moderately misaligned, heavily misaligned or other. Phenotypes of 20-22 cells were assessed per 

condition. (C) Representative images corresponding to graphs in (A) and (B) based on the most predominant phenotype 

as assessed in (B). Data represent mean with SEM (N=1). 

 

To further provide evidence that the observed phenotypes are attributed to BUB1 inhibition, 

the cellular selectivity profiles of these compounds need to be investigated. Previously, a 

broad-spectrum kinase probe, XO44, was published which allowed for capturing over 130 

kinases from a single cell line.34 Such probes can be used for activity-based protein profiling 

in a chemical proteomics setting to investigate cellular selectivity.35 

 

Finally, to assess whether ROB433 and/or ROB464 are suitable for the investigation of their 

anti-cancer properties, measuring pharmacokinetics is required. Measuring clearance, 

volume of distribution, half-life, bioavailability and plasma exposure in mice will determine 
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whether follow-up studies can be performed in mouse xenograft models or that further 

optimization of these BUB1 inhibitors is required. 

 

Concluding remarks 

Research aimed at the identification of novel targets for the treatment of cancer is expanding 

and small molecule inhibitors fulfill an important role in this process. The research described 

in this thesis provides two lead inhibitors (ROB433 and ROB464) of the spindle assembly 

checkpoint kinase BUB1, and an assay to measure cellular BUB1 target engagement. 

Assessment of cellular BUB1 target occupancy, using the assay described in Chapter 5, will 

be a valuable tool for future development of BUB1 inhibitors. In addition, the series of 

substituted 2-phenyl-5-methoxy-N-(3-(5-(morpholinomethyl)-1H-benzo[d]imidazol-2-yl)-

1H-pyrazol-4-yl)pyrimidin-4-amines described in Chapter 4 include the most active BUB1 

inhibitors known to date. Among this series, ROB433 and ROB464 showed excellent 

properties, including single agent inhibition of cancer cell proliferation, which allow for 

further evaluation of pharmacokinetic and pharmacodynamic studies in vivo. Both 

compounds hold promise for their therapeutic application in the treatment of cancers which 

currently lack a molecular target, such as triple-negative breast cancer. 
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Experimental 

Cell culture 

RPE1 Flp-in cells were cultured at 37°C under 5% CO2 in Dulbecco′s Modified Eagle′s Medium/Nutrient 

Mixture F-12 Ham (DMEM/F12; Sigma D8062) supplemented with 9% (v/v) tetracycline-free fetal bovine 

serum (FBS), penicillin and streptomycin (50 μg/mL each; Sigma (P0781)). 

 

Immunofluorescence staining 

For chromosome alignment assays and measuring histone phosphorylation, RPE1 cells were seeded at 

40% confluency in 24-well plates on 1.5H 12 mm coverslips. Cells were synchronized by treatment with 

RO-3306 (5 μM; Tocris (4181)) for 16 h, washed with pre-warmed DMEM/F12 five times and incubated 

for 2 h in DMEM/F12 with monastrol (200 μM, Tocris (1305)) and vehicle or inhibitor (indicated 

concentration) (final concentration (f.c.) DMSO was 0.5%). Cells were then carefully washed four times 

with pre-warmed DMEM/F12 and incubated for 30 min in DMEM/F12 with MG132 (5 µM, Sigma (C2211)) 

and vehicle or inhibitor (indicated concentration) (f.c. DMSO was 0.5%), to allow chromosome alignment. 

Subsequently, cells were permeabilized for 1 min with pre-warmed 0.5% Triton X-100/PHEM buffer 

(=PIPES (60 mM), HEPES (25 mM), MgCl2∙6H2O (2 mM), EGTA (10 mM), pH 6.9), followed by fixation for 

10 min with pre-warmed 4% paraformaldehyde/PBS. After fixation, coverslips were washed three times 

with PBS and blocked with 3% BSA in PBS for 1 h at RT. Primary antibodies, diluted in 3% BSA in PBS, 

were added to the coverslips and incubated in a dark, humidified chamber for 16 h at 4°C. Subsequently, 

cells were washed three times with 0.1% Triton X-100/PBS and incubated with DAPI and secondary 

antibodies in 3% BSA in PBS for 1 h at RT. Coverslips were washed three times with PBS and mounted 

onto glass slides using Prolong Gold antifade. All images were acquired on a deconvolution system 

(DeltaVision Elite Applied Precision/GE Healthcare) with a x100/1.40 NA UPlanSApo objective (Olympus) 

using SoftWorx 6.0 software (Applied Precision/GE Healthcare). Images were acquired as z-stacks at 0.2-

μm intervals and deconvolved using SoftWoRx. Images were quantified using Fiji.36 Fluorescence 

intensities were corrected for background signal and normalized to the average intensity of 

vehicle-treated cells. 

 

Antibodies: guinea pig anti-CENP-C (1:2000, MBL PD030), mouse anti-tubulin (1:10,000, Sigma T5168), 

rabbit anti-H2A-p-T120 (1:1000, Active motif 39391), rabbit anti-H3-p-S10 (Millipore 06-570), Alexa 

Fluor 647 goat anti-guinea pig (1:1000, Invitrogen A21450), Alexa Fluor 568 goat anti-mouse (1:1000, 

Invitrogen A11031), Alexa Fluor 488 goat anti-rabbit (1:1000, Invitrogen A11034) or DAPI (1:1000, Sigma 

D9542).  
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