
á 

 

 

SYNTHESIS AND BIOLOGICAL EVALUATION 

OF NOVEL ANTI-TUMOUR  

(E)-STYRYLSULFONYL METHYLPYRIDINES 

 

 

TIANGONG LU, BSc. 

 

 

Thesis submitted to the University of Nottingham  

for the degree of Doctor of Philosophy 

 

 

DECEMBER 2014 

 



 

 I 

Abstract 

ON01910.Na (Rigosertib, Estybon®), a styryl benzylsulfone, is a Phase III 

stage anti-cancer agent. This non-ATP competitive kinase inhibitor has multi-

targeted activity, promoting mitotic arrest and apoptosis. Extensive Phase I/II 

studies with ON01910.Na, conducted in patients with solid tumours and 

haematological cancers demonstrate excellent efficacy. However, issues 

remain affecting its development. These include incomplete understanding of 

anti-tumour mechanisms, low oral bioavailability and unpredictable 

pharmacokinetics.  

In an attempt to improve drug-likeness and ADME properties of ON01910.Na 

analogues, a novel series of (E)-styrylsulfonyl methylpyridine derivatives was 

designed and synthesised. The SAR of this novel series is discussed. The lead 

compounds TL-68, TL-77, and AH-123 are highly potent mitotic inhibitors. 

Their selective cytotoxicity to cancer cells was identified in the screening 

cascade. Impressively, TL-77 possesses excellent pharmaceutical properties, 

with improved oral bioavailability when compared to ON01910.Na. 

The detailed cellular mechanisms of TL-77 were further investigated in 

comparison with ON01910.Na. TL-77 exhibits potent anti-proliferative activity 

against a wide range of human tumour cell lines, and demonstrated > 2 fold 

greater potency in cancer cell lines over normal cells.. Cell cycle analyses 

reveal that TL-77 evokes profound G2/M cell cycle arrest at ů 6 h in cancer 

cells, followed by the onset of apoptosis. In cell-free conditions, TL-77 as well 

as ON01910.Na potently inhibits tubulin polymerization. Mitotically arrested 

cells display multipolar spindles and misalignment of chromosomes, indicating 
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TL-77 interfere mitotic spindle assembly in cancer cells. These effects are 

accompanied by induction of DNA damage, inhibition of Cdc25c (Ser198) 

phosphorylation [indicative polo-like kinase 1 (Plk1) inhibition], and 

downstream inhibition of cyclin B1. However, kinase assays failed to confirm 

the inhibition of Plk1. Non-significant effects on PI3K/AKT signal 

transduction are observed after TL-77 treatment. Analysis of apoptotic 

signalling pathways reveals that TL-77 down-regulates expression of B-cell 

lymphoma 2 (Bcl-2) family proteins [Bid (BH3 interacting-domain death 

agonist), Bcl-xl (B-cell lymphoma-extra large) and Mcl-1 (induced myeloid 

leukaemia cell differentiation protein)] and stimulates caspase activation. 

These effects are comparable to those elicited by ON01910.Na. Unlike 

ON01910.Na, however, TL-77 causes preferential toxicity in cancer cells when 

compared to normal cells and mediates rapid mitotic inhibitory effects. 

In summary, selective in vitro anti-tumour activity and multi-faceted 

mechanisms of action of a novel molecule TL-77 have been identified, 

presenting a strong rationale for further development of (E)-styrylsulfonyl 

methylpyridine derivatives as therapeutic agents for cancer. 
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1 Introduction  

 Cancer 

Cancer is a global concern. In 2012, about 14.1 million people were diagnosed 

with cancer worldwide, leading to 8.2 million deaths from cancer in the same 

year. (WTO media report, 2014) According to the latest statistics from Cancer 

Research UK, cancer has been and still is the major cause of death in England 

and Wales.1  

Cancer is a genetic disease that occurs when the information in cellular DNA is 

altered and subsequently leads to aberrant patterns of gene expression.2 The 

process of cancer development, carcinogenesis, generally involves three 

essential stages: initiation, promotion, and progression. Initial changes in 

carcinogenesis are irreversible genetic changes. By generating a DNA adduct 

formation, initiators cause either activation of proto-oncogenes or loss of 

tumour-suppressor genes, giving proliferative advantage. In the next stage, 

tumour promotion is induced by tumour promoters that enhance the selective 

clonal expansion of initiated cells. Tumour promoters are generally non-

mutagenic; however, they can reduce the latency period for tumour formation, 

enhance proliferation or improve the sensitivity of cells to an initiator. During 

the third stage, progression, further genetic and epigenetic mutations selecting 

for increasingly aggressive disease occur due to the malignant conversion. 

Cells progress to malignant tumour with further degrees of independence, 

invasiveness, eventually invade adjacent tissue / vessels, and metastasis to 

distant sites seeding secondary tumours and metastatic disease.3 
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 Hallmarks of Cancer 

The major goal of cancer research is to understand the causation of malignancy, 

and translate this knowledge into the development and improvement of cancer 

treatments.4, 5 In two landmark reviews ñThe Hallmarks of Cancerò in 2000 and 

2011, Douglas Hanahan and Robert A. Weinberg summarized the essence of 

several biological capabilities acquired during the multistep development of 

human malignancies.6, 7 The hallmarks of cancer provide a solid foundation for 

understanding the biology of cancer and are described in turn below. 

 

Figure 1.1 The six hallmarks of cancer7 

 Sustaining Proliferative Signalling 

Mitogenic growth signals (GS) stimulate cell proliferation by directly 

controlling the initiation of cell cycle. In normal tissues, the production and 

release of growth-promoting signals are strictly controlled to maintain a 

homeostasis of cell population and functions.7 However, the growth signalling 

pathways are suspected to suffer deregulation in all human tumours.6 Cancer 

cells can sustain proliferative signalling by mimicking normal growth 
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signalling. They deregulate these signals and achieve autonomy through 

several molecular strategies;6, 7 

§ producing growth factor ligands themselves, resulting in autocrine 

proliferative stimulation; 

§ stimulating signals normal cells within the tissue to induce expression of 

growth factors; 

§ increasing cellsô sensitivity to growth factors by overexpressing or 

structurally altering surface receptor proteins; 

§ activating components of intracellular circuits operating downstream of 

these receptors. 

 Evading Growth Suppressors 

In normal cells, cell proliferation is a highly regulated process wherein multiple 

anti-proliferation signals operate to maintain cellular quiescence and tissue 

homeostasis. These anti-proliferation signals can block proliferation in two 

ways; by forcing a proliferative cell out of cycle into quiescence (G0) phase, or 

by entering into a post-mitotic state, which usually involves terminally 

differentiation of the cell.6 (For cell cycle, please refer to Figure 1.2) 

Most cancer cells circumvent normal growth suppressors in order to sustain 

their proliferative capacity. p53 and retinoblastoma protein (pRb) operate the 

two key complementary tumour-suppressor pathways that control cellular 

responses of apoptosis and cellular senescence, and are most commonly 

dysregulated in cancer cells.7, 8 The Rb protein is a critical gatekeeper of the 

cell cycle, maintaining cell division at a healthy pace. Stress signals such as 

oncogenes induced INK4 (Inhibitors of CDK 4) and Cip/Kip (CDK interacting 

protein/Kinase inhibitory protein) family proteins, which specifically inhibit 
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the activity of CDKs (Cyclin-Dependent Kinases) and thereby prevent the 

phosphorylation of Rb.8, 9 When in a hypophosphorylated state,, Rb blocks 

entry of cells into S phase by sequestering and altering the function of the 

eukaryotic transcription factors (E2Fs), which regulate the transcription of 

many genes essential for progression from G1 to S transition.8 Cancer cells 

evade the anti-proliferative signals by disrupting the pRb pathway. 

While the Rb pathway receives antigrowth signals, mainly from outside of the 

cell, p53 is activated by intracellular operating systems. In response to DNA 

damage and cellular stresses, p53 functions as a central regulator causing cell-

cycle arrest, and triggers apoptosis.7 Loss of p53 allows propagation of 

damaged DNA and aberrant cell cycle progression. 

 Resisting Cell Death 

The population expansion of cancer is determined by the rate of both cell 

proliferation and cell attrition. Apoptosis, autophagy and necroptosis are the 

three main types of programmed cell death. Apoptosis, as a major source of 

cell attrition, becomes a critical barrier to cancer development.7 

Apoptosis is triggered and regulated through at least two principal pathways at 

many levels. The intrinsic pathway (mitochondrial pathway) is primarily 

regulated by Bcl-2 family proteins in response to the signals of survival factors, 

cell stress and injury. In the Bcl-2 family, a balance is established between two 

kinds of regulators, the anti-apoptotic proteins (Bcl-2, Bcl-xL, Bcl-w, A1 and 

Mcl-1,), which prevent programmed cell death by guarding mitochondrial 

integrity and regulating the activation of several caspases, and the pro-

apoptotic proteins (Bax family and BH3-only family), which block the 

protective effect of apoptosis inhibitors and initiate apoptosis. This balance 
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arbitrate the life-or-death decision.10 Apoptosis is triggered when the protective 

buffer of anti-apoptotic proteins and pro-apoptotic proteins is breached. The 

mitochondria are permeabilized and damaged, causing the release of pro-

apoptotic factors. The most important factor, cytochrome c, interacts with the 

cell-death adaptor Apaf-1 (apoptotic protease-activating factor 1), subsequently 

activate caspase-9. 

The extrinsic pathway (death receptor pathways), on the other hand, is induced 

by receiving and processing extracellular death-inducing signals. For instance, 

the death receptors on the cell surface, such as Fas ligand, are ligated with their 

cognate ligands, Fas receptor, forming the ódeath-inducing signalling complexô 

(DISC). This complex subsequently activates caspase-8. 

By activating two ñgatekeeperò caspases (caspase-9 and -8, respectively), each 

pathway initiates a cascade of downstream effector caspases (caspase-3, and -7) 

to induce the multiple cellular changes associated with the apoptotic 

programme.7, 11, 12 

Cancer cells can evade apoptosis through various strategies. Mutation and the 

consequent inactivation of p53 is one of the most common and occurs in more 

than 50 % of human tumours. For instance, the PI3K-AKT/PKB pathway, 

which transmits anti-apoptotic signals, is hyper-stimulated in a substantial 

fraction of cancers.6 In addition, it is found that all the Bcl2 pro-survival 

proteins can promote tumorigenesis, and certain pro-apoptotic members can act 

as tumour suppressors.10 The multiple apoptosis-avoiding mechanisms that 

found in tumour cells include: over-expression of pro-survival family members 

or down-regulation of pro-apoptotic factors to increase expression of survival 

signals and evade the extrinsic ligand-induced pathway.11 
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 Enabling Replicative Immortality  

The concept of the Hayflick limit has been widely accepted. It indicates normal 

cells have a finite replicative capacity in vivo, after which they reach the state 

of senescence or crisis.7, 13 Cancer cell, on the other hand, acquires unlimited 

replicative potential giving rise to macroscopic tumours.7 

It has been indicated that telomeres and telomerase are centrally involved in the 

capability for unlimited proliferation and tumorigenesis.7, 14 Telomeres are 

composed of tandem hexanucleotide repeats and protect the end of the 

chromosome from recombination and degradation activities.15 Due to the end-

replication problem, telomeres progressively lose telomeric DNA sequences 

coupling to cell division in non-immortalized cells. This shortening eventually 

results in the eventual loss of telomere protection and leads to chromosomal 

instability, after which cells progress into senescence.7, 15 

Telomerase is an enzyme that adds repetitive nucleotide sequences to the ends 

of DNA strands in telomere regions. Many observations indicate that the 

expression of telomerase is an essential requirement for cellular 

immortalization and unlimited proliferation characteristic of cancer cells.14 

Almost all human tumours (approximately 90%) have detectable telomerase 

activity, which is sufficient for the escape of proliferation barriers.16 By 

aberrantly up-regulating telomerase, tumour cells can prevent telomere loss and 

maintain the replicative immortality. 

 Inducing Angiogenesis 

The formation of new blood vessels helps tumour tissues to obtain essential 

nutrients and oxygen, as well as evacuate metabolic wastes. Therefore, this 

progress is critical for sustained tumour growth and metastasis. Tumour 
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angiogenesis is induced by a continually activated ñangiogenic switchò in 

tumour cells, which is regulated by the balance of the anti- and the pro-

angiogenic factors.17 Vascular endothelial growth factors (VEGF), pro-

angiogenic factors, are generally overexpressed by oncogene signals during an 

early stage of the development of invasive cancers.7 

 Activating invasion and metastasis 

Tissue invasion and metastasis represent a multistage process of cancer cells 

escaping from the primary site and disseminating into distant organs. Pioneer 

cancer cells from an aggressive primary mass acquire the ability to penetrate 

the walls of lymphatic and/or blood vessels, circulate through the bloodstream, 

seed at distant sites by forming small nodules of cancer cells, continue to 

multiply, and eventually colonize to generate macroscopic tumour.7, 18, 19 The 

process of tissue invasion and metastasis is not fully understood. Up to now, E-

cadherin, a key cell-to-cell adhesion molecule, is the best characterized 

antagonist of invasion and metastasis. Down-regulation and mutation of E-

cadherin are frequently detected in human carcinomas.7 

 Emerging hallmarks and characteristics 

The continuous conceptual progress for understanding the biology of cancer 

has presented two emerging hallmarks: reprogramming of energy metabolism 

and evasion of immune destruction. 

The anomalous characteristic of cancer cell energy metabolism was first 

observed by Otto Warburg.7 Glycolysis is a major metabolic program for 

cancer cells. By increasing uptake and utilization of glucose (even in the 

presence of oxygen), leading to óóaerobic glycolysisôô, cancer cells can 

reprogram their glucose metabolism, and thus their energy production to 
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support tumour growth more effectively.20 The second emerging hallmark 

describes the ability of cancer cells to evade immunological destruction by T/B 

lymphocytes, macrophages or natural killer cells. However, these two 

emerging hallmarks still need to be fully generalized and validated.7 

In addition, genome instability and tumour-promoting inflammation facilitate 

the acquisition of both main and emerging hallmarks and thus are endowed 

with two enabling characteristics.7 

 Targeting cell cycle progression 

As reviewed in the previous session, aberrant regulation of the cell cycle 

leading to uncontrolled proliferation is one of the hallmarks of cancer. Over the 

decades, considerable effort has been expended to understand the molecular 

mechanisms driving the cell cycle, thereby aiding identification of potential 

targets for cancer therapeutics.21 

 The mammalian cell cycle 

Maintaining genetic integrity, as the most important condition for the survival 

of species, is tightly controlled during the cell cycle. Orchestration of cell cycle 

progression involves a critical network that governs the DNA division and 

duplication (replication) to produce daughter cells, as well as integration of 

external and cellular pro- and anti-proliferative signals.22, 23 
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Figure 1.2 The mammalian cell cycle with cyclins and checkpoints 

Progress in the eukaryotic cell cycle is driven by periodic activation of CDKs. The mammalian 

cell cycle consists of four phases: S-phase, M-phase, G1 and G2 phase. The different cyclins, 

specific for the G1-, S-, or M-phases of the cell cycle, accumulate and activate CDKs at the 

appropriate times during the cell cycle and then are degraded, causing kinase inactivation. The 

illustration is adapted from Wikimedia Commons ñ0332 Cell Cycle With Cyclins and 

Checkpointsò. 

There are four phases in the mammalian cell cycle (Figure 1.2): DNA-synthesis 

(S) phase, during which the genome is duplicated; mitosis (M) phase, a highly 

complex multi-stage process that segregates the chromosomes into two new 

nuclei in preparation for cell division or cytokinesis. These two phases are 

separated by two ñGapò phases, called G1 and G2. In G1 phase, cells are 

prepared to ensure proper intracellular changes and DNA replication 

occurrence for entering into S phase, while G2 phase is a period for protein 

synthesis and rapid cell growth before the entry of M phase. G0 denotes the 

quiescent state in which cells have withdrawn from the active cell cycle. 

The cell cycle is controlled temporally by discrete transcriptional programs. 

Cyclins and CDKs are the key drivers of the cell cycle. Different cyclins, 

specific for the G1-, S-, G2- or M-phases of the cell cycle, bind to and activate 
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the subunits of CDKs at the appropriate times. Therefore, activated cyclin-

CDK complexes drive the cell forward through the cell cycle (Figure 1.2).22, 23 

The surveillance mechanisms that ensure the proper spatial and temporal order 

of cell cycle events are termed cell cycle checkpoints.24 Like in all signalling 

pathways, the regulation of cell division is achieved through reversible 

phosphorylation of regulatory components by protein kinases and 

phosphatases.22 To date, several families of protein kinases that control the cell 

cycle regulation have been characterized, including CDKs, polo-like kinases 

(Plks), and Aurora kinases. 

Considering the high relevance to this project, the G2/M DNA damage 

checkpoint and spindle assembly checkpoint will be reviewed in detail here. 

1.1.2.1.1 G2/M checkpoint (DNA damage checkpoint) 

 

Figure 1.3 Cell cycle G2/M DNA damage signalling pathway. 

Illustration is adapted from of Cell Signaling Technology, Inc. (www.cellsignal.com) with 

permission. 
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The G2/M DNA damage checkpoint prevents cells containing damaged DNA 

from entering mitosis by inducing several cellular responses. In general, the 

entry into mitosis is promoted by activated CDK1(Cdc2) bound to cyclin B or 

by accumulation of the CDK1/cyclin B complex in the nucleus.25  

CDK activity is regulated by phosphorylation on the catalytic subunit. This 

involves phosphorylation at Thr 161 by Cyclin Activating Kinase (CAK, or 

CDK7) and removing two inhibitory phosphate groups at Thr14 and Tyr15, 

which are added by Wee1 and Myt1 and removed by Cdc25 phosphatases (Cdc 

refers to cell division cycle).26 Therefore, CDK1 activity is competitively 

regulated by Wee1 and Myt1 (negatively) and Cdc25c phosphatase (positively). 

As cells approach the G2/M boundary, Bora and the aurora kinase A 

cooperatively activate polo-like kinase 1 (Plk1).27 Plk1 in turn activates the 

Cdc25c, down-regulates Wee1 and Myt1, and subsequently activates 

CDK1/cyclin B. Alternatively Plk1 can directly phosphorylate cyclin B to 

block export of cyclin B1 from the nucleus. Hence, Plk1, Cdc25c, and 

CDK1/cyclin B form a feedback loop to positively regulate each other's 

activity and drive the cell into mitosis.28, 29 

DNA damage signals activate the sensory DNA-PKcs / ATM / ATR kinases, 

which initiate G2/M DNA damage checkpoint signalling and relay two parallel 

cascades. In the first cascade, the key checkpoint kinases CHK1 and CHK2 are 

rapidly activated, which in turn phosphorylate and deactivate Cdc25 

phosphatases through phosphorylation at Ser216. Once phosphorylated by 

CHKs, Cdc25c is stimulated to bind to 14-3-3 proteins, and the resulting 

complex is sequestered in the cytoplasm, which prevent Cdc25c to 

dephosphorylate Cdc2, leading to the G2 arrest. In the slower second parallel 

cascade, phosphorylation of p53 promotes the dissociation between p53 and 
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MDM2, resulting in p53 stabilization. Activation of p53 leads to cell cycle 

arrest and apoptosis, in part through the CDK inhibition via p21Waf1, and the 

induction of several pro-apoptotic proteins, including Bax, PUMA (p53 

upregulated modulator of apoptosis), PIG3 (proapoptotic human p53-inducible 

quinone oxidoreductase), and NOXA (Phorbol-12-myristate-13-acetate-

induced protein 1).22, 28, 30 

1.1.2.1.2 Mitosis and spindle assembly checkpoint 

The spindle assembly checkpoint (SAC) delays the metaphase-anaphase 

transition until each chromosome is properly attached to the spindle apparatus. 

Generally, SAC is activated and maintained through two steps. Firstly, SAC 

negatively regulates Cdc20, thereby preventing polyubiquitylation mediated by 

anaphase-promoting complex/cyclosome (APC/C) on two key substrates, 

cyclin B and securin, which delays mitotic exit. A mitotic checkpoint complex 

(MCC) that contains a series of proteins has been proved to be a SAC 

effector.31 Prior to anaphase, SAC proteins bind unattached kinetochores, 

which facilitate the creation of MCC and production of inhibitory complexes to 

maintain the SAC activity. The proper attachment of all kinetochore and 

chromosome congression negatively regulates the SAC signal and promotes 

the mitotic exit.22, 31  

Several kinases have key roles in regulating SAC. Centrosome maturation is 

critical for cell division to occur and is regulated by several kinases including 

Plk and aurora kinase.23 Kinases such as MPS1, BUB1, BUBR1, Plk1, NEK2, 

MAPK and aurora-B kinases play the key role in recruiting SAC proteins to 

kinetochores and maintaining SAC activity.31 Deregulation of these kinases are 

found in a wide spectrum of cancers in humans. 
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 Targeting the cell cycle for cancer therapy 

Perturbations in the cell cycle are described commonly in carcinogenesis and 

are mainly caused by genetic alterations of tumour suppressor genes 

(inactivation), such as pRb and p53, and proto-oncogenes (mutation).23, 25 This 

dysregulation occurs through mutations of genes, which encode proteins at 

different phases of cell cycle, including CDK, cyclins, CDK-activating 

enzymes, CKI, CDK substrates, and checkpoint proteins, such as CHKs, WEE 

kinases, aurora kinases and Plks.22, 25, 32 Therefore, the enzymes that mediate 

reversible phosphorylation of cell cycle regulation, especially kinases, are 

currently being pursued as drug targets.22 

The rationale for targeting the cell cycle for cancer therapy is based on the 

frequency of perturbations in cell cycle in human malignancy and the 

observation that cell cycle arrest could induce apoptosis. This rationale led to 

the development of CDK inhibitors (CDKI) as novel antitumor agents. These 

compounds can inhibit CDKs by directly inhibit the catalytic subunit of CDK, 

or by indirectly target regulatory pathways to govern the CDK activity. To date, 

the most successful strategy is the direct inhibition of CDK.23 About 25 of 

them have reached clinical trial, such as AT7519, CYC202 (R-roscovitine), 

and Flavopiridol, and all of which interact with the catalytic active site of Cdk 

and are ATP-competitive inhibitor.23, 33 Strategies for developing the indirect 

CDKI include overexpression of cyclin-dependent kinase inhibitor (CKI), 

decrease of cyclin levels and using small peptides mimicking the effects of 

endogenous CKI.25, 34 

In addition, targeting the deregulation of cell cycle checkpoint machinery 

presents another attractive therapeutic strategy. Cell cycle checkpoints regulate 

the quality and rate of cell division. Mutations of checkpoint proteins are 
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frequent in all types of cancer.25 In contrast to healthy cells, tumour cells are 

unable to stop at predetermined points of the cell cycle because of loss of 

checkpoint integrity.23 Therefore, this rationale led to the development of 

agents that destruct the cell-cycle checkpoints. Candidates currently under the 

development either abrogate or arrest the checkpoints.35 Abrogation of G2/M 

DNA damage checkpoint allow damaged cells enter mitosis and thus undergo 

apoptosis. A number of reported compounds override G2/M checkpoint and 

have shown enhanced cytotoxicity.36, 37 On the other side, increasing G2/M 

DNA damage arrest have also been associated with enhanced cytotoxicity and 

apoptosis. This has been proven by many agents, such as flavopiridol and 

silibinin.35, 38 

 Protein kinases as an important class of cancer 

drug targets 

In 1954, Krebs and Fischer first discovered the key role protein kinases play in 

regulating diverse biochemical signalling pathways.39 Since then, the protein 

kinases have come to be recognised as critical catalysts in cellular energy 

supply and regulators activating almost all cellular processes. 

 The structure and regulation of protein kinases 

Protein kinases are one of the largest gene families in eukaryotes. They 

catalyse the transfer of ATP ɔ-phosphate to specific hydroxyl groups of serine/ 

threonine or tyrosine residues of protein substrates.39 Hence, they are broadly 

divided into serine/threonine kinases and tyrosine kinases. To date, 518 human 

genes encoding protein kinases have been identified, of which 478 are human 

eukaryotic protein kinases (ePKs) and 40 are atypical protein kinases (aPKs). 
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Based on the various gene sequences and structure, they are classified into 10 

subsets as shown in Figure 1.4.40-42 

 

Figure 1.4 Classification of human kinases39, 42 

Different protein kinase subsets are denoted in various colours with the number of protein 

kinases in each subset in parenthese. AGC: PKA, PKG and PKC; CAMK: Ca2+/calmodulin-

dependent protein kinase; CK1: casein kinase 1; CMGC: CDKs, MAPKs, GSKs and CLKs; 

RGC: receptor guanylate cyclase; STE: homologues of sterile 7, 11 and 20 kinases; TK: 

tyrosine kinase; TKL: tyrosine kinase-like; others: kinases have no sufficient close sequence 

similarity. 

Due to conservation in sequence, protein kinases share a homologous catalytic 

core (Figure 1.5). The catalytic domain of protein kinases is formed as two 

lobes, which consists of a small N-terminal lobe (mainly of ɓ-sheets and long 

a-helix) and a larger C-terminal lobe of predominantly Ŭ-helices. At the 

junction of the two lobes, an activation cleft is formed, which is a key element 

of the ATP nucleotide binding site.43, 44 A short polypeptide chain named the 

hinge region is located in this cleft.44 All kinases have a conserved activation 

loop, which is important in regulating kinase activity. When the activation loop 

folds back and exhibits as a substrate mimic, the active site is disrupted and the 

kinase remains inactive.45 
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Figure 1.5 Global features of a protein kinase catalytic domain based on the 

structure of insulin receptor kinase (IRK).45 

The N-lobe is coloured in green, the C-lobe is in purple and the activation loop is shown in 

yellow. An ATP (in black) binds at the junction between the two lobes. The Ŭ helix-C contains 

residues critical for catalysis and the Ŭ helix-G is involved in docking protein substrates. 

Protein kinases are involved in almost all cellular processes. In human cells, 

the accumulation of signalling molecules is a key feature of biochemical 

signalling cascades. In these clusters with high concentration of signalling 

effectors, diverse protein-protein interactions are promoted by utilizing 

specialized domains. Through reversible phosphorylation, protein kinases 

activate themselves and other proteins, therefore, mediating the whole cellular 

processes.45 Most protein kinases are involved in multiple regulatory 

mechanisms, playing diverse biological roles with individual properties 

relating to various residues, loops or insertions in different families.46-47  

 Targeting cancer with kinase inhibitors 

Given that protein kinases mediate most of cellular processes, it is apparent 

that mutations and dysregulation of protein kinases play causal roles in human 

diseases, especially cancer.39, 42 Thus, protein kinases have attracted significant 
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attention as important targets for cancer drug discovery. Several outstanding 

small molecule inhibitors have been approved for the treatment of cancer and 

more are currently undergoing clinical evaluation. 

 ATP-competitive inhibitors  

The majority of kinase inhibitors to date interact with the ATP binding pocket 

of target kinases. These kinase inhibitors, named as type I kinase inhibitors, 

directly bind to the adenine region of ATP binding site and do not require a 

three-residue motif, Asp-Phe-Gly (DFG), in the activation loop, generating a 

ľDFG-inò conformation (Table 1.1). These inhibitors usually form 1-3 

hydrogen bonds with the hinge region of the kinase, thus mimicking the 

hydrogen bonds formed by the adenine ring of ATP.48, 49 

However, several challenges have arisen along with the development of second 

generation type I kinase inhibitors. Due to the highly conserved ATP binding 

site in protein kinase family, it is difficult for inhibitors to specifically identify 

the target kinase.40 This has been demonstrated by a recent study, which 

evaluated the selectivity of previously characterized 38 kinase inhibitors 

against a panel of 317 kinases.50 Additionally, it is challenging for inhibitors to 

target with high-affinity to the kinase competing with high intracellular ATP 

concentrations (typically 1ï10 mM). The low selectivity ATP-competitive 

inhibitors have exhibited undesirable toxicities (lack of selectivity, e.g. CDK 

inhibitors) and drug resistance (due to the mutations in the ATP binding site, 

e.g. imatinib), which have limited their clinical use as drugs.51 

 Non-ATP-competitive inhibitors  

Accumulating efforts are focusing on developing new types of non-ATP-

competitive inhibitors, which could be an alternative strategy to overcome the 
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cross-reactivity of ATP-competitive inhibitors. As presented in Table 1.1, there 

are three types of non-ATP-competitive reversible kinase inhibitors based on 

their mechanism of action. 

Table 1.1 Comparison between the different types of reversible kinase inhibitors48, 52 

Kinase Inhibitors Type I Type II  Type III  Type IV  

Binding site ATP site 
ATP site and 

DFG pocket 

Allosteric (by 

ATP pocket) 

Allosteric (substrate 

binding domain) 

ATP-competitive Yes Yes, indirectly No No 

Selectivity 
Usually low, but very selective 

inhibitors have been identified 
High Very high Very high 

Representative 

inhibitors 
Gefitinib, Erlotinib, Sunitinib 

Imatinib, 

BIRB796 

GNF-2, GNF-5, 

selumetinib 

ON012380, 

ON01910.Na 

1.2.2.2.1 Type II kinase inhibitors 

Type II kinase inhibitors occupy a hydrophobic site that is directly adjacent to 

the ATP binding pocket. This site is made by the DFG motif of the activation 

loop being moved away from the kinase active conformation (formñDFG-outò 

conformation).48, 49 Type II inhibitors typically have more potent cellular 

activity and a higher degree of selectivity compared with type I kinase 

inhibitors, this is benefit from their lipophilic interactions with the DFG pocket. 

However, on the other hand, binding to the hydrophobic DFG pocket leads to 

the production of compounds with undesired properties for druggability, such 

as high MW and clogP.52 Although the allosteric site provides Type II kinase 

inhibitors another handle for improving kinase selectivity, drug resistance issue 

due to their high sensitivity to the mutations in the ATP binding site as well as 

mutations located in regions that affect the kinase conformation is still a 

disadvantage affecting their development (e.g. imatinib).48, 49 
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1.2.2.2.2 Allosteric Inhibitors  

Type III kinase inhibitors, also named as allosteric inhibitors, bind in the 

regulatory regions modulating the activity of the kinase in an allosteric manner. 

Inhibitors belonging to this class tend to show relatively high kinase selectivity 

because they bind sites that are unique to a particular kinase family.52 

1.2.2.2.3 Substrate Directed Inhibitors 

Substrate directed inhibitors, or the fourth type of kinase inhibitor, are small 

molecules that present a reversible interaction at the substrate binding site in an 

ATP-independent manner.52 To ensure signalling fidelity, protein kinase must 

recognize and act only on a defined subset of cellular targets. Due to this 

exquisite specificity in the interactions between kinase and substrate, a high 

degree of selectivity could be achieved by targeting substrate binding regions 

of kinases with substrate competitive inhibitors. 

ON01910.Na is a Phase III clinical non-ATP competitive inhibitor with multi-

targeted activity. It inhibits Plk1 (9 - 10 nM) by binding to the substrate 

binding sites of Plk1. At higher concentrations (20 - 260 nM), the activities of 

several kinases, such as BCR-ABL, PDGFR, FLT-1, PI3K, Fyn and Plk2 as 

well as CDK1, are influenced by ON01910.Na.53 Whether the efficacy of 

ON01910.Na in inhibiting tumour growth is the direct result of inhibiting Plk1 

or other protein kinases remains a controversial issue that requires further 

investigation. Due to its broad spectrum of anti-cancer activity, excellent 

efficacy and safety profile, ON01910.Na has become a promising compound 

for the treatment of cancer. 
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 Preclinical cancer drug discovery, design and 

development 

 Integrated preclinical cancer drug development 

The discovery of modern anti-cancer agents is a time-consuming and expensive 

process, which consists of preclinical discovery and clinical development. 

Success in discovering a drug requires a creative interplay between the 

essential disciplines of biology/pharmacology and medicinal chemistry.54 A 

typical preclinical cancer drug discovery and development with biological test 

cascade is shown in Figure 1.6. 

 

Figure 1.6 Stages of drug discovery and development with biological test cascade.54 

Abbreviations: SAR, structure activity relationship; ADME, absorption, distribution, 

metabolism, and excretion; ADMET, absorption, distribution, metabolism, and excretion - 

toxicity in pharmacokinetics; PK/PD studies, Pharmacokinetics and pharmacodynamics 

studies. 

Selecting the right molecular target is crucial to success in developing a new 

drug. A good target should be ódruggableô, while a good drug should be 

efficacious, safe, meet clinical and commercial needs. The best approach to 

develop anti-cancer drugs is acting upon the hallmark traits of cancer (refer to 

Figure 1.1). In support of this notion, most drugs that have been approved for 
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clinical use throughout the past century target one of the six classic 

hallmarks.55 Targeting the cell cycle, by inhibiting key regulatory kinases, and 

interfering with mitotic spindle assembly, is observed after exposure of cancer 

cells to TL-77 described in this project. This may address the proliferative 

dysregulation and induce apoptosis in cancer cells. 

Once a target is chosen, one or more ñhitò molecules with preliminary 

biological activity against the target must be generated.56 Several hit generation 

approaches have successfully been developed and can be used either 

individually or in combination. These approaches include, but are not limited 

to high-throughput screening, fragment screening, focused screening, virtual 

screening, physiological screening, NMR screening, structural aided drug 

design and knowledge-based design.57, 58 

Once a number of hits have been identified, the next job is to define which 

compounds justify future investigation. Intensive structureïactivity relationship 

(SAR) studies and primary assays to generate target doseïresponse curves will 

compare activity and selectivity of each compound. For compounds with 

similar core structure hitting specific classes of targets (such as kinases), 

focused or knowledge-based screening is a cheaper and effective method.58 In 

chapter three, SAR and cell-based screenings are described, which are able to 

identify compounds with improved potency and drug-like properties compared 

to reported compounds. 

The hit-to-lead and optimization processes are iterative cycles of chemical 

synthesis and biological evaluation. Extensive modification of compounds is 

required. Optimizations in key parameters include: potency and understanding 

molecular mechanism(s) of action, pharmaceutical properties (absorption, 

distribution, metabolism, and excretion), tolerability and efficacy against 
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cancer tumour in vivo. Each cycle provides feedback to allow further 

optimization of new compounds to improve properties.56 In formulation and 

toxicology studies, if successful, one or more candidates are nominated for 

clinical development, clinical evaluation and ultimately be a marketed drug. 

 Analogue-based drug design 

In addition to ligand-based and structure-based drug design, analogue-based 

drug design, which is the process of using existing drugs as leads, has been an 

efficient and reliable strategy to synthesize new drugs. 

Analogue-based drug design possesses considerable advantages. Firstly, 

developing a pioneer drug can be extraordinarily unpredictable and risky, 

because the therapeutic use has not yet been validated clinically. One may 

argue that this would be an attractive challenge of drug discovery, but it is true 

that one can avoid a major uncertainty from the overall risk of success by 

starting with an established drug with proven therapeutic use. Secondly, 

developing a pioneer drug can be extraordinarily costly and time-consuming. 

An existing drug may have been developed with validated target and well-

established biomedical assays. Research team can shorten the research cycle 

and expenses by directly focusing on the iterative improvements of compounds. 

Moreover, ongoing improvement in understanding of the drugs mechanism of 

action and in vivo behaviour provide opportunities for improved drug 

analogues. 

Analogue-based drug design is based on the improvement and optimization of 

existing drugs, for example reducing the side effects, improving the target 

selectivity, or developing a better dosage form. It is important to identify an 

analogue with expected clinical advantage over the established drug. The aim, 
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therefore, must be to prove the improvement of new compounds compared 

with the lead drug.56 

Lovastatin is a convincing example to illustrate the success of analogue-based 

approaches on improvement of drug-likeness properties. Lovastatin (Mevinolin, 

Merck) is potent inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-

CoA) reductase for hypercholesterolemia treatment. The disclosure of 

biological efficacy of Lovastatin opened opportunities for the discovery of 

therapeutic analogues. This led to the success of Rosuvastatin, which is the 

most recent approved HMG-CoA reductase inhibitor. By replacing a 

pyrimidine to lower ring system of statins and introducing the 

methanesulfonamide to optimize physical properties, Rosuvastatin shows 

greater potency and superior efficacy.56, 59 

 

Figure 1.7 Structures of selected HMG-CoA reductase inhibitors.56 

 Discovery and development of ON01910.Na 

 ON01910.Na 

ON01910.Na (also referred to as EstybonÊ, Rigosertib) is a novel anti-cancer 

agent currently undergoing clinical trials for various solid tumours and 

hematologic malignancies. This compound is selected from a class of (E)-

styrylbenzylsulfones developed by Dr. E. P. Reddyôs research team and 

currently supported by Onconova Therapeutics®, Inc.60 The chemical 
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composition of ON01910.Na is C21H24NNaO8S (MW= 473.47 Da), sodium 

(E)-2-((2-methoxy-5-(((2,4,6-

trimethoxystyryl)sulfonyl)methyl)phenyl)amino)acetate (Figure 1.8).  

 

Figure 1.8 Structure of ON01910.Na. 

 Pre-clinical studies 

ON01910.Na exhibits a broad spectrum of anti-cancer activity with an IC50 

value range from 50 to 250 nM against more than 100 cell lines, including 

numerous drug-resistant cell lines.53 Statistical comparison using the NCI 

algorithm COMPARE confirmed that ON01910.Na is a mitotic blocker of 

cancer cells. The finding that such a large range of cancer cell lines are 

sensitive to this compound suggests that its targets are essential for cancer cell 

proliferation and survival.61 Meanwhile, strong synergistic effects were 

observed when ON01910.Na therapy was combined with other anti-cancer 

agents including oxaliplatin, doxorubicin, and gemcitabine.62 

The pharmacokinetic profile (PK) of ON01910.Na was evaluated across 

several species such as mice, rats and dogs. This compound exhibited extensive 

plasma protein binding and displayed a rapid distribution with a prolonged 

elimination phase. 63, 64 Half-li ves (t1/2) less than 2 hours were observed in rat, 

dog, and human plasma following single dose administration.62 Because of the 

short half-life and the rapid clearance, ON01910.Na was suggested to be 

administered as a continuous intravenous (IV) infusion for cancer treatment.62
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There has been limited evidence of drug metabolism in in vitro and in vivo 

experiments, and studies in mice and rats so far identified that ON01910.Na 

exhibited extensive liver uptake, and is mainly eliminated through biliary 

excretion.62 In a steady-state study in orthotopic U87 glioma xenograft model, 

ON01910.Na exhibited low brain (5%) and brain tumour (14%) distribution. 

The limited access of ON01910.Na to the brain is perhaps attributed to its low 

lipophilicity (predicted logD value of ī1.07) and influenced by high plasma 

protein binding (93ï95%).62, 63 Toxicology studies using rats and dogs by 

Gumireddy et al showed a very desirable safety profile for ON01910.Na; no 

evidence for hamatologic, hepatocellular or neurotoxicity was detected and 

only slight toxicity was observed until drug levels were as high as 1200mg/m2 

in rats.53 

 Clinical Studies 

On the basis of the encouraging results from the preclinical stage, ON01910.Na 

is currently under clinical assessment as a single agent (oral and parenteral 

formulations) and in combination with conventional chemotherapy (Figure 1.9). 

In advanced Phase I and Phase II clinical trials, the compound has been tested 

in patients with both solid tumours and haematological cancers.  

Clinical studies of ON01910.Na in patients with solid tumours showed good 

tolerability across a range of dosing schedules by IV infusion.65 In the clinical 

trials with MDS patients, ON01910 was infused IV at 800ī1500 mg/m2, and 

the maximum tolerated dose (MTD) was 800 mg/ (kg·m 2·d) infused for 5 days 

every other week.66 A patient with refractory ovarian cancer had an objective 

response after four cycles and remained progression-free for 24 months.64 

Recent phase I studies with B-cell chronic lymphocytic leukaemia 
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demonstrated that ON01910.Na selectively induced apoptosis and reduced 

Plk1 activity in the leukaemia cells.65 

 

Figure 1.9 Clinical development of ON01910.Na (Rigosertib). 

The figure is adapted from Onconova Therapeutics, Inc. homepage 

(http://www.onconova.com/).67 

ON01910.Na is also being investigated for the treatment of myelodysplasia 

(MDS) due to its inhibitory effect on cyclin D1 accumulation and selective 

toxicity towards trisomy 8 cells and is currently in Phase I/II/III trial in MDS 

patients with refractory anamia. (Figure 1.9)63 Four Phase I/II clinical studies 

were conducted to assess the efficacy and safety of intravenous ON01910.Na 

in 48 higher risk MDS/AML patients, and increased overall survival after the 

treatment of ON01910.Na was reported.68-70 ON01910.Na appeared to be well-

tolerated and no significant myelosuppression, hamatologic toxicities or drug 

accumulation (repeatedly treated) was noted. Most common drug-related side 

effects included fatigue, anorexia, nausea, dysuria and abdominal pain.71 These 

encouraging results led to the initiation of a pivotal Phase III ONTIME trial of 

intravenous rigosertib (ON01910.Na) in patients with secondary MDS who 

have failed prior therapy with hypomethylating agents. On 19th Feb. 2014, 

however, Onconova announced that the Phase III ONTIME trial failed to meet 

the primary endpoint of overall survival.72 

Oral formulation of ON01910.Na has entered phase II to treat patients with 

MDS and advanced solid malignancies.73, 74 The recommended MTD of oral 

rigosertib is 560 mg (1120 mg/d) twice daily given continuously. The 
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permeability studies found ON01910.Na displayed medium permeability with 

absolute bioavailability of 10ï15%.in rats (10 and 20 mg/kg, 1h infusion).75 

More recently, a new oral formulation of ON01910.Na (in PEG400 and 

PEG4000) showed a modest improvement in oral bioavailability (F=Ḑ34.9% 

fasting vs Ḑ13.8% fed) at MTD levels.73 However, only at a higher dose of 700 

mg did ON01910.Na achieve a Cmax value of 3-4 ɛM, while the minimum 

pharmacodynamically relevant level required for its biological activity is 4-7 

ɛM (by measuring cyclin B1, p-CDK1, and p-H3 in plasma). The poor and 

variable oral availability of ON01910.Na is further complicated by its efflux by 

P-gP and MRP membrane transporters.75, 76 Clearly, the pharmacological 

properties of ON01910.Na are not satisfactory. 

 Cellular mechanism of action of ON01910.Na 

ON01910.Na is a multi-targeted kinase inhibitor promoting selective mitotic 

arrest and apoptosis in cancer cells. According to studies to date, ON01910.Na 

causes three major abnormalities leading to the loss of cancer cell viability: (a) 

abnormal cell division by interfering chromosomal segregation and 

cytokinesis;64 (b) irregular centrosome and spindle localization, subsequently 

followed by G2/M arrest and apoptosis; and (c) decreased expression of 

phosphatase Cdc25c.77 

ON01910.Naôs complex mechanism of action involves suppression of two 

important cellular signalling pathways, Plk and phosphatidylinositide 3-kinase 

(PI3K), both of which are frequently overexpressed in cancer cells. In HeLa 

cells, ON01910.Na inhibited the Plk1 activity, creating spindle abnormalities 

and mitosis dysregulation.53 Recent studies indicated ON01910.Na modulates 

the PI3-K/Akt pathway to promote apoptosis in cancer cells.78 This multi-
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targeted mechanism of action makes ON01910.Na effective in killing cancer 

cells with various anti-apoptotic and drug-resistance mutations. 

 ON01910.Na targets Plk1 

1.4.2.1.1 What is Polo and what are Plks? 

Plks belong to the family of serine/threonine kinases and play key roles during 

multiple stages of cell cycle progression.79 In the 1980s, polo, the founding 

member of the Polo kinase family, was first discovered in Drosophila 

melanogaster to encode a protein kinase whose mutation resulted in abnormal 

spindle poles.80 Since then, five mammalian Plk family members have been 

identified so far, Plk1(STPK13, serine-threonine kinase 13), Plk2 (SNK, serum 

inducible kinase), Plk3 (CNK, connector enhancer of KSR; FNK, FGF-

inducible kinase; and PRK, proliferation-related kinase), Plk4 (SAK, Snk/Plk-

akin kinase; and STK18, serine-threonine kinase 18) and Plk5.81 

All Plks share the similar topology with a catalytic kinase domain at the N-

terminus and a regulatory C-terminal region, known as Polo-box domain 

(PBD). PBD is unique to the Plk family. Plk1, Plk2, Plk3 and Plk5 have a PBD 

consisting of two polo boxes, while Plk4 possesses only one polo box.29 The 

general structure of Plk families is depicted as in Figure 1.10.The kinase 

domains are very highly conserved among all Plks, and most closely resemble 

those in aurora kinases and calcium/ calmodulin-dependent kinases. 
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Figure 1.10 General structure of Plk proteins 

The kinase domain is shown in the left region while the PBD is shown to right. The number of 

protein residue in each Plk member is also presented. 65, 81 

 

Figure 1.11 Domain structure and key features of Plk79 

The key structural features of Plks are shown in Figure 1.11. The kinase 

domain holds the regulatory phosphorylation site, the activation loop (T-loop) 

and an ATP-binding site, and is responsible for phosphorylation. 

Phosphorylation of Thr-210, which located in the T-loop is required for the 

activation of Plk1.81 The polo-box domain functions as a protein-protein 

interaction motifs containing three binding sites (Trp414, His538 and 

Lys540).29 Localization of Plks is governed by docking of the PBD to specific 

motifs (phosphothreonine/phosphoserine)-(proline/X) that have been primed by 

phosphorylation.82 Early reports indicated that Plks activity is negatively 

regulated by the PBD.83 In the absence of phosphorylated ligands, the PBD 

blocks the kinase domainôs substrate docking sites, thereby inactivating Plks. 
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Once the PBD is bound by the phosphopeptide to its ligands, the catalytic 

domain is released and activates Plks. Simultaneously Plks localize to specific 

subcellular structures and initiate subsequent downstream effects.65, 79 

1.4.2.1.2 The multiple functions of Plk1 in cell cycle 

 

Figure 1.12 Functions and localization of Plk1 in the cell cycle29 

Among all family members, Plk1 is best characterized. In human cells, it is 

expressed primarily during G2/M phases and controls critical steps in the cell 

cycle.84 (Figure 1.12) 

In human cells, Plk1 positively triggers the entry and progression of mitosis 

and, therefore, is suggested as a marker for proliferation.84 As reviewed in 

previous session, Plk1 controls the rate of mitotic entry by phosphorylating 

Cdc25c, which in turn activates CDK1/cyclinB. When cells enter mitosis, Plk1 

is involved in recruiting ɔ-tubublin and facilitates the centrosome's microtubule 

nucleating activity.23 Mutation or depletion of Plk1 results in aberrations in 

mitotic spindle formation and unstable chromosome alignments.29, 85 Sister-

chromatid separation and mitotic exit are coordinated through the anaphase-

promoting complex/cyclosome(APC/C)-dependent ubiquitylation.29 By 
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activating certain functions of APC, which in turn triggers the proteolysis of 

cyclin B, Plk1 allows mitotic exit.53 

1.4.2.1.3 Plk1--- An attractive drug target for cancer treatment 

As with the important role in cell proliferation, Plk1 is found to be a major 

driving force in oncogenesis of many cancers.86 Cancer is regarded as a 

proliferative disorder; targeting the cell cycle, therefore, has become a potent 

strategy for new anti-cancer agents.87 

Substantial evidence supports Plk1 is an attractive candidate molecule for anti-

cancer therapy. Firstly, about 80% of human tumours with diverse origins 

overexpress Plk1 transcripts, which correlate with a poor outcome.65 Plk1 

overexpression leads to enhanced proliferation and induce genetic instability 

(chromosomal instability (CIN), DNA aneuploidy and centrosome 

amplification), thus promoting oncogenic transformation.88 Secondly, 

constitutive expression of Plk1 is able to transform mouse NIH-3T3 cells and 

induces tumour growth in nude mice.89 Many studies have identified that 

targeted interference of Plk1 activity using antibodies or small interfering RNA 

results in mitotic arrest with subsequent induction of apoptosis in numerous 

cancer cell lines.53, 90-93 Notably, interference with Plk1 function was reported 

to selectively induce apoptosis in tumour cells but not in non-transformed cells. 

A series of Plk1 hypomorphs were generated by the lentivirus-based RNAi 

approach. Hela cells with strong Plk1 hypomorph underwent serious mitotic 

catastrophe, exhibiting significant delayed mitotic entry and complete mitotic 

block. In contrast, non-transformed hTERT-RPE1 and MCF10A cells with 

Plk1 depletion exhibited no apparent cell proliferation defect or cell cycle 

arrest.93 Moreover, Plk1 possesses two regions as potential targets, the kinase 

domain and the polo-box domain. Interfering with Plk1 function could be not 
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only via targeting the kinase domain, but also by interfering with PBD binding 

to docking proteins, which increase the potential for discovery and design of 

selective and specific inhibitors. Several small-molecule Plk1 inhibitors, such 

as BI2536, GSK-461364, are presently in clinical trials and exhibit potent and 

specific effect in cancer.39, 65 

1.4.2.1.4 ON01910.Na affects microtubule dynamics by inhibiting Plk1 

Among the Plk1 inhibitors, ON01910.Na increasingly gains attention in view 

of its potent inhibitory activity. Studies of the inhibitory effects of 

ON01910.Na on a panel of 29 serine/threonine and tyrosine kinases showed 

that Plk1ôs activity was influenced most with an IC50 of 9 - 10 nM, suggesting 

it might be one of the primary targets (Table 1.2).53 Steady-state analysis on the 

effects of increasing concentrations of ATP or substrate (recombinant casein 

and Cdc25c) on the Plk1 (recombinant) inhibitory activity of the compound 

revealed that ON01910.Na targets Plk1 activity in an ATP-independent and 

substrate-dependent manner: the velocity of substrate phosphorylation was 

unaltered in the presence of increasing concentrations of ATP, while increasing 

the concentration of the substrate resulted in increased substrate 

phosphorylation.53 

The mitotic microtubule abnormalities induced by this agent activate apoptotic 

pathways leading to cancer cell death and have been clarified by many 

comparative analyses.94 ON01910.Na treated cells exhibited profound 

abnormalities in spindle formation in G2/M. The multipolar spindles then led 

to misalignment of chromosomes, which was similar to the appearance 

observed in Plk1-depleted cells.95 Moreover, Plk1 siRNA as well as 

ON01910.Na treatment exhibited growth inhibitory effects on HS766T cells, 

while mild additive effects were observed when Plk1 siRNA and ON01910.Na 



  Introduction 

 33 

were given together.96 This indicates that Plk1 knockdown- and ON01910.Na-

mediated effects may impinge on both parallel and connected pathways in 

mitotic progression. Phosphorylation of Cdc25c at Ser198 was suggested to 

serve as a reliable marker to monitor Plk1 activity.24 ON01910.Na has been 

shown to induce stark G2/M arrest and suppress cell cycle effectors 

downstream of Plk1, including phospho-Cdc25c (Ser198) and cyclin B1.53, 64 

To date, the molecular modelling of ON01910.Na in complex with Plk1 has 

not been resolved, thus the exact binding mode is still undefined. It has been 

reported that a range of kinases without PBDs are also inhibited by 

ON01910.Na. Meanwhile, ON01910.Na shows inhibition of tyrosine kinases 

as well as CDK1 (Table 1.2).53 These clues suggest that ON01910.Na may 

interfere with the kinase domains by binding to the peptide binding sites, rather 

than target the polo-box domain of Plk1.95 

Table 1.2 Kinase inhibitory activity of ON01910.Na. 

Inhibitory activity of ON01910.Na against a panel of serine/threonine and tyrosine kinases 

reported by Gumireddy et a. (Reported experimental procedures is discribed in Appendix I).53 

Protein Kinase IC 50 (nM)  

Akt1/PKBŬ >10,000 

Aurora A >10,000 

Aurora B >10,000 

BCR-ABL 32 

BTK >10,000 

Cdk1 260 

Cdk2 >10,000 

Cdk4 >10,000 

Cdk5 >10,000 

Cdk6 >10,000 

Cdk9 >10,000 

Chk1 >10,000 

Chk2 >10,000 

ErbB-2 >10,000 

EGFR >10.000 
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ERK >10,000 

Flt1 42 

Fyn 182 

FGFR >10,000 

IGFR >10,000 

JNK >10,000 

Lyn B >10,000 

MEK1 >10,000 

Plk1 9 

Plk2 260 

Plk3 >10,000 

PDGFR 18 

ROS >10,000 

Src 155 

Although the antimitotic activity of ON01910.Na was deemed as the 

consequence of Plk1 inhibition, continuative studies did not support a direct 

effect on Plk1. However, previous kinase inhibitory results of ON01910.Na on 

Plk1 could not be reproduced by other scientists.97, 98 Several lines of 

experimental evidence suggested that ON01910.Na is an inhibitor of tubulin 

polymerization rather than a Plk1 inhibitor. The compound effectively blocks 

cell proliferation, however, cellular effects caused by this compound resembled 

the phenotype that is caused by treatment with microtubule depolymerizing 

agents rather than Plk1 RNAi.97, 99 When treated with higher doses (Ó2.5mM) 

of ON01910.Na, depolymerisation of microtubules was visible in interphase 

cells. Moreover, in vitro kinase assays indicated that ON01910.Na does not 

show obvious Plk1 inhibition in until concentrations of 30 ɛM have been 

reached.97 Overall, it seems that the mechanism for ON01910.Na on Plk1 

activity has not yet been completely established. Improved understanding of 

the specific interactions between ON01910.Na and Plk1 are critical. 
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 ON01910.Na targets PI3K/Akt  pathway 

Since its discovery in the 1980s, Phosphatidylinositol 3-kinases (PI3 kinases, 

PI3Ks) have been found to be play key roles in regulating many cellular 

processes.33 The PI3K/Akt pathway is a key signal transduction system linking 

multiple receptors, as well as oncogenes, to essential cellular processes and is 

activated in cancers.100 Thus, this pathway presents both an opportunity and a 

challenge for cancer drug disoverers.33 Recent studies reported that the 

PI3K/Akt pathway was affected by ON01910.Na. 

1.4.2.2.1 Structure and function of PI 3-kinases 

1.4.2.2.1.1Structure of PI 3-kinases 

PI 3-kinases are a lipid kinase family characterized by their capability to 

phosphorylate inositol lipids on the 3-position of the inositol phospholipids.101 

To date, eight PI3K isoforms have been identified in mammals and are 

subdivided into three classes (Class I, Class II, and Class III). (Figure 1.13 A)  
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Figure 1.13 The members of the PI3K family33, 100 

(A) PI3Ks have been divided into three classes according to their structural characteristics and 

substrate specificity. (B) The level of phosphatidylinositol-3,4,5-triphosphate, PI(3,4,5)P3, is 

regulated by Class I PI3K and PTEN. 

Among major classes of PI3K, class I PI3Ks (named as PI3KŬ, PI3Kɓ, PI3Kɔ 

and PI3Kŭ) have shown to be involved in cancers, and so have drawn the 

majority of attention in research.102 Class I PI3Ks are heterodimers consisting 

of a regulatory subunit and a 110 kDa catalytic subunit. Based on different 

mechanisms of activation, this class is further divided into two subgroups: class 

Ia (p110Ŭ, p110ɓ, and p110ŭ) and class Ib (p110ɔ). They phosphorylate the 

inositol lipids to generate the same lipid product phosphatidylinositol-3,4,5-

triphosphate (PtdIns(3,4,5)P3) (Figure 1.13 B).33, 103 Interestingly, class I PI3K 

could also function as serine/threonine protein kinases.104 

A 

B 
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1.4.2.2.1.2PI3K/Akt signalling pathway 

The signalling network defined by PI3K, Akt and mTOR controls most 

hallmarks of cancer, including cell cycle, survival, metabolism, motility and 

genomic instability.103 The PI3K/Akt signalling pathway is depicted in Figure 

1.14. 

Activated by receptor tyrosine kinases (RTKs) and Ras at the membrane, PI3K 

generates phospholipids (second messengers) and initiates a series of 

intracellular signalling pathways. The production of key second messenger 

phosphatidylinositol-3, 4, 5-trisphosphate (PtdIns(3,4,5)P3) from the substrate 

phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P3) is tightly regulated by 

the opposing activity of PI3K and PtdIns(4,5)P2 phosphatases (PTEN).101, 105, 

106 PTEN (Phosphatase and tensin homolog) is an important tumour suppressor, 

and acts as a major negative regulator of PI3K/Akt signalling. Loss of PTEN 

activity leads to unrestrained PI3K/Akt pathway activation leading to cancer.33 

Through providing docking sites for signalling proteins with pleckstrin-

homology (PH) domains, PtdIns(3,4,5)P3 then recruits a subset of signalling 

proteins to the plasma membrane, including Akt and its activator PDK1 (3-

phosphoinositide-dependent kinase 1).101 Akt, also known as protein kinase B, 

is a serine/threonine kinase phosphorylated by both PDK1 (on Thr308) and 

mTOR2 (on Ser473). It is the primary receptor of PI3K-initiated signalling and 

controls essential cellular activities through phosphorylation of a number of 

downstream effectors.102, 107 
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Figure 1.14 The class I PI3K signalling pathway33 

One of the key downstream effector of Akt is mTOR. The serine/threonine 

protein kinase mTOR belongs to a group of the PI3K family referred to as class 

IV PI3Ks. It functions at two distinct nodes in the pathway: mTOR complex 2 

(mTORC2) phosphorylates key residues to activate Akt and other kinases, 

while mTORC1 is a central regulator of cellular metabolism and 

biosynthesis.103 Akt activate mTOR by phosphorylating both PRAS40 and 

TSC2 (tuberous sclerosis complex) to release their inhibitory effects on 

mTORC1. The best characterized downstream targets of mTORC1 are S6K1 

(p70S6 kinase) and 4E-BP1 (4E-binding protein), both of which are critically 

involved in the regulation of protein synthesis.33 

1.4.2.2.1.3PI3K/Akt signalling on cell cycle and apoptosis 

PI3K/Akt pathway regulates cell growth signalling pathways and determines 

the rate of cell cycle progression. PI3K and its downstream effector Akt control 

cell cycle entry by inactivating the FOXO (Forkhead Box, subgroup O) 

transcription factors. PI3K/FOXO work as a complementary switch: when 
































































































































































































































