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Abstract

ONO01910.Na (Rigosertib, Estybon®), a styryl benzylsulfone, is a Phase Il
stage antcancer agent. This neATP competitive kinase inhibitor has multi
targeted activity, promoting mitotic arrest and apoptosis. Extensive Phase /Il
studies with ON01910.Nagonducted in patients with solid tumours and
haematological cancers demonstrate excellent efficacy. However, issues
remain affecting its development. These include incomplete understanding of
antrtumour mechanisms, low oral bioavailability and unpredietab

pharmacokinetics.

In an attempt to improve drelikeness and ADME properties of ON01910.Na
analogues, a novel series &)-{styrylsulfonyl methylpyridine derivativewas
designed and synthesisélthe SAR of this novel series is discussed. The lead
compounds TL68, TL-77, and AH123 are highly potent mitotic inhibitars
Their selective cytotoxicity to cancer cells wadentified in the screening
cascade Impressively, TE77 possesses excellent pharmaceutical properties,

with improved orabioavailabilitywhen compared to ON01910.Na.

The detailed cellular mechanisms of 17 were further investigated in
comparison with ON01910.N&L-77 exhibits potent anproliferative activity
against a wide range of human tumour cell lines, demionstrated 2 fold
greater potency in cancer cell lines over normal ceCll cycle analyses

reveal that TE77 evokesprofoundG2/M cell cycle arresat i 6 h incancer

cells, followed by the onset of apoptodis.cell-free conditions, TE/7 as well
as ONO01910.Na potentlinhibits tubulin polymerizationMitotically arrested

cells display multipolar spindles and misalignment of chromospméieating



TL-77 interfere mitotic spindle assembly in cancer ceéllsese effects are
accompanied by induction of DNA damagehibition of Cdc25c (Ser198)
phosphorylation [indicative polelike kinase 1 (Plk1) inhibitior], and
dowrstream inhibitionof cyclin B1. However, kinase assays failed to confirm
the inhibition of PIk1. Nonsignificant effects on PISK/AKT signal
transduction areobserved after Ti7/7 treatment.Analysis of apoptotic
signalling pathways reveals that -7 downregulates expression &-cell
lymphoma 2 (Bcl-2) family proteins [Bid (BH3 interactingdomain death
agonisj, Bcl-xI (B-cell lymphomaextra largg¢ and Mcltl (induced myeloid
leukaemia cell differentiation protgin and stimulates caspase activation.
These effects are comparable to those elicited by ONO01910JNbBke
ONO01910.Na, however, FIZ7 causes preferential toxicity in cancer cells when

compared to noral cells andnediates rapid mitotic inhibitory effects

In summary, selective in vitro antrtumour activity and multi-faceted
mechanisms of action of a novel molecule-TL have been identified,
presenting a strong rationale for further developmentE)fstyrylsulfonyl

methylpyridine derivatives as therapeutic agents for cancer.
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Akt Protein Kinase B (PKB)
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H2AX H2A histonefamily, member X
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Introduction

1 Introduction

1.1 Cancer

Cancer is globalconcernln 2012,about14.1 million people were diagnosed
with cancer worldwidgleading to 8.2million deaths from cancer in the same
year (WTO media report, 2014)ccording tothe latessstatisticsfrom Cancer
Research UK, cancer has been and stithésmajor cause of death in England

and Wales.

Cancer is a genetitisease that occurs when the informationeftular DNAis
alteredand subsequentlieads to aberrant patterns afene expressiohThe
process of cancer developmentcarcinogenesijs generally involves three
essential stagesdnitiation, promotion, and progressiomnnitial changes in
carcinogenesis are irreversilijenetic changey generating &NA adduct
formation initiators causeeither activation of proteoncogenes otloss of
tumoursuppressor genggliving proliferative advantagdn the next stage,
tumour promotionis induced bytumour promotershat enharce the selective
clonal expansion of initiateatells Tumour promoters are generally ron
mutageni¢ however, they can reduce tlaency period for tumour formation
enhance proliferationr improve the sensitivity of cells tan initiator During
the third stage, progressidirther geneticand epigneticmutations selecting
for increasinglyaggressive diseaseccur due to themalignant conversian
Cells progress to malignant tumowvith further degrees of independence,
invasivenessgventually invade adjacent tissdevessels and metastasis to

distant sites seeding secondary tumours and metastatic disease



Introduction
1.1.1 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
treatment$:®*l n t wo | andmark reviews fAThe Hal |
2011, Douglas Hanahan and Robert A. Weinberg summarized the essence of
several biological capabilities acquired duritigg multistep development of
human malignancie’s’ The hallmarks of cancer provide a solid foundation for

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

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Fi gatTehei x hall mafks of cancer

1.1.1.1 Sustaining Proliferative Signalling

Mitogenic growth signals (GS) stimulate cell proliferation by directly
controlling theinitiation of cell cycle. In normal tissues, the production and
release of growtpromoting signals are strictly controlled to maintain a
homeostasis of cell population and functiéridowever, the growth signalling
pathways are suspected to suffer deregudaiin all human tumoursCancer

cells can sustain proliferative signalling by mimicking normabwgh



Introduction

signalling. They deregulate these signals and achieve autonomy through

several molecular strategieg;

8§ producing growth factor ligands themselves, resulting in autocrine
proliferative stimulation;

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

8 increasing cefl Gsensitivity to growth facter by overexpressing or
structurally altering surface receptor proteins;

§ activating componest of intracellular circuits operating downstream of

these receptors.

1.1.1.2 Evading Growth Suppressors

In normal cellscell proliferation is ahighly regulategprocess wherein multiple
antiproliferation signals operate to maintain cellular quiescence and tissue
homeostasisThese ati-proliferation signals can block proliferation in two
ways by forcinga proliferative cellout of cycle intoquiescenc€Go) phaseor

by entering intoa postmitotic state, which usually involvesterminally

differentiation of the cel (For cellcycle, please refer téigure1.2)

Most cancer cells circumvent normal growth suppressoider to sustain

their proliferative capacityp53 andretinoblastoma proteinpRb) operate the

two key complementary tumosuppressor pathways that control cellular
responses of apoptosis and cellular senescence, and are most commonly
dysregulated in cancer cell€ The Rb protein is a critical gatekeeper of the

cell cycle, maintainingcell division at a healthy pace. Stress signals such as
oncogenes induddNK4 (Inhibitors of CDK 4)and Cip/Kip (DK interacting

protein/Kinase inhibitory proteinjfamily proteins which specifically inhibit
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the activity of CDKs(Cyclin-Dependent Kinasesand thereby prevent the
phosphorylation of RB.° When in a hypophosphorylated statBb blocks
entry of cells intoS phase byequestering and altering the functiohthe
eukaryotic transcription factors (E2Fs), which regulate the transcription of
many genesssential for progressionofn G1 to Stransition® Cancer cells

evade the anforoliferative signal®y 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 triggerapoptsis’ Loss of p53 allows propagation of

damaged DNAandaberrant cell cycle progression.

1.1.1.3 Resisting Cell Death

The population expansion of cancerdesterminedby the rate of both cell
proliferation and cell attritionApoptosis, autophagy dnnecroptosis are the
threeman types ofprogrammed cell deathApoptosis, as a major source of

cell attrition, becomes a critical barrier to cancer developrhent.

Apoptosis is triggered and regulated through at least two principal patlavays
many levels. The intrinsic pathway (mitochondrial pathway) is primarily
regulated by BeR family proteinsin response to the signals of survival factors,
cell stress and injury. In the B2lfamily, a balance is established between two
kinds of regulatrs, the antiapoptotic proteinsBcl-2, BckxL, Bcl-w, Al and
Mcl-1,), which prevent programmed cell deatby guarding mitochondrial
integrity and regulating the activation of several caspaagd the pro-
apoptotic proteins Bax family and BH3only family), which block the

protective effect ofapoptosisinhibitors and initiate apoptosisThis balance
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arbitrate the lifeor-death decisio#? Apoptosis is triggered when the protective
buffer of anttapoptoticproteinsand preapoptoticproteinsis breached. The
mitochondria are permeabilized and damaged, causing the release ef pro
apoptotic factors. The most important factor, cytochromatesactswith the
cell-death adaptor Apal (apoptotic proteasactivating factorl), subsequently

activate cgsase9.

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

by receiving and processing extracellular deattucing sigmls. For instance

the death receptors on the cell surface, such as Fas ligand, are ligated with their
cognate | igands, Fas-indoepthgr si aoami ng

(DISC). Thiscomplexsubsequently activates caspase

By activgai aegee¢ wor ¢ c9aasdBarsspestively)eaals pas e
pathwayinitiates a cascade of downstream effector caspases (ca3pard-7)
to induce the multiple cellular changes associated with the apoptotic

programme.” 1112

Cancer cells canvade apoptosisthroughvariousstrategiesMutation andthe
consequent inactivation of p53 is one of the most common and occurs in more
than 50 % of human tumour&or instance, the PISAKT/PKB pathway,
which transmits antapoptotic signals, is hypstimulatel in a substantial
fraction of cancer$ In addition it is found that all the Bcl2 prsurvival
proteins can promote tumorigenesis, and certairapoptoticnembersanact

as tumour suppressois.The multiple apoptosiavoiding mechanismshat
found in tumour cells includeverexpression opro-survival family membes

or downregulation of preapoptoticfactorsto increag expression of survival

signals and evathe extrinsic ligandnduced pathway*
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1.1.1.4 Enabling Replicative Immortality

The concept of the Hayflick limit has beesdely acceptedIt indicatesnormal
cells have a finite replicative capacity vivo, after which they reach the state
of senescence or crisist® Cancer cell, on the other hand, acgsiualimited

replicative potential giving rise to macoogpic tumours.

It has been indicated that telomeres and telomerase are centrally involved in the
capability for unlimited proliferation and tumorigene$is? Telomeres are
composed of tandem hexanucleotide repeats and protect the end of the
chromosome from recombination and degradation activitiBsie to the end
replication problem, telomeres progressively lose telomeric DNA sequences
coupling to cell division in noimmortalized cells. This shortenirgyentually
resultsin the eventualloss of telomere protection and leads to chromosomal

instability, after which cells progress into senescehte.

Telomerase i&n enzyme that adds repetitive nucleotide sequences to the ends
of DNA strands in telomere regions. Many observations indicate thwat
expression of telomerase isan essential requirement for cellular
immortalization and unlimited proliferation charadgséc of cancer cell$?
Almost all human tumours (approximately 90%) have detectable telomerase
activity, which is sufficient for the escape of proliferation barrtér8y
aberrantly ugregulating telomerase, tumour cells can prevent telomere loss and

maintain the replicative immortality.

1.1.1.5 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

6
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angiogenesis is induced kycontinuallyact i vated M@Aangi ogeni
tumour cells, which is regulated by the balance of the- @md the pre
angiogenic factor§’ Vascular endothelial growth factors (VEGF), ro
angiogenic factors, are generally omgoressed by oncogene signals during an

early stage of the development of invasive canters.

1.1.1.6 Activating invasion and metastasis

Tissue invasion and metastasgpresenta multistage process of cancer cells
escaping from the primary site adéseminating 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 cane#s, continue to
multiply, and eventually colonize to generate macroscopic tum&t® The
process of tissue invasion and metastasis is not fully undersipac now E-
cadherin, a key cetb-cell adhesion moleculeis the best characterized
antagonist of invasion and metastagmwn-regulationand mutation ofE-

cadherinare frequently detected in human carcinofhas.

1.1.1.7 Emerging hallmarks and characteristics

The continuous conceptualogressfor understanding the biology of cancer
has presented two emerging hallmarks: reprogramming of energy metabolism

andevasion of immune destruction.

The anomalous characteristic of cancer cell energy metabolism was first
observed by Otto WarburgGlycolysis is a major metabolic program for

cancer cells. By increasing uptake and utilization of glucose (evehe
presence of oxygen), l eading t o 00ace
reprogram their glucose metabolism, and thus their energy production to

7
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support tumour growth more effectiveély.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.

In addition, genome instability and tumepnomoting inflammation facilitate
the acquisition of both main and emerging hallmarks and thus are endowed

with two enabling characteristiés.

1.1.2 Targeting cell cycle progression

As reviewedin the previous session aberrant regulation othe cell cycle
leading to uncontrolled proliferation is one of the hallmarksancerOver the
decades, considerable effdvas been expended to understand the molecular
mechanismdriving the cell cycle, theeby aiding identification of potential

targets for cancer therapeutfds.

1.1.2.1 The mammalian cell cycle

Maintaining genetic integrityas the most important conditidar the survival
of speciesis tightly controlled during the cell cycl@rchestratiorof cell cycle
progression involves a critical netwotkat governsthe DNA division and
duplication (replication}o produce daughter cellas well as integration of

externaland cellular preand antiproliferativesignals?? 23
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G, Checkpoint ~ Cyclin B
CDK1

M checkpoint

Cyclin D
CDK4

DNA Cell G, (Cells that
synthesis cease division)
Cyclin A
CDK2
Cyclin E
CDK2
G, Checkpoint
(restriction)
Fi ga2Tehe mammacleilad cycle with cyclins and check
Progress in the eukaryotic cell cycle is drive
cel | cycle conspasphbabédouGl phade&?2 Fhase. Th
speci fic- - &r -ptihaes eGl o f the cell cycl e, accumul
appropriate times during the cell cyclTree and tl

il lustratdapfhre@ims Wi ki medi a Commons n"n0332 Celll
Checkpointso

There are four phases in the mammalian cell cylgu¢el.2): DNA-synthesis

(S) phase, duringvhich the genome isluplicated; mitosigM) phasea highly
complex multistage procesthat segregates the chromosomes into two new
nuclei in preparation focell division or cytokinesisThese two phases are
separated by wo f Ga p, called Bh and &2In G1 phasgecells are
prepared toensure proper intracellular changes and DNA replication
occurrencefor enteing into S phasewhile G2 phaseis a periad for protein
synthesisand rapid cell growthbefore theentry of M phase. GO denotes the

guiescent statm which cells havewvithdrawn from the active cell cycle

The cell cycle is controlled temporally by discrete transcriptional programs
Cyclins andCDKs are the key drivers of the cell cyclBifferent cyclins,
specific for the G4 S, G2- or M-phases of the cell cyclbind toand activate
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the subunits of CDKs athe appropriatdimes Therefore activatedcyclin-

CDK complexes drive the cell forwatdrough the cell cycleHigure1.2).2> %

The surveillance mechanisms that ensure the proper spatial and temporal order
of cell cycle eventaretermedcell cycle checkpoint$! Like in all signalling
pathways, theregulation of cell division is achieved through reversible
phosphorylation of regulatory components by protein kinasesl an
phosphatase€.To date, several families of protein kinases that control the cell
cycle regulation have been characterized, including CDKs, -jikdokinases

(Plks), and Aurora kinases.

Considering the high relevance to this projeitte G2/M DNA damage

checkpointand spindleassemblycheckpointwill be reviewedin detailhere.

1.1.2.1.1 G2/M checkpoint (DNA damage checkpoint)

G2/M DNA Damage Checkpoint

P o

g g aF f " |
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oy i, z ."- F Y :
)f.r-'/"lf oo Ly
\\DNA repair

11
DNA-PK A

/ \ BRCA1
CHE2
Nuclear Export, o P53
Ubiguitination MOM2 CHK1/2
_;\\/1 N
Momz

Nucleolar — - ECAF Nuclear
Sequestration R el - Export

/ H \

14-3-30 ) (GADD45 | | pzq %1

MNuclear
Export € , -
P ,- ..4 Weel —L--\bl.lhcqu itination

Cdc 2

£
pﬂﬁs cyclin B MP
a2 Hage

Fi ga3Getylcl e G2 HavmaDgNeg n a paltihnwga y .

I' Il ust adt pforeadm so f Cel | Signaling Technology,
permi ssi on.
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The G2/M DNA damage checkpoint prevents cells containing damaged DNA
from entering mitosis by inducing several cellular responsegeneral, he
entry into mitosis is promoted by activated CDEd¢2) boundto cyclin B or

by accumulation of the CDK1/cyclin &mplex in the nucleus.

CDK activity is regulated by phosphorylation on the catalytic subunit. This
involves phosphorylain at Thr 161by Cyclin Activating Kinase (CAKor
CDKY7) and removingtwo inhibitory phosphatgroupsat Thrl4 and Tyrl5,
which are added by Weel and Mynid removedby Cdc25 phosphatasesdc
refers to cell division cycleéf Therefore, CDKlactivity is competitively
regulated byVeel and MytXnegatively) andCdc25c phosphatase (positively)
As cells approach the G2/M boundarBpra and theaurora kinase A
cooperéively activatepolo-like kinase 1 Plk1).2” Pkl in turn activates the
Cdc25¢ downregulats Weel and Mytl and subsequently activate
CDK1/cyclin B. Alternatively fk1 can directly phosphorylate cyclin B to
block export of cyclin B1 from the nucleusdience Plkl, Cdc2%, and
CDKl/cyclin B form a feedback loop to positively regulate each other's

activity anddrive the cell into mitosi& 2°

DNA damagesignalsactivate the sensory DNRKcs /ATM / ATR kinases,
which initiate G2/M DNA damage checkpoint signalling and relay two parallel
cascades. In the first cascade, the Kegckpoint kinases CHK1 and CHK2 are
rapidly activated, which in turn phosphorylate andleactivate Cdc25
phosphataseshrough phosphorylation at Ser21®nce phosphorylated by
CHKs, Cdc25cis stimulated to bind to 13-3 proteins, and the resulting
complex is sequestered in the cytoplasm, which prevé&uc25c to
dephosphorylat€dc2, leading to the G2 arrest. In the slower second parallel

cascade, phosphorylation of p53 promotes the dissociation between p53 and

11
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MDMZ2, resulting in p53 stabilizationActivation of p53 leads to cell cycle
arrest and apoptosis, in part through the CDK inhibition vid"g21and the
induction of several prapoptotic proteins, includingBax, PUMA (p53
upregulated modulator of apoptgsiBIG3 (proapoptotic human p58ducible
quinone oxidoreductage and NOXA (Phorbotl2-myristatel3-acetate

induced protein Y122 2830

1.1.2.1.2 Mitosis and gindle assembly checkpoint

The spindle assembly checkpoint (SAC) dslahpe metaphasanaphase
transition until each chromosome is properly attached to the spindle apparatus.
Generally,SAC is activaed and maintainedhrough two stepsFirstly, SAC
negatively regulate€dc20, thereby preveintg polyubiquitylation mediatetyy
anaphas@romoting complex/cyclosomgAPC/C) on two key substrates
cyclin B and securinwhich delays mitotic exit A mitotic checkpoint complex
(MCC) that containsa series of protesihas been proved to be a SAC
effector! Prior to anaphaseSAC proteins bindunattachedkinetochores,
which facilitate the creation oMCC and praluction of inhibitory complexes to
maintain the SAC activity. The proper attachment of akinetochoreand
chromosome congressioregativelyregulats the SAC signal and promate

themitotic exit2% 3!

Severalkinaseshavekey roles in regulaing SAC. Centrosome maturation is
critical for cell divisionto occur and is regulated by several kinases including
Plk andaurora kinasé? Kinases such a§lPS1, BUB1, BUBR1, k1, NEK2,
MAPK and auroraB kinasesplay the key role irecruiing SAC proteins to
kinetochores anchaintainingSAC activity>! Deregilation of these kinases are

found in a wide spectrum of cancers in humans.

12
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1.1.2.2 Targeting the @ll cyclefor cancer therapy

Perturbations in the cell cycle are described commonly in carcinogemasis
are mainly caused bygenetic alterations of tumour suppressr genes
(inactivatior), such as pRb and p5and proteoncogenes (mutatiosy: 2° This
dysregulationoccurs through mutatienof genes, which encodeproteins at
different phass of cell cycle including CDK, cyclins, CDK-activating
enzymes, CKI, CDK substrates, and checkpoint protsumsh asCHKs, WEE
kinases, aurorakinases and IRs?? 2> 32 Therefore, the enzymes that mediate
reversible phosphorylation of cell cycle regulation, especially kinases, are

currently being pursued as drug targéts.

The rationale for targeting the calicle for cancer therapys based on the
frequency of perturbationsin cell cycle in human malignancy and the
observation that cell cycle arrest could induce apoptdsis. rationale led to
the development of CDKnhibitors (CDKI) as novel antitumor agents. These
compounds can inhibit CDKs by dirgcinhibit the catalyticsubunitof CDK,

or by indirecly target regulatory pathways governthe CDK activity. To date,
the most successful strategy is the direct inhibition of GDKbout 25 of
them have reached clinical trialsuch asAT7519, CYC202 (R-roscoviting,
andFlavopiridol and allof which interact with the catalytic active site of Cdk
and are ATRcompetitive inhibito> 2 Strategies for developing the indirect
CDKI include overexpression ofyclin-dependentkinase inhibitor (CK],
decrease of cyclin leveland using small peptides mimicking the effects of

endogenous CK3> 34

In addition, targeting the deregulation of cell cycle checkpoint machinery
presents another attractive therapeutiategy. @Il cycle checkpoints regulate

the quality and rate of cell divisiorMutations of checkpoint proteins are

13
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frequent in all types of cancétIn contrast to healthy cellgumour cells are
unable to stop at pdetermined points of the cell cycle because of loss of
checkpoint integrity® Therefore,this rationale led to the development of
agents thatlestructthe celicycle checkpoints. Candidates currently under the
development either abrogate or arrest the checkpSirtbrogation 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 cytotoxicify>” On the other side, increasing G2/M
DNA damage arrest have also been associated with enhanced cytotoxicity and
apoptosis This hasbeen proven by many agents, such as flavopiridol and

silibinin.3> 38

1.2 Protein kinases as an important class of cancer

drug targets

In 1954, Krebs and Fischer firdiscoveredhekey role protein kinases play in
regulating diverse biochemical signalling pathwiySincethen, the protein
kinases have come to brecognsed as critical catalystsn cellular energy

supply and regulatsiactivaing almost alkcellularprocesses.

1.2.1 The structure and regulation of protein kinases

Protein kinases arene of the largest gene families in eukaryotes. They
catalysethe transfer of ATP-phosplateto specific hydroxyl groups of serihe
threonineor tyrosine residues of protein substréfeslence,they are broadly
dividedinto serine/threonine kinasesdtyrosine kinases. To date, 518 human
genes encadg proteinkinases have been identified, of which 478 are human

eukaryotic protein kinases (ePKs) and 40 are atypical protein kinases (aPKs).

14
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Based orthe various gensequence and structurethey are classified intd0

subsets as shown

Figure1.4.4042
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Due to conservation in sequence, protein kinases sh@mologous catalytic

core (Figure 1.5). The catalytic domain of protein kinases is formedvas

lobes, which consists of a smalttBrminal lobe(mainly o f -shbetsand long

a-helix) and a larger @erminal lobe ofpredominantly helices. At the

junction of the two lobes,reactivationcleft is formed which isa key element

of the ATP nucleotid bindingsite?®> %4 A short polypeptide chain naméide

hinge regionis located inthis cleft.** All kinases have a conserved activation

loop, which is important in regulating kinase activityhen theactivation loop

folds back anaxhibitsas a substrate mimic, the active sitdisuptedandthe

kinase remains inactive.
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Direction of
activation loop

Ve — /C
N Direction

of substrate
peptide

Figas&l obal features of a protein kinase ¢
structnusruel ionf rece RKSr kinase

Thel ?dlbe is col ourleodbei n sgriemenmnp,urtpHee @Gnd t he act
yell ow. An ATP (in black) bindsdRmelCitdenianasi c
residues criticHHeHsiox sicvaenda biyrs i csosakbidgntgr lqereost e i n

Protein kinases are involved aimost allcellular processes. In human cells,
the accumulation of signalling molecules is a key feature of biochemical
signalling cascades. In these clusters with high concentrationgoélkng
effectors, diverse proteiprotein interactions are promoteldy utilizing
specialized domainsThrough reversiblephosphorylation,protein kinases
activate themselves and other protethgrefore,mediaing the whole cellular
processe®2 Most protein kinasesare involved in multiple regulatory
mechanisms playing diverse biological roles with individual properties

relaing to variousresidues, loops or insertions in different famifie§’

1.2.2 Targeting cancer with kinase inhibitors

Given that protein kinasesmediae most ofcellular processesit is apparent
thatmutations and dysregulation of protein kinases play causal roles in human

diseasesespeciallycancer® 2 Thus, poteinkinaseshave attracted significant
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attention as important targets for cancer drug discovgeyeral outstanding
small molecule inhibitors haveeenapproved ér the treatment of cancer and

more are currently undergoing clialeevaluaion.

1.2.2.1 ATP-competitive inhibitors

The majority of kinase inhibitors to date interact with the ATP bingiogket
of target kinase Thesekinase inhibitors named agdype | kinaseinhibitors,
directly bind to the adenine regiorof ATP binding siteanddo not requirea
threeresidue motif, AsgPheGly (DFG), in the activation loopgenerating a

' DFGi n 0 c o n f(bablenial). iTleese inhibitors usually form 1-3

hydrogen bonsl with the hinge region of the kinase, thoimicking the

hydrogen bonds formed by the adenine ring P . 4°

However,several challengdsavearisenalong with the developmenf second
generationtype | kinase inhibitorsDue to the highly conserved ATP binding
site in protein kinase family, it is difficult for inhibitots specifically identify
the target kinas® This has beerdemonstrated by a recent studyhich
evaluaté the selectivity of previously characterized 38 kinase inhibitors
against a panel of 317 kinas@dditionally, it is challengingfor inhibitorsto
targetwith high-affinity to the kinasecompeing with high intracellular ATP
concentrations (typically ilO0 mM). The low selectivity ATP-competitive
inhibitors haveexhibited undesirablgoxicities (lack of selectivity, e.g. CDK
inhibitors) and drugresistace (due to themutations in the ATRinding site

e.g.imatinib), which havdimitedtheir clinical useas drugs?

1.2.2.2 Non-ATP-competitive inhibitors

Accumulating efforts are focusing ordevelopng new types of nonATP-

competitve inhibitors, which could be an alternative strgieto overcome the

17



Introduction

crossreactivity of ATP-competitiveinhibitors As presented ifablel.1, there

are three types afonATP-competitve reversiblekinaseinhibitors based on

their mechanism of action.

Tabll€omparbes owve edi ftf ety @ e seversibleki n airsrei b 18t o°P s

Kinase 1|1 Type | Type Il Type 1l Type IV
o ] ) ATP site and Allosteric (by | Allosteric (substrate
Binding site ATP site o )
DFG pocket ATP pocket) binding domain)
ATP-competitive Yes Yes, indirectly No No
o Usually low, but very selective ) ) ]
Selectivity o ) B High Very high Very high
inhibitors have beemlentified
Represen S o | mat,i n|GNR, GN ONO01238
) o Geift iErilbo,Suni b
i nhibit Bl RB79 sel ume ON0I11 0. N

1.2.2.2.1 Type Il kinase inhibitors

Type 1l kinase inhibitor®ccupy a hydrophobic site that is directly adjacent to

the ATP binding pockeftThis siteis made by the DFG motif ahe activation

loop beingmovedaway from the kinase active conformatigormii D F@su t 0

~

conformation)’® 4° Type Il inhibitors typically havemore potent cellular

activity and a higrer degree of selectivitycompared withtype | kinase

inhibitors thisis benefitfrom their lipophilic interactions with the DF@ocket

However,on the other handyinding to the hydrophobic DFG pocKetds to

the production of compounds with undesired properties for druggability, such

as high MW and clogf. Although the allosteric site providdgpe Il kinase

inhibitorsanother handle famprovingkinase selectivitydrugresistageissue

due totheir high sensitivity tahe mutations in the ATP binding sites well as

mutationslocated in regions that affect the kinase conformatsrstill a

disadvantagaffectingthdr developmentd.g.imatinib).48: 4°
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1.2.2.2.2 Allosteric Inhibitors
Type lll kinase inhibitors also named asllosteric inhibitors bind in the
regulatory regions modulating the activity of #ieasein an allosteriananner
Inhibitors belonging to this class tend to show relativegh kinase selectivity

because they bind sites that are unique to a particular kinase ¥amily.

1.2.2.2.3 Substrate Directed Inhibitors

Substratedirectedinhibitors or the fourth type of kinase inhibitor, asenall
moleculeghatpresent a reversible interactiatthe substrate binding sit@ an
ATP-independent mannéf.To ensure signalling fide, 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 subhsirdigh
degree of selectivitgould be achieved btargeting substrate binding regsn

of kinases witrsubstrate competitive inhibitors.

ONO01910.Na is #&hase lliclinical norATP competitiveinhibitor with multi-
targeted activity It inhibits Plkl (9 - 10 nM) by binding to thesubstrate
binding sitesof Plk1. At higher concentration2Q - 260 nM),the activities of
severalkinases suchas BCRABL, PDGFR FLT-1, PI3K, Fynand Plk2 as

well as CDK1, are influenced by ON01910.NawWhether the efficacy of
ONO01910.Na in inhibiting tumour growth is the direct restilindibiting PIk1

or other protein kinases remains a controversial issue that requires further
investigation Due to its broad spectrum ofinticancer activity excellent
efficacy and safetyprofile, ON01910.Nahasbecomea promisingcompound

for the treanent of cancer
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1.3  Preclinical cancer drug discovery, design and

development

1.3.1 Integrated preclinical cancer drug development

The discovery of modern artancer agents is a tinre@nsuming and expensive
process, which consists of preclinical discovery afidical development.
Success in discovering a drug requires a creative interplay between the
essential disciplines of biology/pharmacology and medicinal chemfsthy.
typical preclinical cancer drug discovery and development with biological test

cascade is shown Figurel.6.

Target identification and Biochemical assays on
validation molecular target
Hit generation and knowledge-based design or
identification High-throughput screening

— = = ==

SAR, Cellular phenotypic read
out, ADME, safety pharmacology

w W

Preclinical and clinical ADMET, PK/PD studies,
development Tolerability, Efficacy

Hit to lead and optimization

Figae®t ages of drug discovery and dével opment

Abbreviatisnsuct3AR, act i vADWEbsel ptionshidi str
met abol i sn,i;jomd®d MEXKSCarepti on, di stributi-on, me t
toxicity i n ;phRBKMAD oRditauwredtidexss m chheatpi ntasc o d y na mi ¢ s
studi es.

Selecting the right molecular target is crucial to success in developing a new
drug. A good targeshould bed d r u g,gwdile laegéod drug should be
efficacious, safe, meet clinical and commercial ned@ti® best approach to
develop antcancer drugs is acting upon the hallmark traits of cancer (refer to

Figure1.1). In support of this notion, most drugs that have been approved
20
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clinical use throughout the past century target one of the six classic
hallmarks>® Targeting the cell cyclehy inhibiting key regulatory kinaseand
interferingwith mitotic spindle assemblys observedfter exposure of cancer
cells to TL-77 described in thiproject This may addressthe proliferative

dysregulatiorand induce apoptosis in cancer cells.

Once a target S chosen, one or Mo r e
biological activity against the target must be generzft&averal hit generation
approaches have successfully been developed and can be used either
individually or in combination. These approaches include,abehot limited

to highthroughput screening, fragment screeniragubed screening, virtual
screening, physiological screening, NMR screening, structural aided drug

design and knowledgeased desigp. °8

Once a number of hits have beeentified, the next job is to define which
compoundgustify future inveggation Intensivestructuré activity relationship
(SAR) studies and primary assdg generate target dasesponse curves will
compare activity and selectivity of each compound. For compounds with
similar core structure hitting specific classes of targ@tuch as kinases),
focused or knowledgbased screening is a cheaper and effective méthad.
chapter three, SAR and cddbsed screeningseadescribed, which are able to
identify compounds witlmproved potency and drdike properties compared

to reported compounds.

The hitto-lead and optimization processes are iterative cycles of chemical
synthesis and biological evaluation. Extensive rication of compounds is
required. Optimizations in key parameters include: potency and understanding
molecular mechanisr{s) of action, pharmaceutical propertieabgorption,
distribution, metabolism, and excretjpntolerability and efficacy against
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cance tumour in vivo. Each cycle provides feedback tlow further
optimization of new compoundso improve properties® In formulation and
toxicology studies, if successful, one or more cdatis are nominated for

clinical developmentclinical evaluatiorand ultimately be a marketeldug

1.3.2 Analogue-based drug design

In addition to liganebased and structwteased drug design, analogoased
drug design, which is the process of using existingys as leads, has been an

efficient and reliable strategy synthesizenew drugs.

Analoguebased drug design possesses considerable advantages. Firstly,
developing a pioneer drug can be extraordinarily unpredictable and risky,
because the therapeuticeubas not yet been validated clinicallyne may
argue that this would be attractive challenge of drug discovebut it is true

that ane can avoid a major uncertainty from the overall risk of suctgss
starting with an established drug with proven rdpeutic use Secondly,
developing a pioneer drug can be extraordinasigtly 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 expases by directly focusing on the iterative improvements of compounds.
Moreover, ongoing improvement in understandinghafdrugs mechanism of
action andin vivo behaviour provide opportunities for improved drug

analogues.

Analoguebased drug design is lgson 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 est@olidrug. The aim,
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therefore, must be to prove the improvement of new compounds compared

with the lead drug®

Lovastatin is a convincing example to illustrate the success of andlaged
approaches on improvement of dhidgenessproperties Lovastatin (Mevinolin,
Merck) is potent inhibitor 08-hydroxy-3-methylglutarytcoenzyme AHMG-

CoA) reductase for hypercholesterolemia treatment. The disclosure of
biological efficacy ofLovastatinopened opportunities for the discovery of
therapeutic analoguedhis led to thesuccessof Rosuvastatinwhich is the

most recent approved HMGOA reductase inhibitor By replacing a
pyrimidine to lower ring system of statinsand introducing the
methanesiionamide to optimize physical properties Rosuvastatinshows

greater potencgndsuperiorefficacy>® %°
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1.4 Discovery and development of ON01910.Na

1.4.1 ONO01910.Na

ONO01910.Na dlso referred to aEstyboFr, Rigosertil) is anovel anti-cancer

agent currently undergoing clinical trials for various solid tumours and
hematologic malignancies. This compound is selected froctass of (E)-
styryl benzyl sul fones devel oped by Dr .

currently supported by Onconova Therapes®i Inc®® The chemical
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composition of ON01910.Na is2E24NNaGsS (MW= 473.47 Da) sodium

(E)-2-((2-methoxy5-(((2,4,6

trimethoxystyryl)sulfonyl)methyl)phenyl)amino)acetakedure1.8).

S‘\
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Figa8*tructure of ONO01910. Na

1.4.1.1 Pre-clinical studies

ONO01910.Naexhibits a broad spectrumf anticancer activitywith an ICsg

value range from 50 to 250 nlslgainst more than 100 cell lingacluding
numerous drugesistantcell lines>® 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 far @alhc
proliferation and survivdl! Meanwhile, strong synergistic effectwere
observe when ONO01910.Naherapywas combined withother anticancer

agents including oxaliplatin, doxorubicin, and gemcita§te.

The pharmacokinetic profile (PK) of ON01910.Na was evaluated across
several species such agm rats and dog. This compoundexhibited extensive
plasma protein binding andisplayeda rapid distribution with a prolonged
eliminationphase %% 54 Half-lives (t12) less than 2 hoursere observeih rat,
dog,and human plasmi@llowing single dose administratid.Because of the
short halflife and the rapid clearance, ON0O194@ was suggested to be

administered as a continuoimravenous (IV)infusion for cancetreatmenf?
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There has been limited evidence of drug metabolisnm ivitro and in vivo
experiments, and studies in mice and rats so far identhi@gd@N01910.Na
exhibited extensive liver uptake, ansl mainly elimnated through biliary
excretian.®? In a steadystate study in orthotopic U87 glioma xenograft model,
ONO01910.Na exhibited low brain (5%) and brain tumour (14%) distribution.
The limited access of ON01910.Na to the brain is perhaps attributed davits |
lipophilicity (predicted lo@ valueof 1 1. 07 ) dabg digh plasimd uence
protein binding (9B95%)5%% 63 Toxicology studies using rats and dogs by
Gumiraddy et al showeda very desirable safety profilor ON01910.Na no
evidence forhamatologic, hepatocellular or neurotoxicity was detected and
only slight toxicity was observed until drug levelereas high as 1200mg/m

in rats®

1.4.1.2 Clinical Studies

On the basis of the encouraging restribsn the preclinical stageON01910.Na
is currently under clinical assessment as a single agealt énd parenteral
formulationg and in combination with conventional chemotheréfigure1.9).

In advanced Phase | and Phase Il clinical trials, the compowiukla tested

in patients with both solid tunues and laematological cancers

Clinical studies 0fON01910.Na in patients with solid tumours showed good
tolerability across a range of dosing schedules by IV infuSiémthe clinical
trials with MDS patients, ONO%fam0 was
the maximum tolerated dose (MTD) was 800/ ifkgm ) infused for 5 days

every other weeR® A patient with refractory ovarian cancer had an objective
response after foucycles and remained progressioee for 24 month&*

Recent phase | studies with -dll chronic lymphocytic leukaemia
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demonstrated that ON01910.Na selectively induced apoptosis and reduced

PIk1 activity in the leukaemia cell®.

Status / Anticipated Milestones
Rigosertib Single-agent

1st-line Lower Risk MDS (Oral) « Advance to Phase 3

Head & Neck Cancer (Oral) _ + Enroliment Complete in First Phase of

Trial; Next Steps 2Q14

Rigosertib in Combination

1st-line MDS (Oral)

Azacitidine Combination + Phase 2 Dosing in 2H-2014

Figa9el i ni cal development of ONO0O1910. Na (Rigos

The figuradaptfsdom Onconova Thehamepages,
(http:// www. D nconova.com/).

ONO01910.Na is also being investigated for the treatment of myelodysplasia
(MDS) due to its inhibitory effect on cyclin D1 accumulatiand selective
toxicity towards trisomy &ells and is currently iPhase I/lI/lll trial in MDS
patients with refractory amia. (Figure 1.9)%3 Four Phase I/1l clinical studies
were conducted to assess the efficacy and safety of intravenous ON01910.Na
in 48 higher risk MDBAML patients, and increasl overall survivalafter the
treatnentof ON01910.Na was report&8’© ON01910.Na appeadto be welt
tolerated and no significant myelosuppressicamadtologic toxicitiesor drug
accumulation(repeatedly treatgdvas noted. Most common druiglated side
effectsincluded fatigue, anorexia, nausea, dysuria and abdominalahese
encouraging results led to the initiation of a pivotal Phase 1l ONTIME trial of
intravenous rigosertib (ON01910.Na) in patients with secondary MDS who
have failed prior therapy with hypomethylating agents. Of E8&b. 2014,
however, Onconova annoced that the Phase 11l ONTIME trial failed to meet

the primary endpoint of overall surviv&.

Oral formulation of ON01910.Na has entered phihde treat patients with
MDS and advanced solid malignanciés* The recommended MTD of oral

rigosertib is 560mg (1120 mg/d) twice daily given continuously. The
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pemeability studies found ON01910.Na displayed medium permeability with
absolute bioavailability of 15%.in rats (10 and 20 mg/kg, 1h infusidn).
More recently, a new oral formulation of ON01910.Na (in PEG400 and
PEG4000) showed a modestprovement in oral bioavailability (F334.9%
fasting vsD13.8% fed) at MTD level& However, only at a higher dose of 700
mg did ON01910.Na achieve ank&Vvalue of 34 €M, while the minimum
pharmacodynamically relevant level required for its biological activity-7s 4
eM (by measuring cyclin B1, €DK1, and pH3 in plasma). The poor and
variable oral availability of ON01910.Na is further complicated by its efflux by
P-gP and MRP membrane transportéts’® Clearly, the pharmacological

properties of ON01910.Na are not satisfactory.

1.4.2 Cellular mechanism of action of ON01910.Na

ONO01910Na is a multi-targeed kinaseinhibitor promoing selective mitotic
arrest and apoptosis in cancer ceflscording to tudies to date, ONO191Na
causea three major abnormalitidsadingto the loss otancercell viability: (a)
abnormal cell division by interfering chromosomal segregation and
cytokiness;®* (b) irregularcentrosomeand spindle localization, subsequently
followed by G2/M arrest and apoptosis; and) (decreased expression of

phosphatase Cdc2%’

ON01910. Nads complex mechanism of act
important cellular signalling pathwayBlk and phosphatidylinositide-dnase

(PI3K), both of which are frequently overexpressed in cancer ¢elldeLa

cells, ONO1910Na inhibited thePlk1 activity, creating spindle abnormalities

and mitosisdysregulatior?® Recent studies indicatedN01910Na modulates

the PI3K/Akt pathway to promote apoptosis in cancer c&lIFhis multk
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targeted mechanism of action makes ON01910.Na effective in killing cancer

cells with various antapoptotic and drugesistance mutations.

1.4.2.1 ON01910.Na targetPlk1l

1.4.2.1.1 What is Polo and what arePlks?

Plks belong tothe family of serine/threonine kinasasdplay key roles during
multiple stages of cell cycle progressidnn the 1980s, polo, the founding
member of the Polo kinase family, was first discoveredDimsophila
melanogasteto encode a protein kinase whose mutation resulted in abnormal
spindle pole€® Since then, five mammaliaRlk family membes have been
identified so far, kK1(STPK13 srinethreonine kinase 33Pk2 (SNK, serum
inducible kinasg Pk3 (CNK, connector enhancer of KSRFNK, FGF
inducible kinaspand PRK proliferationrelated kinasg Pk4 (SAK, Snk/Plk

akin kinaseand STK18serinethreonine kinase8) and Ak5.8*

All Plks sharethe similar topologywith a catalytic kinase domain #te N
terminus and a regulator@-terminal region, known as Poldbox domain
(PBD). PBD is unique to thellPfamily. Plk1, Ak2, Ak3 and k5 have a PBD
consisting of two polo boxesyhile Fk4 possesseenly one polo box? The
general structure of IlP families is depicted as irFigure 1.10.The kinase
domains are very highly conserved among tdsPand most closely resemble

those inaurora kinases and calcium/ calmodutiependent kinases.
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Kinase Polo-box
domain domain (PBD)

L
PLK2 1 /4\:'“@5
Fi ‘/@ -

PLK4 ! “_ﬂm

-

PLKS 1\ )/é\ ~ 599

Figat@ener al stlrurcdtugiensof P

The kinassehdwmdtenfet r egi oni sahha wieiogthhte. PTBhDe nu mb e
protein rebidmeeail sioeascmhtpP?

Kinase domain Polo-Box Domain
| PB1 PB2 |
1 303 345 | 803
T210 W414 H538 K540
T-Loop Phospho-Selectivity

FigatPomain structure Pd™®d key features of
The key structurafeatures of ks are shown irFigure 1.11. The kinase

domain holds the regulatory phosphorylation site, the activation lodpo())
and an ATPbinding site, and is responsible for phosphorylation.
Phosphorylation of Th210, which bcated in the Foop is required for the
activation of Bk18' The polebox domain functions as a protgnotein
interaction motifs containing three binding sites (Trp414, Hi853nd
Lys540)%° Localization of Fks is gpverned by docking of theBD to specific
motifs (phosphothreonine/phosphoseri{@pline/X) that have been priméy
phosphorylatiod? Early reports indicated thatlk® activity is negatively
regulated bythe PBD®3 In the absence of phosphorylated liggntdhe PBD

blockst h e ki n assebstdite doaking sitetherebyinactivaing Plks.
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Oncethe PBD is bound by the phosphopeptide to its ligandthe catalytic

domain is released and activatéksPSimultaneously Rs localize to specific

subcellular structures and initiate subsequent downstream éffeéts.

1.4.2.1.2 The multiple functions of PIk1 in cell cycle
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Among all family members, R1 is best characterizedn human cells, its

expressegbrimarily during G2/Mphasesand controls critical steps ithe cell

cycle®*(Figurel.12)

In human cellsPlk1 positively trigges theentry andprogressionof mitosis

and, thereforejs suggested as a marker for proliferatféms reviewed in

previous session,liPL controk the rate of nibtic entry by phosphorylang

Cdc2&, which in turn activate€DK1/cyclinB. When cells enter mitosis|kd

is involved in recruiting-tubublinand fcilitates thecentrosome's microtubule

nucleating activity”®> Mutation or depletiorof Pkl results in aberrationis

mitotic spindle formationand urstabdle chromosomealignmens?® 8 Sister

chromatid separatioand mitotic exit are coordinated through the anaphase

promoting

complex/cycloson&PC/C)-dependent
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activaing certain functions of APC, which turn triggers the proteolysis of

cyclin B, Pk1 allows mitotic exit®3

1.4.2.1.3 Plk 1--- An attractive drug target for cancer treatment

As with the important role in cell proliferatioilk1 is found to bea major
driving force in omogenesis of many cancéfsCancer is regarded as a
proliferative disordertargetingthe cell cycle, therefordjasbecomea potent

strategy fomew anticancer agents.

Substantial evidence suppsiflkl is an attractive candidate molecule &oiti
cancertherapy Firstly, about 80% of human tumoussith diverse origins
overexpress IR1 transcripts, which correlate wWita poor outcomé&® Plk1
overexpression leads tnhanced proliferation and induce genetic instability
(chromosomal instability @IN), DNA aneuploidy and centrosome
amplificatior), thus promoting oncogenic transformati&h Secondly,
constitutive expression ofilel is able to transform mouse NBT3 cells and
induces tumour growth in nude miteMany studies have identifiedhat
targeted interferencef Plk1 activity using antibodiesr small interferingRNA
resultsin mitotic arrest with subsequemtduction of apoptosis imumerous
cancercell lines>® 999 Notably, interference wh Pk1 function was reported
to selectively induce apoptosis in tumour cells but not intremsformed cells.
A series of Plkl hypomorphsere generatd by the lentivirusbased RNAI
approach Hela cells withstrong Plkl hypomorph underwent sericugotic
catastropheexhibiting significant delayed mitotic entry and complete rtito
block. In contrastnhontransformedhTERT-RPE1 and MCF10A cellsvith
Plk1l depletionexhibited no apparent cell proliferation defect or cell cycle
arrest®® Moreover,Plk1 possessstwo regions agotential targes the kinase

domain and the polbox domain. Interfering with IR1 function could be not
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only via targetinghe kinase domain, but also by interfering with PBD binding
to docking proteins, whicincreag the potentialfor discoveryand designof
selectiveand specific inhibitors. Severalsmallmolecule Bk1 inhibitors, such
as BI12536, GSk461364 are presently in clinical trialand exhibitpotent and

specificeffectin cancer?®

1.4.2.1.4 ON01910.Na affects microtubule dynamics by inhibiting K1

Among the 1 inhibitors, ON01910.Na increasingly gains dtitem in view

of its potent inhibitory activity. Studies of the inhibitory effects of
ONO01910.Na on a panel of 29 serine/threonine and tyrosine kinases showed
thatRk16s activity was isnof9-dGenMcseglestng st wi
it might be one ofhe primary targetsT@able1.2).>3 Steadystate analysis on the
effects of increasing concentrations of ATP or substrate (recombinant casein
and Cdc25c) on thellel (recombinant) inhibitory activity fothe compound
revealed that ON01910.Na targetk P activity in an ATRindependent and
substratedependent manner: the velocity of substrate phosphorylation was
unaltered in the presence of increasing concentrations of ATP, while increasing
the concentradn of the substrate resulted in increased substrate

phosphorylatior??

The mitotic microtubule abnormalities induced by this agent aetayadptotic
pathwaysleading to cancer cell death and have been clarifiedmiayy
comparative analyséé ONO01910.Na treatd cells exhibited profound
abnormalities in spindle formation in G2/Mhe multipolar spindleghen led
to misalignment of chromosomesvhich was similar to the appearance
observed in Plk1-depleted cell§® Moreover, Pkl siRNA as well as
ONO01910.Na treatment exhibited growth inhibitory effemh HS766T cells,

while mild additive effectwere observed whenl® siRNA and ON01910.Na
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were given togethe®. This indicates thatIR1 knockdown and ON01910.Na

mediated effects may impinge on both parallel and connected pathways in

mitotic progressionPhosphorylation of Cdc25c at Ser198 was suggested to
serve as a reliable marker to monitdk P activity?* ON01910.Na has been
shown to induce stark G2/M arrestnd suppresscell cycle effectors
downstream of R1, including phospheCdc25c (Ser198) and cyclin B %

To date,the molecularmodelling of ON01910Na in complex with Fk1 has

not beemnresolved, thughe exact binding modis still undefined It has been
reported that arange of kinases without PBDs are also inhibited by
ONO01910.Na.Meanwhile, ON01910.Nashowsinhibition of tyrosine kinases

as well as CDK1 Table 1.2).>® Theseclues suggest thaON01910Na may
interfere withthe kinasedomairs by binding to the peptideindingsites, rather

than target the polbox domain of k1.

Tabl2Ki nanshei biat toirwi ty of ONO01910. Na.
I nhibitory activity of ON01910. Na against

reporGemi bgddBeported experimental proégedures

Protein Kinase ICs0 (NM)
Akt 1/ PKBU >10,000
AuroraA >10,000
AuroraB >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
JINK >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 ONO01910.Na was deemed as the
consequence dPlkl inhibition, continuative studies did not support a direct
effect on Bk1. However, previous kinase inhibitory results of ONO191(mNa
Pkl could not be reproduced bgther scientist§” % Several lines of
experimental evidence suggested t@#01910.Na is an inhibitor of tubulin
polymeriation rather than &Ikl inhibitor. The compound effectively blosk

cell proliferation however cellular effects caused by this compound resembled
the phenotype that is caused by treatment with microtubule depolymerizing
agentsrather than k1 RNAi.°" ®®When treated witthigher dose¢C2.5mM)

of ON01910.Na,depolymerisation of microtubules was visible in interphase
cells. Moreover,in vitro kinase assaymdicatedthat ON01910.Na aks not
show obvious R1 inhibition in until concentratioa of 3 0  $idve been
reached’ Overall, it seems that the mechanism for ON01910.Na lkd P
activity has not yet been completely established. Improved understanding of

the specific interactions between ON01910.Na alkd Rrecritical.
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1.4.2.2 ON01910.Na targets PI3KAkt pathway

Since its discoveryn the 1980sPhosphatidylinositol &inases (PI3 kinases
PI3Ks) have beenfound to beplay key roles in regulatg many cellular
proesses? The PI3K/Akt pathway is a key signal transduction sysiaking
multiple receptas, as well a®ncogenesto essential @lular processeandis
activated in cancer§? Thus, his pathwaypresents both an opportunity and a
challenge for cancedrug diverers®® Recent studies reportethat the

PI3K/Akt pathwaywasaffectedoy ONO1910Na

1.4.2.2.1 Structure and function of Pl 3-kinases

1.4.2.2.1.8tructure of Pl 3kinases

Pl 3kinases are a lipid kinase family characterizgd ther capability to
phosphorylaténositol lipids on the3-position of the inositol phospholipidg:
To date eight PI3K isoforms havébeen identified in mammals and are

subdivided into three class@3lass |, Class Il, and Class)llI(Figure1.13 A)
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Class IA PI3K

A TSR SH2 W pii0binding M SH2 = Regulatory (p85a/pS5a/pS00, p85P, S5y

I p85 binding H Ras binding PIK H Catalytic domain }-Catalync(pllOa/pllOB,pllOé)

Class IB PI3K

Regulatory (p101, p84, p87PIKAP)

—[ Ras binding PIK ' Catalyticdomain = Catalytic (p110y)

Class Il PI3K
—{ Ras binding PIK H C’é[aly[icrdomaivn Caralytic (PIK3C2a, PIK3C2B, PIK3C2y)

Class Il PI3K

PIK N Catalyticdomain _ |= Catalytic (Vps34)

<
E
. 2
I Class | PI3Ks <

Ptdins(4,5)P2 Ptdins(3,4,5)P3 o-

Figat@he members of 3% h®®°PI 3K family

(AN PI 3Ks have been divided into three classes
substrate specificity. ( B), 4Triiep hloeswehlad @fi spPh ¢ Sp
regul ated by Class | Pl 3K and PTEN.

Among major classesof P | 3 K, class | PI 3Ks (named &

and Pl 3 Klioyn thh bemwlved in cancers and so hee drawn te

majority of attentionin researchi®? Class | PI3Ks are heterodimers consisting

of a regulatory subunit and a 110 kDa catalgidbunit. Based ondifferent
mechanisra of activation this class igurther divided into two subgroupstass
la(pl110U, p110b, abhdp PpUNaP)hpsphamalehec| as s
inositol lipids to generatehe same lipid product phosphatidylinosik®4,5
triphosphategPtdins(3,4,5)B) (Figure 1.13 B).33 193 |nterestinty, class IPI3K

could also functioras serine/threonine protein kinas#s.
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1.4.2.2.1.PI3K/Akt signalling pathway
The signalling network defined by PI3K, Akt and mTOR controls most
halmarks of cancer, including cell cycle, survival, metabolism, motility and
genomic instability:®® The PI3K/Akt signalling pathway is depicted 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 signallingpathways. The production of key second messenger
phosphatidylinositeB, 4, 5trisphosphate (Ptdins(3,4,3)Hrom the substrate
phosphatidylinosite# 5-bisphosphate (Ptding6)R;) is tightly regulated by

the opposing activity of PI3K and Ptdins(4,5)fhosphatases (PTEN 105

106 pPTEN (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 RIB\kt pathway activation leading to cancgr.

Through providing docking sites for signalling proteins with pleckstrin
homology (PH domains, Ptdins(3,4,5Rhen recruits a subset of signalling
proteins to the plasma membrane, including Akt and its activator PDK1 (3
phosphoinositidelependent kinase 1! Akt, also known as protein kinase B,
is a serine/threonine kinase phosphorylatedobth PDK1 (on Thr308) and
MTORZ2 (on Ser473). It is the primamgceptorof PI3K-initiated signalling and
controls essential cellulactivities through phosphorylabn of a number of

downstreaneffectors.10% 17
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Figat&he class | PI3K3signalling pathway
One of the key downstreamffector 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?® Akt activate mTOR by phosphorylating both PRAS40 and
TSC2 (tuberous sclerosis complex) to release their inhibitory effects on
MTORCL1. The best characterized downstream targets of mTORC1 are S6K1
(p70S6 kinase) ah4EBP1 (4Ebinding protein), both of which are critically

involved in the regulation of protein synthe$is.

1.4.2.2.1.BI3K/Akt signalling on cel 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)

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