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Summary

Targeting o f tumour vasculature and angiogenesis represents an ideal approach in the 

design o f cancer therapeutics since all types of solid tumours are dependent upon a 

blood supply for growth and survival. The best known vascular disrupting agents are 

the tubulin binding agents, which as a result o f their effect on microtubule dynamics; 

cause cell cycle arrest, morphological changes to endothelial cells and subsequent 

tumour vascular shutdown.

Aminopeptidase N (APN) is an exopeptidase which plays a key role in tumour cell 

invasion, extracellular matrix degradation and tumour metastasis. It is expressed in 

proliferating endothelial cells undergoing angiogenesis but not in quiescence 

endothelial cells, as well as in a variety of tumour cells {e.g. PC-3 cells). Thus, APN is 

an ideal therapeutic target for angiogenesis, invasion and APN-expressing tumours.

In our laboratory, single tubulin polymerisation inhibitors, dual-acting hybrids and 

designed multiple ligands, targeting tubulin polymerisation and APN (using bestatin) 

were designed, synthesised and evaluated in preliminary protein-based assays. The 

purpose of the studies described in this doctoral thesis was to extend this work and 

evaluate test compounds’ anti-vascular, anti-angiogenic and anti-tumour activity in 

enzyme, cellular, ex vivo and in vivo settings.

The effect of the novel tubulin polymerisation inhibitors and dual-acting compounds on 

cell proliferation was evaluated using the (3-(4,5-Dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium) bromide (MTT) assay on human umbilical vein endothelial cells 

(HUVECs) and PC-3 human adenocarcinoma prostate cancer cells. The effect of test 

compounds on the cell cycle was established using flow cytometric analysis, while 

immunofluorescence staining determined their effect on the tubulin cytoskeleton. 

Morphological changes to endothelial cells were examined microscopically following 

addition o f test compounds. An in vitro human angiogenesis assay was used to 

investigate the anti-angiogenic effect of a particular compound, namely R SI80. The 

effect of dual-acting compounds on APN was investigated both in an enzyme-based 

assay, using a colorimetric technique, and a cellular-based assay, using HUVECs and 

PC-3 cells. The ex vivo rat aortic ring assay was performed in order to examine both the 

anti-vascular and the anti-angiogenic effects of test compounds, while the PC-3 tumour 

xenograft model was developed in order to determine the anti-tumour activity of the



most promising compounds in vivo. In addition, the degree o f tumour necrosis and the 

in vivo anti-vascular/anti-angiogenic effects o f test compounds were assessed by 

histological examination o f  tumour samples.

The in vitro data obtained from the evaluation o f  tubulin polymerisation inhibitors and 

dual-acting compounds showed that the m ajority displayed potent anti-proliferative 

activity, with varied potency depending upon their design. In addition, test compounds 

induced cell cycle arrest at the G2/M phase, disrupted the tubulin cytoskeleton, caused 

reversible morphological changes to endothelial cells, inhibited in vitro and ex vivo 

angiogenesis and caused rapid microvessel breakdown in the aortic ring assay.

Furthermore, the dual-acting compounds demonstrated potent inhibition o f  APN both in 

the enzymatic and the cellular level and showed superiority over bestatin. Cell cycle 

analysis o f DNA fragmentation (sub-Go/Gi arrest) showed that the design o f these 

compounds was advantageous over single agents alone or in combination, and may 

suggest a different mechanism o f action (other than the mitotic arrest) in which the 

compounds induced their apoptotic effect.

Selected tubulin polymerisation inhibitors and dual-acting compounds were chosen for 

further in vivo evaluation, whereby their anti-tum our efficacy and their effect on tumour 

vasculature were dependent upon their design, and which correlated with their in vitro 

and ex vivo data.

In conclusion, novel tubulin polymerisation inhibitors and dual-acting compounds 

targeting tubulin polymerisation and APN showed promising activity in several in vitro, 

ex vivo and in vivo models. The emergence o f  several potent vascular disrupting agents 

from these studies is encouraging; therefore demonstrating the need for further 

investigation to determine their true potential as anti-vascular, anti-angiogenic and anti

tum our agents.
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-- Chapter 1 --

Introduction



1. Introduction

1.1 Cancer

The first known description o f  cancer dates back to ancient times, when Hippocrates 

described cancer in detail, using the Greek terms ‘"carcinos" and ‘''carcinoma" to refer 

to chronic ulcers or growths that appeared to be malignant tumours [1], According to 

the National Cancer Registry in Ireland, cancer is currently the second most common 

cause o f  deaths in Ireland. An average o f 30 000 new cases o f cancer are diagnosed 

each year, with the five most common cancers being non-melanoma skin cancer, 

prostate, breast, bowel and lung cancer. Statistics suggest that cancer will affect one in 

three people in Ireland [2],

Cancer is a disease involving dynamic changes in the genome which drive the 

progressive transformation o f normal human cells into highly malignant derivatives. 

Hanahan and W einberg characterised cancer by six distinct hallmarks; sustaining 

proliferative signalling, evading growth suppressors, resting cell death, enabling 

replicative immortality, inducing angiogenesis and activating invasion and metastasis 

[3-4]. A summative illustration o f the hallmarks o f cancer is shown in Figure 1.1; each 

aspect will be discussed in detail in the following sections.

R esisting  
cell d ea th

Inducing
an g io g en es is

S usta in ing  proliferative 
signaling

Evading grow th 
su p p re sso rs

Activating invasion 
and  m e ta s ta s is

Enabling replicative 
immortality

Figure 1.1: The hallmarks of cancer [4].
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1.1.1 Sustaining Proliferative Signalling

In order for normal cells to move from a quiescent stage to a proliferative stage, 

mitogenic growth signals are required. An oncogene is any gene which, when mutated 

or expressed at high levels, has the potential to cause cancer. Due to their nature, many 

oncogenes can mimic normal growth signalling. For example, mutant ras oncogenes 

are responsible for approximately 50% of human colon carcinomas [5]. Tumour cells 

reduce their dependence on stimulation from their non-tumour tissue 

microenvironment, and sustain proliferative signalling, by generating their own growth 

signals, involving alterations of extracellular signalling of transcellular transducers or 

intracellular circuits, which translate signals into action.

An example of signalling pathways which are implicated in cancer are those of tyrosine 

kinase growth factor receptors. Over-expression of tyrosine kinase receptors enables 

cells to become hyper-responsive to ambient levels o f growth factors that would 

normally not trigger proliferation. The epidermal growth factor receptor (EGFR) is up- 

regulated in stomach, brain and breast tumours and the type 2 receptor (EGFR2) is 

over-expressed in stomach and mammary carcinomas [6-7]. Also, alterations of growth 

signalling pathways, such as the SOS-Ras-Raf-MAPK (mitogen-activated protein 

kinase) cascade, play a central role in the development o f human tumours. Ras proteins 

are found to be structurally different in 25% of human tumours, in this way enabling 

them to release mitogenic signals into the cells without stimulation by their normal 

regulators [8].

1.1.2 Evading Growth Suppressors

There are multiple anti-proliferative signals within the normal tissue that operate to 

maintain cellular quiescence. Normal cells can be removed from the active proliferation 

cycle to a resting, quiescent phase (Go) or induced to enter into a post-mitotic state. 

Anti-proliferative signals are regulated through the retinoblastoma protein (pRb) and its 

two related proteins, p i07 and p i 30. Hyper-phosphorylation or loss of pRb allows 

tumour cells to become insensitive to anti-growth signals [9].
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1.1.3 Resisting Cell Death

Apoptosis is the programmed cell death, which along with cell proliferation, regulates 

the ability o f cell populations to expand. Once apoptosis is triggered by a variety of 

physiologic signals, a series of steps unfold, including disruption of cellular 

membranes, breakdown o f cytoplasmic and nuclear skeletons, extrusion o f cytosol, 

degradation of chromosomes and fragmentation o f the nucleus [10]. There are two 

classes of components that regulate apoptosis; the sensors and effectors. Extracellular 

and intracellular environment conditions (e.g. DNA damage, signalling imbalance, 

hypoxia) of normality or abnormality are monitored by the sensors. These signals 

control the effectors, including cell surface receptors which bind to survival or death 

factors. For example, survival signals are transmitted through insulin-like growth 

factors IGF-I/IGF-2 and interleukin-3 (IL-3) [11-12], whereas death signals are 

modulated by interaction o f Fas ligand and tumour necrosis factor-a (TNF-a) with their 

receptors [13]. Cytochrome C, a potent catalyst o f apoptosis which is released by the 

mitochondria [14] can activate, along with Fas, an array of intracellular proteases 

termed caspases, [15] such as caspase-8 and -9, which then trigger several effector 

caspases that execute the cell death program.

The discovery of the up-regulation o f the bcl-2 oncogene in follicular lymphoma and its 

anti-apoptotic ability [16] was the first correlation which warranted further 

investigation into apoptosis and cancer. In addition, co-expression of bcl-2 with myc 

oncogene in transgenic mice promotes the growth of B cell lymphomas, by enhancing 

lymphocyte survival and not by further wj^c-induced proliferation. Resistance to 

apoptosis is achieved through a number of mechanisms, including inactivation of pro- 

apoptotic stimuli and the over-expression of anti-apoptotic genes [17].

1.1.4 Enabling Replicative Immortality

Normal cells have a finite replicative potential and once they have progressed through a 

certain number o f doublings, they stop growing in a process referred to as senescence 

[18]. By disabling the pRb and p53 tumour suppressor proteins o f senescence, cultured 

human fibroblasts continue multiplying until they enter a second stage, termed crisis. 

At this stage, cells undergo massive cell death, karyotypic disarray and end-to-end 

fusion of chromosomes. Occasionally there is an emergence o f a variant cell, coined
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“immortal cell”, that has acquired the ability to multiply without limit [19]. Telomeres, 

the ends of chromosomes, are characterised as the counting device for cell generations 

and are composed of several thousand repeats o f a short 6 base pair sequence element. 

During each cycle, there is a 50-100 base pair loss o f telomeric DNA from the ends of 

every chromosome which results in the inability of DNA polymerases to completely 

replicate the 3 'ends o f chromosomal DNA. The progressive erosion of the telomeres 

leads the unprotected ends o f chromosomal DNA to participate in end-to-end 

chromosomal fusions creating the karyotypic disarray associated with crisis and cell 

death [20]. Up-regulation of telomerase enzyme, which adds hexanucleotide repeats 

onto the ends of telomeric DNA [21], is evident in almost all types of malignant cells 

[22], When telomeres’ length is maintained at a critical threshold, it allows constant and 

unlimited multiplication of descendant cells and thus induces a malignant phenotype.

1.1.5 Inducing Angiogenesis

The provision o f oxygen and nutrients supplied by the vasculature is crucial for cell 

function and survival. Solid tumours require the growth o f new blood vessels, in a 

process termed angiogenesis, in order to remain viable and continue to grow. Initially, 

cells within the aberrant proliferation lesions lack angiogenic ability but subsequently 

develop the potential to promote angiogenesis through positive signals [23-24]. The 

balance between positive and negative signals regulates this process and involves the 

interaction between soluble factors, their receptors which are displayed on the surface 

o f endothelial cells, and adhesion molecules which mediate cell-matrix or cell-cell 

associations. This section will be discussed in detail in section 1.2.

1.1.6 Activating Invasion and Metastasis

Once a solid tumour has developed, pioneer cells move out o f the primary site and 

invade adjacent tissues where they establish new colonies. The distant settlement of 

tumour cells from the primary tumour is referred to as metastasis and is primarily 

responsible for 90% of human cancer deaths [25]. Cells with invasive and metastatic 

potential have alterations in proteins including cell-cell adhesion molecules (CAMs, 

e.g. members of the calcium-dependent cadherin families), and integrins which 

associate cells to extracellular matrix (ECM) substrates. The most important adhesion 

molecule is thought to be E-cadherin, a cell-cell interaction molecule, which is
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expressed on epithelial cells. E-cadherin coupling to adjacent cells generates anti

growth signals, while loss o f its function represents a key step in the prevention o f 

invasion and metastasis [26]. Likewise, changes in the level o f  integrin expression [27], 

up-regulation o f  protease genes and down-regulation o f protease inhibitors genes, 

influence the invasive and metastatic capability o f cancer cells [28],

In addition to the six cancer hallmarks, Hanahan and W einberg also suggested that 

cancer cells acquire functional capabilities for survival and proliferation by two 

enabling characteristics, including the development o f  genomic instability and the 

inflammatory state o f  malignant lesions, driven by the immune system cells [4]. Thus, 

an additional two emerging hallmarks have been proposed to be functionally important 

for cancer cells’ progression: (i) deregulation o f cellular energetics in order to support 

continuous cell growth [29-30] and (ii) evasion o f  immune destruction by cancer cells 

[31-32].

In summary, cancer is an extremely complex disease which is characterised by the 

hallmarks discussed above. An understanding o f  these mechanisms and their molecular 

targets allows for the development o f therapeutics which is directed towards these 

specific molecular targets (Figure 1.2). In theory, inhibition o f  these processes should 

result in the development o f new therapies which acquire fewer side effects and 

reduced toxicity profiles than those currently used for the treatment o f cancer.
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Figure 1.2: Thcrapcutic targeting of the halhnarks of cancer [4],

The work carried out in this doctoral thesis involves the evaluation o f novel anti-cancer 

agents which were designed to target and inhibit one o f the main cancer hallmarks 

described earlier; tumour vasculature and angiogenesis. Accordingly, the anti-vascular, 

anti-angiogenic and anti-tumour properties o f the newly synthesised tubulin 

polymerisation inhibitors and dual-acting compounds, targeting tubulin polymerisation 

and aminopeptidase N (APN), were examined in vitro, ex vivo and in vivo.

1.2 Angiogenesis

Tumour growth and survival requires nutrients and oxygen, as well as the elimination 

o f metabolic wastes and carbon dioxide. Central to these processes is the requirement 

o f an adequate vasculature system. Angiogenesis is defined as the process in which new 

blood vessels form from the existing vasculature. During this process, endothelial cell 

proliferation is induced which results in alignment o f these cells into tubes 

(vasculogenesis). Physiologically, this process takes place during embryogenesis, 

female reproductive cycle, as well as wound healing. During tumour angiogenesis, the 

“angiogenic switch” is turned on causing the normally quiescent vasculature to
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constantly sprout new vessels and thus facilitate tumour growth [23-24], Evidence in an 

in vivo study, whereby implanted tumour and non-tumour tissue in non-vascularised 

cornea in rabbits, has shown that tumour growth was angiogenesis-dependent. Tumour 

tissues were able to grow once newly formed vasculature was developed, whereas non

tumour tissue did not attract new blood vessel formation and therefore was not 

increased in size [33].

Angiogenesis is a complex process which involves a num ber o f  steps including the 

production and release o f  angiogenic factors (upon activation by hypoxia or genetic 

mutations) [34-36], and the binding o f these factors to vascular endothelial cell 

receptors, thereby causing activation and cell proliferation (Figure 1.3). Extracellular 

metalloproteinases mediate many o f  the changes in the microenvironment by degrading 

the ECM in front o f the proliferating endothelial cells [37]. Endothelial cells then 

migrate towards the tumour tissue where they align to form new blood vessels via 

adhesion molecules, and connect to create a loop that allows the blood to circulate. 

Specialised muscle cells (e.g. smooth muscle cells and pericytes) stabilise the vessel 

tubes providing structural support [38]. Figure 1.3 is a schematic illustration showing 

individual steps involved in the process o f angiogenesis.
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Figure 1.3: The steps involved in the process of angiogenesis.

1.2.1 Angiogenic Regulators

M any endogenous m olecules are involved in the control o f  angiogenesis and several o f  

these are studied for potential therapeutic applications. Pro-angiogenic regulators 

include vascular endothelial grow th factors (V EG Fs), the fibroblast growth factors 

(FG Fs), the p latelet-derived grow th factors (PD G Fs), the EGFs and their associated 

tyrosine kinase receptors, V EG FR s, FG FRs, PD G FRs and EGFRs. Tw o distinct 

therapeutic approaches currently  em ployed w hich target angiogenic regulators in 

various hum an m alignancies are m onoclonal antibodies, w hich bind to the extracellu lar 

dom ains o f  the receptors and sm all-m olecule tyrosine k inase inhibitors (TK Is) w hich 

target the intracellular tyrosine kinase dom ain o f  the receptors.

Further angiogenic regulators include the m atrix m etailoproteinases (M M Ps) and their

inhibitors, tissue inhibitors m etailoproteinases (TIM Ps). T hrom bospod in-1 (TSP-1) is

an angiogenesis inhibitor w hich counteracts pro-angiogenic stim uli by  evoking
9



suppressive signals through activation o f endothelial cell receptors [39]. Furthermore, a 

network o f interconnected signalling pathways involving newly characterised ligands o f 

signal-transducing receptors displayed by endothelial cells, include Notch, Neuropilin, 

Robo and ephrin receptors (Eph-A/B). These pathways were associated with the 

developmental and tumour-driven angiogenesis and which demonstrate the complexity 

o f  endothelial cells’ regulation [40-43],

Endogenous angiogenesis inhibitors include angiostatin (a fragment o f plasminogen 

that binds ATP synthase and annexin II), which is inversely correlated with VEGF and 

associated with longer patient survival [44], Endostatin (a fragment o f the C-terminal 

collagen XVIII) that showed anti-angiogenic activity in vitro and in vivo demonstrated 

inhibition o f  prim ary tumour growth and maintained metastasis in a dormant state, 

without exhibiting apparent side effects [45-48], Tumstatin (the NCI domain o f a3 

chain o f type IV collagen) was identified as possessing anti-angiogenic activity 

mediated by integrin interaction in an ROD (arginine-glycine-aspartic acid)- 

independent m anner [49], Canstatin, (a fragment o f the a2 chain o f type IV collagen) is 

an additional human basement membrane-derived inhibitor o f  angiogenesis, which 

demonstrated inhibition o f endothelial cells migration and tube formation and 

suppression o f tumour growth in vivo [50],

The expression o f  angiogenic factors can be induced by environmental stress including 

glucose deprivation, formation o f reactive oxygen species, cellular acidosis and iron 

deficiency, by the loss o f the function o f tumour-suppressor genes or by the activation 

o f  oncogenes [51-53], Changes in the relative balance o f inducers and inhibitors o f 

angiogenesis can activate the “angiogenic switch” as illustrated in Figure 1,4,
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Figure 1.4: Angiogcnesis is orchestrated by a variety of activators and inhibitors. Changes in 

the angiogenic balance mediate the “angiogenic switch” [54],

1.2.1.1 Vascular Endothelial Growth Factors

The VEGF family are the most potent and specific factors for endothelial cell growth, 

which can increase vascular permeability, activate proteases for ECM degradation and 

inhibit apoptosis o f endothelial cells. The rise in vascular permeability enables the 

formation o f a fibrin gel by extravasation o f plasma proteins and other circulating 

macromolecules, in this way providing a new provisional matrix. This results in the 

attraction and support o f endothelial cells’ and fibroblasts’ growth, leading to the 

initiation o f angiogcnesis and synthesis o f matrix connective tissue [55],

There are at least four structurally related isoforms o f human VEGF including 

V EG F 121, V E G F|65, VEGFi89 and VEGF206, with the most potent and abundant subtype 

in vivo being VEGFies [56-58]. VEGF stimulates capillary formation in vivo and has 

direct mitogenic actions that are restricted to endothelial cells [59-60], Its expression is 

regulated by a number o f growth factors and cytokines, for example PDGF and 

interleukin-ip (IL -ip). In addition, VEGF is up-regulated by both hypoxia and 

oncogene signalling [35-36, 61].

The most well known angiogenesis inducer is the VEGF-A which signals via three 

receptor tyrosine kinases (VEGFR-1-3, as shown in Figure 1.5). These receptors are 

expressed largely in the endothelium but also in some non-vascular endothelium and 

cancer cells. VEGFR-3 is mostly restricted to the lymphatic endothelium [55].
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VEGF withdrawal has been shown to result in regression o f blood vessels in several 

physiological and pathological circumstances, indicating its importance in endothelial 

cell survival. M oreover, VEGF mRNA is up-regulated in a large number o f  tumours 

[62-63], whereas inhibition o f VEGF activity results in suppression o f  tumour cell lines 

growth in murine models [64-65],
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Figure 1.5: The VEGF family and its receptors [66],

1.2.1.2 Fibroblast Growth Factors

Additional pro-angiogenic regulators include members o f the FGFs. The FGF family 

comprises o f 23 members and four tyrosine kinase receptors (FG FR l-4) [67]. The FGF 

prototypes, FGF-1 (acidic) and FGF-2 (basic), are unique due to the absence o f 

classical signal sequence to direct their secretion through the endoplasmic reticulum- 

Golgi apparatus [68],

The FGFR activation requires heparin sulphate proteoglycans (HSPGs), such as 

syndecan or glypicans as co-receptors [69]. Upon FGFR stimulation by FGFs, the 

classical MAP kinase pathway is activated which recruits a number o f binding partners, 

such as FRS2 or GRB2. p38 MAP kinase appears to be an essential mediator o f FGF 

activity in vascular endothelial cells (Figure 1.6) [70].

12



FG FRl is the main FGFR expressed in endothelial cells in vitro and has also been 

detected in activated endothelial cells in vivo [71]; however FGFR2 has also found in 

endothelial cells in small amounts [12]. Activation o f FG FRl induces proliferation and 

migration o f endothelial cells, protease production and tubular morphogenesis, whereas 

FGFR2 activation increases cell motility. Up-regulation o f  FGF expression 

demonstrated to be involved in maintaining tumour angiogenesis [73], FGF2 secretion 

in fibrosarcoma cells was correlated with tumour progression [74] and FGF2 levels in 

urine or serum were correlated with the degree o f malignancy and tumour progression 

[75-76],

FLRT3

FGFR

FGFR

Figure 1.6: Intracellular signalling pathways activated through FGFRs [77].

1.2.1.3 Platelet-derived Growth Factors

There are two genes (PDGF-A and PDFG-B) encoded in the PDGF family which result 

in five dimeric isoforms of proteins: PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC and 

PDGF-DD. The biological action o f these growth factors is mediated by three receptor 

dimeric structures, including PD GFR-aa, PDGFR-PP and PDGFR-a(3, which upon 

ligand activation induce tyrosine phosphorylation and activate signal transduction
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through the phosphatidylinositol 3-kinase (PI3K) pathway, as shown in Figure 1.7 [78- 

83], PDGF-CC was reported to be an oncogenic protein which transformed a murine 

fibroblast cell line, induced tumour formation [83] and stim ulated vascular smooth 

muscle cell growth in vitro [84],

In addition, PDGF functions as a potent mitogen in mesenchymal and glial cells, 

regulates cell morphology and movement and is involved in embryogenesis, 

carcinogenesis, atherosclerosis and wound healing [85-87],

PDGF signalling exerts paracrine stimulation on stromal cells during tumour 

angiogenesis, which has been observed in melanoma, breast, colorectal, and small cell 

lung cancers [86], The density o f blood vessel tumours is correlated with the level o f 

PDGFs. It is reported that melanoma xenografts, with PDGF-BB expression, form 

highly vascularised and stromal-rich tumours, whereas melanomas without PDGF form 

poorly vascularised or necrotic tumours, with undetectable stroma [85], PDGFR-pp can 

induce the transcription and secretion o f VEGF where can indirectly regulate 

angiogenesis.

In addition to the paracrine stimulation, PDFG signalling exerts autocrine regulation o f 

tumour growth. PDGFRs and their ligands are frequently over-expressed during 

carcinogenesis; PDGF-AA and PD G FR-aa are over-expressed in human glioma 

tumours, with an increase observed in the high grades [85], The gain-of-function 

mutations in the c-kit or PDGFR-aa  genes are considered to be causative for 

mesenchymal tumours o f the human gastrointestinal tract [88]. Translocation in chronic 

myelomonocytic leukaemia (CML) generates fusion o f BCR-PDGFR-aa, resulting in 

constitutive activation o f PD GFR-aa [89].
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Figure 1.7: PDGF ligands and their corresponding receptors [90].

1.2.1.4 Epidermal Growth Factors

The EGF/ErbB/HER family o f receptors consists o f four known members namely 

EG FR/ErbBl/H ER-1, EGFR-2/ErbB2/HER-2/Neu, EGFR-3/ErbB3/HER-3 and 

EGFR4/ErbB4/HER4 which are transmembrane glycoproteins [91] comprised of: (i) a 

cysteine-rich, extracellular N-terminal ligand-binding domain and a dimerisation arm, 

(ii) a hydrophobic transmembrane domain and (iii) an intracellular, highly conserved 

cytoplasmic C-terminal tyrosine kinase domain with several phosphorylation sites. The 

variable extracellular ligand-binding domain enables binding to different ligands due to 

the highly conserved tyrosine kinase domain. In addition, the extracellular region o f 

EGFR is subdivided into four domains (I, II, III and IV) [92-93],

The EGFRs can be activated by 13 known ligands, which include EGF, transforming

growth factor-a (TGF-a), amphiregulin (AR), betacellulin (BTC), heparin-binding

EGF-like growth factor (HB-EGF), epiregulin, (EPR), epigen (EPG) and neuregulins 1 -

6 (NRG) [94-95], Upon ligand activation, EGFR can either homodimerise or

heterodimerise with the rest o f the EGF receptors to initiate cellular signalling cascades.

In this way EGF can induce heterodimerisation o f  EGFR with HER-2, HER-3 or HER-

4, Likewise, NRG4 induces heterodimerisation o f HER-4 with EGFR, HER-2 and

HER-3 [94], Following receptor dimerisation signalling cascades are stimulated
15



including the KRas-BRaf-M EK-ERK, PI3K, phospholipase C gamma protein, anti- 

apoptotic AKT kinase pathways and the signal transducers and activators of 

transcription (STAT) signalling pathway, which lead to cell proliferation, angiogenesis, 

migration, survival and adhesion (Figure 1.8) [94, 96].

EGFR signalling activation has an indirect effect in the regulation o f angiogenesis, i.e. 

EGFR activation can stimulate the synthesis and secretion o f  a number o f angiogenic 

factors, including VEGF, interlukin-8 (IL-8) and bFGF [97], whereas EGF and TG F-a 

can regulate tumour stimulated angiogenesis [98]. Over-expression o f  VEGF was 

observed in glioma cells stimulated by EGF, which was found to be associated with 

PTEN, a negative regulator o f  PI3K/AKT signalling [99-100].
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Figure 1.8: EGFR signalling pathway [101].

1.2.1.5 M atrix M etalloproteinases

Extracellular proteinases, such as MMPs, are a family o f zinc-dependent

endopeptidases which regulate various physiological processes, including tissue

remodelling and organ development [102], and also regulate inflammatory processes

[103] and cancer development [104], M M Ps’ structure consists o f three domains: the

pro-peptide, the catalytic domain and the hemopexin-Iike C-terminal domain, which is

linked to the catalytic domain via a flexible hinge region (Figure 1.9). MMPs are

enzymatically inactive due to the interaction o f a cysteine residue o f the pro-domain

with the zinc ion o f the catalytic site. Once this interaction is disrupted by a mechanism
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called “cysteine switch”, the enzyme becomes proteolytically active [105], The activity 

o f  MMPs can be regulated at different levels: gene expression, compartmentalisation, 

conversion from zymogen to active enzyme, and, finally, in the presence o f specific 

inhibitors, such as the TIMPs. The inhibition o f MMPs proteolytic activity is achieved 

by stochiometric complexes o f TIMP-1, -2, -3 and -4 with active M M Ps [106],

A number o f MMPs are involved in tumour angiogenesis including M M P-2, -9 ,-14  and 

to a lesser extent MMP-1 and -7, whereby each can contribute to distinct vascular 

events in the same tumour [37], MMP-9 regulates the bioavailability o f VEGF and 

enables an “angiogenic switch” by making sequestered VEGF bioavailable for its 

receptors VEGFR2, in pancreatic islet tumours [107], It has been reported that tumours 

transplanted into tissue irradiated to prevent angiogenesis, were unable to grow in 

MMP-9 deficient mice, suggesting that M MP-9 is required for tumour vasculogenesis 

[108]. In addition, MMPs regulate vascular stability and permeability; in particular 

M M P-14 appeared to mediate the vascular response to tissue injury and tumour 

progression, through activation o f TGF-(3 [109].

Egeblad and Werb reviewed that over-expression o f  several MMPs, including MMP-3, 

-7 and -14, is associated with carcinoma formation [104], M M P-mediated signal 

transduction is linked with increased metastasis in the presence o f MMP-1. A separate 

study reported a critical role for MMP-1 in cell migration and invasion o f tumours in a 

breast carcinoma xenograft model [110].

A different type o f zinc-dependent proteases are the ADAM s family (a disintegrin and 

metalloprotease), which are characterised by the presence o f metalloprotease and 

integrin receptor-binding activities. The ADAMs family has been associated with the 

control o f membrane fusion, cytokine and growth factor shedding and cell migration. In 

addition, their over-expression has been implicated in pathological conditions, such as 

cancer and inflammation [111]. For instance, a number o f carcinoma tissues and cell 

lines, including breast and colon, demonstrated over-expression o f ADAM 12 [112- 

113], whereas high expression levels o f  ADAM 10 has been detected in 

pheochromocytomas and neuroblastomas [114].
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Figure 1.9: MMP composition and expression in endothelial and fibroblast cells [115].

1.3 Tumour Vasculature

The fact that tumour vasculature differs from the normal vasculature presents an 

additional advantage for the development o f  new vascular targeted therapies. The 

abnormal increased rate o f angiogenesis results in undeveloped tumour blood vessels 

which are often distinguished by abnormal characteristics including: fragility, chaotic 

arrangements, imperfect vessel wall due to discontinuous endothelial cell lining and 

weak investiture with vascular smooth muscle cells. Additionally, there are poor 

connections between pericytes and endothelial cells which themselves are usually 

irregularly shaped, forming an uneven luminal layer with loose interconnections and 

focal intercellular openings [116-119]. Tumour blood vessels have an irregular, 

structurally abnormal basement membrane [120-121], uneven diameter and very long 

distance between branching points, resulting in a chaotic vascular network with 

complex branching patterns and lack o f hierarchy (Figure 1.10) [122-124].

These characteristics o f the newly developed tumour vasculature means it is leaky to 

macromolecules, aids the metastatic process by facilitating the tumour cells into the 

bloodstream and accumulates fibrin in the ECM, therefore favouring angiogenesis. The
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histological grade and malignant potential o f the tumour correlates to the degree o f 

blood vessel leakiness [125],
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Figure 1.10; The differences between the norma! and the tumour vasculature [66].

1.3.1 Tumour Vasculature as a Target

The ability to selectively target established tumour vasculature is a very appealing 

strategy for the treatment o f cancer, which allows rapid vascular shutdown, leading to 

secondary tumour cell death. The differences between tumour and normal blood vessels 

described earlier might be the reason why tumour vasculature is more susceptible to 

vascular disrupting agents (VDAs) than normal vasculature. These types o f  agents have 

several advantages over conventional chemotherapeutic agents: (i) the therapy is 

effective in the majority o f solid tumours, regardless o f  histological sub-type, (ii) the 

killing o f relatively few vascular endothelial cells may result in the death o f a large area 

o f tumour via widespread central necrosis, whereas other strategies target individual 

cancer cells and all the cells are required to be killed in order for the therapy to be 

effective, (iii) VDAs have the ability to minimise the acquired drug resistance, due to 

the fact that they target normal vascular endothelial cells (which are more genetically 

stable than tumour cells) and (iv) drug delivery to cellular targets lining blood vessels is
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easier to achieve compared with targets in the tumour area distant from capillaries 

[126],

There are two different approaches used to cause disruption o f the blood supply to the 

tumours: a) deplete tumour angiogenesis (anti-angiogenic approach) and b) target the 

established tumour vasculature (vascular disrupting approach). Inhibition o f either o f 

those processes by agents that suppress the growth o f vascular endothelial cells, is 

likely to result in restricted tumour growth and tumour cell death [127].

1.4 Anti-angiogenic Approach

There are several anti-angiogenic approaches that aim to target specific over-expressed 

receptors or ligands involved in the process o f angiogenesis. The two most successful 

approaches to date are: a) the design o f  monoclonal antibodies specific to certain 

angiogenic regulators and b) the design o f  single or multi-TKIs.

1.4.1 M onoclonal Antibodies

1.4.1.1 Bevacizumab

VEGF has been identified as a key molecule for angiogenesis and this led to the 

development o f VEGF inhibitors. One example is the humanised anti-VEGF 

monoclonal antibody named bevacizumab (Avastin®) which is used for the treatment o f 

metastatic colorectal cancer and advanced non-small cell lung cancer (NSCLC) in 

combination with cytotoxic chemotherapy [128]. One o f  the main concerns with 

bevacizumab treatment is its interference with conditions such as coronary artery or 

peripheral artery disease [129].

1.4.1.2 Trastuzumab

Trastuzumab (Herceptin®) is an additional recombinant humanised monoclonal 

antibody which targets the extracellular domain o f HER-2 and it’s currently used for 

the treatment o f  both metastatic and early-stage HER-2-positive breast cancer [130- 

131]. Trastuzum ab’s clinical benefit is attributed to internalisation and down-regulation 

o f  cell surface HER-2 [132], preventing AKT activation by interfering with PI3K- 

PTEN pathway [133], cell cycle arrest in Gi [134] and inhibition o f  angiogenesis [135], 

Trastuzumab treatment is associated with cardiac dysfunction in 2-7%  o f  cases [136].
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1.4.2 Tyrosine Kinase Inhibitors

1.4.2.1 Sunitinib

Sunitinib 1 (Sutent®) is a small molecule which targets multiple receptor tyrosine 

kinases and it is licensed for the treatment o f renal cell carcinoma (RCC) and imatinib- 

resistant gastrointestinal stromal tumours (GIST). Sunitinib inhibits the kinase activity 

o f  PDGFR, VEGFR-2 and FLT-3, all o f  which play central roles in angiogenesis and 

tumour cell proliferation, as well as C D l 17, a RTK which drives the majority o f  GIST 

[137-139], Phase II studies have shown that sunitinib has a potentially beneficial effect 

in previously treated advanced NSCLC and unresectable neuroendocrine tumours [140- 

141], Treatment with sunitinib is associated with haematological adverse effects such 

as fatigue, diarrhoea, nausea, sore mouth and skin discolouration,

1.4.2.2 Sorafenib

Sorafenib 2 (Nexavar®) is an oral TKI approved for the treatment o f advanced RCC and 

hepatocellular carcinoma (HCC), Sorafenib inhibits VEGFR, PDGFR, Raf-I and 

intracellular serine/threonine kinases, and targets the M APK pathway 

(Raf/M ERK/ERK) [142-143], Treatment with sorafenib exhibited anti-tumour effects 

in colon, pancreas and breast cancer cell lines as well as in colon, breast and NSCLC 

xenograft models [144], Dose limiting toxicities (DLTs) following treatment with 

sorafenib included haematological toxicity, diarrhoea, fatigue, hypertension and skin 

rash. It has been suggested that because the presence o f  rash is commonly associated 

with EGF-pathway inhibition, its onset may be a predictor o f the treatment outcome 

and therefore may be used for optimal dose titration [145], Interestingly, reports from 

four Phase I clinical trials have indicated that patients experiencing skin toxicity and/or 

diarrhoea after treatment with sorafenib, had a significantly increased time to 

progression, compared with patients without such toxicity [146], Blood pressure is 

another possible biomarker indicating the treatment outcome in patients treated with 

sorafenib or other VEGF inhibitors [147].

1.4.2.3 Pazopanib

Pazopanib 3 (Votrient®) is a small molecule TKI o f V EG FR -1, -2, and -3, PDGFR-a 

and -P, FGFR, cytokine receptor (Kit), IL-2 receptor inducible T-cell kinase (Itk),
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leukocyte-specific protein tyrosine kinase (Lck), and transmembrane glycoprotein 

receptor tyrosine kinase (c-Fms) [148], Pazopanib was approved for the treatment o f 

advanced or metastatic RCC, following a Phase III trial which showed improvement o f 

progression-free survival and tolerability in the selected population [149], The most 

common adverse effects associated with pazopanib treatment included diarrhoea, 

hypertension, lymphocytopenia and asthenia. Hepatotoxicity was also observed in the 

pazopanib group which was associated with two treatment-related deaths, but was 

thought to be similar to that seen with sunitinib during its Phase III trial [149], 

Compared to other TKIs, pazopanib has a lower incidence o f  skin toxicities [150],

1.4.2.4 A xitin ib

(R)Axitinib 4 (Inlyta ) is a potent small molecule inhibitor o f VEGFR-1, -2 and -3 and 

which also demonstrated lower potency against PDGFR and c-Kit [151], Axitinib has 

been approved for the treatment o f clear cell metastatic RCC. A comparison trial 

between axitinib and sorafenib in patients with metastatic RCC demonstrated a 

significant improvement in progression free survival in patients receiving axitinib 

[152]. The adverse effect noted following treatment with axitinib were similar to those 

observed with sorafenib and other TKIs. Axitinib demonstrated efficacy in patients 

with other cancer types including thyroid [153], melanoma [154] and NSCLC [155], 

when given as a monotherapy and in metastatic breast [156] and colorectal cancer 

patients [157], when given in combination with chemotherapy.

1.4.2.5 G elltin ib

Gefitinib 5 (Iressa®) was the first commercially available EGFR tyrosine kinase 

blocker, which has been approved as second or third line therapy for advanced NSCLC 

[158-159]. Additional studies using a combination o f chemotherapies with gefitinib did 

not demonstrate improved efficacy over chemotherapy alone [160-161]. It is important 

to note that tumour EGFR status was not included in the selecting criteria o f  patients. 

Responsiveness to EGFR-inhibition treatment is associated with histologic features o f 

adenocarcinoma, female sex, no history o f smoking and Asian ancestry. However, the 

EGFR level o f  expression in immunohistochemical staining does not predict response 

to therapy and does not correlate with poor survival [162-164]. Recently, it has been 

reported that an activating mutation in the tyrosine kinase side o f the EGFR gene in
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NSCLC seems to predict the response to gefitinib treatment [165-167], Evidence to 

date suggests that it is important to select those patients who are more likely to benefit 

from the EGFR-TKI, because non-selection is probably the main reason o f 

disappointing results following gefitinib treatment.

1.4.2.6 E rlo tin ib

Erlotinib 6 (Tarceva®) is another EGFR TKI which is used for the treatment o f  non

metastatic pre-treated NSCLC, and in combination with gemcitabine for the treatment 

o f  advanced pancreatic cancer in patients who have not previously received 

chemotherapy. Erlotinib was reported to be effective in combination with other agents 

in patients with metastatic colorectal carcinoma; however EGFR expression was not an 

entry criterion. Currently, the tumour samples taken in this study are being examined 

for their EGFR expression patterns [168-169], Therapeutic benefit was also observed in 

patients with advanced biliary cancer [170], advanced HCC [171] and metastatic RCC 

[172], In addition, a recent study suggested that erlotinib may be an alternative option 

for patients resistant to cytotoxic chemotherapy, even in those with EGFR wild-type 

NSCLC [173],
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Figure 1.11: FDA-approved multi-targeted inhibitors o f angiogenesis sunitinib 1 [137-141], 

sorafenib 2 [142-147], pazopanib 3 [148-150], axatinib 4 [152, 156], gefitinib 5 [158-167] and 

erlotinib 6 [168-173],

1.4.2.7 L apatinib

Further TK I have been synthesised, including lapatinib 7 (Tyverb®), w hich targets 

EG FR  and H ER -2 tyrosine kinases [174], C lear tum our responses w ere observed in 

Phase I studies using lapatinib in trastuzum ab-refractory  breast cancer and N SC L C  

patients [175], In a Phase II study involving patients with m etastatic colorectal cancer, 

lapatinib show ed m inor effects [176], Interestingly, a Phase III trial w ith HER -2 over

expressing  refractory advanced or m etastatic breast cancer patients, lapatinib 

dem onstrated  an increased tim e to progression in com bination with capecitabine
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compared with capecitabine alone [177], Further Phase III trials established that there 

was no difference between the median time to progression of RCC patients treated with 

lapatinib or honnone therapy; however the median time to progression in the EGFR 

over-expressing patients was higher in the lapatinib group than in the hormone treated 

patients; 15.1 months versus (vs) 10.9 weeks, respectively [178]. The outcome of these 

studies highlighted the importance of the criteria selection of the participating patients. 

For that reason, recent studies have shown more success using lapatinb in combination 

with other agents for the treatment of HER-2-positive breast cancer [179-180]. In 2010, 

lapatinib in combination with letrozole was approved for the treatment of hormone 

receptor positive metastatic breast cancer tumours that over-express HER-2 and with 

whom hormonal therapy is indicated [181].

1.4.2.8 V andetanib

Vandetanib 8 (Caprelsa®), another orally available small molecule, is a dual inhibitor of 

VEGFR2 and EGFR tyrosine kinases. Vandetanib showed a broad spectrum of anti

tumour activity in several in vivo models, through targeting VEGF signalling and 

angiogenesis [182-183]. DLTs associated with vandetanib treatment were observed in 

Phase I trials, including diarrhoea, hypertension and thrombocytopenia [184-185]. 

Assessment of vandetanib in Phase II trials alone or in certain combination regimens 

revealed diverse results in a variety of tumours including NSCLC [186], metastatic 

breast cancer [187], multiple myeloma [188] and hereditary medullary thyroid 

carcinoma (MTC) [189]. The promising results of vandetanib anti-tumour efficacy in 

patients with advanced MTC resulted in the initiation of a Phase III trial which 

demonstrated therapeutic efficacy against MTC [190]. Therefore, vandetanib became 

the first drug to be approved for the treatment of metastatic MTC in patients who are 

ineligible for surgery. However, vandetanib alone was ineffective for the treatment of 

patients with NSCLC patients [191-192], but showed clinical benefit when combined 

with docetaxel [193].

1.4.2.9 Im atinib

Imatinib (Gleevec®) was the first commercially available small molecule tyrosine 

kinase inhibitor which reversibly competes with ATP for binding to the kinase domain 

of the c-Kit, c-Abl and PDGFR-BB tyrosine kinases [194-195]. Imatinib has been
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approved for the treatment o f  CML, by inhibiting the phosphorylation o f  Bcr-Abl 

tyrosine kinase and thereby suppressing the proliferation o f  Bcr-Abl-expressing 

leukemic cells. Although imatinib is not considered a true anti-angiogenic inhibitor, it 

is being used in treatment o f  patients with GIST who have c-K it gene expression [ 196- 

198],

Figure 1.12; M ulti-ty rosine k inase inhibitors lapatin ib  7 [174] and vandetan ib  8 [182],

Given that multi-targeted compounds have shown clinical success, it is worthwhile to 

closely exam ine other m olecules that may be expected to have similar profiles o f  

activity and to investigate their effects in several cell-regulated pathways.

Lack o f  tumour vessel selectivity exhibited by current therapies and those under 

investigation, remains a major obstacle in the development o f  effective cancer 

therapeutics. Angiogenic blood vessels express markers that are either entirely absent 

from the normal blood vessels or present at very low levels. Such markers include APN  

[199], the Ovŷ 3 and OvySs integrins [200-201], certain receptors for vascular growth 

factors [202-203], MMPs [204-205], and high-m olecular-weight proteoglycan [206- 

207]. There is an urgent and necessary need to develop compounds which are specific  

to these tumour angiogenic markers; compounds which should, because o f  this 

specificity, demonstrate superior anti-cancer activity and minimised toxicities than 

conventional chemotherapies.

7

8
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Table 1.1; Summary o f  the FDA-approved tyrosine kinase inhibitors (TKI).

TKI Targets T reatment

Sunitinib
PDGFR, VEGFR-2, FLT-3 and 

CD117
RCC and imatinib-resistant 

GIST

Sorafenib
VEGFR, PDGFR, Raf-1 and 

MAPK pathway
Advanced RCC and HCC

Pazopanib
V EG FR-1,-2, -3, PDGFR-a, -p, 

FGFR, c-Kit, Itk, Lck and c-Fms
Advanced or metastatic RCC

Axitinib
V EG FR -1, -2, -3, PDGFR and c- 

Kit
Clear cell metastatic RCC

Gefitinib EGFR Advanced NSCLC

Erlotinib EGFR
Non-metastatic pre-treated 

NSCLC and advanced 
pancreatic cancer

Lapatinib EGFR and HER-2
HER-2 over-expressing 
metastatic breast cancer

Vandetanib VEGFR-2 and EGFR Metastatic MTC

Imatinib c-Kit, c-Abl and PDGFR-BB
CML and c-Kit-expressing 

GIST

1.5 Aminopeptidase N

Aminopeptidases are ubiquitous exopeptidases involved in many biological processes, 

such as antigen processing and presentation, scavenging o f amino acids, catabolism o f 

regulatory peptides, degradation o f vasoactive and neuroactive peptides and tumour 

invasion and metastasis [208-209], Although some aminopeptidases are secreted, the 

vast majority are either cytosolic or m em brane-bound enzymes [210-211], APN is a 

zinc-dependent exopeptidase, which is anchored to the plasma membrane by its N- 

terminal segment and acts as an ectoenzyme by cleaving neutral amino acids from the 

N-terminal residues o f  peptides (Figure 1,13), APN is identical to the cell surface 

antigen CD 13 [212] and is also known as aminopeptidase M and human alanyl
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aminopeptidase [213], Soluble APN is detectable in plasma/serum and urine but the 

mechanism o f  release o f  membrane APN still remains unknown [214-215],

M embrane bound APN is present on the brush border membranes o f  the small intestine, 

where it is involved in the final hydrolysis o f ingested nutrients, as well as on the renal 

proximal tubules, breast, colon and synaptic membranes o f the central nervous system. 

Degradation o f  neuropeptides, enkephallins and endorphins is facilitated by APN [216]. 

The enzymatic activity o f  APN is regulated either by its synthesis or degradation, by 

natural peptides such as bradykinin or substance P [217], as well as its varying 

expression pattern (e.g. maturation and differentiation o f  monocytes is accompanied by 

increased APN expression [218]). In addition, APN serves as the m ajor receptor for the 

transmissible gastroenteritis virus (TGEV) [219] and for the human coronavirus 229E, 

which causes upper respiratory infections [220].

APN has previously been shown to play a key role in tumour cell invasion, extracellular 

matrix degradation by tumour cells and tumour metastasis in vitro and in vivo [222- 

225]. According to the characteristics o f the tumour microenvironment, such as hypoxia 

or elevated concentration o f angiogenic growth factors, APN is transcriptionally up- 

regulated [226], Newly formed tumour vessels, as well as other types o f  new blood 

vessels, express APN in high levels [199], thereby making it a novel m arker for 

angiogenesis on endothelial cell surfaces. In vitro studies have shown that APN is

13.S nm

HgN ■ •  NH^

Figure 1.13: The structure of APN [221].

28



highly expressed in human umbilical vein endothelial cells (HUVECs), human aortic 

endothelial cells (HAECs) and in a majority o f tumour cell lines. In the absence of 

functional APN, capillary tube fonnation, cell migration and adhesion were all 

suppressed [227]. Its functions are regulated by influencing the organisation of specific 

plasma membranes [228] and by modulating endothelial morphogenesis during 

angiogenesis [226]. Further studies have shown that APN-null mice developed 

normally without physiological alterations and can undergo physiological angiogenesis 

but demonstrated a severely impaired angiogenic response under pathological 

conditions [229].

High expression levels o f APN have been detected in various solid tumours [230-232]. 

APN may be a useful indicator of poor prognosis for node-positive patients with colon 

cancer, as patients with APN-positive tumours showed significantly lower disease-free 

and overall survival rate than patients with APN-negative tumours [233], Furthermore, 

NSCLC patients with high serum APN levels have been associated with more advanced 

stage, poor performance status and lower survival rate [234-235]. APN has therefore 

been considered as a potential target for proliferating tumour vasculature and APN- 

positive tumours. Another study examining the expression level o f APN in prostate 

tumour samples found that APN was located in the cytoplasmic membranes of prostate 

gland epithelial cells. Increased APN expression was associated with prostate cancer, 

while the expression o f prostate-specific antigen (PSA, a marker for prostate cancer) 

was shown in normal and cancer tissue. Interestingly, this evidence suggests that APN 

may potentially be a good histological marker of prostate cancer [236].

1.5.1 Bestatin

A number o f APN inhibitors have been synthesised and which showed promising 

results, including anti-invasive and anti-metastastic activity. A well known inhibitor of 

APN, aminopeptidase B and leucine aminopeptidase is (2S,3R)-3-amino-2-hydroxy-4- 

phenylbutanoyl-L-leucine), namely bestatin 9 (Ubenimex®), which was originally 

isolated from the culture filtrates o f Streptomyces olivoreticuli [237], Bestatin has also 

demonstrated inhibitory activity against a metallo-enzyme leukotriene A4 hydrolase 

that plays an important role in the arachidonic acid cascade [238]. APN inhibition by 

bestatin significantly reduced the in vitro migration of eosinophils across HUVEC
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monolayers [239], In addition, bestatin (50-150 jiM) blocked the invasion o f  various 

human metastatic tumour cells into reconstituted basement membrane [223-224] or into 

matrigel [236, 240], inhibited the in vitro chemotactic migration o f T lymphocytes at 

580 jiM [223, 240] and inhibited the capillary tube formation [241], Bestatin showed a 

direct anti-tumour effect against NSCLC cell lines and particularly against various 

carcinomas (squamous, fibrosarcoma, cervical, and lung carcinoma) [242-243] and 

myeloid cells (P39/TSU, HL-60, U937, NB4) [244-246] through the induction o f 

apoptosis.

In the chorioallantoic membrane (CAM) assay, bestatin inhibited FGF-2 induced 

angiogenesis, and blocked the hypoxia-induced retinal neovascularisation in the mouse 

retinal neovascularisation model [199]. Following intraperitoneal (i.p.) administration 

o f  bestatin (50-100 mg/kg/day), the number o f vessels on the primary tumour mass o f 

B16-BL6 melanoma were significantly reduced [241],

The anti-tum our effect o f bestatin was observed against syngeneic colon tumours 

through indirect immunomodulation via spleen cells and possibly via T cells [247], In 

vivo anti-tumour activities have been reported in several syngeneic tumours such as 

leukaemia, melanoma, ovarian, HCC and gastric carcinoma [199, 247-251].

Following successful preclinical evaluation, bestatin entered into different clinical 

trials. An increase in the number o f  T cells and enhanced natural killer cells’ activity 

was observed, following treatment with bestatin. In addition, anti-tumour effects were 

noted in one case o f residual penile tumour after bleomycin treatment, and marked 

regression was detected in two cases o f  skin metastasis o f  mammary carcinoma. 

Combination o f  bestatin treatment and radiation resulted in complete regression in three 

cases o f  V irchow ’s nodes; pepleomycin and bestatin showed complete regression in 

one case o f  metastatic skin carcinoma and the combination o f the three had a 

favourable effect against oesophageal carcinoma [252]. Moreover, positive preliminary 

results were obtained on the disease-free survival in bladder cancer patients receiving 

adjuvant treatment with bestatin, following radiation therapy [253]. The data obtained 

from a different clinical trial evaluating the effect o f  bestatin in NSCLC patients 

showed a non-significant trend in favour o f bestatin in terms o f disease-free survival 

[254]. Further clinical trials suggested that bestatin may be a useful agent for treating
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stage Ib and II malignant melanomas, squamous cell carcinoma (SCC), gastric cancer, 

urogenital cancer and squamous cell lung cancer [255-259],

The effect o f bestatin was not only observed in solid tumours but also in 

haematological cancers. APN was found on cells o f  myelomonocytic lineage [260], 

while mature B cells and resting T cells lack detectable APN expression. An abnormal 

surface expression o f APN has been identified in acute and chronic B cell leukaemia 

and is associated with poor prognosis in the case o f adult acute B cell leukaemia (B- 

ALL) [261-262]. The highly selective haemopoietic distribution o f APN makes it an 

effective marker o f  myeloid leukaemia, with considerable value in immuno- 

phenotyping studies [263].

Clinical trials were designed to evaluate bestatin for the treatment o f  acute non- 

lymphocytic leukaemia (ANLL). Promising outcomes, such as significantly longer 

remission duration and survival time were observed in bestatin treated patients, 

compared with the control group [264-267]. A separate study investigating treatment 

for acute myeloid leukaemia (AML) patients, showed that immunotherapy with bestatin 

after the end o f chemotherapy did not improve the disease free survival [268]. 

Treatment with bestatin at high doses (90 and 180 mg daily) activates 

macrophage/monocyte production, providing augmentation o f neopterin and colony- 

stimulating activity in the serum o f lymphoma patients following autologous bone 

marrow transplant [269]. Bestatin is licensed in Japan for the treatment o f AML.

1.5.2 APN Inhibitors

The inherent low toxicity o f bestatin and its effectiveness as a cancer therapy have

encouraged further studies using different analogues or compounds with similar activity

profile as bestatin. Amastatin 10, (2S,3R)-3-amino-2-hydroxy-5-methylhexanoyl-L-

valine-L-valine-L-aspartic acid), which was isolated from the culture filtrate o f

Streptomyces sp. ME98-M3 [270], has been reported to be a slow-binding competitive

inhibitor o f APN [271]. It has been reported that amastatin enhanced the chemotactic

response o f human neutrophils toward f-M LP, however it weakly inhibited APN

enzymatic activity over the range o f  concentrations (which were effective on neutrophil

migration) [272]. Amastatin demonstrated inhibition o f  capillary tube formation

without altering the proliferation rate o f HUVECs between 10-250 ^M  [226]. Phebestin
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11, (2S,3R)-3-amino-2-hydroxy-4-phenylbutanoyl-L-valyl-L-phenyIalanine) is a 

tripeptide produced by Streptomyces sp. MJ716-m3 [273] and probestin 12, (2S,3R)-3- 

amino-2-hydroxy-4-phenylbutanoyl-L-valyl-L-prolyl-L-proline), is a tetrapeptide 

isolated from Steptomyces azureus sp. MH663-2F6 [274],

Different series of compounds were also designed as APN inhibitors including a- 

aminoaldehydes [275], aminophosphonates [276], quinoline-based compounds [277], 

bisphosphonates [278] and tetralones [279],

11 12

Figure 1.14; Aminopcptidasc inhibitors, bcstatin 9 [239, 241], amastatin 10 [272], phebcstin 11 

[273] and probestin 12 [274].

Recent studies reported the design and synthesis o f a bestatin dimethylaminoethyl ester, 

LYP, which displayed a greater APN inhibitory effect than bestatin and inhibition of 

cell growth in ES-2 human ovarian carcinoma cells in vitro [280], in the in vivo ES-2 

xenograft model [281], and in assays o f in vitro and in vivo angiogenesis [282],

A summary o f APN inhibitors is well presented in a review by Bauvois and Dauzonne 

[283], and in a more recent review by Zhang et. al [284],

It has been identified that endothelial cells express APN as a surface receptor for the 

tumour-homing motif NGR (asparagine-glycine-arginine), thus APN is capable of
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hom ing selectively to the tumour vasculature. NGR conjugates which target the tumour 

vasculature will be discussed later in section 1.8.2.

1.6 Vasculature Normalisation

Additional rationale for anti-angiogenic therapy implies that treatment with anti- 

angiogenic agents can result in a more “normal” vasculature that is more conducive to 

the delivery o f nutrients and therapeutics (Figure 1.15). Tumour hypoxia results in 

tumour cell resistance to radiotherapy or cytotoxic agents and induces genetic 

instability [285], Previous studies have shown that anti-angiogenic treatment resulted in 

vascular normalisation by blocking o f VEGF or its receptor VEGFR-2, leading to 

endothelial cell apoptosis and a reduction in vessel diameter, density and permeability 

[58, 286-287], Subsequently, interstitial fluid pressure decreased and, in some tumours, 

oxygen tension increased [288-289]. Interestingly, treatment with endostatin revealed a 

decrease in tumour blood flow at certain intermediate doses and an increase in other 

lower doses. Taking into consideration that only few examples o f anti-angiogenic drugs 

exist which support their efficacy as single agents [290], it is still unclear whether the 

effect o f these agents occur as a result o f  vascular normalisation [291]. A better 

understanding o f the m olecular mechanism o f vascular normalisation may lead to more 

efficient anti-cancer therapies as well as for other vascular-related diseases. A more 

comprehensive review on vascular normalisation is discussed by Jain [292],
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Figure 1.15: Normalisation o f tumour vasculature following anti-angiogcnic therapy [66].

1.6.1 V ascu lar D isrupting A pproach

The ability  to selectively target established tum our vasculature is a  very appealing 

strategy w hich allow s for rapid vascular shutdow n, leading to secondary tum our cell 

death. There are tw o classes o f  VDA s: sm all m olecule V D A s and ligand-directed 

V DAs. Sm all m olecule V D A s are not specific to tum our vessels, how ever they exploit 

pathophysiological differences betw een norm al and tum our tissue endothelium  to 

achieve tum our vessel selectivity. This type o f  class includes tubulin  targeting agents 

and cytokine inducers.

1.6.1.1 Tubulin

T ubulin is a g lobular protein  that polym erises to form  m icrotubules, one o f  the 

com ponents o f  the cytoskeleton w hich is involved in m any cellu lar processes including 

m itosis, cytokinesis, and vesicu lar transport [293]. Tubulin  is com posed o f  a 

heterodim er o f  tw o closely related  proteins, a -  and yS-tubulin w hich bind together to 

form  a ayS-tubulin heterodim er. Tw o energy rich guanosine triphosphate (G TP) 

m olecules are bound to these heterodim ers, one o f  w hich cannot be rem oved w ithout 

denaturing the heterodim er and the o ther is freely exchangeable w ith  unbound GTP. In
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the presence o f  excess GTP at 37 °C, repeating ay9-tubulin heterodimers polymerise 

head to tail to form protofilaments [294], which then associate in parallel (number can 

vary from nice to sixteen) to create a C-shaped protein sheet, that curls around to give a 

pipe-like structure known as microtubule (Figure 1.16) [293-295].

M icrotubules consists o f  long tube-like structures, that are approximately 240 angstrom 

in diameter, with a hollow core [296], The microtubule polymers are constantly in a 

state o f flux, allowing them to mediate their various cellular functions, such as serving 

as tracks on which m otor proteins (kinesins) transport vesicles during interphase. 

M icrotubules form the key structural component o f the mitotic spindle during cell 

division and the equilibrium between the monomers (tubulin) and the polymers 

(microtubule) changes according to the cell cycle stage [297]. During mitosis, the 

elongating ends o f  the microtubules bind to the chromosomes at each kinetochore and 

align the chromosome on the metaphase plate. Any disruption o f this alignment causes 

cells to undergo mitotic arrest [298].

The ability o f microtubules to switch between growing and shrinking phases is crucial 

to their function. Each tubulin monomer binds one molecule o f GTP; the nucleotide 

bound to the a-tubulin at the N-site is non-exchangeable and the one bound to the y5- 

tubulin at the E-site is exchangeable. In order for tubulin to polymerise, GTP is 

required at the E-site, however once this nucleotide is hydrolysed it becomes non

exchangeable. A cap o f  GTP-tubulin subunits at the ends is believed to result in the 

m etastable microtubule structure, whereas upon its loss it causes rapid 

depolymerisation [293]. Since tubulin can polymerise from both ends but at a different 

rate from each side, the rapidly polymerising end is called the plus end o f the 

m icrotubule and the slowly polymerising end the minus end. The microtubule 

organising centre (M TOC) functions to modify the concentration o f a>9-tubulin inside 

the cells according to the required level for spontaneous nucleation. In this centre, a 

third, less abundant protein called y-tubulin is found. The dynamics o f  microtubule 

assembly are further regulated by a host o f microtubule-binding proteins and complexes 

[299], known as microtubule associated proteins (MAPs) which stabilise microtubules. 

MAPs are able to increase mitotic spindle dynamics by hyper-phosphorylation and are 

released from microtubules during cell division [300]. Also they serve to protect
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m icrotubules from  depolym erisation w hich could  be induced by  low  tem perature and 

calcium  ions [294].
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Figure 1.16; Microtubules dynamics [301],

1.6.2 T ubulin  T argeting Agents

Perhaps the best know n class o f  V D A s are the tubulin  targeting agents w hich have both 

anti-m ito tic and an ti-vascular effects, leading to inhibition o f  spindle form ation (m itotic 

arrest) and reduced tum our blood flow , respectively  [302], The earliest tubulin  b inding 

agents w hich dem onstrated anti-m itotic and anti-vascular activ ity  w ere com pounds 

such as colchicine 13 [303], the vinca alkaloids e.g. v inblastine and vincristine 14 

(Oncovin®) [304] and the taxanes e.g. paclitaxel 15 (PTX , Taxol®) [305]; how ever 

these com pounds have a very narrow  therapeutic w indow  associated with consequent 

D LTs [306-307],

The first sm all m olecule V D A  that w as show n to have anti-vascular effects at doses 

below  the m axim um  tolerated dose (M T D ) w as C om bretastatin  A -4 16 (CA -4) [308], a 

tubulin  b inding agent w ith structural sim ilarities to colchicine that was isolated from
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the Cape Bushwillow tree, Comhretum caffrum [309-310]. CA-4 treatment has shown 

to cause extensive tumour vascular damage and necrosis in vivo at relatively non-toxic 

doses [308], The more soluble disodium phosphate prodrug form o f this compound 

(CA4-P) has been developed. CA-4P is rapidly cleaved by endogenous non-specific 

phosphatases to release the active CA-4 [311]. Preclinical studies in mouse and rat 

tumour models demonstrated that CA-4-P was able to cause rapid tumour vascular 

shutdown and reduce blood flow at doses well below the MTDs, offering a wide 

therapeutic window [308]; while normal tissue was much less affected [312-313]. The 

vascular shutdown induced by CA-4-P in tumours is due to the change in shape o f 

newly fonned endothelial cells [314], causing microtubule breakdown and 

reorganisation in the actin cytoskeleton, resulting in membrane blebbing [315].

In 1998, CA-4-P entered clinical trials with reported distinct DLTs from those o f 

conventional chemotherapies such as cardiopulmonary toxicities (dyspnoea or hypoxia) 

[316-318]. CA-4-P completed Phase I and II clinical trial evaluation in patients with 

advanced solid tumours such as anaplastic thyroid cancer and lung cancer and is 

undergoing Phase III trials in combination with conventional 

chemotherapy/radiotherapy, against a variety o f  tumour types [310, 316-319].
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Figure 1.17: Tubulin targeting agents: colchicine 13 [303], vincristine 14 [304], PTX 15 [306- 

307] and CA-4 16 [308],

1.6.3 Cytokine Inducers

Flavone acetic acid (FAA) is a small molecule cytokine inducer which was originally 

synthesised as a non-steroidal anti-inflammatory agent. The anti-vascular effects o f 

FAA in experimental tumours are mediated via the release o f TN F-a from activated 

mouse macrophages [320-321], FA A ’s lack o f clinical activity led to the synthesis o f 5, 

6-dimethylxanthenone-4-acetic acid (DMXAA, AS 1404, 17), an analogue o f FAA. 

DM X AA’s mechanism o f  action is more complex and the exact target is not fully 

understood; however data supports a direct effect on endothelial cells (possibly through 

nuclear factor-K B) leading to apoptosis. In addition, indirect effects include release o f 

vasoactive agents within the tumour tissue, such as serotonin, TNF-a, nitric oxide and 

possibly other cytokines [322], DM XAA has been further developed and is currently 

undergoing Phase III trials in combination with conventional chemotherapy [323].
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Figure 1.18: Cytokine inducer DMXAA 17 [322],

1.6.4 Ligand-directed Approach

The ligand-directed approach is designed to selectively target components o f tumour 

vessels. Therefore, ligand-directed VDAs are composed o f targeting moieties that are 

linked together, usually via chemical cross-linkers or peptide bonds. Antibodies or 

peptides are usually used as a targeting moiety that could be directed against a m arker 

which is over expressed in the tumour cells but not in normal cells. Tumour vessel 

markers include major histocompatibility complex (MHC) class II [324], the vascular 

cell adhesion m olecule-1 (VCAM-1) [325], the ED-B domain o f fibronectin [326] and 

prostate-specific membrane antigen (PSMA) [327], Ligand-directed VDAs have 

successfully and selectively targeted tumour vessels in vivo, causing the central region 

o f  the tumour to degenerate.

1.7 Combination Therapy

Single agent administration o f VDAs can cause massive central tumour necrosis due to 

vascular collapse; however a narrow viable rim on the periphery o f tumour tissue often 

remains, allowing tumour cells to repopulate and avoiding complete tumour cell death. 

A possible explanation for this is that the peripheral tumour cells can obtain oxygen and 

nutrients from the surrounding non-tumour blood vessels, which are less responsive to 

VDAs [328-329]. The tumour periphery is the only tumour region that is easily 

accessible to therapeutic agents, leading to the suggestion that the optimal clinical use 

o f VDAs would be in combination with other treatments such as cytotoxic 

chemotherapy/radiotherapy, most notably the platinum drugs. In this way, the 

remaining viable rim o f  the tumour may be eliminated, eventually causing total tumour 

cell death [329-332],
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Use of current anti-angiogenic treatments alone has provided only a modest survival 

benefit, thus interest in combining anti-angiogenic drugs with conventional cytotoxic 

chemotherapies has been shown and has proved to maximise the therapy’s effect. For 

instance, bevacizumab has been approved in combination with 5-fluorouracil-based (5- 

FU) regimen, for first and second-line treatment of patients with metastatic colorectal 

carcinoma [333], In addition, a recent Phase I clinical trial showed that treatment with 

CA-4P in combination with bevacizumab resulted in profound tumour vascular 

changes, which were maintained in the presence of bevacizumab [334],

1.8 Hybrid Drugs

A relatively new approach which has emerged in the last decade is the design o f hybrid 

based therapies using different modalities. Two or more targeting ligands, which are 

joined together with a linker, form one individual compound, called a hybrid (Figure 

1.19). Walsh and Bell have discussed the concept of hybrid based approaches for 

malaria [335], while Chow et al. have outlined the concept o f hybrid based anti-tumour 

drug candidates [336], This concept is based on the premise that drugs in hybrid form 

may overcome the disadvantages associated with monotherapy or indeed combination 

chemotherapy in terms of drug resistance, pharmacokinetics and solubility concerns 

associated with the individual constituents. In addition, the effect of the hybrid drug 

could be synergistically greater than the free agents. Most importantly, selectivity could 

be vastly improved because VDAs which have been examined so far have 

demonstrated a lack of selectivity. In this respect, one component of the hybrid drug 

could act as a tumour-homing device in order to target specifically tumour vessels 

while the other component may be the active agent [337-338]. Nevertheless, hybrid 

drugs’ administration may have a reduced effect compared to the combination of single 

constituents, perhaps because of the increased bulk o f the molecule which may decrease 

penetration to the target site. Combination treatment with individual drugs should be 

examined at an early stage and then compared to the hybrid in order to observe any 

potential benefits of the hybrid over the individual components.
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Figure 1.19: Schematic illustrating a hybrid/conjugatc design. Two distinct moieties are 

conjugated using a linker unit.

1.8.1 Hybrid Approaches

T here are several design strategies for the developm ent o f  hybrids: (i) one com ponent 

m ay be used to present the o ther com ponent in prodrug form , (ii) both m oieties can be 

presented in an active form  and (iii) both m oieties can be presented  in a prodrug form , 

g iving an overall p ro-prodrug form. Frequently, hybrids depend upon specific enzym es 

or chem ical transform ation to release their tw o com ponents as active agents; in this w ay 

system ic toxicity m ay be reduced and drug delivery  m ay be optim ised to the target site 

[339],

A variety o f  hybrid designs have been proposed and evaluated for use as anti-cancer 

agents, revealing their benefits in drug delivery, as well as their inherent associated 

com plexity. Such designs include hybrids/conjugates with either one or both 

com ponents aim ing to: i) inhibit tum our angiogenesis, ii) disrupt the existing tum our 

vasculature or iii) directly  target and eradicate tum our cells.

R ejniak et aL have published a review  on hybrid m odels o f  tum our grow th em phasising 

the m athem atical m odelling  approaches that can handle m ultip le intracellular and 

extracellu lar factors, and assist in the design o f  hybrid  m olecules [340].

The preclinical evaluation o f  hybrids/conjugates w hich have been designed to target 

tum our vasculature will be discussed including: i) tubulin  targeting - cytotoxic hybrids, 

ii) antibody - drug hybrids, iii) toxin - drug hybrids, iv) R G D /N G R  - related conjugates 

and v) heparin - associated conjugates. In addition, the prelim inary  evaluation o f  m ulti

targeted inhibitors o f  angiogenesis will be discussed. Table 1.2 sum m arises theses 

hybrid designs and includes one exam ple from  each group.

41



Table 1.2; Hybrid/Conjugate designs targeting tumour angiogenesis or vasculature.

Hybrid/Conjugate Design Example Ref.

Tubulin targeting - Cytotoxic hybrids PTX -  Camptothecin [341]

Antibody - Drug hybrids Trastuzumab -  Maytansinoid [342-344]

Toxin - Drug hybrids Irofulven -  Anginex [345]

RGD/NGR - Related conjugates RGD/NGR - TNF-a [346-351]

Heparin - Associated conjugates
Heparin-lithocholic acid -  

Folate
[352]

1.8.1.1 Tubulin Targeting - Cytotoxic Hybrids

Tubulin targeting-cytotoxic hybrids have been designed to have one tubulin binding 

component (for either anti-vascular or anti-tumour purposes) joined to a cytotoxic 

agent. For example, a PTX-octreotide hybrid showed specificity to somatostatin 

receptor-expressing cells [353]. Nakagawa-Goto et al. have designed different taxoid 

conjugates by linking various anti-cancer agents, including glycyrrhetinic acid, 

colchicine, epipodophyllotoxin and camptothecin (CPT). PTX-CPT conjugates 

demonstrated higher anti-cancer activity against PC-3 and LN-CAP prostate cancer 

cells, than PTX itself Also, the PTX-CPT conjugates exhibited anti-angiogenic 

properties, as well as reduced inhibitory activity against normal human lung fibroblasts 

[341].

Another approach which has been exploited is the development o f hybrids that link two 

tubulin targeting agents. For instance, an admantane-based taxane-colchicine conjugate, 

exhibited superior anti-cancer activity against A549 adenocarcinoma human alveolar 

basal epithelial cells [354], An additional colchicine-based hybrid was synthesised by 

its conjugation with caulerpenyne, a toxin isolated from the marine algae C. taxifolia 

[355], which exhibited inhibition of tubulin polymerisation and proliferation of SK-N-
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SH neuroblastoma cells [356]. The activity o f the colchicine-caulerpenyne hybrid was 

disappointing against tubulin polymerisation with IC50 value > 100 |aM. High 

concentration (10 |aM) o f the hybrid was required to inhibit more than 50% o f  the 

formation o f a capillary network [357], The fact that the hybrid demonstrated poor 

tubulin polymerisation activity but still inhibited the capillary tube formation at 10 |jM, 

may indicate that this was as a result o f  possible hydrolyses into different components.

A re-evaluation on the concept o f  tubulin targeting agents in hybrid drugs is contained 

in a review by Breen and W alsh [339].

1.8.1.2 Antibody - Drug Hybrids 

1.8.1.2.1 PTX - Cetuximab Hybrid

Tumour-directed drug delivery has been attempted by conjugation o f a tubulin targeting 

agent or a cytotoxic agent to a monoclonal antibody. For instance, PTX-cetuximab (a 

monoclonal antibody targeting EGFR) was synthesised, where its in vitro cytotoxicity 

results indicated enhancement o f PTX ’s cytocidal effect, compared to that o f the free 

drug, the intact antibody, and a physical mixture o f the two. The in vivo anti-tumour 

activity o f the conjugate was similar to that o f  cetuximab alone, which may be due to 

either a relatively low dose o f the antibody-delivered drug (346 )ig/kg) or an extensive 

release o f the conjugate in circulation [358].

1.8.1.2.2 Trastuzumab - DM1 Hybrid

Moreover, the monoclonal antibody trastuzumab has been conjugated with the 

cytotoxic molecule maytansinoid (DM1), a m icrotubule depolymerising agent. The 

resulting conjugate, trastuzumab-DM  1 (T-D M l), was designed to deliver DM1 into the 

HER-2-expressing cells via receptor mediated endocytosis. T-DM l conjugate has 

shown activity both in vitro and in vivo models o f trastuzumab-resistant breast cancer 

[342]. It has also shown remarkable activity in Phase I and II clinical trials in patients 

with trastuzumab-resistant HER-2-expressing breast cancer [343-344].

1.8.1.2.3 Cytokine Fusion Chimeras

Immunotherapeutics not only include conjugation to cytotoxic drugs but also fused to 

cytokines (cytokine fusion chimeras). A monoclonal antibody L I9 was developed,
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which targets a tumour specific sphce form of fibronectin, which is selectively 

expressed on the tumour vasculature within a variety o f tumours [359]. In addition, 

several derivatives of L I9 antibody were generated and showed preclinical and clinical 

efficacy by specifically targeting the tumour vasculature [360-363]. Furthermore, two 

high affinity human antibodies, G 11 and F I6, were shown to bind to the large isoform 

of tenascin-C, a type of extracellular matrix glycoprotein expressed in different types of 

connective tissues, with a prominent perivascular pattern [364]. The activity o f G ll  and 

FI 6 antibodies was evaluated in a U87 glioblastoma xenograft model and showed great 

anti-tumour effect, by demonstrating accumulation at the tumour site, but not in other 

organs [365],

1.8.1.2.4 Anti-PSM A Conjugates

Further studies with antibody conjugates were carried out using an antibody against 

PSMA. PSMA is a membrane glycoprotein that is predominantly expressed in the 

prostate, in the neovasculature o f different solid tumours and it’s also present in the 

serum of prostate cancer patients [366-367]. The anti-PSMA antibody was conjugated 

to the anti-mitotic agent monomethyl auristatin E (MMAE), a microtubule assembly 

inhibitor, which is a synthetic analogue o f dolastatin 10 [368]. The anti-PSMA-MMAE 

hybrid demonstrated selectivity towards PSMA-expressing cell lines and showed high 

in vivo activity in prostate tumour xenografts following an initial course of docetaxel 

therapy [369],

An additional example includes the anti-PSMA antibody huJ591, which was conjugated 

to various toxins and radio-nucleotides. The anti-PSMA conjugate showed promising 

potential for prostate cancer therapy and other solid tumours [370].

Gerber et al. have summarised the recent developments of antibody-drug conjugates 

which target the tumour vasculature and outlined future directions in that field by 

indicating some potential targets [371].
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1.8.1.3 Toxin - Drug Hybrids

1.8.1.3.1 VEGF - Toxin Hybrids

A different strategy to directly target the tumour vasculature was introduced by 

Ramakrishnan et al. which reported that a toxin polypeptide linked to the VEGF165 

isofomi can be used to target VEGF receptors and to inhibit the proliferation of 

endothelial cells [372]. In addition, VEGFi65-toxin conjugate has demonstrated 

inhibition of angiogenesis in the CAM assay and reduced the tumour growth of ovarian 

tumour xenogrfats [373].

Once identified that VEGF]6 5 , binds to the neuropilin-1 receptor (NP-1) which is 

expressed on endothelial and tumour cells, as well as in adult heart and placenta [374- 

375], a different VEGF isofrom, VEGF121, was used for conjugation with toxins, which 

binds to VEGFR-2, but not NP-1 [376], A truncated form of diphtheria toxin (DT385) 

which contains the catalytic and the translocation domain of diphtheria toxin but lacks 

the innate receptor-binding domain was employed as the effector molecule. In order to 

facilitate chemical conjugation with VEGF121, DT385 was genetically modified to 

incorporate a cysteine residue at the carboxyl terminus. The VEGFi2i-DT385 

conjugate, demonstrated selective inhibition of endothelial cell proliferation, 

angiogenesis and tumour growth in vivo, without apparent toxicity [377].

1.8.1.3.2 Irofulven - Anginex Hybrid

Furthermore, different types of toxins were used for conjugation with anti-angiogenic 

agents. Irofulven (MGI-114; 6-hydroxymethylacylfulvene) is a leading member of the 

acylfulvenes which are a semi-synthetic class of compounds derived from illudin S, a 

toxin produced by the Omphalotus illudens mushroom, which demonstrated in vitro 

and in vivo anti-tumour activities. Irofulven alone or in combination with other 

chemotherapeutic agents, has shown clinical activity against a variety o f cancers [378]. 

However, DLTs were observed, including myelosuppresion, neutropenia, 

thrombocytopenia, nausea, vomiting and fatigue [379-380]. In order to reduce the 

systemic toxicity and maintain, or even improve the clinical efficacy, irofulven was 

conjugated to anginex [381-382], an anti-angiogenic agent which targets galectin-1 

[383] (a cell surface glycan binding protein which is highly up-regulated in tumour-
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activated endothelial cells) [384-385], The irofulven-anginex conjugate demonstrated 

superior activity than the equivalent doses o f either compound alone, in an ovarian 

tumour xenogrfat model, and selectively targeted the tumour vasculature by inhibition 

o f tumour angiogenesis. Interestingly, the conjugate has not shown apparent signs of 

systemic toxicity, unlike irofulven [345].

1.8.2 RGD/NGR - Related Conjugates

Targeted delivery of cytotoxic agents to the tumour vasculature may be achieved by the 

identification o f molecular markers that differentiate newly formed capillaries from 

mature vessels. Integrins are heterodimeric transmembrane proteins that represent a 

family of over 15 a and 8 p  subunits which can heterodimerise to form over 20 

combinations. A single ECM ligand could be recognised by different integrin 

combinations, while others may recognise several different ECM proteins. Integrin- 

mediated adhesion induces intracellular signalling pathways that modulate cell survival, 

proliferation and migration [26]. These signals involve phosphorylation o f non-receptor 

tyrosine kinases (such as focal adhesion kinase and Src kinases), inositol lipid synthesis 

and elevation in intracellular calcium and pH. Consequently, a number of downstream 

signals are triggered, including activation of the Ras/MAPK pathway [26]. Activated 

endothelial cells express several types o f integrins on their surface during angiogenesis, 

which regulate critical adhesive interactions with several ECM proteins, such as 

fibronectin, vitronectin, laminin, fibrinogen, von Willebrand factor, collagen types I, IV 

and denatured collagen. Cell migration, proliferation and differentiation are distinct 

biological events which are regulated by these adhesive interactions and which are 

involved in the process o f angiogenesis [386]. An interesting expression pattern has 

been identified by integrin with an exposed RGD sequence on endothelial cells 

undergoing angiogenesis in tumours, wound healing, or inflammatory tissues, and this 

might be a useful diagnostic or prognostic indicator of tumours [387-390].

One o f the best known and specific markers is the integrin which mediates the 

attachment o f endothelial cells to sub-matrix proteins such as vitronectin, which forms 

the capillaries’ basement membrane [391]. The integrin is found on the luminal 

surface of the endothelial cells only during angiogenesis and vascular remodelling [388, 

392]; although all endothelial cells use the integrin to attach to the extraluminar sub-
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matrix. Phage display studies have distinguished a selective ligand sequence RGD 

which has high affinity for the avy?3  integrin [393]. The tissue distribution o f 

integrin is limited in adults but it is expressed on a small percentage o f activated 

macrophages, leukocytes and osteoclasts, where it appears to be involved in bone 

resorption and immune function. The integrin is also expressed in some invasive 

tumours, such as late-stage glioblastomas and metastatic melanomas, leading to the 

malignant phenotype o f the tumour [394]. Previous studies suggested that integrin 

may serve as an effective diagnostic or prognostic indicator o f malignancies.

1.8.2.1 PTX-RGD Conjugate

In order to increase selectivity to tumour blood vessels, different studies have used 

several chemotherapeutic agents linked to the RGD peptide. Chen et al. designed a 

dimeric RGD peptide E[c(RGDyK)]2 , a potent ay-integrin antagonist, as a carrier for 

PTX in order to target specifically tumour vasculature and breast cancer cells. RGD 

peptide inhibited cell cycle proliferation by Go/G|-phase arrest, whereas the PTX-RGD 

conjugate 18, showed inhibition o f  cell proliferation mediated by a G 2/M-phase cell 

cycle arrest followed by apoptosis, and its activity was comparable to that observed for 

PTX. The integrin binding affinity o f 18 was slightly reduced compared to the un

conjugated peptide; however there was specific accumulation o f the conjugate in 

integrin-expressing sites in vivo. The highest tumour uptake o f 125-I-labeled PTX-RGD 

was observed after 2h post-injection and the best tumour/background contrast after 4h 

post-injection. These results demonstrated the potential o f the conjugate to be delivered 

specifically to integrin-rich sites o f the tumour and the vasculature, therefore reducing 

toxicity and improving selectivity [395]. In another study, PTX was conjugated with a 

divalent cyclic peptide E-[c(RGDfK)2], which is a novel ligand-based vascular 

targeting agent that binds to integrin, and showed high uptake in OVCAR-3 

xenograft tumours [396]. Promising results were observed in vitro, although the PTX 

conjugate was inactive in vivo following intravenous (i.v.) administration in ovarian 

cancer xenograft model. A possible reason suggested by the authors which could 

explain the lack o f efficacy o f the PTX conjugate in vivo, was premature release o f 

PTX into the circulation and thus reduced accumulation o f  the active drug to the 

tumour site [397]. Nevertheless, as PTX is a well known anti-cancer agent one might
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still have expected a small degree of anti-tumour activity. Perhaps a more likely 

outcome is extensive metabolism of the conjugate to inactive metabolites in vivo.
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Figure 1.20: PTX-RGD conjugate 18 [395].

I.8.2.2. MMAE-HSA - RGD Hybrid

Moreover, the tubulin targeting agent MMAE was bound via the valine-citrulline linker

to human serum albumin (HSA), which is a biocompatible and biodegradable carrier.

Conjugation o f cRGD peptides to MMAE-HSA was established either by polyethylene

glycol (PEG) linker or a short alkyl linker, in order to promote selectivity to angiogenic

endothelial cells. Both conjugates inhibited HUVEC proliferation at nanomolar

concentrations and displayed excellent tumour homing properties upon i.v.

administration in C26 tumour models [398]. It is worth noting that no control

compounds were examined such as MMAE in order to better define the conjugates’

activity. Furthermore, MMAE prodrug, which recruits tumour-associated protease

(TAP) legumain for its activation, was designed to target cell surface integrin.

MMAE conjugate strongly induced cell death of MDA-MB-435 breast cancer cells

which are positive for a^Pi integrin expression. Treatment o f tumour bearing mice with

3 mg/kg every three days for 17 days resulted in decreased tumour growth and
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metastasis in 4T1 murine breast cancer, D121 Lewis lung carcinoma and M DA-M B- 

435 models. These findings suggest that M M A E’s activity was enhanced by selective 

targeting o f integrin-rich sites and legumain protease on tumour cells, which otherwise 

would be too toxic to use for therapeutic applications at the dose evaluated [399].

1.8.2.3 sFlt-1 gene - PEI-g-PEG-RGD Conjugate

A different strategy aiming to selectively target tumour vasculature by inhibiting 

angiogenesis is gene therapy. Several studies have described RGD-mediated gene 

delivery systems for transferring siRNA [400] or luciferase reporter gene [401], A 

study conducted by Kim et al. reported a therapeutic gene encoding Flt-1 (fms-like 

tyrosine k inase-1) and evaluated its anti-angiogenic activity when conjugated to PEI-g- 

PEG-RGD (polyethylenimine with a hydrophilic PEG spacer) gene carrier. Flt-1 is a 

VEGF receptor which upon activation leads to endothelial cell stimulation, 

proliferation, migration and capillary tube formation [402]. Soluble Fh-1 (sFlt-1) is a 

potent and selective inhibitor o f VEGF. Although the transmembrane and intracellular 

tyrosine kinase domains are absent, sFlt-1 binds to VEGF with the same affinity and 

specificity as that o f the full-length receptor [403]. The PEI part o f  the conjugate could 

increase the transfection efficiency by avoiding degradation o f  DNA complexes from 

endosome or lysosome compartments [404], and the PEG could decrease the 

cytotoxicity and increase the solubility o f the conjugate. The results o f this study 

showed that the complex o f  sFlt-1 gene with PEI-g-PEG-RGD conjugate effectively 

and selectively inhibited endothelial cell proliferation, by blocking the binding o f 

VEGF to the actual Flt-1 receptor [405].

Further studies evaluated the effect o f repeated treatment with the conjugate in vivo 

which resulted in an anti-tumour activity and an increased survival rate; however the 

effect was not identified in PEI-g-PEG/pCMVsFlt-1 or PEI-g-PEG-RGD/pCM V-GFP 

control groups. These findings suggest the use o f  a non-viral gene carrier to deliver an 

anti-angiogenic gene at a low continuous dosage, where it is not possible to use other 

vectors [406].
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1.8.2.4 TNF-a Associated RGD/NGR Conjugates

Corti and Ponzoni have described two strategies which use TN F-a to increase the local 

concentration o f  chemotherapeutic agents at the tumour site. TN F-a is an inflammatory 

cytokine which increases vascular permeability [407] and is cytotoxic to several tumour 

cell lines. It induces haemorrhagic necrosis in certain solid tumours and has also 

showed significant anti-tumour activity in animal models [408-409]. Despite its success 

in vivo, the use o f  TN F-a therapy in the clinic was limited due to systemic toxicity.

To address this concern, two different approaches were introduced, the first one using 

TN F-a before the administration o f  chemotherapy in order to increase vascular 

permeability and enhance the diffusion o f  the anti-cancer agent into the tumour. The 

second strategy was based on direct vascular shutdown targeting APN expression 

present on blood vessels undergoing angiogenesis but not quiescence vessels [199], 

Doxorubicin (DOX)-encapsulated liposomes were coupled with the NGR m otif 

Improved drug uptake by neuroblastoma tumours and enhanced therapeutic index were 

observed using DOX-encapsulated liposomes homing to tumour vessels [410], This 

strategy could be proven effective in poorly vascularised tumours where therapeutic 

agents are harder to reach.

The biological effect o f NGR-TNF-a (TNF-a coupled to the peptide CNGRC) was also 

investigated which demonstrated increased leakage o f  the vasculature in NG R-TNF-a 

treated m urine lymphomas compared with controls. Immunohistochemical analysis 

showed decreased tumour h j^ox ia  as well as elevated tumour blood flow 2h after 

treatment. Interestingly, reduction in tumour hypoxia did not lead to additional tumour 

growth; however tumour volume was decreased within 24h o f  administration [346]. A 

Phase I clinical study was designed using the conjugate to determine its DLTs, M TD 

and its anti-tumour activity in patients, as well as to examine the vascular response 

determined by dynamic contrast enhanced magnetic resonance imaging (DCE-MRI). 

NG R-TNF-a was well-tolerated and the results from DCE-MRI confirmed the anti- 

vascular effect o f  the agent. Approximately one third o f  the patients experienced stable 

disease; however no objective responses were observed [347-348]. A further trial was 

conducted using NG R-TNF-a as a single agent in HCC patients and was well tolerated, 

with only mild to moderate chills reported as side effects. The overall response rate was 

7%, while 22% o f  the patients had stabilised disease [349]. There are several completed
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and ongoing Phase II clinical trials with NGR-TNF-a as a single agent or in 

combination therapy for the treatment of mesothelioma, colorectal, liver and ovarian 

cancer [350-351, 411], Phase III studies have commenced evaluating its effect in 

patients with malignant pleural mesothelioma.

Tandle et al. have reported a hybrid adeno-associated virus phage vector (AAVP) that 

was used to target tumour endothelium in order to express TNF-a. The AAVP vector 

targets gene products to tumour vasculature by using the RGD4C peptide. Human 

melanoma cells were infected with AAVP-TNF-a and resulted in high expression 

levels o f TNF-a, whereas systemic administration of the RGD-AAVP-TNF-a conjugate 

to melanoma xenografts, produced targeted delivery of the virus to the tumour 

vasculature; notably, the non-targeted vector was not delivered specifically to tumour 

vessels. The RGD-AAVP-TNF-a vector enhanced delivery of TNF-a to the tumour 

vasculature resulting in induction of apoptosis in tumour vasculature and significantly 

reduced tumour growth, without observable organ toxicity. Therefore, this approach 

could be useful to target tumour vasculature by delivering anti-cancer agents directly to 

integrin-expressing sites [412].

1.8.2.5 5-Fluoro-2-deoxyuridine - CNGRC Conjugate

Furthermore, Zhang et al. reported the design and synthesis of two prototypes of 

tumour targeting 5-fluoro-2-deoxyuridine (5-FdUrd) prodrugs conjugated with a 

CNGRC by known linkers based on succinate and glutarate esters. 5-FdUrd is a 

cytotoxic anti-cancer drug which mediates its action by blocking thymidylate synthase 

to inhibit DNA synthesis and incorporation of its metabolites into DNA or RNA [413- 

414]. However, treatment with this agents is associated with various side effects 

including non-specific toxicity toward normal tissues [415]. Both conjugates exhibited 

lower cytotoxicity compared to 5-FdUrd, showing selectivity towards APN-positive 

cells over APN-negative cells [416],

1.8.2.6 Platinum - Based RGD/NGR Conjugates

In a further extension o f this work, platinum (Pt)-based drugs, such as cisplatin, have 

been conjugated to peptide motifs containing RGD, NGR, CRGDC and (RGDdK)c. 

Mukhopadhyay et al. reported that the Pt(IV)-RGD conjugates 19 a and b were highly 

and specifically cytotoxic to and expressing cell lines, approaching the
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activity o f  cisplatin. The Pt(IV)-NGR complexes 20 a and b were less active than 19 a 

and b, but nevertheless showed higher activity compared to the control complexes 

[338], The difference in activity o f those conjugates could be due to the expression 

patterns o f  APN and integrins in the cell lines used.
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Figure 1.21: RGD and NCR platinum-based conjugates 19 a, b and 20 a, b [338].

In addition, Ndinguri et al. have further synthesised a Pt-based conjugate, cyclic 

mPEG-CNGRC-Pt and a dichloro(ethylenediamine)platinum(II) (PtenC12) based 

conjugate, cyclic mPEG-CNGRC-Pten. Selective delivery o f  these conjugates was 

observed in APN-positive PC-3 cells and these agents exhibited significantly higher 

activity over untargeted carboplatin. Further analysis on the effects o f these conjugates 

on PC-3 cells was determined using caspase-3 and -7 activation, fluorescence 

microscopy and DNA fragmentation, which confirmed the induction o f  apoptosis [417]. 

This targeting approach has been proven effective against integrin-positive and APN- 

positive cell lines; nevertheless these conjugates have to be examined in vivo to 

establish whether their activity is maintained.

Hybrid based strategies that incorporate RGD/NGR homing ligand have been an active 

area o f  recent research in this field. A more comprehensive review o f  the RGD- 

conjugates has been presented by Temming et al. which concentrate on the structural 

requirements for RGD-peptides and RGD-mimetics as ligands for [418]. 

Additionally, a review by Corti et al. has focused on structural and functional properties 

of the NGR motif and its applications in anti-angiogenic therapeutics [419].
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1.8.3 Heparin - Related Conjugates

Heparin is a highly sulphated natural polysaccharide, which is mainly composed of 

alternating units of sulphated glucuronic acid and glucosamine units. Heparin is well 

known for its anticoagulant activity, as well as for its interaction with growth factors, 

including VEGF and bFGF [420-421], Heparin treatment was formerly performed in a 

large number o f clinical trials with cancer patients in order to treat venous thrombosis, 

leading to the suggestion that heparin also prolongs cancer patients’ survival [422]. 

Thus, heparin was found to inhibit angiogenesis and tumour progression and also to 

diminish metastasis by blocking selectin-mediated intercellular interactions [423-425], 

and by regulating various proteolytic enzymes essential for invasion o f cancer cells and 

angiogenesis, through the ECM [422, 426],

However, due to its high anticoagulant effect which could induce haemorrhage as a side 

effect [427], heparin could only be administered at low concentration. Therefore, a 

number of heparin derivatives have been developed with non anticoagulant activity, 

while still maintaining their anti-angiogenic effects. A recent clinical trial has 

demonstrated that low molecular weight heparins (LMWH) may provide an additional 

advantage in combination with chemotherapeutics, providing an increased tumour 

uptake and chemo-responsiveness in cancer patients [428].

In contrast, Folkman et al. has previously established that heparin alone could enhance 

tumour angiogenesis and to further investigate that in the CAM assay, cortisone was 

added in combination with heparin to suppress background inflammation. 

Unexpectedly, the combination of the heparin and cortisone inhibited angiogenesis, 

although cortisone alone had little or no effect [429].

1.8.3.1 HAH - Cortisol Hybrid

A non anti-coagulating derivative of heparin, heparin adipic hydrazide (HAH), was 

designed and linked by an acid-labile bond to cortisol (hydrocortisone). Although 

heparin receptors are present on other cell types, the majority o f systemically 

administered heparin is taken up by vascular endothelial cells, which bind to sulphated 

polyanion receptors [430-432], and by cells of the reticuloendothelial system [433-434] 

(possibly due to the vast surface area of these cells which are in contact with the blood). 

Dividing endothelial cells are more susceptible to heparin’s effect as they bind and
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endocytose 10-fold more heparin than non-dividing endothelial cells [435]. In this 

study, HAH and HAH-cortisol conjugate 21 inhibited D N A  synthesis by MPCE cells. 

The conjugate was more effective than either the individual compounds alone or in 

combination. HAH-cortisol slowed down the healing o f  wounded MPCE monolayer, 

inhibited cell proliferation and migration, whereas combination o f  free HAH and 

cortisol showed complete migration o f  the cells 72h after treatment. Neither the 

conjugate nor free HAH caused signs o f  toxicity when administered i.v. to mice at 

doses o f  10 mg/day for 14 days, unlike heparin and cortisol which were lethal at this 

dose. The anti-tumour effect o f  the conjugate and free drugs was exam ined in vivo  by 

daily i.v. administration into animals bearing established subcutaneous (s.c.) Lewis 

lung carcinomas. Treatment with 21 showed highly significant retardation o f  tumour 

growth compared with cortisol alone or in combination with HAH, whereas no 

reduction in tumour growth was observed with HAH alone [436].

1.8.3.2 Heparin - Carrying Polystyrene Conjugate

Heparin-carrying polystyrene (HCPS) has been previously described as a synthetic 

glycoconjugate that has an amphiphilic structural unit consisting o f  hydrophilic 

polysaccharides and hydrophobic polystyrene m oieties [437], This conjugate showed a 

significantly reduced anticoagulant activity and is able to interact substantially with 

various heparin-binding growth factors known to stimulate angiogenesis, including 

FGF-2, V EG Fi65 and hepatocyte growth factor (HGF) [438]. The effect o f  HCPS on 

cell growth was examined in growth factor-induced human dermal microvascular 

endothelial cells (HM VEC), and was found to inhibit growth in a dose-dependent 

manner, even at low concentrations (2 ^ig/mL). Strong inhibition o f  tubular fonnation  

was noted follow ing 2 fig/mL HCPS treatment o f  HMVEC seeded on matrigel and anti- 

invasive activity and inhibition o f  cell adhesion was observed in Lewis lung carcinoma 

(3LL) and B16 mouse melanoma cells at 4 ^g/mL. Treatment with HCPS showed a 

40% reduction o f  3LL tumours and 10% reduction o f  B16 tumours. Moreover, HCPS 

treatment reduced the number o f  CD34 positive vessels in Lewis lung carcinoma 

tumours and demonstrated anti-metastatic activity on both cancer cell lines, suggesting  

that this conjugate may be beneficial in a clinical setting [438]. The in vivo  data 

obtained suggests a preference for the use o f  this conjugate in the treatment o f  Lewis 

lung carcinoma.
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1.8.3.4 Heparin - DOCA Conjugate

In a separate study, a chemically modified heparin derivative, heparin-deoxycholic acid 

(HD) was designed by covalently coupling N-deoxycholylethylenediamine (DOCA- 

N H 2) to heparin to serve as a hydrophobic segment [439], This formulation produce a 

m acromolecule aggregate, which could localised to tumour sites by the enhanced 

perm eability and retention effect (EPR) [440], The amide conjugate 22 was found to 

exhibit low anticoagulant activity and to form self-assembled nanoparticles in aqueous 

condition. During bromodeoxyuridine incorporation assays, 22 inhibited SCC and 

HUVECs proliferation. The anti-angiogenic activity o f  22 and heparin was examined 

using HUVECs layered onto matrigel-coated plates. The inhibitory effect o f 100 )ag/mL 

o f  22 was m ore evident than heparin, as HUVECs gradually lost their intercellular 

contact. In order to test the ability o f HD to inhibit bFGF-induced angiogenesis the 

matrigel plug assay was perfonned, where mice were injected s.c. with matrigel 

containing either bFGF, heparin or 22. After 10 days, animals were sacrificed and 

matrigel plugs were excised, fixed and stained with either hematoxylin and eosin 

(H&E) or C D 31 antibody (microvessels staining). Matrigel plugs haemoglobin contents 

were reduced up to 82% by 22, indicating that HD effectively inhibited angiogenesis; 

however, heparin or bFGF alone did not demonstrate any activity. The effect o f 22 on 

the signal pathways (nam ely phosphorylation o f  FGFR, ERK and p38 MAPK) induced 

by bFGF was investigated. HUVECs were incubated with or without 22 in the presence 

or absence o f  bFGF and the phosphorylation o f  FGFR, ERK and p38 M APK was 

analysed. The results suggested that 22 interacts with bFGF receptors and interferes 

with signalling pathways involving FGFR, ERK and p38 M APK phosphorylation; thus 

suggesting a possible mechanisms by which 22 inhibits cell proliferation and 

angiogenesis. The results from the in vivo experiments showed that 22 inhibited tumour 

growth in tumour bearing mice in a dose-dependent manner [441]. The process o f 

angiogenesis is complex and difficult to regulate; however these findings are 

encouraging because 22 demonstrated interaction with not only one but several 

signalling pathways, thus making it easier to modulate angiogenesis.
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Figure 1.22: HAH-cortisol conjugate 21 [436] and heparin-DOCA or HD conjugate 22 [439, 

441]. Heparin is a sulphated polysaccharide with repeating uronic acid and glucosamine 

residues that vary in number.

An extension o f  this study involved loading DOX onto the amphiphilic HD conjugate 

in order to evaluate the use o f this formulation in sustained drug release studies. DOX- 

loaded heparin nanoparticles (DHN) were safer than free DOX. HD conjugate, DOX 

and DHN activity was evaluated in tumour bearing mice and the reduction in tumour 

volume was 43% , 56% and 74% respectively, confirming that DHN is more effective 

than the free agents and might provide a novel therapy for SCC [442], The fact that 

DHN treatment had shown a safer toxicological profile than free DOX reveals an 

additional advantage for this type o f therapy.
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1.8.3.5 LMWH - DOCA Conjugate

Another conjugate, LHD was synthesised, by conjugating the carboxylic groups o f 

LMWH to the carboxylic group o f  DOCA. Similar results were obtained when the anti- 

angiogenic effect o f  LHD and LMWH was examined in the capillary tube assay. The 

CAM assay was used to investigate the interaction between LMWH, LHD and bFGF. 

Although the effect o f LMWH was smaller than LHD, the results were not significant 

enough. The matrigel plug assay was performed and the haemoglobin contents o f plugs 

from animals treated with LHD and LMWH V5 untreated controls were 34.0 ± 4.8 % 

and 102.3 ± 7.2 %, respectively, suggesting that angiogenesis was unaffected by 

LMWH treatment. M icrovessel density was also reduced by LHD treatment, but not by 

LMWH. The size o f  the tumours in SCC7 murine xenograft models was diminished 

after LHD treatment and the number o f tumour microvessels was decreased at a dose- 

dependent manner. Combination therapy o f LHD and DOX enhanced the anti-tumour 

effect in vivo compared to individual components, which suggests that this treatment 

may be a useful therapy for SCC [443-444]. Additional studies revealed that LHD oral 

administration attenuated metastasis in B16F10 murine melanoma or A549 human lung 

carcinoma cells [445]. Further, LHD conjugates with further reduced anticoagulant 

activity were synthesised, by controlling the DOCA coupling ratio, and showed 

inhibition o f angiogenesis and tumour growth in SCC7 and A549 xenografts [446]. 

Additionally, a LMW H-taurochoIate conjugate (LHT7) was synthesised and shown to 

have low anticoagulant activity, bind to VEGF strongly and inhibit VEGF-dependent 

KDR phosphorylation. When LHT7 was evaluated in the matrigel plug assay it showed 

a strong anti-angiogenic effect. In vivo efficacy studies resulted in a significant 

reduction in SCC7 tumour growth and increased survival rate [447].

1.8.3.6 Folate - HL Conjugate

Yu e/ al. have designed low anti-coagulant heparin amphiphiles, heparin-lithocholic 

acid conjugate (HL) and folate-conjugated HL (FHL, 23). Folate receptors (FR) are 

over-expressed in various cancer types, including ovarian, endometrial, breast and 

colorectal cancers [448-451]. They have also been identified as markers o f  specific 

tumours for diagnostic and therapeutic purposes. In this study, 100 fxg/mL of 

unfractionated heparin (UFH), HL and 23 were examined in the in vivo matrigel plug
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assay and the results showed that HL and 23 significantly inhibited plugs’ 

vascularisation, whereas the haemoglobin content was reduced to 29% and 43%, 

respectively. The effect o f UFH was less than that o f  HL and 23, although still 

significant compared to the positive control. Cytotoxicity o f  the conjugates was 

evaluated in KB cervical adenocarcinoma cells using the MTT assay and showed that 

23 reduced the viability o f  cells to 25% following 24h incubation; HL had no effect on 

cell viability. FHL-treated cells induced sub-G] phase accumulation, an indication o f 

apoptosis, and induced a high amount o f  apoptotic cells after Annexin V/propidium 

iodide (PI) staining; whereas UFH and HL had no effect. Cellular internalisation o f  HL 

and 23 in KB cells was investigated and 23 showed higher cellular uptake than HL 

indicating that folate conjugation provided the ability for cellular endocytosis. In vivo 

results revealed that both administered HL and 23 had similar anti-angiogenic activity 

and inhibitory effect on tumour growth; however FHL induced higher levels o f 

apoptosis on tumour tissues [352], The anti-angiogenic activity along with the apoptotic 

effects on cancer cells m ay provide an additional advantage for the evaluation o f 23 in 

preclinical and clinical settings.

1.8.3.7 cRG D - H L  C onjugate

In a similar study, the investigators designed a cRGD-HL conjugate 24. Adhesion 

studies were performed using HUVECs. The addition o f heparin, cRGDyK, HL and 24 

decreased cell adhesion by 39.1%, 45%, 54.2% and 65.6%, respectively. Additionally, 

the effect on cell migration was tested and was effectively reduced by 27%> (heparin), 

47.8% (cRGDyK), 72.1% (HL), and 82.8% (24). The anti-adhesion and anti-migration 

activity o f 24 was obvious compared to the other compounds. The inhibition o f 

capillary tube formation was most profound in 24-treated cells, whereby receptor 

binding studies have shown that 24 exhibited higher binding affinity for purified 

integrin, over cRGDyK. In the matrigel plug assay, 24 significantly inhibited bFGF- 

induced angiogenesis and tumour growth activity with superior anti-tum our effect for 

24, compared to heparin and cRGDyK. The enhanced activity o f  the conjugate was 

suggested to be due to the anti-angiogenic characteristics o f the heparin derivative 

(mediated through bFGF inhibition) and the additional effect from the integrin- 

mediated interaction o f the flinctionalised heparin derivative [452].
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Figure 1.23; Folatc-heparin-lithocholate conjugate (FHL) 23 [352] and cRGD-heparin- 

lithocholic acid congugate, (cRGD-HL) 24 [452],

In sum m ary, m ost o f  the heparin-related conjugates dem onstrated significant 

differences in activity from their single com ponents and individual 1:1 com bination o f  

the two. H ow ever, it is im portant that heparin analogues are properly  exam ined for 

anticoagulant activity at an early stage, as well as at a m ore advanced in vivo setting, 

due to the fact that heparin conjugates could be m etabolised into toxic analogues which 

m ay induce internal haem orrhage.
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1.8.4 Multi - Targeted Compounds

Especially in the design o f  novel anti-angiogenic inhibitors, the idea o f  synthesising 

compounds that target multiple molecular events has proven to be an effective strategy, 

as evidenced by the clinically approved multiple TKIs, sunitinib, sorafenib and 

pazopanib [139, 143, 150]. However, these inhibitors have demonstrated anti-tum our 

activity associated with a variety o f “off-VEGF target” effects. Their low potency is 

leading to the administration o f higher doses, which in turn, results in increased 

blockage o f  non-VEGF kinases due to low selectivity, leading to dose reduction or 

treatment interruption. A new generation o f  VEGFR TKIs has emerged which aims for 

higher selectivity and potency, providing improved anti-tumour efficacy and less 

treatment-related toxicity.

1.8.4.1 Cediranib

Cediranib 25 (Recentin®) is an oral VEGFR TKI with affinity for VEGFRs, c-Kit, 

PDGFR-y9yS, FGFR-1, and several other kinases [453]. In a phase II trial, cediranib 

monotherapy has shown significantly greater anti-tumour efficacy in patients with 

advanced or metastatic RCC [454]. In addition, further studies were conducted with 

cediranib treatment, including patients with head and neck cancer, NSCLC [455], 

recurrent glioblastoma [456], epithelial ovarian, fallopian tube and peritoneal cancer 

[457], whereby a variation in response to treatment was observed. Combination studies 

o f cediranib with chemotherapy in patients with advanced lung cancer did not 

demonstrate significant improvement with the addition o f cediranib; instead dose 

reductions or treatment discontinuation occurred which was associated with cediranib 

toxicities [458]. The most frequent toxicities observed with cediranib therapy included 

haematological abnormalities, fatigue, hypertension, anorexia, dysphonia, 

gastrointestinal events, and hepatobiliary abnormalities [454-455, 457]. Ongoing trials 

are currently investigating the anti-tumour efficacy o f cediranib in patients with 

advanced biliary tract cancers, leukaemia, melanoma, and soft tissue sarcomas [323].

1.8.4.2 Motesanib

Another TKI is motesanib 26 (AMG 706), which inhibits VEGFR, PDGFR, and c-Kit 

receptor [459]. A phase I combination study o f motesanib with gemcitabine 

demonstrated good tolerability profile in the treatment o f solid tumours [460].
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M otesanib has been evaluated in phase II trials in combination with PTX and 

carboplatin, where the treatment outcome was similar to that observed with 

bevacizumab plus chemotherapy, in patients with advanced NSCLC [461], Several 

ongoing trials are examining the activity o f motesanib alone or in combination with 

other chemotherapeutic agents for the treatment o f NSCLC, metastatic colorectal, 

breast cancer and other solid tumours [323],

Figure 1.24: Multi-TKIs o f  angiogcncsis ccdiranib 25 [453] and motesanib 26 [459].

1.8.4.3 Canertinib

An additional TKI is canertinib 27 (C l-1033), which inhibits in a non-selective manner 

all the members o f  the EGFR-family kinases [462], This may result in a broader 

spectrum o f anti-tumour efficacy. Reported adverse effects in a Phase I trial included 

diarrhoea, rash and/or anorexia [463], while in a Phase II study with Pt-refractory or 

recurrent ovarian cancer patients treated with canertinib, failed to demonstrate activity 

and appeared to be no association between baseline EGFR expression and disease 

stability [464]. Further Phase II studies with canertinib in pre-treated advanced NSCLC 

and metastatic breast cancer patients demonstrated similar unsatisfying results [465- 

466]. Currently, studies in NSCLC and breast cancer with canertinib are ongoing [323].

H
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1.8.4.4 Vatalanib

Furthermore, vatalanib 28 (PTK787) is a multi-TKI which targets V E G FR l, VEGFR2 

and PDGFR [467], and which clearly demonstrated an anti-angiogenic, anti-tumour and 

anti-metastatic effect in several solid tumours [468-469]. Side effects after treatment 

with vatalanib include light-headedness, fatigue, transaminase elevation, hypertension, 

nausea, and vomiting [470]. No beneficial effects were observed in a Phase III trial 

when vatalanib was added to standard chemotherapy (FOLFOX4) in metastatic 

colorectal cancer patients [471]. Nevertheless, an additional Phase III study with 

vatalanib in combination with chemotherapy (FOLFOX4) in metastatic colorectal 

cancer patients showed an improvement in progression free survival but not in overall 

survival. Interestingly, the effect o f vatalanib was more pronounced in patients with 

high lactate dehydrogenase (LDH) at baseline [472]. M onotherapy and combination 

studies were conducted in other advanced malignancies such as mesothelioma but no 

beneficial effect was proven [473-474].

1.8.4.5 Leflunomide

Leflunomide 29 (Arava ) is an immunomodulatory agent [475] used in rheumatoid 

arthritis and found to inhibit PDGFR tyrosine kinase, and also partially EGFR and 

FGFR [476], It has demonstrated anti-tumour activity both in vitro and in vivo [477] 

and showed partial response, great decline in the PSA expression and improvement in 

pain in some o f the hormone-refractory prostate cancer patients [478]. Phase III trials o f 

leflunomide, in combination with other agents, are still in progress in patients with 

hormone-refractory prostate cancer and glioblastoma multiforme patients [323],
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[476],

1.8.4.6 VEGFR2 - Tie-2 Inhibitors

Other recent examples have included studies performed by Miyazaki et al. on dual 

inhibitors of VEGFR2 and angiopoietin-1 receptor (Tie-2), such as compound 30. 

VEGFR2 is involved in vessel sprouting through induction of proliferation, migration 

and survival o f endothelial cells [479], whereas Tie-2 plays an important role in 

stabilising the immature endothelial cell network at a later stage of blood vessel 

formation [480-481], The discovery of 4-NH2-furo[2,3-d]pyrimidines bearing a 

diarylurea substituent at 5-position led to the identification o f potent inhibitors of 

angiogenesis-receptor tyrosine kinases, including 30. This compound exhibits both 

enzymatic and cellular inhibitory activity [482], as well as in vivo anti-tumour and anti-
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angiogenic activity, when evaluated in a HT-29 colon adenocarcinoma xenograft model 

[483], Interestingly, 30 was examined in a kinase screening panel and demonstrated 

inhibitory activity against multiple kinases, including VEGFRl, VEGFR3 and PDGFR, 

indicating a similar inhibitory profile as vatalanib, which its evaluation may result in 

more advanced-stage clinical evaluation.

Furthermore, a novel series of C-3 urea, amide and carbamate fused 

dihydroindazolocarbazole (DHI) analogues such as compound 31, were reported by 

Becknell et al. to be highly potent dual inhibitors of VEGFR2 and Tie-2 receptor 

tyrosine kinases [484]. These compounds showed promising results in tumour models 

without any observable toxicity [485]. In addition, NVP-AAL881, a small molecule 

dual inhibitor o f VEGFR2 and Raf, was synthesised and shown to block proliferation of 

bovine aortic endothelial cells (BAECs), inhibit invasion o f glioma cells and reduce 

orthotopic tumour growth in a preclinical glioma model [486]. It also disrupted 

activation of ERK and transcription factor STAT3, in HCC and decreased cancer cell 

motility and migration o f endothelial cells and vascular smooth muscle cells. In vivo 

studies have demonstrated significant inhibition of cell proliferation, reduction of 

tumour growth and reduced CD31 tumour vessel area [487]. Moreover, NVP-AAL881 

caused reduction of VEGF expression, blocking of VEGF-induced ERK and stress- 

activated protein kinase (SAPK) phosphorylation, in endothelial cells, whereas STAT3 

phosphorylation was diminished by the Raf inhibitor. Promising results were also 

observed in orthotopic L3.6pl pancreatic tumours, where oral delivery of NVP- 

AAL881 at 100 mg/kg/day showed a significant reduction in tumour growth, 

vascularisation and metastasis [488],

1.8.4.7 VEGFR2 - c-Met Inhibitor

Raeppel et al. have synthesised a series of carboximide compounds which exhibit 

inhibitory effects on both hepatocyte growth factor receptor (c-Met) and VEGFR2 

tyrosine kinases. The most promising inhibitor 32 was evaluated in cell-based assays 

and dramatically impaired HGF-induced epithelial cell migration, proving its ability to 

inhibit c-Met-dependent cell motility events. VEGF-induced phosphorylation of ERK, 

VEGF-induced proliferation of HUVECs and tubule formation were potentially 

inhibited by the most active compounds within the series. Compound 32 was evaluated
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against a variety of human cancer cell lines and displayed nanomolar IC50 values in cell 

lines which are particularly sensitive to c-Met inhibition, including MKN-45 gastric 

cancer cells. In vivo results showed that oral administration of 32 once daily for 12 days 

caused significant reduction of MKN-45 tumours [489],

1.8.4.8 a.tfiila.sP\ Integrin Inhibitor

Considering the role o f integrins in cell migration and angiogenesis, integrin inhibitors 

are promising candidates for the development o f cancer therapeutic agents. 

Interestingly, the integrin has shown to regulate the function o f integrin and to 

affect the â ,yS3 -mediated endothelial cell migration and angiogenesis [490]. Gentilucci 

et al. have synthesised a series of cyclotetrapeptide mimetics, including compound 33 

which contained a Arg-Gly-Asp sequence, and which displayed good inhibitory activity 

against integrin-mediated cell adhesion of vitronectin or fibronectin. Capillary tube 

formation induced by bFGF was inhibited at sub-micromolar concentrations and these 

compounds did not exhibit any cytotoxicity to HUVECs [491]. Further evaluation of 

these compounds in ex-vivo and in vivo assays may provide a better understanding of 

their mechanism o f action and identify their true potential.
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Figure 1.26: Multi-target inhibitors of VEGFR2 and Tie-2 tyrosine kinases 30 [483] and 31 

[484], VEGFR2/c-Met 32 [489] and 33 [491],

The evaluation o f  m ultip le-target inhibitors differs from  that o f  hybrids/conjugates. 

D uring the evaluation o f  a true hybrid  it is crucial to investigate the effect o f  a 1:1 

com bination  o f  both com ponents; how ever the absence o f  the tw o m oieties in a 

dual/m ulti-targeted inhibitor leads only to the assessm ent o f  the actual com pound. It is
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important to examine thoroughly all the targets o f the inhibitor and confirm the 

mechanism of action by which the inhibition is exerted.

1.9 Project Aims

This project involves the in vitro, ex vivo and in vivo evaluation of novel tubulin 

polymerisation inhibitors, dual-acting hybrids and a designed multiple ligand (DML), 

which target tubulin polymerisation and APN.

The tubulin targeting compounds were chosen for evaluation for a number of reasons, 

including their: a) anti-proliferative effect on both endothelial and tumour cells, b) 

ability to induce morphological changes to endothelial cells, alter their motility and 

invasiveness properties, c) anti-vascular activity caused by either morphological 

changes or by interaction with adhesion molecules, such as E-cadherin and d) anti- 

angiogenic effect resulted by interfering with either cell proliferation or morphology. 

The hybrids were indented to target tubulin polymerisation and APN. APN was chosen 

as a target due to its over-expression on proliferating vasculature undergoing 

angiogenesis but not on the normal vasculature, as well as its over-expression on 

specific type of tumour cell types, including PC-3 cells. The inclusion of an APN 

targeting moiety, such as bestatin, was due to its well known anti-angiogenic activity 

and its ability to inhibit invasion and metastasis. In the DML’s case, a selected tubulin 

inhibitor was conjugated to a hydroxamic acid, which exhibit APN inhibitory 

properties.

The incorporation of bestatin into the design of these hybrids also serves to improve 

their solubility, by generating more polarised compounds. In addition, this hybrid 

design enables the formation o f prodrugs and salts for in vivo purposes.

The novel compounds synthesised in this lab are divided into different groups, 

according to their target and mechanism o f action and which are summarised in Figure 

1.29.
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Tubulin
Inhibitors

Hybrids Designed M ultiple 
Ligands

Group I; 
RS133

Group I: 
ECB377, ECB378 BWM120

Group II:
RS180, GS117, 

GS170

■■■■■■W

Group II:
ECB399,ECB404

Group III: 
ECB397

Group IV:
ADR469

Group IV:
GJH140,
ADR084,
ADR116,
ADR118,
ADR119,
ADR149,
ADR421

Figure 1.27: The group o f  compounds evaluated include tubulin polym erisation inhibitors, 

dual-targeting hybrids and DML.
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1.9.1 Overall Aims

Following the design and synthesis o f the novel tubulin polymerisation inhibitors, 

hybrids and DML, it was necessary to evaluate their anti-vascular, anti-angiogenic and 

anti-tumour activities in vitro, ex vivo and in vivo. Therefore the overall aims o f  this 

study were to:

• Determine the anti-proliferation effect o f test compounds in proliferating 

HUVECs and PC-3 human prostate adenocarcinoma cells.

• Investigate the effect o f test compounds on the tubulin cytoskeleton o f 

endothelial cells.

• Examine the cell cycle stage o f HUVECs and/or PC-3 cells, for evidence o f an 

anti-mitotic effect, following treatment with test compounds.

• Evaluate the in vitro anti-vascular effect o f test compounds by examining the 

endothelial cells’ morphology and detemiine the effect’s reversibility.

• Assess the anti-vascular and the anti-angiogenic effects o f test compounds in the 

ex-vivo aortic ring assay.

• Determine the APN inhibitory activity o f hybrids and DML in an enzymatic 

assay and in two cell-based assays, using HUVECs and PC-3 cells.

• Explore the cell cycle stage o f HUVECs and PC-3 cells, for evidence o f cell 

death (apoptosis), following treatment with the hybrids and DML.

• Investigate the in vivo anti-tumour activity o f selected compounds in a s.c. PC-3 

tumour xenograft model and observe any apparent systemic toxicity.

• Examine PC-3 tumour samples following completion o f each efficacy study, 

evaluating the overall tumour necrosis and the anti-vascular effect o f test 

compounds.
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-- Chapter 2 —

In Vitro Evaluation of Novel Tubulin 

Polymerisation Inhibitors
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2. Introduction

N o v e l com pounds with potent tubulin polym erisation inhibition w ere previously  

d evelop ed  in our lab. Four different groups o f  com pounds w ere synthesised  with a v iew  

to im prove the tubulin binding activity, overcom e solubility  issues, and generate 

prodrugs or salts for in v ivo  evaluation. The four groups o f  com pounds are as fo llow s:

•  Group I; R S I 33, synthesised  by Shah.

•  Group II: R S I 80, G S 117 and G S 170, synthesised  by Stack.

•  Group III: A D R 269 , A D R 3 5 4 , A D R 382 , A D R 384  and A D R 393 , synthesised  by  

C oogan.

•  Group IV: G JH 140, A D R 084 , A D R 116 , A D R 118 , A D R 1 1 9 , A D R 149  and 

A D R 421 , synthesised  by Coogan.

2.1 Compound Series

2.1.1 Group I Compound

The m ost active tubulin polym erisation inhibitor in group I w as previously  detennined  

by M cC orm ack (20 0 2 ) to be R S I 33, w hich shares structural sim ilarities w ith phenstatin  

i.e. both structures display a benzyl ring w ith three m ethoxy groups (A -ring), and a 

benzyl ring with a hydroxyl and a m ethoxy group (C-ring) (Figure 2 .1). In addition, 

R S I 33 and co lch ic in e  both d isplay the A -ring and a seven m em bered ring (B -ring). 

Structure-activity relationship (SA R ) studies on co lch ic in e  have show n that the 

hydrophobic, electron rich A -ring is essential for binding to tubulin, therefore no 

m odifications w ere m ade there. R S I 33 w as previously evaluated in the tubulin  

polym erisation  assay  and the IC50 w as determ ined to be 6 .70  |iM . C A -4  w as used as a 

positive control and evaluated in the tubulin polym erisation  assay, w here its IC50 value  

w as 1.45 jaM. Further b io logica l evaluation o f  R SI 33 w as therefore undertaken.
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I OH

Phenstatin RSI 33

Figure 2.1: Phenstatin and group I compound R S I33.

2.1.2 Group II Compounds

R S I80 was the lead com pound in this series synthesised first by Shah and later by 

Stack. A  carbonyl group at position-7 on the B -ring was added in order to alter the 

shape and affect the electronic properties o f  the A - and C -rings. The low IC 50  value 

(1.05 |jM ) o f  R S I80 previously determ ined in the tubulin  polym erisation assay 

indicated that R S I80 is not only m ore potent than R S133, but also than CA -4. In order 

to im prove the solubility  o f  R SI 80 and facilitate the developm ent o f  prodrugs o r salts, 

the phenol o f  the C -ring w as replaced w ith aniline, giving GS117. R S I80 was also 

conjugated to a succinate linker unit at position-7 producing G S170, to provide the 

possib ility  o f  generating hybrids or prodrugs (F igure 2.2).
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Figure 2.2; Group II compounds: R S I80, GSl 17 and OS 170.

2.1.3 Group III Compounds

Group III com pounds aim ed to im prove the tubulin  b inding affinity by increasing the 

electronic density  in the A -ring and by altering the shape o f  the B-ring. For that reason, 

the benzylic m ethylene group at position-5 o f  the B -ring was replaced w ith an oxygen 

atom  to generate A D R 269 (first synthesised by Shah and later by C oogan.) T he IC50 

value o f  A D R 269 in the tubulin polym erisation assay was previously  determ ined to be 

3.12 |iM . Further analogues o f  A D R 269 w ere developed by C oogan including 

A D R 354, A D R 382, A D R 384 and AD R393 (F igure 2.3). A D R 354 contains a carbonyl 

group at position-6  and a m ethoxy group at position-7. A D R 382 has a hydroxyl group 

at position-7 o f  the B -ring and contains a C -ring w ithout a phenolic group at position

s ’. A D R 384 is an analogue o f  A D R 269 w ithout a phenolic group at p osition -3 ’, while 

ADR393 contains an aniline m oiety  at position -3 ’, a llow ing the form ation o f  alanine 

salts or prodrugs that could  be cleaved by APN.
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Figure 2.3: Group III compounds, ADR269, ADR354, ADR382, ADR384 and ADR393. 

2.1.4 G roup IV C om pounds

The structure o f  group IV compounds is based on 4-phenyl-chromanones (1- 

benzopyran-2-one) which are naturally occurring compounds. Chromanone-based 

compounds are used in the pharmaceutical industry as precursors in the synthesis o f 

anticoagulants such as warfarin, GJH140 was the first compound designed in this 

series, initially synthesised by Hudson and then by Coogan, which has a carbonyl group 

at position-5 o f the B-ring, a hydroxyl group at position - 8  and a m ethoxy group at 

position-9. The IC50 value o f GJH140 in the tubulin polymerisation assay was 

previously determined to be 0.6 ^M , suggesting that GJH140 is a more potent tubulin 

binding agent than CA-4 by more than 2-fold. Subsequently, analogues o f  GJH140 

were synthesised by Coogan in order to investigate the best structural design based on 

their in vitro activity (Figure 2.4). ADR084 has an extra hydroxyl group at position-10, 

whereas AD Rl 16 possess no hydroxyl groups on the C-ring. A D Rl 18 has the hydroxyl 

group at position - 8  replaced by a methyl group. A D Rl 19 displays a similar structure to 

that o f  AD Rl 16 with the only difference being the replacement o f the methoxy group 

with a thioether group at position-9. In order to improve the solubility o f  G JH I40,
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A D R  149 was synthesised, consisting o f  an am ine group at position-8, thus providing 

the opportunity  for the form ation o f  salts or prodrugs.

GJH140

Model compound

HO- OH

ADR084 ADR1I6

ADRI 18 ADR1I9 ADR 149

Figure 2.4: Group IV compounds, GJH140, ADR084, ADRI 16, ADRI 18, ADRI 19 and 

ADR149.

ADR241 is a D M L w hich incorporates w ithin its design part o f  G JH 140 and part o f  

C A -4 ’s structure. In theory, this com pound could  potentially  bind to tubulin  from the 

south-w est or the east-south facing side o f  the m olecule, suggesting a possib ly  stronger 

tubulin  binding affinity (F igure 2.5).

ADR24

Figure 2.5: The DML ADR241.
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2.1.5 Tubulin Polymerisation Inhibitors as VDAs

Tubulin binding agents are well known for their anti-proliferative and anti-mitotic 

effects, which are m ediated by the disruption o f the tubulin cytoskeleton, leading to 

mitotic cell death. Several tubulin binding agents such as PTX and vincristine are used 

as cytotoxic chemotherapeutic agents. M oreover, the discovery and evaluation o f  the 

tubulin targeting agent CA-4, led to its development as a VDA due to the extensive 

tumour vascular damage observed in vivo at relatively non-toxic doses [308]. In 

addition to the anti-vascular effect, CA-4 also demonstrated anti-angiogenic activity at 

lower non-toxic concentrations [492],

Once it was established that the test compounds exhibited potent inhibition o f  tubulin 

polymerisation, the following step was to select, develop and validate cell-based assays, 

in order to evaluate their activity in vitro. It was hypothesised that due to structural 

similarities with CA-4, our test compounds would possess similar inhibitory effects on 

cell proliferation and division and exhibit anti-vascular and anti-angiogenic properties. 

Therefore, test compounds were mainly evaluated as VDAs, anti-tumour agents and to 

a lesser extent as anti-angiogenic agents. Firstly, it was essential to examine the effect 

o f test compounds on cell proliferation o f human endothelial and prostate cancer cells. 

In order to establish whether the anti-proliferative effect was as a result o f  a mitotic 

arrest, cell cycle analysis was performed. To confirm that inhibition o f cell growth and 

induction o f  cell cycle arrest was due to a disruption o f  microtubule dynamics, the 

tubulin cytoskeleton was visualised, following exposure to test compounds. The next 

step was to determine the in vitro anti-vascular effect o f  test compounds by exam ining 

endothelial cells’ morphology. The final in vitro study aimed to investigate any 

evidence o f  angiogenesis inhibition following continuous treatment with a selected 

compound, R S I80.

The preliminary in vitro screening o f  the test compounds aimed to provide a better 

understanding o f the com pounds’ mechanism o f action and classify which functional 

groups provide an improved pharmacological profile. Furthermore, the preliminary in 

vitro data obtained served to identify the compounds with the most potential and 

encourage further ex vivo and in vivo evaluation.
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2.1.6 Aims

The novel tubulin polymerisation inhibitors designed and synthesised in our lab were 

evaluated in vitro as VDAs, therefore the primary aims o f this project were to;

• Determine the anti-proliferative effect o f  test compounds on HUVECs and PC-3 

human prostate adenocarcinoma cells, using the M TT assay.

• Establish the anti-mitotic activity o f test compounds by analysing the cell cycle 

stages, using PI staining followed by a flow cytometric technique.

• Visualise the disruption o f the tubulin cytoskeleton o f  endothelial cells 

following treatment with test compounds, using immunofluorescence staining 

and confocal microscopy.

• Examine the morphological changes o f  endothelial cells caused by test 

compounds and further evaluate the effect’s reversibility.

• Assess the anti-angiogenic properties o f a selected compound, R S I80, using an 

in vitro human angiogenesis assay (AngioKit assay).

2.1.7 Background to the Protocols Used 

2.1.7.1 MTT Assay

The MTT assay was used to assess the anti-proliferative activity o f  test compounds. 

The assay was first described by M osmann et al. but further modifications were made 

in order to adjust the assay to the purpose o f our experiments [493]. This is a 

quantitative colorimetric assay which detects viable, but not dead cells, by generating a 

signal dependent on the degree o f  cell activation. M TT (3-(4, 5-Dimethylthiazol-2-yl)- 

2, 5-diphenyltetrazolium bromide) a yellow tetrazole, is reduced by active reductase 

enzyme present only in viable cells, to purple formazan insoluble crystals which are 

then solubilised by either dimethyl sulfoxide (DMSO) or an acidified ethanol solution 

to give a coloured solution. The absorbance o f  this can be quantified by measuring at a 

wavelength between 500 and 600 nm using a spectrophotometer. The MTT assay is 

widely used and is considered a precise and rapid assay that can be used for the 

screening o f  multiple compounds [493].
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2.1.7.2 Cell Cycle Analysis

Proliferating cells are constantly dividing to produce daughter cells. The most obvious 

cellular structure that requires duplication and division is the cell nucleus, where DNA  

is present. During the cell cycle there are changes in the D N A  content and thus there 

are different cycle stages, including Go, G i, S, G2 and M (m itosis). The Go stage o f  the 

cycle is a subset o f  G| where the cells are quiescent and have limited cellular functions. 

Cells remain in the Gi portion o f  the cycle when not in a process o f  cell division and 

thus Gi phase is the most predominant phase o f  the cycle appearing as the largest peak. 

In addition, during the Gi phase synthesis o f  many RNA and protein m olecules is 

taking place which are necessary for D N A  synthesis. G 2 phase is a period for repair o f  

any damaged D NA  and for reorganisation o f  the D NA structure before entering into the 

M phase. Cell cycle abnormalities could be a sign o f  cell damage, for example DNA  

damage causes interruption o f  the cell cycle at certain checkpoints such as the spindle 

assembly checkpoint (SAC), to prevent carcinogenesis [494].

The mitotic spindle is com posed o f  microtubules which together with regulatory 

proteins assist in the activity o f  properly segregating replicated chromosomes. It is well 

established that treatment o f  cells with tubulin polymerisation inhibitors causes a G 2/M  

phase arrest o f  the cell cycle and thus an observable increased DN A  content at that 

stage [495-497].

For this reason, cell cycle analysis was carried out by PI staining followed by flow  

cytometric analysis. The initial protocol was presented by Krishan et al. in 1975 [498]. 

The first step involves permeabilisation o f  the ce lls ’ plasma membrane by fixating the 

cells in ethanol, in order to facilitate intracellular uptake o f  the fluorescent D N A  dye. 

Ribonuclease A (RNase A) serves to eliminate any RNA present within the cells in 

order to avoid creating artefacts that could affect the results. PI was used for the 

staining o f  the ce lls’ DNA content; however other fluorescent dyes can be used instead, 

including 4', 6-diamidino-2-phenylindole (DAPI) and Hoechst 33342.

Flow cytometry was used to quantify the ce lls’ D N A  content. This is a technique which 

was first introduced by Fulwyler et al., which examines and counts cells or other 

m icroscopic particles by suspending them in a stream o f  fluid and passing them by an 

electronic detection apparatus [499]. Cells pass through the flow  cytometer’s laser
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where a fluorescence pulse is generated, which correlates with the amount of DNA dye 

present intracellularly. Cell aggregates are excluded from analysis through double 

discrimination.

2.1.7.3 Immunofluorescence Staining o f the M icrotubules

In order to confirm that test compounds are able to interfere with the tubulin 

cytoskeleton, immunofluorescence staining was performed followed by examination 

using confocal microscopy. The effect of test compounds on tubulin reorganisation was 

visualised by staining of the microtubules using an a-tubulin antibody and the cell 

nuclei using DAPI [497].

2.1.7.4 Analysis of Endothelial C ells’ M orphology

Tubulin inhibitors are not only known for their anti-mitotic effects but also for their 

anti-vascular activity. Treatment with such agents was previously shown to cause 

vascular shutdown, independently of a direct cytotoxic effect on tumour cells [302], 

Hence, the endothelial cells’ morphology was examined after treatment with test 

compounds at Ih and 3h after drug washout. The Ih incubation period aimed to identify 

any observable morphological changes o f endothelial cells, while the 3h incubation 

period served to indicate any signs of the effect’s reversibility [500].

2.1.7.5 In vitro Angiogenesis Assay

In addition to their anti-mitotic and anti-vascular activity, tubulin targeting agents such 

as CA-4 exhibit anti-angiogenic effects at lower doses that do not inhibit the 

proliferation of endothelial cells [492]. Therefore, the anti-angiogenic effect of RSI 80 

was evaluated using the AngioKit assay which was supplied from TCS Cellworks. This 

assay is a co-culture of HUVECs and matrix-producing cells which represent a better in 

vitro angiogenesis model than a culture of HUVECs alone [501].
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2.2 Materials and Methods

2.2.1 Materials

Dimethyl sulfoxide (DM SO), (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT), foetal bovine serum (FBS), streptomycin/penicillin solution, 0.25% 

trypsin/EDTA solution, CA-4, ribonuclease A from bovine pancreas (RNase), PI, 

monoclonal mouse anti-a-tubulin antibody and crystal violet were all purchased from 

Sigma, Ireland. Phosphate buffered saline (PBS) tablets, Alexa Fluor® 488 goat anti

mouse IgG, ProLong® gold antifade reagent with DAPI were purchased from 

Invitrogen, Ireland. AngioKit assay, endothelial growth medium (EGM), blocking 

buffer, mouse anti-human CD31 antibody, goat anti-mouse IgG alkaline phosphatise 

conjugate and insoluble substrate were purchased from TCS Cellworks, UK. Greiner 

CELLSTAR® 75 cm^ cell culture flasks, Greiner 96-well PS cell culture microplates, 

with solid U-bottom, Greiner 6-well plates and Greiner 12-well plates were purchased 

from Cruinn, Ireland. Frosted end microscopy slides and cover slips were purchased 

from VWR, Ireland.

2.2.2 Test Compounds

For in vitro evaluation, stock solutions o f test compounds were prepared in DMSO and 

then diluted in the appropriate medium or buffer to provide the required concentrations. 

The maximum final DM SO concentration was < 0.1%. Control solutions consisted o f 

0.1% DMSO in the appropriate medium or buffer. In each experiment a positive control 

was used. Fresh solutions were prepared prior to each experiment.

2.2.3 Cell Lines

HUVECs were obtained from TCS Cellworks, UK and cultured in endothelial cell basal 

medium (EBM), supplemented with growth factors and antibiotics (TCS Cellworks, 

UK). The PC-3 human prostate adenocarcinoma cell line was purchased from LGC 

Standards, UK and cultured in F12K medium supplemented with 0.02 mg/mL sodium 

pyruvate, 10% FBS and 10 mL/L penicillin/streptomycin solution. Cell and tissue 

cultures were kept at 37 °C in a humidified atmosphere, containing 5% CO2 at all 

times.
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2.2.4 Cell M aintenance and Sub-culture

Cell culture experiments were performed under a NuAire class II biological safety 

cabinet and aseptic techniques were follow ed at all times to prevent contamination. 

HUVECs/PC-3 cells were culture in 75 cm^ cell culture flasks using 15 mL o f  the 

appropriate complete medium. Cells were monitored daily using an Olympus CKX41 

inverted microscope (Mason Technology, Ireland). Once the cells reached 70-80 % 

confluence they were sub-cultured as follows: the old medium was removed from the 

flasks, the cell monolayer was gently rinsed with 10 mL o f  PBS, 3 mL o f  trypsin/EDTA  

solution was added in each flask and incubated at 37 °C until 90% o f  the cells rounded 

up (no longer than 5-10 minutes). The flasks were tapped to detach the cells and 5 mL 

o f  com plete medium was added into the flasks and then transferred into a centrifuge 

tube. The flasks were rinsed with a further 5 mL o f  complete medium to collect residual 

cells and added to the rest o f  the cells in the tube. Centrifugation took place for 5 

minutes at 1000 rpm at 25 °C. Following that, the supernatant was removed and 3mL o f  

fresh medium was added to gently mix the cells.

In order to reseed the cells, 15 mL o f  com plete medium was added to each flask and 

pre-equilibrated in the CO2 incubator for at least 30 minutes. The cell suspension was 

then sub-cultured in the new flasks at 1:4 or 1:6 seeding densities and returned to the 

incubator. The follow ing day, cells were examined m icroscopically to ensure the 

reseeding was successful and the medium was replaced with pre-equilibrated fresh 

medium. Every 2-3 days the medium was changed.

2.2.5 Cell Count

The estimation o f  cell densities was determined using a haemocytometer. Once the cells 

reached 70-80%  confluence the same procedure was follow ed as previously described 

(i.e. cell trypsinisation and collection). After the centrifugation step, the cell pellet was 

re-suspended in 10 mL o f  complete medium and mixed gently. The haemocytometer 

was cleaned with 70% ethanol and the cover slip was affixed using gentle pressure and 

circular motions. If the phenomenon o f  N ew ton’s rings was observed the coverslip was 

correctly placed on the haemocytometer. The haemocytometer was filled with cell 

suspension by resting the end o f  the pipette tip at the edge o f  the chambers, without 

overfilling them. The samples were allowed to be drawn out o f  the pipette by capillary
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action. U sing the x4 objective o f  the inverted microscope to focus on the grid lines o f  

the haemocytometer, the cells were counted in each o f  the 16 com er squares using a 

hand tally counter. Cells were included in the count only i f  they were within the square 

or positioned on the left hand or bottom boundary line. Counting was carried until all 5 

sets o f  16 com er squares (including the one in the middle) were counted and an average 

count was obtained using the following formula;

(C i +C2+C3+C4+C s) /5  where C =  count per 16 com er squares.

The haemocytometer is designed so that the number o f  cells in the 16 com er squares is 

equivalent to the number o f  cells x lÔ ’/mL. Therefore, to calculate the number o f  

cells/m L, the average count o f  cells was multiplied by 10 (or depending on the total 

volum e o f  cell suspension) and then by 10 .̂ In order to determine the required cell 

density in each experiment, the follow ing formula was used:

C /F/ = C2 V2 where C = concentration and V =  volume.

2.2.6 Cell Proliferation Assay

4
Cell growth inhibition was assessed using the MTT assay. 5x10 cells/w ell HUVECs or 

PC-3 cells (180 (iL) were inoculated into a 96-w ell plate and incubated ovem ight at 37 

°C. Compounds or control solutions (20 (jL) were added into each well and the plates 

were incubated for 72h at 37 °C. CA-4 was used as a positive control. After the 

incubation period, the culture medium was removed and replaced by 200 |jL o f  0.5 

mg/mL MTT solution in complete medium. Following further 4h incubation, the 

solution was removed from each w ell and replaced by 180 |^L o f  DM SO to solubilise  

the formazan crystals resulting from the MTT conversion. Absorbance values (Abs) for 

the resulting solutions were read at 584 nm using a FLUOstar OPTIMA microplate 

reader (BMG Labtech) and cell survival was calculated as the absorbance o f  treated 

cells divided by the control. Each compound concentration was tested in quadmplicate 

and each experiment was performed three independent times. The percentage growth 

inhibition was determined using the formula below  and the results were expressed in 

terms o f  IC50 values ±  standard error o f  mean (SEM).

% grow th inhibition =  100-[(m ean Abs o f  test com pound)/(m ean A bs o f  con trol)] *100
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2.2.7 Cell Cycle A nalysis -  G 2/M  Phase

Cell cycle arrest at the G 2 /M phase was examined by PI staining. 1x10^ cells/well (1 

mL) HUVECs and/or PC-3 cells were seeded in 6-well plates and incubated overnight 

at 37 °C. Stock solutions o f test compounds were diluted with complete medium. CA-4 

was used as a positive control. Cells were treated with 1 mL o f test compounds for 24h 

at 37 °C. Next, the cells were harvested by trypsinisation, washed with 3 mL o f PBS 

and centrifuged at 1000 rpm at 25 °C for 5 minutes. The cell pellet was first re

suspended in 300 |iL o f PBS and then in 3mL o f  70% ethanol (in PBS). Cell 

suspensions were kept at 4 °C until ready for analysis. Prior to analysis, cell 

suspensions were centrifuged at 2000 rpm at 4 °C for 5 minutes and all the ethanol was 

rem oved from each tube. The RNAse (10 mg/mL) and PI (1 mg/mL) stock solutions 

were prepared in PBS. The cell pellet was re-suspended in 300 |iL o f  PBS, and 25 |iL 

o f  RNAse solution and 75 |iL o f PI solution were added to each sample and incubated 

at 37 °C for 30-40 minutes. Samples were analysed using a Beckman Coulter (Dako) 2- 

laser CyAn ADP analyser, provided by the School o f  Biochemistry and Immunology, 

Trinity College Dublin (TCD). Cell cycle analysis was obtained by examining the PI- 

positive DNA content, particularly focusing on the G 2 /M phase. Each compound 

concentration was tested in duplicate and each experiment was performed three 

independent times. The results were expressed in terms o f mean percentage o f cells 

present in the G 2 /M phase ± SEM and statistical significance between the control and 

treated groups was determined using the Student’s t-test.

2.2.8 Im m unofluorescence Staining o f the M icrotubules

The effect o f  the compounds on microtubules disruption was examined by staining the 

cells for a-tubulin. Sterile cover slips were placed in each well o f a 6-well plate and 

1x10^ cells/well (1 mL) HUVECs were seeded and allowed to attach onto the cover 

slips overnight at 37 °C. The following day the medium was removed from the wells, 

replaced with 1 m L o f  test compounds diluted in medium (final concentration 1 |iM), 

and incubated for 30 minutes at 37 °C. Next, the medium was removed and the cells 

were fixed in 1 mL o f pre-cooled methanol at -20 °C for 30 minutes. Then, the cells 

were washed twice with 1 mL o f  PBS (for 5 m inutes each time). The primary 

monoclonal antibody for a-tubulin was diluted in PBS (1:200) and 1 mL o f that was
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added in each well for Ih at room temperature (RT). After that, the cells were washed 

three times with 1 mL of PBS and incubated with 1 mL o f secondary Alexa Fluor® 488 

antibody diluted in PBS (1:1000) for 30 minutes at RT in the dark. The cells were 

washed a further three times with 1 mL o f PBS and allowed to air-dry for 10 minutes. 

The cover slips containing the attached cells were mounted on microscopy slides using
(S)ProLong gold antifade reagent with DAPI (for nuclear staining) and stored at 4 °C 

until required for analysis. Images were taken using an Olympus FVIOOO point 

scanning confocal microscope provided by the School of Biochemistry and 

Immunology, TCD. Experiments were performed in duplicate at two independent 

times. The results were presented as images of the microtubule disruption of endothelial 

cells.

2.2.9 Analysis of Endothelial Cells’ Morphology

The effect o f test compounds on endothelial cells’ morphology was examined. 1x10^ 

cells/well HUVECs (1 mL) were seeded into 6-well plates and incubated overnight at 

37 °C. The following day, the medium was removed and replaced by test compounds 

diluted in fresh medium. The cells were incubated for 40 minutes at 37 °C. Following 

that, each well was washed with medium to remove detached cells and incubated with 

fresh medium for a further Ih or 3h at 37 °C. Next, the medium was removed, 0.5% 

crystal violet solution was prepared in 20% ethanol and 1 mL was added in each well 

for 15 minutes at RT. The wells were then washed 3 times with distilled water (d.w), 

for 5 minutes each time. Wells were allowed to air dry and cell morphology was 

examined under an Olympus CKX41 inverted microscope using a x4 objective. Images 

were captured with an E-330 SLR camera system Ih and 3h after washout. Digital 

images were processed using Cell A software (Mason Technology, Ireland). The 

experiments were performed in triplicate and the results were presented as images of 

the morphological changes o f endothelial cells after Ih and 3h of drug washout.

2.2.10 In Vitro Angiogenesis Assay

In order to analyse the effect o f test compounds in a co-culture o f human endothelial 

cells and matrix-producing cells (fibroblasts), the AngioKit assay supplied from TCS 

Cellworks, UK, was performed. The assay consists of a co-culture o f HUVECs and 

fibroblasts at the earliest stages o f tubule formation, growing in a 24-well plate format.
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The cultures w ere m aintained in EGM  at 37 °C within a 5% C O 2 hum idified  

atm osphere. C ontrols and test com pounds diluted in m edium  w ere added on day 1. 

Culture m edium  w as changed every 2-3 days until day 12. A  CD31 staining kit w as  

used in order to v isu a lise  the tubule form ation. M ouse anti-hum an CD31 antibody w as  

diluted in b lock ing buffer, added into each w ell and incubated for Ih at 37 °C. Then the 

w ells  w ere w ashed with the b lock ing buffer 3 tim es (for 5 m inutes each tim e). The 

secondary antibody (goat anti-m ouse IgG alkaline phosphatise conjugate) w as also  

diluted in b locking buffer, added into each w ell and the plate w as incubated for a 

further Ih at 37 °C. A fter that, the w ells  w ere w ashed three tim es with d .w  (for 5 

m inutes each tim e). The insoluble substrate w as d isso lved  in d .w  and added in each  

w ell. The plate w as incubated at 37 °C for 10-15 m inutes until the tubules developed  a 

dark purple colour. F inally, the w ells  w ere w ashed three tim es w ith d .w  (for 5 m inutes 

each tim e) and left to air dry. Im ages w ere taken using an O lym pus CK X41 inverted  

m icroscope and im ages w ere captured w ith an E -330 SLR  cam era system  and 

processed using C ell A  softw are (M ason T ech n ology , Ireland). The experim ents w ere 

perform ed in triplicate. The m ean tubule p ixel density in each im age w as estim ated  

using A dobe Photoshop C S4 and results w ere presented as the m ean p ixel density area 

± SEM , along with im ages o f  the tubule form ation. Statistical com parison betw een the 

treated and control groups w as perform ed, using Student’s /-test

2.2.14 Statistical Analysis

Statistical analysis o f  the data w as carried out using GraphPad Prism , version  5. V alues  

o f  each com pound at each concentration w ere expressed as m ean ±  SEM . V alues w ere 

tested for G aussian distribution and where appropriate IC50 values w ere generated. In 

order to determ ine w hether there w as a significant d ifference betw een  control and each  

treatment group. Student’s M est w as applied, using GraphPad Prism , version 5. O ne

w ay A N O V A  test w as also  applied for com parison purposes betw een  all groups, using  

GraphPad Prism.
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2.3 Results

2.3.1 Cell Proliferation Assay

All compounds were tested in the MTT assay using HUVECs and PC-3 cells and their 

IC50 values ± SEM were determined.

2.3.1.1 Group I Compound

Group I compound R SI33 demonstrated reasonable anti-proliferating activity against 

HUVECs and PC-3 cells, with IC50 values of 20.26 ± 1.43 nM and 150.00 ± 40.01 nM, 

respectively. Control compound CA-4 was evaluated for its anti-proliferative activity 

and I C 5 0  values were determined to be 4.03 ± 1.73 nM against HUVECs, and 14.01 ± 

0.58 nM against PC-3 cells. Table 2.1 summarises the calculated I C 5 0  values.

Table 2.1: Best fit IC50 values ± SEM of group I compound, following the MTT assay (n=3).

HUVECs (nM)

4.03 ± 1 .7 3  

20.26 ±1.43

PC-3 (nlM)

14.01 ±0.58 

150.00 ±40.01

2.3.1.2 Group II Compounds

R SI80, GS117 and GS170 were assessed for their anti-proliferative activity on both 

HUVECs (65.05 ± 1.10 nM, 8.58 ± 1.06 nM and 34.02 ± 5.70 nM, respectively) and 

PC-3 cells (50.65 ± 1 .19  nM, 9.70 ± 0.88 nM and 90.00 ± 3 .10  nM, respectively) and 

found to be relatively active anti-proliferative agents with I C 5 0  values in the low 

nanomolar range. GS117 activity was comparable to that o f CA-4. Table 2.2 

summarises the I C 5 0  values of group II compounds.

Table 2.2: Best fit IC50 values ± SEM of group II compounds, following the MTT assay (n=3).

0

- - 4.03 ± 1.73 14.01 ±0.58

0

c=o OH 65.05 ± 1.10 50.65 ± 1.19
c=o NH2 8.58 ± 1.06 9.70 ±0.88

\
Linker OH 34.02 ± 5.70 90.00 ±3.10
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2.3.1.3 Group III Compounds

The anti-proHferative activity o f  group III compounds on HUVECs and PC-3 cells was 

examined. The lead compound A D R 269 demonstrated similar potency on HUVECs 

(4.91 ±1 . 0 1  nM) to that o f  C A-4, however the inhibitory activity on PC-3 cells (4.67 ± 

1.45 nM) was superior to that o f  CA-4. Although the rest o f  the analogues in this series 

displayed inhibition o f  cell growth, were not as potent as A DR 269, with their IC50 

values varying in the low  micromolar range. Table 2.3 summarises the IC50 values o f  

group III compounds.

Tab le  2.3: B est fit IC 50 values ±  SEM  o f  group  III com pounds, fo llow ing  the M TT assay  (n=3).

- - 4.03 ±  1.73 (nM) 14.01 ± 0 . 5 8  (nM)

c=o OH 4.91 ±  1.01 (nM) 4.67 ±  1.45 (nM)

ngg[gg c=o 0 CH3 OH 1.94 ±  1.73 N /D

OH - 4.02 ±  2.80 0.14 ± 0 .0 4

C = 0 - 1.09 ±0 . 41 10.00 ± 4 . 0 3  (nM)

C = 0 N H 2 0.23 ± 0 . 1 5 0.36 ±0 . 2 1

2.3.1.4 Group IV Compounds

The effect o f  group IV compounds on cell proliferation o f  HUVECs and PC-3 cells was 

determined. GJHHO’s anti-proliferative activity was similar to that o f  CA-4 against 

H UVECs (5.56 ±  1.36 nM) and PC-3 cells (4 .70 ± 1 . 1 9  nM), along with the rest o f  the 

compounds in this series which displayed IC50 values in the low  nanomolar range, the 

only exception being A D R 084 (3.51 ± 2.05 jiM against HUVECs and 6.10 ±  3.50 |aM 

against PC-3 cells). The most potent compound in this series was ADR 149 with IC50 

values as low as 1.45 ±  1.15 nM against H UVECs and 3.82 ± 1 . 1 5  nM against PC-3 

cells. Table 2.4 summarises the IC50 values o f  group IV compounds.
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Table 2.4; Best fit IC50 values ± SEM o f  group IV compounds, following the MTT assay (n=3).

CA-4
GJH140
ADR084
ADR116
ADR118
ADR119
ADR149

OH

NH2

- ■ 4.03 ± 1.73 14.01 ±0.58
0 CH3 5.56 ± 1.36 4.70 ± 1.19
0 CH3 OH 3.51 ±2.05 (^M) 6 .10 ± 3 .50  (|xM)
0 CH3 - 12.03 ±0.58 8.50 ±0 .40

[ 0 CH3 j 7.04 ± 12.12 11.03± 1.15
SCH3 - 3.01 ± 1.15 8.50 ±3 .46
0 CH3 - 1.45± 1.15 3.82± 1.15

The DML ADR241 showed moderate activity in the low micromolar range with IC50 

values of 14.56 ± 1.54 (xM against HUVECs and 4.75 ± 1 .13  |.iM against PC-3 cells. 

Table 2.5 summarises the IC50 for ADR241.

Table 2.5: Best fit IC5 0  values ± SEM o f ADR241, following the MTT assay (n=3).

CA-4

ADR241

la
......................................_  ' "  1 - - 4.03 ± 1.73 nM 14.01 ± 0 .5 8 n M

Trimethoxybenzene OH 1 OCH3 14.56 ± 1.54 nM 4.75 ± 1.13
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2.3,2 Cell C ycle A nalysis -  G 2/M  Phase

Follow ing  the prelim inary  screening o f  test com pounds, the m ost active tubulin 

inhibitors w ere further evaluated. The effect o f  each com pound on the cell cycle o f  

H U V EC s w as exam ined for evidence o f  a G 2 /M  phase arrest. Statistical com parison 

betw een the treated and control groups was perform ed, using S tuden t’s /-test.

2.3.2.1 G roup I C om pound

T he cell cycle stage o f  R S133-treated cells w as analysed. The control group show ed an 

ordinary  cell cycle profile with the largest peak at the Gi phase (57.22 ± 0.31 %), 

follow ed by  a sm aller peak at the S phase (15.10 ±  0.93 % ) and a final peak at the G 2 /M  

phase (25.21 ± 1.20 % ). CA -4 treatm ent induced a G 2 /M  phase arrest show ing a 

significant {p < 0.01) d ifference betw een the treated and control groups at 0.5 |aM 

(80.50 ± 5.82 %) and 1 pM  (69.52 ± 8.30 % ). R S133-treated cells dem onstrated a 

significant (p < 0.01) increase o f  cells in the G 2 /M  at 0.5 (iM (78.91 ± 2.14 %) and 1 

(jM (75.95 ± 2.50 % ), as show n in Figures 2.6 and 2.7.

lO*

oo

o

8 7

IxIO* 2x10* 3x10* t x W  2x10* 3x10* 1x10* 2x10* 3x10*
P I P I P I

Figure 2.6: Cell cycle histograms o f the gated G 1/S/G 2/M cells treated with CA-4 and R S I33. 

HUVECs were treated for 24h, stained with PI and analysed using flow cytometry. A) and D) 

Control (0.1% DMSO), B) 0.5 |iM CA-4, C) 1 îM CA-4, E) 0.5 |iM R S I33 and F) 1 |iM 

RS133.
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« 40-
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HUVECs (24h)

Treatm ent

□  Control (0.1% DMSO)

□  RS133 0.5 nM

■  R S 1 3 3 1

□  CA-4 0.5 |iM

■  CA-4 1

"  p  <  0 .0 1 , s ig n ifican tly  h ig h e r  m e a n  %  ce ll c o u n t  in th e  G 2/M p h a s e  c o m p a r e d  w ith 

th e  u n tr e a te d  c o n tro ls  a s  d e te r m in e d  b y  S tu d e n t ’s  /- te s t .

Figure 2.7: Percentage o f cells in the G2 /M phase treated with RSI33 and CA-4. Data 

represents mean ± SEM (n=3).

2.3.2.2 Group II Compounds

Cell cycle analysis was performed on HUVECs with selected group II compounds, 

including R S I80 and G Sl 17. R S I80 exhibited a significant (p < 0.01) effect on the cell 

cycle inducing an arrest at the G 2 /M  phase (86.30 ±  2.31 % at 0.5 fiM and 79.35 ± 1.72 

% at 1 |iM). Similarly, G Sl 17 at concentrations o f  0.5 |iM and 1 |aM, demonstrated a 

significant (p < 0.01) increase in the percentage o f  G 2 /M phase cells (81.25 ±  0.63 % 

and 76.07 i  4.82 ^0  ̂ rcspcctivdy), 3.S shown in Figures 2.8 3.nci 2.9.
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Figure 2.8: Cell cycle histograms o f the gated G 1/S/G 2 /M  cells treated with R SI80 and G S I 17. 

HUVECs were treated for 24h, stained with PI and analysed using flow cytometry. A) and D) 

Control (0.1%  DMSO), B) 0.5 R S I80, C) I ^iM R S I80, E) 0.5 GSI 17 and F) I 

GSI 17.

I00n
c
o  80 o

60-

O

2 0 -

HUVECs (24h)

Treatment

CD Control (0.1% DMSO)
□ RS180 0.5 nM
■ RS180 1 nM
□ GS117 0.5 îM
■ GSI171 nM
□ CA-4 0.5 nM
□ CA-4 1 nM

** p  < 0 .0 1 ,  s ig n if ican tly  h ig h e r  m e a n  %  ce ll c o u n t  in th e  G 2/M  p h a s e  c o m p a r e d  with 

th e  u n t r e a te d  c o n tr o ls  a s  d e te rm in e d  b y  S tu d e n t 's  <-test.

Figure 2.9: Percentage o f  cells in the G 2 /M  phase treated w ith RSI 80, G SI 17 and CA4. Data 

represents mean ± SEM (n=3).
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2.3.2.3 Group III Compound

Group III compound ADR269 was selected for further evaluation to examine its ability 

to induce G 2 /M phase arrest o f endothelial cells. The percentage o f  ADR269-treated 

cells (71.20 ± 7.12 %) at 1 )aM detected in the G 2/M phase was significantly (p < 0.01) 

higher than that o f  control treated cells (31.44 ± 0.82 %), as shown in Figures 2.10 and 

2 . 1 1 .

o

2x10< 3x10"

24 4 75  6

lx10< 2x10" 3x10"
PI PI

Figure 2.10; Cell cycle histograms o f  the gated G 2 /M cells treated with ADR269. HUVECs 

were treated for 24h, stained with PI and analysed using flow cytometry. A) Control (0.1% 

DMSO) and B) 1 ADR269.

HUVECs (24h)

□  Control (0.1% DMSO) 
■  ADR269 1

Treatment

** p  < 0 .0 1 , significantly h ig h e r m ean  %  cell c o u n t in th e  G 2/M p h a s e  co m p a re d  with the  
u n tre a te d  c o n tro ls  a s  d e te rm in e d  by  S tu d e n t 's  (-test.

Figure 2.11: Percentage o f cells in the G 2 /M  phase treated ADR269. Data represents mean ± 

SEM (n=3).

92



2.3.2.4 Group IV Compounds

G roup IV com pounds, G JH 140 and A D R 149, w ere exam ined in the cell cycle analysis. 

A significant (p < 0 .01) G 2 /M  phase arrest was observed in G JH 140-treated cells at 0.5 

(81.22 ±  1.43 % ) and 1 |aM (81.42 ± 4.20 %) and in A D R  149-treated cells at 0.5 

|jM  (77.91 ± 3.72 %) and 1 |aM (69.63 ±  3.11 % ), as show n in Figures 2.12 and 2.13.

10*

13 2 6 8  80 1

2*10* 3«10* 1x10* 2x10* 3x10* 1x10* 2x10* 3x10*
P I  P I  P I

Figure 2.12; Cell eycle histograms of the gated G 1/S/G 2 /M cells treated with GJH140 and 

ADR 149. HUVECs were treated for 24h, stained with PI and analysed using flow cytometry. 

A) and D) Control (0.1% DMSO), B) 0.5 GJH140, C) 1 nM GJH140, E) 0.5 |iM ADR 149

and F) 1 |jM ADR149.
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HUVECs (24h)

□  CA-4 1 nM

□  GJH140 0.5 nM
■  GJH140 1 laM 
□  ADR149 0.5 nM
■  A 0R 149 1 
□  CA-4 0 .5  nM

□  Control (0.1%  DM SO)

Treatment

** p  < 0 .0 1 , s ig n ific an tly  h ig h e r  n n ean  %  cell c o u n t in th e  G 2/M  p h a s e  c o m p a r e d  w ith 

th e  u n t r e a te d  c o n tro ls  a s  d e te rm in e d  by  S tu d e n t 's  f- te s t.

Figure 2.13; Percentage of cells in the G2/M phase treated with GJH140, ADR149 and CA-4. 

Data represents mean ± SEM (n=3).

2.3.3 Im m unofluorescence Staining o f the M icrotubules

To confirm  the ability  o f  test com pounds to disrupt the tubulin  cytoskeleton, the 

m icrotubule organisation o f  treated endothelial cells was exam ined using confocal 

m icroscopy. C ontrol treated  cells show ed com plex, well organised m icrotubule 

netw orks, with long fibre-like structures present.

2.3.3.1 G roup I C om pound

H U V ECs were incubated w ith 1 |^M o f  C A -4 or R S I33. C A -4 and R S133-treated cells 

show ed an apparent reduction in the m icrotubules form ation, w ithout any long fibres 

present (F igure 2.14 and 2.15). F ragm entation o f  the nucleus was also observed in som e 

cases.
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Figure 2.14; Microtubulc disruption o f endothelial cells by C A ^ . HUVECs were treated for 30 

minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal microscope (x60). A-B) Control (0.1% DMSO) and 

C) 1 nM CA-4.

Figure 2.15: Microtubule disruption o f endothelial cells by RS133. HUVECs were treated for 

30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal microscope (x60). A-B) Control (0.1% DMSO) and 

C-D) 1 nM R S I33.

2.3.3.2 Group II Compounds

The effect o f  1 |iM  o f  R S I80 and G S117 on H U V E C s’ m icrotubule organisation was 

determ ined. Severe m icrotubule disruption was observed follow ing treatm ent with 

R S I80 and G S 117, in a sim ilar m anner (F igure 2.16). M icrotubule fibres w ere absent in 

the treated cells. C ontraction o f  the nucleus was also observed.
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Figure 2.16; Microtubulc disruption of endothelial cells by RS180 and GS117. HUVECs were 

treated for 30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken 

using an Olympus FVIOOO point scanning confocal microscope (x60). A-B) Control (0.1% 

DMSO), C-D) 1 pM R SI80 and E-F) 1 (j M GSl 17.

2.3.3.3 G roup III C om pound

The effect o f  A D R 269 on the tubulin  cytoskeleton o f  endothelial cells was exam ined. 

T reatm ent w ith I nM  A D R 269 dem onstrated an apparent effect on the tubulin 

organisation and a disruption o f  the cell m onolayer w ith a reduced cell num ber (F igure 

2.17).

A) I B)

50pm

Figure 2.17: Microtubule disruption o f endothelial cells by ADR269. HUVECs were treated 

for 30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal microscope (x60). A) Control (0.1% DMSO) and B) 

1 pM ADR269.
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2.3.3,4 Group IV Compounds

M icrotubules organisation was examined after treatment o f endothelial cells with 1 |iM 

o f  GJH140 and ADR 149. The effect o f GJH140 and ADR 149 on the tubulin 

cytoskeleton was evident, showing a substantial reduction o f the microtubule assembly 

and an absence o f  microtubule fibres (Figure 2.18).

• •

m
Figure 2.18: Microtubule disruption of endothelial cclls by GJH140 and ADR149. HUVECs 

were treated for 30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were 

taken using an Olympus FVIOOO point scanning confocal microscope (x60). A-B) Control 

(0.1% DMSO), C-D) 1 nM GJH140 and E-F) 1 nM ADR 149.

2.3.4 Analysis of Endothelial Cells’ M orphology

The in vitro anti-vascular effect o f test compounds was assessed by their ability to 

induce morphological changes to endothelial cells. Control treated cells retained a 

confluent monolayer and appeared well-structured without apparent abnormalities. Test 

compounds clearly induced rapid morphological changes to endothelial cells as 

observed Ih  after drug washout, including endothelial cell contraction, membrane 

blebbing, intercellular gaps and darkening o f  the cell contents, as well as reduced cell 

area. However, in most cases treated cells regained their morphology as observed 3h 

after drug washout and there was no apparent decrease in cell area.
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2.3.4.1 Group I Compound

R S I33 w as evaluated for its ability  to induce m orphological changes to endothelial 

cells, as an indication o f  its in vitro an ti-vascular effect. Incubation o f  H U V ECs with 

R S I33 caused rapid alterations in the ce lls’ structure and disrupted the cell m onolayer 

at concentrations as low as 0.1 |xM. T he extent o f  this effect was reduced, as observed 

3h after w ashout (F igure 2.19).

ift. ..'iiiii..' • '.tC. f *  .w'.tsi •. .S.» .*

Figure 2.19: The effect of RS133 on endothelial cells’ morphology. HUVECs were exposed to 

the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) after 

drug washout. A) Control (0.1% DMSO), B) R SI33 0.1 ^M, C) R SI33 0.5 and D) R SI33 

1 |iM.

2.3.4.2 Group II Compounds

The in vitro anti-vascular effect o f  group II com pounds, R S I80 and G S117, on the 

endothelial ce lls ’ m orphology was evaluated. B oth com pounds exerted their effects at 

concentrations as low as 0.1 |jM  by  altering the ce lls ’ structure and m onolayer, and 

d isp layed  a sim ilar activity  profile to that o f  C A -4 (F igure 2.20). A fter 3h o f  drug 

w ashout, endothelial cells appeared to regain their structure to som e extent (Figure 

2 .2 1 ).
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Figure 2.20; The effcct of RSI80 and CA-4 on endothelial cells’ morphology. HUVECs were 

exposed to the compounds for 40 minutes and photomicrographs (x 10) were taken 1 h after drug 

washout. A/E) Control (0.1% DMSO), B) RSI80 0.1 |iM, C) RSI80 0.5 [M, D) R SI80 1 |iM, 

F) CA-4 0.1 nM, G) CA-4 0.5 î M and H) CA-4 1 îM.

Figure 2.21: The effect of GSl 17 on endothelial cells’ morphology. HUVECs were exposed to 

the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) after 

drug washout. A) Control (0.1% DMSO) B) GSl 17 0.1 |jM and C) GSl 17 0.5 îM.



2.3.4.3 Group III Compound

The in vitro anti-vascular effect o f  ADR269 was evaluated by its ability to interfere 

with the endothelial cells’ morphology. HUVECs incubated with 0.1 (xM and 1 |iM 

ADR269 showed apparent differences in their morphology, as well as a disturbed 

monolayer. After 3h o f  drug washout, a m inor recovery o f endothelial cells appeared, 

although morphological changes were still evident (Figure 2.22).

Figure 2.22: The effect of ADR269 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO) B) ADR269 0.1 [iM and C) ADR269 1 |aM.

2.B.4.4 Group IV  Compounds

Endothelial cells’ morphology was evaluated following treatment with GJH140 and 

ADR 149, in order to determine their in vitro anti-vascular effect. Treated cells appeared 

to have altered structure at 0.1 |iM, but started to regain their shape 3h after washout 

(Figure 2.23 and 2.24).
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Figure 2.23: The effect of GJH140 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO) B) GJH140 0.1 ^M, C) GJH140 0.5 îM and D) 

G JH 1401 nM.

V V*.' ^

Figure 2.24: The effect of ADR149 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO), B) ADR149 0.1 and C) ADR149 0.5 pM.

2.3.5 In Vitro Angiogenesis Assay

In addition to the anti-proliferative, anti-mitotic and anti-vascular effects, tubulin 

inhibitors are also known for their anti-angiogenic properties. Inhibition o f in vitro 

angiogenesis was investigated using the AngioKit assay provided by TCS Cellworks. 

R S 180 was the only compound evaluated in this assay and suramin served as a positive 

control, whereas 2 ng/mL VEGF served as a negative control. Treatment o f the co

culture with suramin decreased the number o f microvessels to some extent. Figure 2.25
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illustrates the effect of R S I80, clearly showing the reduction of microvessels at 

concentrations as low as 10 nM. The microvessel density of each treated group was 

analysed and statistical comparisons between control and treated cells were determined 

using Student’s f-test (Figure 2.26). The reduction of microvessels in the suramin- 

treated group was not o f statistical significance. Although R SI80 treatment 

demonstrated a visible decrease in vessel formation at low concentrations (10 nM and 

25 nM) this was not statistically significant. Treatment o f the co-culture with 50 nM 

R SI80 significantly {p < 0.01) reduced the number of tubule structures and shortened 

their length.

Figure 2.25: The anti-angiogenie effect o f R SI80 as determined by the AngioKit assay. The 

co-culture assay was supplied from TCS Cellworks as a growing culture of HUVECs and 

fibroblasts in 24-well plate format. Cells were cultured for 12 days resulting in a confluent co

culture. A) 2 ng/mL VEGF, B) Control (0.1% DMSO), C) 20 nM suramin, D) 25 nM R S I80 

and E) 50 nM R S I80.
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“ p < 0.05, ** p < 0.01, *** p < 0.001, as determined by one-way ANOVA test.

Figure 2.26: The cffcct o f RSI 80 on microvessels formation. An estimation o f the mean pixel 

density area o f the vessels was calculated by Adobe Photoshop CS4. Data represents mean ± 

SEM (n=3).
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2.4 Discussion

2.4.1 Cell Proliferation Assay

2.4.1.1 Group I Compound

In order to validate the assay and compare the obtained I C 5 0  values from each test 

compound, a positive control was required. In this case CA-4 was used, where its anti

proliferative effect was determined using both HUVECs ( I C 5 0 :  4.03 ± 1.73 nM) and 

PC-3 cells ( I C 5 0 :  14.01 ± 0.58 nM). The I C 5 0  value of CA-4 against HUVECs was 

comparable to previously reported data ( I C 5 0 ;  2.2 nM) [502]. R S I33 did not possess 

remarkable anti-proliferative activity against PC-3 cells ( I C 5 0 :  150.00 ± 40.01 nM); 

however it showed some selectivity towards HUVECs ( I C 5 0 :  20.26 ± 1.43 nM), 

demonstrating a 7-fold increase in activity against these cells (Table 2.1, p.85). This 

finding suggests that RS133’s design may confer selectivity for endothelial cells over 

cancer cells and may be referred to as a “true” VDA. Similarly, Beale et al. reported 

selectivity for endothelial cells of triazole analogues of CA-1 over SK-OV-3 ovarian 

cancer cells ( I C 5 0 :  4.3 nM 30 nM, respectively) which share the same trimethoxy 

benzene A-ring with R SI33 [502],

Flynn et al. examined the effect of benzo[b]furans as tubulin polymerisation inhibitors; 

in particular the 7-hydroxy-6-methoxy-2-methyl-3-(3, 4, 5-trimethoxybenzoyl)benzo- 

[bjfuran demonstrated higher selectivity against activated endothelial cells ( I C 5 0  = 1.7 

nM) over quiescent endothelial cells ( I C 5 0  = 3.4 nM) [503], This property provides an 

improved pharmacological profile for any VDA or anti-angiogenic agent. The drug- 

related toxicities could be minimised by selective interaction o f the agent with tumour- 

associated proliferating endothelial cells and to a lesser extent with quiescent 

endothelial cells.

2.4.1.2 Group II Compounds

Group II compounds, RSI 80 and GS117, exhibited an improved anti-proliferative 

activity compared to that o f R S I33, in both HUVECs and PC-3 cells ( I C 5 0  range: 65.05 

± 1.10 nM -  8.58 ± 1,06 nM, Table 2.2, p.85). The addition o f a carbonyl group at 

position-3 of the B-ring appeared to alter its shape and facilitate stronger tubulin 

binding affinity, which confirmed the initial hypothesis. The presence o f an amine
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group in G S 117 conferred even greater activity at the low  nanom olar range and 

im proved solubility . There w as no observable se lectiv ity  towards H U V E C s over PC-3  

cells.

2.4.1.3 Group III Compounds

Group III com pounds d isplayed a variation in the level o f  their anti-proliferative  

activity in both cell lines. In order to further im prove the binding affin ity  o f  test 

com pounds to tubulin, additional structural m odification w ere attem pted on the B-ring, 

by replacing the b en zylic  m ethylene group with an oxygen  atom  at p osition-5 . This  

alteration dram atically im proved the inhibitory profile o f  A D R 269  against H U V E C s  

and PC-3 ce lls  w hich show ed higher potency than C A -4  (IC 5 0 ; 4.91 ±  1.01 nM  and 4 .67  

± 1.45 nM , respectively). The prom ising prelim inary results obtained from  group III 

com pounds led to the synthesis o f  additional analogues o f  A D R 269; h ow ever none o f  

them  dem onstrated superior anti-proliferative activity to that o f  A D R 2 6 9  or C A -4 (IC 50 

range: 10.00 ±  4 .03  nM  -  4 .0 2  ±  2 .8 0  |aM, Table 2 .3 , p .8 6 ).

2.4.1.4 Group IV Compounds

The m ajority o f  group IV coum arin-based com pounds exhibited  potent anti

proliferative activity. Lead com pound G JH 140 dem onstrated a sim ilar inhibitory profile  

to that o f  C A -4 , against H U V E C s and PC-3 ce lls  (IC 5 0 : 5 .56  ±  1.36 nM  and 4 .70  ± 1 . 1 9  

nM , respectively). The addition o f  a hydroxyl group at p o s it io n -10 on the C-ring o f  

A D R 084  resulted in a 1000-fold  reduction o f  its inhibitory activity on both ce ll lines 

(IC50: 3.51 ±  2 .05  fiM and 6 .10  ±  3 .50  ^M , respectively), indicating that p osition-10  

m odifications are not favourable. The rest o f  the com pounds in this series displayed  

potent activity against both cell lines w ithout any notable pattern o f  se lectiv ity  (IC50 

range: 1.45 ±  1.15 nM  -  12.03 ±  0 .58  nM , Table 2 .4 , p .87). The m ost active com pound  

w as A D R  149 w hich show ed im proved inhibition com pared to that o f  C A -4 , in both  

H U V E C s and PC-3 ce lls  (IC50: 1.45 ±  1.15 nM  and 3 .82  ± 1 . 1 5  nM , respectively). The 

DM L A D R 241 dem onstrated m oderate anti-proliferative activity in the m icrom olar 

range, against both ce ll lines (Table 2 .5 , p .87). The reduced activity m ay be due the 

increased bulk o f  the m olecule.
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Follow ing the preclinical and clinical success o f  CA-4, numerous attempts were made 

to design and synthesise analogues that could mimic or improve its effects. Sun et al. 

evaluated a series o f  novel 1, 4-diaryl-2-azetidinones, conformationally restricted 

analogues o f  CA-4, for cytotoxicity against a number o f  human tumour and normal cell 

lines. The best compounds exhibited strong potencies (IC50 range: 25 - 74 nM) against 

IMR32 human neuroblastoma cells and a variety o f  other cell lines [504]. Furthermore, 

a different series o f  CA-4 analogues containing the 1, 4-diaryl-2-azetidinone (y?-lactam) 

ring system  in place o f  the usual ethylene bridge present in the natural C A -4, was 

synthesised by Carr et al. Two o f  the most potent compounds o f  this series (3- 

unsubstituted compound and 3-methyl substituted compound) demonstrated anti

proliferative activity at nanomolar concentrations in MCF-7 (IC5 0 : 17 nM and 10 nM, 

respectively) and M DA-M B-231 (IC5 0 : 54 nM and 47 nM, respectively) human breast 

carcinoma cell lines [505]. In addition, O ’B oyle et al. reported a new series o f  rigid 

analogues o f  CA-4 which contain the 1, 4-diaryl-2-azetidinone (j5-lactam) ring system  

in place o f  the usual ethylene bridge present in the natural CA-4, where the most active 

compound showed sub-nanomolar activity in MCF-7 cells (IC5 0 : 0.8 nM), along with 

significant inhibition o f  tubulin polymerisation [506]. A new class o f  compounds in 

which the 2-amino-5-chlorophenyl ring o f  a phenstatin analogue was replaced by a 2- 

amino-5-aryl thiophene was reported by Romagnoli et al., where their anti-proliferative 

activities ranged between IC50: 2.5 - 6.5 nM against the LI210 m ouse lymphocytic 

leukaemia and K562 human erythromyeloblastoid leukaemia cell lines [507].

Taking into consideration the reported IC50 data from different CA-4 analogues, the 

majority o f  our test compounds, including GJH140, ADR 149 and ADR 269  

demonstrated high potency against HUVECs and PC-3 cells and showed superiority 

over several o f  the discussed CA-4 analogues. An overall increased activity was 

observed in group IV compounds, where manipulation o f  the B-ring by the addition o f  

a carbonyl group at position-5 resulted in an improved inhibitory effect.

2.4.2 Cell Cycle Analysis

The anti-mitotic effect o f  selected test compounds was determined by examination o f  

the cell cycle stages. All compounds demonstrated cell cycle arrest at the G 2/M  phase 

follow ing a 24h incubation treatment, without any particular pattern observed within
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each group. This finding suggests that test compounds have a direct effect on the 

chrom osom es’ structure, causing them to fail segregation after replication, thus 

inducing cell cycle arrest at the metaphase checkpoint, resulting in a mitotic arrest.

Tubulin binding agents are well known for their ability to induce a G 2 /M phase arrest. 

In fact, Ding et al. reported that treatment o f  HUVECs with CA-4 resulted in an 

accumulation o f  G 2 /M phase cells accompanied with D N A  fragmentation [508]. 

Furthermore, incubation with 2 CA-4 for 24h showed a significant disturbance on 

the cell cycle o f  AGS metastatic gastric cancer cells [495]. Similarly, Zhu et. al 

demonstrated a G 2 /M  arrest o f  A 549 alveolar adenocarcinoma cells following  

incubation with X N 0502, a CA-4 analogue, where the effect was time- (< 48h) and 

concentration- (< 0.1 |xM) dependent [509]. In addition, a triazole-based tubulin 

polymerisation inhibitor T 1 15 was reported to arrest HeLa cells at 40 nM follow ing 24h  

treatment, and the effect was dose-dependent [497]. Carr et al. showed that the CA-4 

analogues containing the 1, 4-diaryl-2-azetidinone (/5-lactam) ring system , exerted anti

mitotic effects through inhibition o f  tubulin polymerisation and a subsequent G 2 /M  

arrest o f  M D A -M B 231 human breast cancer cells, with similar activity to that o f  CA-4  

[505]. A novel series o f  2-(3', 4', 5'-trimethoxybenzoyl)-3-amino-5-aryl/heteroaryl 

thiophene derivatives not only induced accumulation o f  HL-60 human promyelocytic 

leukaemia cells in the G 2 /M phase, but also significantly increased the number o f  

apoptotic cells [510]. Furthermore, the effect o f  5 and 10 |jM o f  embellistatin, a 

microtubule polymerisation inhibitor, on BAECs cycle was investigated follow ing 24h  

exposure. An apparent G 2 /M arrest was observed and the effect was dose-dependent. 

Interestingly, cytotoxicity data o f  BAECs up to 15 |iM o f  embellistatin follow ing 72h 

treatment, revealed more than 90% cell viability. This indicated that the G 2 /M arrest 

was not a cytotoxic-induced effect, but was associated with microtubule disruption 

[496],

The results generated from the cell cycle study are in agreement with the evidence 

reported in the literature, implying that test compounds indirectly cause cell death by 

altering the microtubule organisation and by preventing the successful completion o f  

cell division.
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2.4.3 Immunofluorescence Staining of the Microtubules

In order to confirm that test compounds interfere with the tubulin cytoskeleton, 

microtubule organisation was visualised, following exposure to test compounds. 

Control-treated cells showed a complex microtubule network consisting of long 

filaments and displayed compact rounded nucleus. All compounds were able to disturb 

the cells’ microtubule arrangement, as evidenced by an apparent reduction of the 

fluorescence intensity and by the loss of the microtubule network. In some cases, 

nucleus contraction was noted, indicating inhibition o f chromosome separation.

Kanthou et al. demonstrated that 1 jaM CA-4P caused microtubule disruption of 

endothelial cells within 30 minutes o f treatment [315]. One hypothesis which could 

explain how CA-4 blocks tubulin polymerisation was related to the association o f CA-4 

with tubulin dimers, which renders them incompetent for assembly [311]. Kanthou et 

al. further investigated the mechanisms and signalling pathways involved in the effects 

o f CA-4P on the cytoskeleton o f endothelial cells. It was reported that microtubule 

disruption induced by CA-4P caused Rho/Rho-kinase-mediated reorganisation of actin, 

which led to actinomyosin contractility, assembly o f stress fibres and local adhesions, 

and early membrane blebbing. The cytoskeletal features observed in the early 

membrane blebbing were similar to those of the apoptotic blebbing; however this was 

associated with necrosis rather than the onset o f an apoptotic pathway [315]. In an 

attempt to further investigate the signalling pathway involved in the CA-4-induced 

regression of tumour neovessels, Vincent et al. demonstrated that CA-4? mediates its 

effect by rapidly disrupting the molecular engagement of the endothelial cell-specific 

junctional molecule, vascular endothelial-cadherin (VE-cadherin), in vitro and in vivo 

[511].

The discovery of the 7-hydroxy-6-methoxy-2-methyl-3-(3',4',5'- 

trimethoxybenzoyl)benzo[b]furan (BNC105) by Flynn et al. as a novel tubulin 

polymerisation inhibitor, led to its evaluation as a tumour vasculature targeting agent. 

To address whether inhibition of tubulin polymerisation by BNC105 operated via the 

same mechanism as CA-4, endothelial cells were exposed to 10 nM BNC105 and CA-4 

for 20 minutes, whereby both agents demonstrated cell blebbing [512].
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Furthermore, 24h treatment o f HeLa and M CF-7 cells with either CA-4 (25, 100 nM) or 

a triazole-based anti-mitotic agent T115 (50, 100 nM) resulted in disorder and 

fragmentation o f  the microtubule network and disruption o f the mitotic spindle 

formation. At the lower concentration, T115 caused inhibition o f  chromosome 

separation during mitosis which resulted in the formation o f multinucleated cells. At 

higher concentration, there was a significant loss o f the fluorescence intensity which 

reflected severe destruction o f  the microtubule network [497]. Bonezzi et at. reported 

the evaluation o f the effect o f novel 1, 5-diaryl-IH -im idazole CA-4 analogues on the 

tubulin cytoskeleton. Alteration o f endothelial cells’ morphology such as 

disorganisation o f microtubules was induced at 0.1 and 1 |iM  following 1 h exposure to 

test compounds; however CA-4 exhibited a more pronounced effect [513].

Taken together, these results confirmed that treatment with test compounds causes 

disruption o f the microtubule assembly which is essential for the formation o f the 

mitotic spindle and segregation o f condensed chromosomes. Bearing in mind the 

reported data from the literature, our compounds exert their effects and maintain 

potency in a similar manner as CA-4 and its related analogues.

2.4.4 Analysis o f Endothelial Cells’ Morphology

The anti-vascular effect o f  the tubulin inhibitors is exhibited through direct disruption 

o f the endothelial cells present in the blood vessels’ lining. Hence, the in vitro anti- 

vascular activity o f test compounds was assessed by their ability to alter endothelial 

cells’ morphology. The control group showed an undisturbed cell monolayer, with 

ordinary morphological features. In contrast, cells treated with test compounds showed 

morphological changes, including endothelial cell contraction, membrane blebbing, 

intercellular gaps and darkening o f  the cell contents. In fact, endothelial cell retraction 

is usually associated with alterations in the organisation o f both tubulin and actin 

cytoskeletons. In addition, there was an observable reduction in cell area which might 

be an indication o f  cell adhesion disturbances.

Similarly to our compounds, 1 |jM  CA-4P was previously reported to cause blebbing

morphology o f endothelial cells, in which F-actin accumulated around the blebs

surface, stress fibres misassembled into a spherical network surrounding the cytoplasm

and focal adhesions appeared malformed. Time course studies revealed that blebbing
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was complete within Ih of treatment when it was evident in 16.0 ± 64.5 % o f cells 

[315], As a consequence, this could lead into an increased endothelial permeability to 

macromolecules [514]. Indeed, CA-4P-mediated contractility and blebbing were 

associated with a Rho-dependent increase in monolayer permeability to dextrans, 

implying that such functional changes may be important in the rapid response of the 

tumour endothelium to CA-4P in vivo [315].

In addition, Romagnoli et al. demonstrated that 0.5 |iM o f triazole-based CA-4 

analogues induced rapid changes to the endothelial cells such as formation of 

membrane blebs, following 30 minutes incubation [515], A different series of CA-4 

analogues, 1, 5-diaryl-IH-imidazoles-based tubulin inhibitors, were examined for their 

in vitro anti-vascular activity. Following Ih treatment, all compounds caused profound 

changes in the morphology o f endothelial cells at 0.1 and 1 |^M, which retracted by 

assuming a rounded shape and tended to detach from the substrate. However, test 

compounds did not demonstrate superiority over CA-4 [513],

The activity o f CA-4 and its related analogues is comparable to the compounds 

synthesised in our lab. The abnormal morphological features visualised following 

exposure to test compounds could be due to their interaction with the cell cytoskeleton, 

but could also be an indication of cells undergoing apoptosis. However, the fact that 3h 

after drug washout cells were able to recover in most cases, suggests that treatment with 

test compounds disturbs cell morphology but it’s not cytotoxic; in other words, this 

effect is reversible. A similar reversibility effect was demonstrated by Joncour et al. 

using a new series of dibenzoxepines-based tubulin targeting compounds which caused 

morphological alterations to endothelial cells and returned to normality 3h after drug 

washout [500].

The reversibility o f this effect could be beneficial in vivo, considering short treatment 

with these agents is expected to produce rapid damage to the tumour vasculature, while 

avoiding or minimising possible side effects through prolonged disruption of 

microtubules in normal tissues.
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2.4.5 In Vitro Angiogenesis Assay

The in vitro human angiogenesis assay was performed in order to demonstrate the anti- 

angiogenic effect o f the tubulin targeting compound R S180. Most in vitro assays do not 

address the entire process of blood vessels development, but only focus on distinct 

steps, including tubule formation in matrigel or migration of endothelial cells in 

monocultures. Therefore, the human co-culture of endothelial cells and fibroblasts was 

used in order to provide a better representation of human angiogenesis in vivo. R SI80 

treatment showed a moderate effect at 10 and 25 nM, and a more pronounced effect at 

50 nM (Figure 2.25 and 2.26, p. 101-102). A less evident inhibitory activity was seen 

with the positive control, suramin at 20 ^M.

The inhibition of microvessel formation and the reduction in tubule area is an indication 

o f angiogenesis disruption. However, the choice o f compound concentration is crucial 

for the outcome of the study, due to the fact that higher concentrations may interfere 

with cell proliferation and thus result in a reduction or a complete inhibition of 

microvessel outgrowth. Ahmed et al. reported that 30 ng/mL CA-4 (concentration that 

had no effect on cell proliferation) significantly decreased tube formation in a collagen 

gel assay using brain capillary endothelial cells (BCECs), following 24h incubation 

[492]. In addition, it was reported that following 18h incubation of FGF-2-stimulated 

HUVECs seeded on matrigel with 10 nM CA-4P, resulted in a disturbed capillary tube 

formation, with decreased tubule length and reduced branching points. A further 

investigation revealed that the effect of CA-4P was mediated though disruption of the 

VE-cadherin/y3-cadherin/Akt signalling pathway [511].

Embellistatin was reported by Jung et al. to dose-dependently inhibit bFGF-induced 

tube formation of BAECs, at concentrations of up to 10 |iM [496]. In comparison to 

embellistatin, R SI80 demonstrated an approximate 1000-fold greater anti-angiogenic 

activity, highlighting its potential.

Remarkably, HUVECs co-cultured with smooth muscle cells (SMCs) in the presence or 

absence of 10 nM CA-4P were able to assemble into capillary tubes only when 

endothelial cells were stabilised with SMCs [511]. This finding implied that mural 

protection of endothelial cells may provide a shield for vascular tubes against CA-4P- 

induced vessel destabilisation. However, this was not the case with R S I80 treatment.



where it resulted in inhibition o f  tubule form ation even in the presence o f  mural cells 

such as fibroblasts.

Tubulin inhibitors are able to m odulate the process o f  an giogen esis sin ce  tubulin is an 

essential com ponent o f  the cell cytoskeleton  and is in volved  in m any dynam ic 

processes such as cell proliferation, m igration and invasion. Therefore, treatment with 

R S I 80 w as proven to interfere w ith the rate o f  an giogen esis and alter the tubules’ 

arrangement.

2.5 Conclusions

The studies undertaken in this Chapter aim ed to investigate the effect o f  n ovel tubulin 

polym erisation  inhibitors as tum our V D A s. Initially, the effect o f  test com pounds on 

cell proliferation o f  H U V E C s and PC-3 ce lls  w as established. The m ajority o f  

com pounds dem onstrated substantial anti-proliferative activity w ith the m ost potent 

com pounds being A D R  149, G JH 140 and A D R 269 . N ext, cell cy c le  analysis was 

perform ed fo llo w in g  treatment w ith test com pounds, w hich show ed  an accum ulation o f  

ce lls  in the G 2/M  phase, indicative o f  an anti-m itotic effect. Furthermore, the effect o f  

test com pounds on the tubulin cytoskeleton  w as determ ined, w here a direct disruption 

o f  m icrotubule network w as observed. The in v itro  anti-vascular activ ity  o f  test 

com pounds w as illustrated by evident m orphological changes o f  endothelial ce lls. In 

addition, the reversibility o f  this effect w as established once the endothelial cells  

recovered from  treatment with the com pounds fo llow in g  3h after w ashout. M oreover, 

R S I 80 w as exam ined in the human an giogen esis assay, w here it exh ibited  anti- 

angiogen ic activity at relatively low  concentrations.

A lthough additional m echanism s o f  action m ay be investigated, the m ain aim  o f  this 

project w as to assist in the developm ent o f  novel tubulin b inding agents targeting the 

tum our vasculature. For that reason it w as important to establish w hether these  

com pounds m aintain their activ ities in ex v ivo  and in v ivo  m odels. Therefore, 

com pounds w hich  dem onstrated a prom ising pharm acological profile w ere further 

assessed  using  the ex vivo  aortic ring assay and an in vivo  tum our xenograft m odel for 

anti-vascular, anti-angiogenic and anti-tum our activities. T hese studies are outlined  

further in Chapter 3.
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-- Chapter 3 --

Ex Vivo and In Vivo Evaluation of Novel 

Tubulin Polymerisation Inhibitors
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3. Introduction

The in vitro results documented in Chapter 2 indicated that the majority o f  novel 

compounds previously synthesised in our group, possessed anti-proliferative, anti

mitotic, anti-vascular and anti-angiogenic properties, comparable to or superior in some 

examples, to that o f  CA-4. Following the preliminary in vitro screening o f test 

compounds, the next stage involved the selection o f the most promising compounds 

from each series and further examination o f  their anti-vascular/anti-angiogenic 

activities in ex vivo and in vivo models. The ex vivo aortic ring assay was chosen as the 

most appropriate assay, prior to the development o f  an in vivo model for two reasons. 

Firstly, to assess the breakdown o f existing microvessel networks which represents an 

anti-vascular property, and secondly to determine the effect o f  test compounds on the 

formation o f  new microvessels, which would identify any anti-angiogenic activity. The 

final evaluation involved the establishment o f a tumour xenograft model as a mean to 

determining their anti-tumour and anti-vascular/anti-angiogenic properties.

Arising from the ex vivo and in vitro studies, two compounds, namely ADR 149 and 

RSI 80 were selected for in vivo evaluation, ECB206, a leucine prodrug salt o f  ADR 149 

was synthesised by Breen and GS291, a disodium phosphate prodrug form o f R S I80, 

was synthesised by Stack, in order to resolve solubility issues (Figure 3.1). ECB206 

was designed for site-specific delivery o f  the active compound (ADR 149), by an APN 

enzymatic cleavage o f leucine to APN-rich sites, including proliferating endothelial 

cells and PC-3 cells, expressed in tumour vasculature and tissue.

O — P -------o '  Na

O Na

■NH

ECB206 GS291

Figure 3.1: ECB206 is the leucine prodrug of ADR149 and GS291 is the disodium phosphate 

prodrug of RS180.
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3.1. Aims

Following their in vitro evaluation, the most promising compounds from each series 

were selected for further investigation as tumour vasculature targeting, anti-angiogenic 

and anti-tumour agents. Thus, the overall aims o f  the work described in this Chapter 

were to:

• Verify the anti-vascular effects o f  test compounds in the ex vivo aortic ring 

assay.

• Investigate and quantify angiogenesis inhibition o f  test compounds in the ex 

vivo aortic ring assay.

• Determine a maximum, or close to the maximum, tolerated dose o f selected 

compounds in vivo.

• Establish the anti-tumour effect o f selected compounds in a PC-3 tumour 

xenograft model and observe any evident toxicity.

•  Histologically examine the tumour samples following completion o f the in vivo 

efficacy study and identify any evidence o f tumour necrosis.

• Evaluate the anti-vascular activity o f  selected compounds in a PC-3 tumour 

xenograft model by visualising the functional tumour vasculature.

3.2 Background to the Protocols Used 

3.2.1 Aortic Ring Assay

The aortic ring assay is an ideal assay for testing the activity o f anti-vascular, anti- 

angiogenic or pro-angiongenic agents. This method was originally developed and 

m odified by Nicosia and Ottinetti [516]. The aorta can be excised from either mice or 

rats, cut into ~ 1 mm rings and cultured in either basement membrane matrix (matrigel) 

or collagen gel. Following incubation for several days the rings start to generate 

outgrowths o f branching microvessels, which are lined by endothelial cells and 

supported by pericytes and fibroblasts. The angiogenic response o f the aorta is a self

limited process regulated by endogenous growth factors, including bFGF [517], VEGF 

[518], PDGF [519] and angiopoietins [520].
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The rat aorta model is an ex vivo assay which combines advantages of both in vitro and 

in vivo models. The process of angiogenesis takes place in a defined culture 

environment which can be easily adapted to different experimental conditions 

according to the requirements of the study. The cells of the aortic outgrowth are not 

modified by repeated passages in culture, thus newly formed microvessels reproduce 

the characteristics of the vasculature formed during in vivo angiogenesis [521-522]. 

There is no influx o f leukocytes from circulating blood, therefore inflammatory 

complications which may affect the interpretation of in vivo assays are minimised. For 

the purpose of this study, rat aortic ring cultures were used to investigate both the anti- 

vascular and the anti-angiogenic activity o f test compounds.

The successful growth o f the aortic rings into a mircovessel networks was dependent on 

several factors including; (i) the amount of periaortic fibroadipose tissue remaining on 

the ring, (ii) the orientation o f the ring {i.e. the way the ring was embedded into the 

matrigel) and (iii) the volume of the matrigel used. Initial attempts involved positioning 

the ring so as to ensure that the luminal axis was parallel to the bottom of the culture 

dish, but this did not result in significant microvessel growth. Thus, the rings were 

placed with their luminal axis perpendicular to the bottom of the dish which promoted 

the successful development of a microvessel network. Several further attempts were 

carried out to optimise the assay by changing the way the rings were embedded into the 

matrigel. For instance, a matrigel layer was added on the bottom of the dish and 

allowed to solidify; the rings were then placed on top and covered with an extra layer of 

matrigel. However, this method did not prove to be consistent. The finalised protocol 

for optimal microvessel growth involved adding an 80 |aL-drop of matrigel onto the 

bottom of the dish. The aortic rings were then placed into the matrigel drop and allowed 

to solidify for 30 minutes, followed by incubation with the appropriate medium.

3.2.2 Tumour Xenograft Models

One o f the most critical parts of this study was to determine the anti-tumour and anti- 

vascular activity of promising lead compounds in an in vivo model, as it is a closer 

representation of the final desired outcome in a clinical setting. In some cases, 

compounds exhibiting potent activity in vitro often disappoint in vivo for a variety of
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reasons. For example, they can be readily metabolised to inactive derivatives or have 

poor bioavailability.

Xenograft refers to a transplantation of living cells or tissues from one species to 

another. The human tumour xenograft model is the most widely used and effective way 

o f examining the anti-tumour activity o f chemotherapeutic agents [308, 523-525], In 

this model, human tumour cells/tissues are transplanted, either s.c. {i.e. under the skin) 

or orthotopically {i.e. into the organ type in which the tumour originated) into 

immunocompromised {i.e. athymic nude) mice. The rate o f tumour growth depends on 

the number of cells injected, or the size of tumour fragments transplanted. Although 

some components of the immune system are missing in athymic nude mice, the B cells, 

dendritic cells and granulocytes are all relatively intact, and there is an increase in both 

natural killer cells and tumouricidal macrophages [526].

There are several advantages of using human tumour xenografts to examine therapeutic 

responses to drugs: (i) the actual human tumour tissue can be used, which features the 

genetic and epigenetic abnormalities that are present in the human tumour population, 

(ii) the development o f individualised molecular therapeutic approaches can be 

facilitated, (iii) results can be obtained in a matter o f a few weeks and (iv) orthotopic 

xenografts can be developed to reproduce the organ environment in which the tumour 

originates [526], However, one disadvantage of xenografts using human cells lines is 

the poor correlation with clinical activities in patients, due to the fact that tumours 

usually grow s.c. in an immunodeficient host which does not mimic a pragmatic 

environment. For this reason, a shift has occurred towards the development of 

spontaneous mouse tumours arising in transgenic and/or knockout mice engineered to 

recapitulate various genetic alterations responsible for specific types o f human cancers. 

Alternatively, tumour xenograft models could be improved by the use of either 

orthotopic implantation which promotes metastasis, or by s.c. “primary” tumour 

transplants which can remarkably predict the activity o f chemotherapeutic agents in 

humans [527],

Subsequently, for the purpose of this study, the s.c. human PC-3 tumour xenograft 

model was established following several attempts. In our initial validation of this assay, 

a single injection of (1 x 10® cells/mL) PC-3 cells was injected s.c. onto the flank region 

of the animal; however the outcome of this approach was inconsistent and time-



consuming {i.e. there was a large variation in tumour growth between the animals and 

the duration of the primary tumour development was approximately 2-3 months). For 

these reasons, a different method of tumour growth was established whereby primary 

tumours were developed in several donor animals using a single PC-3 cells injection, 

followed by a s.c. implantation of small tumour fragments into the test animals [528- 

529]. At first, the tumours excised from donor animals were cryo-preserved and used 

when required. However, this approach resulted in inconsistent tumour growth between 

the animals. Therefore, tumours were rapidly excised from donor animals and 

immediately implanted s.c. into the test animals. This method was less time-consuming 

and more reliable than the cell-based xenograft model, thus this procedure was used 

throughout this project.

3.2.3 Assessment of Tumour Necrosis

Targeting the tumour vasculature with VDAs leads to blockage of tumour blood supply 

which can result in an increased level o f hypoxia within the tissue and induce high 

levels of tumour necrosis. The degree o f tumour development and progression is 

directly correlated to the degree o f necrosis within the tumour. In situations where 

necrosis is only present in the centre o f the tumour, it is unlikely to have a significant 

effect on the tumour growth since peripheral tumour tissue can obtain nutrients from 

unaffected blood vessels in normal surrounding host tissues.

Herein, the degree o f tumour necrosis in each group was detennined after completion 

o f each treatment. Paraffin-embedded tumour samples were stained with H&E in order 

to visualise any morphological differences in control V5 treated groups. This staining 

protocol is widely used in histology and histopathology especially for the diagnosis of 

malignant and non-malignant lesions [530].

3.2.4 Assessment of the Tumour Vasculature

Following the in vivo anti-tumour evaluation o f test compounds it was essential to 

examine any effects on the tumour vasculature. Initially, studies were carried out by i.v. 

injection of Hoechst 33342, a DNA-binding fluorescent dye. One minute after 

injection, mice were sacrificed and tumours were dissected, frozen in liquid nitrogen 

and cryo-sectioned. Tissue slices were then examined microscopically. The theory
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behind this technique is that cells lining the blood vessels are the first to incorporate 

this agent. Although Hoechst 33342 is not a specific stain for endothelial cells, its rapid 

uptake into cells and limited diffusion across cell layers makes it a useful substance for 

identifying functional vascular networks [531], W hile in principle the method was quite 

feasible and had been previously performed by Prokopiou et al. [529]; it failed to 

provide us with reproducible results. This may be due to diverse morphological features 

between PC-3 tumour vasculature and other solid tumour types which could prevent 

cellular diffusion o f  the dye.

A different approach was developed using imm uonofluorescence staining o f endothelial 

cells using a primary CD31 antibody, followed by a secondary antibody treatment with 

Alexa Fluor® 488 [532-533]. Initially, there was uncertainty as to whether the 

vasculature formed in the human PC-3 tumour xenograft originated from the host or 

from the tumour. Thus, a trial attempt was carried out using a CD31 antibody 

recognising human vasculature, but functional endothelial cells were not clearly visible. 

This issue was clarified once an anti-mouse CD31 antibody was used. Nevertheless, the 

protocol used required considerable modifications before optimum conditions were 

attained. In particular the staining protocol was modified, including the sam ples’ 

fixation, the antigen retrieval and the blocking o f nonspecific binding. For the sam ples’ 

fixation, both paraformaldehyde and ice-cold acetone were tested, whereby acetone was 

found to be the most effective. W hen freshly frozen sections were utilised, antigen 

retrieval was not necessary because the samples were not fixed in paraformaldehyde. In 

order to block nonspecific binding o f the antibody and to avoid background staining, 

5% or 10% normal goat serum (from the same species as the secondary antibody) was 

initially used. This failed to improve the immunofluorescence staining. Therefore, 2% 

bovine serum albumin (BSA) in PBS was selected as a different blocking buffer and 

proved to be effective.
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3.3 Materials and Methods

3.3.1 Materials

DMSO, FBS, streptomycin/penicillin solution, polypropylene tuberculin syringes (27 x 

1/2 in.), Triton-X 100, BSA were all purchased from Sigma, Ireland. EBM-2 medium 

was purchased from Lonza, Ireland and basement membrane matrix (matrigel) from 

BD Biosciences, Ireland. Vetalar® and Rompun® were provided by BioResources Unit 

(BRU), TCD. Tissue-Tek* optimum cutting temperature (O.C.T.) compound was 

purchased from Syntec Scientific, Ireland. Superfrost plus microscopy slides and cover 

slips were purchased from VWR, Ireland. Purified anti-mouse CD31 (PECAM-1)
(S 'antibody was purchased from BD Biosciences, Ireland. PBS tablets, Alexa Fluor 488 

goat anti-rat IgG and ProLong® gold antifade reagent with DAPI were purchased from 

Invitrogen, Ireland.

Liquid nitrogen was provided by the School of Chemistry, TCD. All materials used for 

the paraffin-embedding of tumour samples and their staining with H&E were kindly 

provided by Peter Stafford, Department of Zoology, TCD.

3.3.2 Cell Line

PC-3 human prostate adenocarcinoma cell line was purchased from LGC Standards, 

UK and cultured in F12K medium supplemented with 0.02 mg/mL sodium pyruvate, 

10% FBS and 10 mL/L penicillin/streptomycin solution. PC-3 cell line was selected for 

two reasons; firstly for its high expression pattern o f APN and secondly due the cells’ 

invasive potential when growing in tumour xenograft models. Cell and tissue cultures 

were kept at 37 °C in a humidified atmosphere containing 5% CO2 at all times and 

maintained as previously described in Chapter 2, section 2.2.4, p.80.

3.3.3 Test Compounds

For the ex vivo assays, stock solution of test compounds were dissolved in DMSO and 

then diluted in the appropriate medium at the required concentrations (final DMSO 

concentration < 0.1%). Control solutions contained 0.1% DMSO in medium. For the in 

vivo studies, control compound CA-4P and test compounds, ECB206 and GS291, were 

dissolved in DMSO and then diluted at the appropriate concentration in PBS, pH = 7.4
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(final DM SO concentration was 5%). The control solution contained 5% DM SO in 

PBS. Fresh solutions were prepared prior to each treatment.

3.3.4 Animals

Male Wistar rats (200-300 g) were sourced from the BioResources Unit (BRU), TCD. 

Animals were housed under controlled conditions at 22 °C with 12h light and 12h dark 

cycles. All animals had access to food and water a d  libitum.

M ale balb-c  immunodeficient nu/nu mice, aged 6-8 weeks were supplied by Harlan, 

UK and housed in Scrubs, BRU. Immunodeficient m ice were maintained in a specific 

pathogen free (SPF) environment within individual ventilated cages (IVCs) in groups o f  

10 or less, under controlled conditions at 22 °C with 12h light and 12h dark cycles. 

Animals received Harlan 2018 diet and had access to food and water a d  libitum. 

Animal handling and experimentation were performed using aseptic techniques and 

under a laminar hood at all times. At the end o f  each experiment, animals were 

sacrificed by either CO2 asphyxiation or cervical dislocation. All animal procedures 

were carried out under a project licence issued by the Department o f  Health and 

Children.

3.3.5 Aortic Ring Assay (anti-vascular model)

The aortic ring assay is an ex vivo  assay which allow s the analyst to examine the 

inhibition/stimulation o f  angiogenesis as well as the breakdown o f  existing vasculature. 

Matrigel was stored at -20 °C and prior to use, was thawed by placing it on ice and 

keeping it at 4 °C overnight. The matrigel was kept on ice at all times for the duration 

o f  the experiments. Aortic rings were obtained by excising the thoracic aorta o f  5-10  

week old Wistar male rats and removing the fibroadipose tissue from the aortic wall. 

The rings were obtained by cross-sectioning the aorta at ~  1 mm intervals and any 

blood clots were removed by washing them several times with EBM -2. Matrigel (80  

(.iL) was placed uniformly in each well o f  a 12-well plate and the aortic rings were then 

individually placed within the matrigel layer with the lumen perpendicular to the 

surface o f  the plate. The matrigel solution was allowed to solidify for 30-40 minutes at 

37 °C and 1 mL o f  EBM-2 medium (supplemented with 2% PBS and 1 mM  

streptomycin/penicillin solution) was added to each culture. The aortic rings were kept
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in a hum idified CO 2 incubator at 37 °C and the medium was replaced every other day, 

starting from day 3. Once an estabhshed microvessel network was developed (day 7-9), 

test compounds diluted in 1 mL o f EBM-2 medium were added to each well and 

incubated at 37 °C for 24h. The cultures were monitored for microvessel breakdown 

over tim e and images were taken 4h and 24h after treatment using an Olympus CKX41 

inverted microscope. Images were captured with an E-330 SLR camera system and 

processed using CelTA software. Each compound concentration was tested in 

duplicate. Results were presented as images showing the microvessel breakdown at 

each tim e point.

3.3.6 Aortic Ring Assay (anti-angiogenic model)

In order to examine the anti-angiogenic effect o f  test compounds, the aortic ring assay 

was performed as previously described with a slight modification. The assay was 

conducted over 8 days with test compounds added on day 1. Relative to the anti- 

vascular assay the concentration o f test compounds used was reduced by a factor o f  10. 

On day 1, once the aortic ring cultures were obtained and embedded in matrigel, the 

stock solutions o f  test compounds were diluted in medium at the appropriate 

concentrations and added to the assigned wells. The cultures were kept in a humidified 

CO 2 incubator at 37 °C and the medium was replaced with fresh medium containing 

test compounds every other day, starting from day 3. On day 8, images o f  the aortic 

rings were captured as previously described. Each compound concentration was tested 

in duplicate and each experiment was performed three independent times. Microvessel 

density was then analysed using Image J software (NIH) and results were presented as 

the mean pixel density area ± SEM, along with images o f the aortic rings. Statistical 

comparison between the treated and control groups was determined using Student’s t- 

test.

3.3.7 Maximum Tolerated Dose

Prior to the anti-tumour evaluation o f  test compounds it was necessary to determine a 

suitable well-tolerated dose. Following the m ethod by Burtles et a l ,  individual test 

compounds were injected i.p. into an individual animal at a starting dose, based on the 

efficacy o f  existing marketed compounds. Signs o f  toxicity or abnormal behaviour were 

m onitored and recorded over 48h. W here no side effects were observed, the dose was
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increased in other animals. If  signs o f toxicity were noted, the dose o f  the compound 

was slightly reduced until a dose producing no toxic signs was established (i.e. the 

M TD) [534].

3.3.8 Tumour System

PC-3 human prostate adenocarcinoma cell line was used in this study. The procedure 

involved re-suspending IxloVlOO jiL o f  PC-3 cells in complete medium, followed by 

subsequent s.c. injection into the right flank o f donor animals. The tumours were 

allowed to grow for a period o f 2-3 months until they reached the appropriate size (~ 

350-450 mm^). Tumours were then excised from the donor animals, placed in culture 

plates with sterile PBS containing antibiotics and cut into small fragments o f  ~1 mm^. 

Single fragments were implanted s.c. using a trocar into the right flank o f each mouse, 

while under brief general anaesthesia (0.5 mL Vetalar® + 0.25 mL Rompun® + 4.25 mL 

water for injection (wfi), at 0.1 mL/10 g body weight, i.p. injection). As soon as the 

tumours could be accurately measured by callipers the mice were allocated random ly 

into different treatment groups, each group consisting o f  7-8 mice. Mean group tumour 

size variation was kept to a minimum.

3.3.9 Chemotherapy Studies

Test compounds were prepared at the appropriate concentration and administered by an

1.p. injection, once a week for three weeks at doses below their previously established 

MTDs. CA-4P was used as a positive control. Each group had a total o f 8 mice and day 

0 was designated as the first day o f  treatment. W here necrotic tumour implants were 

observed, animals were excluded from the study; therefore the num ber o f  animals in 

each group varied between 7-8 mice. Two-dimensional calliper measurements o f  the 

tumours were used to assess tumour growth. Tumour and body weight (BW) 

measurements were obtained every other day. The experiment was terminated on day 

25 and the animals were sacrificed by cervical dislocation. Using the formula (a^ x  b) /

2, tumour volumes were calculated (where a is the smaller and b the larger diam eter o f 

the tumour) [535]. Next, the relative tumour volume (RTV) was determined using the 

following formula: RTV = (tumour volume on day,/tumour volume on davo)

where n = 0 - day o f completion

123



The mean RTV was calculated for each day and semi-log plots o f mean RTV V5 

duration (days) were drawn. The Mann-Whitney f/-test was used to determine any 

significant difference between the growth rate o f treated tumours and the control group. 

Where appropriate, statistical significance on individual days of treatment was also 

determined using the Mann-Whitney [/-test.

The percentage of BW was calculated using the following formula;

% B W  = 100-(BWon dayJBW on dayo)*100 

where n = 0 - day o f  completion 

The mean percentage BW was calculated for each day and plots of mean percentage 

BW vs duration (days) were constructed. A percentage BW above 85%, relative to 

control, is considered to be within the normal range. Any value below that was 

considered under the limit and a sign of significant systemic toxicity caused by test 

compounds.

3.3.10 Assessment of Tumour Necrosis

Following completion o f the in vivo efficacy studies o f test compounds, histological 

examination of the treated and control tumours was carried out. Tumours were rapidly 

excised from each animal and immersed in 10% neutral-buffered formalin for 24h. 

Several steps of tissue dehydration were followed before embedding the tumour 

samples in paraffin. Each consecutive step required incubation of the tumour samples in 

each solution for approximately l-2h (depending on the size of the tumour). The 

solutions for each incubation step were as follows: 10% ethanol, 90% ethanol, 100% 

ethanol (twice), histoclear, histoclear/paraffin (1:1, at 65 °C), paraffin (at 65 °C, twice). 

The tumour samples were then embedded into paraffin blocks and allowed to set for 

24h. Tumour-paraffin blocks were kept at RT until required for sectioning.

Leica RM2255 automated rotary microtome was used for the sectioning o f the tumours 

and was kindly provided by the Department o f Zoology, TCD. Paraffin sections, 5-//m 

thick, were taken at 200-//m intervals and placed in a 45 °C waterbath using a small 

forceps. The paraffin slices were allowed to float and expand on the surface o f the 

waterbath and then placed onto the surface of super frost plus microscopy slides and 

allowed to air-dry overnight.
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In order to examine the tumours for the presence o f  any extensive necrosis, the sHdes 

were stained with H&E. The slides were placed on a slide holder, immersed and 

consecutively incubated in the following solutions: histoclear, 100% ethanol (twice), 

90% ethanol, 70% ethanol (for 2-5 minutes each stage). Then, the slides were treated 

with 2.5% sodium thiosulphate for 30 seconds to remove picric acid and washed with 

d.w. Following this step, the slides were placed in Harris’ haematoxylin solution for 10 

minutes and then washed thoroughly with d.w. Acid alcohol (0.5% aqueous HCl in 

70% ethanol) was used to treat the samples for 10 seconds to remove any excess 

haematoxylin from the cells. The slides were washed with d.w and then placed in 

alkaline Scott’s tap water for 15-30 seconds, followed by 1% aqueous eosin for 15 

seconds and washed again with d.w. Next, the slides were placed in 100% ethanol 

twice, firstly for 30 seconds and then for 2 minutes. They were then placed in histoclear 

twice, for 3 minutes each time. Finally, the sections were mounted with cover slips 

using D.P.X medium and allowed to dry. Tumour sections were visualised using an 

Olympus CKX41 inverted microscope. Images were captured with an E-330 SLR 

camera system and processed using Cell A software. Three tumours per group were 

analysed and the results were presented as images showing the extent o f  tumour 

necrosis within control and treated groups.

3.3.11 Assessment of the Tumour Vasculature

The effect o f treatment with test compounds on the functional vasculature o f PC-3 

tumours was evaluated in 3 tumour bearing mice. Tumours were implanted in mice as 

previously described and were treated as soon as an established tumour vasculature 

developed (minimum diameter o f 7 mm). The animals were injected with test 

compound or vehicle using a single i.p. injection. After 6h o f  treatment, animals were 

sacrificed by cervical dislocation. The tumours were rapidly excised, wrapped in 

aluminium foil, immersed in liquid nitrogen and stored at -80 °C until ready for 

ultracryotomy.

Prior to use, tumours were embedded in liquid O.C.T and kept at -20 °C until the O.C.T 

solidified. Leica CM 1850 cryostat was used for the sectioning o f the samples and was 

kindly provided by the Institute o f Neuroscience, TCD. Frozen 8-/<m sections o f each
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tumour were taken at 200-//m intervals, placed on super frost plus m icroscopy slides 

and kept at -20 °C until required for staining.

For the staining procedure, slides were kept at RT for 30 minutes and then fixed in ice- 

cold acetone for 10 minutes. The slides were then washed three times in PBS (for 10 

minutes each time) and treated with 0.1% Triton-X 100 in PBS for 8 m inutes at 4 °C. 

Next, the slides were washed twice in PBS (for 5 minutes each time) and incubated 

with 2% BSA in PBS for Ih at RT. Following these steps, 200 |iL o f  anti-mouse CD31 

antibody (1:50, diluted in 2% BSA in PBS) was added on top o f each tum our sample 

for Ih at RT. The slides were washed a further three times in PBS (for 5 m inutes each 

time) and then incubated with 200 |j.L o f  secondary goat anti-mouse Alexa Fluor® 488 

antibody (1:1000, diluted in 2% BSA in PBS) for 30 minutes at RT. After that, the 

slides were washed twice with PBS (for 5 minutes each time) and allowed to air-dry for 

10 minutes. Cover slips were carefully mounted on the slides using ProLong gold 

antifade reagent with DAPI (for nuclear staining) and stored at 4 °C until required for 

analysis. Images were taken using an Olympus FVIOOO point scanning confocal 

microscope provided by the School o f Biochemistry and Immunology, TCD. The 

amount o f C D 31 staining was analysed using Image J and the results were presented as 

mean pixel density area ± SEM, together with images o f the functional vasculature. 

Experiments were performed in triplicate.

3.3.12 Statistical Analysis

Statistical analysis o f the data was carried out using GraphPad Prism, version 5. Pixel 

density area o f mircovessel networks, tumour measurements, percentage o f  BW and 

pixel density area o f functional vasculature were expressed as mean ± SEM. The 

statistical significance between control and treated groups in the ex vivo aortic ring 

assay o f  angiogenesis and in the in vivo anti-vascular study was determined using 

Student’s /-test. In order to determine whether there was a significant difference 

between the control and treated groups in the in vivo efficacy study, the M ann-W hitney 

t/-test was applied using GraphPad Prism, version 5. Statistical significance was also 

determined on individual days o f  treatment in the in vivo study, using the M ann- 

W hitney J7-test.
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3.4 Results

3.4.1 Aortic Ring Assay (anti-vascular model)

The anti-vascular activity o f selected compounds from each group was evaluated in the 

ex vivo aortic ring assay. The cultures were monitored microscopically from 1 h to 24h 

after treatment and the degree o f vasculature disruption was captured at different time 

points.

3.4.1.1 Group I Compound

The effect o f control compound CA-4 and group I compound R S I33 was examined in 

the aortic ring assay for evidence o f microvessel breakdown. Treatment of the aortic 

rings with 10 nM CA-4 showed a potent anti-vascular effect on the microvessels 

structure, as soon as 4h after treatment (Figure 3.2). Incubation o f the aortic rings with 

100 nM RSI 33 demonstrated disruption of the microvessel network as soon as 4h after 

treatment, and the effect was time-dependent i.e. the breakdown was more apparent 24h 

after treatment (Figure 3.3).

Figure 3.2: The anti-vascular effect of CA-4. The aortic rings were kept in a humidified CO2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition of test compound 

andC-D) lOnM CA-4 (4h).
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Figure 3.3; The anti-vascular effect o f  RSI 33. The aortic rings were !<ept in a humidified CO2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs o f  the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition o f  test compound, 

C-D) 100 nM R SI33 (4h) and E-F) 100 nM R SI33 (24h).

3.4.1.2 Group II Compounds

Group II com pounds, R S I 80 and G S l 17, w ere exam ined for their anti-vascular effect 

on ex istin g  m icrovessel netw orks. A ortic rings treated with 100 nM  o f  either RSI 80 or 

G S l 17, resulted in evident changes in the m icro v esse ls’ structure after 4h o f  treatment 

(Figure 3 .4  and 3 .5). This effect w as tim e-dependent with the greater disruption  

fo llow in g  24h o f  treatment. A lthough these com pounds show ed greater anti-vascular  

activity than R S I 33, they w ere not superior to that o f  C A -4.
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Figure 3.4: The anti-vascular effect o f  RSI 80. The aortic rings were icept in a humidified CO 2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

com pounds were added on day 8. Photomicrographs o f  the aortic cultures were taken under 

bright field m icroscopy using a digital camera (x4). A-B) Before the addition o f  test compound, 

C-D) 100 nM R S I80 (4h) and E-F) 100 nM R S I80 (24h).

Figure 3.5: The anti-vascular effect o f  G Sl 17. The aortic rings were kept in a humidified CO 2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs o f  the aortic cultures were taken under 

bright field m icroscopy using a digital camera (x4). A-B) Before the addition o f  test compound, 

C-D) 100 nM G Sl 17 (4h) and E-F) 100 nM G Sl 17 (24h).
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3.4.1.3 Group III Compound

The anti-vascular effect o f group III compound ADR269 was examined in the aortic 

ring assay. Although ADR269 showed similar in vitro activity profile to that o f  CA-4, 

did not demonstrate pronounced microvessel breakdown at 10 nM, as observed with 

CA-4. Instead its anti-vascular activity was more evident at 50 nM, following 4h o f 

treatment and the effect was time-dependent (Figure 3.6).

Figure 3.6: The anti-vascular effect of ADR269. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition of test compound, 

C-D) 50 nM ADR269 (4h) and E-F) 50 nM ADR269 (24h).

3.4.1.4 Group IV Compounds

Group IV compounds, GJH140 and ADR149, were assessed in the anti-vascular model 

o f the aortic ring assay. Both compounds demonstrated potent activity at 10 nM with 

clear microvessel breakdown following 4h o f  treatment and the effect was time- 

dependent (Figure 3.7 and 3.8). In fact, their anti-vascular properties were similar to 

that o f CA-4.
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Figure 3.7: The anti-vascular effect o f  GJH140. The aortic rings were kept in a hum idified C O 2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

com pounds were added on day 8. Photom icrographs o f  the aortic cultures were taken under 

bright field m icroscopy using a digital camera (x4). A-B) Before the addition o f  test compound, 

C-D) 10 nM G JH 1 4 0 (4 h )an d  E-F) 10 nM G JH 140(24h).

V' - v ‘ ^  r .

Figure 3.8; The anti-vascular effect o f  ADR 149. The aortic rings were kept in a humidified 

CO 2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photom icrographs o f  the aortic cultures were taken under 

bright field m icroscopy using a digital cam era (x4). A-B) Before the addition o f  test compound, 

C-D) 10 nM ADR149 (4h) and E-F) 10 nM ADR149 (24h).
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3.4.2 Aortic Ring Assay (anti-angiogenic model)

In addition to the anti-vascular activity, tubulin inhibitors are known to exhibit anti- 

angiogenic properties. For this reason, test compounds were examined in the aortic ring 

assay for inhibition o f angiogenesis. The results were presented as the mean pixel 

density area ± SEM. Statistical analysis o f  the microvessel density o f control and 

treated cultures was determined using Student’s /-test

3.4.2.1 Group I Compound

CA-4 and R SI33 were examined for their anti-angiogenic activity in the aortic ring 

assay. CA-4 demonstrated a moderate anti-angiogenic effect at 1 nM but showed a 

significant {p < 0.01) inhibition o f microvessels formation at 10 and 50 nM (Figure 3.9 

and 3.10). However, R SI33 treatment did not inhibit the vessel formation at 10 nM, but 

significantly reduced the growth o f  vessels at 100 nM {p < 0.05) and at 1 |jM (/? < 0.01) 

(Figure 3.11 and 3.12).

Figure 3.9: The anti-angiogenic effect of CA-4. The aortic rings were kept in a humidified CO2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 1. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camcra (x4). A) Control (0.1% DMSO), B) 1 nM CA-4 

and C) lOnM CA-4.
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”  p < 0,01, significantly lower mean pixel density area compared with the 
untreated controls as determined by Student’s f-test.

F igure 3.10: T he m icrovcssci density  o f  C A -4-treated  cu ltu res w as ob ta ined  u sing  Im age J. 

D ata rep resen ts m ean pixel density  area  ± SEM  (n=3).

F igu re 3.11: T he an ti-ang iogen ic effec t o f  R S133. T he aortic  rings w ere  kep t in a hum idified  

C O 2 incubato r at 37 °C and the m ed ium  w as changed  every  o ther day, sta rting  from  day 3. T est 

com pounds w ere  added  on day 1. P ho tom icrographs o f  the aortic cultu res w ere taken under 

b righ t fie ld  m icroscopy  u sing  a digital cam cra (x4). A ) C ontro l (0 .1%  D M SO ), B) 10 nM  

R S 1 3 3 ,C )  100 nM  R S133 and  D) 1 n M R S 1 3 3 .
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Figure 3.12: The microvessel density of RS133-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

3A.2.3  Group II Compounds

The anti-angiogenic effect o f R S 180 and G S 117 was determined using the aortic ring 

assay. There was no inhibitory effect observed after treatment with 1 nM R S I80, 

however 10 nM and 100 nM significantly {p < 0.01) inhibited the formation o f 

microvessels and the response was dose-dependent (Figure 3.13 and 3.14). R S I80 

activity was proved to be closer to that o f CA-4. The aortic rings treated with 10 nM 

GS117 did not demonstrate a decrease in microvessels formation, but 50 nM were 

sufficient to cause complete growth inhibition (Figure 3.15 and 

3.16).

Figure 3.13: The anti-angiogenic effect of RSI80. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 1. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A) Control (0.1% DMSO), B) 1 nM 

RS180, C) 10 nM RS180 and D) 100 nM RS180.
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un treated  controls a s  determ ined by S tuden t's M est.

F ig u re  3.14: The m icrovesscl density o f  RS180-trcated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

F igu re  3.15; The anti-angiogenic effect o f  GS117. The aortic rings were kept in a hum idified 

C O 2 incubator at 37 °C and the medium  was changed every other day, starting from day 3. Test 

com pounds w ere added on day 1. Photom icrographs o f  the aortic cultures were taken under 

bright field m icroscopy using a digital camera (x4). A) Control (0.1%  DM SO), B) 10 nM 

G S 117and  C ) 50 nM GS117.
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** p  < 0 .01 , significantly lower m ean  pixel density  a re a  com pared  with the  
un trea ted  con tro ls a s  determ ined  by S tu d en t's  Ntest.

Figure 3.16: The microvessel density of GSl 17-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

3.4.2.3 Group III Compound

The anti-vascular effect o f  ADR269 was investigated using the aortic ring assay. An 

insignificant reduction in vessel growth after treatment with 10 nM ADR269 was 

observed. Incubation o f the cultured rings with 50 nM and 100 nM ADR269 

significantly (p < 0.01) inhibited the development o f microvessels, as shown in Figure 

3.17 and 3.18.

Figure 3.17: The anti-angiogenic effect of ADR269. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 1. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A) Control (0.1% DMSO), B) 10 nM 

ADR269 and C) 50 nM ADR269.
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Figure 3.18: The microvessel density of ADR269-treatcd cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

3.4.2.4 Group IV Compounds

G roup IV com pounds, G JH 140 and A D R 149, w ere evaluated in the anti-vascular 

m odel o f  the aortic ring assay. G JH 140 treatm ent reduced the m icrovessel density  at 

concentrations as low as 5 nM , although this was not statistically  significant. Incubation 

o f  the rings w ith 10 nM  and 50 nM  G JH 140 significantly  (p < 0.01) inhibited the 

m icrovessel grow th, sharing sim ilar inhibitory profile  to C A -4 (F igure 3.19 and 3.20). 

L ikew ise, A D R 149-treated  rings show ed no effect at 1 nM , decreased m icrovessel 

form ation at 5 nM  and significantly  {p < 0.01) caused  alm ost com plete inhibition at 10 

nM , indicating superior activity  to that o f  C A -4 (F igure 3.21 and 3.22).

Figure 3.19: The anti-angiogenic effect of GJH140. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 1. Photomicrographs o f the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A) Control (0.1% DMSO), B) 5 nM 

GJH140, C) 10 nM GJH140 and D) 50 nM GJH140.
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Figure 3.20: The microvessel density o f  G JH !40-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

Figure 3.21; The anti-angiogenic effect o f  ADR149. The aortic rings were kept in a humidified 

CO 2 incubator at 37 °C and the medium was changed three times a week starting from day 3. 

Test com pounds were added on day 1. Photom icrographs o f  the aortic cultures were taken 

under bright field m icroscopy using a digital cam era (x4). A) Control (0.1%  DM SO), B) 5 nM 

ADR149 and C) 10 nM ADR149.
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Figure 3.22: The microvessel density of ADR149-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

3.4.3 In Vivo Evaluation of ECB206

The findings from the in vitro an ex vivo evaluation o f  test compounds revealed that 

ADR 149 was one o f the compounds with the most potential, due to its potency at low 

nanomolar concentrations. For this reason, a leucine prodrug form o f  ADR 149 was 

synthesised by Breen, namely ECB206. This was the first in vivo study conducted and 

thus it was considered as a preliminary result and guidance for subsequent studies.

3.4.3.1 M aximum Tolerated Dose

It was essential to establish a maximum tolerated dose before commencing the in vivo 

efficacy study. Due to the fact that ADR 149 had similar inhibitory activity to CA-4, a 

thorough search o f  the literature indicated that the most commonly used in vivo doses 

for CA-4 was between 100-150 mg/kg [312, 536-537]. Thus, 100 or 150 mg/kg 

ECB206 was injected as a single i.p. dose in two individual animals and any signs o f 

toxicity were observed. Unexpectedly, the animals did not respond well to the treatment 

and showed signs o f severe pain, hypothermia and dehydration. Therefore, a lower dose 

was administered at 75 mg/kg ECB206, which similarly showed to exert the same side 

effects, but to a lesser extent. A lower dose o f 50 mg/kg ECB206 was then administered 

where no observable toxicity was noticed, hence it was chosen as the dose for the in 

vivo efficacy study.
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3.4.3.2 In Vivo Anti-tumour Efficacy

The PC-3 tumour xenograft model was established and the anti-tumour efficacy of 50 

mg/kg ECB206 once a week for three weeks was determined. Semi-log plots o f mean 

RTVs V5 time were generated as shown in Figure 3.23. According to the data (n=7), 

treatment with 50 mg/kg ECB206 failed to demonstrate anti-tumour activity compared 

to the control group (Figure 3.23 A). The mean tumour doubling time (when RTV = 2) 

o f treated and control groups was calculated and the difference in growth delay was 

determined to be -5.22 days. Outlier tumour measurements were observed in two 

individual animals where their tumour growth rate was higher than the rest of the 

animals; for this reason those particular values were excluded from the data. A separate 

plot o f RTVs v5 time was generated (n=5), as shown in Figure 3.23 B. Statistical 

analysis using the Mann Whitney t/-test was performed on individual days in order to 

examine any significant difference between ECB206 and control group but none was 

detected. According to the revised data (n=5), a slight decrease in tumour volume was 

observed after 16 days o f treatment. The RTV2 of ECB206-treated and control groups 

were calculated and the difference in growth delay was 3.59 days. However, this was 

not statistically significant.
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Figure 3.23; Evaluation of the efficacy of 50 mg/kg ECB206 administered once a week for 

three weeks in a PC-3 tumour xenograft model. Data represents the mean relative tumour 

volume ± SEM. A) n=7 and B) n=5. Arrows indicate days of treatment.

BW measurements were recorded every other day in order to determine any systemic 

toxicity caused during the treatment. The percentage BW was then calculated as shown 

m Figure 3.24. An observable decline of BW was noted following each treatment with 

maximum weight loss on day 16; nevertheless this was maintained above the 85% limit 

and thus was not considered significant.

141



115

110

o) 105 
o
1 100 
■D
o
m 95
5?

90

85 I-------- 1----1------ 1— I 1--1----- 1-----1-----1-----1
0 2 4 6 8 10 12 14 16 18 20 22

Duration (days)

Figure 3.24: Body weight measurements were recorded to monitor any systemic toxicity

following treatment with ECB206. Data represents the mean percentage body weight ± SEM

(n=7). Arrows indicate days o f treatment.

The data from  the in vivo  efficacy study with 50 m g/kg ECB206, including the m ean 

RTV2, the grow th delay and the m axim um  percentage o f  w eight loss is sum m arised in 

Table 3.1.

Table 3.1; Summary o f ECB206 in vivo data.

Treatment
Dose

(mg/kg)

Mean
RTV2*
(days)

Growth
delay
(days)

Significance**
Max % 
weight 

loss(day)
Vehicle

(n=7)
5%

DM SO
10.94 - - N one

ECB206
(n=7)

50 5.72 -5.22 NS 7.53 (16)

Vehicle
(n=5)

5%
D M SO

10.94 - - N one

ECB206
(n=5)

50 14.53 3.59 NS 7 .4 2 (1 6 )

* Mean tumour volume doubling time, ** Mann-Whitney (7-test was performed to determine the 
statistical significance o f any differences in growth rate between control and treated groups. NS, not 
significant.

Control (5% DMSO) 
ECB206, 50 nng/kg
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3.4.33 Assessment of Tumour Necrosis

In order to assess tumour necrosis, histological examination of three tumours treated for 

24h with a single i.p. injection of 50 mg/kg ECB206 or vehicle (5% DMSO) was 

carried out. Tumour samples were processed for H&E staining and examined 

microscopically, whereby images from each treatment group were captured.

Control treated tumours demonstrated negligible amount of tumour necrosis in the 

centre, whereas all the ECB206-treated tumours displayed large areas of haemorrhagic 

necrosis with a remaining viable rim on the periphery (Figure 3.25).

Figure 3.25: H&E stained tumour samples obtained from A-B) the control treated group and 

C-D) the ECB206-treated group, following 24h of a single i.p. injection (V=Viable, 

N=Necrotic, n=3).

3.4.4 In Vivo Evaluation of GS291

Following the preliminary results from the first in vivo study with ECB206, the next 

compound selected for evaluation was GS291.
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3.4.4.1 Maximum Tolerated Dose

GS291 was firstly administered to animals at 100 or 150 mg/kg, whereby no observable 

toxicity was noted. Therefore, the dose was increased up to 200 mg/kg, where treated 

animals did not show any signs o f toxicity. Following administration of a higher dose 

o f 250 mg/kg GS291, animals appeared unwell and showed signs o f pain and 

hypothermia. For this reason, the GS291 treatment dose was designated to be 200 

mg/kg.

3.4.4.2 In  Vivo Anti-tumour Efficacy

Tumour bearing mice were administered an i.p. injection o f 200 mg/kg GS29I once a 

week for three weeks and 150 mg/kg CA-4P was used as a positive control (at a similar 

molar concentration to GS291). A semi-log plot of RTVs vs time was generated, as 

shown in Figure 3.26. Statistical analysis of the RTV of CA-4P- and G S291-treated 

groups compared to the control group was carried out on individual days using the 

Mann Whitney t/-test. CA-4P treatment demonstrated significant {*p < 0.05) difference 

in the RTVs compared to the control, from day 5 until day 21. GS291-treated group 

showed a significant (*p < 0.05) reduction in tumour volume over the control group on 

days 1 , 9 ,  12, 19 and 21. In comparison with the control group, treatment with 150 

mg/kg CA-4P demonstrated significant tumour growth delay {p < 0.01, 6.28 days). 

Treatment with 200 mg/kg GS291 also resulted in a significant growth delay {p < 0.05, 

4.55 days).
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* p < 0 .05, significantly higher mean relative tumour volume compared with the control 
group as determined by the Mann-W hitney U-test.

Figure 3.26: Evaluation o f the efficacy o f 200 mg/kg GS291 and 150 mg/kg CA-4P 

administered once a week for three weeks in a PC-3 tumour xenograft model. Data represents 

the mean relative tumour volume ± SEM (n=8). Arrows indicate days o f treatment.

BW  measurements were recorded every other day in order to determine any systemic 

toxic ity caused fo llow ing treatment. The percentage o f mean BW  was then calculated 

as shown in Figure 3.27. There was no reduction o f BW fo llow ing treatment w ith either 

CA-4P orGS291.

llO n
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Figure 3.27; Body weight measurements were recorded to monitor any systemic toxicity 

following treatment with GS291 and CA-4. Data represents the mean percentage body weight ± 

SEM (n=8). Arrows indicate days o f treatment.
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The data from the in vivo efficacy study with 200 mg/kg GS291 and 150 mg/kg CA-4P, 

including the mean RTV2, the growth delay and the maximum percentage o f  weight 

loss is summarised in Table 3.2.

Table 3.2: Summary of GS291 and CA-4P in vivo data.

T reatment
Dose

(mg/kg)

Mean
RTV2*
(days)

Growth
delay
(days)

Significance**
Max % 

weight loss 
(day)

Vehicle 5% DMSO 5.31 - - None

GS291 200 9.86 4.55 p  < 0.05 None

CA-4P 150 11.59 6.28 p < 0 .0 1 None

* Mean tumour volume doubling time, ** Mann-Whitney t/-tcst was performed to determine the 
statistical significance o f  any differences in growtii rate between control and treated groups.

3.4.4J Assessment of Tumour Necrosis

At the end o f the in vivo efficacy study, histological examination o f the treated tumours 

was carried out. Upon completion o f the efficacy study, tumours were processed for 

H&E staining. Tumour sections were visualised using an inverted microscope and 

images from each group were captured.

A variation o f tumour size in the control treated group was noted which could affect the 

extent o f tumour necrosis. Once all o f  the control tumours were analysed it was 

observed that the larger the tumour size, the higher the degree o f  necrosis. Therefore, 

three medium-sized tumours were selected for inclusion in the analysis. Control 

tumours displayed a small amount o f  necrosis, whereas all three CA-4- and GS291- 

treated tumours showed a greater degree o f  necrotic area in the centre with a residual 

viable tissue found mainly in the periphery (Figure 3.28).
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Figure 3.28: H&E stained tum our samples obtained from A-C) the control treated group, D-F) 

the CA-4P-treated group and G -l) the G S 291-treated group (V=Viable, N=Necrotic, n=3).

3.4.4,4 Assessment of the Tumour Vasculature

In order to investigate whether part o f  the anti-tumour effect o f GS291 was caused by 

tumour vasculature shutdown, 200 mg/kg GS291 was administered by a single i.p. 

injection. Following a 6h period, tumours were rapidly excised and processed for 

endothelial cells staining. The tumour slides were visualised using a confocal 

microscope and the images were analysed for stained endothelial cells using Image J 

(Figure 3.29).
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Figure 3.29: The effect of GS291 treatment on the tumour vasculature. Images of CD31- 

staincd endothelial cells in cryo-sections of PC-3 tumours treated with A-C) vchicle (5% 

DMSO) and D-F) 200 mg/kg GS291, for 6h (n=3).

The functional vasculature area for control and GS291-treated tumours was estimated 

(Figure 3.30). A clear reduction in the functional vasculature area was noted in the 

GS291-treated group compared to the control group; however this was not highly 

significant {p < 0.1). An overall observation between GS291-treated and control 

tumours was the structural differences in the functional vasculature, i.e. the blood 

vessels’ diam eter o f G S291-treated tumours appeared reduced, compared to those in the 

control group.
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Figure 3.30: Quantification o f  functional vasculature area o f  tumours following 6h after a 

single i.p. administration o f 200 m g/kg GS291. Data represents mean functional vasculature 

area ± SEM (n=3).
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3.5 Discussion

3.5.1 Aortic Ring Assay (anti-vascular model)

The anti-vascular activity o f test compounds was demonstrated using the aortic ring 

assay. All compounds evaluated in this assay displayed an anti-vascular effect on a pre- 

established microvessel network o f the cultured aortic rings. The two most active 

compounds were GJH140 (Figure 3.7, p .l30 ) and ADR149 (Figure 3.8, p .130). Both 

compounds exhibited potent microvessel breakdown at 10 nM, even after 4h o f 

treatment, signifying similar activity to that o f  CA-4 (Figure 3.2, p. 126). The anti- 

vascular effect was dose- and time-dependent. These findings together with the in vitro 

data suggest that test compounds are able to induce structural alterations to endothelial 

cells and disrupt an established complex microvessel network.

Several studies were conducted using different methods o f assessing the anti-vascular 

properties o f tubulin binding agents. For instance, Romagnoli et al. reported the 

synthesis and evaluation o f  novel 1, 5-diaryl-substituted 1, 2, 4-triazole derivatives 

designed as m -restricted  CA-4 analogues. The chick aortic ring assay was performed 

in order to examine the anti-vascular activity o f  test compounds, by implanting the 

aortic arches in matrigel and allowing 24-48h for them to sprout. Following a 30 

minutes exposure to 10 |aM o f  test compounds, a disruption o f vascular sprouts was 

e v iden t[515].

Furthermore, van W ijngaarden et al. examined the anti-vascular effect o f a tubulin 

targeting agent, Ang-510, by using foetal mouse bone explants that were cultured for 10 

days, in the presence o f 50 ng/mL VEGF. Following this, cultures were incubated with 

1 )jM Ang-510 for 24h, stained for PECAM-1 and quantified for the number o f  

positively stained microvessels. Ang-510 showed a significant suppression o f  newly 

established vasculature with an IC50 o f 0.01 |^M, which is comparable to the activity o f 

our compounds [538].

The anti-vascular properties o f a novel class o f  indazole-based tubulin inhibitors, 

including TH-482, were explored by M eng et al. in a cell-based assay. HUVECs were 

seeded and incubated over matrigel for 6h to allow capillary tube formation. TH-482 

(11, 33 and 100 nM) was then added and incubated for an additional 2h, and breakdown
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o f the existing vasculature was monitored using fluorescent microscopy. TH-482 

disrupted the pre-established capillary-like structures in a dose-dependent manner. 

Furthermore, changes in endothelial cell monolayer permeability were also examined, 

which provides an additional in vitro model o f  tumour vascular disruption. A 

significant increase in endothelial cell permeability was observed, when a confluent 

monolayer was treated with 10 and 100 nM TH-482, whereas CA-4 displayed a similar 

profile but exhibited lower potency [539],

The aortic ring assay is a closer representation o f the vasculature formed in vivo 

compared to the in vitro cell-based studies. The microvessels developed in the aortic 

rings share similar characteristics to the vasculature formed in vivo. However, tumour 

vasculature has unique features due to an increased rate o f  angiogenesis, thus the aortic 

ring assay does not precisely mimic tumour vascular growth. For this reason, it was 

important to assess the effect o f  test compounds on tumour vasculature in the in vivo 

xenograft model, the discussion on which is outlined in section 3.5.6.

3.5.2 Aortic Ring Assay (anti-angiogenic model)

In addition to their anti-vascular properties, tubulin binding agents exert anti- 

angiogenic effects at non-toxic concentrations. All compounds either completely 

inhibited angiogenesis or reduced microvessel formation at different concentrations. 

Once again, the most potent inhibitors were GJH140 (Figure 3.19, p. 136) and ADR149 

(Figure 3.21, p. 137), which restrained the vessels growth at concentrations as low as 5 

nM. This indicated superior activity to that o f  CA-4 (Figure 3.9, p. 131), suggesting a 

clear correlation between inhibition o f  tubulin polymerisation and anti-angiogenic 

activity.

In order to assess the extent o f  the anti-angiogenic profile within the anti-tumour 

efficacy o f CA-4, Ahmed et al. specifically evaluated the capacity o f  CA-4 to influence 

endothelial cell migration and tube formation. A significant inhibition o f cell migration 

(40%) in the wound assay was observed at concentrations as low as 10 ng/mL. 

Sprouting and tube formation were studied using cytodex-3 beads which were 

overgrown with BCECs on collagen, whereby CA-4 suppressed tube formation in a 

dose-dependent manner, following 24h incubation. Maximal inhibition o f tube 

formation (90%) was observed at concentrations over 3 ng/mL [492].
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Kong et al. reported the synthesis and evaluation o f  a boronic acid chalcone analogue 

o f CA-4, which demonstrated cell growth inhibition towards 16 human cancer cell lines 

in the 10-200 nM range. Inhibition o f in vitro angiogenesis was determined in the 

capillary tube formation assay, where HUVECs were cultured on matrigel and exposed 

to test compound for 16h. The boronic acid analogue significantly inhibited the 

capillary tube formation at 1 |aM. The aortic ring assay was performed, whereby the 

boronic acid analogue dramatically inhibited functional angiogenesis at 5 |jM, 

following incubation o f  cultures for 6 days [540].

M oreover, CC-5079, a small molecule inhibitor o f tubulin polymerisation and 

phosphodiesterase-4 activity, was evaluated by Vu et al. for evidence o f angiogenesis 

inhibition. Initially, the effect o f  CC-5079 on cell proliferation, migration and invasion 

was examined, where 0.1 fiM CC-5079 significantly inhibited the proliferation and 

migration o f HUVECs, fibroblasts and MC38 murine colon cancer cells. Invasion o f 

HUVECs was also inhibited. In the aortic ring assay and the ex vivo CAM assay, 

inhibition o f microvessel sprout formation was observed, following exposure to 0.1 and 

1 |iM  CC-5079 [541],

Additionally, the anti-angiogenic effect o f  LP-261, N -(3-(lH -indol-4-yl)-5-(2 

methoxyisonicotinoyl) phenyl)methanesulfonamide, a novel tubulin targeting agent, 

was determined using the aortic ring assay. LP-261 significantly inhibited microvessel 

outgrowth o f the aortic ring cultures in a dose-dependent manner, with greater than 

50% inhibition at 50 nM [542].

The angiogenic response o f  the aorta is a self-limited process regulated by endogenous 

growth factors. In contrast, regulation o f  angiogenesis in the tumour microenvironment 

involves a more complex signalling pathway. Numerous factors are implicated in the 

initiation o f this process, including high levels o f hypoxia. The evaluation of test 

compounds in the aortic ring assay represents a more controlled environment and the 

obtained results can be justified when observed in tumour xenograft models.

3.5.3 In Vivo Anti-tumour Efficacy of ECB206

Taking into consideration the in vitro and ex vivo data, group IV compounds and 

particularly ADR 149 demonstrated the most potent activity. Hence, ECB206 prodrug
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was synthesised, and its in vivo anti-tumour efficacy was determined using a PC-3 

tumour xenograft model. According to the tumour volume measurements, treatment 

with 50 mg/kg ECB206 was not sufficient to significantly reduce the size o f  PC-3 

tumours; although a slight decrease in the rate o f  tumour growth was observed from 

day 16 o f treatment (when n=5. Table 3.1, p .141).

This finding may suggests that higher ECB206 doses could have resulted in a more 

evident anti-tumour effect. However, the fact that ECB206 was not tolerable at higher 

doses may indicate that the systemic toxicity observed could be as a consequence o f a 

different mechanism o f action other than tubulin inhibition. In addition, BW loss was 

observed following each ECB206 administration, indicating a sign o f drug-induced 

systemic toxicity.

ECB206 is a coumarin-based compound which m ay possess similar properties to that o f 

coumarin. Coumarin is a toxic compound found in many plants including tonka beans 

(Dipteryx odorata) and sweet clover {Melilotus) [543]. Bishydroxycoumarin, the active 

ingredient responsible for haemorrhagic disorders, was discovered by Campbell and 

Link and is formed when fungi in mouldy sweet clover oxidize coumarin to 4- 

hydroxycoumarin, an anticoagulant. Bishydroxycoumarin was synthesised and used 

clinically as an oral anticoagulant named dicoumarol [544]. It has previously been 

shown that rodents largely metabolise coumarin to 3, 4-coumarin epoxide which is a 

toxic compound that can cause internal haemorrhage and death [545].

ECB206 treatment at doses higher than 50 mg/kg caused severe toxicity which could 

possibly be explained by the effect o f its coumarin-based properties (possible internal 

haemorrhage). For this reason, further evaluation o f  ECB206’s efficacy was not 

pursued.

3.5.4 In Vivo Anti-tumour Effect of GS291

Following the unsuccessful outcome from the preliminary in vivo study with ECB206, 

the next potential compound had to be chosen for further evaluation from a different 

series o f compounds, other than the coumarin-based. In vitro and ex vivo data indicated 

that group II compound, namely R S 180, could be an ideal candidate for the purpose o f 

our studies because o f both its non coumarin-like structure as well as its reasonable, but
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not overly potent, in vitro and ex vivo activity. Subsequently, its phosphate derivative 

namely GS291, was synthesised for the in vivo  evaluation in the PC-3 tumour xenograft 

model and CA-4P was used as a positive control.

A significant decline in the tumour growth rate was observed following both 

treatments; however the CA-4P treated group displayed a slightly better anti-tum our 

effect according to the RTV2 growth delay (6.28 days) compared to that o f  GS291 

(4.55 days. Table 3.2, p .144). There was no apparent reduction in BW following 

treatment with either CA-4P or GS291, suggesting that both treatments were well- 

tolerated.

According to reported data, a single i.p. injection o f 100 mg/kg CA-4P was sufficient to 

cause tumour growth delay in the s.c. MAC 15A murine colon adenocarcinoma model 

[536]. This result, along with our CA-4P in vivo data, indicates the variation in 

treatment response when dealing with different type o f  tumours. Numerous studies 

have reported the anti-tumour effect o f CA-4 in several in vivo models. For instance, 

100 mg/kg CA-4 was administered i.p. in DBA/2 mice bearing P-388 leukaemia on 

either days I, 5 and 9 or consecutively on days 1-9, and was only marginally active 

(25% increased lifespan). A higher i.p. dose o f  150 mg/kg CA-4 on days 1, 5 and 9 did 

not delay s.c. B-16 melanoma tumour growth in C57/BI mice [537]. There was no 

consistent anti-tumour activity observed, following treatment with CA-4 in those 

particular murine tumour models. Furthermore, s.c. W SU-DLCL2-SCID lymphoma 

tumour bearing mice treated with C A -4P’s M TD (up to 800 mg/kg) in different 

doses/schedules, revealed that best results were obtained when CA-4P was 

administered in two and four divided doses (400 and 200 mg/kg, respectively) [546].

In addition, the anti-tumour effect o f  50 mg/kg CA-4P in two s.c. murine NSCLC 

tumour xenograft models was determined by daily i.p. administration for 3 weeks, 

whereby it significantly delayed tumour growth. An additional orthotopic 

xenotransplantation model was developed which estimated prolongation o f survival 

after intrapulmonary tumour induction with secondary metastatic disease, following 

daily i.p. administration o f  50 mg/kg CA-4P for 3 weeks [547].
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Several CA-4 analogues were designed as tumour vasculature targeting agents and 

evaluated in tumour xenograft models. In particular, Kuo et al. synthesised a series o f 

3-aroylindole compounds as novel heterocyclic CA-4 analogues. The lead compound 

BPR0L075 was assessed for its anti-tum our efficacy in MKN-45 gastric carcinoma, KB 

human cervical carcinoma, and KB-derived P-gpl70/M DR-over-expressing KB-VINIO 

xenografts, by different doses/treatment schedules. The greatest decrease in tumour 

volume was noted in animals treated daily with i.v. administration o f  50 mg/kg 

BPR0L075 for two weeks [548],

Furthermore, Cai et al. reported a different series o f VDAs, including the (Z)-3, 4', 5- 

trim ethoxylstilbene-3'-0-phosphate disodium, M 410, whereby its anti-tumour efficacy 

was explored in a s.c. LoVo colon carcinom a xenograft model. Treatment with 25 

mg/kg M410 or CA-4P administrated i.p. every three days for 12 days resulted in a 

significant inhibitory rate o f 44.3% and 42.1% , respectively [549].

Taking into account the variation observed in the reported data, several factors are 

implicated in tumour xenograft studies which have to be considered: (i) the type o f 

cancer cells used to generate the tumours {i.e. some tumours could be more 

effective/resistant to chemotherapy than others; could be either highly or poorly 

vascularised; invasive or metastatic), (ii) the tumour volume prior to initiating the 

treatment is important since tumours at a more advanced-stage (300-400 mm^) could be 

less responsive to treatment than early-stage tumours (100-150 mm^), (iii) the site o f 

tumour growth {i.e. s.c. or orthotopic implantation could result in a diverse treatment 

outcome due to the differences o f the tumour microenvironment at the site o f growth), 

(iv) the species o f  the animals used in such studies could affect the end results, {e.g. 

immunodeficient mice lack the proper immune response that normal mice exhibit).

3.5.5 Assessment of Tumour Necrosis

Tum our samples were histologically examined for evidence o f tumour necrosis,

following treatment with test compounds. For the assessment o f 50 mg/kg ECB206,

animals were treated for 24h by a single i.p. injection and the tumours were excised for

histological examination (Figure 3.25, p. 142). Tumour samples from the CA-4P and

GS291 treatments were obtained following completion o f the in vivo anti-tumour

efficacy study and processed for histological examination (Figure 3.28, p. 145). Control
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treated tumours showed limited necrosis in the centre, whereas ECB206-, CA-4P- and 

GS291-treated tumours demonstrated large areas o f  haemorrhagic necrosis. This is an 

indication o f  the indirect impact o f  these compounds on the functional vasculature and 

a subsequent effect on the tumour tissue.

Disrupting the tubulin cytoskeleton o f  tumour endothelial cells could lead to congestive  

thrombi in the tumour microvasculature and result in vessel leakage. This in turn could 

cause necrosis o f  the surrounding tumour, due to oxygen and nutrient depletion. In 

addition, a higher localised concentration o f  test compounds could increase their 

exposure and subsequent cytotoxicity within the tumour tissue.

The preclinical evaluation o f  tubulin targeting agents, such as CA-4, showed that these 

compounds are able to disrupt tumour blood flow, causing tumour hypoxia and necrosis 

[550]. For instance, Horsman et al. reported that i.p. administration o f  100 mg/kg CA-4  

in C3H mouse mammary carcinoma xenografts, resulted in an insignificant increase in 

tumour necrosis within 3h o f  treatment; however by 24h significantly higher levels o f  

tumour necrosis were observed. Measurements o f  tumour partial oxygen pressure (PO2) 

demonstrated increased tumour hypoxia, follow ing i.p. administration o f  100 mg/kg 

CA-4 and this effect was maintained for at least 6h. At longer time intervals (12-24h), 

tumours were severely hypoxic, although to a lesser degree. This finding suggested that 

the apparent reduction in oxygenation was reflected as tumour haemorrhage and 

oedema from the damage produced [551].

Moreover, a single i.p. dose o f  100 mg/kg CA-4P induced marked haemorrhagic 

necrosis consistent with widespread vascular shutdown 24h post-injection, in both NT  

murine adenocarcinoma and M D A -M B -231 human breast adenocarcinoma xenografts. 

A small viable rim on the periphery o f  the tumour remained, equivalent to less than 5% 

o f  the tumour mass [308]. Similar observations in tumour morphology were reported by 

Grosios et al., whereby 24h treatment o f  s.c. MAC 15A tumours with i.p. 

administration o f  100 mg/kg CA-4P demonstrated extensive areas o f  haemorrhagic 

necrosis with a small rim o f  viable tumour in the periphery. Necrosis was not seen in 

avascular tumour nodules, suggesting a vascular mechanism o f  action [536].
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In our situation, a viable rim of tumour tissue was observed on the periphery of each 

treated tumour, where cells could obtain nutrients from unaffected blood vessels in 

normal surrounding host tissues. This explanation could justify the fact that tumour 

growth was not completely restricted following treatment with CA-4P and GS291; 

although there was a significant difference between the control and treated tumours.

Combination treatment of these compounds with standard chemotherapy or radiation 

therapy may overcome this issue and prevent tumour growth. For instance, Chaplin et 

al. reported that although administration o f 100 mg/kg CA-4P resulted in extensive cell 

loss following 24h of treatment, this did not translate into any significant effect on 

tumour growth [329]. The actively proliferating cell population at the periphery of the 

tumour, depending on the normal tissue vasculature, was responsible for the continued 

growth o f the tumours. For this reason, CA-4P was combined with cytotoxic 

approaches, including combination treatment with cisplatin or radiation therapy, 

whereby superior anti-tumour efficacy was achieved [329]. Furthermore, CA-4P 

treatment potentiated the anti-tumour effect of radiation therapy in a KHT rodent 

sarcoma model [330], and improved the activity of 5-FU in an experimental murine 

colon adenocarcinoma model [552], Both strategies significantly enhanced the tumour 

response to CA-4 treatment indicating its potential therapeutic usefulness as an 

adjuvant to conventional cytotoxic approaches.

3.5.6 Assessment of the Tumour Vasculature

To determine whether the delay in tumour growth observed in PC-3 tumour xenografts 

was due to an anti-vascular effect o f GS291, tumour samples were examined for 

evidence of vascular shutdown. Tumour bearing mice were administered with a single 

i.p. injection of 200 mg/kg GS291. Following 6h o f treatment, tumours were excised 

and processed for functional endothelial cell staining.

According to the quantified data generated from the CD 31 -stained tumour samples, an

approximate 50% reduction in tumour vasculature was observed following 6h treatment

with 200 mg/kg GS291. This finding indicated a direct anti-vascular effect of GS291

within the tumour tissue (Figure 3.29 and 3.30, p. 146-147). This is in agreement with

previously reported data, whereby a single i.p. administration of 100 mg/kg CA-4P

caused a very large decrease in P22 carcinosarcoma blood flow, which was reduced by
157



almost a 100-fold, within 6h of treatment [312], CA-4P treatment also showed a 93% 

reduction in functional vascular volume in NT murine breast carcinomas [308], 

Additional studies showed that a single i.p. injection of 100 mg/kg CA-4P was 

sufficient to induce complete vascular shutdown after 4h o f treatment in MAC 15A 

tumours [536]. Furthermore, 50 mg/kg CA-4P induced approximately 40% vascular 

shutdown in CaNT murine breast adenocarcinoma tumours [553],

In an attempt to explore the mechanism of action in which CA-4 exerts its effects from 

initial tubulin binding to vascular shutdown, Tozer et al. described the tumour vascular 

response from a systemic treatment with CA-4P. This mechanism is reminiscent o f a 

classical acute inflammatory reaction, involving a very rapid increase in vascular 

permeability to plasma proteins. Another common feature included the stacking of red 

cells to form rouleaux which coincided with the slowing of blood flow, leading to an 

increase in viscous resistance to blood flow [314],

Moreover, following screening of a chemical library consisting of more than 100 

compounds based on diversification of the CA-4 pharmacophore, Kremmidiotis et al. 

attempted to identify compounds with acquired selectivity to activated tumour 

endothelial cells. A novel tubulin targeting agent, BNC105, was discovered which 

exhibited a wider therapeutic window than CA-4P. Treatment o f animals bearing solid 

tumours derived from human MDA-MB-231 breast, Calu-6 lung, Colo 205 colon and 

DU 145 prostate cancer cells, with BNC105 disodium phosphate (BNC105-P) at dose 

levels > 10 mg/kg for 24h, resulted in complete tumour vascular disruption. The 

maximum effect was seen in MDA-MB-231 tumours, with efficacy evident at doses as 

low as 1 mg/kg; whereas treatment with 20 mg/kg BNC105-P gave rise to > 75% 

tumour necrosis. A similar level o f necrosis was achieved with CA-4P, although at a 

considerably higher dose (300 mg/kg). Interestingly, in the Colo 205 xenograft model, 

BNC105-P treatment demonstrated significant disruption of tumour vasculature with a 

corresponding level o f necrosis; however CA-4P treatment was ineffective in this 

model [512],

These findings highlight the importance of the tumour type used in xenograft models 

due to the variation in activity observed with CA-4 treatment. In our situation, the anti- 

vascular activity of GS291 observed in the PC-3 tumour xenograft verified the results
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obtained from the in vitro and ex vivo assays, whereby it demonstrated tubulin targeting 

properties in cell-based assays and microvessel breakdown in the aortic ring assay.

3.6 Conclusions

Following the successful in vitro evaluation o f  test compounds, the next stage was to 

examine their anti-vascular activity in the ex vivo aortic ring assay. Selected compounds 

from each group were tested for evidence o f  microvessel breakdown in the cultured 

aortic rings. All compounds examined demonstrated anti-vascular activity at different 

levels o f  potency and their effect proved to be both dose- and time-dependent. The most 

active compounds appeared to be GJH140 and ADR 149; these findings are in 

agreement with the preliminary in vitro data obtained in Chapter 2.

In addition to the anti-vascular effect, test compounds were assessed for their anti- 

angiogenic properties in the aortic ring assay. The majority o f  compounds showed 

moderate to complete inhibition o f microvessel formation at nanomolar concentrations 

(10-100 nM), suggesting that the rate o f  angiogenesis was affected. Once again, 

GJH140 and ADR 149 demonstrated the highest potency in the anti-angiogenic model 

o f the aortic ring assay.

According to the in vitro and ex vivo data, ADR 149 proved to be the most promising 

compound; for this reason ECB206, a leucine prodrug o f ADR 149, was synthesised and 

selected for preliminary in vivo evaluation in a PC-3 tumour xenograft model. 

Treatment o f tumour bearing mice with i.p. administration o f 50 mg/kg ECB206, once 

a week for three weeks, did not demonstrate any significant difference compared to the 

vehicle treated group. The percentage BW was reduced over the duration o f the 

treatment, indicating a sign o f toxicity; however it was maintained within the limits at 

all times. Doses o f  ECB206 greater than 50 mg/kg were not tolerable. This finding may 

suggest that the systemic toxicity o f  ECB206 treatment observed at higher doses could 

possibly be due to the coumarin-based component o f  the compound, which has 

previously been established to be a rodenticide. For that reason, further studies were not 

pursued.

Consequendy, GS291, a disodium phosphate salt o f  RSI 80, was synthesised to resolve 

solubility issues. Along with GS291, CA-4P was also examined in the PC-3 tumour
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xenograft model. Both compounds exhibited significant anti-tum our activity by 

reducing the tumour growth rate. No observable systemic toxicity was observed 

according to the BW measurements.

Following completion o f  the studies, the level o f  tumour necrosis was examined in the 

control and treated groups. Control treated tumours showed limited necrosis whereas 

ECB206-, GS291- and CA-4P-treated tumours displayed large areas o f haemorrhagic 

necrosis with a viable rim on the periphery. The morphological changes in the tumour 

tissues may be an indirect effect from the anti-vascular activity o f test compounds. This 

was confirmed by 6h treatment o f tumour bearing mice with 200 mg/kg GS291, 

whereby an approximate 50% reduction in functional vasculature was demonstrated. 

This implied that part o f the anti-tumour effect o f GS291 was mediated by direct 

disruption o f functional vasculature.
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3.7 Overall Conclusions

To sum m arise the data obtained from Chapter 2 and 3, four different c la sses o f  novel 

tubulin polym erisation inhibitors dem onstrated potent anti-proliferative effects in the 

low  nanom olar range, and their activity w as dependent on their design . T hese  

com pounds induced a G 2/M  phase arrest, an indication o f  their anti-m itotic properties. 

T hey disrupted the organisation o f  the tubulin cytoskeleton  and exerted reversible 

m orphological changes to endothelial ce lls , s ign ify in g  their anti-vascular potential. The 

m ost prom ising com pounds w ere subsequently selected  for further exam ination in the 

ex vivo  aortic ring assay. Test com pounds exhibited their effects by disrupting the pre- 

established m icrovessel network and inhibited the form ation o f  capillary tubes. 

A D R  149 w as chosen  as the com pound w ith the m ost potential, therefore its anti-tum our 

efficacy  w as detenn ined  in a s.c. PC-3 tum our xenograft m odel, using a leucine  

prodrug fon n , E C B 206. The prelim inary in vivo  anti-tum our study w ith E C B 206  failed  

to provide ev id en ce o f  efficacy , thus G S 291 , a disodium  phosphate form o f  RSI 80, w as 

selected  for in vivo  evaluation. A  significant reduction in tumour volum e w as observed  

fo llow in g  i.p. adm inistration o f  200  m g/kg G S 291 , once a w eek  for three w eeks, 

w hereas treated tumours exhibited  large areas o f  haem orrhagic necrosis com pared to 

the veh ic le  treated tum ours. Finally, a decrease in the functional tum our vasculature  

w as noted fo llo w in g  a single  i.p. adm inistration o f  200  m g/kg G S 291 , fo llo w in g  6h o f  

treatment.

An additional approach for an im proved pharm acological profile is to conjugate tw o  

individually active com ponents to form a sin g le  agent with dual-targeting properties 

{i.e. a hybrid). The design  and evaluation o f  hybrids and a D M L  w hich target tubulin  

polym erisation and A P N  w ill be d iscussed  in Chapter 4.
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— Chapter 4 --

In Vitro Evaluation of Novel Dual-Acting 

Compounds Targeting

Tubulin Polymerisation and APN
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4. Introduction

In addition to the evaluation o f novel tubulin polymerisation inhibitors as VDAs in 

cellular, ex vivo and in vivo models, the aim o f the work described in this Chapter was 

to evaluate the activity o f dual-acting tubulin polymerisation and APN inhibitors, in 

several vascular/angiogenesis assays. Initial studies focussed on developing new assays 

to add to the repertoire discussed in the previous Chapters for the evaluation o f the 

tubulin targeting agents. Particular emphasis was placed on implementing cellular- 

based assays for evaluation o f the APN inhibitory component o f  the design, and 

subsequent evaluation o f test compounds in these assay systems. In addition, 

comparison studies between hybrids, their individual components and their 1:1 

combinations were conducted in order to examine evidence o f synergy.

4.1 Background to the Dual-Acting Compounds Designed in our Group

The compounds under evaluation were designed to inhibit tubulin polymerisation and 

APN. Inclusion o f the APN targeting moiety in these compounds was based primarily 

on the fact that it plays a critical role in angiogenesis and tumour cells’ invasion and it 

is expressed on vasculature undergoing angiogenesis, but not on quiescent vasculature. 

Initial model studies conducted by M cCormack (2002) involved using the prototypical 

tubulin inhibitor colchicine and attaching bestatin-related compounds onto to its 

derivative, N-deacetylcolchicine. The selection o f  bestatin was based on its excellent 

APN inhibition in conjunction with its ability to maintain the activity o f the tubulin 

inhibitor to which it was attached, as demonstrated in previous studies by McCormack. 

The colchicine-bestatin analogues exhibited equipotent tubulin inhibitory activity to the 

model compound colchicine and excellent APN inhibition, significantly better than the 

parent drug, bestatin. Encouraged by these results, further work by Hudson (2007) 

involved coupling a similar series o f bestatin-like molecules onto a new series o f 

tubulin inhibitors, based primarily around the tubulin inhibitor R S I80. However, the 

hybrids synthesised by Hudson were presented as mixtures o f diastereoisomers, which 

necessitated building single stereoisomers o f these compounds before extensive studies 

could be conducted in biological models. Thus the work concluded by Breen (2012) 

involved the synthesis o f single stereoisomers o f these hybrids, as well as others, using 

a yeast mediated biotransformation, to secure the compounds with the appropriate
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stereochemical purity [554], An additional series o f pH-sensitive ester-linked hybrids 

was also synthesised by Breen and Coogan (2012) to allow for the optimal uptake of 

the hydrophilic bestatin moiety of the hybrid into the cells. Ester derivatives o f bestatin 

have been shown to exhibit superior activity over bestatin, in both in vitro and in vivo 

settings. Work conducted by Moran (2012) involved the creation o f DMLs with the 

facility to inhibit tubulin polymerisation and APN. Compounds within this series differ 

quite significantly from the hybrids o f Breen and Coogan, as they rely solely on the 

inclusion of a hydroxamic acid moiety into the design, for zinc chelating purposes and 

thus APN inhibition. Therefore, this Chapter concerns the evaluation o f these different 

classes of hybrids and DML.

4.1.1 Compound Series

Overall there are four series of dual-acting hybrids and one DML which are the subject 

o f the work described in this Chapter. The first two series are presented as active dual

target hybrids; group I includes ECB377 and ECB378 (amide series) and group II 

includes ECB399 and ECB404 (ester series). In group III (ECB397) and group IV 

(ADR469), hybrids are designed for presentation of the tubulin binding component of 

the design in a prodrug form, with the APN component in an active form. The tubulin 

binding component within these designs is expected to be activated following the pH- 

sensitive release o f the APN binding component, as phenolic esters are labile bonds 

which are prone to hydrolysis under physiological conditions. An additional expected 

advantage with this hybrid series was that with the hydrophilic bestatin moiety 

attached, the solubility o f the tubulin binding component would be greatly enhanced. 

Thus the objective within these designs was to both optimise the delivery of the 

bestatin-like component to the intracellular environment and to enhance the solubility 

of the tubulin binding component for in vivo administration. Within the last group 

which includes a DML, BWM120, the objective was to create a series o f compounds 

with a similar pharmacological profile to that of the hybrids, but nevertheless 

substantially smaller in size, to ultimately give compounds with more favourable 

Lipinski-like drug characteristics.
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Figure 4.5: BWM120, a DML which incorporates R S I80 and a hydroxamic acid.
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Data from the literature regarding the effectiveness and superiority o f hybrid 

compounds over single agents or 1:1 combinations is encouraging, especially in respect 

to overcoming issues associated with toxicity, solubility, drug resistance and 

pharmacokinetic properties [335, 555], In the work described in this Chapter, initial 

studies focussed on the implementation and validation o f several APN-associated 

assays. Once established, evaluation o f the APN component o f  the hybrids commenced 

with a study o f  their properties against the isolated protein, in an enzyme based assay, 

and in cell lines expressing APN (HUVECs and PC-3 cells). In addition to that, APN 

expression was also investigated by flow cytometric techniques using a selected 

compound, BWM120. The developed assays served not only to verify the APN 

inhibition o f  these hybrids but also to determine any enhancement o f the APN 

component with the dual-targeting design. Evaluation o f the tubulin component o f the 

hybrid essentially followed the same sequence as that discussed in Chapter 2 for the 

evaluation o f  the single-targeting tubulin binding agents. A key objective o f the work 

described in this Chapter was to investigate evidence o f additive or synergistic effects 

o f  the hybrids over the single agents or their 1:1 combinations in anti-proliferative and 

apoptosis assays.

4.1.2 Aims

The specific aims o f the work described in this Chapter were to:

• Investigate the APN inhibitory profile o f  test compounds in an APN enzyme- 

based assay, using a colorimetric technique.

• Select two APN-positive cell lines and confirm their APN expression pattern 

using imm unofluorescence staining and flow cytometric analysis.

• Determine the non-cytotoxic concentration o f test compounds and then evaluate 

their aminopeptidase inhibition in a cell-based assay, using both HUVECs and 

PC-3 cells.

• Explore the inhibition o f  APN expression in HUVECs and PC-3 cells after 

treatment with BW M 120 by immunofluorescence staining and flow cytometric 

analysis.
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• Determine whether test compounds inhibit prohferation o f HUVECs and PC-3 

cells using the MTT assay, and address whether an additive or synergistic effect 

exists over single agents or their respective 1; 1 combinations.

• Confirm and visualise the tubulin inhibition activity of test compounds by 

immunofluorescence staining of the microtubules of treated endothelial cells.

• Establish the anti-mitotic effect o f test compounds on cell cycle (G2/M arrest), 

using PI staining followed by flow cytometric analysis.

• Assess the effect of test compounds on cell death (sub-Go/Gi arrest) using PI 

staining followed by flow cytometric analysis, and investigate any additive or 

synergistic effect compared to single agents or their 1:1 combinations.

• Examine any morphological changes to endothelial cells following treatment 

with test compounds, an indication of their in vitro anti-vascular activity, and 

further evaluate their reversibility.

4.1.3 Background to the Protocols Used 

4.1.3.1 APN Enzyme-based Assay

In order to determine the APN inhibitory activity o f the compounds synthesised, the 

colorimetric APN enzyme assay developed by Melzig et al. was performed [556]. In 

this assay, L-leucine-/j-nitroanilide is used as a substrate which, following hydrolysis 

by APN, produces the highly coloured product jP-nitroaniline. The degree of colour 

intensity and thus APN activity can be measured spectrophotometrically at 405 nm. 

This assay has been used widely to investigate the APN inhibitory properties o f a 

variety of test compounds [275-277, 279].

4.1.3.2 APN Expression of HUVECs and PC-3 cells

For the in vitro evaluation of hybrids and DML, HUVECs and PC-3 cell lines were 

selected based on their high expression levels of APN, and for their respective roles in 

angiogenesis/vascularisation and tumour growth/metastasis [227, 278, 557-558], In 

order to confirm this, the APN expression levels of both cell lines were examined by 

immunofluorescence staining of CD13 and by flow cytometric analysis.
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4.1.3.3 APN Cell-based Assay

To further investigate the aminopeptidase inhibitory effect o f the hybrids, the APN cell- 

based assay was carried out as previously described [281, 559-560], using both 

HUVECs and PC-3 cells. In order to exclude any possible cytotoxic effects (or possible 

disruption o f cell adhesion) induced by the tubulin binding component o f  the hybrids, it 

was necessary to perform cytotoxicity assays. For this purpose, the M TT assay was 

used as previously described; however the duration o f com pounds’ incubation was 

modified to 2h in order to correlate with the incubation period o f  the APN cell-based 

assay. The release o f the resulting product /?-nitroaniline was measured 

spectrophotometrically at 405 nm and the level o f cellular aminopeptidases was directly 

related to the intensity o f the colour absorbance.

4.1.3.4 APN Expression

To further investigate the effect o f BW M120 on the inhibition o f APN expression in 

both cell lines, an immunofluorescence staining protocol was performed followed by 

flow cytometric analysis. This method is widely used for the identification and 

quantification o f the level o f cell surface expression markers including APN [281, 559, 

561]. APN is anchored to the plasma membrane but is also present in the cytosol. In 

this study the level o f  cytosolic APN was not included in the quantification since the 

APN antigen was detected using non-permeabilised cells [562].

4.1.3.5 Cell Cycle Analysis -  Cell Death

The ability o f bestatin to induce apoptosis has been established in a variety o f cancer 

cells [242-243], as well as leukaemic cell lines [244, 246]. Tubulin targeting agents, 

such as CA-4P, demonstrated induction o f mitotic cell death after arrest o f endothelial 

cells in mitosis [563-564]. In addition, PTX-induced mitotic block triggered rapid onset 

o f a p53-independent apoptotic pathway [565-566]. As both components o f  these 

hybrids are able to induce cells to undergo apoptosis, it was hypothesised that their 

apoptotic effect may prove to be additive or even synergistic. To investigate the activity 

o f test compounds it was necessary to examine single agents and 1:1 combination 

treatments in order to determine whether hybrids’ activity was superior or similar to the 

other treatments.
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Initial attempts were carried out using the Annexin V/PI staining technique (which is 

based on changes in the cell membrane’s integrity) in order to detect non-apoptotic 

living cells, early apoptotic and late apoptotic or necrotic cells, following exposure to 

test compounds [567]. Although this method was able to distinguish the different stages 

o f apoptosis, the results obtained were inconclusive and inconsistent. Therefore, a 

different method of apoptosis detection was established by examining the cells’ DNA 

contents using flow cytometric analysis. Cell cycle analysis was performed as 

previously described to detect apoptotic DNA fragmentation. During apoptosis DNA is 

degraded by cellular endonucleases and therefore the apoptotic cells contain less DNA 

than healthy cells. This results in a sub-Go/Gi peak in the fluorescence histogram that 

can be quantified as the amount of apoptotic cells in a sample. This method was first 

described by Nicoletti et al. [568] and then optimised by Riccardi et al. [569], and is 

widely used as a way o f examining apoptosis after treatment with anti-cancer 

compounds [570-572].

This approach is the most rapid and cost-effective discrimination of apoptotic cells and 

is routinely used in laboratories for screening drug effects in vitro, especially when 

large number of samples have to be examined. However, one of the main limitations of 

this method is the non-specific detection o f apoptotic cells, i.e. cellular debris, single 

chromosomes from broken mitotic cells, chromosome clumps etc. all having a very low 

DNA content may be incorrectly classified as apoptotic cells. In order to provide a 

better assurance that objects with minimal DNA content are excluded from the analysis, 

a linear rather than logarithmic scale was applied [573]. This was only a preliminary 

screening study which was going to identify the effect of test compounds on cell death, 

thus a more sensitive technique would clarify the situation.
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4.2 Materials and Methods

4.2.1 Materials

DMSO, M TT, FBS, streptomycin/penicillin solution, 0.25% trypsin/EDTA solution, 

CA-4, bestatin hydrochloride, L-leucine-p-nitroanilide, HEPES, NaCl, microsomal 

leucine aminopeptidase from porcine kidney (EC 3.4.11.2), RNase, PI, monoclonal 

mouse anti-a-tubulin antibody and crystal violet were all purchased from Sigma, 

Ireland. Anti-human CD 13 PE was purchased from eBioscience, UK. PBS tablets, 

Alexa Fluor® 488 goat anti-mouse IgG and ProLong® gold antifade reagent with DAPI 

were purchased from Invitrogen, Ireland. EBM-2 medium was purchased from Lonza, 

Ireland and basement membrane matrix (matrigel) from BD Biosciences, Ireland. 

Greiner CELLSTAR® 75 cm^ cell culture flasks, Greiner 96-well PS cell culture 

microplates, with solid U-bottom, Greiner 6-well plates and Greiner 12-well plates 

were purchased from Cruinn, Ireland. Frosted end microscopy slides and cover slips 

were purchased from VWR, Ireland.

4.2.2 Test Compounds

For the in vitro evaluation, stock solutions o f test compounds were prepared in DMSO 

and then diluted in the appropriate medium or buffer to provide the required 

concentrations. The maximum final DMSO concentration was < 0.1%. Control 

solutions consisted o f 0.1% DM SO in the appropriate medium or buffer. In each 

experiment a positive control was used. Fresh solutions were prepared prior to use.

4.2.3 APN Assay Buffer

For the APN enzyme and APN cell-based assay, HEPES buffer (50 mM HEPES, 154 

mM NaCl) was prepared weekly and kept at 4 °C. The pH was adjusted to 7.3-7.4 prior 

to use.

4.2.4 Cell Lines

HUVECs were obtained from TCS Ceilworks, UK and cultured in EBM supplemented 

with growth factors and antibiotics (TCS Ceilworks, UK). PC-3 human prostate 

adenocarcinoma cell line was purchased from LGC Standards, UK and cultured in 

F12K medium supplemented with 0.02 mg/mL sodium pyruvate, 10% FBS and 10
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mL/L penicillin/streptomycin solution. Cell and tissue cultures were kept at 37 °C in a 

humidified atmosphere containing 5% CO2 at all times. Cell culture experiments were 

performed under a NuAire class II biological safety cabinet and it was ensured that 

aseptic techniques were follow ed at all times. Cell maintenance, subculture and cell 

count procedures were follow ed as previously described in Chapter 2, sections 2.2.4  

and 2.2.5, p .80.

4.2.5 A PN  E xpression o f  H U V E C s and PC-3 cells

In order to quantify the APN expression level on the surface o f  H UVECs and PC-3 

cells, an im m unofluorescence/flow cytometric protocol was followed. Cells were 

harvested by trypsinisation and washed with 3 mL o f  ice-cold  PBS by centrifugation at 

1000 rpm at 25 °C for 5 minutes. The cell pellet was re-suspended in 100 |xL o f  PBS, a 

PE CD 13 conjugated antibody (1:10 in PBS) was added to 1x10^ cells/m L and kept on 

ice for 15 minutes in the dark. The cells were then washed with 3 mL o f  PBS by 

centrifugation at 1000 rpm at 25 °C for 5 minutes and immediately analysed by a 

Beckman Coulter (Dako) 2-laser CyAn ADP analyser, provided by the School o f  

Biochemistry and Immunology, TCD. APN levels were estimated as median 

fluorescence intensity. The experiments were performed in triplicate at three 

independent times.

4.2.6 A PN  E nzym e-based  A ssay

APN enzym e activity was examined spectrophotometrically using L-leucine-/?- 

nitroanilide as an APN substrate. Briefly, 50 |iL o f  L-leucine-/?-nitroanilide was added 

to each well o f  a 96-w ell plate to give a final concentration o f  2 mM. Test compound 

stock solutions were diluted in HEPES buffer to g ive a range o f  concentrations and 100 

|xL o f  each was added into each well. Bestatin was used as a positive control, whereas 

ECB394 and R S I80 served as negative controls. A  further 40 |aL o f  HEPES buffer was 

added to bring the final volum e in each well to 190 i^L. The reaction was initiated by 

adding 10 |aL o f  microsomal leucine aminopeptidase to give a final concentration o f  5 

mUnits and the plate was incubated for Ih at 37 °C. The absorbance was measured at 

405 nm using a FLUOstar OPTIMA microplate reader (BM G Labtech). Each 

compound concentration was tested in quadruplicate and each experiment was 

performed three independent times. The percentage APN inhibition was determined
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using the follow ing formula, whereby dose response curves were generated, and where 

appropriate, IC50 values ±  SEM were obtained:

%  A P N  inhibition  =  100-[(m ean Abs o f  test com pound)/(m ean Ahs o f  control)J*100

4.2 .7  C ytotoxicity A ssay

It was necessary to establish a non-toxic concentration range o f  test compounds prior to 

the APN cell-based assay. For this purpose, the MTT assay was performed as 

previously described (Chapter 2, section 2.1.7.1, p .76) but the incubation period o f  test 

compounds was changed to 2 h in order to correlate with the incubation period used in 

the APN assay. Each compound concentration was tested in quadruplicate and each 

experiment was performed three independent times. Results were expressed in terms o f  

percentage o f  inhibition o f  cell viability using the follow ing formula:

% Inhibition o f  cell viability = 100-f(mean Abs o f test compound)/(mean Abs o f  control)] * 100

4.2.8 APN C ell-based A ssay

HUVECs/PC-3 cells’ surface APN activity was estimated spectrophotometrically using 

L-leucine-/?-nitroanilide as an APN substrate. 1x10^ cells (150 |iL) were seeded in 96- 

well plates and incubated overnight at 37 °C. The follow ing day cell medium was 

replaced by 100 i^L o f  various concentrations o f  compounds diluted in HEPES buffer. 

Bestatin was dissolved in HEPES buffer and used as a positive control. L-leucine-p- 

nitroanilide (50 |aL) was added to each well to give a final concentration o f  2 mM. A  

further 50 |aL o f  HEPES buffer was added to bring the final volum e in each well to 200  

(iL. Follow ing 2h incubation at 37 °C, absorbance was measured at 405 nm using a 

FLUOstar OPTIMA microplate reader (BM G Labtech). Each compound concentration 

was tested in quadruplicate and each experiment was performed at three independent 

times. The percentage APN inhibition was determined using the formula below  and 

where appropriate, IC50 values ±  SEM were obtained.

% A P N  inhibition  =  100-[(m ean Abs o f  test com pound)/(m ean A bs o f  con trol)] * 100

4.2.9 Inhibition o f APN Expression

APN expression o f  HUVECs and PC-3 cells was evaluated follow ed treatment with 

BW M 120. 1x10^ cells (1 mL) were seeded in 6 -w ell plates and incubated overnight at 

37 °C. The follow ing day, cells were treated for 2h or 24h with test compounds
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prepared by diluting stock solutions in complete medium. Bestatin was used as a 

positive control. Cells were harvested by trypsinisation and washed with 3 mL o f  ice- 

cold PBS, centrifuged at 1000 rpm at 25 °C for 5 minutes. The cell pellet was re

suspended in 100 |j,L o f  PBS, a PE CD13 conjugated antibody was added to the cells 

(1 ;10 in PBS) and kept on ice for 15 minutes. The cells were then washed with 3 mL o f 

PBS by centrifugation at 1000 rpm at 25 °C for 5 minutes and immediately analysed by 

a Beckman Coulter (Dako) 2-laser CyAn ADP analyser provided by the School o f 

Biochemistry and Immunology, TCD. APN levels were estimated as median 

fluorescence intensity. Each compound concentration was tested in duplicate and each 

experiment was performed three independent times. The results were expressed as a 

percentage o f  the mean PE CD13 median fluorescence intensity ± SEM.

4.2.10 Cell Proliferation Assay

Cell growth inhibition was assessed using the MTT assay as previously described in 

Chapter 2, section 2.1.7.1, p.76. Bestatin was used as a single agent and in 1:1 

combination with the associated tubulin inhibitor from each hybrid. Each compound 

concentration was tested in quadruplicate and each experiment was performed three 

independent times. The percentage growth inhibition was determined using the formula 

below and the results were expressed in terms o f  IC50 values ± SEM.

% growth inhibition = 100-[(mean Abs o f test compound)/(mean Abs o f control)] *100

4.2.11 Imtnunofluorescence Staining o f the M icrotubules

To confirm that the hybrids and DM L exhibit an effect on the tubulin cytoskeleton, 

treated endothelial cells were examined using the a-tubulin staining procedure 

described in Chapter 2, section 2.1.7.3, p.78. Experiments were performed in duplicate 

at two independent times. The results were presented as images o f the microtubule 

disruption o f  endothelial cells.

4.2.12 Cell Cycle Analysis -  G2/M Phase

Cell cycle arrest at the G 2 /M phase was examined by PI staining as previously 

described in Chapter 2, section 2.1.7.2, p .77. Each compound concentration was tested 

in duplicate and each experiment was performed three independent times. The results
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were expressed in terms o f  the mean percentage o f cells found to be present in the 

G 2/M phase ± SEM.

4.2.13 Cell Cycle Analysis -  Sub-Go/Gi Phase

In order to examine the apoptotic effect o f  these compounds, the cell cycle analysis 

protocol was followed as previously described in Chapter 2, section 2.1.7.2, p .77. 

Bestatin was used as a single agent or in 1 ;1 combination with the associated tubulin 

inhibitor o f  each hybrid. In addition, CA-4 was used as a positive control. HUVECs 

were treated for 24h and PC-3 cells were treated for 72h instead. Samples were 

analysed using a Beckman Coulter (Dako) 2-laser CyAn ADP analyser provided by the 

School o f  Biochemistry and Immunology, TCD. Cell cycle analysis was obtained by 

examining the Pl-stained DNA content, in particular focusing on the sub-Go/Gi phase. 

Each compound concentration was tested in duplicate and each experiment was 

performed three independent times. The results were expressed in terms o f the mean 

percentage o f  cells found in the sub-Go/Gi phase ±  SEM.

4.2.14 Analysis o f Endothelial Cells’ M orphology

The effect o f test compounds on endothelial cells’ morphology was examined as 

previously examined in Chapter 2, section 2.1.7.4, p .78. The experiments were 

performed in triplicate and the results were presented as images o f  the morphological 

changes o f endothelial cells after Ih and 3h o f drug washout.

4.2.15 Statistical Analysis

Statistical analysis o f the data was carried out using GraphPad Prism, version 5. 

Percentage inhibition values o f each compound at each concentration were expressed as 

mean ± SEM. Values were tested for Gaussian distribution and where appropriate, IC50 

values were generated. In order to determine whether there was a significant difference 

between control and treated groups. Student’s <-test was applied using GraphPad Prism, 

version 5.
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4.3 Results

The novel hybrids w ere synthesised as dual-acting  inhibitors o f  both tubulin  and A PN 

activity , hence it was im portant to investigate their effects in A PN - and tubulin-based 

assays.

4.3.1 APN Enzyme-based Assay

Firstly, it was necessary  to evaluate the h y brids’ ability  to inhibit the A PN  enzym e 

using a colorim etric assay, based on the conversion o f  L-leucine-/?-nitroanilide to the 

coloured hydrolysis product jp-nitroaniline by APN. Dose response curves were 

generated and IC 5 0  values ± SEM  w ere determ ined.

4.3.1.1 Group I Hybrids

EC B 377 and ECB378 hybrids w ere exam ined in the APN enzym e-based assay. 

Bestatin was used as a positive control and ECB 394 (the active tubulin  inhibitor 

incorporated into the hybrids’ design) served as a negative control. ECB377 and 

ECB 378 dem onstrated sim ilar APN inhibitory profiles with IC50 values determ ined to 

be 29.42 ±  1.24 |aM and 28.06 ±  1.20 ^M , respectively. In fact, these hybrids exhibited 

superior APN inhibition to that o f  bestatin (59.81 ± 1.08 |iM ) w ith a 2-fold  increase in 

their activity. ECB394 did not dem onstrate any A PN  inhibitory activity. Table 4.1 

sum m arises the activity  o f  hybrids and bestatin on the APN enzym e-based assay.

T ab le  4.1: APN enzyme-based assay data o f group I hybrids, IC50 ± SEM (n=3).

Compounds 5 mUnits APN (jiIVI)

B estatin 59.81 ±  1.08

EC B 377 29.42 ± 1 .2 4

ECB378 28.06 ± 1 .2 0

4.3.1.2 Group II Hybrids

The A PN  inhibitory activity  o f  EC B 399 and ECB 404 hybrids was assessed  using the

APN enzym e-based assay. Both ECB399 and EC B 404 dem onstrated superior activity

to that o f  bestatin  with IC50 values o f  27.76 ± 1.12 |iM  and 23.49 ± 1.12 |iM ,
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respectively. Table 4.2 sum m arises the inhibitory activity  o f  group II hybrids in the 

A PN  enzym e-based assay.

Table 4.2: APN cnzyine-bascd assay data o f group II hybrids, I C 5 0  ± SEM (n=3).

Compounds 5 mUnits APN (|iiM)

Bestatin 59.81 ±  1.08

EC B 399 27.76 ± 1 .1 2

EC B 404 23.49 ± 1 .1 2

4.3.1.3 Group III Hybrid

EC B 397 was assessed for its A PN inhibitory properties in the enzym e-based assay. 

R S I80, the active tubulin inhibitor released follow ing hydrolysis o f  EC B 397, was used 

as negative control. G roup I hybrid, ECB397 dem onstrated  superior A PN  inhibitory 

activ ity  to that o f  bestatin, exhibiting  an IC 5 0  value o f  32.04 ± 1 . 1 9  |iM . R SI 80 did not 

dem onstrate any A PN  inhibition. Table 4.3 sum m arises the activity  o f  ECB 397 and 

bestatin  on the APN enzym e-based assay.

Table 4.3; APN enzyme-based assay data o f group III hybrid, IC50 ± SEM (n=3).

Compounds 5 mUnits APN (nM)

B estatin 59.81 ±  1.08

ECB 397 32.04 ± 1 . 1 9

4.3.1.4 Group IV Hybrid

T he inh ibito iy  effect o f  A D R 469 in the A PN  enzyine assay was detennined . An IC50 

value w as not calculated due to the form ation o f  coloured solution at higher 

concentrations; thus percentage inhibition was estim ated at different concentrations. 

A D R 469 show ed APN inhibitory activity  at concentrations as low as 5 |iM  and the 

effect was dose-dependent. A t 100 i^M, the APN inhibition o f  A D R 469 w as 38.99 ±
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3.01 %, whereas 100 |iM of bestatin proved to be significantly {p < 0.01) more 

effective with 64.19 ± 1.90 % inhibition. Figure 4.6 represents the percentage APN 

inhibition of ADR469 at a range of concentration as determined by the APN enzyme 

assay.

50n

~  30- c

0 20 40 60 80 100
ADR469 concentration (^M)

Figure 4.6: The cffcct of ADR469 on APN inhibition using the enzyme-based assay. Data 

represents mean ± SEM (n=3).

4.3.1.5 Designed Multiple Ligand

The inhibitory activity o f BWM120 was examined in the APN enzyme-based assay. 

BWM120 exhibited potent APN inhibitory properties with an IC50  value o f 9.32 ± 1.06 

I^M. The result obtained from the BWM120 data demonstrated approximately a 6 -fold 

increase in activity compared to that of bestatin. Table 4.4 presents the inhibitory data 

of BWM120 and bestatin obtained from the APN enzyme-based assay.

Table 4.4: APN enzyme-based assay data of BWM120, I C 5 0  ± SEM (n=3).

Compounds 5 mUnits APN (nM)

Bestatin 59.81 ± 1.08

BWM 120 9.32 ±1.06

4.3.2 APN Expression of HUVECs and PC-3 Cells

Following the examination o f hybrids and DML in the APN enzyme-based assay, the 

next stage involved the evaluation o f test compounds against APN expressing cell lines.
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For the purpose o f this study, HUVECs and PC-3 cells were selected and assessed for 

APN expression using immunofluorescence staining followed by flow cytometric 

analysis. M embrane-bound APN was detected in both cell lines (Figure 4.7).

A) HUVECs unstained PI 

HUVECs CD13/PI
B)

PC-3 unstained PI 

PC-3 CD13/PI

4-*r*
3
O
O

10“ 10 ' 10“ 10 '

PE CD13 PECD13

Figure 4.7: APN expression o f  HUVECs and PC-3 cells. Immunofluorescence staining o f  A) 

HUVECs and B) PC-3 cclls with PE CDI3, followed by flow cytometric analysis.

4.3.3 Cytotoxicity Assay

Once the APN expression o f both cell lines was determined, it was necessary to 

establish a non-toxic concentration range o f test compounds prior to the APN cell- 

based assay. For the purpose o f  this study, the M TT assay was performed and cell 

viability was determined as previously described and expressed in terms o f  percentage 

inhibition o f cell viability ± SEM.

4.3.3.1 Group I Hybrids

The cell viability o f HUVECs and PC-3 cells was determined following incubation 

with ECB377 and ECB378. Both hybrids exerted their cytotoxic effects on HUVECs at 

concentrations o f  10 and 20 ^M , as shown in Figure 4.8. ECB377 at 10 and 20 |^M 

demonstrated a percentage inhibition o f cell viability o f 23.71 ± 0.72 % and 39.90 ± 

11.12 %, whereas ECB378 showed a percentage inhibition o f cell viability o f  22.13 ± 

15.41 % and 54.81 ±13.52 %, respectively. The hybrids did not demonstrate any 

cytotoxic effect on PC-3 cells up to 20 |aM.
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Figure 4.8; The cytotoxic cffect of A) ECB377 and B) ECB378 on HUVECs after 2h 

incubation, as determined by the MTT assay. Data represents mean ± SEM (n=3).

4.3.3.2 Group I I  Hybrids

ECB399 and ECB404 were examined for their ability to cause cytotoxicity to HUVECs 

and PC-3 cells after 2h o f treatment. ECB399 demonstrated a reduction in HUVECs’ 

percentage viability at 10 |aM (30.32 ± 5.09 %) and at 20 jxM (44.90 ± 4.31 %), 

whereas ECB404 showed greater cell growth inhibition at 10 |aM (35.42 ± 9.30 %) and 

at 20 |jM  (56.33 ± 7.50 %), as shown in Figure 4.9. There was no cytotoxic effect 

observed in PC-3 cells when treated with either hybrid at concentrations up to 20 |iM.
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Figure 4.9: The cytotoxic cffect of A) ECB399 and B) ECB404 on HUVECs after 2h 

incubation, as determined by the MTT assay. Data represents mean ± SEM (n=3).

4.3.3.3 G roup III H ybrid

The cytotoxic effect o f ECB397 on HUVECs and PC-3 cells was assessed after a 2h 

incubation period. ECB397 did not exhibit any effect on cell viability on either cell 

lines at concentrations up to 20 |iM.

4.3.3.4 G roup IV H ybrid

Due to the fact that ADR269, the active tubulin component o f the ADR469 hybrid 

showed high potency when evaluated in vitro, ADR469 was expected to possess similar 

activity. Thus, ADR469 was evaluated for evidence o f  cytotoxic activity after 2h 

incubation at concentrations as low as 1 and 5 |aM, using both HUVECs and PC-3 cells. 

Inhibition o f HUVECs’ viability following treatment with 1 and 5 |iM ADR469 was 

found to be 28.91 ± 5.32 % and 30.53 ± 7.40 %, respectively (Figure 4.10). The 

viability o f PC-3 cells was not affected by treatment with up to 20 (iM ADR469.
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Figure 4.10: The cytotoxic effect of ADR469 on HUVECs after 2h incubation, as determined 

by the MTT assay. Data represents mean ± SEM (n=3).

4.3.3.S Designed Multiple Ligand

The cytotoxic effect o f  BWM120 on HUVECs and PC-3 cells was determined 

following 2h incubation. Inhibition o f  HUVECs’ viability was observed after treatment 

with BW M120 at 10 ^iM (44.00 ±10.31 %) and at 20 (44.46 ± 3.43 %), as shown

in Figure 4.11. BW M120 did not alter the viability o f  PC-3 cells at concentrations up to 

20 nM.
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Figure 4.11: The cytotoxic effect o f  BWM120 on HUVECs after 2h incubation, as 

determined by the MTT assay. Data represents mean ± SEM (n=3).

4.3.4 APN Cell-based Assay

Once the cytotoxic concentrations o f test compounds were determined, it was necessary 

to examine their inhibitory properties at non-toxic doses in an APN cell-based assay, 

using either HUVECs or PC-3 cells, instead o f  the active APN enzyme. Bestatin was 

used as a positive control and although it was not found to be cytotoxic at higher
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concentrations, it was only examined up to 5 |iM in the HUVECs-based assay (with the 

exception o f ADR469) and up to 20 |iM in the PC-3 cell based assay, in order to be 

comparative to the test compounds. The results were expressed in terms o f percentage 

APN inhibition relative to untreated cells ± SEM. Statistical significance was 

determined between the percentage APN inhibition calculated for test compounds and 

bestatin, using Student’s Mest.

4.3.4.1 Group I Hybrids

The ability o f ECB377 and ECB378 to inhibit the activity of cellular APN present in 

HUVECs and PC-3 cells was assessed. Firstly, the activity o f test compounds and 

bestatin was examined using HUVECs. Bestatin’s APN inhibitory effect was 

determined at 1 |iM and 5 |iM to be 11.88 ± 3.27 % and 17.86 ± 0.75 %, respectively 

(Figure 4.12 A). Both hybrids demonstrated satisfactory APN inhibition against 

HUVECs at concentrations below 10 |iM. ECB377 exhibited 12.15 ± 7.00 % at 1 |jM 

and 46.00 ± 2.31 % at 5 |aM, whereas ECB378 showed 23.42 ± 5.80 % at 1 |aM and 

51.50 ± 2.12 % at 5 |iM (Figure 4.12 B and C). ECB377 and ECB378 demonstrated 

significantly (p < 0.001) superior APN inhibition to that of bestatin at 5 |aM in 

HUVECs by an almost 3-fold increase in activity.
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*** p < 0.001, significantly higher % APN inhibition compared to that of bestatin at the 
corresponding concentration, as determined by Student's Mest.

C) HUVECs (2h)

Concentration ()ilVI)

* p < 0.05, *** p < 0.001, significantly higher % APN inhibition compared to that of 
bestatin at the corresponding concentration, as determined by Student's West.

Figure 4.12: APN inhibition of HUVECs after 2h incubation with A) bestatin, B) ECB377 and 

C) ECB378. Data represents mean ± SEM (n=3).
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Next, the effect o f  hybrids and bestatin on the APN inhibition o f  PC-3 cells was 

determined. Bestatin was examined at 1 , 5 ,  10 and 20 fiM and the percentage APN 

inhibition was established to be 10.84 ± 3.24 %, 15.10 ± 0.97 %, 17.31 ± 5.72 % and 

36.11 ± 0.90 %, respectively (Figure 4.13 A). Similarly, the activity o f ECB377 and 

ECB378 was evaluated at 1,5,  10 and 20 |iM  and the percentage inhibition o f ECB377 

was determined to be 27.76 ±2 . 10  %, 44.61 ± 7.32 %, 63.70 ± 7.68 % and 68.43 ± 8.57 

% and for ECB378 31.37 ± 5.48 %, 47.25 ± 2.05 %, 50.72 ± 6.02 % and 61.90 ± 0.99 

%, respectively (Figure 4.13 B and C). The inhibitory properties o f both hybrids against 

the APN enzyme present on PC-3 cells were approximately 2-fold better than bestatin.
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Figure 4.13: APN inhibition o f PC-3 cells after 2h incubation with A) bestatin, B) ECB377 and 

C) ECB378. Data represents mean ± SEM (n=3).
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4.3.4.2 Group II Hybrids

ECB399 and ECB404 were examined for their APN inhibitory effects against HUVECs 

and PC-3 cells. In the HUVECs-based assay, both hybrids demonstrated good 

inhibitory activity at 1 and 5 |iM and the percentage APN inhibition for ECB399 was 

calculated to be 22.40 ± 0.91 % and 39.00 ± 2.92 % and for ECB404 32.70 ± 4.73 % 

and 48.61 ± 0.82 %, respectively (Figure 4.14 A and B). Both hybrids demonstrated a 

significantly greater inhibitory profile against APN in HUVECs compared to that o f 

bestatin by a 3-fold increase in activity.

A)
60-

^  50 '

c  40'
0

1  30- £c
2 0 -

10

HUVECs (2h)

□  ECB399 0.5 nM 
■  ECB399 1 îM
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* p  < 0 .05 , ** p  < 0 .0 1 , significantly  h ig h e r %  APN inhibition c o m p a re d  to  th a t of 
b e s ta tin  a t  th e  c o rre s p o n d in g  c o n ce n tra tio n , a s  d e te rm in e d  by S tu d e n t’s  (-test.

B) HUVECs (2h)

□  ECB404 1 nM 
■  ECB404 5 mM
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* p  < 0 .05 , *** p  < 0 .0 0 1 , significantly  h ig h e r % APN inhibition c o m p a red  to th a t of 
b esta tin  a t  th e  c o rre sp o n d in g  co n c e n tra tio n , a s  d e te rm in ed  by S tu d e n t 's  ?-test.

Figure 4.14; APN inhibition of HUVECs by A) ECB399 and B) ECB404 after 2h incubation. 

Data represents mean ± SEM (n=3).

187



The APN inhibition o f PC-3 cells by 1,5,  10 and 20 |iM  ECB399 and ECB404 was 

also determined and the extent o f inhibition was as follows: 27.30 ± 10.91 %, 48.51 ± 

11.62 %, 56.93 ± 8.41 %, 60.35 ± 12.10 % for ECB399 and 40.37 ± 8.23 %, 62.21 ± 

3.90 %, 72.90 ± 7.41 % and 77.43 ± 4.91 % for ECB404, respectively (Figure 4.15 A 

and B). The APN inhibitory effect o f both hybrids was 4-fold better than bestatin.
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Figure 4.15: APN inhibition of PC-3 cclls by A) ECB399 and B) ECB404 after 2h incubation. 

Data represents mean ± SEM (n=3).

4.3.4.3 Group III Hybrid

ECB397 was evaluated for its APN inhibitory properties against HUVECs and PC-3 

cells at non-cytotoxic concentrations. The effect o f  ECB397 on HUVECs was analysed 

at 0.1, 1 and 5 and the percentage APN inhibition was determined to be 31.90 ± 

9.00 %, 52.61 ± 14.70 % and 64.00 ± 16.11 %, respectively (Figure 4.16 A). ECB397
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showed improved activity against APN compared to that o f bestatin with approximately 

a 5-fold increase in activity. The APN inhibition o f  ECB397 was also established using 

PC-3 cells at 1,5,  10 and 20 |aM and detennined to be 31.30 ± 8.90 %, 51.71 ± 8.52 %, 

55.71 ± 9.80 % and 71.43 ± 7.52 %, respectively (Figure 4.16 B). Its activity in this cell 

line was approximately 2-fold better than bestatin.
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Figure 4.16: APN inhibition by ECB397 of A) HUVECs and B) PC-3 cells after 2h incubation. 

Data represents mean ± SEM (n=3).

4.3.4.4 Group IV Hybrid

ADR469 was assessed for its APN inhibitory properties in the APN cell-based assay.

Due to its potent cytotoxic effect on HUVECs, ADR469 was only tested at 0.1 and 0.5

fiM in the APN assay and the percentages o f  APN inhibition were 18.11 ± 2.90 % and

21.64 ± 2.22 %, respectively (Figure 4.17 A). This result suggests that ADR469 has a
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superior activity  to that o f  bestatin  in the H U V E C s-based  APN assay. The percentages 

o f  APN inhibition caused by 1 , 5 ,  10 and 20 |iM  o f  A D R 469 w ere determ iried using  

PC-3 cells and found to be 47.91 ± 1.23 %, 51.71 ±  1.38 %, 51.87 ± 3.89 %  and 56.55 

±  3.13 %, respectively (F igure 4.17 B). A t these concentrations, A D R469 w as 

significantly  better than bestatin by approxim ately  3-fo ld  in the PC-3 based assay.
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** p  < 0.01, *** p  < 0.001 significantly higher % APN inhibition com pared to that of 
bestatin  a t the corresponding concentration, a s  determ ined by S tuden t’s  f-test.

Figure 4.17: APN inhibition by ADR469 o f A) HUVECs and B) PC-3 cells after 2h 

incubation. Data represents mean ± SEM (n=3).

4.3.4.S Designed Multiple Ligand

The effect o f  B W M 120 on the A PN  inhibition  o f  H U V ECs and PC-3 cells was 

investigated. F irstly, B W M 120 activity  was exam ined at 1 and 5 |aM in the H U V E C s- 

based assay, w here the percentages o f  APN inhibition  w ere 11.25 ±  0.45 % and 20.77 ±  

3.81 %, respectively  (F igure 4.18 A). B ased on th is data, the inhibitory effect o f  

B W M 120 was sim ilar to that o f  bestatin. N ext, the effect o f  1, 5, 10 and 20 (xM
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B W M 120 was determ ined using PC-3 cells and the percentages o f  APN inhibition w ere 

21.09 ±  4 .04 %, 41.26 ± 6.48 % , 39.18 ±  3.30 % and 55.25 ±  6.62 % , respectively  

(F igure 4.18 B). A lthough BW M 120 dem onstrated  a sim ilar inhibitory profile to 

bestatin  w ith  H U V EC s, it was proven to be better in PC-3 cells w ith an approxim ately a 

2-fold  increase in activity.
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c o rre sp o n d in g  co n c e n tra tio n , a s  d e te rm in ed  by S tu d e n t’s  M est,

Figure 4.18: APN inhibition by BWM120 o f A) HUVECs and B) PC-3 cells after 2h 

incubation. Data represents mean ± SEM (n=3).

4.3.5 Inhibition of APN Expression

The ab ility  o f  B W M 120 to bind to extracellu lar A PN  and inhibit its expression was 

exam ined in H U V ECs and PC-3 cells. Bestatin was used as a positive control. The 

level o f  PE CD 13 fluorescence intensity was detected  on the viable ce lls’ m em brane 

and was expressed in term s o f  fluorescence m edian ±  SEM . C ontrol treated H U V ECs 

exhibited  a percentage PE fluorescence m edian o f  108 ± 16.5 %, w hereas 0.1 m M  and 

0.5 m M  bestatin  dem onstrated 100.51 ±  10.53 % and 93.70 ±  11.62 %, respectively

191



(Figure 4.19 and 4.20 A). The percentage PE fluorescence median o f  BW M 120-treated 

HUVECs was determined to be 83.41 ± 5.83 % at 0.1 mM and 53.80 ± 2.41 % at 0.5 

mM (Figure 4.19 and 4.20 B). There was no significant effect on the APN expression 

after treatment o f  HUVECs with bestatin at either concentration. BW M120 reduced the 

level o f APN at 0.1 mM, but this was not sufficient for statistical significance. 

However, the APN expression o f HUVECs was significantly {p < 0.05) reduced after 

treatment with 0.5 mM BWM120.
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Figure 4.19: Detection of APN expression level (PE CD 13) in HUVECs after 2h incubation 

with A) 0.1 mM bestatin, B) 0.5 mM bestatin, C) 0.1 mM BWM120 and D) 0.5 mM BWM120.
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*p  < 0.05, significantly higher m ean PE G D I3 expression level com pared with 
the un treated  controls a s  determ ined by S tudent's /-test.

Figure 4.20: Percentage PE CD13 fluoresccnce median of HUVECs after 2h incubation with 

A) bestatin and B) BWM120. Data represents mean ± SEM (n=3).

APN expression o f  PC-3 cells was also examined after 2h incubation with 0.1 mM and 

0.5 mM bestatin or BWM120 (Figure 4.21). The percentage fluorescence median o f 

control treated cells was 206.61 ± 13.16 %, whereas percentage o fbestatin  treated cells 

was 193.30 ± 10.78 % at 0.1 mM and 123.16 ± 5.96 % at 0.5 mM (Figure 4.22 A). 

There was no apparent difference in the percentage fluorescence median o f cells treated 

with 0.1 mM bestatin; however there was a significant (p < 0.01) reduction in the 

percentage PE CD 13 fluorescence intensity o f cells treated with 0.5 mM bestatin. 

BW M 120-treated PC-3 cells demonstrated a slight decrease in the mean fluorescence 

median at 0.1 mM (177.00 ± 13.11 %), but showed a significant (p < 0.01) reduction at 

0.5 mM (124.83 ± 5.90 %, Figure 4.22 B).
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Figure 4.21: Detection o f APN expression level (PE CD 13) in PC-3 cells after 2h incubation 

with A) 0.1 mM bestatin, B) 0.5 mM bestatin, C) 0.1 mM BWM120 and D) 0.5 mM BWM120.
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Figure 4.22; Percentage PE CD 13 fluorescence median o f PC-3 cells after 2h incubation with 

A) bestatin and B) BWM120. Data represents mean ± SEM (n=3).

4.3.6 Cell Proliferation Assay

T he anti-proliferative activity  o f  test com pounds was determ ined using H U V ECs and 

PC-3 cells in the M TT assay. D ose response curves w ere generated and IC 50 values ±  

SEM  w ere determ ined.

4.3.6.1 Group I Hybrids

G roup I hybrids w ere exam ined for their effects on cell proliferation. U sing EC B 394 as 

the m odel tubulin  inhibitor (as it closely resem bles the tubulin  binding com ponent o f  

the hybrids), the effects o f  bestatin , 1:1 com bination o f  EC B 394/bestatin , ECB377 and 

ECB 378 were investigated on H U V EC s and PC-3 cell proliferation. Their respective
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ICso values for HUVECs and PC-3 cells are displayed in Table 4.5. ECB394 

demonstrated satisfactory anti-proliferative activity against HUVECs, with bestatin 

approximately 10-fold less active when compared to ECB394. Interestingly, the 1:1 

combination o f ECB394 and bestatin displayed a better anti-proliferative effect over 

ECB394 alone. Although ECB377 showed similar activity to ECB394, ECB378 

exhibited almost a 2-fold reduction in the anti-proliferative effect against HUVECs. 

ECB394’s effect on PC-3 cell proliferation was close to that with HUVECs, whereas 

bestatin was essentially inactive. The 1:1 combination o f ECB394 and bestatin 

exhibited a slightly reduced effect on PC-3 cells when compared to ECB394 alone. 

W hile ECB378 exhibited similar activity to the ECB394/bestatin combination, the 

activity o f ECB377 was 2-fold less.

Table 4.5; Best fit IC50 values ± SEM of group I hybrids, following the MTT assay (n=3).

Compounds HUVECs (nM) PC-3 cells (nIVI)

ECB394

Bestatin

ECB394 + Bestatin 
(1:1)

ECB377

ECB378

4.09 ± 1.41 

43.03 ± 1.27 

2.08 ± 1.44 

4.71 ± 0 .52  

7 .8 0 ±  1.13

4 .9 0 ±  1.12 

> 100

6.77 ± 1.24

12.05 ± 3 .31  

6.25 ± 1.09

4.3.6.2 Group II Hybrids

The ester-linked hybrids, ECB399 and ECB404, were evaluated for their anti

proliferative activity against HUVECs and PC-3 cells. Again the data generated here 

was compared to ECB394. ECB399 and ECB404 were firstly examined in the 

HUVECs-based assay, where their IC50 values were determined to be 0.25 ± 0.09 [iM 

and 2.52 ± 1.44 )xM, respectively (Table 4.6). These hybrids successfully demonstrated 

an enhanced inhibition o f cell growth compared to that o f  ECB394, with a wide 

variation in the increased activity by a 16-fold and 1 .6 -fold enhancement, respectively. 

The effect o f both hybrids on PC-3 cell proliferation was also determined and their IC50
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values were determined to be 0.63 ±  0.02 |aM for ECB399 and 0.17 ±  0.06 |jM for 

ECB404 (Table 4.6). Once more, the activity o f  both hybrids was considerably 

improved compared to that o f  ECB394 by 7-fold for ECB399 and a remarkable 29-fold  

for ECB404. The cell growth inhibition observed with I;1 combination o f  

ECB394/bestatin was not proven greater than that caused by hybrids in both cell lines.

Table 4.6: Best fit IC50 values ± SEM o f group II hybrids, following the MTT assay (n=3).

4.09 ± 1.41 4.90 ±  1.12

43.03 ±  1.27 > 100

2.08 ±  1.44 6.77 ±  1.24

0.25 ± 0.09 0.63 ±  0.02

2.52 ± 1.44 0.17 ± 0 .0 6

4J .6 .3  Group III Hybrid

The anti-proliferative activity o f  ECB397 was evaluated in HUVECs and PC-3 cells. 

The effect o f  R S I80 (the active tubulin component released upon hydrolysis o f  

ECB397) in 1:1 combination with bestatin was also examined on both cell lines. In the 

HUVECs-based assay, R S I80 displayed strong anti-proliferative activity with an IC50 

value o f  65.05 ± 1.10 nM, whereas RS 180/bestatin combination revealed more than a 

9-fold increase in activity with an IC50 value o f  7.03 ± 3.41 nM. The ECB397 hybrid 

demonstrated a potent anti-proliferative effect against HUVECs and the IC50 value was 

30.00 ± 17.01 nM, which was proven to be superior to that o f  R S I80 alone, but not to 

that o f  the 1:1 combination (Table 4.7).

The inhibition o f  PC-3 cell growth by ECB397 and RS 180/bestatin combination was 

also examined. R S I80 exhibited a potent anti-proliferative effect against PC-3 cells 

(IC50: 50.65 ±  1.19 nM), and when combined with bestatin, the combination 

demonstrated enhanced activity (IC50: 10.52 ±  1.4 nM). The activity o f  ECB397 was 

slightly better than R S I80 (42.44 ±  1.55 nM ), but was not as effective as the 

combination (Table 4.7).
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Table 4.7: Best fit IC 50 values ± SEM  o f  group III hybrid, following the M TT assay (n=3).

Compounds

RSI 80

Bestatin

RS180 + Bestatin 
( 1:1)

HUVECs (nM) PC-3 cells (nM)

ECB397

65.05 ± 1.10

43.03 ± 1.27 (^M )

7.03 ±3.41

30.00 ± 17.01

50.65 ± 1.19 

> 100 (nM) 

10.52 ± 1.14 

42.44 ± 1.55

4.3.6.4 Group IV Hybrid

The effect o f group IV hybrid ADR469 on the proliferation o f HUVECs and PC-3 cells 

was investigated. Comparison studies o f ADR269 (the active tubulin inhibitor o f the 

hybrid), a 1:1 combination o f ADR269/bestatin and ADR469 hybrid was carried out in 

both cell lines. Their respective best fit IC50 values are displayed in Table 4.8. Within 

this group, a remarkably similar level o f activity in PC-3 cells was observed between all 

forms regardless o f the presentation o f  the tubulin binding component.

Table 4.8; Best fit IC50 values ± SEM o f  group IV hybrid, follow ing the M TT assay (n=3).

Compounds

ADR269

Bestatin

ADR269 + Bestatin 
(1:1)

ADR469

HUVECs (nM)

4.91 ± 1.01 

43.03 ± 1.27 (^M ) 

14.80±  1.13 

10.31 ± 1.22

PC-3 cells (nM)

4.67 ± 1.45 

> 100 (|iM ) 

5.43 ± 1.07 

5.41 ± 1.37

4.3.6.S Designed Multiple Ligand

The anti-proliferative activity o f  BW M120 against both HUVECs and PC-3 cells was 

examined. BW M 120 demonstrated modest inhibition, in comparison to R S I80, against 

HUVECs’ growth with an IC50 value o f  1.10 ± 0.09 jiM, but exhibited a more 

pronounced effect on PC-3 cells with an IC50 value o f 0.49 ± 0.03 |^M (Table 4.9).
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Table 4.9; Best fit IC5 0 values ± SEM o f BW M120, following the MTT assay (n=3).

Compounds HUVECs PC-3 cells

65.05 ± 1 .1 0  nM  50.65 ±  1.19 nM

1 .10± 0 .09 |^M  0.49 ± 0.03 ^iM

4.3.7 Immunofluorescence Staining of the Microtubules

The next stage o f the in vitro evaluation o f  the novel hybrids and DML was to explore 

their effects on the tubulin cytoskeleton o f  intact cells. Selected compounds were 

chosen for further evaluation including ECB378, ECB397, ADR469 and BW M 120, in 

order to examine the disruption o f  tubulin organisation o f endothelial cells. Samples 

were visualised using a confocal microscope and images were captured.

4.3.7.1 Group I Hybrid

ECB378 was selected for further evaluation in order to examine its effect on the 

microtubule organisation o f HUVECs. The effect o f  ECB378 on the tubulin 

cytoskeleton was not apparent at 1 (iM, unlike the rest o f  the tubulin inhibitors 

examined previously, and for this reason higher concentrations were used. An 

observable difference in the tubulin structure was more evident at 40 |aM ECB378, 

where there was a disruption o f the cell monolayer and absence o f tubulin 

microfilaments (Figure 4.23).

RS180

BWM120
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Figure 4.23: Microtubule disruption of endothelial cells by ECB378. HUVECs were treated for 

30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal microscope (x60). A) Control (0.1% DMSO), B) 10 

HM ECB378, C) 20 |.iM ECB378 and D) 40 |iM ECB378.

4.3.7.2 Group III Hybrid

ECB397 was examined for its ability to affect microtubule assembly in HUVECs. 

Treatment with I |aM o f ECB397 induced microtubule disruption as evidenced by the 

reduced degree o f microtubule staining (Figure 4.24). Long microtubule fibres were 

present in the control treated cells, whereas in the ECB397-treated cells a microtubule 

network was absent.
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Figure 4.24: Microtubule disruption of endothelial cells by ECB397. HUVECs were treated for 

30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal microscopc (x60). A-B) Control (0.1% DMSO), C- 

D) 1 nM ECB397.

4.3.7.3 Group IV Hybrid

The tubulin cytoskeleton o f  H U V ECs was exam ined after treatm ent w ith 1 

AD R469. T he disruption o f  m icrotubule organisation by A D R 469 was clear, as the 

am ount o f  stained tubulin was dram atically  reduced and no long m icrotubule filam ents 

w ere present (F igure 4.25).

A)

Figure 4.25; Microtubule disruption o f endothelial cells by ADR469. HUVECs were treated 

for 30 minutes and stained for a-tubulin (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal microscopc (x60). A-B) Control (0.1% DMSO) and 

C) 1 |iM ADR469.
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4.3.7.4 D esigned M ultiple L igand

The ability  o f  B W M 120 to d isrupt the tubulin  cytoskeleton o f  H U V E C s was 

investigated. Endothelial cells w ere incubated w ith 1 |aM o f  BW M 120. A  m inor effect 

was observed on the tubulin  cytoskeleton w hen cells w ere treated w ith 1 |aM B W M 120, 

thus a h igher concentration was used. A  m ore evident disruption o f  the cytoskeleton 

was observed after treatm ent o f  cells w ith 5 |aM BW M 120, w here there was a clear 

decrease in the am ount o f  stained tubulin  and loss o f  the com plex m icrotubule netw ork 

(Figure 4.26).

SOiJm

Figure 4.26: M icrotubule disruption o f  endothelial cells by BW M 120. HUVECs were treated 

for 30 minutes and stained for a-tubulin  (green) and nucleus (blue). Images were taken using an 

Olympus FVIOOO point scanning confocal m icroscope (x60). A) Control (0.1% DM SO), B) 1 

|iM B W M 120 and C) 5 ^M  B W M 120.

4.3.8 Cell Cycle A nalysis -  G2/M  Phase

Furtherm ore, the effect o f  each com pound on the cell cycle o f  H U V EC s and PC-3 cells 

was exam ined in order to establish their ab ility  to interfere w ith cell m itosis. In all the 

control treated cells, the highest peak for D N A -stained cells appeared to be in the Gi 

phase. The results w ere expressed in term s o f  percentage o f  cells in the G 2 /M  phase ± 

SEM.

4.3.8.1 G roup I H ybrid

H U V EC s and PC-3 cells were incubated  w ith  1 and 10 (xM o f  ECB378 and  exam ined 

for their cell cycle stage (F igure 4.27). C ontrol treated H U V ECs appeared to 

accum ulate in the Gi phase and the percentage in the G 2 /M  phase was 25.71 ±  1.66 %. 

Interestingly, E C B 378-treated H U V E C s did not show  a h igher percentage o f  cells in 

the G 2 /M  phase at 1 or 10 |xM w ith percentages o f  24.33 ± 0 .6 1  % and 24.42 ±  2.90 %,
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respectively  (F igure 4.28 A). Instead, the highest peaks appeared to be in the G | phase 

w ithout any noticeable difference to that o f  control treated cells. T reatm ent o f  H U V ECs 

w ith h igher concentrations o f  EC B 378, 20 and 40 |aM, did not result in a significant 

accum ulation o f  cells in the G 2 /M  phase, w ith respective percentages o f  31.95 ±  2.16 % 

and 22.25 ± 0.40 %. H igher concentrations o f  EC B 378 w ere not used due to the 

increased percentage o f  apoptotic cells detected in the sub-Go/Gi phase.

In addition, PC-3 cells w ere incubated w ith 1, 10, 20 and 40 f^M o f  ECB378 and then 

analysed for the percentage o f  cells in the G 2 /M  phase. C ontrol treated cells 

dem onstrated an accum ulation in the G | phase and the percentage o f  cells in the G 2 /M  

phase w as 25.51 ± 2.79 %. EC B 378-treated  PC-3 cells did not dem onstrate any 

significant increase o f  DNA content in the G 2 /M  phase at 1, 10, 20 or 40 )iM w ith 

percentages o f  27.00 ±  4.21 %, 24.53 ± 4.42 % , 27.91 ±  0.38 % and 22.40 ± 0.22 %, 

respectively (F igure 4.28 B).
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Figure 4.27: Cell cycle histograms o f the gated G 2/M cells treated with ECB378. HUVECs (H) 

and PC-3 cells (P) were treated for 24h, stained with PI and analysed using flow cytometry. A) 

Control (0.1% DMSO) (H), B) 1 |aM ECB378 (H), C) 10 |iM ECB378 (H), D) 20 |iM ECB378 

(H) E) 40 ECB378 (H), F) Control (0.1% DMSO) (P), G) 1 [iM ECB378 (P), H) 10 

ECB378 (P), I) 20 ^M ECB378 (P) and J) 40 ECB378 (P).
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Figure 4.28: Percentage of cells in the G2/M phase A) HUVECs and B) PC-3 cells incubated 

with ECB378. Data represents mean ± SEM (n=3).

4.3.S.2 Group I I I  Hybrid

ECB397 was evaluated for its ability to induce cell cycle arrest o f HUVECs and PC-3 

cells at the G j/M  phase (Figure 4.29). The percentage o f control treated HUVECs 

present in the G2 /M  phase was 25.71 ± 1.66 %. ECB397-treated HUVECs showed a 

significant (p < 0.05) difference in the percentage o f G2 /M  cells compared to that o f 

control cells at 1 |iM  (33.30 ± 1.19 %) and 10 |jM  (32.52 ±1.31 %), as shown in Figure 

4.30 A. Although the difference in the G2 /M  o f HUVECs between ECB397 and the 

control treated group was statistically significant, there was no obvious G2 /M  mitotic 

arrest. Control treated PC-3 cells showed 25.50 ± 2.81 % o f cells in the G 2 /M  phase, 

whereas ECB397-treated cells demonstrated a significant {p < 0.01) accumulation o f 

cells in the G2 /M  phase at 1 (iM (83.33 ±1.49 %), as shown in Figure 4.30 B.
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Figure 4.29: Cell cyc lc  h istogram s o f  the gated  G 2/M  cells treated  w ith EC B 397. H U V E C s (H) 

or PC-3 cells (P) w ere treated  fo r 24h, stained w ith  PI and analysed  u sing  flow  cy tom etry  A)  

C ontro l (0.1% D M SO ) (H ), B) 1 E C B 397 (H ), C ) 5 laM E C B 397 (H ), D) 10 EC B 397 

(H ), E) C ontrol (0.1% D M SO ) (? )  and F) 1 ^iM E C B 397 (P).
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'  p <  0 .0 5 ,  s ig n if ic a n tly  f iig h e r  m e a n  %  cell c o u n t  in th e  G 2 /M  p h a s e  c o m p a r e d  with 

th e  u n t r e a te d  c o n tro ls  a s  d e te rm in e d  b y  S tu d e n t ’s  M e s t.
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□  Control (0.1% DMSO) 
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Treatm ent

** p  <  0 .0 1 ,  s ig n ifican tly  h ig h e r  m e a n  %  ce ll c o u n t  in th e  G 2 /M  p h a s e  c o m p a r e d  with 

th e  u n t r e a te d  c o n tr o ls  a s  d e te rm in e d  by  S tu d e n t 's  ( - te s t .

Figure 4.30; Percentage o f  cells in the G 2/M  phase A) HUVECs and B) PC-3 cells incubated 

with ECB397. Data represents mean ± SEM (n=3).

4.3.S.3 Group IV Hybrid

The anti-mitotic effect o f  group IV hybrid A D R 469 was investigated by exam ining the 

cell cycle o f  HUVECs and PC-3 cells (Figure 4.31). The percentage o f  control treated 

HUVECs at the G 2 /M  phase was 28.00 ±  0.30 %, whereas the percentages for the 

ADR469-treated cells at 1 and 5 |aM were 35.72 ± 1.61 % and 36.50 ± 1.13 %, 

respectively (Figure 4.32 A). Although the percentage o f  G 2 /M  HUVECs was 

significantly (p < 0.05) higher in the A DR 469 treated group compared to the control, 

there was no apparent accumulation o f  cells in the G2 /M  phase.

As expected, control treated PC-3 cells demonstrated an accumulation o f  cells in the Gi 

phase and the percentage o f  cells in the G 2 /M phase was 29.54 ±  1.59 %. Treatment o f
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PC-3 cells with 1 and 5 |iM A DR 469 induced cell cycle arrest at the G 2 /M phase with 

percentage counts o f  79.02 ±  0.72 % and 79.12 ± 0.56 % respectively, which were 

significantly {p < 0 .001) higher compared to the control group (Figure 4.32 B).

A) B) C)

277 37 3 35 4

1x10^ 2x1(J*

P I

1x10^ 2x1Cr*

D) E) F)
10* •

80 180 331 9

2x10^

P I

Figure 4.31: Cell cycle histograms o f the gated G2/M cells treated with ADR469. HUVECs (H) 

or PC-3 cells (P) were treated for 24h, stained with PI and analysed using flow cytometry A) 

Control (0.1% DMSO) (H), B) 1 îM ADR469 (H), C) 5 [xM ADR469 (H), D) Control (0.1% 

DMSO) (P), E) 1 [iM ADR469 (P) and F) 5 |iM ADR469 (P).
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■  ADR469 5^M

Treatment

* p  <  0 .0 5 ,  s ig n if ican tly  h ig h e r  m e a n  %  ce ll c o u n t  in th e  G 2 /M  p h a s e  c o m p a re d  

w ith th e  u n t r e a te d  c o n tro ls  a s  d e te rm in e d  b y  S tu d e n t ’s  M e a t .

B) PC-3 cells (24h)
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□  Control (0.1% DMSO)
□  ADR469 1 nM 
■  ADR469 5^M

Treatment

* "  p  < 0 .0 0 1 , s ig n if ican tly  h ig h e r  m e a n  %  ce ll c o u n t  in th e  G 2 /M  p h a s e  c o m p a r e d  

with th e  u n t r e a te d  c o n tro ls  a s  d e te r m in e d  b y  S tu d e n t 's  / - t e s t .

Figure 4.32: Percentage o f  cells in the G2/M  phase A) H UVECs and B) PC-3 cells incubated 

with ADR469. Data represents mean ± SEM (n=3).

4.3.S.4 Designed Multiple Ligand

The cell cycle stage o f HUVECs and PC-3 cells was analysed after treatment with 

BWM120 as shown in Figure 4.33. An insignificant increase in the percentage of 

HUVECs present in the G2/M phase was observed after treatment with 1 |aM of 

BWM120 (33.38 ± 1.38 %) compared to that of the control group (25.71 ± 1.66 %), as 

shown in Figure 4.34 A. A higher concentration (5 |aM) o f BWM120 did not result in a 

G2/M phase arrest; instead cells appeared to undergone cell death as indicated by the 

accumulation of cells in the sub-Go/G| phase. BWMl20-treated PC-3 cells 

demonstrated an evident amplification in the percentage o f G2/M phase cells at 1 |iM
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(83.01 ± 3 .00 %) com pared to the control treated  cells (25.51 ±  2.79 % ), and the 

difference w as significant (p < 0.01), as show n in F igure 4.34 B.
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Figure 4.33: Cell cycle histograms o f the gated G2/M cells treated with BWM120, HUVECs 

(H) or PC-3 cells (P) were treated for 24h, stained with PI and analysed using flow cytometry 

A) Control (0.1% DMSO) (H), B) 1 îM BWM120 (H), C) 5 BWM120 (H), D) 10 ^M 

BWM120 (H), E) Control (0.1% DMSO) (P) and F) 1 pM BWM120 (P).
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with th e  u n t r e a te d  c o n tr o ls  a s  d e te r m in e d  b y  S tu d e n t 's  M e s t .

B) PC-3 cells (24h)
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** p  < 0 .0 1 ,  s ig n ifican tly  h ig h e r  m e a n  %  ce ll c o u n t  in th e  G 2 /M  p h a s e  c o m p a r e d  with 

th e  u n t r e a te d  c o n tro ls  a s  d e te rm in e d  b y  S tu d e n t 's  M e s t.

Figure 4.34: Percentage of cells in the G2/M phase A) HUVECs and B) PC-3 cells incubated 

with BWM120. Data represents mean ± SEM (n=3).

4.3.9 Cell Cycle Analysis -  Sub-Go/Gj Phase

It was hypothesised that hybrids and DML could possibly induce higher levels o f  cell 

death compared to either their associated tubulin inhibitor or bestatin alone, due to the 

fact that both components o f  the dual targeting compounds were previously shown to 

induce apoptosis [242, 564], It was essential to examine not only the effect o f the 

hybrid but also the effect o f the hybrid’s corresponding tubulin inhibitor and bestatin 

alone and in 1 ;1 combination.

Hence, cell cycle analysis was performed on treated HUVECs (24h) and PC-3 cells 

(72h) as previously described. The proportion o f sub-Go/Gi stained cells correlates to 

the level o f apoptotic DNA fragmentation and thus represents an indication o f  cell
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death. The results w ere expressed in term s o f  percentage o f  cells detected  in the sub- 

G q/G i phase ± SEM.

C A -4 served as a positive control at 10, 50 and 100 |xM using both H U V EC s and PC-3 

cells (F igure 4.35). The percentages o f  sub-Go/Gi H U V EC s at 10, 50 and 100 |aM C A -4 

w ere 36.62 ±  8.07 % {p < 0 .05), 37.18 ±  6.05 %  {p < 0 .05) and 34.80 ±  2.55 %  {p < 

0.01) respectively, w hich w ere significantly  h igher than the control treated cells 

(F igure 4.36 A). Follow ing treatm ent o f  PC-3 cells w ith 10, 50 and 100 |iM  CA -4, the 

percentages o f  sub-Go/Gi cells w ere determ ined to be 27.80 ± 5.18 % (/? < 0.05), 27.35 

±  7.10 %  ip < 0 .05) and 36.80 ±  6.32 % {p < 0 .01) respectively, w hich w ere 

significantly  higher than the control treated  cells (F igure 4.36 B).
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Figure 4.35: Cell cycle histograms o f the gated sub-Go/Gi cells treated with CA-4. HUVECs 

(H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and analysed using flow 

cytometry. A) Control (0.1% DMSO) (H), B) 10 CA-4 (H), C) 50 CA-4 (H), D) 100 

HM CA-4 (H), E) Control (0.1% DMSO) (P), F) 10 ^M CA-4 (P), G) 50 ^iM CA-4 (P) and H) 

100 nM CA-4 (P).
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Figure 4.36: Pcrccntage o f  cells in the sub-Go/G| phase A) HUVECs and B) PC-3 cclls 

incubated with CA-4. Data represents mean ± SEM (n=3).

4.3.9.1 Group I Hybrid

In order to examine any additive or synergistic effect o f group I hybrid, ECB378, the 

effects of ECB394 (Figure 4.37), bestatin (Figure 4.39), a 1:1 combination of 

ECB394/bestatin (Figure 4.41) and ECB378 (Figure 4.43) were assessed in the cell 

cycle analysis using both HUVECs and PC-3 cells.

The percentages of sub-Go/Gi HUVECs after treatment with 10, 50 and 100 )j M o f 

ECB394 were 12.60 ± 0.65 %, 21.95 ± 0.94 % and 26.01 ± 0.16 % (Figure 4.38 A); for 

bestatin 8.18 ± 1.80 %, 7.58 ± 1.36 % and 8.27 ± 1.32 % (Figure 4.40 A); for 

ECB394^estatin combinations 10.13 ± 0.13 %, 31.16 ± 1.81 % and 28.40 ± 0.57 %
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(Figure 4.42 A) and for ECB378 13.01 ± 2.93 %, 42.44 ± 4.01 % and 51.38 ± 4.82 % 

(Figure 4.44 A), respectively.

Furthermore, ECB394, bestatin, ECB394/bestatin combination and ECB378 were 

examined in the cell cycle analysis for any evidence o f cell death using PC-3 cells. The 

percentages of sub-Go/Gi PC-3 cells following treatment with 10, 50 and 100 |iM of 

ECB394 were 25.65 ± 5.30 %, 22.03 ± 4.66 % and 21.36 ± 0.86 % (Figure 4.38 B); for 

bestatin 8.13 ± 0.75 %, 7.70 ± 2.45 % and 7.28 ± 1.87 % (Figure 4.40 B); for 

ECB394/bestatin 23.37 ± 2.05 %, 25.96 ± 1.73 % and 23.76 ± 0.86 % (Figure 4.42 B) 

and for ECB378 26.33 ± 14.43 %, 60.62 ± 5.71 % and 69.00 ± 3.82 % (Figure 4.44 B), 

respectively. These results are summarised in Table 4.10.

Table 4.10; Percentage of cells in the sub-Go/Gi ± SEM (n=3), for group I hybrid.

mm
10 50 nM 100 10 nM 50 100 îM

36.62 ± 8.07 37 . 18 ± 6.05 34.80 ± 2.55 22.33 ±  1.54 12.33 ± 2.84 24.95 ± 5.00

12.60 ± 0.65 21.95 ± 0.94 26.01 ± 0.16 25.65 ± 5.30 22.03 ±  4.66 21 .3 6 ± 0.86

8 . 18± 1.80 7.58 ±  1.36 8.27 ±  1.32 8.13 ± 0.75 7.70 ± 2.45 7.28 ±  1.87

10. 13± 0.13 31 . 16 ±  1.81 28.40 ± 0.57 23.37 ± 2.05 25.96 ±  1.73 23.76 ± 0.86

13.01 ± 2.93 42.44 ± 4.01 51.38 ± 4.82 26.33 ±  14.43 60.62 ± 5.71 69.00 ± 3.82
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Figure 4.37: Cell cyclc histograms o f the gated sub-Go/Gi cells treated with ECB394. HUVECs 

(H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and analysed using flow 

cytometry. A) Control (0.1% DMSO) (H), B) 10 ECB394 (H), C) 50 |iM ECB394 (H), D) 

100 |iM ECB394 (H), E) Control (0.1% DMSO) (P), F) 10 ^M ECB394 (P), G) 50 hM 

ECB394 (P) and H) 100 ^M ECB394 (P).
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Figure 4.38: Percentage o f cells in the sub-Go/G| phase A) HUVECs and B) PC-3 cells 

incubated with ECB394. Data represents mean ± SEM (n=3).
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Figure 4.39: Cell cycle histograms o f the gated sub-Go/Gi cells treated with bestatin. HUVECs 

(H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and analysed using flow 

cytometry. A) Control (0.1% DM SO) (H), B) 10 |iM bestatin (H), C ) 50 |j M bestatin (H), D) 

100 nM bestatin (H), E) Control (0.1% DM SO) (P), F) 10 ^M bestatin (P), G) 50 ^iM bestatin 

(P) and H) 100 jaM bestatin (P).
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Figure 4.40: Pcrccntage o f cclls in the sub-Go/G| phase A) HUVECs and B) PC-3 cells 

incubated with bcstatin. Data represents mean ± SEM (n=3).
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Figure 4.41: Cell cycle histograms of the gated sub-Go/Gi cells treated with ECB394 and

bcstatin. HUVECs (H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and

analysed using flow cytometry. A) Control (0.1% DMSO) (H), B) 10 |iM E394 + 10 |iM bes

(H), C) 50 |iM E394 + 50 bes (H), D) 100 ^iM E394 + 100 |iM bes (H), E) Control (0,1%
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DMSO) (P), F) 10 E394 + 10 ^iM bes (P), G) 50 ^iM E394 + 50 )iM best (P) and H) 100

HM E394+ 100 nM bes (P).
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***p < 0.001, significantly higher mean % cell count in the sub-Go/G, phase compared 
with the untreated controls as determined by Student’s J-test.
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***p < 0.001, significantly higher mean % cell count in the sub-Go/G, phase 
compared with the untreated controls as determined by Student's f-test.

Figure 4.42: Percentage o f cells in the sub-Go/Gi phase A) HUVECs and B) PC-3 cells 

incubated with 1:1 ECB394/bestatin combinations. Data represents mean ± SEM (n=3).
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Figure 4.43: Cell cycle histogram s o f  the gated sub-Go/Gi cells treated with ECB378. HUVECs 

(H) were treated for 24h and PC-3 ceils (P) for 72h, stained with PI and analysed using flow 

cytometry. A) Control (0.1% DM SO) (H), B) 10 ^iM ECB378 (H), C) 50 ECB378 (H), D) 

100 |iM ECB378 (H), E) Control (0.1% DMSO) (P), F) 10 ^M  ECB378 (P), G) 50 ^iM 

ECB378 (P) and H) 100 ^M ECB378 (P).
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Figure 4.44: Percentage of cells in the sub-Go/Gi phase A) HUVECs and B) PC-3 cells 

incubated with ECB378. Data represents mean ± SEM (n=3).

ECB394 treatment at 100 )iM resulted in a significantly (p < 0.05) higher percentage of 

sub-Go/Gi HUVECs compared to the control cells, whereas bestatin did not 

demonstrate any observable increase in the sub-Go/Gi cells even at 100 |xM. 

Combination treatment of HUVECs with 50 and 100 (iM ECB394/bestatin revealed a 

significant {p < 0.001) accumulation of cells at the sub-Go/Gi phase. Similarly, 

treatment with 50 and 100 fiM ECB378 significantly {p < 0.01) induced a sub-Go/G| 

arrest. Statistical comparison of ECB378 with ECB394 at each concentration showed 

significant {p < 0.05) differences at 50 and 100 ^M, indicating that ECB378 caused 

higher percentage of cell death than ECB394. In addition, significant (p < 0.01) 

difference was detected between ECB378 and ECB394/bestatin combination at 100
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(jM, which indicates that ECB378 has superior activity to that of a 1:1 ECB394/bestatin 

combination.

ECB394-treated PC-3 cells showed a significant accumulation at the sub-Go/Gi phase 

at 10 |aM {p < 0.05), 50 |aM {p < 0.05) and 100 |jM (/? < 0.01) compared to the control 

cells, whereas bestatin treatment failed to elicit any significant difference in the 

percentage o f sub-Go/Gi cells. Treatment with 1:1 ECB394/bestatin combinations 

resulted in a significantly {p < 0.001) higher amount o f sub-Go/Gi PC-3 cells at each 

concentration compared to the control group, while ECB378 also demonstrated 

significance at 50 and 100 |aM. ECB378, ECB394 and ECB394/bestatin combinations 

were statistically analysed for any difference in activity and it was found that ECB378 

induced a significantly (/? < 0.01) higher proportion of cell death than ECB394 alone or 

in combination with bestatin at 50 and 100 |^M.

4.3.9.2 G roup III Hybrid

Group III hybrid ECB397 was evaluated in the cell cycle analysis assay in order to 

assess its effect on HUVECs and PC-3 cells. It was necessary to examine R SI80 

(Figure 4.45), a 1:1 combination o f RS180/bestatin (Figure 4.47) and ECB397 hybrid 

(Figure 4.49), for their ability to induce HUVEC or PC-3 cell death at 10, 50 and 100 

|jM.

The percentages o f HUVECs detected in the sub-Go/Gi phase, treated with 10, 50 and 

100 R S I80 were 25.71 ± 1.04 %, 31.55 ± 1.20 % and 26.72 ± 0.97 % (Figure 4.46 

A); for RS 180/bestatin combination they were 25.10 ± 0.32 %, 33.72 ± 6.51 % and 

28.43 ± 1.41 % (Figure 4.48 A), and for ECB397 they were 29.80 ± 3.32 %, 39.91 ± 

2.24 % and 39.10 ± 3.49 % (Figure 4.50 A), respectively.

Additionally, the percentages of sub-Go/Gi PC-3 cells treated with 10, 50 and 100 |iM 

R S I80 were 12.97 ± 2.03 %, 27.90 ± 3.71 % and 21.93 ± 2.60 % (Figure 4.46 B); for 

RS 180/bestatin combination they were 25.82 ± 1.91 %, 39.10 ± 6.70 % and 13.35 ± 

4.80 % (Figure 4.48 B), and for ECB397 they were 10.82 ± 4.22 %, 6.41 ± 3.24 % and 

5.20 ± 1.53 % (Figure 4.50 B), respectively. These results are summarised in Table 

4.11.
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Table 4.11: Percentage o f cells in the sub-Go/G| ± SEM (n=3), for group III hybrid.

10 50 ^M 100 îM 10|XM 50|aM 100

36.62 ± 8.07 37.18 ±6.05 34.80 ±2.55 22.33 ± 1.54 12.33 ±2.84 24.95 ±5.00

25.71 ± 1.04 31.55 ± 1.20 26.72 ± 0.97 12.97 ±2.03 i 27.90 ±3.71 21.93 ±2.60

8.18± 1.80 7.58 ± 1.36 8.27 ± 1.32 8.13 ±0.75 7.70 ± 2.45 7.28 ± 1.87

25.10 ±0.32 33.72 ±6.51 28.43 ± 1.41 25.82 ± 1.91 39.10 ±6.70 13.35 ±4.80

29.80 ±3.32 39.91 ±2.24 39.10±3.49 10.82 ±4.22 6.41 ±3.24 5.20 ± 1.53

A) B)
10* i(f

Io

lK l( f  2 x W  3x10< I x W  2x10< 3x10<

C)

1

D)

PI P I

1x10« 2x10* 3x10< 

PI

lA
1x10< 2xl0< 3x10* 

P I

E) F) G) H)
10-*

1x10* 2x1(5* 3x10* 

PI
1xld»* 2x10* 3x10* 

P I
1x10* 2x10* 3x10* 

P I

1x10* 2x10* 3x10* 
P I

Figure 4.45: Cell cycle histograms o f the gated sub-Go/Gi cells treated with RSI 80. HUVECs 

(H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and analysed using flow 

cytometry. A) Control (0.1% DMSO) (H), B) 10 R S I80 (H), C) 50 nM R S I80 (H), D) 100 

R SI80 (H), E) Control (0.1% DMSO) (P), F) 10 ^M R SI80 (P), G) 50 îM R S I80 (P) and 

H) 100 nM R S I80 (P).

222



A) HUVECs (24h)
r  40n

o 30 ■

w 2 0 -

<z

6  10 -

o  
A3(/)

CD Control (0.1% DMSO) 
□  RS180 10 nM 
B  RS180 50nM 
■  RS180 100 nM

Treatment

** p < 0.01, *** p < 0.001, significantly higtier mean % cell count in ttie sub-Go/G, 
phase compared with the untreated controls as determined by Student’s (-test.

B)

3
Oo
'S 30* 
u

(?) 20 o>
b
CO

6  10'a
C3

5  0-

PC-3 cells (72h)

n  Control (0.1% DMSO) 
□  RS18010 nM 
■  RS180 5 0 mM
■  RS180 100 mM

Treatment

* p < 0.05, ** p < 0.01, significantly higher mean % cell count in the sub-Go/G, phase
compared with the untreated controls as determined by Student's Mest.

Figure 4.46: Percentage o f cells in the sub-Go/Gi phase A) HUVECs and B) PC-3 cells 

incubated with RSI80. Data represents mean ± SEM (n=3).
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Figure 4.47: Cell cycle histograms o f the gated sub-Go/Gi cells treated with R S I80 and 

bestatin. HUVECs (H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and 

analysed using flow cytometry. A) Control (0.1% DMSO) (H), B) 10 [jM RS180 + 10 jaM best 

(H), C) 50 |iM RS180 + 50 bes (H), D) 100 |iM RS180 + 100 |iM bes (H), E) Control 

(0.1% DMSO) (P), F) 10 hM RS180 + 10 laM bes (P), G) 50 |.iM RS180 + 50 nM bes (P) and 

H) 100 nM RS180 + 100 bes (P).
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Figure 4.48: Percentage o f cells in the sub-Go/G| phase A) HUVECs and B) PC-3 cells 

incubated with l ; l  RS180/bestatin combinations. Data represents mean ± SEM (n=3).
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Figure 4.49; Cell cycle histograms o f  the gated sub-Go/Gi cells treated with ECB397. HUVECs 

(H) were treated for 24h and PC-3 cells (P) for 72h, stained with PI and analysed using flow 

cytometry. A) Control (0.1% DMSO) (H), B) 10 nM ECB397 (H), C) 50 ECB397 (H), D) 

100 nM ECB397 (H), E) Control (0.1% DM SO) (P), F) 10 ^iM ECB397 (P), G) 50 |jM 

ECB397 (P) and H) 100 \iM  ECB397 (P).
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Figure 4.50: Percentage o f  cells in the sub-Go/Gi phase A) HUVECs and B) PC-3 cells 

incubated with ECB397. Data represents mean ± SEM (n=3).

Incubation of HUVECs for 24h with 10, 50 and 100 pM R SI80, 1:1 R S180/bestatin 

combinations and ECB397 resulted in significantly higher proportion of sub-Go/Gi cells 

compared to the control group at all concentrations. Statistical comparisons o f ECB397 

with either R S I80 or a 1:1 RS 180/bestatin combination revealed significant {p < 0.05) 

difference at 100 pM, indicating that ECB397 induced a higher level o f HUVECs in the 

sub-Go/Gi phase.

The data obtained from PC-3 cells treated with 10, 50 and 100 pM R SI80 showed a 

significantly increased sub-Go/Gi cell population compared to the control group, 

whereas RS 180/bestatin combination attained significance (p < 0.01) at 10 and 50 pM. 

ECB397 treatment failed to demonstrate an accumulation of PC-3 cells in the sub- 

Go/G] phase, whereas statistical comparison indicated that R S I80 alone or in
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combination with bestatin induced a significantly larger population o f PC-3 cells in the 

sub-Go/Gi phase.

4.3.9.3 Designed Multiple Ligand

The ability o f  BW M120 to induce cell death o f HUVECs or PC-3 cells was determined 

(Figure 4.51). HUVECs were incubated with 10, 50 and 100 fiM BW M 120 and 

analysed for their DNA-content. The percentages o f sub-Go/Gi HUVECs treated with 

10, 50 and 100 ^iM BWM120 were 12.27 ± 6.87 %, 20.30 ± 6.53 % and 39.39 ± 11.81 

%, respectively (Figure 4.52 A).

In addition, the effect o f BWM120 on PC-3 cell death was examined following a 72h 

incubation period. The percentages o f  sub-Go/Gi PC-3 cells treated with 10, 50 and 100 

BW M120 were as follows: 12.02 ± 1.44 %, 34.61 ± 9.60 % and 81.83 ± 2.11 %, 

respectively (Figure 4.52 B). These results are summarised in Table 4.12.

Table 4.12: Percentage o f  cells in the sub-Go/G| ± SEM (n=3), for BWM120.

Treatment

CA-4

RS180

BW M 120

mm
10 5 0 |lM 100 lO tiM 50 100 nM

36.62 ± 8.07 37.18 ± 6.05 34.80 ± 2.55 22.33 ±  1.54 12.33 ± 2.84 24.95 ±  5.00

25.71 ±  1.04 31 .5 5 ± 1.20 26.72 ± 0.97 12.97 ± 2.03 [ 27.90 ± 3.71 21.93 ± 2.60

12.27 ± 6.87 20.30 ± 6.53 39 .3 9 ± 11.81 12.02 ± 1.44 34.61 ± 9.60 81.8 3 ± 2.11
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Figure 4.51: Cell cyclc histograms o f the gated sub-Go/Gi cells treated with BW M 120. 

HUVECs (H) were treated for 24h and PC-3 eells (P) for 72h, stained with PI and analysed 

using flow cytometry. A) Control (0.1% DMSO) (H), B) 10 |jM BW M 120 (H), C) 50 |iM 

BW M 120 (H), D) 100 |iM  BW M 120 (H), E) Control (0.1%  DM SO) (P), F) 10 nM BW M 120 

(P), G) 50 nM BW M 120 (P) and H) 100 nM BW M 120 (P).
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Figure 4.52: Percentage of cells in the sub-Go/Gi phase A) HUVECs and B) PC-3 cells 

incubated with BWM120. Data represents mean ± SEM (n=3).

Statistical analysis was performed and found a significant {p < 0.05) difference in the 

percentage cell count o f sub-Go/Gi cells between the 100 |^M B W M 120-treated cells 

and the control group. Due to the structural relationship o f BW M 120 to R S I80, 

statistical comparison was carried out between the two at the corresponding 

concentrations but no significant different in the percentage o f apoptotic cells was 

detected.

A significant difference between the BWM 120 group and the control group was 

detected at all three concentrations. Statistical comparison o f BW M 120 and R S I80 

group at each concentration revealed a significantly (p < 0.001) higher percentage o f 

PC-3 cell death at 100 ^M BW M 120.
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4.3.10 Analysis o f Endothelial Cells’ Morphology

As previously  d iscussed in C hapter 2, the ability  o f  test com pounds to alter the 

m orphology o f  endothelial cells is an indication o f  an anti-vascular effect. Control 

treated  H U V EC s retained a confluent m onolayer and appeared to be w ell-structured  

w ith no observable abnorm alities. Hybrids and D M L clearly  induced rapid changes in 

the m orphology o f  cells, Ih after drug w ashout, including shrinkage, darkness and 

round-up o f  the cells as well as reduced cell area. H ow ever, in m ost cases, cells treated 

w ith test com pounds w ere show n to regain their shape and structure after 3h o f  drug 

washout.

4.3.10.1 Group I Hybrid

The effect o f  EC B 378 on the endothelial cell m orphology was investigated at 1, 5 and 

10 |aM, w here there was no observable d ifference betw een the treated and the control 

cells (F igure 4.53). Therefore, h igher concentrations o f  ECB378 w ere used at 20 and 40 

jiM (F igure 4.54). Endothelial cells treated with 20 j^M EC B 378 did not show  any signs 

o f  m orphological disruption, how ever at 40 (iM cells appeared m orphologically  

different from  the control group but the changes w ere not severe, neither the cell area 

was reduced. Follow ing a 3h incubation period, cells treated at 40 |aM ECB378 

regained their appearance and w ere sim ilar to the control treated cells.

Figure 4.53; The effect of ECB378 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO) B) 1 ECB378, C) 5 ECB378 and D) 10

HM ECB378.
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Figure 4.54: The effect o f ECB378 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO), B) 20 ECB378 and C) 40 ECB378.
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4.3.10.2 G roup III H ybrid

ECB397 was assessed for its ability to disrupt endothelial cell morphology. HUVECs 

were treated with 0.1 and 1 fxM ECB397 and examined microscopically (Figure 4.55). 

M inor changes to endothelial cell morphology were noted when 0.1 |aM ECB397 was 

used with a more significant effect at 1 |iM  ECB397, where the cell monolayer was 

disturbed and the morphology o f the endothelial was altered. Despite the drastic 

morphological changes, endothelial cells regained normality after 3h o f drug washout.

Figure 4.55: The effect of ECB397 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO), B) 0.1 ^iM ECB397 and C) 1 ECB397.

4.3.10.3 G roup IV H ybrid

The indirect anti-vascular effect o f ADR469 on endothelial cell morphology was 

determined. HUVECs were incubated with 0.1 and 1 |iM ADR469 and their appearance 

was examined (Figure 4.56). A severe effect on cell morphology was noted after 

treatment with ADR469 at both concentrations, where the cell monolayer seemed 

disrupted and cells appeared to shrink and round up. As observed 3h after drug 

washout, cells did not seem to regain their original shape, signifying ADR469 potency.
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Figure 4.56: The effect of ADR469 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO), B) 0.1 îM ADR469 and C) 1 ADR469.

4.3.10.4 Designed Multiple Ligand

The effect o f BW M120 on endothelial cell morphology was evaluated at I and 5 |jM 

(Figure 4.57). BW M 120-treated HUVECs resulted in structural alterations and 

disruption o f the cell monolayer. This effect was more evident at 5 |iM, where cell 

morphology appeared even more disturbed. Treated cells fully regained normality after 

treatment with I j^M BWM 120 and to a lesser extent with 5 jaM, as observed 3h after 

drug washout.

Figure 4.57: The effect of BWM120 on endothelial cells’ morphology. HUVECs were exposed 

to the compounds for 40 minutes and photomicrographs (xlO) were taken Ih (*) and 3h (**) 

after drug washout. A) Control (0.1% DMSO), B) 1 îM BWM 120 and C) 5 nM BWM 120.
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4.4 Discussion

Presented here is the evaluation of several dual-acting inhibitors of tubulin 

polymerisation and APN. While bestatin is used clinically as an adjuvant in the 

treatment of AML, its use in this project was primarily to elucidate the evidence in 

support of its use in hybrid forms for the targeting of drugs to the tumour vasculature 

and inhibition of APN. This enzyme is considered essential for tumour vasculature 

growth and metastasis. The tubulin binding component of the design was largely 

incorporated to inhibit endothelial and tumour cell proliferation, cause tumour 

vasculature shutdown and exert a direct anti-tumour effect in vivo. Initial studies 

focused on the evaluation o f test compounds in APN-based assays, followed by 

examination of cell proliferation, disruption of the tubulin cytoskeleton, cell cycle 

stages and endothelial cells’ morphology.

4.4.1 APN Enzyme-based Assay

The APN enzyme-based assay was performed in order to determine the APN enzyme 

inhibitory activity of hybrids and DML. Bestatin was used as a positive control in order 

to compare its activity with test compounds. All hybrids, whether presented as dual 

active agents or in a prodrug form (IC50 range: 32.04 ± 1.19 to 23.49 ± 1,12 |aM, p. 174- 

176), demonstrated superior inhibition of APN compared to that of bestatin (IC5 0 : 59.81 

± 1.08 |aM). The only exception was ADR469, where it was not possible to generate an 

IC50 value, owing to the colour intensity of the solution at the higher concentration of 

test compound used. There was no particular pattern in the hybrids’ activity between 

the various groups, which implies that the hybrids’ design was not associated with 

potency at the enzymatic level. The most potent hybrid was ECB404 (IC5 0 : 23.49 ± 

1.12 pM, Table 4.2, p .175) which showed more than a 2-fold increase in activity 

compared to bestatin and caused significantly {p < 0.05) greater APN inhibition than 

the rest of the hybrids (ECB377, ECB378 and ECB397). This result suggests that 

structural modifications generated from conjugation o f bestatin with a tubulin binding 

agent may enhance the binding affinity to the APN enzyme, and thus greater inhibition 

is observed with the hybrids compared to that of bestatin. Interestingly, these results are 

in agreement with previous work performed by McCormack during his PhD studies 

(2002), where colchicine-bestatin hybrids exhibited equipotent tubulin inhibitory
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activity to the model compound colchicines, and excellent APN inhibition, significantly 

better than the parent drug, bestatin.

In addition, (2S,3R)-3-amino-2-hydroxy-4-phenylbutanoyl-L-valyl-L-prolyl-L-proline), 

namely probestin, which is a non-specific aminopeptidase inhibitor, demonstrated 

greater APN inhibition (IC 50: 0.03 |xg/mL) compared to that o f  bestatin (IC 5 0 : 6.2 

|j.g/mL) [274], This could be due to the more hydrophobic proline moiety o f  the 

molecule which binds better to the hydrophobic pockets o f the enzyme.

Evaluation o f BW M120 resulted in a 6 -fold increase in activity (IC 5 0 ; 9.32 ± 1.06 jiM, 

Table 4.4, p. 176) compared to bestatin, implying that BW M120 was the most active 

compound evaluated in the APN enzyme-based assay. The conjugation o f a 

hydroxamic acid to the tubulin targeting compound R S I80 resulted in a potent APN 

inhibitor. This finding complies with several findings from the literature which suggest 

that hydroxamic acid-related compounds demonstrated strong APN inhibition, 

including a series o f phosphinates (IC 50 range; 0.24-155 |aM) and a N-hydroxy-2- 

(naphthalene-2-ylsulfanyl)-acetamide (IC5 0 : 3.4 |iM ) [574-575]. In addition, CHR- 

2797, a hydroxamate-containing ester, demonstrated greater APN inhibition (IC 5 0 : 0.22 

|iM ) compared to that o f bestatin (IC5 0 ; 0.30 |aM) [576].

4.4.2 APN Cell-based Assay

The APN inhibitory properties o f test compounds were assessed in two cell-based 

assays, involving APN-positive HUVECs and PC-3 cells. Non-toxic concentrations o f 

test compounds were determined prior to the APN cell-based assays, in order to avoid 

any misinterpretation o f the results. The theory behind this procedure was sim ilar to the 

APN enzyme assay; except the active enzyme is replaced by cellular APN. All hybrids 

demonstrated superior APN inhibitory activity compared to that o f  bestatin, when using 

both HUVECs and PC-3 cells (p. 182-188). There was a slight variation in activity 

between HUVECs and PC-3 cells which could be associated with the level o f cellular 

APN present in each cell population. The hybrids within each group displayed an 

inhibitory effect in a similar manner; however ECB404, ECB397 and ADR469 (the 

ester-link hybrids) showed high levels o f activity against both cell lines. It is 

worthwhile to note that ADR469 showed APN inhibitory activity at concentrations as
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low  as 0.1 |iM with HUVECs, which highlights its potency in a cellular environment, in 

contrast with its observable decreased activity at the enzymatic level.

The results may suggest that these hybrids are more active in a cell-based than an 

enzym e-based assay for two hypothetical reasons. The design o f  these compounds 

(which are more hydrophobic than bestatin) may facilitate their intracellular uptake, 

which could inhibit the cytosolic APN, as well as the membrane-bound APN. The final 

outcome from this effect could be an overall higher percentage o f  APN inhibition. 

These results are comparable to data reported by Sekine et al. which demonstrated that 

bestatin methyl ester, which is more hydrophobic and thus more cell permeable than 

bestatin, showed a higher APN inhibition in HeLa cells (IC5 0 : 10.2 ng/mL) compared to 

that o f  bestatin (IC50: 14.2 ng/mL) [243]. In addition, a bestatin dimethylaminoethyl 

ester, LYP, suppressed the APN activity o f  ES-2 and SKOV-3 ovarian carcinoma cells, 

to a greater extent than bestatin. It was suggested that the ester moiety in the LYP 

m olecule may contribute to the effect o f  LYP on cancer cells [281].

A different theory that could possibly explain this result is the non-specific inhibition o f  

APN by bestatin, i.e. bestatin is a known inhibitor o f  aminopeptidase B [577], leucine 

and arginine aminopeptidases [578]. In the presence o f  other aminopeptidases in the 

particular cell population used, there is a possibility that the bestatin component o f  the 

hybrids interfered with them leading to greater overall inhibition.

The APN inhibitory data obtained from BW M 120 treatment did not reveal higher 

potency than bestatin in the HUVECs-based assay, and was only significantly more 

active than bestatin at the highest concentration in the PC-3 cell-based assay (p. 189). In 

contrast to the results generated from the enzym e-based assay, BW M 120 showed only 

moderate activity in the cell-based assay which highlights the importance o f  the 

com pounds’ design in the outcome o f  the study based in a cellular environment. It is 

interesting to note that 24F, a hydroxamic acid derivative ((S )-2-am ino-N -((S)-l-(2- 

(hydroxyam ino)-2-oxoethyl)-2,6-dioxopiperidin-3-yl)-3 phenylpropanamide) was 

reported to react strongly with APN in vitro  by inhibiting its enzym e activity but 

demonstrated moderate inhibition o f  APN activity using HL-60 cells (IC50: 1.88 mM) 

[579]. In both cases (B W M I20 and 24F), this might be as a result o f  the “less 

hydrophobic nature” o f  these types o f  compounds, leading to decreased intracellular
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uptake. Another possible explanation may involve the fact that higher binding affinity 

o f such compounds for APN could result in a stronger binding to the membrane-bound 

APN, which in turn results in less intracellular uptake and thus less APN inhibition.

4.4.3 Inhibition of APN Expression

The ability o f BWM120 to bind to the extracellular APN and inhibit its expression was 

investigated. A significantly lower level o f PE CD 13 was detected in the BWM120- 

treated HUVECs (83.41 ± 5.83 % at 0.1 mM and 53.80 ± 2.41 % at 0.5 mM) and PC-3 

cells at the highest concentration (124.83 ± 5.90 % at 0.5 mM) compared to that o f the 

control (p. 190-193). A possible explanation could be that BWM120 binds strongly to 

the APN and prevents its recognition by the CD 13 antibody, thus lower APN 

expression was detected.

A similar APN expression pattern was reported by Cui et al., where a cyclic-imide 

peptidomimetics compound, C1P-13F, designed to fit to the active pockets SI and S 'l 

o f APN, demonstrated significant suppression of APN activity and expression in ES-2 

cells, when analysed using flow cytometric and Western blot techniques [560], Gao et 

al. also reported that the APN expression of ES-2 cells was significantly decreased 

following 24h exposure to LYP, when compared to the untreated control cells, and 

showed greater inhibition than that o f the bestatin-treated cells [281].

4.4.4 Cell Proliferation Assay

The effect o f test compounds on the proliferation of HUVECs and PC-3 cells was 

determined using the MTT assay. For comparison purposes individual components of 

the hybrids and their 1; 1 combination were also examined. The potency of the hybrids 

varied depending upon their design. Bestatin’s effect on HUVECs’ proliferation was 

moderate (IC50: 43.03 ± 1.27 |iM); this is in agreement with data reported by Mishima 

et al., where 50 |aM bestatin inhibited approximately 80% o f HUVECs’ proliferation 

[580], However in the PC-3 cell based assay, bestatin was evaluated up to 100 |jM but 

no effect was observed. In fact, bestatin is a weak anti-proliferating agent which 

demonstrated IC50 values in the low millimolar range (0.87 ± 0.07 mM and 1.98 ± 0.09 

mM against HL-60 and SK0V3 cells, respectively) [581]. In addition, bestatin showed 

selectivity to SQ-5 and EBC-1 squamous lung cancer cells (IC50 values: 72.7 ± 17.0
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and 94.7 ± 9.9 |ag/mL, respectively), over ABC-1, RERF-LC-OK and RERF-LC-MS 

adenocarcinoma lung cancer cells, where IC50 values were not obtained ( > 200 |jg/mL) 

[242].

ECB394, the tubulin-binding agent related to group I hybrids, demonstrated reasonable 

anti-proliferative effect against HUVECs or PC-3 cells (IC5 0 : 4.09 ± 1 .41  ).iM and 4.90 

± 1.12 |iM, respectively); this was similar to ECB377 or ECB378 hybrids which had 

IC50 values varying in the low m icromolar range (IC 50 range: 4.71 ± 0.52 |aM to 12.05 ± 

3.31 |iM , Table 4.5, p .194). Taking into consideration the data generated from the 

hybrids, there is no evidence to support the hypothesis that group I hybrids 

demonstrated a greater anti-proliferative effect on HUVECs or PC-3 cells than their 

individual components, alone or in 1:1 combinations. In theory, group I hybrids were 

designed to remain intact under physiological conditions, which m ay suggest that such 

larger-sized molecules provoke a weaker binding affinity to tubulin, resulting in 

decreased potency. In fact, hydrolysis studies conducted by Breen confirmed that group 

I hybrids remained intact under physiological conditions [554].

Group II hybrids, ECB399 and ECB404, showed a substantial increase in their anti

proliferative activity (IC 50 range: 0.17 ± 0.06 |iM  to 2.52 ± 1.44 |iM, Table 4.6, p. 195) 

compared to their associated tubulin inhibitor ECB394, in both HUVECs and PC-3 

cells (IC5 0 : 4.09 ± 1.41 |aM and 4.90 ± 1.12 |iM, respectively). Although it was not 

clear whether these hybrids remained intact or were degraded by a slow release o f their 

individual components, they demonstrated relatively strong anti-proliferative activity, 

implying that their design facilitates their activity. In theory, group II hybrids have an 

aliphatic ester linkage, which is more stable than the phenol ester, because it could 

undergo elimination instead o f hydrolysis, thus resulting in a stronger conjugation. 

Studies conducted by Breen suggested that group II compounds hydrolysed under 

physiological conditions to generate both bestatin and the thermodynamically more 

stable alkene derivative [554].

Group III hybrid ECB397 showed superior anti-proliferative activity against HUVECs 

and PC-3 cells (IC 5 0 : 30.00 ± 17.01 nM and 42.44 ± 1.55 nM, respectively. Table 4.7, 

p. 196) to that o f R S I80 (IC5 0 : 65.05 ± 1.10 nM and 50.65 ± 1 . 1 9  nM, respectively); 

however the 1:1 combination o f  bestatin and R S 180 was proven to be more effective

239



(ICso: 7.03 ±  3.41 nM and 10.52 ± 1 . 1 4  nM, respectively). E C B 397’s prodrug design  

demonstrated an advantage over R S I80 which either indicates a higher cell 

accumulation o f  the active agent due to hydrolysis or perhaps provides an additive 

effect by the involvement o f  two different mechanism o f  action. Preliminary hydrolysis 

studies confirmed that ECB397 was hydrolysed to release its individual components 

under physiological conditions [554].

Group IV hybrid A DR 469 demonstrated the highest potency compared to the rest o f  the 

hybrids in the MTT assay, in both HUVECs and PC-3 cells (IC50: 10.31 ±  1.22 nM and 

5.41 ± 1.37 nM, respectively. Table 4.8, p. 196), but did not show greater activity than 

ADR 269 (IC50: 4.91 ± 1.01 nM and 4.67 ± 1.45 nM, respectively). Interestingly, 1:1 

combination o f  ADR269/bestatin resulted in a similar anti-proliferative effect (IC50: 

14.80 ± 1 . 1 3  nM and 5.43 ±  1.07 nM) to that o f  A DR 469, suggesting possible release 

o f  A D R 269 and bestatin under physiological conditions.

The preliminary in vitro  studies proposed that the prodrug-form hybrid approach was 

more effective than the active hybrid approach. Several dual-targeting hybrids have 

previously been developed that incorporate a tubulin binding agent with a view  to 

improve their overall pharmacological properties, with varying degrees o f  success. In 

particular, Ohtsu et al. reported a series o f  PTX -CPT hybrids which were more active 

against HCT-8 cell proliferation than either PTX or CPT, and their potency differed 

from the 1;1 combination o f  single agents [582]. Perhaps a different mechanism o f  

action is involved follow ing conjugation o f  the two individual m oieties. In addition, an 

ester-link tubulin targeting hybrid, CA-4-chloram bucil (D N A  alkylating agent), 

demonstrated higher potency than CA-4 in a SH -SY 5Y  human neuroblastoma cell line, 

but was comparable to the 1:1 combination o f  CA -4 and chlorambucil. However, this 

hybrid did not exhibit superior activity to CA-4 in RBL mastocyte and REN  

mesotheliom a cell lines, but still remained relatively potent (IC50 < 3 nM). A possible  

reason for the varied activity might be due to the relative esterase activity present in 

different cell lines [583].

In contrast, Kar et al. designed and synthesised bifunctional heterodimers targeting both 

microtubule stabilisation (using PTX) and D N A  replication (using daunorubicin, a 

DNA-intercalating anthracycline). The PTX-daunorubicin conjugates which contained

240



ester and am ide linkages, failed  to dem onstrate greater growth inhibition than PTX  or 

daunorubicin. This m ight be due to the increased bulk o f  the hybrid and perhaps 

inadequate release o f  the individual com pounds (upon in v itro  c leavage) [584].

A lthough in our case the anti-proliferative activity o f  hybrids is b elieved  to be m ainly  

due to their tubulin binding com ponent w hich is m ore active than bestatin, a synergistic  

effect m ay be observed w ith the ester-link hybrids (E C B 397, E C B 399, E C B 404 and 

A D R 469). A ccording to Gao e t a l., LYP had a dose-dependent anti-proliferative effect  

on E S-2 ce lls  in the concentration range 50 -8 0 0  |iM  fo llow in g  72h o f  exposure, and 

dem onstrated a sign ificantly  stronger inhibitory effect than bestatin [281].

B W M 1 2 0 ’s design  incorporates a hydroxam ic acid unit onto the carbonyl o f  R S I 80, 

and as such w e refer to this com pound as a DM L. The anti-proliferative effect o f  

B W M 120 against H U V E C s and PC-3 ce lls  w as slightly  reduced (IC 50: 1.10 ±  0 .92  |jM  

and 0 .49  ±  0 .25  ^M , respectively. Table 4 .9 , p. 197) com pared to R S I 80 (IC 5 0 : 65 .05  ±  

1.10 nM and 50 .65  ±  1.19 nM , respectively); how ever this com pound w as still 

considered relatively potent. A lthough it is uncertain w hether B W M 120 is hydrolysed  

under p h ysio logica l conditions, the data from the cell proliferation assay m ay suggest  

that this com pound either rem ains intact or s lo w ly  hydrolyses due to the decreased  

activity observed, com pared to that o f  RSI 80.

Krige e t al. reported that the hydroxam ate-containing ester C H R -2797, w hich is 

converted to the active acid product C H R -79888 , exerted anti-proliferative effects  

against a range o f  human leukaem ic and lym phom a cell lines. A gainst these cell lines  

its activity w as 300  tim es greater than bestatin (IC 50 range: 10-10000 nM ). H ow ever  

w hen C H R -79888 itse lf  w as evaluated it dem onstrated m uch w eaker anti-proliferative  

properties (IC50 > 10 |aM), suggesting  that the prodrug ester form , as in C H R -2797, is 

essential for optim al intracellular uptake. To con fin n  this hypothesis, the fate o f  C H R - 

2797  w as investigated upon incubation with U -937  ce lls , w here C H R -79888  

accum ulated intracellularly in a tim e-dependent m anner [576]. The presented ev idence  

supports our hypothesis and indicates that the ester link-prodrug design  is preferable to 

the active acid form for optim al cellular uptake.
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4.4.5 Immunofluorescence Staining of the Microtubules

Once it was established that test compounds exhibited APN inhibitory properties, the 

next stage o f their in vitro evaluation was to verify the properties o f the tubulin 

targeting component of the design. Endothelial cells treated with group I hybrid 

ECB378 did not demonstrate sufficient evidence of microtubule disruption at 1 or 10 

|jM, whereas at 20 and 40 |jM a more apparent reduction o f the fluorescence intensity 

was noticed, and the effect was dose-dependent (Figure 4.23, p. 198). This observation 

may imply that ECB378 is a weak tubulin binding agent. A possible explanation for the 

reduced activity could be due to steric hindrance o f ECB378 to the tubulin binding site.

Examination of ECB397 (Figure 4.24, p. 199) and ADR469-treated cells (Figure 4.25, 

p. 199) revealed a considerable reduction in the tubulin cytoskeleton at 1 ^M, whereas 

this effect was comparable to that observed with their associated tubulin targeting 

components, R SI80 (Chapter 2, Figure 2.16, p.95) and ADR269 (Chapter 2, Figure 

2.17, p.95), respectively. As these hybrids were designed to specifically present the 

tubulin binding component in a prodrug form it is further evidence that once uptaken, 

cellular hydrolysis occurred to liberate the tubulin binding component.

As might have been anticipated, based on the anti-proliferative data, the effect o f 1 |^M 

BWM120 on microtubule organisation was apparent but not comparable to R S I80; 

however it was more evident at 5 )aM (Figure 4.26, p.200).

Interestingly, several reported hybrids associated with a tubulin binding agent revealed 

variation in their activity with regard to tubulin inhibition. In particular, a PTX- 

daunorubicin conjugate showed a > 10-fold decrease in tubulin binding affinity 

compared to PTX alone, in an in vitro tubulin-binding competition assay [584], Taking 

into consideration the increased bulk of the dimers, a possible explanation for the 

reduced activity may be steric hindrance.

In contrast, Huang et al. synthesised and evaluated a PTX-octreotide conjugate which 

retained the ability o f PTX to bind to tubulin and cause bundle formation in MCF-7 

cells [353]. Additionally, a hybrid with two tubulin targefing components, vindoline 

and thiocolchicine, demonstrated inhibition of tubulin polymerisation and showed 

comparable shortening o f microtubule assembly in A549 human lung carcinoma cells
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to that o f  thiocolchicine [585], The potentiation o f  the hybrid’s activity m ay be due to 

the choice o f linker (non-cleavable alkyne) used to conjugate the two moieties; it was 

proposed that this was o f sufficient length between the two components and thus 

allowed adequate binding to the two target sites. M oreover, Sharifi et al. designed a 

colchicine-cyanonilutamide (an androgen receptor antagonist) hybrid, which 

demonstrated binding to tubulin with a similar affinity to thiocolchicine, and inhibited 

tubulin assembly more effectively than colchicine or CA-4 [586]. In addition, one o f  

the hybrids designed by Kamal et al. composed o f  two tubulin targeting moieties using 

3, 5-diaryl isoxazoline/isoxazoles and linked to quinazolinones through different alkane 

spacers, disrupted m icrotubule organisation at 5 }aM, following a 48h incubation period 

in M CF-7 cells, and the effect was comparable to that o f  CA-4 [587].

4.4.6 Cell Cycle A nalysis -  G 2/M  Phase

In order to determine whether test compounds were able to induce mitotic arrest o f  

HUVECs and PC-3 cells and to establish whether their anti-proliferative effect is due to 

their anti-mitotic effect, cell cycle analysis was performed on treated and control cells. 

In the control treated cells, the highest peak for DNA-stained cells appeared to be in the 

Gi phase, an indication o f normal cell behaviour. Group I hybrid ECB378 did not 

demonstrate an apparent G 2 /M phase arrest at 1 -40 jxM with HUVECs or up to 20 |iM

with PC-3 cells when incubated for 24h (Figure 4.28, p.202). At the higher

concentrations (20 and 40 jiM), ECB378 caused HU VECs’ death and thus was not 

further examined. Data obtained from the apoptosis study using the cell cycle method 

showed that PC-3 cells showed an accumulation in the G 2 /M phase when treated with 

10 |aM ECB378 for 72h, an indication o f an anti-mitotic effect (Figure 4.43, p.217). 

This result may suggest that ECB378 is a weak tubulin binding agent and thus its effect 

required a longer period o f time to be observed. In fact, this finding is in agreement 

with the tubulin visualisation study, where ECB378 demonstrated moderate 

microtubule disruption.

Incubation o f HUVECs with ECB397, ADR469 or BW M120 showed a moderate 

increase o f G2 /M phase cells compared to the vehicle, whereas PC-3 treated cells 

demonstrated an apparent G2 /M phase arrest (Figures 4.30, p.204; 4.32, p.206 and 4.34, 

p.208, respectively). This finding verifies that ECB397, ADR469 and BWM120
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acquire anti-mitotic properties. Tubulin binding agents are well known for their ability 

to induce a G2 /M phase arrest and this is a confirmation that test compounds are indeed 

targeting tubulin.

Passarella et al. reported that following 24h incubation o f A549 cells with 10 |aM of the 

vindoline-thiocolchicine hybrid, a substantial increase in the G 2 /M phase was observed 

compared to the vehicle control [585]. Additional hybrids o f 3, 5-diaryl 

isoxazoline/isoxazoles and quinazolinones demonstrated a variation in the cell cycle 

analysis; a particular hybrid (at 5 |aM) caused a moderate increase o f MCF-7 cells in the 

G2 /M phase (43.9%) following 24h incubation, whereas the rest o f the compounds 

failed to provide evidence o f an anti-mitotic effect. However, treatment of cells with 

positive control CA-4 resulted in a higher accumulation in the G 2 /M phase (65.5%) 

than the hybrids [587].

4.4.7 Cell Cycle Analysis -  Sub-Go/Gi Phase

According to the results obtained previously, test compounds may indirectly cause cell 

death by altering the microtubule organisation and by preventing the successful 

completion of cell division. It was hypothesised that hybrids and DML could possibly 

induce higher levels of cell death compared to either a tubulin inhibitor or bestatin, due 

to the fact that both components of the dual-acting design were previously shown to 

induce apoptosis [242, 564].

Initially, several attempts were made in order to establish the appropriate concentration 

or time points that would result in an accumulation o f cells in the sub-Go/Gi phase. No 

significant effect was observed following treatment with test compounds at < 10 |xM 

including both cell lines and thus the selected concentrations were > 10 |j,M. A 

substantial effect was noted following 24h incubation of HUVECs with test 

compounds; however PC-3 cells appeared to be m.ore resistant to cell death and did not 

provide any evidence o f apoptosis following 24h or 48h incubation. Hence, the 

treatment duration for PC-3 cells was chosen to be 72h.

The effect on cell death o f group I hybrid ECB378, its individual components ECB394 

and bestatin, and their 1:1 combination were examined in the cell cycle analysis, by 

determining the percentage o f DNA degradation represented by a sub-Go/Gi peak.

244



Bestatin did not demonstrate any evidence o f  cell death with either cell line at any 

concentration. ECB394 and ECB394/bestatin combination showed a similar pattern; 

however ECB378 resulted in a significantly higher percentage o f sub-Go/Gi cells in 

both cell lines compared to single and combination treatment (summarised in Table 

4.10, p.211). This finding may suggest that a synergistic effect is taking place or that 

the apoptotic effect o f ECB378 is partly mediated by a different mechanism o f action, 

other than mitotic arrest.

Group III hybrid ECB397, R SI80 and R S180/bestatin combination were investigated 

for evidence o f cell death, following treatment o f  HUVECs and PC-3 cells. The degree 

o f  apoptosis was similar between R SI80 and RS 180/bestatin combination in both ceil 

lines. ECB397 demonstrated a higher percentage o f sub-Go/Gi HUVECs than both o f  

the treatments, which may indicate synergy or perhaps a different mechanism o f action 

other than mitotic arrest. In contrast, ECB397 treatment failed to demonstrate a similar 

effect with PC-3 cells (summarised in Table 4.11, p.220). The fact that DNA  

degradation was not detectable at a sub-Go/G| peak does not constitute proof o f no 

apoptosis [588]. The method o f apoptosis detection using a flow cytometric technique 

relies on the fact that small fragments o f DNA are eluted after washing o ff alcohol- 

fixed apoptotic cells with buffer. Following DNA staining, cells which have lost DNA  

will take up less stain and will only appear on the left o f the G| peak. However, if  cells 

enter apoptosis from the S or G2 /M phases, they are less likely to appear in the sub- 

Go/Gi area. For instance, Kanthou et al. reported that 24h treatment o f  endothelial cells 

with 100 nM CA-4P resulted in a G2 /M phase arrest, without any observable 

accumulation in the sub-Go/G| phase. On the other hand, an enzyine-linked 

immunosorbent assay (ELISA)-based cell death assay which detects cytoplasmic DNA- 

histone complexes generated during apoptotic DNA fragmentation into nucleosomes, 

showed that 100 nM CA-4P induced apoptosis following a continuous 8h exposure o f  

the cells to the agent [563], Therefore, absence o f  a sub-Go/Gl peak in PC-3 cells 

treated with ECB397 is consistent with apoptotic cells derived from other phases o f the 

cell cycle except G|.

The effect o f BWM120 on apoptosis was assessed using both HUVECs and PC-3 cells. 

Considerable high levels o f cell death were noted in HUVECs but were similar to that
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of R SI80; however BWM120 treatment of PC-3 cells resulted in a substantial increase 

o f apoptosis which was significantly higher than that observed with R SI80 

(summarised in Table 4.12, p.226). The results generated from this study may imply 

that BWM120 design is beneficial over RSI 80 and the addition of the hydroxamic acid 

along with RSI 80 may promote a synergistic effect in terms of apoptosis or perhaps a 

different mechanism o f action may be involved.

Overall, the fact that hybrids and BWM120’s design was proven advantageous over 

single agents, alone or combination treatments, may indicate a synergistic apoptotic 

effect which supports the initial hypothesis. Nevertheless, the fact that bestatin alone 

did not show any evidence of cell death at the particular concentrations used, implies 

that the increased apoptotic effect observed after treatment with hybrids or DML may 

be due to their design i.e. a different mechanism o f action may be involved or perhaps 

their activity was enhanced by a higher intracellular uptake of bestatin. Perhaps the 

enhanced APN inhibition observed by test compounds may be involved in the 

synergistic apoptotic effect. It is still inconclusive as to how these compounds exert 

their effect on apoptosis and further studies could clarify this.

There is evidence to support that bestatin methyl ester induced leukaemic cell apoptosis 

more potently than bestatin, probably because bestatin methyl ester is more 

hydrophobic than bestatin and thus intracellular uptake is enhanced. Additional studies 

revealed that bestatin methyl ester induced activation o f caspase-3 more rapidly, at 

lower concentrations than bestatin [244]. Furthermore, Ezawa et al. reported that higher 

concentration (100 mg/mL) o f bestatin induced apoptosis in some human NSCLC cell 

lines, whereas lower concentration (10 mg/mL) did not demonstrate any growth 

inhibition or apoptosis in most cell lines [242]. In a further attempt to investigate the 

apoptotic effect of bestatin in solid tumour cell lines (PC-1, EBC-1, HeLa S-3 and HT- 

1080), neither direct growth inhibition nor induction o f apoptosis was observed. 

Instead, bestatin significantly augmented death lignad-induced (by agonistic anti-Fas 

antibody, CHI 1) growth inhibitory effect and induction o f apoptosis. It is worthwhile to 

note that bestatin did not show any effects even in an APN-expressing cell line (HT- 

1080), which may indicate that cell surface expression o f APN and augmentation of 

apoptosis by bestatin were not correlated. It is believed, that the apoptotic pathways in
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leukaemic cells but not in solid tumour cells, might be partially stimulated and thus 

leukaemia cell lines are more sensitive to apoptotic stimuli than solid tumour cell lines 

[243]. With regard to our case, this could be a possible explanation for bestatin’s 

inability to induce apoptosis in HUVECs or PC-3 cells at relatively low concentrations 

(10-100 nM ).

In addition to the bestatin component, the tubulin binding agent o f the hybrids was most 

likely the greatest contributor to apoptotic induction as observed with our hybrids. Data 

from the literature indicated that the selective cytotoxic effect of CA-4 was mediated by 

the induction of apoptosis and not necrosis. For instance, incubation of endothelial cells 

with 0.1 mM CA-4 resulted in the conversion of the CPP32 proenzyme to active 

caspase-3 and also increased the activity of caspase-3. Moreover, there was an increase 

in Annexin V binding (50%) of the cells 8h after CA-4 incubation, intemucleosomal 

DNA fragmentation was detected in cells treated with 0.1 mM CA-4 for 24h and 75% 

of cells exhibited nuclear morphological features, characteristic of apoptosis [564],

Several dual-acting conjugates have been examined for their apoptotic effect. Lee et al. 

reported the evaluation of an immunoconjugate MEDI-547, composed of fully 

humanised monoclonal antibody ( ICl )  against human and murine ephrin receptor 

EphA2 (which is frequently over-expressed in endometrial cancer) and the tubulin 

polymerisation inhibitor monomethyl auristatin F (MMAF) via stable 

maleimidocaproyl (me) linker. The apoptotic effects of MEDI-547, IC l and IgG- 

mcMMAF (non-specific binding IgG monoclonal antibody conjugated to MMAF via 

the me linker), on Hec-1 A endometrial cancer cells were determined using the Annexin 

V/PI staining. Significantly higher percentages of apoptotic cells were observed 

following 48h, 72h and 96h incubation with MEDI-547 compared to the effect of ICl 

and IgG-mcMMAF. However, the fact that comparison combination studies of IC l and 

IgG-mcMMAF were not conducted means it is not possible to distinguish whether there 

is a synergistic effect or an unknown mechanism of action [589].

Furthermore, an additional immunoconjugate composed of cAClO, a chimeric 

monoclonal antibody directed against CD30 (a TNF receptor over-expressed in 

anaplastic large cell lymphoma (ALCL) and a subset of non-Hodgkin lymphomas) and 

MMAE was synthesised and evaluated. In order to assess the cell cycle and apoptotic
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effects of cAClO-vcMMAE conjugate, Hodgkin-derived L450 cells were exposed to 1 

|jg/mL of cAClO, cAClO-vcMMAE, or an isotype-matched, irrelevant cIgG-vcMMAE 

for 12h, 24h and 48h. Following this, cells were labelled with bromodeoxyuridine to 

detect nascent DNA synthesis and with PI to detect total DNA content, followed by 

flow cytometric analysis. By 48 hours, 53% of the cells showed a sub-Gi DNA content, 

consistent with apoptotic DNA fragmentation and this effect was not observed after 

exposure to equivalently high concentrations o f control cAClO or IgG-vcMMAE [590], 

Once more, 1:1 combination studies o f individual components were not performed for 

comparison purposes and thus the results are inconclusive as to whether the conjugate 

exhibits a synergistic effect or is similar to the combination treatment.

Huang et al. reported that exposure o f MCF-7 cells to 1 nM PTX or PTX-octreotide 

conjugate for 24h resulted in chromatin condensation in a similar manner, which was 

assessed by fluorescent microscopic analysis o f nuclei stained with Hoechst 33258, and 

by electron microscopy. Treatment of cells with octreotide alone failed to induce 

apoptosis, although comparison combination studies were not performed. This finding 

verified that the conjugate retained PTX’s activity; however it has not yet proven to be 

advantageous over combination therapy [353].

Moreover, Zhang et al. synthesised a series o f a-methylene-y-lactone and 2-phenyl 

indole hybrids including S9, which target the PDKVAkt/mammalian target o f rapamycin 

(mTOR) pathway, which plays a central role in tumour formation and progression 

[591]. In particular, S9 not only functioned as a PI3K and mTOR inhibitor but also as a 

microtubule destabiliser. The apoptotic effect of S9 was examined in a variety o f 

human cancer cell lines, which were subjected to Annexin V/PI staining following 

incubation with 10 |iM S9 for 8h. S9 successfully induced rapid apoptosis, whereas 

PI3K inhibitors are usually associated with Gi phase arrest, rather than apoptosis. This 

indicated that the S9-induced effect may represent its combinatorial activity on the 

PI3K-Akt-mT0R pathway and the microtubule cytoskeleton [592].

In summary, published data provides evidence to support the idea that dual-targeting 

conjugates induced apoptosis in a similar manner to their associated tubulin inhibitor; 

however most cases are inconclusive due to the lack o f combination studies. In our 

case, the hybrids’ design proved advantageous over single or combination treatment,
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independent of whether the hybrid remained intact (e.g. ECB378) or released its 

individual components (e.g. ECB397 and ADR469).

4.4.8 Analysis o f Endothelial Cells’ Morphology

The final study conducted, involved the i/t vitro evaluation of test compounds as 

potential modulators of endothelial cells’ morphology, which is a direct indication of an 

in vitro anti-vascular effect. The control treated group appeared to have an undisturbed 

monolayer o f cells, with normal structural features. In contrast, cells treated with test 

compounds showed morphological changes including endothelial cell contraction, 

membrane blebbing, intercellular gaps and darkening of the cell contents.

Although group I hybrid ECB378 failed to show evidence o f morphological disruption 

up to 20 |iM, it demonstrated a moderate effect on endothelial cells’ structure at 40 |jM, 

and the effect was reversible as observed 3h after drug washout (Figure 4.53 and 4.54, 

p.229-230). This result is in agreement with the microtubule disruption study, where 40 

)iM ECB378 showed a substantial decrease in the level of microtubule staining. Again, 

the results from this assay confirmed that ECB378 is a weak anti-vascular agent due to 

its poor tubulin binding properties.

Treatment o f endothelial cells with group III hybrid ECB397 at 1 )iM resulted in an 

evident disruption of cell morphology, but this effect was reversible as observed 3h 

after drug washout (Figure 4.55, p.231). The activity of ECB397 was comparable to 

that of R SI80, verifying that ECB397 was hydrolysed to release its individual 

components (Chapter 2, Figure 2.20, p.98). Taking into consideration the findings from 

the microtubule disruption studies, along with the changes in endothelial cell 

morphology, we can conclude that ECB397 is a relatively potent anti-vascular agent in 

vitro.

The effect of ADR469 on endothelial cells was apparent even at 0.1 |aM, highlighting 

its potency and confirming its anti-vascular effect in vitro (Figure 4.56, p.232). 

However, endothelial cells did not fully regain their normal appearance after 3h of drug 

washout. The activity o f ADR469 on cell morphology was similar to that of ADR269 

(Chapter 2, Figure 2.22, p.99), where in both cases a potent effect was observed at 0.1 

|iM. However, cells did not fully recover from exposure to these agents. This finding
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may suggest that this effect was either irreversible at those particular concentrations 

(0.1 and 1 |xM), or a longer incubation period was required to observe reversibility. 

Once more, ADR469 retained its anti-vascular activity in vitro and demonstrated a 

comparable effect to that o f its tubulin binding components, suggesting the release o f 

its individual moieties.

Furthermore, moderate morphological changes o f  endothelial cells were observed after 

treatment with 1 |^M BW M 120 and were more evident at 5 |iM  (Figure 4.57, p .233). 

Although this effect was reversible at 1 |xM BW M120, at higher concentration cells did 

not appear to fully regain normality. In comparison to R S I80, BW M 120 appeared to 

have slightly reduced activity; however it can still be considered a relatively active anti- 

vascular agent. This finding confirmed that BW M120 maintained, to some extent, the 

tubulin binding properties o f R S 180 and verified its in vitro anti-vascular activity.

In a similar manner, 1 |iM CA-4P was previously reported to cause blebbing 

morphology in endothelial cells, in which F-actin accumulated around surface blebs, 

stress fibres misassembled into a spherical network surrounding the cytoplasm and 

focal adhesions appeared malformed [315]. As a result o f  these effects, there is an 

increase in endothelial permeability which facilitates the uptake o f macromolecules and 

provides an advantage for combination chemotherapy in vivo [514].

In theory, treatment with the ester-link hybrids designed to release individual 

components upon hydrolysis, including ECB397 and ADR469, will lead to a highly 

permeable tumour endothelium, disrupted by the tubulin targeting component, and an 

increased exposure o f  bestatin at the tumour site. To justify this hypothesis in vivo anti

tumour studies were required which will be discussed in Chapter 5.

4.5 Conclusions

Novel hybrids and DML were designed to target tubulin polymerisation and APN 

activity. It was essential to design and develop assays in order to examine separately 

both targets o f the hybrids and verify the effects o f their design. Initially, test 

compounds were evaluated in an APN enzyme-based assay and found to possess APN 

inhibitory properties superior to that o f  control compound bestatin, with BW M120 

being the most potent. Next, the APN inhibition o f  test compounds was determined in a
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cell-based assay using HUVECs and PC-3 cells, where the majority o f  the compounds 

demonstrated greater inhibition than bestatin, where ECB397 and AD R 469 were the 

most active. BW M 120 was further examined for its ability to interfere with APN  

expression o f  HUVECs and PC-3 cells using a flow  cytometric method, and showed a 

significantly decreased level o f  APN expression compared to the control treated cells.

Following this, the effect o f  test compounds on cell proliferation was investigated, 

along with their individual components alone or in 1:1 combination. Group I hybrids 

showed reasonable anti-proliferative activity against both cell lines, similar to their 

individual components alone or in combination, whereas the anti-proliferative activity 

o f  group II hybrids was improved. Group III and IV hybrids inhibited cell growth in a 

similar manner as their tubulin binding components alone or in combination with 

bestatin. The DM L demonstrated slightly decreased anti-proliferative activity compared 

to its parent compound R S I80, but was still relatively potent. Furthermore, all hybrids 

and DML showed a substantial disruption o f  the microtubule o f  endothelial cells with 

variation in potency, im plying their ability to interfere with the tubulin cytoskeleton. In 

addition, the anti-mitotic effects o f  test compounds were assessed by exam ining the cell 

cycle o f  treated endothelial and PC-3 cells, where a G2/M phase arrest was observed, 

signifying their effect on cell division. In order to determine evidence o f  a synergistic 

effect with test compounds in the degree o f  drug-induced apoptosis, DNA  

fragmentation was analysed at the sub-Go/G|. It was found that in most cases hybrids 

and DML induced higher levels o f  apoptotic cells than their individual components 

(alone or in combination). These results proved that the design o f  the hybrids and DML  

is advantageous over single agents and may suggest a different mechanism o f  action 

(other than the mitotic arrest) in which the compounds induced their apoptotic effects. 

Finally, test compounds demonstrated their anti-vascular properties in proliferating 

endothelial cells by reversibly altering their morphological features.

Taking into consideration the results obtained from the in vitro  evaluation o f  hybrids, 

their degree o f  potency depends upon their design i.e. whether the hybrids are 

hydrolysed or remained intact. According to the obtained data, in addition with studies 

conducted by Breen [554], group I hybrids remained intact as dual-acting compounds 

due to their reduced activity as tubulin binding agents, whereas group II hybrids were
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hydrolysed by a slow-release hydrolysis, due to the observed moderate activity. Group 

III and IV hybrids were hydrolysed to release their individual components under 

physiological conditions, due their potent activity observed as tubulin binding agents.

Bearing in mind the evidence obtained from the literature regarding a wide variation in 

results, it is believed that the hybrid’s design plays a crucial role in the outcome o f the 

study, including its presentation (active or prodrug form), the type and length o f the 

linker unit which conjugates the two components o f the hybrid, the type o f the 

enzymatic cleavage requires to release the active agents, the choice o f cell line {i.e. 

enzyme presence) and the conditions in which the hybrid is hydrolysed {i.e. pH, 

temperature etc.).

In conclusion, these compounds inhibited both enzymatic and cellular APN, cell 

proliferation o f endothelial and prostate cancer cells, showed evidence o f microtubule 

disruption, induced anti-mitotic and apoptotic effects and caused reversible 

morphological changes to endothelial cells indicating their anti-vascular potential. 

Although additional mechanisms of action may be involved, the main aim of this study 

was to assist in the development of novel hybrids and DML of tubulin and APN, which 

aim to target tumour vasculature and angiogenesis. For this reason it was important to 

establish whether these compounds maintain their activity in ex vivo and in vivo 

models. Therefore, selected compounds were assessed using the ex vivo aortic ring 

assay and a PC-3 tumour xenograft model for anti-vascular, anti-angiogenic and anti

tumour activities. This is further discussed in Chapter 5.

252



-- Chapter 5 —

Ex Vivo and In Vivo Evaluation of Novel 

Dual-Acting Compounds Targeting

Tubulin Polymerisation and APN
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5. Introduction

The in vitro results obtained from Chapter 4 revealed that the hybrids and the DML 

previously synthesised in our group, target tubulin polymerisation and APN. These 

compounds possess APN inhibitory activities, both at the enzymatic and the cellular 

level, and consecutively have anti-proliferative, anti-mitotic, apoptotic and anti- 

vascular properties in vitro. Given that the preliminary evaluation o f these compounds 

supported the theory based on their design, it was necessary to evaluate them in a more 

complex ex vivo model in order to further establish their anti-vascular and anti- 

angiogenic activities. Next, once their solubility issues were addressed, selected 

compounds were chosen for their final evaluation in a tumour xenograft model to 

determine their in vivo anti-tumour efficacy, and examine the tumour samples for any 

evidence o f tumour necrosis or vasculature disruption. The compounds selected for in 

vivo evaluation included ECB378, ECB397, ADR469 and BWMIO (Figure 5.1). For 

comparison purposes, a 1:1 combinafion o f R S 180-leucine(leu)/bestatin was also 

examined.

on
■NH.

NHj Cl

■NH

■NH OH

ECB378 ECB397

OH

■NH.

>=N

OH

ADR469 BWM120

Figure 5.1: Hybrids ECB397, ECB378, ADR469 and DML BWM120.
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5.1 Aims

The specific aims o f  the work described in this Chapter were to:

• Verify the anti-vascular effect o f test compounds in the ex vivo aortic ring assay.

• Determine and quantify the anti-angiogenic activity o f test compounds in the ex 

vivo aortic ring assay.

• Develop suitable medium to solubilise test compounds, prior to their in vivo 

administration.

• Establish the anti-tum our efficacy activity o f  selected compounds in a s.c. PC-3 

tumour xenograft model and observe any obvious toxicity following their 

administration.

• Histologically examine the tumour samples following completion o f the in vivo 

efficacy studies for evidence o f  tumour necrosis.

• Evaluate the functional vasculature o f tumour samples following completion o f 

the in vivo efficacy studies.
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5.2 Materials and Methods

5.2.1 Materials

DMSO, FBS, streptomycin/penicillin solution, polypropylene tuberculin syringes (27 x 

V2 in.), Triton-X 100, BSA and Tween® 80 were all purchased from Sigma, Ireland. 

EBM-2 medium was purchased from Lonza, Ireland and basement membrane matrix 

(matrigel) from BD Biosciences, Ireland. Vetalar® and Rompun® were provided by 

BRU, TCD. Tissue-Tek* O.C.T. compound was purchased from Syntec Scientific, 

Ireland. Superfrost plus microscopy slides and cover slips were purchased from VW R, 

Ireland. Purified anti-mouse CD31 (PECAM -1) antibody was purchased from BD 

Biosciences, Ireland. PBS tablets, Alexa Fluor® 488 goat anti-rat IgG and ProLong® 

gold antifade reagent with DAPI were purchased from Invitrogen, Ireland.

Liquid nitrogen was provided by the School o f Chemistry, TCD. All the materials used 

for the paraffin-embedding o f tumour samples and their staining with H&E were kindly 

provided by Peter Stafford, Department o f Zoology, TCD.

5.2.2 Cell Line

PC-3 human prostate adenocarcinoma cell line was purchased from LGC Standards, 

UK and cultured in F12K medium supplemented with 0.02 mg/mL sodium pyruvate, 

10% FBS and 10 mL/L penicillin/streptomycin solution. PC-3 cell line was selected for 

its APN expression and its invasive potential when growing in tumour xenograft 

models. Cell and tissue cultures were kept at 37 °C in a humidified atmosphere 

containing 5% CO2 at all times and maintained as previously described in Chapter 2, 

section 2.2.4, p .80.

5.2.3 Test Compounds

For the ex vivo assays, stock solutions o f  test compounds were prepared in DM SO and 

then diluted in the appropriate medium at the required concentrations (final DM SO 

concentration < 0.1%). Control solutions contained 0.1% DM SO in medium. With 

regard to the in vivo studies, poor solubility issues were associated with ECB378 and 

BWM120. The maximum DM SO concentration used for in vivo administration varies 

between 5-10%. Initial attempts were carried out by dissolving test compounds in 

DMSO, followed by adjustment to the required concentration with PBS, pH=7.4 (final
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DMSO concentration was either 5% or 10%). This did not improve the solubility and 

thus further attempts were made by replacing PBS with wfi. Although some 

improvement was noted, test compounds were still not fully in solution. Next, in 

addition to DMSO, Tween® 80 was also used, followed by adjustment of the required 

concentration with wfi (final DMSO and Tween 80 concentration was 5% each). This 

dramatically improved the solubility and hence it was used to solubilise ECB378, 

ECB397, R S180-leu/bestatin and BWM120. The control solutions contained 5% 

DMSO and 5% Tween® 80 in wfi. ADR469 was dissolved in 10% DMSO and then 

diluted in wfi; the corresponding control solutions contained 10% DMSO in wfi. Fresh 

solutions were prepared prior to each treatment.

5.2.4 Animals

Male Wistar rats (200-300 g) were sourced from the BRU, TCD. Animals were housed 

under controlled conditions at 22 °C with 12h light and 12h dark cycles. All animals 

had access to food and water ad libitum.

Male halb-c immunodeficient nu/nu mice, aged 6-8 weeks, were supplied by Harlan, 

UK and housed in Scrubs, BRU. Immunodeficient mice were maintained in a SPF 

environment, within IVCs in groups o f 10 or less, under controlled conditions at 22 °C 

with 12h light and 12h dark cycles. Animals received Harlan 2018 diet and had access 

to food and water ad libitum. Animal handling and experimentation were performed 

using aseptic techniques and under a laminar hood at all times. At the end of each 

experiment, animals were sacrificed by either CO2 asphyxiation or cervical dislocation. 

All animal procedures were carried out under a project licence issued by the 

Department of Health and Children.

5.2.5 Aortic Ring Assay (anti-vascular and anti-angiogenic model)

The aortic ring assay was performed in order to evaluate the anti-vascular and anti- 

angiogenic properties o f test compounds. The same procedures were followed as 

previously described in Chapter 3, section 3.3.5 and 3.3.6, p. 120-121. For the anti- 

vascular study, each compound concentration was tested in duplicate and results were 

presented as images showing the microvessels breakdown at each time point. For the 

anti-angiogenic study, each compound concentration was tested in duplicate and each
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experiment was performed three independent times. Microvessel density was then 

analysed using Image J software (NIH) and results were presented as the mean pixel 

density area ± SEM, along with images o f the aortic rings.

5.2.6 Dose Establishment

The anti-tumour effect o f bestatin and its related analogues has been previously 

examined in several tumour xenograft models using continuous treatment at low doses. 

It was indicated that bestatin’s anti-tumour efficacy was in part due to its cytostatic as 

well as its anti-angiogenic properties, when administered consecutively [281-282, 593]. 

Therefore, it was hypothesised that our bestatin-related hybrids should demonstrate 

comparable anti-tumour effect when evaluated at a similar dosing regimen as bestatin. 

In addition, it was proposed that an additive or synergistic effect could be observed, due 

to the vascular disrupting properties of the tubulin targeting component o f the hybrids. 

Herein, a MTD was not established and the selected dose for ECB378, ECB397 and 

BWM120 was 40 mg/kg. R S180-leu/bestatin combination was used at an equimolar 

dose as per ECB397. ADR469 was administered at 50 mg/kg.

5.2.7 Tumour System

PC-3 human prostate adenocarcinoma cell line was used and the s.c. tumour xenografts 

were established as previously described in Chapter 3, section 3.3.8, p. 122. As soon as 

the tumours were accurately measurable by callipers the mice were allocated randomly 

into different treatment groups, each group consisting of 8 mice. Where necrotic 

tumour implants were observed, animals were excluded from the study; therefore the 

number of animals in each group varied between 6-8 mice. Mean group tumour size 

variation was kept to a minimum.

5.2.8 Chemotherapy Studies

Test compounds were prepared at the appropriate concentration and administered by an 

i.p. injection on alternate days. The duration of treatment with ECB378, ECB397, 

BWM120 and RS 180-leu/bestatin was 12 days, whereas with ADR469 was 24 days. 

Day 0 was designated as the first day of treatment. Two-dimensional calliper 

measurements of the tumours were used to assess tumour growth. Tumour and BW 

measurements were obtained every other day. At the end o f each experiment animals
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were sacrificed using cervical dislocation. The RTV and percentage BW were

estimated as previously described in Chapter 3, section 3.3.9, p. 122.

5.2.9 Assessment of Tumour Necrosis

Following the in vivo anti-tumour efficacy study o f  test compounds, histological 

examination o f tumour samples was carried out. Three tumours per group were rapidly 

excised and processed for paraffin embedding, sectioning and H&E staining as

previously described in Chapter 3, section 3.3.10, p .123. Tumours from each group

were analysed and the results were presented as images showing the extent o f tumour 

necrosis within control and treated groups.

5.2.10 Assessment of the Tumour Vasculature

The effect on functional vasculature o f PC-3 tumours following treatment with test 

compounds was evaluated after completion o f  each efficacy study. Three tumours per 

group were rapidly excised and cryo-preserved at -80 °C until ready for ultracryotomy. 

Tum our samples were processed for cryo-sectioning and then stained for functional 

endothelial cells using a CD31 antibody as described in Chapter 3, section 3.3.11, 

p. 124. The level o f  CD31 staining was analysed using Image J (NIH) and the results 

were presented as mean pixel density area ± SEM, together with images o f the 

functional vasculature.

5.2.11 Statistical Analysis

Statistical analysis o f  the generated data was carried out using GraphPad Prism, version 

5. Pixel density area o f mircovessel network, tumour measurements, percentage o f  BW 

and pixel density area o f functional vasculature were expressed as mean ± SEM. The 

statistical significance between control and treated groups in the ex vivo aortic ring 

assay o f angiogenesis and in the in vivo anti-vascular study was determined using 

Student’s ^-test. In order to determine any significant difference between the tumour 

growth o f the control and treated groups in each in vivo efficacy study, M ann-W hitney 

i/-test was applied using GraphPad Prism, version 5. Statistical significance along 

individual days o f  treatment in the in vivo studies was also detennined using the Mann- 

W hitney U-test.
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5.3 Results

5.3.1 Aortic Ring Assay (anti-vascular model)

The anti-vascular activity o f  test compounds was evaluated in the ex vivo aortic ring 

assay. The cultures were monitored microscopically from Ih to 24h after treatm ent and 

images were captured to show the degree o f vasculature disruption at different time 

points.

5.3.1.1 Group I Hybrid

The effect o f  ECB378 was determined in the aortic ring assay for any evidence o f 

microvessel breakdown. Initially, ECB378 was examined at 1 and 10 ^M , where no 

activity was observed; for this reason higher concentrations were used at 25 and 50 |iM. 

M inor microvessel breakdown was noted at 25 )aM following 24h incubation; however 

the anti-vascular effect was more evident at 50 |aM and the effect was time-dependent 

(Figure 5.2).

Figure 5.2; The anti-vascular effect of ECB378. The aortic rings were kept in a humidified CO2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition of test compound, 

C-D) 25 ECB378 (24h) and E-F) 50 pM ECB378 (24h).
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5.3.1.2 Group II Hybrid

E C B 397  w as evaluated for its ability to interfere with established m icrovessel network. 

Incubation o f  the aortic rings w ith 0.1 |jM  did not result in an evident anti-vascular  

effect, and thus 1 ^iM w as used. An apparent m icrovessel breakdown w as observed at 1 

|iM  E C B 397 fo llow in g  a 24h incubation period (Figure 5 .3).

Figure 5.3: The anti-vascular effect o f  ECB397. The aortic rings were kept in a humidified CO2 

incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs o f  the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition o f  test compound 

and C-D) 1 ECB397 (24h).

5.3.1.3 Group IV Hybrid

The anti-vascular effect o f  A D R 469  w as investigated  in the aortic ring assay. Treatment 

o f  the ring cultures with 1 and 10 nM  A D R 469  did not dem onstrate any ob v iou s anti- 

vascular activity, whereas 50 nM  w as su ffic ien t to disrupt the m icrovessel network, 

even after 4h treatment. The effect w as m ore evident after 24h (Figure 5 .4).
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Figure 5.4; The anti-vascular effect o f  ADR469. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs o f the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition of test compound, 

C-D) 50 nM ADR469 (4h) and E-F) 50 nM ADR469 (24h).

5.3.1.4 D esigned M ultiple L igand

B W M 120 was exam ined for evidence o f  an ti-vascular activ ity  in the aortic ring  assay. 

At 1 |iM , BW M 120 dem onstrated satisfactory activ ity  fo llow ing 4h incubation and the 

effect was m ore evident follow ing 24h treatm ent, w hereby a clear m icrovessel 

disruption was observed (F igure 5.5).
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Figure 5.5: The anti-vascular effect o f BWM120. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changcd every other day, starting from day 3. Test 

compounds were added on day 8. Photomicrographs o f the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A-B) Before the addition o f test compound, 

C-D) 1 mM BWM120 (4h) and E-F) 1 |iM BWM120 (24h).

5.3.2 Aortic Ring A ssay (anti-angiogenic m odel)

In addition to the anti-vascular activity, the anti-angiogenic properties o f test 

compounds were assessed in the aortic ring assay. These compounds were designed to 

target tubulin polymerisation and APN. The anti-angiogenic activity o f both tubulin and 

APN inhibitors has been well-established in the literature. It was hypothesised that an 

additive or synergistic effect should be observed following treatment with test 

compounds. The microvessel density was determined by analysing the images using 

Image J and the results were expressed in terms o f mean pixel density area ± SEM.

5.3.2.1 Group I H ybrid

ECB378 was assessed for its ability to inhibit the formation o f a microvessel network in 

the aortic ring assay. Cultures incubated with 1 |aM ECB378 resulted in an insignificant 

lower microvessel density compared to that o f  the control treated cultures; however 10 

I^M ECB378 significantly (p < 0.01) inhibited the vessel growth (Figure 5.6 and 5.7).
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Figure 5.6; The anti-angiogenic effect of ECB378. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 1. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A) Control (0.1% DMSO), B) 1 |aM 

ECB378 and C) 10 ECB378.

(A 3000

a  2500

£ 2000

M 1500 
c a
■o 1000

□  Control (0.1% DMSO)
□  ECB378 1 nM 
■  ECB378 10 nM

T reatment

** p  < 0 .01 , significantly lower m ean  pixel d en sity  a r e a  c o m p a red  with th e  
u n tre a te d  co n tro ls  a s  d e te rm in ed  by S tu d e n t 's  J-test.

Figure 5.7: The microvessel density of ECB378-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

S.3.2.2 Group II Hybrid

The anti-angiogenic properties o f ECB397 were examined in the aortic ring assay. At 

10 nM ECB397 an insignificant decrease in the microvessel density o f  the aortic rings 

was observed. Moreover, treatment with 100 nM ECB397 demonstrated a significant (p 

< 0.05) reduction in the number o f microvessel growth (Figure 5.8 and 5.9).
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Figure 5.8: The anti-angiogenic effect o f  ECB397. The aortic rings were kept in a humidified 

CO 2 incubator at 37 °C  and the m edium  was changed every other day, starting from day 3. Test 

compounds w ere added on day 1. Photomicrographs o f  the aortic cultures were taken under 

bright field m icroscopy using a digital camcra (x4). A) Control (0.1% DM SO), B) 10 nM 

ECB397 and C) 100 nM ECB397.
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Figure 5.9: The microvessel density o f  ECB397-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

S.3.2.3 Group IV Hybrid

The ability o f  ADR469 to inhibit angiogenesis was evaluated in the aortic ring assay. 

M icrovessel density was insignificantly decreased at 10 nM A DR 469, whereas 50 nM 

caused almost complete inhibition (p < 0.01) o f  the microvessel growth (Figure 5.10 

and 5.11).
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Figure 5.10: The anti-angiogenic effect of ADR469. The aortic rings were kept in a humidified 

CO2 incubator at 37 °C and the medium was changed every other day, starting from day 3. Test 

compounds were added on day 1. Photomicrographs of the aortic cultures were taken under 

bright field microscopy using a digital camera (x4). A) Control (0.1% DMSO), B) 10 nM 

ADR469 and C) 50 nM ADR469.
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Figure 5.11: The microvessel density of ADR469-treated cultures was obtained using Image J. 

Data represents mean pixel density area ± SEM (n=3).

S.3.2.4 Designed M ultiple Ligand

The anti-angiogenic effect o f BW M 120 was determined in the aortic ring assay. 

Cultured rings treated with 0.1 |aM BW M120 showed a negligible reduction in the 

microvessel area, whereas treatment with 1 |iM BW M120 resulted in a significantly {p 

< 0.01) lower microvessel density compared to the control cultures (Figure 5.12 and 

5.13).
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Figure 5.12: The anti-angiogenic effect o f BWM120. The aortic rings were !<ept in a 

humidified CO2 incubator at 37 °C and the medium was changed every other day, starting from 

day 3. Test compounds were added on day 1. Photomicrographs o f the aortic cultures were 

taken under bright field microscopy using a digital camcra (x4). A) Control (0.1% DMSO), B) 

0.1 HM BW M 120 and C) 1 nM BW M 120.
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Figure 5.13: The microvessel density o f BWM 120-treatcd cultures was obtained using Image J. 

The data represents mean pixel density area ± SEM (n=3).

5.3.3 In Vivo Anti-tum our Evaluation

Follow ing the prom ising results obtained from  the in vitro and ex vivo assays, selected 

com pounds w ere evaluated in a s.c. PC-3 tum our xenograft m odel. Tw o-dim ensional 

tum our m easurem ents w ere recorded every  other day and tum our volum es were 

calculated as previously described. Sem i-log plots o f  m ean R T V s duration  (days) 

w ere generated for each treatm ent.

267



5.3.3.1 Group I Hybrid

The anti-tumour effect o f 40 m g/kg ECB378 was investigated in a PC-3 tumour 

xenograft by i.p. administration on alternate days for 12 days. The control group was 

administered with the vehicle (5% DMSO, 5% Tween® 80 in wfi) at the same dose 

regimen. According to the estimated RTVs, treatment with 40 mg/kg ECB378 did not 

demonstrate any apparent reduction in the rate o f tumour growth. However, on the final 

day o f the study a noticeable difference between the tumour volume o f  the ECB378- 

treated and control tumours was observed (Figure 5.14). The RTV2 o f treated and 

control groups was calculated with the difference in growth delay determined to be 2.2 

days. However, the minor reduction in tumour growth delay was not statistically 

significant.

Vehicle

40 mg/kg ECB378

10 Control (5% DMSO, 5% Tween® 8 0 )  

ECB378 40 mg/kg

1

4 8 10 12 140 2 6
Duration (days)

Figure 5.14: Evaluation of the efficacy of 40 mg/kg ECB378 administered i.p. on alternate 

days for 12 days in a PC-3 tumour xenograft model. A) Control and treated tumours obtained 

after completion of the study, B) data represents the mean relative tumour volume ± SEM (n=7- 

8 ).
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BW measurements were recorded every other day in order to determine any systemic 

toxicity caused by the duration o f the treatment. The percentage o f  BW was then 

calculated as shown in Figure 5.15. A noticeable but insignificant decline o f BW was 

observed following treatment with ECB378, which was maintained above the 85% 

limit; however the BW showed some recovery from day 8 o f  treatment.

Control (5% DMSO, 5% Tween® 80) 

ECB378 40 mg/kg-  105-
O)
a>I
m
^  95-

90
0 2 4 6 8 10 12 14

Duration (days)

Figure 5.15: Body weight measurements were rccordcd to monitor any systcmic toxicity 

following treatment with ECB378. Data represents the mean percentage body weight ± SEM 

(n=7-8).

The data obtained from the in vivo efficacy study with 40 mg/kg ECB378, including the 

mean RTV2, the growth delay and the maximum percentage o f weight loss is 

summarised in Table 5.1.

Table 5.1; Summary of ECB378 in vivo data.

Treatment
Dose

(mg/kg)
Mean RTV2 

(days)

Growth
delay
(days)

Max % weight 
loss (day)

Vehicle
5% DMSO 

5% Tween® 80
10.45 - 2.71 (12)

ECB378 40 12.65 2.2 2.67 (2)

5.3.3.2 Group II Hybrid

The in vivo efficacy o f 40 mg/kg ECB397 was evaluated in a s.c. PC-3 tumour 

xenograft model by i.p. administration on alternate days for 12 days. For comparison
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purposes, a 1:1 combination o f RS 180-leu/bestatin was administered i.p. at an 

equimolar concentration as per ECB397. The control group was treated with i.p. 

administration o f vehicle (5% DMSO, 5% Tween® 80 in wfi) at the same dose regimen. 

Treatment with 40 mg/kg ECB397 demonstrated a noticeable reduction in the tumour 

volume compared to that o f the vehicle treatment, whereas RS 180-leu/bestatin 

combination did not show any evidence o f anti-tumour activity (Figure 5.16). Statistical 

analysis using the Mann-Whitney fZ-test was performed individually on each day in 

order to examine any significant difference between the ECB397 and control group, 

where significance (p < 0.05) was detected on days 2, 6 and 12. The estimated RTV2 of 

ECB397-treated and control groups was calculated and the difference in growth delay 

was 10.8 days, whereas for RS 180-leu/bestatin treatment the growth delay was -4.08 

days.
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F ig u re  5.16: A) Control and treated tumours obtained after com pletion o f  the study. Evaluation 

o f  the efficacy o f  B) 40 m g/kg ECB397 and C ) 1:1 RS180-leu/bestatin combination at 

equim olar concentration as per ECB397 adm inistered i.p. on alternate days for 12 days in a PC- 

3 tum our xenograft model. Data represents the mean relative tum our volum e ± SEM (n=6-8).
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To m onitor any potential systemic toxicity caused throughout the duration o f  the 

treatments, BW  measurements were recorded every other day. The percentage o f  BW 

was then calculated for each group (Figure 5.17). There was no observable reduction in 

BW  in either treated group.
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Figure 5.17; Body weight measurements were recorded to monitor any systemic toxicity 

following treatment with ECB397 and RS180-leu/bestatin. Data represents the mean percentage 

body weight ± SEM (n=6-8).

The data generated from the in vivo efficacy study with 40 mg/kg ECB397 and a 1:1 

combination o f R S 180-leu/bestatin, including the mean RTV2, the growth delay and 

the maximum percentage o f  weight loss is summarised in Table 5.2.

Table 5.2: Summary of ECB397 and RS 180-leu/bestatin in vivo data.

Treatment
Dose

(mg/kg)
Mean RTV2 

(days)
Growth delay 

(days)

Max % 
weight loss 

(day)

Vehicle
5% DMSO 

5% Tween® 80
10.45 - 2.71 (12)

ECB397 40 21.25 10.8 1.23 (2)

RSI 80-leu + 
Bestatin

Equimolar
dose

6.37 -4.08 None
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S.3.3.3 Group IV Hybrid

The anti-tumour activity o f 50 mg/kg ADR469 was examined in a PC-3 tumour 

xenograft model by i.p. administration on alternate days for 24 days. Control treated 

group was administered with vehicle (10% DM SO in wfi) at the same dose regimen. 

An evident difference o f tumour growth was observed between the ADR469 and 

control treated groups (Figure 5.18). Statistical analysis using the M ann-W hitney U-test 

was performed individually on each day in order to examine any significant difference 

between ADR469 and control group, where significance {p < 0.05) was detected on 

days 4, 6, 10, 12 and 16. According to the estimated RTV2s, the difference in tumour 

growth delay between the ADR469 and control treated groups was 4.42 days.
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Figure 5.18; A) Control and treated tumours obtained after completion of the study. B) 

Evaluation of the efficacy of 50 mg/kg ADR469 administered i.p. on alternate days for 24 days 

in a PC-3 tumour xenograft model. Data represents the mean relative tumour volume ± SEM 

(n=7).
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BW measurements were recorded every other day in order to observe any systemic 

toxicity caused throughout the duration o f  the treatment. The percentage o f BW  was 

then calculated for each group (Figure 5.19). A slight decrease o f BW was noted in the 

ADR469-treated group, with maximum loss on day 14; however this was within the 

limits and the animals showed evidence o f recovery from day 16.

110n

0 2 4 6 8 10 12 14 16 18 20 22 24

Control (10% DMSO) 
ADR469 50 mg/kg

Duration (days)

Figure 5.19: Body weight measurements were reeorded to monitor any systemic toxicity 

following treatment with ADR469. Data represents the mean percentage body weight ± SEM 

(n=7).

The data obtained from the in vivo efficacy study with 50 mg/kg ADR469 including the 

mean RTV2, the growth delay and the maximum percentage o f weight loss is 

summarised in Table 5.3.

Table 5.3: Summary of ADR469 in vivo data.

Treatment
Dose

(mg/kg)
Mean RTV2 

(days)
Growth 

delay (days)
Max % weight 

loss (day)

Vehicle 10% DMSO 5.33 - 0 .46(14)

ADR469 50 9.75 4.42 1.77(14)

S.3.3.4 Designed Multiple Ligand

The effect o f  40 mg/kg BW M 120 on tumour growth was investigated in a s.c. PC-3

tumour xenograft by i.p. administration on alternate days for 12 days. The control

treated group was administered with vehicle (5% DM SO, 5% Tween® 80 in wfi) at the
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same dose regimen. Initially, a minor reduction in the volume of B W M 120-treated 

tumours was noted up to day 4; however following this, BWM 120 treatment did not 

provide any evidence o f an anti-tumour effect (Figure 5.20). According to the estimated 

RTV2s, the difference in tumour growth between the BWM 120 and control treated 

groups was -1.51 days.
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Figure 5.20: A) Control and treated tumours obtained after completion of the study. B) 

Evaluation of the efficacy of 40 mg/kg BWM 120 administered i.p. on alternate days for 12 

days in a PC-3 tumour xenograft model. Data represents the mean relative tumour volume ± 

SEM (n=7-8).

BW was monitored and recorded on alternate days in order to observe any signs o f  

systemic toxicity induced by the treatment. The percentage o f BW was then calculated 

for each group (Figure 5.21). A negligible weight loss was noted in the BWM 120- 

treated group up to day 6, with maximum loss on day 2. Following that, anim als’ BW 

returned to normal.
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Figure 5.21: Body weight measurements were recorded to monitor any systemic toxicity 

following treatment with BWM120. Data represents the mean percentage body weight ± SEM 

(n=7-8).

The data generated from the in vivo efficacy study with 40 mg/kg B W M 120 including 

the mean RTV2, the growth delay and the maximum percentage o f weight loss is 

summarised in Table 5.4.

Table 5.4: Summary of BWM 120 in vivo data.

Treatment
Dose

(mg/kg)
Mean RTV2 

(days)
Growth 

delay (days)
Max % weight 

loss (day)

Vehicle
5% DMSO 

5% Tween® 80
10.45 - 2.71 (12)

BW M120 40 8.94 -1.51 1.73 (2)

5.3.4 Assessment o f Tumour Necrosis

Following the completion o f the in vivo efficacy study with test compounds, 

histological examination o f  tumours from each group was carried out. Treated and 

control tumours were processed for H&E staining. Tumour sections were examined 

m icroscopically and images from each group were captured. Due to technical error in 

the paraffin-embedding procedure, processing o f tumour samples from the ECB378, 

ECB397, R S 180-leu/bestatin and BWM 120 groups was not possible.
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5.3.4.1 Group IV Hybrid

Three tumour samples from the ADR469 and control group were obtained and the 

extent o f tumour necrosis was examined. It was noted that tumour size was correlated 

with the level o f necrosis, i.e. the larger the tumour size, the higher the degree o f  

necrosis observed. In this study, the variation o f  tumour size led to complications in 

data interpretation. Two o f  the control treated tumours exhibited a relatively smaller 

area o f  necrosis, whereas one larger-sized tumour displayed increased level o f necrosis. 

In the ADR469-treated group, a small-sized tumour did not show any evidence o f 

necrosis; however the remaining two medium-sized tumours showed large areas o f 

haemorrhagic necrosis in the centre with a residual viable tissue found mainly in the 

periphery (Figure 5.22).

Figure 5.22: H&E stained tumour samples obtained from the A-B) control treated group and 

C-D) the ADR469-treated group. Images were capture using an inverted microscope 

(V=Viable, N=Nccrotic, n=3).

5.3.5 Assessment of the Tumour Vasculature

To determine whether treatment with test compounds exerted an effect on the tumour 

vasculature, three tumours per group were excised at the end o f the efficacy study and 

processed for endothelial cell staining. The tumour slides were examined using a 

confocal microscope and the images were analysed for functional endothelial cells. The 

results were expressed in terms o f mean pixel density area ± SEM, as well as images o f 

the tumour vasculature.
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5.3.5.1 Group I Hybrid

The effect o f  40 m g/kg EC B 378 on tum our vasculature w as exam ined follow ing 

com pletion o f  the in vivo efficacy study. Three tum ours from  the ECB 378 and control 

treated groups w ere analysed for the level o f  CD31 staining (F igure 5.23).

Figure 5.23; The effect of ECB378 treatment on the tumour vasculature. Images were capturcd 

using a confocal microscope (xlO) o f CD31-stained endothelial cells in cryo-sections o f PC-3 

tumours treated with A-C) control (5% DMSO, 5% Tween® 80) and D-F) 40 mg/kg ECB378 

by i.p. administration on alternate days for 12 days (n=3).

EC B 378-treated tum ours did  not show  any evidence o f  an ti-vascular or anti-angiogenic 

effect; instead the level o f  tum our vasculature area appeared slightly  h igher than that o f  

the control treated tum ours (F igure 5.24).
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Figure 5.24: Quantification of functional vasculature area of tumours following i.p. 

administration of 40 mg/kg ECB378 on alternate days for 12 days, using Image J. Data 

represents mean ftinctional vasculature area ± SEM (n=3).

5.3.S.2 Group II Hybrid

The effect o f 40 mg/kg ECB397 and 1:1 combination o f equimolar dose o f RS180- 

leu/bestatin treatment on the tumour vasculature was determined following completion 

o f the in vivo efficacy study. Treated and control tumours were analysed for the level o f  

CD31-positive cells (Figure 5.25).
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I .

II.

Figure 5.25: The effect o f I. 40 mg/kg ECB397 and II. cquimolar dose o f R S180-leu/bestatin 

(1:1) treatment on tumour vasculature. Images were captured using a confocal microscope 

(xlO) of CDS 1-stained endothelial cells in cryo-sections of PC-S tumours treated with A-C) 

control (5% DMSO, 5% Tween® 80) and D-F) test compound by i.p. administration on 

alternate days for 12 days (n=3).

F ollow ing im aging processing o f  individual sam ples, a variation in the functional 

vasculature area betw een the EC B 397 and control treated tum ours was observed 

(Figure 5.26). A lthough the overall effect w as not statistically significant (F igure 5.26 

B), an evident reduction in the am ount o f  C D 3 1 staining was clearly  noted in tw o out o f  

three EC B 397-treated  tum our sam ples (F igure 5.26 A). In contrast, the 1:1 R S180-
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leu/bestatin combination demonstrated a m inor increase in the amount o f functional 

tumour vasculature compared to that o f the control tumours (Figure 5.25 B).
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Figure 5.26; Quantification of functional vasculature area of tumours following i.p. 

administration of 40 mg/kg ECB397 or cquimolar dose of RS180-leu/bestatin combination on 

alternate days for 12 days, using Image J. A) Analysis of individual control and ECB397- 

treated tumours and B) overall analysis. Data represents mean ftinetional vasculature area ± 

SEM (n=3).

S.3.5.3 Group IV Hybrid

Once the in vivo efficacy study was completed, the anti-vascular/anti-angiogenic 

activity o f 50 mg/kg ADR469 was assessed by examining the functional tumour 

vasculature. Three tumours from the ADR469 and control group were processed for 

endothelial cell staining (Figure 5.27).
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Figure 5.27: The effect o f ADR469 treatment on tumour vasculature. Images were captured 

using a confocal microscope (xlO) o f CD31-stained endothelial cells in cryo-sections of PC-3 

tumours treated with A-C) control (10% DMSO) and D-F) 50 mg/kg ADR469 by i.p. 

administration on alternate days for 24 days (n=3).

According to the analysed data o f individual samples, all three o f the ADR469-treated 

tumours showed considerable reduction in their tumour vasculature area compared to 

the two control tumours, which displayed larger areas o f  functional vasculature. 

However, the remaining control treated tumour exhibited lower amount o f  CD31- 

positive cells compared to the other two (Figure 5.28 A). Therefore, analysis o f the 

overall vasculature area from each group showed a noticeable yet insignificant 

reduction in the ADR469-treated tumours compared to that o f  the control tumours 

(Figure 5.28 B). In addition, stained blood vessels in the ADR469-treated tumours 

appeared to have a thinner diameter compared to those in the control group.
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Figure 5.28: Quantification of functional vasculaturc area of tumours following i.p. 

administration of 50 mg/kg ADR469 on alternate days for 24 days, using Image J. A) Analysis 

of individual control and ADR469-treated tumours and B) overall analysis. Data represents 

mean functional vasculature area ± SEM (n=3).

S.3.5.4 Designed Multiple Ligand

Following the in vivo efficacy study with 40 mg/kg BW M 120, the effect o f treatment 

on the tumour vasculature was determined. Tum our samples obtained from the 

BW M 120 and control treated group were processed for endothelial cells staining 

(Figure 5.29).
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Figure 5.29: The effect of BWM120 treatment on tumour vasculature. Images were captured 

using a confocal microscope (xlO) o f CD31-stained endothelial cells in cryo-sections o f PC-3 

tumours treated with A-C) control (5% DMSO, 5% Tween® 80) and D-F) 40 mg/kg BWM120 

by i.p. administration on alternate days for 12 days (n=3).

Im aging analysis o f  BW M 120 and control treated tum ours dem onstrated sim ilar levels 

in their functional vasculature w ithout any noticeable decrease in the B W M 120 

tum ours (Figure 5.30).
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Figure 5.30; Quantification of functional vasculature area of tumours following i.p. 

administration o f 40 mg/kg BWM120 on alternate days for 12 days, using Image J. Data 

represents mean functional vasculature area ± SEM (n=3).
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5.4 Discussion

5.4.1 Aortic Ring Assay (anti-vascular model)

In addition to their in vitro anti-vascular effects, test compounds were further examined 

in the ex vivo aortic ring assay. All test compounds demonstrated an evident anti- 

vascular effect by disrupting the pre-established microvessel network o f the aortic 

rings. However, depending upon the hybrid’s design, the degree o f  potency varied. For 

instance, treatment with the active dual-targeting hybrid ECB378 resulted in a moderate 

anti-vascular activity at 25 |iM (Figure 5.2, p.258). In contrast, ECB397 and ADR469 

which were presented in a prodrug form demonstrated an anti-vascular effect at 1 |xM 

(Figure 5.3, p.259) and 50 nM (Figure 5.4, p.260), respectively, verifying the release o f  

their individual components. Similar observations were noted with R S I80, the active 

tubulin targeting component o f ECB397, which exhibited anti-vascular activity at 0.1 

|jM (Chapter 3, Figure 3.4, p. 128). ADR269, the active tubulin targeting component o f 

ADR469, displayed its effect at 50 nM (Chapter 3, Figure 3.6, p. 129). The presentation 

o f the tubulin binding component o f the prodrug-from hybrids is not active, unless 

hydrolysis takes place. Although the bestatin component o f these hybrids remains 

active in this presentation, the true anti-vascular effect was only going to be observed 

once the tubulin targeting component was released.

BWM120, whose design was largely inspired by R S I80, exerted reasonable anti- 

vascular activity at I ^M (Figure 5.5, p.261), suggesting incorporating the APN 

hydroxamic acid binding m otif does not adversely affect its anti-vascular activity.

These findings concur with the in vitro preliminary data, confirming that test 

compounds do indeed disrupt the complex microvessel networks by inducing 

morphological changes to endothelial cells. The anti-vascular properties o f  the tubulin 

binding compounds were previously discussed in Chapter 3, section 3.5.1, p. 148.

5.4.2 Aortic Ring Assay (anti-angiogenic model)

To determine the anti-angiogenic activity o f  test compounds, the aortic ring assay was 

performed. All compounds demonstrated reduction in the microvessel growth, an 

indication o f  angiogenesis inhibition. Once more, the level o f potency was very much 

dependent on the hybrid’s design. ECB378 was the least active hybrid which displayed
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inhibition o f  angiogenesis at 10 fiM (Figure 5.7, p.262). Although ECB397 

demonstrated significant anti-angiogenic activity at 100 nM (Figure 5.9, p.263), it was 

slightly less potent than RSI 80 which inhibited the formation o f microvessels at 10 nM 

(Chapter 3, Figure 3.14, p .134). ADR469 was the most potent hybrid which showed a 

significant anti-angiogenic effect at 50 nM (Figure 5.11, p.264), similar to that o f 

ADR269 (Chapter 3, Figure 3.18, p. 136). Treatment o f the rings with 1 |aM BWM120 

resulted in a significant inhibitory effect at 1 (iM (Figure 5.13, p.265), displaying a 

reduction in potency relative to R S I80.

It was hypothesised that the angiogenic inhibitory profile o f hybrids should demonstrate 

evidence o f synergy, due to the anti-angiogenic properties exerted by both their tubulin 

targeting and bestatin component. However, bestatin’s anti-angiogenic activity was 

previously established to be only evident at higher concentrations than those used in the 

aortic ring assay. For instance, 10 and 100 i^g/mL (~ 30 and 300 (iM) bestatin 

significantly inhibited the capillary tube formation o f HUVECs seeded on matrigel 

[241], In addition, 80 |aM o f bestatin and LYP demonstrated suppression o f  vascular 

endothelial cell tube formation in vitro [282]. Taking into account the lower potency o f 

bestatin compared to the individual tubulin inhibitors o f the hybrids, it is believed that 

the anti-angiogenic activity observed in the aortic ring assay was mostly contributed by 

the tubulin targeting component o f the hybrids. The anti-angiogenic properties o f 

tubulin binding agents were previously discussed in Chapter 3, section 3.5.2, p. 149.

Although the evaluation o f  test compounds in this assay represented a more controlled 

environment, the results obtained can be justified when observed in tumour xenograft 

models.

5.4.3 In Vivo Anti-tumour Efficacy

Following the successful in vitro and ex vivo evaluation o f test compounds, the next 

stage was to determine their anti-tum our efficacy in a s.c. PC-3 tumour xenograft 

model. It was previously established that continuous treatment with bestatin (or its 

related analogues) at doses as low as 2 and 20 mg/kg was sufficient to demonstrate an 

effective reduction in tumour growth [281-282, 593]. Hence, it was decided that 

treatment o f tumour bearing mice with test compounds at relatively low doses should

not only exhibit an anti-tumour effect but should also demonstrate evidence o f  synergy.
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Interestingly, i.p. administration o f 40 m g/kg ECB378 on alternate days for 12 days did 

not cause reduction in tumour growth (Figure 5.14, p.266) and was associated with 

moderate systemic toxicity according to the BW measurements.

The anti-tum our effect o f 40 mg/kg ECB397 following i.p. administration on alternate 

days for 12 days was not explicit (Figure 5.16, p.269). Although a decreased tumour 

growth was observed, the difference between it and control groups was significant only 

on days 2, 6 and 12. The 1:1 combination o f RS180-leu/bestatin did not prove effective, 

suggesting that the design o f  ECB397 may provide an improved therapeutic outcome 

when administered in vivo, over the 1.1 combination treatment. The prodrug 

presentation o f  ECB397 was designed to selectively target APN-rich sites (such as 

proliferating endothelial cells mostly expressed in the tumour vasculature and also PC-3 

cells), hence once residing in these regions was expected to undergo hydrolysis and 

release its individual component. BW measurements did not show any signs o f drug- 

related toxicity, suggesting that treatment with ECB397 at the particular dose regimen 

was well-tolerated.

Taking into consideration the results acquired from the previous in vivo studies, some 

adjustments were made in an attempt to potentiate the activity o f ADR469. 

Subsequently, the treatment dose was increased to 50 mg/kg and the duration o f the 

study was prolonged up to 24 days. The anti-tum our effect o f i.p. administration o f 50 

m g/kg ADR469 on alternate days was noticeable throughout the duration o f the study 

(Figure 5.18, p.271). A decreased rate o f tumour growth was observed in the ADR469- 

treated group compared to that o f  the control group, with significant differences on 

days 4, 6, 10, 12 and 16. An observable decrease in BW was noted following treatment 

with ADR469, which indicated an insignificant drug-induced toxicity.

To date, ADR469 has proven to be the hybrid with the most potential in vivo and this 

was in agreement with the in vitro and ex vivo data. However, 1:1 combination studies 

o f ADR269 and bestatin are essential in order to investigate whether its design provides 

an improved pharmacological profile over combination treatment.

It is worthwhile to note that the anti-tumour effect o f bestatin was examined using the 

NaUCC-4 choriocarcinoma xenograft model and demonstrated a significant effect by
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daily i.p. administration for 4 weeks at doses of 2 and 20 mg/kg [593], Furthermore, 

Gao et al. reported that 100 i^mol/kg o f bestatin or LYP significantly reduced the 

tumour growth o f ES-2 xenografts in athymic mice, following daily i.v. administration 

for 2 weeks [281], Pasqualini et al. showed that i.p. administration o f 250 (ig/mouse 

bestatin once a week for 3 weeks resulted in an evident decrease o f MDA-MB-435 

breast carcinoma xenografts [199]. Moreover, i.v. administration of 100 mg/kg bestatin 

or CIP-13F (a cyclic-imide peptidomimetics compound) performed daily for 3 

consecutive weeks using a s.c. Lewis lung carcinoma xenograft model, resulted in a 

significant tumour growth delay [594].

The evidence from the literature indicated that bestatin’s anti-tumour effect was evident 

in a variety of human tumour xenografts. In addition, bestatin inhibited the growth o f 

syngeneic tumours, including colon adenocarcinoma 26 (colon 26) and myeloid 

leukaemia C l498 (C l498), but not the growth of colon 26 tumours in balb-c athymic 

mice [247], Spleen cells taken from mice bearing colon 26 and C l498 did not 

neutralise the corresponding tumour. In contrast, when bestatin was administered to 

these mice, spleen cells obtained from the administered mice did neutralise the 

corresponding tumour. This result suggested that bestatin enhanced natural killer cell 

activity of the spleen cells of colon 26-bearing mice. It was indicated that bestatin 

exhibited its anti-tumour effect indirectly by immunomodulation via spleen cells and 

possibly via T cells [247]. In addition, bestatin has shown to modulate macrophage- 

mediated cytotoxicity, by increasing their secretory activity of acid hydrolases and the 

prostaglandins E2 and F2a [595]. Although athymic mice have been previously used in 

bestatin-related in vivo models, the use o f immunocompromised mice in our studies 

could be a possible explanation for the reduced anti-tumour activity observed with our 

hybrids, due to the absence of bestatin’s immunomodulator effect.

Furthermore, 40 mg/kg BWM120 was evaluated in the PC-3 tumour xenograft model, 

by i.p. administration on alternate days for 12 days. Treatment with BWM120 failed to 

verify its anti-tumour effect in vivo (Figure 5.20, p.273), where it demonstrated 

reasonable activity in vitro and ex vivo and particularly exhibited potent APN inhibitory 

properties. According to the BW measurements, there was no sign of systemic toxicity 

observed following treatment with BWM120 at the particular dose regimen. Possible
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explanations for BWM120 minimal anti-tumour effect could be due to its 

administration at a non-effective dose (40 mg/kg).

Krige et al. reported that i.p. administration o f 100 mg/kg/day CHR-2797 (a 

hydroxamate-based APN inhibitor) for two weeks resulted in a moderate anti-tumour 

effect using the MDA-M B-468 human breast adenocarcinoma xenograft, whereas daily 

oral administration o f  3, 10 or 30 mg/kg CHR-2797 demonstrated a more pronounced 

effect using HOSP-1 and HSN LVIO rodent cancer models [576].

The in vivo anti-tumour efficacy mediated directly by a tubulin targeting agent, was 

previously discussed in Chapter 3, section 3.5.4, p. 151. Several in vivo studies were 

conducted using dual-targeting conjugates or immunoconjugates, with one o f their 

components being a tubulin binding agent. For instance, M TC-220 hybrid comprised o f 

PTX and a muramyl dipeptide analogue (an immunomodulator), was synthesised as a 

novel agent possessing dual anti-tum our and anti-metastatic activities. In vivo studies 

indicated that the hybrid exhibited inhibition o f  tumour growth, superior to that o f  PTX 

alone, and prevented tumour metastasis in Lewis lung carcinoma and 4T1 tumour 

bearing mice [596]. In addition, SAR3419, a novel anti-CD19 humanised monoclonal 

antibody (for B-cell selectivity) conjugated to a maytansine derivate (a tubulin targeting 

agent) through a cleavable linker, was reported for the treatment o f B-cell 

malignancies. Single or multiple dose administration o f  SAR3419 resulted in a 

complete treatment response with tumour-free animals at the study termination point, at 

the highest doses administered. At the lower doses, SAR3419 treatment resulted in a 

significant tumour growth delay, as observed in different lymphoma models (Burkitt’s 

lymphomas and diffuse large B-cell lymphoma) [597]. M oreover, hlF6-m cM M A F 

conjugates, targeting CD70 and tubulin, demonstrated potent anti-tumour effect 

following i.p. administration every 4 days for 28 days, at doses o f  1.5 or 4.5 mg/kg, 

using orthotopic or s.c. RCC tumour xenografts [598].

5.4.4 Assessment of Tumour Necrosis

Following completion o f the in vivo efficacy study with 50 mg/kg ADR469, tumours 

were excised and processed for histological examination in order to determine the 

extent o f  tumour necrosis induced by the treatment (Figure 5.22, p.275). Variation in 

tumour size interfered with the interpretation o f the results, since larger-sized tumours
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displayed higher levels o f  necrosis than smaller ones. The extent o f tumour necrosis 

observed in the larger control tumours could be associated with higher levels o f 

hypoxia, induced by inadequate tumour vascular supply. This in turn could stimulate 

angiogenesis in order to improve the oxygen influx [599]. The evidence o f 

haemorrhagic necrosis observed in the ADR469-treated tumours was most probably 

related to treatment-induced hypoxia following disruption o f the vasculature. However, 

it is imprecise as to whether tumour necrosis was mainly induced by ADR469 

treatment, due to the tumour size variation and the limited number o f tumour samples.

It is worthwhile to note, that unsuccessful in vivo studies with ECB378 and BWM120 

at that particular dose, could be as a result o f  an angiogenic stimulation following 

depletion o f the tumour vasculature. Upon activation o f hypoxia-induced signalling 

pathways, various angiogenic, inflammatory and profibrotic cytokines are secreted, 

eventually leading to wound resolution and restoring normoxia [600-602]. In high 

proliferating regions o f well-developed tumours, hypoxia can be induced which is not 

directly related to the degree o f vascularity, perfusion, or oxygen supply. For instance, 

other cell types within the tumour can serve as “oxygen sinks”, contributing to the 

development o f  hypoxia. Tumour-associated macrophages (TAMs) infiltrate 

developing tumours which are associated with increased angiogenesis [603-604], by 

their ability to secrete pro-angiogenic cytokines [605].

5.4.5 Assessment of the Tumour Vasculature

To establish whether test compounds maintained their anti-vascular and anti-angiogenic 

activity in vivo, tumour samples from each group were analysed for functional tumour 

vasculature, following completion o f the efficacy studies. In theory, dual-acting 

compounds targeting tubulin polymerisation and APN should exhibit potent effects on 

the tumour vasculature by either direct disruption (induced by the tubulin binging 

agent) or by angiogenesis depletion (generated from both components o f the hybrids).

Tum our bearing mice treated with 40 mg/kg ECB378 or BW M120 failed to show any

reduction in tumour vasculature which was correlated with the outcome from their in

vivo efficacy study (Figure 5.24, p.277 and 5.30 p.282, respectively). Absence o f  an in

vivo anti-vascular/anti-angiogenic effect could be a possible explanation as to why

ECB378 and BW M120 did not exhibit an anti-tumour effect. In addition, the fact that
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animals treated with these compounds showed a slight increased tumour vasculature 

compared to that o f  the control tumours, may be explained by an angiogenic 

stimulation following depletion o f the tumour blood vessels. Although treatment with 

either 40 m g/kg ECB397 or 50 mg/kg ADR469 showed a variation between individual 

tumour samples, an overall insignificant decrease in the amount o f functional tumour 

vasculature was observed (Figure 5.26, p.279 and 5.28, p.281, respectively). Yet again, 

these results were related with the anti-tum our efficacy study, where both ECB397 and 

ADR469 exhibited an anti-tumour activity in vivo. These findings may indicate that 

part o f ECB397’s and A D R469’s anti-tumour activity was mediated through direct anti- 

vascular and anti-angiogenic effects. M oreover, this finding verified an improved 

pharmacological profile o f ECB397 and ADR469 over ECB378 and BW M120, 

suggesting along with the in vitro data, that the prodrug presentation was favourable 

compared to the active dual-acting design.

The in vivo anti-vascular and anti-angiogenic effects exerted by tubulin targeting agents 

were discussed in Chapter 3, section 3.5.6, p. 155. Several in vivo anti-angiogenic 

studies have also detennined the effect o f bestatin and its related analogues. Aozuka et 

al. showed that i.p. administration o f 50-100 mg/kg/day bestatin for 4 days significantly 

reduced the number o f vessels oriented towards the established primary tumour in 

orthotopic B15-BL6 melanoma xenografts [241]. In addition, immunohistochemical 

staining for CD34 expression in an ES-2 xenograft model following by daily i.v. 

administation with 100 |.iM bestatin or LYP for 2 weeks resulted in a significant 

decrease in the vascular density o f tumours [282]. This finding was in agreement with 

the in vivo efficacy study o f  bestatin and LYP, implying that their anti-tum our effect 

was directly associated with a diminished vasculature.

Taking into consideration the promising in vitro data obtained with these hybrids, as 

outlined in Chapter 4, the in vivo findings did not directly correlate with the anti

tumour, anti-vascular and anti-angiogenic effects o f  test compounds. In an in vivo 

setting, additional complications in the experimental design are always involved and 

issues such as com pound’s solubility, selection o f  a dose regimen, route o f 

administration, tumour type, poor bioavailability, and drug metabolism have to be taken 

into account. Furthermore, for comparison purposes, it is important to examine
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individual components o f the hybrids as well as their 1:1 combination. Without 

providing this data for each compound, it’s not precise whether the hybrid’s 

pharmacological profile is improved compared to that o f single or combination 

treatment.

5.5 Conclusions

Novel hybrids and a DML were designed to target tubulin polymerisation and APN. 

Following the encouraging in vitro results obtained in Chapter 4, it was essential to 

further examine the potential of these compounds in a more complex ex vivo assay. The 

anti-vascular effect o f hybrids and DML was assessed in the aortic ring assay, where all 

compounds demonstrated microvessel breakdown at different levels o f potency and the 

effect was proven to be dose- and time-dependent. The most active hybrids were 

ADR469 and ECB397.

In addition to the anti-vascular effect, test compounds were assessed for their anti- 

angiogenic activity in the aortic ring assay. All compounds showed moderate to 

complete inhibition of microvessels formation at different concentrations, indicating 

angiogenesis inhibition. Once more, ADR469 and ECB397 demonstrated the highest 

potency in the anti-angiogenic model of the aortic ring assay, which are in agreement 

with the in vitro data.

Test compounds were examined in a PC-3 tumour xenograft model for evidence of 

anti-tumour efficacy. ECB378 and BWM120 did not show any evident reduction of 

tumour growth at 40 mg/kg, whereas 40 mg/kg ECB397 and 50 mg/kg ADR469 

demonstrated a significant decrease in the rate o f tumour growth at particular days 

compared to the control group. According to the BW measurements, none o f the 

treatments caused significant systemic toxicity.

The level o f tumour necrosis was examined in control and ADR469-treated groups 

following completion of the efficacy study. The histological examination of tumours 

did not provide any conclusive results as to whether ADR469 treatment caused 

extensive areas o f tumour necrosis.

To further investigate the effect of treatment on their vasculature, tumour samples were 

processed for endothelial cell staining following completion of the anti-tumour study.
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ECB378 and BW M120 treatment did not demonstrate any effect on the tumour 

vasculature. ECB397 and ADR469 showed some effect, verifying that part o f  their anti

tumour effect was mediated through direct vasculature shutdown and angiogenesis 

inhibition.
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5.6 Overall Conclusions

To summarise the findings obtained from Chapter 4 and 5, four groups o f  hybrids and 

one DML, BW M 120, were designed and synthesised in our group to target tubulin 

polymerisation and APN. Initial studies involved the evaluation o f  test compounds in 

APN-related assays. All groups o f  hybrids and DML demonstrated superior inhibition 

o f  APN compared to that o f  bestatin, both at the enzymatic and the cellular level. The 

effect o f  BW M 120 on APN expression o f  HUVECs and PC-3 cells was examined using 

a flow  cytometric technique and showed a significantly decreased level o f  APN  

expression compared to the control treated cells. Follow ing this study, the anti

proliferative activity o f  test compounds was determined along with their individual 

components alone or in 1:1 combinations. All compounds exhibited inhibition o f  cell 

proliferation at different levels o f  activity, with ADR 469 and ECB397 being the most 

potent agents, showing similar effects to their tubulin binding components alone or in 

combination. Furthennore, test compounds caused a substantial disruption to the 

microtubule network o f  endothelial cells with considerable variation in potency, 

confirming their ability to interfere with the tubulin cytoskeleton. Following treatment 

o f  cells with test compounds, cell cycle analysis was performed, whereby a G2/M  phase 

arrest was observed, signifying their anti-mitotic activity. In addition, DNA  

fragmentation was analysed at the sub-Go/Gi and found that in most cases test 

compounds induced higher levels o f  apoptotic cells than their individual components 

(alone or in combination). Perhaps, the design o f  the hybrids and DM L is advantageous 

over single agents and may suggest a different mechanism o f  action (other than the 

mitotic arrest) in which the compounds induced their apoptotic effects. The in vitro  

anti-vascular effect o f  test compounds was observed by the reversible morphological 

changes o f  proliferating endothelial cells.

Following the promising in vitro  evaluation o f  test compounds, their anti-vascular and 

anti-angiogenic effects were assessed in the ex vivo  aortic ring assay, where all 

compounds demonstrated m icrovessel breakdown and depletion o f  angiogenesis at 

different levels o f  potency. In agreement with the in vitro  data, the two most active 

compounds were A D R 469 and ECB397. The final stage o f  evaluation involved the 

assessment o f  compounds in a s.c. PC-3 tumour xenograft model. Treatment o f  tumour 

bearing m ice with 40 mg/kg ECB378 or BW M 120 was not sufficient to provide
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evidence o f an anti-tumour effect, whereas 40 mg/kg ECB397 and 50 mg/kg ADR469 

demonstrated a tumour growth delay compared to the control group. Histological 

examination o f tumour samples following completion o f  the ADR469 efficacy study 

did not provide conclusive evidence as to whether ADR469 treatment caused extensive 

areas o f  tumour necrosis. Finally, the effect o f each treatment on the tumour vasculature 

was examined following completion o f  the anti-tumour study. A m inor reduction was 

observed in the ECB397- and ADR469-treated tumours, verifying that part o f  their anti

tumour effect was mediated through direct vasculature shutdown and angiogenesis 

inhibition.

Taking into consideration the results obtained from the in vitro, ex vivo and in vivo 

evaluation o f  hybrids, their degree o f  potency depends upon their design i.e. whether 

the hybrids were presented in an active or a prodrug form. According to these findings 

and in addition with studies conducted by Breen [554], group I hybrids remain intact as 

dual-acting compounds and hence their reduced activity as tubulin binding agents, 

whereas group II hybrids are hydrolysed by a slow-release reaction, thus the observed 

moderate activity. Group III and IV hybrids are hydrolysed to release their individual 

components under physiological conditions, and for this reason they maintained their 

potency o f their corresponding tubulin binding agent.

To conclude, novel hybrids and DML designed to target tumour vasculature and 

angiogenesis, demonstrated promising in vitro and ex vivo activities; however the 

results obtained from the in vivo data were not directly correlated to their actual 

potential, possibly due to their administration at non-effective doses. Additional studies 

are encouraged to be carried out with different experimental settings in order to reveal 

their true potential as anti-vascular, anti-angiogenic and anti-tumour agents. Future 

work is discussed in Chapter 6.
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6. Future W ork

6.1 Inhibition of Cell Proliferation

The majority o f tubulin polymerisation inhibitors, hybrids and the DML synthesised in 

our lab, demonstrated potent anti-proliferative activity against HUVECs and PC-3 

prostate cancer cells, as determined by the M TT assay. Additional assays could also be 

used to confirm the anti-proliferative effect o f test compounds, including an LDH- 

based assay [606], and an ATP-based bioluminescent assay [607]. It would be 

interesting to expand the investigation o f the inhibitory effect o f test compounds using 

additional primary cells lines {e.g. fibroblasts). This could distinguish any type o f 

selectivity over normal cells in general or specifically over HUVECs. In addition, it is 

worthwhile to determine the anti-proliferative effect o f  test compounds on quiescent 

HUVECs and observe any significant selectivity over proliferating HUVECs. This will 

identify whether these compounds exert “true” vascular disrupting properties, by 

selectively targeting proliferating endothelial cells, but not quiescent endothelial cells. 

In theory, this property would be beneficial in vivo, which could lead to a minimised 

drug-associated systemic toxicity. Furthennore, screening o f test compounds against a 

variety o f solid tumour cell lines could identify possible selectivity over a particular 

tumour type.

The anti-proliferative activity o f the bestatin-related hybrids could be examined in 

myeloid cell lines, since bestatin demonstrated selectivity over several myeloid cell 

lines, by induction o f apoptosis [244-245]. In addition, it would be interesting to 

explore the effect o f  hybrids on proliferation o f APN-negative cell lines and compare 

their activities to that o f APN-positive cells’ proliferation. This would be an indication 

as to whether their effects are directly mediated through an APN-associated pathway.

6.2 Inhibition of Tubulin Polymerisation

Considering the data obtained from the cell cycle analysis (G2/M  arrest) and the 

visualisation o f the microtubule disruption o f endothelial cells, following drug 

exposure, it is reasonable to conclude that test compounds were directly targeting 

tubulin. It is important to determine the degree o f  tubulin polymerisation inhibition o f 

each compound and correlate that to the in vitro activity demonstrated at the cellular
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level [608]. Furthermore, it is only assumed that similar to CA-4, our compounds bind 

to tubulin at the colchicine-binding site; however additional studies are required to 

confirm that [609]. The exact molecular mechanism in which our compounds interfere 

with microtubule organisation it is still unclear and perhaps they share similar 

properties with CA-4. However, further investigation is encouraged to take place in 

order to clarify this by examining the involvement o f actin, actinomyosin and VE- 

cadherin [315, 511].

6.3 Inhibition of Cell M igration, Invasion, Adhesion and Angiogenesis

Although the primary aim of this study was to evaluate the novel tubulin 

polymerisation inhibitors as tumour VDAs, a supplementary assay was performed in 

order to investigate the effect of R S I80 on in vitro angiogenesis (AngioKit assay). In 

addition, the anti-angiogenic inhibition of tubulin binding agents and dual-acting 

compounds was examined in the ex vivo aortic ring assay. Angiogenesis involves 

multiple cellular processes and it is associated with several different growth factors. It 

would be worthwhile to determine the effect of selected compounds, particularly the 

bestatin-related hybrids, on angiogenesis-associated cellular processes including 

migration, invasion and adhesion [223, 240, 579]. Furthermore, the regulation of 

particular growth factors, including hypoxia inducible factor 1 (HIF-1) and VEGF 

[610-611] could be investigated following continuous drug exposure. The effect of 

hybrids on cell invasion and metastasis could also be assessed by exploring the 

expression pattern of certain MMPs involved in matrix degradation [240, 612-613].

6.4 Inhibition of APN

The inhibitory effect of hybrids on APN was determined at the enzymatic and the 

cellular level using a colorimetric technique. Further enzyme kinetic studies could 

identify how the compounds inhibit APN and could classify them as competitive or 

non-competitive, reversible or irreversible inhibitors [271]. Additional hydrolysis 

studies could be carried out using the prodrug-form hybrids in order to quantify their 

levels both in an extracellular and intracellular environment, using a liquid 

chromatography-mass spectrometry (LCMS) technique. Moreover, the APN expression 

profile of BW M 120-treated cells was examined using immunofluorescence staining, 

followed by flow cytometric analysis. Additional methods of detection could establish
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the level o f  APN expression using W estern blotting [282], ELISA [580] and real-time 

polymerase chain reaction techniques [614],

6.5 Induction of Apoptosis

An additional study involved the examination o f  hybrids and their individual 

components alone or in 1:1 combination for evidence o f synergistic induction o f  cell 

death. Cell cycle analysis was performed using PI staining, followed by detection o f 

sub-Go/G| arrest, using a flow cytometric technique. A significant increase o f  apoptotic 

cells was observed following treatment with hybrids, compared to the single agents 

alone or in combination. It is still unknown whether this observation was due to a 

synergistic effect or due to an undiscovered mechanism o f action. Further studies are 

encouraged to clarify the situation, using different methods o f apoptosis detection, 

including Annexin V/PI staining followed by flow cytometric analysis, DNA 

fragmentation using electrophoresis, exploring specific caspases activity and 

examination o f  any cell morphological abnormalities associated with apoptosis-induced 

nuclear degradation [244-245, 563-564].

6.6 In Vivo Anti-tum our Efficacy

The in vivo anti-tum our efficacy o f test compounds was evaluated in a s.c. PC-3 tumour 

xenograft model. From the preliminary in vivo data obtained in Chapter 3, a significant 

decrease in tumour volume was observed following i.p. administration once a week for 

three weeks with 200 mg/kg o f GS291 and 150 mg/kg o f CA-4P; however GS291 

treatment was not superior to that o f CA-4P. Perhaps, an increased frequency o f 

treatment {e.g. on alternate days), a different route o f  administration {e.g. i.v.) or 

combination therapy could enhance the anti-tum our effect o f  test compounds. In fact, 

there are numerous evidences to support that the activity o f VDAs can be augmented by 

combination therapy with a standard cytotoxic agent [529, 615-616]. This theory is 

based on the fact that the anti-vascular agent will cause disruption o f  the tumour 

vasculature, resulting in a higher permeability o f tumour vessels and thus facilitating 

the release o f  the cytotoxic agent within the tumour tissue. Additional in vivo studies 

could explore the anti-tumour activity o f test compounds on other xenograft models, 

including different types o f tumours, or by using orthotopic implantation o f tumour 

cells/tissues [527, 617].
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The in vivo evaluation o f  hybrids showed a variation in their anti-tum our efficacy. For 

instance, i.p. administration with 50 mg/kg ADR469 on alternate days for three weeks 

demonstrated the largest decrease in tumour volume in the PC-3 tum our xenografts. 

Treatment o f  tumour bearing mice with 40 mg/kg ECB397 on alternate days for two 

weeks resulted in a smaller reduction o f tumour volume, which may indicate that a 

prolonged treatment is beneficial for the outcome of the study. Following i.p. 

administration o f 40 mg/kg o f ECB378 or BW M120 on alternate days for two weeks 

was not sufficient to demonstrate any anti-tumour effect. Additional in vivo efficacy 

studies with longer duration o f treatment, perhaps i.v. administration and an increase in 

treatment dose are encouraged in order to reveal the hybrids’ and D M L’s true anti

tumour potential. M oreover, comparison studies with individual components o f  the 

hybrids, alone or in 1:1 combinations, will clarify the situation and reveal any 

advantageous effect o f  the hybrids. In vivo pharmacokinetic studies could also address 

any issues associated with poor bioavailability and drug metabolism. It is worthwhile to 

investigate the degree o f  hydrolysis o f the prodrug-form hybrids by determining the 

level o f their individual components in plasma, tumour samples and other APN-rich 

sites, including the liver and kidneys. Furthermore, it would be interesting to evaluate 

the anti-tumour effect o f  hybrids in other solid tumours including APN-positive and 

APN-negative cancer cell lines and identify any selectivity patterns.

The aim o f the in vivo study with regard to the hybrids’ evaluation was to identify any 

synergistic effect in terms o f anti-tumour efficacy, as a result o f  a direct tumour 

vasculature disruption and angiogenesis inhibition. However, immunotherapy with 

bestatin previously demonstrated activity against haematological cancers [264-265, 

267]; thus the adjuvant effect o f bestatin-related hybrids could also be examined in 

haematological malignancies. It is worthwhile to note that the anti-tum our effect o f  

bestatin observed against syngeneic colon tumours was through indirect 

immunomodulation via spleen cells and possibly via T cells [247]. In our studies, 

immunodeficient mice were used, lacking certain components o f the immune system, 

including T cells. This could minimise the immunomodulatory properties o f bestatin 

and as a consequence reduce its anti-tumour activity. Further studies using non- 

immunodeficient animals are encouraged, in order to observe any enhancement o f 

bestatin’s anti-tumour effect, through indirect immunomodulation. As an extension to
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the efficacy study, the effect o f bestatin-related hybrids on in vivo metastasis could also 

be investigated, by examination o f potentially-metastatic organs, including the lungs 

and liver [594, 618],

6.7 Examination o f Tumour Samples

Following completion o f the in vivo efficacy studies, tumour samples were collected 

and processed for histological examination. The degree o f  tumour necrosis and 

vasculature disruption was determined following H&E and CD31 staining, respectively. 

Tum our vasculature was examined for evidence o f  vascular disruption, contributed by 

the tubulin binding component o f the hybrids, and evidence o f an anti-angiogenic 

effect, mediated by their bestatin component. However, there was no distinguishable 

marker in this method to reveal a separate effect induced from each individual 

component o f the hybrid. It is worthwhile to investigate the effect o f  the hybrids on the 

tum ours’ APN expression pattern, using immunostaining techniques or to quantify the 

APN levels in tumour homogenate samples, using flow cytometric analysis [594, 618].

6.8 H ybrids’ Design

It is reasonable to conclude that the effect o f the bestatin-component o f the hybrids did 

not contribute mostly to their potency and effectiveness, both in vitro and in vivo. 

Therefore, it is only rational to assume that perhaps a different ratio {e.g. 1:2) in the 

hybrids’ design between the tubulin targeting agent and bestatin, could pronounce the 

activity o f bestatin and potentiate an overall greater synergistic effect. In addition, 

targeted delivery o f  the compounds to the tumour site could be facilitated by their 

conjugation to a NGR or RGD moiety, which could recognise APN- or integrin-rich 

sites within the tumour, and provide a prolonged release o f the active drugs.
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