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Abstract

A  novel series o f  p yrrolo-l,5-benzoxazepine (PB O X ) com pounds have 

potential as anti-cancer agents. The PBO X  com pounds appear to be subdivided  

into tw o groups, those that exert antiproliferative effects (e.g . P B O X -21) by 

arresting cancerous ce lls  in the G1 phase o f  the cell cyc le  without eliciting  

cytotoxic effects, and those that induce apoptotic cell death (e.g. P B O X -6 ). A  

fuller understanding o f  the m olecular m echanism s underlying the oncostatic and 

apoptotic effects o f  these PBO X  com pounds is essential to their developm ent as 

therapeutic agents in the treatment o f  cancer.

The first part o f  the study concerned the elucidation o f  the m olecular m echanism  

underlying the oncostatic effect o f  P B O X -21, a representative member o f  the 

antiproliferative subset o f  PBO X  com pounds. PBO X -21 induces G1 arrest in a 

dose- and tim e-dependent manner in both the human 1321N1 astrocytom a and 

M CF-7 breast carcinom a cell lines. The PB O X  com pounds are high affinity  

ligands o f  the peripheral-type benzodiazepine receptor (PBR). H ow ever, the 

PBO X-21 induced G1 arrest does not appear to be mediated through binding to 

the PBR, as saturation o f  the PBR binding sites with the specific PBR ligand, PK 

11195,  prior to treatment o f  the cells with PBO X -21 does not prevent the arrest. 

The G1 arrest is preceded by a rapid decrease in CDK 2 kinase activity and cyclin  

D 3 expression  and is concom itant with a decrease in C D K 4 kinase activity. The 

tim ing o f  these events w ould suggest they are likely to be part o f  the m echanism  

by w hich  PBO X -21 initiates the G1 arrest. The inhibition o f  both CDK 2 and 

C DK 4 kinase activities was found to be at least in part due to their early 

downregulation in protein expression fo llow ing PBO X -21 treatment. The 

decrease in C D K 4 acfivity may also be due to a decreased com plex association  o f  

CD K 4 with cyclin  D 3 . M olecular events found to be elicited  subsequent to the 

onset o f  arrest w ere a decrease in C D K 6  kinase activity, an upregulation in the 

CDK  inhibitor, p21, and a dow nregulation o f  cyclin  D 2 . A ssociation  o f  C D K 6  

with cyclin  D 3 w as also found to be abrogated fo llow in g  treatment with PBO X- 

21. T hese events may be involved in maintaining the G1 arrest. Furthermore, Rb 

becom es hypophosphorylated in response to PBO X-21 treatment. These results 

indicate that PBO X-21 exerts its growth inhibitory effects through the
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modulation o f the expression and/or activity o f several key G1 regulatory 

proteins.

The second part o f this study concentrated on elucidating the molecular 

mechanisms underlying the apoptotic effects o f a representative pro-apoptotic 

PBOX compound, PBOX-6. It was demonstrated that PBOX-6 induces apoptotic 

cell death in the MCF-7 human breast carcinoma cell line. Apoptosis in response 

to PBOX-6 is preceded by an accumulation o f cells in the G2/M phase o f the cell 

cycle. PBOX-6 induces a sequential upregulation in JNK activity and cyclin Bi 

associated CDKl kinase activity. The rapid activation, within 5 minutes, o f the 

JNK kinase signalling pathway would appear to be important in the mechanism o f 

PBOX-6 induced arrest and apoptosis as its inhibition protected against these 

effects. PBOX-6 also elicits similar effects upon MCF-7 cell cycle kinetics, CD Kl 

kinase activity and G2/M regulatory proteins as two representative 

antimicrotubule agents, nocodazole and paclitaxel, suggesting that PBOX-6 may 

target the microtubule network.

Indirect immunfluorescence demonstrated that PBOX-6 and another pro- 

apoptotic PBOX compound, PBOX-15, cause a depolymerisation o f the 

microtubule network o f MCF-7 cells. They also cause a disassembly o f purified 

tubulin in vitro, whereas the non-apoptotic PBOX-21 has no effect on either the 

cellular microtubule network or purified tubulin. This suggests that the molecular 

target o f the pro-apoptotic PBOX compounds is tubulin. PBOX-6 does not bind to 

either the vinblastine or the colchicine binding site on tubulin, suggesting that it 

binds to, an as yet, uncharacterised novel site on tubulin.

The ability o f PBOX-6 to bind tubulin and cause microtubule 

depolymerisation, suggests it as a novel candidate for antineoplastic therapy. 1 his 

is all the more significant, as both the clinical success of, and increasing resistance 

to, antimicrotubule agents in the treatment o f  a variety o f cancers has prompted 

the search for new agents with a similar mechanism.
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1.1 Overview of the eukaryotic cell cycle

The cell cycle can be considered as a collection o f highly ordered 

processes that results in the duplication o f the cell, thus underlying the growth 

and development o f all living organisms. It is a universal process whose function 

is to ensure that individual cells respond properly to environmental cues in order 

to maintain tissue homeostasis. This requires a precise spatial and temporal 

control o f  cell proliferation. The molecular basis o f this control is highly 

conserved from simple unicellular eukaryotes such as yeast, to complex 

metazoans such as humans. The precision with which cell cycle events are 

executed ensures the survival o f living organisms, while loss o f this precision 

increases genomic instability, an important factor in the development o f cancer.

The eukaryotic cell cycle consists o f four distinct phases (Fig 1.1). Early 

light microscopic studies recognised that cell division was preceded by mitosis. 

Little could be seen during the interval between succeeding mitoses (known as 

interphase) except that cells grew in volume. Interphase remained a black box 

until chromosome duplication was detected and shown to occur during a narrow 

window o f time during interphase (Howard and Pelc, 1951). This split interphase 

into three intervals: G l, the gap between the M phase (mitosis) and the onset o f 

DNA synthesis and replication; S phase, the period o f DNA synthesis and 

replication; and G2, the gap between S and M phases.

In the 01 phase, cells monitor both their internal and external 

environments to determine whether to divide or to remain in a state o f quiescence 

(GO). Once a threshold size has been reached and specific proteins have been 

activated, the cell progresses from the G l to the S phase. Here cells replicate their 

genome in a restricted time. After this point mitogenic signals are no longer 

required for cells to progress through the cell cycle. After the DNA has been 

replicated, cells progress through the second much shorter growth phase, G2. 

Finally, the cell is ready to divide into two daughter cells, which will start a new 

cycle.

Precise coordination o f  the progression through cell cycle phases is 

critical not only for normal cell division but also for effective growth arrest under
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Figure 1.1 The Phases o f  the Cell Cycle

The cell cycle consists o f 4 distinct phases: (1) G l phase, the first gap or growth 

phase and the phase in which the cell spends the majority o f its time; (2) S phase, 

the period during which the cell duplicates its DNA content; (3) G2 phase, the 

second gap or growth phase; (4) M phase, during which time the cell undergoes 

mitosis/meiosis and divides into two daughter cells. The Restriction Point is a 

point in late G l after which the cell is irreversibly committed to completion o f the 

cell cycle. This figure also illustrates the combinatorial interactions o f cyclins and 

CDKs during the cell cycle.
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conditions o f stress or after DNA damage. As a consequence, a derangement in 

the cell cycle machinery may contribute to uncontrolled cell growth, which is the 

principal feature o f cancer. An important conceptual advance in understanding 

the ordering and control o f the cell cycle came with the idea that the cell cycle 

should be considered as a temporally organised sequence (Hartwell et a i ,  1974). 

This thinking focused attention on the way in which different cell cycle events 

were linked together in an orderly sequence. Later events were often found to be 

dependent upon the successful completion o f earlier events, and it was reasoned 

by Hartwell and Weinert (1989) that these dependencies could be o f two types: 

(1) directly coupled, i.e. the product o f an early event is the substrate for a later 

event (the so-called substrate-product relationship) and (2) regulatory 

mechanisms, termed ‘checkpoints’. Checkpoints are biochemical pathways that 

ensure dependence o f one process on another process that is otherwise 

biochemically unrelated (Hartwell et a i ,  1994). These checkpoints monitor DNA 

status and integrity and prevent inappropriate transitions into S phase and mitosis 

when problems are detected.

1.2 Cell Cycle Machinery

The identification o f the four distinct cell phases set the stage for the 

discovery o f  the core machinery that controls the order and timing o f the events. 

Early cell cycle research revealed the factor that stimulated progression through 

the meiotic cell cycle in Xenopus oocytes. This protein complex was termed 

maturation-promoting factor (MPF) (Masui et al., 1971). The purification o f MPF 

revealed two components required for activity; a protein called a cyclin and a 

protein serine/threonine kinase know as a cyclin-dependent kinase (CDK).

1.2.1 Cyclin Dependent Kinases (CDKs)
Cyclin Dependent Kinase 1 (C D K l, also known as cdc2), in combination

with cell cycle specific cyclins, is able to single-handedly drive the yeast cell 

cycle; however, the high level o f complexity o f mammalian systems dictates that 

multiple CDKs control various phases o f the cell cycle. CDKs are characterised 

by a number o f features including the necessity o f cyclin binding and specific 

activation phosphorylations and dephosphorylations to attain full kinase activity 

(these are discussed in length below).
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CDKs are typically 300 amino acids in length containing certain 

recognisable motifs that help classify the kinase as a CDK. The T-loop is an 18 

amino acid m otif containing the conserved activating threonine phosphorylation 

site. The T-loop acts to block the catalytic cleft o f the kinase in the absence o f 

cyclin binding thereby making the cleft inaccessible to potential substrates. The 

PSTAIRE region is a 16 amino acid stretch representing another highly 

conserved CDK motif. Cyclin specificity is dictated by the specific PSTAIRE 

m otif o f each CDK molecule (Morgan, 1995). In humans to date, nine CDKs 

(CDK 1-9) (Table 1.1) have been identified. Not all o f these CDKs participate in 

cell cycle control and instead participate in basic cellular functions such as 

transcription.

In mammals, four separate CDKs (C D K l, CDK2, CDK4 and CDK6) are 

responsible for controlling the various stages o f the cell cycle (Elledge, 1996) 

(Table 1.1). At the G l/S  transition, CDK2 and CDK4/6 govern the entry into S- 

phase. CDK2 continues to be active through S-phase. Lastly, CD K l becomes 

active in G2 and its activity persists through mitosis (Sherr, 1996). Another CDK, 

CDK7 also has ties to the cell cycle in that it is responsible, in combination with 

cyclin H, to act as the CDK-activating kinase (CAK) (see later). The remaining 

mammalian CDKs have yet to be shown to play a crucial role in normal cycle 

progression. Cyclin dependent kinases, as their name implies, require the binding 

of a cyclin subunit during these phases to begin to achieve kinase activity.

1.2.2 Cyclins
The cyclins earned their names due to their periodic expression in the cell 

cycle (Evans et a l ,  1983). Complexes o f cyclins with CDKs play a central role in 

the control o f the cell cycle by phosphorylating specific substrates, and this is 

thought to be critical in the regulation o f an ordered sequence o f events leading to 

DNA replication and chromosomal segregation. Therefore, these cyclin/CDK 

complexes have been deemed the ‘cell cycle engines.’ To confer specificity to 

this mechanism, during evolution, eukaryotic cells have developed
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Table 1.1 Description of known mammalian cyclins and CDKs

Cell Cycle 
Protein

Involvement 
in the Cell 

Cycle

Function of protein Regulation of activity

Cyclin A Through S 
progression 

into M

Acitvates CDK2 (G l)  and 
C D K l (G2)

Transcriptional and 
ubiquitin degradation

Cyclin Bi Progression 
into M

Activates C D K l (G2) Transcriptional and 
ubiquitin degradation

Cyclin B2 Progression 
into M (G2)

? U biquitin degradation

Cyclin C Throughout 
cell cycle

Binds to CDKS ?

Cyclin D i, D 2 , D 3 Through G 1 Acitvates CDK4 and C D K 6 Transcriptional and 
ubiquitin degradation

Cyclin E Progression 
into S

Activates CDK2 Transcriptional and 
ubiquitin degradation

Cyclin G Progression 
into G2/M

? ?

Cyclin H Part o f  CAK 
com plex

Activates CDK7 in CAK 
com plex

?

Cyclin I Throughout 
cell cycle

Hom olog o f  Cyclin G 7

Cyclin Ti, T2a, 
Tab

Throughout 
cell cycle

Activates CDK9 ?

C D K l Progression 
into M

Phosphorylates H istone H I, 
lam ins etc.

A ctivated by cyclins A 
and B

CDK2 Progression 
past G 1 

restriction 
point and 
through S

Phosphorylates pRb A ctivated by cyclins A 
and E

CDK3 Through G 1 ? ?

CDK4 Through G1 Phosphorylates pRb A ctivated by cyclins D l, 
D2 and D3

CDKS Post-m itotic
neurons

Binds p35 7

CD K 6 Through G 1 Phosphorylates pRb A ctivated by cyclins D l, 
D2, and D3

CDK7 Part o f  CAK 
complex

Activate CDKs and 
phosphorylate RN A pol II

A ctivity dependent on 
presence o f  substrate?

CDKS Throughout 
cell cycle

Binds cyclin C 7

CDK9 Throughout 
cell cycle

Phosphorylates largest 
subunit o f  RN A polym erase 

II

A ctivated by Cyclins T l, 
T2a and T2b

Table from ‘The Molecular Basis o f  Cell Cycle and Growth Control’ 1999
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a large number o f functionally different cyclins which control various parts o f the 

cell cycle when complexed with a CDK partner. Their expression patterns dictate 

at which point in the cell cycle they play a role. Similar to prokaryotes, and also 

in higher organisms, the new synthesis and the accumulation o f a specific cyclin 

dictates the formation o f a cyclin/CDK(s) complex at a distinct point o f the cell 

cycle. The rapid destruction o f this cyclin and the synthesis o f a new one will 

ensure the progression into the subsequent phase. Thus, the transient appearance 

o f  different cyclin/CDK complexes drives critical cell cycle events such as cell 

growth (G I), DNA replication (S), and cell division (G2/M) (Figure 1.1). Many 

different cyclins with their partner CDKs have been cloned and characterised 

(Table 1.1).

Other ‘cyclins’ exist that do not show cell cycle fluctuations. These 

proteins are involved in other cellular processes but do not appear to play a role 

in cell cycle control. They are only deemed cyclins due to their overall structural 

homology and conserved cyclin domains. These two types o f cyclins, cell cycle 

related (A, B, D and E) and non-cell cycle related (H and C) make up the two 

cyclin subgroups which are evolutionarily divergent. The recently discovered 

cyclin T (Peng et al., 1998), cyclin G (Okamoto et al., 1994) and Cyclin I 

(Nakamura et al., 1995) have not yet been classified into either o f these two 

groups as o f yet.

1.2.2.1 Domain Structure
W ithin the cyclin structure are domains which are required for cyclin

activity and degradation. The ‘cyclin box’ is the only criterion by which proteins 

are judged in order to deem them cyclins. This conseved domain spans 

approximately 100 amino acids located in the middle o f the protein and appears to 

play a role in CDK binding. Cyclins also possess degradation sequences. The 

‘destruction box’ is a protein sequence at the amino-terminus which is required 

for efficient cyclin proteolysis at the end o f its designated cycle. This proteolysis 

is ubiquitin-mediated. The destruction box is only characteristic o f the mitotic 

cyclins, cyclin Bi, cyclin Bi and cyclin A (Harper et al., 2002). The D-type and E- 

type cyclins contain PEST sequences rich in proline, glutamic acid, serine and 

threonine at their carboxy-terminus (Rechsteiner et al., 1996). These sequences 

make the proteins inherently unstable. Even though these proteins do not contain

7



destruction boxes, their degradation is also mediated by ubiquitin-mediated 

proteolysis.

During ubiquitin degradation proteins are targeted for degradation by the 

ATP-dependent 26S proteasome complex by ligation to ubiquitin, a 76 amino 

acid polypeptide. This degradation is initiated by the phophorylation o f threonine 

286, which signals the binding o f ubiquitin to a lysine residue o f  the target cyclin. 

A polyubiquitin chain is formed, and proteins ligated to multiple ubiquitins are 

degraded to small peptides by the proteasome complex. The Anaphase-Promoting 

Complex (AFC) functions as a cell cycle-regulated ubiquitin ligase that mediates 

the destruction o f the mitotic cyclins, triggering entry into anaphase and 

ultimately exit from mitotis, and thus, entry into a new cell cycle (Harper et al., 

2002) (Figure 1.2).

1.2.3 Cyclin/CDK subcellular targets
One o f the subcellular targets o f the active cyclin/CDK complexes is

believed to be the retinoblastoma susceptibility gene product Rb (Ewen et 

a /.,1993; Kato et al., 1993). Rb becomes phosphorylated at a time close to and 

perhaps concomitant with the restriction checkpoint. Rb binds to (and negatively 

regulates the activities oO transcription factors such as li2F-D Fl heterodimers, 

whose functions are important for the G l/S  transition. Fhosphorylation o f Rb 

reverses the growth suppressive effects o f Rb by releasing E2F from its inhibitory 

constraint, thereby enabling the untethered factor to activate genes required for 

DNA replication and thus progression through the cell cycle (reviewed by Nevins 

et al., 1997; Weinberg, 1995). For more detail see Section 1.3.

1.2.4 Cyclin/CDK structure, function and regulation

1.2.4.1 Complex assembly and associated structural changes
Cyclins bind to the amino terminal portion o f the CDK by contacting the

middle o f the PSTAIRE m otif through hydrophobic interactions and by hydrogen 

bonding to the remainder o f the PSTAIRE m otif All protein kinases possess a 

tertiary structure comprising o f a small N-terminal lobe and a larger C-terminal 

lobe. ATP fits snugly in the cleft between the lobes, in such a way that the
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(a) Mitotic cyclin destruction box

H,N — —  COOH

Cyclin A Arg—T h r—Val —L *u —G ly—Val— l ie —G ly —Asp
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Cyclin B2 Arg—Ala —Ala—Leu —Gly —Glu — lie —G ly —Asn

lb) Polyiibiquilination of mitotic cyclin
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Diagram taken from M olecular Cell B iology, 4*  Edition (Lodish, 1999)

Figure 1.2 Polyubiquitination of mitotic cyclins

(a) All mitotic cyclins have a homologous destruction box (yellow) near the N 

terminus. The destruction box sequences o f Xenopus mitotic cyclins, cyclin Bi, 

cyclin B2 and cyclin A, are shown with amino acid residues conserved in all three 

proteins in red; residues conserved in two o f  the three proteins are in black 

boldface.

(b) Late in anaphase, multiple ubiquitin molecules are added one at a time to 

lysine residues C-terminal to the destruction box in mitotic cyclins. A ubiquitin 

first is linked to the activating enzyme E l, which then passes the activated 

ubiquitin to one o f several ubiquitin-conjugating enzymes (E2). After E2, 

together with a ubiquitin ligase (E3), called the anaphase-promoting complex 

(APC), recognises a destruction-box sequence, the attached ubiquitin is 

transferred to the substrate protein. Repetition o f this process polyubiquitinates 

mitotic cyclins, which then are rapidly degraded by a multiprotein proteasome 

complex.
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phosphates are oriented outward, toward the mouth of the cleft. The protein 

substrate binds at the entrance of the cleft, interacting mainly with the surface of 

the C-terminal lobe. Nearby residues catalyse the transfer of the y-phosphate of 

ATP to a hydroxyl oxygen in the protein substrate.

Monomeric CDKs are completely inactive in the absence of binding with 

cyclins. This is due to at least two reasons:

(1) Key residues in the catalytic cleft are incorrectly positioned, so that when 

ATP binds to the monomeric CDK, it does so in a conformation that prevents 

nucleophillic attack by ATP on the substrate hydroxy group because the 

phosphates of the ATP are not ideally oriented for the kinase reaction. This 

prevents the breaking of the phosphate bond and phosphorylation of the substrate. 

Thus CDK activation requires extensive structural changes in the CDK catalytic 

cleft.

(2) The T-loop domain of the C-terminus blocks the catalytic cleft. Following the 

interaction of the PSTAIRE region of the CDK with the ‘cyclin box’ of the 

cyclin, the PSTAIRE helix is reoriented, thus allowing the ATP phosphate bond 

to become susceptible to the attack from a bound substrate. This is also facilitated 

by the binding of the partner cyclin to the N-terminal portion of the T loop. This 

interaction displaces the T loop that partially obscures the substrate-binding site. 

Finally, the interaction between the cyclin and the T loop exposes the threonine 

residues (e.g. Thr-160 in CDK2 and Thr 161 in CDKl, Thr-172 in CDK4, and 

Thr-170 in Cdk7 itself) in the T loop, which becomes accessible for 

phosphorylation by another cyclin/CDK complex known as CDK-activating 

kinase (CAK). Phosphorylation by CAK completes the full activation of the 

cyclin/CDK complex. The Thr-phosphorylation by CAK promotes further 

structural changes in the CDK-subunit leading to stabilisation of the complex 

with cyclin and affecting the putative substrate-binding site (Russo et al, 1996).

CAK is composed of cyclin H, CDK7 and a third protein of 36kD that is 

referred to as MATl (Adamczewski et al, 1996). Most cyclin/CDK complexes 

are probable substrates for CAK. However, the observations that cyclin H/CDK7 

is a component of TFIIH (a protein belonging to the basal transcriptional 

machinery) and that it can phosphorylate the C-terminal domain of the RNA 

polymerase II (Feaver et al., 1994) (thereby participating in the induction of RNA

10



transcription more than in the activation o f cyclin/CDK complexes) raise the 

question o f whether another CDK-specific activating protein exists. Nevertheless, 

given its role in both transcription and CDK activation, CAK could provide a link 

between transcription and cell cycle control.

1.2.4.2 Inhibitory phosphorylation
After exerting its activity, the cyclin/CDK complexes need to be

inactivated and replaced by other complexes in the next phase o f the cell cycle. 

Tyrosine and/or threonine phosphorylation is suggested to prevent premature 

kinase activation and to maintain it within tightly regulated limits. The importance 

o f CDK phosphorylation, in terms o f regulation o f CDK activity was worked out 

mainly in yeast on C D K l.

During G2, mammalian cyclin B/CDKl complexes are held in an inactive 

state by phosphorylation o f CD Kl at two negative regulatory sites, threonine 14 

(T hrl4) and tyrosine 15 (Tyrl5), located in the ATP-binding pocket o f the 

kinase. Phosphorylation o f T yrl5  by W eel and M ytl protein kinases, interferes 

with phosphate transfer to a bound substrate (Atherton-Fessler et a l, 1993). In 

contrast, T hrl4  phosphorylation inhibits CDKl by interfering with ATP binding 

(Endicott et al., 1994).

Dephosphorylation o f Thr-14 and/or Tyr-15 is necessary to achieve 

maximal CDKl and CDK2 activity. The molecules responsible for these 

dephosphorylations belong to the CDC25 family o f dual specificity phophatases. 

In humans, three CDC25 genes (A, B and C) serve the same function in the more 

complex regulation o f mammalian cell in which multiple CDKs exist (Bartek et 

al., 2001). CDC25a acts on the G1 cyclin/CDK complexes, while CDC25c acts 

on the cyclin B /CD K l complex. Even though CDK4 and CDK6 have no T hrl4- 

like residue, both o f these molecules undergo similar regulation via CDC25a. 

CDK4 and CDK6, instead, have only the tyrosine residue in this region 

(Matsushime et al., 1992). Figure 1.3 represents a generalised model o f CDK 

activation.
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Diagram  taken from ‘M olecu lar  B io lo g y  o f  the C e l l ’, Edition, (Alberts ,  1994).

Figure 1.3 Model of CDK activation

In step A, the cyclin subunit binds, leading to the addition o f the inhibitory 

phosphate by W eel/M yt 1 kinase in step B. The activating phosphorylation by 

CAK occurs in step C, but the enzyme only becomes active after the inhibitory 

phosphate is removed in step D by a member o f the family o f CDC25 

phosphatases. The ubiquitin-mediated degradation o f cyclin after step D causes 

enzyme inactivation, including the loss o f the activating phosphate, which returns 

the CDK to its initial inactive state.
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1.3 Regulation of the G l/S  Transition

The G1 phase is the interval in which cells respond to extracellular cues 

that ultim ately determine whether ce lls  w ill make the decision  to replicate D N A  

and divide or, altenatively, to exit the cell cycle  into a quiescent state (GO).

1.3.1 D-type cyclins
The D -type cyclins consist o f  three fam ily m em bers, cyclin s D i, D 2 and

D 3 . They are highly conserved betw een species (Inaba et  al.,  1992; Sherr et a l ,  

1992; X iong et  al., 1991), suggesting that each m em ber o f  the fam ily has 

important roles in cell cyc le  regulation that constrain evolutionary divergence.

The expression o f  the D -type cyclins is induced in 0 1  by m itogenic  

grow th factors, and they are synthesised as long as the stim ulation persists. Their 

levels oscillate moderately during the cell cyc le  w ith peak levels achieved near 

the G l/S  transition (Ajchenbaum  et al., 1993). H ow ever, they are rapidly 

degraded via  the ubiquitin-dependent proteasom e pathway (Pagano, 1997) when  

m itogens are withdrawn regardless o f  the position o f  the cell in the cycle .

A s the D-type cyclins behave as cell cyc le  regulatory m olecu les, the D- 

type cyclin s are prime targets for genetic aberrations leading to carcingogenesis. 

C yclin  D] has been identified as the PR A .D -l/bcl-1 proto-oncogene that 

undergoes gene rearrangements, gene am plification and deregulated expression in 

a variety o f  tumour types, (review ed in M otokura et al. (1993)). Abberant 

expression  o f  cyclin  D 2 has been linked to human m ale germ cell tum ourigenesis 

(H ouldsw orth et al., 1997) and C yclin  D 3 over-expression  has been associated  

w ith retinoblastom as (Squire et al., 1984), and m alignant lym phom as (Schouten  

et al., 1990).

D -type cyclins mediate their regulatory function by assem bling into 

h oloenzym es with either C D K 4 or C D K 6  primarily (Figure 1.4), and to a lesser 

extent C D K 2. On the basis o f  early studies a m odel o f  0 1  cell cy c le  progression  

has em erged w hereby cyclins D and E were thought to m ediate functionally  

equivalent sequential inactivating phosphorylation events on pRb (Harbour et al., 

1999). H ow ever, Lundberg and W einberg (1998) show  that endogenous cyclin  

D -C D K 4/6 com plexes are able to on ly  partially phosphorylate pRb, and com plete
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Figure 1.4 Regulation of the G l/S  transition

Mitogenic signals promote the assembly of active cyclin D-dependent kinases 

containing either CDK4 (or CDK6; not shown) and a Cip/Kip protein. 

Sequestration o f Cip/Kip proteins lowers the inhibitory threshold and facilitates 

activation o f the cyclin E/CDK2 complex. The cyclin D- and E-dependent kinases 

contribute sequentially to Rb phosphorylation, canceling its ability to repress E2F 

family members and activating genes required for entry into S phase. The latter 

include cyclins E and A, as well as a bank of gene products that regulate 

nucleotide metabolism and DNA synthesis (for review, see Nevins 1998). The 

induction o f cyclins by E2F (highlighted by background shading) contribute to 

mitogen independence and to the irreversibility o f the transition.
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phosphorylation can only be completed by cyclin E-CDK2 complexes.

1.3.2 Cyclin E
The expression o f cyclin E in mammalian cells occurs later than the D-

type cyclins. Cyclin E expression is periodic with accumulation in late G1 and 

downregulation in S (K off et a l ,  1992b; Lew et a l ,  1991). Free cyclin E is highly 

unstable and is subject to ubiquitin-mediated proteolysis, whilst active cyclin 

E/CDK2 complexes eventually lead to their own destruction by phosphorylating 

threonine 380 on cyclin E, resulting in dissociation o f cyclin E/CDK2 and 

degradation o f cyclin E (Won et al., 1996).

Cyclin E expression is also regulated by pRb via E2F transcription factors 

(Geng et al., 1996). Cyclin E transcription is activated when pRb is 

hyperphosphorylated and no longer exerts repression o f the cyclin E promoter via 

E2F transcription factor complexes. Because the cyclin E gene is itself E2F- 

responsive, cyclin E-CDK2 acts through positive feedback to facilitate 

progressive rounds o f Rb phosphorylation and E2F release (Figure 1.4).

In mammalian cells, cyclin E preferentially forms complexes with CDK2. 

Maximal levels o f cyclin E-dependent kinase activity are found at the G l/S  

transition. Lundberg and Weinberg (1998) suspect that there is a particular subset 

o f phosphorylation sites upon Rb that are targeted specifically by cyclin E-CDK2.

1.3.3 Cyclin-CDK inhibitors during G1
Whereas cyclin-CDK complexes are key regulators o f G1 cell cycle

progression, evolution has added yet another layer o f  G1 cell cycle regulation in 

the form o f cyclin-CDK inhibitory proteins. Two classes o f CDKI have been 

defined, based on their sequence similarity and specificity o f action. One class is 

the CIP/KIP family (for CDK interacting protein/Kinase inhibitory protein), also 

known as the ‘universal CDK inhibitors’. They indifferently inhibit all o f the 

CDKs, but preferentially inhibit CDKs o f the G l/S  phase. The second class o f 

CDKI is the INK4 family. Members o f this family o f CDKIs are specific 

inhibitors as their inhibitory activity is restricted to CDK4 and CDK6.
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1.3.3.1 CIP/KIP family
The CIP/KIP family consists o f three members: p21 (el-Deiry

et a l, 1993); (Noda et a l, 1994), p27 (Toyoshima et a l ,  1994) and p57 

(Lee et al., 1995). The CIP/KIP family members associate with and inhibit the 

activity o f CDK-cyclin complexes through their N-terminal domains that are 

more conserved than their C-terminal domains (Fotedar et al., 1996). Their 

inhibitory action is achieved by first anchoring to the cyclin, extending across the 

amino-lobe o f the CDK, and finally invading the active site, culminating in 

displacement o f critical p-strands and occupation o f the adenine-binding pocket 

o f the substrate-binding site. Although it was initially assumed that the CIP/KIP 

proteins would inhibit both CDK4/6 and CDK2, it is now recognised that the 

CIP/KIP bound cyclin D/CDK complexes remain catalytically active (Cheng et 

al., 1999). Even more surprisingly, it turns out that CIP/KIP proteins are required 

for the assembly o f the active cyclin D-dependent holoenzymes Cheng et al., 

1999; LaBaer et al., 1997). It appears that Cip/Kip proteins act in a stochiometric 

fashion. The conversion o f active complexes to inactive complexes is achieved 

by changing the ratio o f CIP/KIP protein to cyclin/CDK, such that active 

complexes contain a single CIP/KIP molecule (Figure 1.4), whereas inactive 

complexes include multiple CIP/KIP subunits.

1.3.3.2 p21
The first CDK inhibitor to be discovered was p2I. It is the prototype o f 

universal inhibitors o f CDK enzyme activity. p21 expression has been shown to 

be regulated largely at the transcriptional level by both p53-dependent and 

independent mechanisms (Cartel et al., 1999). p53 is a sequence specific DNA 

binding protein able to activate transcription leading to either cell cycle arrest or 

apoptosis. Hence p53 is referred to as a tumour suppressor protein. In response to 

radiation and chemotherapy, p53 protein is stabilised and mediates cell cycle 

arrest and apoptosis. The p21 promoter contains two conserved p53-binding sites, 

and at least one o f these is required for p53 responsiveness after DNA damage 

(Macleod et al., 1995). p21 is induced by p53 in response to genotoxic stressors 

and serves to buffer cyclin/CDK activity to block cell cycle progression and 

allow DNA repair.
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1.3.3.3 INK4 family
The INK4 family contains four closely related members, which all

specifically inhibit the activity o f  CDK4 and CDK6 (Figure 1.4). They do not 

inhibit any other kinase throughout the cell cycle. The members o f the INK4 

family are p l6  'nk4a,mtsi (ggrrano et al ,  1993), p l5  'nk4b,mts2 (Cannon et al.,

1994), p l8  and p l9  (Guan et al., 1994); (Hirai et a l ,  1995), p l5  and 

p l6  contain four ankyrin repeats, whereas p i8 and p i9 have five (Serrano et al., 

1993); (Hannon et a l ,  1994); (Guan et a l ,  1994); (Hirai et al., 1995); (Russo et 

al., 1998).

Structural studies o f the pl6-CDK6 and pl9-CDK6 complexes suggest 

that association with INK4 family members prevents ATP binding o f CDK6, and 

that p i6 indirectly prevents CDK6 from binding to cyclin D (Russo et al., 1998). 

Thus INK4-bound CDKs cannot support catalysis and are isolated as CDK-INK4 

heterodimers (Russo et al., 1998).

L3.4 The Rb pathway
Rb is the product o f the retinoblastoma tumour suppressor gene, and

operates in the midst o f the cell cycle clock apparatus. Its main role is to act as a 

signal transducer connecting the ceil cycle clock with the transcriptional 

machinery. In this role, Rb allows the clock to control the expression o f banks o f 

genes that mediate the advance o f the cell through a critical phase o f its growth 

cycle (Figure 1.4). Loss o f Rb function deprives the clock and thus the cell o f an 

important mechanism for braking cell proliferation through modulation o f gene 

expression. As stated previously, Rb exerts its antiproliferative function by 

regulating a number o f  downstream effectors. The best-characterised Rb targets 

are members o f  the E2F/DP family o f transcription factors, generically referred to 

as E2F.

Two other proteins, p i30 and p i07, are members o f the Rb ‘pocket 

protein’ gene family. The pocket-protein family shares structural and biochemical 

properties and interacts with a number o f common cellular proteins (Mulligan et 

al., 1998). Like Rb, p i07 and p i 30 bind and modulate the activity o f E2F 

transcription factors, and they can interact with histone deacetylases (Ferreira et 

al., 1998) suggesting that they can also regulate transcription by altering 

chromatin structure and availability o f E2F.
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1.4 Regulation of the G2/M Transition

rhe entry o f  a cell from the G2 phase into m itosis is regulated by an 

elaborate network o f  kinases and phosphatases that control both the tim ing o f  cell 

division  and the com plete reorganisation o f  the cellular architecture. The enzym e  

com plexes responsible for driving the cell into m itosis are com posed o f  the 

m itotic cyclins, cyclin  A and cyclin  Bi and their association  w ith C D K l.

1.4.1 Cyclin A
C yclin A  is unique am ong the cyclin  fam ily because it can activate two  

different C D K s, and functions in both S phase and m itosis. C yclin A  synthesis 

com m ences at the start o f  S phase and the protein is predom inantly nuclear (Pines 

et al.,  1991). It associates with CDK 2 during S phase and C D K l throughout G2 

and m itosis. In association with C D K l, cyclin  A  appears to actively prepare the 

cell for m itosis in the absence o f  significant cyclin  B /C D K l activity (Pines et al., 

2001; Strausfeld et al.,  1996). It may also contribute to the control o f  cyclin  B 

stability (Yam et al., 2002). Cyclin A starts to accum ulate during S phase and is 

abruptly destroyed before metaphase. The synthesis o f  cyclin  A is mainly  

controlled at the transcription level, involving E2F and other transcription factors. 

Rem oval o f  cyclin  A is carried out by ubiquitin-m ediated proteolysis, but 

whether the sam e anaphase-promoting com plex/cyclosom e targeting subunits are 

used as for cyclin  B is unclear (Yam et al.,  2002). C onsistent with its role as a 

key cell cycle  regulator, expression o f  cyclin  A is found to be elevated in a 

variety o f  tumours. For exam ple, elevated cyclin  A expression  is associated with  

hepatocellular carcinom a (Zhou et al., 2003), oral squam ous cell carcinom a 

(Chen et al., 2003) and human invasive breast carcinom as (Bukholm  et  al., 

2003).

1.4.2 B-Type Cyclins
There are tw o different cyclin  B proteins in m am m alian cells, cyclin  Bi

and cyclin  B 2 In human cells, the B-type cyclins start to be synthesised  from the 

end o f  S phase, m ainly due to cell cycle  regulated transcription (Pines et al., 

1989). Both o f  these cyclins are located within the cytoplasm  during interphase 

due to the presence o f  a cytoplam ic retention signal at the N-term inus (Pines et 

al., 1994) o f  both cyclins. H ow ever, at the start o f  m itosis, cyclin  B] is
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dram atically relocated to the nucleus, w hile cyclin  B 2 remains within the 

cytoplasm  (Pines et a l ,  1994). C yclin  B 2 is a non-essential protein that associates 

with the G olgi apparatus and probably plays a role in G olgi rem odelling during 

m itosis (Brandeis et al., 1998; Jackman et al.,  1995).

M itosis is the m ost dramatic period o f  the cell cycle , involving a major 

reorganisation o f  virtually all ce ll com ponents. During m itosis, the chrom osom es 

condense, the nuclear envelope o f  m ost cells breaks dow n, the cytoskeleton  

reorganises to form the m itotic spindle, and the chrom osom es m ove to opposite  

poles. The entry into and events o f  m itosis are triggered by the cyclin  B /C D K l 

com plex. R egulation o f  cyclin  B /C D K l com plexes at m ultiple levels ensures the 

tight regulation o f  the tim ing o f  m itotic entry. After association o f  cyclin  B with  

C D K l, the com plex is regulated by a number o f  phosphorylation events, resulting 

either in activation or inhbition o f  kinase activity. The events involved in 

regulation o f  cyclin /C D K  com plexes is d iscussed in Section  1.2.3. In particular 

the regulation o f  cyclin  B i/C D K l kinase activity is summarised in Figure 1.5.

1.4.2.1 Cyclin Bj/CD K l Targets: Its role in the progression to metaphase
A s cells enter m itosis, phosphorylation o f  key com ponents o f  the

subcellular structures causes the com plete reorganisation o f  the architecture o f  the 

cell. One o f  the m ost remarkable features o f  ce ll-cy cle  control that a single protein  

kinase, cyclin  B i/C D K l, is capable o f  orchestrating these diverse and com plex  

rearrangements that occur in the early stages o f  m itosis. B esides regulating the 

activity o f  itse lf  by phosphorylating C D C 25c and cyclin  B i (see Figure 1.5), 

cyclin  B i/C D K l also acts directly by phosphorylating som e o f  the structural 

proteins involved  in the m itotic cellular reorganisation.
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Figure 1.5 Regulation of cyclin B/C D K l kinase activity

C D K l (C dc2) com plexes with cyclin  B and then undergoes a positive  

phosphorylation by C A K  on T hrl61 , and negative phosphorylations by the 

W ee l/M y tl fam ily o f  protein kinases on T yrl5  (and T hrl4  in vertebrate cells) 

(A therton-Fessler et al., 1993; Endicott et al., 1994). Dephosphorylation o f  T hrl4  

and T yrl5  by C D C 25c activates cyclin  B /C D K l at the G2/M  transition (M illar et 

al.,  1992). A ctive cyclin  B /C D K l phosphorylates and further activates C D C 25c  

(H offm ann et  al., 1993). Cyclin B /C D K l also phosphorylates cyclin  B | itself, 

prom oting cyclin  B | nuclear translocation, and thus activation (Borgne et al., 

1999). These phosphorylations form a positive autocatalytic loop. Cyclin B /C D K l 

activity is then terminated toward the end o f  m itosis by ubiquitination and 

subsequent proteolytic degradation o f  cyclin  B by the Anaphase Promoting 

C om plex (A PC ) (Harper et al., 2002; Zachariae et al.,  1999), w hich is essential 

for progression into anaphase and subsequent m itotic exit. The activating 

phosphorylation on Thr 161 is rem oved, in part at least, by Protein Phosphatase 1 

and/or 2 (Lorca et al., 1992).
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Chromatin Condensation: The condensation o f interphase chromatin to form the 

compact chromosomes o f mitotic cells is a key event in mitosis, critical in 

enabling the chromosomes to move along the mitotic spindle without becoming 

broken or tangled with one another. A complex o f  five proteins, known as the 

condensins, are required for chromosme condensation in extracts o f mitotic cells 

and appear to function by wrapping DNA around itself, thereby compacting 

chromosomes into the condensed mitotic structure. Condensins are 

phosphorylated and activated by cyclin Bi/CDK l (Kimura et a l, 2001), 

providing a direct link between activation o f cyclin B i/CD K l and mitotic 

chromosome condensation.

Nuclear Envelope Breakdown: Breakdown o f the nuclear envelope, which 

is one o f the most dramatic events of mitosis, represents the most clearly defined 

target o f cyclin B i/CD K l action. Nuclear envelope disassembly involves changes 

in all three o f its components: Disassembly o f the nuclear lamina results from 

phosphorylation by cyclin Bi/CDKl o f the lamins (Zhai et al., 1996), causing 

nuclear filaments to break down into their individual component lamin dimers.

Mitotic Spindle Formation: The reorganisation o f the cytoskeleton that 

culminates in the formation of the mitotic spindle results from dynamic instability 

o f cellular microtubules (See Section 1.5.1). Cyclin B|/CDK1 initiates the 

formation o f the mitotic spindle by phosphorylation o f a class o f proteins known 

as the microtubule-associated proteins (MAPs) that control microtubule dynamics. 

Cyclin Bi/CDK l is capable of controlling the microtubule length o f the mitotic 

spindle by phosphorylating a MAP protein, and reducing its ability to stabilise 

microtubules, increasing the dynamic instability o f the microtubules required for 

the formation o f the mitotic spindle (Chang et al., 2001; Ookata et al., 1995). 

Thus cyclin B j/CD K l is directly responsible for the regulation o f mitotic spindle 

assembly and dynamics.
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1.4.3 Mitotic Checkpoint Control
As cells undergo mitosis, their replicated genetic material must be

distributed evenly between two daughter cells. In prophase, a bipolar spindle is 

formed between two microtubule organising centres. Condensed sister chromatids 

are attached to the spindle via their kinetochores in prometaphase and metaphase, 

and are pulled to opposite poles as they undergo anaphase. As the missegregation 

o f  sister chromatids leads to aneuploidy, this process must be tightly controlled by 

checkpoints that monitor the completion o f critical steps in the pathway. In human 

cells, entry into mitosis is delayed by the Chfr checkpoint. This checkpoint delays 

the activation o f CDC25c and thus the inactivation o f W eel/M ytl kinases, leading 

to a delay in CDKl activation (Scolnick et al., 2000). The metaphase-anaphase 

transition is under the control of the spindle assembly checkpoint, which inhibits 

the separation o f sister chromatids until all o f the kinetochores are attached to 

microtubules (Amon, 1999; Burke, 2000; Wassmann et al., 2001). Finally, exit 

from mitosis is controlled by a Bub2-dependent checkpoint pathway that inhibits 

the mitotic exit network (Burke, 2000; Hoyt, 2000).

1.4.3.1 The Spindle Assembly Checkpoint
The spindle assembly checkpoint prevents cells from entering anaphase

until all chromosomes are properly aligned. Eukaryotic cells arrest if 

chromosomes fail to become bioriented on the spindle and have not congressed to 

the metaphase plate (Rieder et al., 1994). Several studies have implicated 

unattached kinetochores as the source o f the checkpoint signal and it is thought 

that mechanical tension at the kineochore determines whether or not the 

checkpoint signal is initiated (Stern el al., 2001; Zhou et al., 2002c). In prophase 

and prometaphase, when kinetochores are not attached and under tension, the 

3F3/2 antibody recognises a phosphoepitopte at the kinetochore. This 

phosphorylation may be the trigger for activation o f  the spindle assembly 

checkpoint. It is thought that dephosphorylation occurs when the kinetochores 

attach to the spindle, leading to inactivation o f the checkpoint (Nicklas, 1997; 

Stern et al., 2001).

The transition into anaphase takes place after the degradation o f an 

‘anaphase inhibitor’ called Pdsl in Saccharomyces cerevisiae and Securin in 

mammalian cells (Clarke et al., 2000). Loss of Pdsl/Securin via ubiquitination
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and degradation by the APC complex, in turn, leads to the liberation o f the 

enzyme Separase/Espl, which digests the protein complex Cohesion that binds the 

sister chromatids together. Thus Separase/Espl allows for sister chromatid 

separation (Yeong et al., 2000). The APC must be in a complex with Cdc20 in 

order to ubiquitinate Pdsl/Securin, as it acts as an adaptor molecule to bind 

substrates. The spindle assembly checkpoint causes inactivation o f the APC by 

binding to Cdc20 preventing ubiqutination and degradation o f Pdsl/Securin and 

thus preventing progression into anaphase and mitotic arrest. Genetic studies have 

identified Mad 1-3, Bub 1-3 and M psl as the main molecular components induced 

after activation o f the checkpoint. The human homologue o f at least one o f  these 

proteins, hsB ubl, has been shown to be mutated in two colorectal tumours (Cahill 

et al., 1998). Furthermore, the human homologue for M adl, H sM adl, may be a 

cellular target o f the human T-cell leukaemia virus 1 (HTLV-1) oncoprotein. Tax 

(Jin et al., 1998). Thus, perturbation or mutation o f the checkpoint elements that 

negatively regulate the onset o f anaphase might contribute to the development o f 

cancer. Figure 1.6 summarises the molecular events forming the activated spindle 

assembly checkpoint complex.

1.5 Microtubules

Microtubules are dynamic cytoskeletal components that function in the 

development and maintenance o f cell shape and polarity, in cell division and in 

cellular movement. Microtubules are formed from protein subunits o f tubulin. The 

tubulin subunit is itself a heterodimer formed from two closely related globular 

proteins called a -  and p-tubulin, tightly bound together by noncovalent bonds. A 

microtubule is a stiff, hollow cylindrical structure built from 13 parallel 

protofilaments, each composed from the polymerisation o f alternating a -  and p* 

tubulin monomers. Since the 13 protofilaments are aligned in parallel with the 

same polarity, the microtubule itself is a polar structure, and it is possible to 

distinguish a plus (fast-growing) and a minus (slow-growing) end.
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Figure 1,6 A model for the formation of the activated spindle assembly 

checkpoint complex.

Checkpoint activation is thought to rely on the recognition o f unattached, 

phosphorylated kinetochores following spindle damage, by Mad2 and the 

formation o f an activated M adl/M ad2 complex. Association o f M adl/M ad2 and 

Bubl/Bub3 complexes with kinetochores is stimulated by the onset o f spindle 

assembly and/or spindle aberrations. Mad2 is displaced from M adl/M ad2 

complexes, induced by M psl kinase, simultaneously stimulating the formation of 

the Bubl-Bub3-M adl complex on the one hand and an active Mad2 complex on 

the other (Brady et a i ,  2000; Hardwick et a l ,  2000). The activated Mad2 complex 

may include Mad3 (Hardwick et a l ,  2000). The cell cycle arrest is the result of 

inhibition o f APC activity by binding of the activated Mad2 complex to the Cdc20 

component o f the APC, preventing destruction o f anaphase inhibitor Pdsl/Securin 

(Yeong et al., 2000).
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1.5.1 Microtubule Assembly Dynamics
Tubulin dimers can depolymerise as well as polymerise, and microtubules

can undergo rapid cycles o f assembly and disassembly. Each a  and p monomer 

has a binding site for one molecule o f GTP. The a  monomer bound GTP is 

physically trapped at the dimer interface and is not subject to hydrolysis or 

exchange. The nucleotide p monomer, in contrast, may be in either the GTP or the 

GDP form, and it is exchangeable. GTP hydrolysis to GDP weakens the binding 

affinity o f tubulin for adjacent molecules, thereby favoring depolymerisation and 

resulting in the dynamic behavior o f microtubules. One such dynamic behavior is 

‘treadmilling’, in which tubulin molecules bound to GDP are continually lost from 

the minus end and replaced by the addition o f tubulin molecules bound to GTP to 

the plus end o f the same microtubule. In microtubules, GTP hydrolysis also 

results in a second type o f dynamic behavior known as dynamic instability, in 

which individual microtubules alternate between cycles o f growth and shrinkage 

(See Figure 1.7).

Because o f  their inherent dynamic instability, most microtubules are 

frequently disassembled within the cell. This dynamic behavior can, however, be 

modified by the interactions o f microtubules with other proteins. Some cellular 

proteins act to disassemble microtubules, either by severing microtubules or by 

increasing the rate o f tubulin depolymerisation from microtubule ends. Other 

proteins, called microtubule-associated proteins or MAPs, bind to microtubules 

and increase their stability. Such interactions allow the cell to stabilise 

microtubules in particular locations and provide an important mechanism for 

determining cell shape and polarity. A large number o f MAPs have been 

identified, and they vary depending on the type o f cell. The best-characterised are 

MAP-1, MAP-2, and tau, isolated from neuronal cells, and MAP-4, which is 

present in all non-neuronal vertebrate cell types. The tau protein has been 

extensively studied because it is the main component o f the characteristic lesions 

found in the brains o f Alzheimer patients. The activity o f MAPs is regulated by 

phosphorylation, allowing the cell to control microtubule stability.
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Figure 1.7 GTP-Cap Model for Microtubule Dynamic Instability

Whether a microtubule grows or shrinks is determined by the rate o f tubulin 

addition relative to the rate o f GTP hydrolysis. As long as new GTP-bound 

tubulin molecules are added more rapidly than GTP is hydrolysed, the 

microtubule retains a GTP cap at its plus end and microtubule growth continues. 

However, if  the rate o f polymerisation slows (catastrophe), the GTP bound to 

tubulin at the plus end of the microtubule will be hydrolysed to GDP. If this 

occurs, the GDP-bound tubulin will dissociate, resulting in rapid depolymerisation 

and shrinkage o f the microtubule. The reverse o f this process is known as rescue.

27



1.5.2 Reorganisation o f Microtubules during Mitosis
Microtubules completely reorganise during mitosis, providing a dramatic

example o f the importance o f their dynamic instability. The microtubule array 

present in interphase cells disassembles and the free tubulin subunits are 

reassembled to form the mitotic spindle. This restructuring o f the microtubule 

cytoskeleton is directed by duplication o f the centrosome. In animal cells, the 

major microtubule-organising center is the centrosome, to form two separate 

microtubule-organising centers at opposite poles o f  the mitotic spindle.

As the cell enters mitosis, the dynamics o f microtubule assembly and 

disassembly also change dramatically. First, the rate o f microtubule disassembly 

increases about tenfold, resulting in overall depolymerisation and shrinkage o f 

microtubules. This is caused by phosphorylation o f  MAPs by cyclin B l/C D K l, 

which reduces its ability to stabilise microtubules, thus leading to increasing 

dynamic instability o f the microtubules (See Section 1.4.2.2). At the same time, 

the number o f microtubules emanating from the centrosome increases by between 

five and tenfold. In combination, these changes result in disassembly o f the 

interphase microtubules and the outgrowth o f large numbers o f short microtubules 

from the centrosomes.

The increased dynamic instability o f the mitotic spindle lends to it a labile 

nature. It is this lability which determines its function, and the mitotic spindle 

assembly checkpoint ensures that the mitotic spindle maintains its dynamic and 

labile nature. Because o f the central role o f microtubules in mitosis, drugs that 

affect microtubule assembly are useful not only as experimental tools in cell 

biology but also in the treatment o f cancer.

1.6 The Cell Cycle as a Target for Cancer Therapy

Proliferative disorders such as cancer are recognised as diseases o f the cell 

cycle. Invariably, components o f the cell cycle are deregulated in cancer resulting 

in uncontrolled cellular proliferation. The selective growth advantage o f cancer 

cells also stems from amplification o f positive growth signals, mutation o f 

checkpoint and surveillance genes as well as deregulation o f programmed cell 

death or apoptosis. Deregulation o f these components offers the cell a selective
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growth advantage as compared to its nearest neighbours. These advantages allow 

the cell to escape the normal growth constraints such as contact inhibition, 

substrate adherence, growth factor requirements and quiescence in response to 

negative intracellular growth signal. Major research efforts are aimed at 

discovery o f molecular targets that are specific for cancer cells. One tier o f this 

anticancer research is the development o f therapies that target checkpoint 

signalling pathways.

1.6.1 CDK Inhibitors
Timely and coordinated progression through the cell cycle is controlled by

the sequential activation and deactivation o f CDKs. Disrupted cell-cycle control 

due to abberant CDK activity has been linked directly to the molecular pathology 

o f cancer (Kamb, 1995; Malumbres et al., 2001; Pavletich, 1999). For example, 

loss o f function o f endogenous CDK inhibitors such as p i 6, over-expression o f 

cyclin Di and CDK4, and alterations to CDK substrates such as Rb are frequently 

observed in human tumours (Shapiro et al., 1999). These deregulations have 

provided the impetus to the active search for pharmacological inhibitors o f these 

kinases.

The first generation o f CDK inhibitors includes several classes o f drugs, 

all derived from microbial and plant sources (Meijer et al., 1997). O f these agents, 

flavopiridol and UCN-01 (7-hydroxystaurosporine) are currently in clinical trials. 

Flavopiridol, a chemical CDK inhibitor, arrests cancer cells at the G l/S  and G2/M 

transitions by inhibiting CDK2, CDK4 and CDKl activity (Buolamwini, 2000). 

Flavopiridol produced favourable clinical responses in Phase 1 and Phase 2 

studies o f patients with renal, colorectal, gastric, lung and esophageal carcinomas, 

and current clinical trials are evaluating the drug in non-Hodgkin’s lymphoma, 

breast and prostate cancers (Elsayed et al., 2001; Senderowicz et al., 1998).

UCN-01 is a derivative o f staurosporine, a non-specific Protein Kinase C 

(PKC) inhibitor. Although, UCN-01 inhibits certain PKC isozymes, its strong 

anit-proliferative effects are thought to be unrelated to PKC inhibition. UCN-01 

has been reported to induce G1 cell cycle arrest at low nanomolar concentrations, 

associated with an induction o f endogenous p21 and p27 (Akiyama et al., 1997). 

UCN-01 has also been shown to abrogate the 0 2  DNA damage checkpoint by
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inhibiting phosphorylation o f CDC25c by the kinase Chkl and leading to CDKl 

inhibition (Graves et a i,  2000).

1.6.2 Antimicrotubule Agents
Antimicrotubule agents, as the name suggests, target cellular microtubules,

thereby disrupting the normal dynamic reorganisation o f  the microtubule network 

required for mitotis and cell proliferation. This disruption leads to the failure of 

mitotic spindle formation and thus failure o f  spindle attachment to the 

kinetochores o f chromosomes, engaging the spindle assembly checkpoint (See 

Section 1.4.3.1) (Sorger et a l, 1997). A tremendous interest in small organic 

molecules that modulate the dynamics o f microtubules has developed over the 

years since the discovery o f the first tubulin binding agent, colchicine, in the 

1960s (Borisy et al., 1967), due to their potetial use as chemotherapeutic agents.

There are two classes o f antimicrotubule agents: those that prevent the 

assembly o f / depolymerise tubulin, and those that promote the assembly / 

polymerise tubulin. Depolymerisers o f tubulin include the vinca alkaloid family of 

compounds (vinblastine, vincristine, vinorelbine), nocodazole and colchicine. At 

high concentrations, these agents reduce or abolish the microtubule content of 

cells in cuhure and prevent polymerisation o f purified tubulin in vitro. 

Polymerisers o f tubulin include the taxanes (paclitaxel, docetaxel) and the 

epothilones. These agents increase the fraction o f polymerised tubulin within the 

cell.

In the field o f antineoplastic chemotherapy, antimicrotubule agents 

constitute an important class o f compounds, with broad activity both in solid and 

in hematologic neoplasias. The taxanes are effective in the treatment o f refractory 

ovarian cancer, metastatic breast cancer, non-small cell lung cancer and head and 

neck and bladder carcinomas (Crown et al., 2000; Rowinsky, 1997). The vinca 

alkaloids have importance in the treatment o f leukemia, Hodgkins’s disease, non- 

Hodgkin’s lymphomas, testicular cancer, Kaposi’s sarcoma, breast cancer, small 

cell lung cancer, and other malignancies (Rowinsky, 1997; van Tellingen et al., 

1992).

This antineoplastic activity is rooted in these compounds’ ability to induce 

mitotic arrest and subsequent apoptotic cell death via the spindle assembly 

checkpoint. The specific action o f the antimicrotubule agents on the mitotic
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spindle may be attributed to the difference in dynamicity o f microtubules in 

interphase and mitosis. Mitotic spindle microtubules are 10-100 times more 

dynamic than microtubules in interphase cells. It is this dramatic increase in 

dynamicity that allows the mitotic spindle to function and also singles it out as a 

prime target for antimicrotubule agents. In addition, the absolute requirement o f a 

functional spindle for the proper migration o f chromosomes during mitosis may 

also explain why this stage o f the cell cycle is particularly vulnerable to tubulin 

active agents, even though these compounds act on other cellular microtubules as 

well (Jordan et a i ,  1998b).

Antimicrotubule induced mitotic arrest is associated with an upregulation 

and activation o f cyclin Bi/CDKl activity in a varitety o f cell lines (Donaldson et 

ai,  1994), as the spindle assembly checkpoint prevents ubiquitin degradation o f 

cyclin Bi via the APC and thus exit from mitosis (See Section 1.4.3.1). The 

majority o f clinically effective anticancer drugs inhibit some aspect o f the 

machinery responsible for DNA replication and chromosome segregation, giving 

rise to cell cycle arrest via induction o f specific cell cycle checkpoints. These 

checkpoints ensure that subsequent cell cycle events are inhibited until the 

inflicted damage is repaired. The fidelity o f checkpoint control and susceptibility 

o f cells to cell death through initiation o f programmed cell death pathways, known 

as apoptosis (Lockshin et a i ,  2001) while repair is underway may be important 

factors in the success o f chemotherapy (O'Connor et a i ,  1992).

1.6.3 Apoptosis
It is now generally accepted that cell death in response to treatment with

certain anticancer drugs, cytokines, and ionising radiation represents the 

culmination o f a complex set o f biochemical and molecular events that in many 

instances is due to apoptosis (Fisher, 1994). Apoptosis is an evolutionarily 

conserved and genetically regulated biological process that plays an important 

role in the development and homeostasis o f multicellular organism (Lockshin et 

a i ,  2001). Apoptotic death requires special machinery, which is always in place 

and only requires a trigger to activate it. The central component o f this machinery 

is a proteolytic system involving a family o f proteases called caspases (cysteine- 

dependent asparate-directed proteases). Caspases have cysteine residues at their 

active sites and cleave after aspartic acid residues in their substrate proteins.
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Activated caspase targets include cytoskeleton proteins (nuclear lamins, 

actin, gelsolin), regulators o f DNA repair (poly ADP-ribose polymerase (PARP)), 

degradation o f nuclear DNA by activation o f DNA-dependent protein kinase, and 

deactivation o f the inhibitor o f caspase-activated deoxyribonuclease protein 

(ICAD), RNA splicing (U1 protein), nuclear mitotic apparatus protein (NuMA), 

and cell cycle proteins (including Rb and p 2 1-activated kinase (PAK)) (Bratton et 

a l, 2000). Caspases are also involved in extracellular apoptotic events including 

fragmentation into apoptotic bodies and exposure o f phosphatidylserine on the 

cell surface. However, the exclusive role o f caspases in mediating the apoptotic 

response has been challenged recently with the discovery o f caspase-independent 

cell death programmes (Lockshin et al., 2002),

1.6.3.1 Bcl~2 Proteins and Apoptosis
The common mechanism o f apoptosis is negatively regulated by several

sets o f genes, o f which the best characterised is the still growing Bcl-2 family 

(Adams et al., 1998). In recent years, it has been well established that Bcl-2 

prevents most forms o f apoptotic cell death as well as certain forms o f necrotic 

cell death. A large number o f Bcl-2-related proteins have been isolated (Adams et 

al., 1998; Tsujimoto, 1998) and divided into three categories:

1. Anti-apoptotic members such as Bcl-2, Bcl-XL, Bcl-W, M cl-l, A l (Bfl-1) and 

Boo, all o f which exert anti-cell death activity and share sequence homology, 

particularly within four regions, Bcl-2 homology (BH)1 through BH4, although 

some members lack an apparent BH4 domain.

2. Pro-apoptotic members such as Bax, Bak, Bad, Mtd (Bok), Diva, which share 

sequence homology in B H l, BH2 and BH3 but not in BH4, although significant 

homology at BH4 has been noticed in some members.

3. 'BH3-only proteins', the pro-apoptotic proteins which include Bik, Bid, Bim, 

Hrk (DPS), Blk and Bnip3, Bnip3L, and share sequence homology only in BH3.

The anti-apoptotic members o f this family, such as Bcl-2 and Bcl-XL, 

prevent apoptosis either by sequestering proforms o f caspases or by preventing the 

release o f mitochondrial apoptogenic factors such as cytochrome c and apoptosis 

inducing factor (AIF) into the cytoplasm (Tsujimoto et al., 2000). In contrast, pro- 

apoptotic members o f this family, such as Bax and Bak, trigger the release o f
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caspases via heterodimerisation and also by inducing the release o f mitochondrial 

apoptogenic factors into the cytoplasm by acting on the mitochondrial 

permeability transition pore, thereby leading to caspase activation (Tsujimoto et 

a/., 2000).

One o f the unique features o f Bcl-2 family proteins is heterodimerisation 

between anti-apoptotic and pro-apoptotic proteins, which is considered to inhibit 

the biological activity o f their partners. However, reversible phosphorylation and 

dephosphorylation is another mechanism that directly regulates the functional 

activity o f both antiapoptotic and proapoptotic Bcl-2 family members. The 

dynamic phosphorylation and dephosphorylation o f Bcl-2 causes conformational 

change within the protein. Multi-site phosphorylation o f Bcl-2 inhibits its anti­

apoptotic function and is followed by cell death (Blagosklonny, 2001). 

Hyperphosphorylation o f  Bcl-2 by antimicrotubule agents has previously been 

shown (Fan et a l ,  2000; Fan et a l ,  2001; MacCarthy-Morrogh et a l ,  2000; Park 

et al., 2001; Wang et al., 1999; Wu-Wong et al., 2001; Yamamoto et al., 1999). In 

addition, Bcl-2 has been shown to be phosphorylated by JNK (Fan et al., 2000) 

(Yamamoto et al., 1999). In addition to serine-70 (Ser70), antimicrotubule agents 

promote phosphorylation o f serine-87 (Ser87) and threonine-69 (Thr69), 

inactivating Bcl-2. Among the kinases considered to mediate these inactivating 

kinases, is JNK kinase (Fan et al., 2001) and cyclin B i/CDK l (Vantieghem et al., 

2002). A major obstacle for identification o f the mitotic Bcl-2 kinase(s) is that 

inhibition o f putative kinase(s) by any means (dominant-negative mutants, 

antisense oligonucleotides, pharmacological agents) may arrest the cell cycle, 

preventing mitosis and Bcl-2 phosphorylation.

1.6.3.2 M itogen-Activated Protein Kinase Signalling
The mitogen-activated protein (MAP) kinases are a group o f protein

serine/threonine kinases that are activated in response to a variety o f extracellular 

stimuli and mediate signal transduction from the cell surface to the nucleus. These 

signalling cascades have important roles in the regulation o f cell growth, 

differentiation, cell survival, apoptosis, stress and inflammatory responses (Chan- 

Hui et al., 1998). In mammalian systems, the biochemical properties o f three 

MAP kinases have been characterised in detail, the extracellular signal-regulated 

kinases (ERKs), the c-Jun N-terminal kinases (JNKs) and the p38 MAP kinases
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(Ichijo, 1999). Components and activators o f the three MAP kinase cascades are 

summarised in Figure 1.8.

Activation o f ERK is mediated by two upstream protein kinases, which are 

coupled to growth factor receptors by a GTP-binding protein called Ras. 

Activation o f Ras leads to activation o f the R af protein-serine/threonine kinase, 

which phosphorylates and activates a second protein kinase called MAP 

kinase/ERK kinase (MEK). M EKl or MEK2 is a dual-specificity protein kinase 

that activates members o f  the ERK family by phosphorylation o f both threonine 

and tyrosine residues separated by one amino acid (e.g. threonine-183 and 

tyrosine-185 o f ERK2). Once activated, ERK phosphorylates a variety o f targets, 

including the serine/threonine kinase p90/rsk2, Bcl-2 and Bad (Bonni et al., 1999; 

Klumpp et al., 2002).

Unlike the ERK signalling pathway, the JNK and p38 pathways are 

preferentially activated by inflammatory cytokines such as T N Fa and IL -ip , and 

a diverse array o f cellular stresses, including UV irradiation, heat, osmotic shock, 

DNA damaging and antimicrotubule agents. The JNK signalling pathway is 

involved in regulation o f many cellular events, including growth control, 

transformation and apoptosis (Ip et al., 1998).

Upstream regulation o f JNK activation is poorly understood. The JNK and 

p38 pathways are activated upstream by two Ras related GTP-binding proteins o f 

the Rho family, namely Rac and Cdc42 (Bagrodia et al., 1995; Coso et al., 1995). 

As in the ERK system, the immediate upstream activators o f  JNK are mitogen 

kinase kinases’ (M KK’s). While the ERK pathway is stimulated by MKKs 1/2, 

JNK appears to be activated by MKK4 (Yang et al., 1997) or MKK7 (Holland et 

al., 1997) depending upon the cell type, developmental stage and stress stimulus. 

Other kinases such as the Mixed Lineage Kinase 3 (MLK3) (Tibbies et al., 1996), 

M EKKl and A SK l (Ichijo et al., 1997) lie further upstream o f the MKKs, and 

probably activate both MKK's and JNK in a similar cell type and stimulus 

dependent manner. A SK l also activates p38 MAPK. JNK activity is further 

modified by JNK interacting proteins (JlP's), which are scaffolding proteins
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Figure 1.8 Components and Activators of the MAP kinase signalling 

cascades

Three M AP kinase cascades have been characterised in m am m alian cells. 

Activation o f  the signalling cascade involves phosphorylation and activation o f  

M AP kinase kinase kinases (M A PK K K s), which in turn will phosphorylate 

M APK kinases (M A PK K s). These in turn, phosphorylate and activate either the 

ERK, .INK or p38 M AP kinases (M APKs) on specific tyrosine and threonine 

residues. These M A PK s activate transcription factors and increase their 

transcriptional activity, as well as phosphorylating other key cellular proteins. 

W hile M A PK s are specific for their substrates, a large extent o f  crosstalk takes 

place at the M A PK K K  level. M A PK  signalling cascades are regulated by 

upstream  G TP-binding proteins from  the Ras (prim arily the ERK  pathw ay) and 

Rho (Cdc42 and Rac, prim arily regulators o f  the JNK and p38 pathw ays) 

subfam ilies.
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thought to sequester all o f  the necessary kinastes for JNK activation (Whitmarsh et 

a i,  1998).

The downstream effectors of the JN K pathway are numerous and include 

both cytoplasmic and nuclear targets. In the  nucleus, JNK's phosphorylate and 

activate the transcription factor c-jun (Derij.arrd et a l, 1994), a component o f the 

AP-1 transcription factor, which regulates geines involved in apoptosis. JNK has 

been shown to phosphorylate and inactivatce the anti-apoptotic Bcl-2 protein 

(Yamamoto et al., 1999), whilst phosphoryl.atiion o f the pro-apoptotic protein p53 

by JNK results in its activation (Hu et aF., 1997). However, the role o f JNK 

activation in apoptosis is highly controversiial, being suggested to have anti- 

apoptotic functions (Krause et al., 2001; Liin, 2003) as well as pro-apoptotic 

functions. It appears that the JNK pathway fuinctions in a cell-type and stimulus- 

dependent manner and its different compontents can sometimes play opposing 

roles in apoptosis. p38 MAPKs, like JNKs., £are stress activated kinases that are 

highly conserved in evolution, exist in m ultiiple isoforms, and are activated in 

response to numerous cellular stresses. Like other members o f the MAP kinase 

family, upstream regulation involves phosplhorylation by MKK's, specifically 

MKK3, MKK4, and MKK6 (Derijard et al., 1^995). The downstream targets o f the 

p38 MAPK pathway are similar to the targets; o f JNKs, and involve transcription 

factors such as ATFl and 2, kinases, and pa thw ays influencing pro-inflammatory 

cytokines (Harper et al., 2001).

1.6.3.3 Antimicrotubule Agent-Ind uc;ed Apoptotic Cell Death
Studies in both normal and transformtecd human cells, treated with members

o f either the polymerising or depolymerising g^roups o f antimicrotubule inhibitors, 

have shown that apoptosis can be intitiated rap)idly and directly from mitotic arrest 

(Fan et al., 2001; Hayne et al., 2000; Woods eit al., 1995; Zhou et al., 2002a).

In many systems, JNK activation i‘s a proapoptotic signal, a notion 

supported by the development o f JN K l/JN K 2-deficien t mouse embryos (Toumier 

et al., 2000). In particular, a role for JNK s iginalling in the apoptotic response of 

cells to antimicrotubule agents has been su;gg|ested. JNK activity is increased by 

antimicrotubule agents in a wide variety o f c;elll types (Lee et al., 1998; Shtil et al., 

1999; Wang et al., 1999; Wang et al., 199>8), and inhibition o f JNK inhibits
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paclitaxel- (L ee et a l ,  1998; W ang et a i ,  1999), vinblastine- (Brantley-Finley et  

a i ,  2003), n ocodazole- and colchicine-induced apoptosis (W ang et  a i ,  1998) 

Because JNK has been im plicated primarily in stress responses, JNK activation  

by antim icrotubule agents may represent an acute response to microtubule 

dam age. The phosphorylation o f  B cl-2  has also been described as an important 

step from m icrotubule damage to apoptosis (B lagosklonny et  al.,  1997; Haidar et 

al.,  1995). R ecently, it has been shown that B cl-2  phosphorylation occurs 

norm ally at the G 2 -M  phase o f  the cell cycle, and that a pathway involv ing  JNK  

m ay be involved  (Y am am oto et al.,  1999). The possib ility that JNK is responsible 

for B cl-2  phosphorylation at G 2 -M strengthens the connection betw een JNK  

signalling and apoptosis. The phosphorylation-induced m obility shift o f  B cl-2  at 

the G 2 /M  transition involves only a proportion o f  the B cl-2  m olecules (Yam am oto  

et al.,  1999), w hereas it has been shown that more highly phosphorylated B cl-2  

species are induced in response to vinblastine (Fan et al., 2000). This d ifference in 

the extent and duration o f  substrate phosphorylation, leading to the accum ulation  

o f  highly phosphorylated JNK substrates in antimicrotubule agent induced- 

m itotically arrested ce lls, may be a key factor in promoting apoptosis.

1.6.4 Pyrrolobenzoxazepine (PBOX) compounds

1.6.4.1 The Peripheral-Type Benzodiazepine Receptor
B enzodiazep ines, such as valium, are am ong the m ost h ighly prescribed

drugs due to their anxiolytic, relaxant and sedative effects. These 

pharm acololgical effects are mediated thorugh their interaction with the neuronal 

G A B A -gated  chloride channel (Zisterer et al.,  1997). This is know n as the 

central-type benzodiazepine receptor and is present exclu sively  in the central 

nervous system . This G AB A /benzodiazepine receptor com plex is a hetero­

oligom er com posed o f  five subunits, a-, P-, y-, 5- and p-polypeptides. 

B enzodiazepines bind to the a-subunit and facilitate the inhibitory effect obtained  

by G A B A . H ow ever, benzodiazepines also bind to another distinct recognition  

site known as the peripheral-type benzodiazepine receptor (PB R ), so called  

because it was first discovered in peripheral tissues, but w as subsequently found  

to be also present in the CNS (Braestrup et al., 1977).

A number o f  com pounds have been developed for studying the PBR. 

Am ong the best characterised o f  these com pounds are PK 11195 and R o5-4864
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which bind to the PBR with high affinities. Although the 18 kDa protein 

responsible for binding to the isoquinoline component o f these compounds has 

been cloned, little is known about the exact molecular structure and the true 

physiological role o f the PBR. Benzodiazepine receptors have been found to be 

highly conserved throughout evolution suggesting some fundamental role within 

the cell. A wide variety o f physiological functions have been attributed to the 

PBR over the years. These include involvement in immune response (Zavala et 

a l, 1991), behavioural conditions, cellular respiration (Gavish et a l, 1999), 

alteration in cardiac action potentials (Mestre et al., 1984), and calcium channels 

(Mestre et al., 1986), alterations of proto-oncogene expression (Curran et al., 

1985), stimulation o f steroidogenesis and, more recently, an involvement in 

apoptosis (Hirsch et al., 1998).

An involvemenet o f the PBR in controlling cell growth has also been 

suggested. PBR ligands such as diazepam, PK 11195 and Ro5-4864, have been 

shown to inhibit cell growth in a variety o f cell lines. Gorman et al. (1989) found 

that Ro5-4864, PK 11195, diazepam and clonazepam were capable o f inhibiting 

the proliferation o f both rat C6 glioma cells and mouse neuro-2A neuroblastoma 

cells in the micromolar range. However, the different potencies and specificities 

o f these compounds for the anti-proliferative actions and binding affinities for the 

PBR suggested that these anti-proliferative actions are not mediated through the 

PBR itse lf Micromolar concentrations are required to elicit these anti­

proliferative effects, whilst the PBR is saturated by these ligands at nanomolar 

concentrations.

1.6.4.2 Pyrrolobenzoxazepine (PBOX) compounds as potential 
anticancer agents

Recently a series o f novel compounds were synthesised as high affinity 

PBR ligands based upon the pyrrolobenzoxazepine skeleton (Campiani et al., 

1996) (Figure 1.9). These compounds, which are known as pyrrolobenzoxazepine 

(PBOX) compounds, are selective for the PBR and do not interact with the 

central-type benzodazepine receptor (CBR) (Campiani et al., 1996). In addifion, 

these novel ligands have been shown to elicit similar biological effects, such as 

stimulation o f steroidogenesis, to the classically used PBR ligands PK 11195 and 

Ro5-4864 (Campiani et al., 2002). It was thought that these novel ligands would
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prove useful in the quest to further decipher the structure and function o f the 

PBR.

Ligands to the PBR have previously been shown to elicit cytostatic effect 

on cancerous cell lines. Gorman et al., (1989) found that Ro5-4864, diazepam, 

clonazepam and PK 11195, the classically used PBR ligands, inhibited the 

proliferation o f rat C6 glioma and mouse neuro-2A neuroblastoma cells in the 

micromolar range, whilst Camins et al., (1995) demonstrated that Ro5-4864, PK 

11195 and diazepam inhibited in a concentration-dependent marmer the 

proliferation o f V79 Chinese hamster lung cells. Similar to the classical PBR 

ligands, a subset o f the PBOX compounds have been shown to have anti­

proliferative effects upon the C6 rat glioma and human 132IN I astrocytoma cell 

lines at micromolar concentrations (Zisterer et al., 1998). These PBOX 

compounds were found to induce a specific accumulation o f C6 glioma and 

1321N1 cells in the G1 phase o f the cell cycle. In both cell types, there was a 

significant decrease in the proportion o f cells in the S and G2/M phases o f the 

cell cycle, with a concomitant increase in the proportion o f cells in the G1 phase 

(G1 arrest). Significantly the anti-proliferative effects o f  these compounds upon 

both these cell lines was found to be entirely due to this G1 arrest as the PBOX 

compounds were not cytotoxic to the cells. Also, the anti-proliferative effects did 

not appear to be mediated through binding to the PBR, as 1000-fold higher 

concentrations o f the drugs were required to produce the anti-proliferative effects 

than were required to saturate the PBR (Zisterer et al., 1998).

It has recently been found that a second subset o f these PBOX compounds 

are capable o f inducing apoptosis in a number o f cancerous cell lines derived from 

the haematopoietic system such as HL-60 promyelocytic leukaemia, Jurkat acute 

lymphoblastic leukaemia and Hut-78 lymphoblastic leukaemia cells, and the 

normally resistant chronic myeloid leukaemia (CML), K562 cells. It has also been 

shown that PBOX-6, a representative member o f these pro-apoptotic PBOX 

compounds, potently induces apoptosis in the human MCF-7 breast carcinoma, 

LNCaP prostate carcinoma and the Hela cerviacal carcinoma cells. This suggests 

the potential o f these drugs as novel anticancer therapeutics in the treatment o f
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Figure 1.9 Structure of pyrrolo-l,5-benzoxazepine compounds
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both solid tum ours and haematologic neoplasias. Prelim inary results suggest that 

the apoptotic response induced by the PBOX com pounds is not associated w ith a 

general toxicity phenom enon both in vitro and in vivo. A poptosis in vitro  is not 

accom panied by signs o f  prim ary necrosis (M e Gee, PhD thesis, 2001) and these 

com pounds have no effect on normal haem atopoietic cells as judged  from  ex vivo 

cultures o f  hum an CFU-GM  cells, a hum an clonogenic progenitor o f  m ultiple 

lineages o f  m ature haem atopoietic cells (unpublished results). Furtherm ore, 

results from an in vivo toxicity study dem onstrated that healthy Balb/c mice 

treated daily w ith PBOX-6 for 8 days exhibited no lethality, no difference in 

w eight and no effect on haem atology param eters at the end o f  the treatm ent 

regim en (unpublished results).

It has been dem onstrated that the m echanism  in which PBOX com pounds 

induce apoptosis does not involve their specific interaction w ith the m itochondrial 

peripheral-type benzodiazepine receptor (PBR), w hich they bind to w ith high 

affinity, due to a lack o f  correlation between their affinities for the recptor and 

their apoptotic potencies, their high apoptotic activity in PBR deficient cells such 

as Jurkat acute lym phoblastic leukaemia cells and their lack o f  apoptotic induction 

in PBR-rich rat leydig cells (Zislerer et a l, 2000). The involvem ent o f  reactive 

oxygen interm ediates in PBOX-induced apoptosis (M e Gee et al., 2001; Zisterer 

et al., 2000) has also been ruled out. It has been show n that PBOX com pounds do 

not function as farnesyl protein transferase inhibitors or as topoisom erase 

inhibitors (Me Gee, PhD thesis).

Part o f the m echanism  involved in the induction o f  apoptosis by PBOX-6 

has, however, been elucidated. Activation o f  the JN K  signaling pathw ay is 

essential during PBO X -6-induced apoptosis in CM L cells. Treatm ent o f  K562 

cells w ith PBOX-6 resulted in the early (w ithin m inutes) and transient activation 

o f  JNK . Furtherm ore, treatm ent o f  K562 cells w ith the JN K  inhibitors, 

dicoum arol or JIP-1, inhibited PBOX-6-induced JN K  activity and apoptosis, 

dem onstrating that JN K  activation is an essential com ponent o f  the apoptotic 

pathw ay induced by PBO X -6 (Me Gee et al., 2002a). The im portance o f  JN K  in 

the apoptotic signaling pathw ay has also been confirm ed in a num ber o f  other cell 

lines derived from both the haematopoietic system  and from  solid tum ours, such 

as H L-60 and LN CaP cells respectively (unpublished results). How ever, the

42



signaling components lying upstream o f JNK and activated by PBOX compounds 

remain to be elucidated.

Overexpression o f the Bcl-2 proto-oncogene in tumour cells confers 

resistance against apoptosis induced by chemotherapeutic drugs. PBOX-6 

overcomes Bcl-2 mediated resistance to apoptosis in K562 cells by the time and 

dose-dependent phosphorylation and inactivation o f anti-apoptotic Bcl-2 family 

members, Bcl-2 and Bcl-XL. PBOX-6 also induces Bcl-2 phosphorylation and 

apoptosis in wild type leukaemia CEM cells and cells over expressing Bcl-2. This 

is in contrast to chemotherapeutic drugs such as etoposide, actinomycin D and 

ultraviolet irradiation, whereby overexpression o f Bcl-2 confers resistance against 

apoptosis. In addition, PBOX-6 induces Bcl-2 phosphorylation and apoptosis in 

wild type Jurkat cells and cells overexpressing Bcl-2. However, Jurkat cells 

containing a Bcl-2 triple mutant, whereby the principal Bcl-2 phosphorylation 

sites are mutated to alanine, demonstrate resistance against Bcl-2 phosphorylation 

and apoptosis. Finally, inhibtion o f JNK activity prevents Bcl-2 phosphorylation 

and apoptosis, implicating .rNK in the upstream signaling pathway leading to Bcl- 

2 phosphorylation (unpublished results). Collectively these findings identify Bcl- 

2 phosphorylation and inactivation as a critical step in the apoptotic pathway 

induced by PBOX-6.

Cancer has always been attributed to an abnormal poliferation o f cells and 

agents that interfere with cell cycle progression may have potential as anticancer 

therapeutics. The cytostatic and cytotoxic effects o f PBOX compounds in human 

tumour cell lines suggests their potential as novel anticancer agents. As the 

validity o f any new therapy and/or therapeutic is more easily established if  a 

sound mechanistic basis can be shown, an understanding o f the molecular 

mechanisms underlying the action o f these PBOX compounds would further their 

potential as novel anticancer agents.

1.7 Aims of this study

(1) To assess the cytostatic effects o f a range o f antiproliferative PBOX 

compounds in two human carcinoma cell lines.

(2) To systematically analyse the changes that occur in kinase activities, 

expression levels, interactions and phosphorylation status o f the cell-
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cycle regulatory molecules in response to PBOX compound treatment 

and to compare them to the timing o f onset o f the induced growth 

arrested and apoptotic states, so as to attempt to characterise the 

pathway underlying the mechanism o f action o f these compounds.

(3) To investigate the role played by JNK in mediating the arrest and 

apoptosis induced by a representative apoptotic PBOX compound, 

PBOX-6

(4) To examine the hypothesis that PBOX-6 acts at a molecular level in a 

manner similar to antimicrotubule agents.
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2 M a t e r ia l s  AND M e t h o d s
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2.1 Materials

The full nam es and addresses o f  the sources listed b elow  are g iven  at the end o f  

the list.

1321N1 cell line E.C .A .C .C

A n ti-a -T u b ulin  antibody Sigm a

A nti-P -A ctin  antibody Sigm a

A n ti-C D C 25A  antibody NeoM arkers

A n ti-C D K l antibody BD-Pharm ingen

A nti-C D K 2 antibody BD-Pharm ingen

A nti-C D K 4 antibody BD -Pharm ingen

A nti-C D K 6  antibody BD-Pharm ingen

A nti-C yclin  A antibody BD-Pharm ingen

A nti-C yclin  Bi antibody BD-Pharm ingen

A nti-C yclin  Di antibody Merck B ioscien ces

A nti-C yclin  D 2 antibody Merck B ioscien ces

A nti-C yclin  D 3 antibody BD-Transduction

A nti-C yclin  E antibody Merck B ioscien ces

A nti-JN K l antibody Santa Cruz

A n ti-p l6  antibody BD-Pharm ingen

Anti-p21 antibody BD-Pharm ingen

A nti-PA R P antibody Merck B iosciences

Anti-Rb phospho antibody BD-Pharm ingen

A nti-R b-(ser780) phospho antibody M BL

Aprotinin Merck B ioscien ces

A m m onium  persulphate Sigm a

ATP Sigm a

P-G lycerophosphate Sigm a

P-M ercaptoethanol Sigm a

Brom ophenol B lue Sigm a
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BSA Sigma

Colchicine Sigma

Colchicine Binding Site Competitive Assay Kit Cytoskeleton

Coomassie Brilliant Blue G-250 Sigma

Cytocentrifuge Filters Shandon

DMSO Sigma

DTT Sigma

DMEM Sigma

ECL detection system Amersham

Ecoscint National Diagnostics

EDTA Sigma

EGTA Sigma

Ethanol Chemical Store, TCD

FACS Tubes Becton Dickonson

FCS Sigma

Filter paper Whatman

FITC conjugated goat anti-mouse IgG antibody Sigma

Formavar coated copper grids CMA

G50 Sephadex™ Pharmacia

G-PEM Buffer Cytoskeleton

Gentamicin Sigma

Glutamine Gibco

Glycerol Sigma

60% Glycerol Buffer Cytoskeleton

Glycine Sigma

Goat anti-mouse IgG peroxidase conjugate Sigma

Goat anti-rabbit IgG peroxidase conjugate Sigma

Goat anti-rat IgG peroxidase conjugate Sigma

GST-c-Jun New England Biolabs

GST-Rb Santa Cruz

GTP Cytoskeleton

Half Area 96-well plates Coming Costar Inc

HEPES Sigma

Histone HI Sigma
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Kodak X-OmatTM LS film Sigma

Leupeptin Sigma

MCF-7 cell line E.C.A.C.C

MEM Sigma

Methanol Chemical Store, TCD

Nocodazole Sigma

Non-Essential Amino Acids Sigma

Paclitaxel Sigma

Pepstatin A Sigma

Phenylethylenediamine Sigma

Pipettes, sterile Sterilin

PMSF Sigma

Poly-L-Lysine coated slides Sigma

Ponceau S Sigma

[y-^^P] ATP Amersham

Propidium Iodide Sigma

Protein molecular weight standards New England Biolabs

Protogel™ National Diagnostics

PVDF Sigma

RapiDiff Kit Sigma

SDS BDH

Sodium flouride Sigma

Sodium orthovanadate Sigma

TCA Sigma

TEMED Sigma

Tissue culture flasks and plates Greiner

Trizma base Sigma

Triton X-100 Sigma

Trypsin Sigma

Tubulin Cytoskeleton

Tween 20 Sigma

Uranyl acetate CMA

Urea Sigma

[^H] Vinblastine Amersham
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Vinblastine Sigma

Pyrrolo-1,5-benzoxazepine compounds were gifts fi-om Professor 

Giuseppe Campiani, Department o f Pharmaceutical Chemistry, University o f 

Siena, Italy.
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Addresses of Suppliers:

Amersham Biosciences UK Ltd., Amersham Place, Little Chalfont, 

Buckinghamshire, HP7 9NA, UK.

BDH, British Drugs House, Chemicals Ltd., c/o Lermox Chemicals, J.F. Kennedy 

Drive, Dublin 12, Ireland.

BD-Pharmingen, Life Science Research, Tullastrasse 8-12, 69126 Heidelberg, 

Germany.

Centre for Microscopy and Analysis (CMA), Basement, East End 4, Trinity 

College Dublin, Dublin 2, Ireland.

Chemicon International, Inc, 28820 Single Oak Drive, Temecula, CA 92590, 

USA.

Cytoskeleton Inc., 1830 S. Acoma St., Denver, CO 80223, USA.

European Collection of Animal Cell Cultures (E.C.A.C.C.), PHLS Centre for 

Applied Micorbiology and Research, Porton Down, Salisbury SP4 OJG, UK.

Gibco, Life Technologies Ltd., 3 Fountain Drive, Inchinnan Business Park, 

Paisley PA4 9RF, UK.

Greiner, GmbH, Maybachstrasse 2, P.O. Box 1162, D-7443 Frickenhause, 

Germany.

MBL, Medical and Biological Laboratories Co., Ltd., 5-10 Marunouchi 3 chome, 

Naka-ku Nagoya, 460-0002, Japan.

Molecular Devices Corporation, 1311 Orleans Drive, Sunnyvale CA 94089- 

1136, USA.
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National Diagnostics, 305 Patton Drive, Atlanta, Georgia 30336, USA.

NeoM arkers, 47790 W estinghouse Dr., Fremont,CA 94539, USA.

New England Biolabs, Knowl Piece, Wilbury Way, Hitchin, Hertfordshire SG4 

OTY, UK.

Santa Cruz Biotechnology Inc., Bergheimer Str. 89-2, 69115 Heidelberg, 

Germany.

Shandon Inc., 171 Industry Drive, Pittsburg, PA 15275, USA.

Sigma, Chemical Co., Ltd., Fancy Road, Poole, Dorset, UK.

Sterlin, Bibby Sterlin Ltd., Stone, Staffordshire, UK.

Whatman Ltd., Maidstone, Kent, UK.
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2.2 Methods

2.2.1 Cell Culture

2.2.1.1 Growth and maintenance of the human astrocytoma 1321N1 cell 
line and the human breast carcinoma MCF-7 cell line

The hum an astrocytom a 1321N1 and the hum an breast carcinom a M CF-7

cell lines were obtained from European Collection o f  Cell Cultures (ECACC). 

They w ere both grown at 37°C under a hum idified atm osphere o f  95%  O 2 and 

5%  C O 2 . The 132IN I cells were m aintained in D ulbecco’s M odified M edium  

(D M EM ), w hilst the M CF-7 cells were m aintained in M inim um  Essential 

M edium  (M EM ). Both m edia were supplem ented w ith 10% (v/v) Foetal C alf 

Serum (FCS), 2m M  L-glutam ine and 100|o,g/ml gentam icin (com plete medium). 

The M EM  was also supplem ented with 1% (v/v) non-essential am ino acids.

Both o f  the cell lines were passaged tw ice weekly. The cells were 

rem oved from the surface o f  the flask by incubation with 1ml o f  trypsin- 

E thylenediam inetetraacetic Acid (EDTA) (0.05m g/m l) for 1-5 m inutes depending 

on the adherency o f  the cells. 10 ml o f  com plete m edium  was then added to the 

cells and they were centrifuged at 500xg for 5 m inutes. The m edium  was 

rem oved and the pellet was resuspended in 1ml o f  com plete m edium . Confluent 

cultures o f  132IN I cells were passaged 1:10 and M CF-7 confluent cultures were 

passaged 1:3. Cells were seeded in either 75cm^ flasks in 20ml o f  m edium  or in 

175cm^ flasks in 30ml o f  m edium . W hen seeding cells for experim ents, they 

were counted using a hem ocytom eter. This is achieved by pipetting a 10-20|il 

volum e under a glass coverslip placed over the m iddle section o f  the 

haem ocytom er (described in Section 2.2.2). Follow ing approxim ately 30 

passages, cells were discarded and a new  batch grown from liquid nitrogen 

stocks.

2.2.1.2 Use of a haemocytometer

H aem ocytom eter counting allows the counting o f  cells in suspension. The 

haem ocytom eter is a m odified m icroscope slide com prising two polished surfaces, 

each o f  w hich displays a precisely ruled, sub-divided grid. The grid consists o f 

nine prim ary squares, each m easuring 1mm on a side (area Imm^) and 25 m edium
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squares, each measuring 0.2 mm on a side (0.04mm^) The squares are Hmited by 

three closely spaced lines and are used to determine if  cells lie within or outside 

the grid. The plane o f the grid rests 0.1mm below two ridges that support a sturdy 

coverslip. A clean coverslip was placed over the haemocytometer surface, and a 

10-20|^1 volume o f cell suspension was pipetted under the cover slip making sure 

not to overfill the volume underneath the coverslip so as to prevent it floating. 

This was drawn across the grid by capillary action. The number o f cells within the 

4 outer squares and center square were counted -  specifically the cells that are 

within, or that touch, the left or top boundary are counted, while those that touch 

or are outside the lower or right hand boundary are not counted. When the 

haemocytometer is loaded properly, the volume o f cell suspension that will 

occupy one medium square is 0.04 mm (0.02 mm x 0.1 mm) or 4.0 xlO' ml. 

There are 25 o f the medium squares, which totals a volume o f 1x10“̂  ml. Total 

cell concentration in the original suspension (in cells/ml) is then; cells/ml = total 

count in the 25 medium squares x IxlO"*. Viable cell number can be determined by 

counting the number o f cells that exclude a dye such as Trypan Blue. A viable cell 

possesses an intact cell membrane and therefore does not allow uptake o f Trypan 

Blue. A suspension o f cells is diluted 1:5 with Trypan blue and the number o f 

cells excluding and including the dye is counted giving a number o f viable and 

non-viable cells.

2.2,1.3 Cryo-preserv ation of cells
1321N1 and MCF-7 cells were grown to a state o f sub-confluency and

were harvested and counted as previously described (Sections 2.2.1 and 2.2.2 

respectively). The cells were centrifuged and the pellet was resuspended in 1ml 

o f a mixture o f FCS and dimethyl sulphoxide (DMSO) (9:1). The cells were then 

transferred into 1.5ml cryotubes and placed at -20°C for 2 hours and then at - 

80°C for 3 hours before storing them in a liquid nitrogen vessel.

When required, an aliquot o f cells was removed from the liquid nitrogen 

vessel, rapidly thawed and resuspended in 10ml o f complete medium. This cell 

suspension was centrifuged at 500xg for 5 minutes, the medium containing 

DMSO was discarded and the pellet was resuspended in complete medium. Cells 

were then seeded in tissue culture flasks as previously described (Section 

2 .2 . 1. 1).
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2.2.1.4 Determination of 1321N1 cell growth curve
1321N1 cells (2.5 x 10^) were seeded in 175cm^ flasks and follow ing 48

hours were treated w ith or without PBOX-21 (25|xM). V iable cell num ber was 

determ ined at the indicated times by counting the trypan blue-excluding cells 

using a haem ocytom eter as described in Section 2.2.1.2.

2.2.2 3-(4,5-dimethylthiazol-2, 5-diphenyl tetrazolium bromide 
(MTT) assay for cell proliferation

The M TT cell proliferation assay is based upon the fact that viable cells

are m etabolically  active. The water soluble yellow  tetrazolium  M TT is reduced by 

m etabolically active cells, in part by m itochondrial dehydrogenases, generating 

NA DH and N A D PH  (van de Loosdrecht et al., 1994). The resulting intracellular 

purple form azan can be solubilised and quantified by spectroscopic m ethods.

M CF-7 cells were seeded at 1.5 x 10“̂ cells per well o f  a 96-well plate 

containing 200|o,l o f  growth medium per well. 1321N1 cells were seeded at 0.1 x 

10“* per well containing 200|o,l o f  medium. The M CF-7 cells were incubated for 24 

hours prior to treatm ent with varying concentrations o f  drug. The 1321N1 cells 

were incubated for 48 hours following seeding before treating w ith varying 

concentrations o f  drug, so as to ensure they were in the exponential phase o f 

growth. Both cell lines were then incubated for the indicated times.

Follow ing incubation, the medium w ithin the wells was rem oved and 

100|il o f  phosphate buffered saline (PBS) was then added to the wells to rem ove 

any rem aining m edium . This is so as to avoid precipitation o f  serum  protein from 

the m edium  follow ing the later addition o f  organic solvent (D enizot el al., 1986). 

M TT (50|il o f  1 m g/m l) was then added to each well. The cells were then 

incubated for 3 hours after which time the form ed purple form azan crystals were 

com pletely solubilised by the addition o f  200|o,l o f  DM SO. The plates were then 

wrapped in alum inium  foil and left for 20 m inutes to ensure solubilisation o f  the 

purple form azan crystals. The optimal density o f  each well was m easured using 

an autom ated m icroplate reader (M olecular D evices) at a w avelength o f  595nm.

2.2.3 Lactate dehydrogenase (LDH) assay fo r cytotoxicity
LDH is a cytosolic enzyme present w ithin all m am m alian cells. The

normal plasm a m em brane is impermeable to LDH, but dam age to the cell 

m em brane results in leakage o f LDH into the extracellular fluid (Rae, 1975). The
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release o f the cytoplasmic enzyme lactate dehydrogenase (LDH), used as a 

measure o f cell death, was performed following a modification of a method by 

Y o u km e t  al. (1993).

Cells were seeded down and treated as previously described for the MTT 

assay (Section 2.2.2). Following the specified period of treatment, 50|xl of 

medium was removed from each well and transferred to a fresh 96-well plate. To 

this an equal volume of substrate mix from the Promega cytotoxicity assay kit 

was added. The substrate mix contains a tetrazolium salt (INT) which is 

converted into a red formazan product via a coupled enzymatic reaction catalysed 

by LDH. The presence of LDH in the extracellular fluid directly correlates to the 

amound of formazan formed. The plate was left covered at room temperature for 

20 minutes. After this time, 50|il of stop solution (O.IM NaOH) was added to all 

wells before reading the optical density using an automated microplate reader 

(Molecular Devices) at a wavelength of 490nm.

A 100% lysis control was a set of untreated cells, which were lysed by 

adding 20 |al of lysis solution (9% (v/v) Triton X-100 in water) provided in the 

Promega Cytotoxicity Assay kit. This was necessary each time an assay was 

undertaken in order to calculate the percentage cyctotoxicity relative to this 100% 

control.

2.2.4 Flow cytometry

2.2.4.1 Fixing o f  cells
1321N1 cells were seeded at a density o f 5 x 10̂  cells in 25 cm^ flasks in

5ml o f complete medium. MCF-7 cells were seeded at a density of 1 x 10  ̂cells 

also in 25 cm flasks and 5ml of complete medium. Once the cells were growing 

exponentially they were treated with varying concentrations of drug and 

incubated for up to 48 hours. Following this time, the cells were harvested by 

scraping with a cell scraper and centrifuged at 500xg for 5 minutes. The cell 

pellet was resuspended in ice-cold PBS and then centrifuged again at 500xg for 5 

minutes. The cell pellet was resuspended in 200|al of ice-cold PBS and then made 

up to a 2ml volume with ice-cold 70% ethanol in PBS so as to fix the cells. The 

fixed samples could be stored at 4°C for up to 1 month.
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1.2.4.2 Nuclear staining of cells with propidium iodide
Stored samples were centrifuged at 500xg for 5 min and the ethanol/PBS

supernatant was removed gently so as to not disturb the cell pellet. The pellet was 

then resuspended in 800)il o f PBS and transferred to a Fluorescence Activated 

Cell Sorting (FACS) tube (5ml polystyrene round-bottomed tube, 12 x 75 mm). 

RNase A in water (100|j.l o f a 5mg/ml stock) was added to the samples followed 

by 100|j.l o f a 1 mg/ml stock o f Propidium Iodide (PI) in water. The samples were 

quickly vortexed and incubated for 30 minutes at 37°C in the dark.

2.2A.3  Flow cytometric analysis
Flow cytometry is a means o f measuring certain physical and chemical

characteristics o f cells or particles as they travel in suspension one by one past a 

sensing point. The modem flow cytometer consists o f a light source, collection 

optics, electronics and a computer to translate signals to data. In most modem 

cytometers the light source o f choice is a laser which emits coherent light at a 

specified wavelength. Scattered and emitted fluorescent light is collected by two 

lenses (one set in front o f the light source and one set at right angles) and by a 

series o f optics, beam splitters and filters, specific bands o f fluorescence can be 

measured. Physical characteristics such as cell size, shape and internal 

complexity as well as any cell component or function that can be detected by a 

fluorescent compound can be examined. The DNA content o f a cell can be 

measured via staining with the fluorescent DNA binding dye, propidium iodide. 

The measurement o f the DNA content o f cells provides information about the 

effect on the cell cycle o f added stimuli e.g. transfected genes or drug treatment. 

Cells in the various phases o f the cell cycle can be differentiated between using 

this method as they will possess a different amount o f  DNA depending on what 

stage o f  the cell cycle they are in.

Using a Becton Dickinson FACSCalibur flow cytometer, the samples 

were illuminated with 200mW of light at 488nm and the fluorescence was read 

using a 630/22 nm band-pass filter (FL2). The cells were gated so as to exclude 

debris and doublets using a pulse width versus pulse area dot plot (FL2W on x- 

axis, FL2A on y-axis). A constant number o f 10,000 viable cells was read for 

each sample. The percentage o f cells in the G l, S and G2/M phases was
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determined by subjectively applied markers on a histogram plot and data was 

analysed using the Macintosh-based application Cellquest.

2.2.5 Western Blot Analysis

2.2.5.1 Preparation of cell lysates
1321N1 cells were grown as described previously (Section 2.2.1) and

seeded at 2.5 x 10^ cells in 175 cm^ flasks. MCF-7 cells were seeded at 3 x 10^ in 

75cm^ flasks. Once the cells were growing exponentially they were treated with 

varying concentrations o f drug and incubated for up to 48 hours. Following 

treatment, the cells were harvested via scraping and centrifuged at 500xg for 5 

minutes followed by washing in ice-cold PBS. The cells pellets were resuspended 

in lysis buffer (50-250p.l, depending on cell number so that all samples would 

have approximately the same protein concentration). The lysis buffer contained 

50mM Tris-HCl, pH 7.5, 250mM NaCl, 5mM EDTA, 0.1% (v/v) Triton, 50mM 

sodium fluoride, protease inhibitors (l|j.g/ml aprotinin, l|ag/ml leupeptin, l|o.g/ml 

pepstatin A, ImM  sodium orthovanadate, 100|ig/ml phenylmethylsulfonyl 

fluoride (PMSF)) and ImM dithiothreitol (DTT). Samples were vortexed for 10 

seconds and left on ice for 30 minutes, vortexing every 10 minutes. The 

homogenates were then centrifuged at 20,000xg for 20 minutes at 4°C in an 

Eppendorf mini-centrifuge, model 5417R, and the supernatants were removed. 

The protein concentration o f the resultant supernatants were determined by a 

Bradford assay.

2.2.5.2 Preparation of cell lysates for detection of poly (ADP-ribose) 
polymerase (PARP) cleavage

MCF-7 cells were grown, and treated as described in Section 2.2.6.1.

Following treatment, the cells were harvested by scraping and centrifuged at 

500xg for 5 minutes, the supernatant was removed and the pellets resuspended in 

PARP sample buffer (200|il) (62.5mM Tris/HCL pH 6.8, 6M urea, 10% (v/v) 

glycerol, 2% (w/v) SDS, 0.00125% bromophenol blue and 5% (v/v) p- 

mercaptoethanol added immediately before use). Samples were sonicated using a 

DA WE soniprobe sonicator for 15 seconds and heated at 65°C for 15 minutes.
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2.2.5.3 Protein determination -  Bradford assay
P ro te in  co ncen tra tion  o f  cell lysates w as d e term in ed  using  a m od ifica tion

o f  the m ethod  o f  B radford  (B radford , 1976).

200|xl o f  B radford  so lu tion  (0.01%  C o o m assie  B rillian t B lue G -250 , 4 .7%  

(v /v) ethano l and 8.5%  (w /v) o rthophosphoric  ac id ) w as added  to  18|xl o f  H 2 O 

and 2 |il o f  the p ro tein  sam ple in a 96-w ell m icro titre  p la te  and  left a t room  

tem p era tu re  for 5 m inutes. T he absorbance at a w av elen g th  o f  595 nm  was 

m easu red  using  an au tom ated  plate reader (M o lecu la r D ev ices) and the resu lts 

w ere com pared  to the standard  curve p repared  using  k now n  co n cen tra tio n s  o f  

B SA . A ll p ro te in  de term ina tions w ere perfo rm ed  in trip licate .

2.2.5.4 Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis 
(SDS-PAGE)

S D S -P A G E  w as carried  out as described  by L aem m li (L aem m li, 1970), 

using an A T T O  elec tro p h o resis  un it (m odel A E  6450) w ith  8%  reso lv ing  gels for 

detec tion  o f  S er780-phosphory la ted  pR b, 10%  reso lv in g  gels for C yclin s A , B i, 

D i, D 2 , D3, E, C D K l, C D K 2, C D K 4, C D K 6 and  P A R ? , and 12% reso lv ing  gels 

for d e tec tio n  o f  p21 , p l6 .  All these gels used a 5%> stack ing  gel. T able 2.1 details 

the con ten ts  o f  the various gel solutions. T he v o lum es q uo ted  are those requ ired  

for the p ouring  o f  one gel.

F or de tec tio n  o f  pR b  phosphory lated  status, a 5 -1 8%> g rad ien t gel w as 

em ployed . This invo lved  m aking  up 5%  and  18%> acry lam ide  re so lv in g  gel 

so lu tions as deta iled  in T able 2.2. The vo lum es quo ted  are those  requ ired  for one 

gel. T hese tw o reso lv ing  gel solu tions w ere th en  m ixed  linearly  by  a LK B 

B rom m a 2232 m icroperpex  perista ltic  pum p system . T he gel w as run in  a larger 

A T T O  elec tro p h o resis  un it (m odel A E-6220).
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Table 2.1 Contents of stacking and resolving gels

5% stacking 

gel

(volume, ml)

8% resolving 

gel

(volume, ml)

10% resolving 

gel

(volume, mi)

12% resolving 

gel

(volume, ml)

ProtogeF’̂  

(Ultra-pure 30%  

(w/v) acrylamide 

and 0.8% (w/v) 

bisacrylamide)

0.83 2.7 4 3.19

ddHjO 3.19 4.6 3.19 4

1.5M Tris-HCL  

(pH 8.8)

3.19 2.5 2.5

IM Tris-HCL  

(pH 6.8)

0.63

10% SDS (w/v) 0.05 0.15 0.1 0.1

10% APS (w/v) 0.05 0.15 0.1 0.1

TEMED 0.005 0.006 0.004 0.004
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Table 2.2 Contents of 5-18% gradient gel

5% resolving gel 

(volume, ml)

18% resolving gel 

(volume, ml)

ProtogeF”̂  (Ultra- 

pure 30% (w/v) 

acrylamide and 

0.8% (w/v) 

bisacrylamide)

1.7 6

DdHzO 6.84 1.3

1.5M Tris-HCL  

(pH 8.8)

1.25 2.5

IM Tris-HCL (pH 

6.8)

10% (w/v) SDS 0.1 0.1

10% (w/v) APS 0.1 0.1

TEMED 0.008 0.004
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Equal amounts o f  protein (30-100|j,g), prepared as described previously (Section  

2 .2 .6 .1 ) were added to 5X  SD S Sample Buffer (containing 125m M  DTT, 10|^1). 

The sam ples were then boiled for 3 minutes and then loaded onto the SD S-P A G E  

gel along with broad range m olecular weight markers (6-175kD a) (N E B ). The gel 

w as run in buffer (0 .025M  Tris, 0 .192M  glycine and 0.1%  (w /v) SD S) and the 

sam ples were electrophoresed at 80V  until the tracker dye reached the resolving  

gel. The voltage was then increased so as to maintain a constant charge o f  20-25  

m A m ps. The gel was electrophoresed until the tracker dye reached the bottom o f  

the resolving gel. Proteins were then transferred/im m unoblotted onto  

p olyvinylidene difluoride (PV D F) membrane.

2.2.5.5 Western blotting
Proteins resolved by SD S-PA G E were transferred onto 0.2)a,m PVDF

membrane using a w et transfer apparatus (B ioR ad m ini trans blot). Prior to 

transfer the PV DF membrane w as immersed in methanol for 60 seconds, w ashed  

with double distilled  (dd) H 2O and was then equilibrated along with the gel in 

transfer buffer (0 .025M  Tris, 0 .1 92M glycine and 10% (v /v) m ethanol) for 15 

minutes. The gel was then laid on a sponge and 4 layers o f  filter paper and 

overlaid with the PV DF membrane. Another 4 layers o f  filter paper were laid on 

top o f  the membrane fo llow ed  by a second sponge. The entire assem bly was 

carefully placed in a cassette and and electric current applied. A n ice block was 

used to transfer apparatus cool. The transfer appapatus was placed on a stirring 

box and the transfer was carried out at a constant current o f  160 m A m ps for 

betw een 40  -  90 m inutes, depending on the size o f  the protein.

A sem i-dry transfer apparatus (H oefer Scientific Instruments, Sem i-phor) 

was em ployed for the transfer o f  resolved proteins on the 5-20%  gradient gels. 

Again, the PV DF membrane and gel were equilibrated in transfer buffer for 15 

minutes. The PV D F membrane was laid on top o f  2 layers o f  filter paper and 

overlaid by the gel. Another 2 layers o f  filter paper then covered the gel. The 

transfer w as carried out at a constant current o f  160 m Am ps.

F ollow ing the transfer o f  proteins, the PV D F membrane was blocked on a 

rocking platform in blocking buffer containing 5% (w /v) dry m ilk in T E ST  (0.1%  

(v /v) T w een 20 in Tris Buffered Saline (T B S) at room temperature for 1-3 hours 

or overnight at 4°C. Once blocked, the membrane w as then w ashed briefly in
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TBST ( 2 x 2  min) followed by incubation in primary antibody The antibody was 

made up in 2-4 mis blocking buffer within a sterilan and rotated on a roller 

(Denley Spiramax 5) for 1-2 hours at room temperature or overnight at 4°C. The 

membrane was then washed again in TBST (2 x 5min, 1 x lOmin) followed by 

incubation in Horse Radish Peroxidase (HRP)-conjugated secondary antibody 

made up in blocking buffer for 1 hour at room temperature. The membrane was 

then washed in TBST (2 x 5min, 1 x lOmin, 2 x 5min) before a final wash in 

TBS. In order to assess if transfer of proteins was achieved the PVDF membrane 

was stained using Ponceau S stain (0.3% (w/v) Ponceau S, 3% (v/v) TCA).

The membrane was developed using the Enhanced Chemiluminescence 

(ECL) detection system, which detected the secondary antibody by means o f an 

HRP-catalysed oxidation o f luminol under alkaline conditions resulting in 

emission o f light. The light emitted is detected by exposing the membrane to 

Kodak X-Omat LS film and developed using an automated developer (Fuji x-ray 

film processor).

2.2.5.6 Stripping and re-probing of blots
Membranes were incubated with stripping buffer (62.5mM Tris-HCL, pH

7.8, lOOmM P-mercaptoethanol, 2% (w/v) SDS) for 15-20 minutes in a 50ml 

sterilin and placed in a water bath set to 50°C followed by several washes in 

TBST at room temperature. The membrane was blocked on a rocking platform, 

washed and incubated with the primary and secondary antibodies as previously 

described (Section 2.2.6.5).

2.2.6 Immunoprecipitation (IP)

2.2.6.1 Preparation o f cell lysates
1321N1 and MCF-7 cells were seeded as described in Section 2.2.1 and

treated with drug once the cells were in the exponential phase o f  growth. 

Following treatment for the indicated times, the cells were harvested via scraping 

and centrifuged at 500xg for 5 minutes and washed in ice-cold PBS. The cell 

pellets were resuspended in 500|il o f IP lysis buffer which contained the 

following: 50mM N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]

(HEPES), pH 7.5, 150mM NaCl, ImM EDTA, 2.5mM Ethylene Glycol-bis((3- 

aminoethyl Ether) N,N, N ’,N ’-Tetraacetic Acid (EGTA), 10% (v/v) glycerol.
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0.1%  (v /v) Tw een 20, Im M  DTT, Im M  NaF, lOmM (3-glycerophosphate, and 

protease inhibitors (10|ag/m l leupeptin, 10|ig/m l aprotinin, O .lm M  PM SF and 

0.1 mM  sodium  orthovanadate). The DTT, NaF, (3-glycerophosphate and protease 

inhibitors were added fresh to the IP buffer. The cell suspension was vortexed  

vigorously  for 10 seconds and kept on ice for 30 m inutes, vortexing every 5-10  

m inutes. F ollow ing this time the sam ples were sonicated on ice using a Branson  

sonicator 250 , output level at position 6 for 10 seconds and were then centrifuged  

at 2 0 ,0 0 0 x g  for 20  m inutes and the supernatant w as rem oved. The protein content 

was determined by a Bradford assay.

2.2.6.2 ImmuDoprecipitation
The appropriate antibody was added to equal amounts o f  protein (100-

500|o.g) in each cell lysate sample. An aliquot (l|j .l/l x  10  ̂ ce lls) o f  C D K 2, CDK 4  

and C D K 6 and Ijxg o f  C D K l and JNK l antibodies was used per sam ple. The 

volum e o f  the incubation mixture was made up to 500 |il w ith IP lysis buffer. The 

sam ples were then incubated on a rotating platform for 3 hours at 4°C . A 50%  

slurry o f  protein A  beads in PBS (50 |il) was then added to the sam ples and 

incubated overnight at 4°C on the rotating platform.

The sam ples were then centrifuged for 2 m inutes at 500xg to pellet the 

beads. The supernatant w as rem oved gently using a gel-loading tip m aking sure 

not to disturb the beads. The pellet beads were then w ashed 3 tim es in 1ml o f  ice- 

cold IP lysis buffer.

After the final wash, the pelleted beads were resuspended in 20|j.l o f  3X  

SDS sam ple buffer and then boiled for 3 m inutes. The protein sam ples were 

resolved by SD S-PA G E  as described previously (Section  2 .2 .6 .4 ) and w ere either 

im m unoblotted with the pull-dow n antibody to assess im m unoprecipitation  

efficien cy , or im m unoblotted with another primary antibody to assess 

com plexation status.

2.2.6.3 In vitro cyclin-dependent and JNK kinase assay
F ollow ing the w ashing o f  the im m une-com plex beads with ice-co ld  IP

lysis buffer, the beads were then washed 3 tim es w ith ice-co ld  kinase buffer 

which contained the follow ing: 50m M  HEPES, pH 7.5, 2 .5m M  EG TA, lOmM  

M gCl2, Im M  DTT, lOmM P-glycerophosphate, Im M  NaF and O .lm M  sodium  

orthovanadate. The lysates were then resuspended in 30|j,l o f  kinase buffer
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supplemented with 20|o.M unlabelled Adenosine Triphosphate (ATP), 2|4,Ci [y^^P] 

ATP and either l|ig  GST-Rb substrate for CDK4 and CDK6, 10|xg Histone HI 

substrate for CD Kl and CDK2, or l|j,g o f GST-c-Jun substrate for JN K l. The 

suspensions were incubated in a prewarmed Perspex box at 30°C for 30 minutes, 

gently agitating the tubes every 5 minutes. An aliquot o f 3X SDS sample buffer 

(20|al) was then added to each tube and the samples were boiled for 3 minutes 

behind a perspex screen and then loaded and resolved with molecular weight 

standards onto a 12% SDS-PAGE gel for analysis o f  GST-Rb and Histone HI 

and a 10% SDS-PAGE gel for analysis o f c-jun. The gel was carefully removed 

from the gel-box and gel-plates and dried under a vaccum using a gel drier 

(Biorad, Model 583) for 2 hours at 55°C behind a Perspex screen. The dried gel 

was then exposed to Kodak X-Omat film at -70°C. Phosphorylation was 

quantitated using a densitometric scan using the Scion Image software package o f 

the phosphorylated bands in the autoradiogram (© 2000 Scion Corporation, based 

on NIH Image for Macintosh).

2.2.7 Terminal deoxynucleotidyl Transferase mediated bio-dUTP 
Nick Labelling (TUNEL) staining o f  cells

TUNEL identifies apoptotic cells in situ by using terminal

deoxynucleotidyl transferase to the free 3’-0H  o f cleaved DNA. The ApopTag 

Plus Kit (Chemicon) was used for detection o f DNA fragmentation in apoptotic 

cells by direct end-labeling o f cellular genomic DNA with a digoxigenin- 

nucleotide using terminal deoxynucleotidyl-transferase which then binds a 

peroxidase bound digoxigenin antibody. The bound peroxidase enzymatically 

generates an intense localized stain from an applied chromogenic peroxidase 

substrate. MCF-7 cells were seeded at a density o f 1 x 10  ̂ in a volume o f 1ml per 

well o f a 24-well plate. Following treatment with either vehicle (0.5% (v/v) 

ethanol) or 10|j.M PBOX-6 the cells were washed in PBS, and fixed in 5% 

formaldehyde in PBS for 15 min at room temperature. Fixed cells were stored dry 

on slides (Sigma) at room temperature before processing according to the 

m anufacturer’s specifications. After mounting, slides were analysed by light 

microscopy.
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2.2.8 Cytospin preparation and RapiDiff staining o f  cells
M C F-7 cells were seeded at a density o f  1 x  10^ in a volum e o f  1ml per

w ell o f  a 24-w elI plate. Follow ing treatment with the indicated com pounds, the 

ce lls  were harvested by scraping. A 500)^1 aliquot o f  the ce lls  was treated w ith  

Im M  E D T A  so as to prevent clumping o f  the cells. The ce lls w ere then 

resuspended thoroughly and cytocentrifuged on to poly-L-Iysine coated slides at 

7 00xg  for 2 m inutes using a Cytospin 3 (Shandon). The slides were rem oved and 

left to air-dry at room temperature for approxim ately 2 minutes. Staining w as 

carried out using the R apiD iff kit, containing solution A , 100% m ethanol, 

solution B, eosin -Y  and solution C, m ethlylene blue. The cells were fixed  by 

dipping them 10 tim es in solution A. The cytoplasm  o f  the ce lls w as stained pink 

by dipping the slide 10 tim es in solution B and the nucleus was stained blue by 

dipping the slide 8 tim es in solution C. E xcess dye w as w ashed o f f  w ith H 2O, and 

the slides were observed under a light m icroscope (N ikon) using 40X  

m agnification, and photographs subsequently taken.

2.2.9 Indirect Immunofluorescence
M C F-7 cells were seeded at a density o f  1.5x10^ cells upon sterile 22m m

X 22m m  coverslips in a 2ml volum e per w ell o f  a 6-w ell plate. F ollow ing  

treatment with the indicated com pounds, the m edium w as rem oved and the cells  

washed gently with 1ml o f  PBS. The cells were then fixed  in 100% m ethanol at - 

20°C for 10 m inutes, after which time they were w ashed three tim es w ith  PBS. 

The cells were then blocked at room temperature for 30 m inutes in 5% B SA  

made up in PB ST  (0.1%  (v/v) Triton in PBS). The b locking buffer was rem oved  

and the ce lls  were incubated for 1 hour at room temperature in primary antibody  

to a-tubulin  (500 |al/w ell, 1:1000 dilution in blocking buffer). The ce lls  were 

w ashed 3 tim es w ith PBS and then incubated for a further hour at room  

temperature in Fluorescein Isothiocyanate (FITC)-conjugated goat anti-m ouse  

IgG (500fj.l/well, 1:1000 dilution in blocking buffer) after w hich tim e they were 

washed a further 3 tim es with PBS. The cells were then incubated with 0.2fo,g/ml 

PI made up in blocking buffer for 2 minutes. The coverslips were then rem oved  

from the w ells, drained and 5)0,1 o f  a 2|^g/ml phenylethylenediam ine in a 50:50  

solution o f  PBS and glycerol was applied to the surface o f  each slide. The slides  

were then im m ediately mounted onto glass slides and sealed with a thick coating
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o f  clear nail varnish. The slides were viewed at a m agnification o f  lOOOx w ith an 

N ikon m icroscope and images captured using Im ageCapture software.

2.2.10Assay o f  Tubulin Assembly
Tubulin is com posed o f a heterodim er o f  two related polypeptides, a  and

p tubulin. Tubulin polymerises to form m icrotubules. M icrotubules are 

intrinsically  dynam ic polymers, but do not have a sim ple equilibrium . They 

polym erise and depolym erise by the reversible addition and loss o f  tubulin 

dim ers at the ends o f  the m icrotubules. The assem bly o f  purified bovine tubulin 

w as m onitored using the CytoDYNAM IX Screen™ 3. This assay uses a 96-well 

plate form at with 300|ag o f >99%  purified bovine brain tubulin in each well.

The tubulin (Im g, in lyophilised format) was resuspended on ice in 330|^1 

o f  ice-cold G-PEM  buffer (80mM  Piperazine-N ,N ’-bis[2-ethanesulfonic acid] 

sequisodium  salt (PIPES) pH 6.9, 0.5mM  M gC h, Im M  EG TA , Im M  G uanidine 

Triphosphate (GTP), 5% (v/v) glycerol) and left on ice for 1 m inute to allow  for 

com plete resuspension. 10|il o f  lOX strength o f  each com pound tested m ade up 

in G -PEM  buffer was pipetted into a half area 96-well plate prew arm ed to 37°C. 

A 100)j.l volum e o f  tubulin was pipetted into the designated wells o f  the 

prew arm ed plate. It is im portant for the total pipetting to be less than 30 seconds 

from start to finish. The assay was conducted at 37°C and tubulin polym erisation 

was followed turbidim etrically at 340nm in a Spectram ax 340PC 

spectrophotom eter (M olecular Devices). The absorbance was m easured at 30 

second intervals for I hour.

2.2.11 Colchicine Binding Site Competitive Assay
Tubulin is the target o f  a variety o f  therapeutic agents such as vinblastine,

paclitaxel and colchicine. These three ligands form  the pharm acological m ap o f  

tubu lin ’s surface, as they bind at separate sites and will not com pete w ith each 

other’s binding site. This assay determines the ability o f  a ligand to bind to the 

colchicine binding site. The assay utilises size exclusion chrom atography to 

separate bound and unbound fluorescein-labelled colchicine. The tubulin, 

polym erised into m icrotubules, has a m olecular w eight o f  approxim ately 100,000 

whilst colchicine has a m olecular weight o f  399, therefore, tubulin will elute from 

the size exclusion colum ns first. If the colcichine is bound to tubulin, the
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fluorescent peak will occur in these fractions. If the ligand competes with 

colchicine for binding to the colchicine binding site, this fluorescent signal will 

be reduced relative to the vehicle control and the ligand is confirmed as a 

colchicine site binding moiety.

Each reaction was performed in a 160|il volume containing 1 mg/ml >99% 

purified bovine brain tubulin in 0.25mM PIPES buffer at pH 6.9, containing 

0.05mM GTP, and 0.25mM MgCh. The tubulin stock was prepared by 

resuspending tubulin in lyophilised format to a I mg/ml concentration in the 

buffer described above on ice and then centrifuged for 10 minutes at 14,000xg to 

remove denatured tubulin. The supernatant was carefully removed into a clean 

eppendorf tube on ice, leaving approximately 10|o.l in order not to disturb the 

pellet. Each reaction contained 8|al of test compound at the appropriate 

concentraion and 150|j,l of tubulin stock. This reaction mixture was mixed gently 

by pipetting up and down three times and then incubated at 37°C for 30 minutes. 

A 2|al volume o f the fluorescent colchicine stock (2mM) was diluted to 200fil in 

buffer, and following the 30 minute incubation, 4|j.l o f  this was added to each 

reaction giving a final concentration of 0.5)aM fluorescent colchicine. This was 

then incubated for a further 30 minutes at 37°C. Each reaction was then applied 

to a G25 sephadex^"^ chromatography column. The columns were prepared by 

allowing a 3ml volume o f the G25 slurry (slurry composed o f  an excess volume 

o f reaction buffer as described above) to settle and then washing the columns 

twice with 5mls o f buffer. The eluent from the columns was collected in 

designated wells o f a 96-well plate. When the eluent from the application o f the 

reaction mixture had been collected, 160|al of buffer was applied to the top o f the 

column and the eluent collected in a fresh well. This was continued until 12 wells 

were filled per reaction. The plate was then read on a Spectramax Gemini XS 

fluorescence 96-well spectrophotometer (Molecular Devices), at excitation and 

emission wavelengths o f 485nm and 535nm respectively.

2.2.12 Vinblastine Binding Site Competitive Assay
The ability o f a ligand to bind to the vinblastine binding site on tubulin

was next examined. Each reaction was performed as described for determination 

o f binding to the colchicine binding site, however, instead o f a fluorescent
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vinblastine analogue, the binding o f radiolabelled [^H]-vinblastine was used and 

its presence w ithin the collected fractions m easured by liquid scintillation 

counting as described in Section 2.2.14.1. The tubulin, polym erised into 

m icrotubules, has a m olecular weight o f  approxim ately 100,000 whilst 

v inblastine has a m olecular weight o f  811, therefore, tubulin will elute from the 

size exclusion colum ns first. I f  the vinblastine is bound to tubulin, the peak o f 

radioactivity  will occur in these fractions. If  the ligand com petes w ith vinblastine 

for binding to the vinblastine binding site, this radioactivity  signal will be 

reduced relative to the vehicle control and the ligand is confirm ed as a vinblastine 

site binding m oiety. Each reaction contained a final concentration o f  0.5|o,M [^H]- 

vinblastine, and purified (>99% ) bovine brain tubulin  was used. Finally, 

vinblastine has a larger m olecular weight than colchicine, so as to im prove the 

separation o f  the bound [^H]-vinblastine from the unbound [^H]-vinblastine, G50 

se p h ad e x '^  colum ns were used instead o f  the G25 sephadex™  colum ns used in 

the colchicine binding site com petitivie site assay.

2.2.13 Liquid scintillation counting
The [^H]-radioactivity was m easured using a Packard 1500 scintillation

counter. The scintillant cocktail used was a com m ercial scintillant Ecoscint. The 

average counting efficiency for [^H] counting in the Packard 1500 was calculated 

to be 45% , based on a quench-correction curve relating counting efficiency to 

channels ratio. This was calculated from a quench curve relating counting 

efficiency to the spectral index o f  the extenal standard.
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3 I n v e s t i g a t i o n  i n t o  m e c h a n is m  
u n d e r l y i n g  t h e  o n c o s t  ATIC EFFECTS OF

PBOX-21
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3.1 Introduction

Cancer has always been attributed to an abnormal proliferation o f cells and 

agents that interfere with cell cycle progression may have potential as anti-cancer 

therapeutics. The discovery o f inhibitors o f the cell cycle such as paclitaxel 

(Schrijvers et a l ,  1998) and UCN-01 (Akiyama et a l ,  1997) has led to rapid 

advances in the investigation and design o f a variety o f antiproliferative 

compounds that are used clinically or have the potential for development as 

antiproliferative agents. It has previously been shown that some members o f a 

series o f novel pyrrolo-l,5-benzoxazepines (PBOXs) elicit antiproliferative 

effects upon tumour cells including human 1321N1 astrocytoma cells (Zisterer et 

a i ,  1998). The PBOX compounds were originally synthesized as high affinity 

ligands to the peripheral-type benzodiazepine receptor (PBR) (Campiani et al., 

1996). Benzodiazepines such as Valium, are among the most highly prescribed 

drugs due to their anxiolytic, relaxant and sedative effects. They mediate their 

pharmacological effects through their interaction with the neuronal GABA-gated 

chloride channel (Zisterer et al., 1997). This is known as the central-type 

benzodiazepine receptor and is present exclusively in the central nervous system. 

However, benzodiazepines also bind to another distinct recognition site, now 

known as the PBR. A wide variety o f functions have been attributed to the PBR 

over the years. These include involvement in immune response (Zavala et al., 

1991), behavioural conditions, effects on mitochondrial respiration, 

steroidogenesis and also on cell growth (Gorman et al., 1989). However, the true 

physiological function o f  the receptor remains to be discovered (Gavish et al., 

1999). It was thought that this group o f novel PBOX compounds would help in 

probing the true physiological function o f the receptor.

Ligands to the PBR have previously been shown to elicit cytostatic 

effect on cancerous cell lines. Gorman et al., (1989) found that Ro5-4864, 

diazepam, clonazepam and PK 11195, the classically used PBR ligands, inhibited 

the proliferation o f rat C6 glioma and mouse neuro-2A neuroblastoma cells in the 

micromolar range, whilst Camins et al., (1995) demonstrated that Ro5-4864, PK 

11195 and diazepam inhibited in a concentration-dependent manner the 

proliferation o f V79 Chinese hamster lung cells. However, both o f these studies
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concluded that it was unlikely that these antiproliferative effects were m ediated 

through an interaction w ith the PBR, as far h igher concentrations were required 

to elicit such effects (approxim ately 1 0 0 0 -fold) than  are necessary to saturate the 

PBR. M ore recently, Zisterer et al., (1998) found that some m em bers o f  the 

PBOX com pounds also induced antiproliferative effects w ithin the hum an 

astrocytom a cell line, 132IN I. This inhibition o f  proliferation was found to be 

specifically through an accum ulation o f  cells in the G1 phase o f  the cell cycle, 

although the tim e o f  onset o f  the 0 1  arrest and the m olecular m echanism  

underlying the arrest rem ained unclear.

These cytostatic effects o f  PBOX com pounds in a hum an tum our cell 

line indicated the potential o f  these com pounds for use as novel anticancer drugs 

and indicated the need to exam ine the direct m echanism s responsible for the 

initiation and/or m aintenance o f  the grow th-arrested state. Because cell growth 

and proliferation are ultim ately regulated by a highly conserved set o f  cell cycle 

regulatory proteins, a productive approach to the study o f  the antiproliferative 

mode o f  action o f  the PBOX com pounds is to exam ine their influence on the 

regulation o f  the cell cycle-regulating m achinery.

The G1 phase is the interval in which cells respond to extracellular cues 

that ultim ately determ ine w hether cells will m ake the decision to replicate DNA 

and divide or, alternatively, to exit the cell cycle into a quiescent state (GO). Once 

cells make the decision to begin D N A replication, they are irreversibly com m ited 

to com plete the cycle, and the tim e late in the G1 phase at w hich this decision is 

made is designated the restriction point checkpoint (Figure 1.1). The eukaryotic 

cell cycle is regulated by the action o f  the cyclin-dependent kinases (CDKs) and 

their activating subunits, the cyclins (M cD onald et al., 2001). The expression o f  a 

subset o f  CDKs and cyclins occurs during the G1 phase o f  the cell cycle, placing 

them in a tem poral position to influence the restriction point checkpoint and cell 

cycle progression. Am ong such candidate G1 control m olecules are the D-type 

cyclins, cyclin E and the CDK inhibitors belonging to the CIP and INK4 families. 

Genetic lesions that disable key regulators o f  G1 phase progression in m am m alian 

cells are present in m ost hum an cancers.

D-type cyclins consist o f  three fam ily m em bers, D i, D 2 and D 3 . They are 

the m ajor dow nstream  targets o f  extracellular signalling pathw ays. Their 

expression is induced by m itogenic growth factors, w hilst conversely m itogen
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withdrawl in G1 leads to rapid degradation o f the D-type cyclins and failure o f  the 

cells to enter S-phase. D-type cyclins mediate their regulatory function by 

assembling combinatorily into holoenzymes with either CDK4 or CDK6 

primarily, and to a lesser extent CDK2. Whereas CDK4 and CDK6 are relatively 

long-lived proteins, the D-type cyclins are unstable, and their induction, synthesis, 

and assembly with their catalytic partners all depend upon persistent mitogenic 

signalling. It is in this sense that the D-type cyclins act as growth factor sensors, 

forming active kinases in response to extracellular cues (Sherr, 1993). The 

mitogen-dependent accumulation o f the cyclin D-dependent kinases triggers the 

phosphorylation o f the retinoblastoma protein (Rb), thereby helping to cancel its 

growth-repressive functions (Ewen et al., 1993; Kato et a l ,  1993). Rb represses 

the transcription o f genes whose products are required for DNA synthesis. Prior to 

the restriction point o f G l, Rb is found in an underphosphorylated form. In this 

state, Rb binds to and negatively regulates the activities o f transcription factors 

such as the E2Fs (Nevins, 1998). Rb also mediates its growth inhibitory role by 

recruiting repressors such as histone deacetylases (Brehm et al., 1998; Luo et al., 

1998) and chromosomal remodeling SWI/SNF complexes (Zhang et al., 2000) to 

E2F-responsive promoters on DNA. However, Rb phosphorylation by the Gl 

CDKs disrupts these interactions, releasing E2F from its inhibitory constraint, 

thereby enabling the untethered transcription factor to activate genes required for 

DNA replication. Thus the phosphorylation status o f Rb is a critical determinant 

in the execution o f the progression o f the cell cycle from G l to the S phase.

Apart from a battery o f  genes that regulate DNA metabolism, E2Fs 

induce the cyclin E and A genes. In mammalian cells, cyclin E preferentially 

forms a complex with its catalytic partner CDK2 (Dulic et al., 1992; K off et al., 

1992a). The activity o f the cyclin E-CDK2 complex peaks at the G l-S  transition, 

after which cyclin E is degraded and replaced by cyclin A during S phase. The 

cyclin E-CDK2 complexes can phosphorylate histone H I, Rb and the Rb family 

members p l0 7  and p l3 0  (Castano et a l ,  1998; Woo et al., 1997).

Whereas cyclin-CDK complexes are key regulators o f G l cell cycle 

progression, evolution has added yet another layer o f G l cell cycle regulation in 

the form o f cyclin-CDK inhibitory proteins. Two classes o f G l cyclin/CDK 

inhibitors have been defined based on this sequence similarity and specificity of 

action. One class is the CIP/KIP (CDK interacting protein/Kinase inhibitory
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protein). These proteins are also known as the ‘universal CDK inhibitors’. They 

indifferently inhibit all o f the CDKs, but preferentially inhibit CDKs o f G l/S  

phase. This family consists o f three members: p21 (el-Deiry et a l,

1993); (Noda et al., 1994), p27 (Toyoshima et a l ,  1994) and p57 (Lee et 

al., 1995).

Another class o f CDK inhibitors, the so-called INK4 proteins (named for 

their ability to inhibit CDK4), specifically target the cyclin D-dependent kinases 

(Ruas et al., 1998). To date, four INK4 proteins have been identified. These 

include the founding member p i ( S e r r a n o  et al., 1993) and three other 

closely related genes designated p lS '’̂ '̂ '’*’ (Hannon et al., 1994), p lS '’̂ '̂ '̂ ' (Guan et 

al., 1994) , and pl9"^'^''‘' (Hirai et al., 1995). Structural studies o f the pl6-C D K 6 

and pl9-CD K 6 complexes suggest that association with INK4 family members 

prevents ATP binding o f CDK6, and that p i 6 indirectly prevents CDK6 from 

binding to cyclin D (Russo et al., 1998). Other proteins have CDK inhibitory 

properties, but bona fide  in vivo roles as CDK inhibitors remain to be established 

(Coats et al., 1999). The classification o f CDK inhibitors is based upon their 

structure as well as their CDK-inhibitory affinity.

Aims o f  this chapter

In the present study the antiproliferative action o f a number o f PBOX compounds 

in two human tumour cell lines was characterised. The changes that occurred in kinase 

activities, expression levels, interactions and phosphorylation status o f the cell cycle 

regulatory molecules in human 1321N1 cells, in response to treatment with a potent 

antiproliferative PBOX compound, PBOX-21 was then systematically analysed and 

compared to the timing o f onset o f the growth arrest process. Thus, it was possible to 

distinguish between induced changes in cell cycle regulating molecules, which are 

possibly responsible for the growth arrest, from those that are as a result o f the cell cycle 

arrest itself
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3.2 Results

3.2.1 Characterisation o f the antiproliferative action o f PBOX 
compounds in 132INI and MCF-7 cells

3.2.1.1 A range of PBOX compounds induce antiproliferative effects 
upon 1321N1 cells in a dose-dependent manner

In order to confirm the antiproliferative effects of PBOX-21 (previously 

NF 262) and PBOX-1 (previously NF 182) on 1321N1 astrocytoma cells as 

reported by Zisterer et ai, (1998), an MTT assay was performed. A third PBOX 

compound used, PBOX-60, was also tested because based upon molecular 

modelling studies, it was considered to be potentially as potent as either PBOX- 

21 or PBOX-1 (Campiani, G., personal communication). 1321N1 cells were 

seeded in each well of a 96-well plate, left for 48 hours, until they were in the 

exponential phase of growth and then treated with the indicated concentrations of 

PBOX compounds for a further 48 hours. The percentage cell proliferation was 

determined by performing an MTT assay as described previously (Section 3.2.3).

All three PBOX compounds screened inhibited cell proliferation in a 

dose-dependent manner (Figure 3.1). Anti-proliferative effects were observed 

with concentrations of less than lOfiM for PBOX-21, whilst higher 

concentrations of PBOX-1 and PBOX-60 were required before they elicited an 

effect upon proliferation. The anti-proliferative effects were not associated with 

cyctotoxicity (as measured by LDH release) until the highest concentration of 

drug (50|aM) was used. The percentage of cytotoxicity associated with this dose 

was 9.3%, 10.2% and 8.7% for PBOX-21, PBOX-1 and PBOX-60 respectively.

3.2.1.2 A range of PBOX compounds induce antiproliferative effects 
upon MCF-7 cells in a dose-dependent manner

To determine if these antiproliferative effects exhibited by these PBOX

compounds were cell-type specific, PBOX-21, PBOX-1 and PBOX-60 were also 

assessed in the MCF-7 human breast carcinoma cell line. MCF-7 cells were
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Figure 3.1 PBO X com pounds inhibit cell proliferation o f 1321N1 cells in a 

dose-dependent m anner with negligible cytotoxicity

1321N1 cells were seeded at a density o f 0.1 x 10“* in each well o f a 96-well plate 

in 200)u,l o f complete medium. The 1321N1 cells were left for 48 hours, until they 

were in the exponential phase o f growth. After this time, the 1321N1 cells were 

treated for 48 hours with the indicated PBOX compounds giving a final 

concentration o f 1, 10, 25 and 50|o.M. The percentage cell proliferation was 

determined by performing an MTT assay (a) as described previously (Section 

2.2.2). The cytotoxicity o f the compounds was determined by performing an 

LDH assay (b) as described previously (Section 2.2.3). The results shown 

represent the mean ± S.E.M. o f three separate experiments.
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seeded in each well o f a 96-well plate, left for 24 hours, until they were in the 

exponential phase o f growth and were then treated with the indicated 

concentrations o f PBOX compounds. The MCF-7 cells were incubated for a 

further 48 hours and the percentage cell proliferation was determined by 

performing an MTT assay as described previously (Section 3.2.3).

As was found with the 132IN I cells, all three PBOX compounds 

screened inhibited cell proliferation (Figure 3.2). Using an LDH assay as 

described previously (Section 2.2.4) the percentage o f cytotoxicity associated 

with each dose o f the three compounds was found to be negligible (less than 5%). 

It appears that both PBOX-1 and PBOX-21 elicited comparable antiproliferative 

effects in the MCF-7 cell line, with negligible cytotoxic effects. However, as 

PBOX-21 elicited the most potent antiproliferative effect within the 1321N1 cell 

line, it was chosen as the representative PBOX compound with which to carry out 

further mechanistic studies. It was decided that 25)j.M was the optimal 

concentration with which to treat the cells, because it was capable o f effective 

inhibition o f cell proliferation without a significant cytotoxic effect.

3.2.1.3 PBOX-21-treated 1321N1 cells display decreased proliferation
To assess the inhibitory effect o f PBOX-21 on the growth o f 132 IN I cells,

their growth rate in the absence and presence o f  both vehicle (0.5% ethanol (v/v)) 

and 25|iM  PBOX-21 was determined (Figure 3.3). Proliferation o f exponentially 

growing 13 2 INI cells was inhibited following treatment with PBOX-21 with an 

inhibitory effect seen after 24 hours, and the cell number did not increase 

significantly after 48 hours. This indicates that the action o f PBOX-21 is exerted 

rapidly. The vehicle itself inhibited cell proliferation slightly over time. A lower 

concentration o f ethanol could not be used due to solubility problems with the 

PBOX compounds.

3.2.1.4 Analysis of cell cycle effects of PBOX-21 upon 1321N1 cell line
In order to characterise the antiproliferative action o f  PBOX-21, the

distribution o f the 132 IN I cells within the various phases o f the cell cycle was 

analysed using flow cytometry. 132INI cells were seeded in 175cm flasks, 

incubated for 48 hours until the cells were in the exponential phase o f growth and 

then treated with either vehicle (0.5% ethanol (v/v)) or 25[aM PBOX-21 for the
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Figure 3.2 PBO X com pounds inhibit cell proliferation o f  M CF-7 cells in a 

dose-dependent m anner with negligible cytotoxicity

MCF-7 cells were seeded at a density o f 1.5 x 10 in each well o f a 96-well plate 

in 200|al o f complete medium, fhe MCF-7 cells were left for 24 hours, until they 

were in the exponential phase o f growth. After this time, the cells were treated for 

48 hours with the indicated PBOX compounds giving a final concentration of 1, 

10, 25 and 50)iM. The percentage cell proliferation was determined by 

performing an MTT assay (a) as described previously (Section 2.2.2). The 

cytotoxcity o f the compounds was determined using an LDH assay (b) as 

described previously (Section 2.2.3). The results shown represent the mean ± 

S.E.M. o f three separate experiments.
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Figure 3.3 PBOX-21 causes a time-dependent decrease in 1321N1 cell 

proliferation

1321N1 cells were seeded at a density  o f  2.5 x 10'  ̂ in 175cm^ flasks in 30m ls o f  

com plete m edium  and were incubated at 37°C under a hum idified atm osphere o f  

95% O 2 and 5% CO 2 for 48 hours until the cells w ere in the exponential phase o f  

growth. The cells w ere then either untreated (green) or treated w ith vehicle (0.5%  

ethanol (v/v), black) or PBOX-21 (25iaM, red) and incubated for the indicated 

times. Cell num ber was counted at the indicated tim es using a hem ocytom eter. 

Results represent the m ean ± S.E.M . o f  three separate experim ents.
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indicated times. The cells were harvested as described previously (Section 2.2.1) 

and an aliquot o f the cells was prepared and analysed using flow cytometry as 

described previously (Section 2.2.4).

Treatment with PBOX-21 caused a time-dependent increase in the number 

o f 132IN I cells in the G1 phase o f  the cell cycle (Figure 3.4 (b)) and this first 

became significant at 12 hours. The percentage increase in the number o f PBOX- 

21 treated 1321N1 cells in the G1 phase relative to the vehicle treated cells was 

maintained up to 24 hours o f treatment. A maximum induction o f G1 arrest was 

seen at 20 hours when there was 16% more PBOX-21 treated 1321N1 cells in G1 

than vehicle treated cells. After this time, although a significant G1 arrest was 

still noticeable in response to PBOX-21 treatment, the vehicle itself (0.5% 

ethanol (v/v)) also appeared to elicit a small effect, relative to untreated cells, 

indicating that this arrest was not due to a cell density effect. This is in agreement 

with the effect elicited by the vehicle control upon 1321N1 cell proliferation 

(Figure 3.3).

This increase in the number o f cells in the G1 phase following PBOX-21 

treatment was associated with a concomitant reduction in the number o f cells in 

both the S and G2/M phases (Figure 3.4 (c) and (d)). PBOX-21 did not cause any 

change in the number o f cells in the pre-Gl phase o f the cell cycle over the time 

course examined (Figure 3.4 (a)). As any necrotic and apoptotic cells are seen in 

the pre-Gl phase, this confirms the results o f the LDH assay which indicated that 

PBOX-21 does not have a cytotoxic effect upon the 1321N1 cells at this 

concentration.

3.2.1.5 Analysis of cell cycle effects of PBOX-21 upon the MCF-7 cell 
line

MCF-7 cells were seeded in 25 cm flasks and incubated for 24 hours 

until the cells were in the exponential phase o f growth. The cells were then 

treated with either vehicle (0.5% ethanol (v/v)) or 25|xM PBOX-21 for the 

indicated times. The cells were harvested as described previously (Section 2.1.1) 

and prepared and analysed using flow cytometry as described in Section 2.5.

PBOX-21 (25 |o,M) caused a time-dependent increase in the percentage of 

MCF-7 cells within the G1 phase o f the cell cycle (Figure 3.5 (b)). A significant
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Figure 3.4 PBOX-21 causes a time-dependent increase in the number of 

1321N1 cells within the G1 phase.

f t  9
1321N1 (2.5 X 10 ) cells w ere seeded  dow n in 175cm  flasks in 30m ls o f  com plete  

m edium  and w ere incubated  at 37°C  u n d er a hum id ified  a tm osphere  o f  95%  O 2 

and 5%  C O 2 fo r 48 hours until the cells w ere in the exponen tia l phase o f  grow th. 

T he ce lls  w ere then  e ith er un trea ted  (b lue) o r trea ted  w ith  veh ic le  (0.5%> ethanol 

(v /v), red) o r PB O X -21 (25|aM , w hite) and incubated  for the ind icated  tim es. The 

cells w ere then  harvested  as described  p rev iously  (S ec tion  2 .2 .1 ) and an aliquo t o f  

the ce lls  w as p repared  and  ana lysed  using  flow  cy tom etry  as d esc ribed  p rev iously  

(S ec tion  2 .2 .4). T he resu lts  represen t the m ean ±  S .E .M  o f  four separate 

experim en ts. S ta tistica l ana lysis  w as carried  ou t u sing  the Instat com pu ter 

program . * p<0 .05 , **<0.01 w ith  respect to  veh ic le  trea tm en t; S tuden ts t-test.
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Figure 3.5 PBOX-21 causes a time-dependent increase in the number of 

MCF-7 cells within the G1 phase

M CF-7 (1 X 10^) cells were seeded dow n in 25cm^ flasks in 5m ls o f  com plete 

m edium  and were incubated at 37°C under a hum idified atm osphere o f  95%  O 2 

and 5% C O 2 for 24 hours until the cells were in the exponential phase o f  growth. 

I'he cells were then either untreated (blue) or treated with vehicle (0.5%  (v/v) 

ethanol, red) or PBOX-21 (25)j.M, white) and left for the indicated tim es. The 

cells were harvested as described previously (Section 2.2.1) and prepared and 

analysed using flow  cytom etry as described in Section 2.2.4. The results 

represent the m ean ± S.E.M  o f  four separate experim ents. Statistical analysis was 

carried out using the Instat com puter program . * p<0.05, **<0.01 w ith respect to 

vehicle treatm ent; Students t-test.
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m aintained up to 48 hours. Again, the vehicle itse lf (0.5%  ethanol (v/v)) appeared 

to elicit a small G1 arrest relative to untreated cells. This induction o f  G1 arrest 

by 25|aM PBOX-21 resulted in a tim e-dependent decrease in the percentage o f 

cells w ithin both the S and G2/M  phases (Figure 3.5 (c) and (d)). PBOX-21 did 

not result in an increase in the percentage o f  cells w ithin the pre-G l phase o f  the 

cell cycle up to 48 hours o f  treatm ent (Figure 3.5 (a)). This indicates that 25fiM  

PBOX-21 did not result in apoptotic or necrotic cell death, and supports the result 

o f  the LDH assays. Finally, it can be concluded that PBOX-21 elicits sim ilar 

antiproliferative effects in both the 1321N1 and M CF-7 cell lines.

3.2.1.6 D ose-dependent PBOX-21 inhibition o f 1321N1 and M CF-7 cell 
proliferation parallels the cell cycle inhibition

The dose-dependent effect o f  PBOX-21 upon the cell viability was 

assessed by M TT assay, so as to determ ine if  the effect o f  PBOX-21 upon 

1321N1 and M CF-7 cell cycle progression correlated w ith cell growth. Both 

1321N1 and M CF-7 cells were seeded as described previously (Section 3.2.1.1) 

and then treated with the indicated concentrations o f PBOX-21 for a further 48 

hours. The percentage cell proliferation was determ ined by M TT assay as 

described previously (Section 3.2.3).

PBOX-21 was found to dose-dependently inhibit both 1321N1 and 

M CF-7 cell proliferation which paralleled the accum ulation o f  these cells in the 

G1 phase o f  the cell cycle (Figure 3.6). Taken together, these results indicate that 

PBOX-21 inhibits cell growth by causing the G1 arrest o f  the cell cycle.

3.2.1.7 Reversibility o f PBOX-21 induced G1 arrest in both M CF-7 and 
1321N1 cell lines

In order to confirm  the lack o f  cytotoxicity o f  PBOX-21 to cells, the 

reversibility o f  PBOX-21 induced G1 arrest was investigated. Both 1321N1 and 

M CF-7 cells in the exponential phase o f  growth were treated w ith 25)xM PBOX- 

21 for 24 hours. The cells from duplicate flasks were harvested as described 

previously (Section 2.1.1) and prepared and analysed using flow  cytom etry as 

described in Section 2.2.4. The m edium  in the rem aining flasks was carefully 

rem oved and the cells washed in fresh m edium . A nother 5 m is o f  fresh com plete 

m edium  in the absence o f  PBOX-21 was added to the flasks and the cells were 

incubated for a further 24 hours. The cells were harvested and prepared and
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Figure 3.6 Dose-dependent PBOX-21 inhibition of 1321N1 and MCF-7 

cell proliferation parallels the cell cycle inhibition

For the MTT assay, 1321N1 and MCF-7 cells were seeded as described in Section 

3.2.1.1. For Flow cytometric analysis, 1321N1 and MCF-7 cells were seeded as 

described in Section 3.2.1.3. The cells were incubated until they were in the 

exponential phase o f growth and then treated with the indicated concentrations o f 

PBOX-21 for a further 48 hours. The cell proliferation and cell cycle arrest is 

expressed as a percentage o f the vehicle (0.5% (v/v) ethanol) and was determined 

by performing and MTT assay (as described in Section 2.2.2) and flow cytometric 

analysis (as described in Section 2.2.5) respectively. The results represent the 

mean ± S. E. M. o f three separate experiments.
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Figure 3.7 PBOX-21 induced G1 arrest in 1321N1 and MCF-7 cells is 

reversible

1321N1 cells (5 x 10^) and MCF-7 cells (1 x 10^) were seeded down in 25cm^ 

flasks in 5mls o f complete medium and were incubated at 37°C under a 

humidified atmosphere o f 95% O 2 and 5% CO 2 until the cells were in the 

exponential phase o f growth. The cells were then treated with either vehicle 

(0.5% (v/v) ethanol) or PBOX-21 (25|xM) and left for 24 hours. The cells from 

one set o f vehicle and PBOX-21 treated flasks were harvested as described 

previously (Section 2.1.1) and prepared and analysed using flow cytometry as 

described in Section 2.5. The medium in the remaining set o f flasks was carefully 

removed and the cells washed in fresh medium. Another 5mls o f fresh complete 

medium in the absence o f PBOX-21 was added to the flasks and the cells were 

incubated for a further 24 hours. The cells were harvested, prepared and analysed 

using flow cytometry. The results represent the mean ± S.E.M of three separate 

experiments. Statistical analysis was carried out using the Instat computer 

program. * p<0.05, **<0.01 with respect to vehicle treatment; Students t-test.
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analysed using flow cytometry. The 24 hour treatment with PBOX-21 resulted in 

an increase o f 16% o f the 1321Nlcells (Figure 3.7 (a)) and 13% o f MCF-7 cells in 

G1 relative to the vehicle control (Figure 3.7 (b)). Following removal o f PBOX- 

21 and incubation in the drug-free medium for a further 24 hours, this G1 arrest 

was seen to have been reversed as the percentage o f both cell lines within the 01 

phase was comparable between the vehicle and treated samples. It would appear 

that incubation o f the cells in drug-free medium for 24 h was sufficient for 

transition from the 01 block and allowed a return to a normal distribution o f cells 

within the various phases o f the cell cycle. This reversal o f  the 01 arrest indicates 

a specificity o f action o f PBOX-21 and confirms its lack o f  toxicity to the cells.

3.2.1.8 The mechanism of PBOX-21 induced cell cycle arrest does not 
appear to be mediated through the PBR

Zisterer et al., (1998) suggested that the antiproliferafive effects of

PBOX-21 were not mediated by a specific interaction with the PBR. In order to 

confirm this, cells were pretreated for 1 hour with 10 |j,M PK 11195, a well 

characterised ligand o f the PBR. This concentration o f PK 11195 would saturate 

the PBR as its Kd value in these cells is in the nanomolar range (Zisterer et al., 

1997), yet did not elicit a significant 01 arrest. After this time, the cells were then 

treated with 25|^M PBOX-21 and incubated for a further 16 hours. The cells were 

harvested as described previously (Section 2.2.1) and prepared and analysed 

using flow cytometry as described in Section 2.2.4. It was found that saturating 

the PBR with PK 11195 did not prevent PBOX-21 induced 01 arrest in either the 

1321N1 or MCF-7 cell lines (Figure 3.8). Therefore, it would appear that PBOX- 

21 does not mediate its antiproliferative effects through binding to the PBR.

3.2.2 The effect o f PBOX-21 upon the CDK kinase activities
It was found that PBOX-21 mediates an antiproliferative effect via the

induction o f an arrest in the 01 phase o f the cell cycle. This anfiproliferative 

effect was not seen to be cell specific as PBOX-21 was capable o f inducing a 

significant accumulation o f cells in the 01 phase both in the human 132IN I 

astrocytoma and MCF-7 breast carcinoma cell lines. Flowever, this arrest was 

manifested much more rapidly within the 1321N1 cells compared to that within 

the MCF-7 cells, and as such the 1321N1 cells were chosen as the cell line with 

which to further characterise the mechanism underlying the PBOX-21 induced
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Figure 3.8 PBOX-21 induced G1 arrest in the 1321N1 cells does not 

appear to be mediated through binding to the PBR

1321N1 cells (5 x 10^) and M CF-7 cells (1 x 10^) were seeded dow n in 25cm^ 

flasks in 5m ls o f  com plete m edium  and were incubated at 37°C under a 

hum idified atm osphere o f  95%  O 2 and 5% CO 2 until the cells were in the 

exponential phase o f  growth. The cells were then treated for 24 hours w ith either 

vehicle (0.5%  (v/v) ethanol), PK 11195 (lO ^M  ), PBOX-21 (25^M ) or PBOX-21 

follow ing one hour pretreatm ent with 10|iM  PK 11195. The cells were harvested, 

prepared and analysed using flow cytom etry. The results represent the m ean ± 

S.E.M  o f  three separate experim ents. Statistical analysis was carried out using the 

Instat com puter program . * p<0.05, **<0.01 with respect to vehicle treatm ent; 

Students t-test.
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using an in vitro kinase assay to determ ine the activities o f  CDK2, CDK4 and 

CDK6.

3.2.2.1 PBOX-21 causes a reduction in CDK2, CDK4 and CDK6 kinase 
activity.

1321N1 cells were treated for the indicated tim es w ith PBOX-21 and 

total cell lysate was prepared as described (Section 2.2.6.1). The kinase o f  choice, 

w as im m unoprecipitated from the lysate as described (Section 2.2.6.2) and an in 

vitro  kinase assay perform ed on the im m unoprecipitate as described (Section 

2 .2 . 1 ) .

PBOX-21 treatm ent was found to cause a tim e-dependent reduction in 

the kinase activity o f  CDK2, CDK4 and CD K 6 (Figure 3.9 (a). Figure 3.10 (a) 

and Figure 3.11 (a) respectively). CDK2 kinase activity was initially down 

regulated by approxim ately 20%  after 8 hours o f  treatm ent, w ith the reduction o f 

activity increasing up to 20 hours o f  treatm ent at which tim e the activity o f  

CDK2 had been reduced by approxim ately 50%. As CDK2 kinase activity is 

reduced before any changes in cell cycle distribution could be detected, this 

suggests that this dow nregulation may be a cause o f  the G1 arrest. The level o f 

CDK2 in the im m unoprecipitates (Figure 3.9 (b)) was also seen to decline over 

time.

CDK4 activity declined later than than that o f  CD K2, w ith a reduction 

in kinase activity o f  approxim ately 20%  seen after 12 hours o f  treatm ent (Figure 

3.10 (a)), which coincides with the onset o f  arrest. The reduction in the activity o f 

CD K4, as with CD K2, increased over tim e, up to 48 hours at w hich tim e it had 

been reduced by approxim ately 60%. Again, as with CD K2, the level o f  CDK4 

w ithin the im m unoprecipitates declined over tim e (Figure 3.10 (b)). As the 

reduction in CDK4 kinase activity was concom itant with the onset o f  arrest it was 

unlikely to be instrum ental in its initiation but likely to be im portant to its 

m aintenance.

A reduction in CDK6 activity did not becom e apparent until 20 hours 

w ith a reduction in activity o f  approxim ately 50% (Figure 3.11 (a)). The level o f 

CD K 6 w ithin the im m unoprecipitates was unchanged over tim e (Figure 3.11 (b)). 

As this decrease in CD K6 kinase activity is after the initial observation o f  G1
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Figure 3.9 PBOX-21 causes a time-dependent downregulation in CDK2 

kinase activity

Whole cell extracts were prepared from 132IN I cells as described previously 

(Section 2.2.6.1) following treatment with PBOX-21 (25|aM) for the indicated 

times. The protein (200-500|j.g) was immunoprecipitated with anti-CDK2 

antibody and Protein A beads and then incubated with Histone HI substrate and 

y^^P-ATP and resolved by SDS-PAGE. Densitometry was performed on the 

resultant bands using Scion Image software with 0 hours set to 100%. The results 

shown are the mean ± S.E.M of three separate experiments. The result o f a 

representative kinase assay has been included (a). A sample o f the 

immunoprecipitated protein was also resolved using SDS-PAGE, transferred to a 

PVDF membrane and probed with anti-CDK2 antibody (b). Statistical analysis 

was carried out using the Instat computer program. * p<0.05, **<0.01 with 

respect to 0 hours treatment; Students t-test.
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Figure 3.10 PBOX-21 causes a time-dependent downregulation in CDK4 

kinase activity

Whole cell extracts were prepared from 1321N1 cells as described previously 

(Section 2.2.6.1) following treatment with PBOX-21 (25|j,M) for the indicated 

times. The protein (200-500|o,g) was immunoprecipitated with anti-CDK4 

antibody and Protein A beads, then incubated with Rb substrate and y^^P-ATP 

and resolved by SDS-PAGE. Densitometry was performed on the resultant bands 

using Scion Image software with 0 hours set to 100%. The results shown are the 

mean ± S.E.M o f three separate experiments. The result o f a representative kinase 

assay has been included (a). A sample o f the immunoprecipitated protein was 

also resolved using SDS-PAGE, transferred to a PVDF membrane and probed 

with anti-CDK4 antibody (b). Statistical analysis was carried out using the Instat 

computer program. * p<0.05, **<0.01 with respect to 0 hours treatment; Students 

t-test.
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Figure 3.11 PBOX-21 causes a time-dependent downregulation in CDK6 

kinase activity

Whole cell extracts were prepared from 1321N1 cells as described previously 

(Section 2.2.6.1) following treatment with PBOX-21 (25|aM) for the indicated 

times. The protein (200-500|ag) was immunoprecipitated with anti-CDK6 

antibody and Protein A beads, then incubated with Rb substrate and y^^P-ATP 

and resolved by SDS-PAGE. Densitometry was performed on the resultant bands 

using Scion Image software with 0 hours set to 100%. The results shown are the 

mean ± S.E.M o f three separate experiments. The result o f a representative kinase 

assay has been included (a). A sample o f the immunoprecipitated protein was 

also resolved using SDS-PAGE, transferred to a PVDF membrane and probed 

with anti-CDK6 antibody (b). Statistical analysis was carried out using the Instat 

computer program. * p<0.05, **<0.01 with respect to 0 hours treatment; Students 

t-test.
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arrest, it was possibly a consequence o f  the arrest and a m echanism  o f  

m aintaining it.

3.2.3 The effect o f PBOX-21 upon the level o f  expression o f key 
cell cycle regulatory proteins

Cyclins assem ble w ith CD Ks to form holoenzym es that drive the cell

through the cell cycle. The CD K does not becom e catalytically active until is 

binds its cyclin partner. W hilst the expression level o f  CD Ks them selves is 

relatively stable throughout the cell cycle, cyclins have a periodic pattern o f 

expression, thus earning them selves their name. Thus the both the expression o f  

the CD K  itse lf and the expression o f  its cyclin partner serves to regulate the 

activity o f  the cyclin/C D K  com plexes. Therefore, the expression levels o f  the G1 

CD K s (CDK 2, CDK4 and C D K 6 ) as well as the G1 cyclins, i.e. the D-type 

cyclins (cyclin D i, D 2 and D 3 ) and cyclin E, in response to PBOX-21 treatm ent 

w ere exam ined so as to further elucidate the m olecular m echanism  underlying the 

cytostatic effects o f  PBOX-21.

3.2.3.1 PBOX-21 causes a downregulation in the expression levels of 
CDK2 and CDK4 but has no effect upon the expression levels of 
CDK6 in 1321N1 cells

It was found that treatm ent w ith PBOX-21 up to 48 hours resulted in a

decrease in protein expression levels o f  CDK2 and CDK4 (Figure 3.12 and 

Figure 3.13 respectively). The levels o f  CDK2 expression began to decline 

follow ing 8  hours o f  treatm ent w ith PBOX-21 whilst CD K4 expression was first 

affected after 12 hours. This pattern in dow nregulation o f  both CDK2 and CDK4 

kinase activity parallels, and thus may be attributable to, the reduction in their 

expressioin follow ing PBOX-21 treatm ent. This reduction in expression o f  CDK2 

and CD K 4 also agrees w ith the observed decline in protein precipitated by the 

CDK2 and CDK4 antibodies over the duration o f  PBOX-21 treatm ent (Figure 3.9 

(b) and 3.10 (b) respectively).

In contrast, treatm ent w ith PBOX-21 did not result in a change in 

expression levels o f  C D K 6  in the 1321N1 cells relative to the vehicle control 

(0.5%  (v/v) ethanol) treated cells (Figures 3.14) suggesting that the observed
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CDK2 33 kDa

4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

P-Actin 47 kDa

Figure 3.12 PBOX-21 causes a downregulation in the expression levels of CDK2 in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) from cells following treatment with either 

vehicle (0.5% (v/v) ethanol, V) or PBOX-21 (25|J,M) for 4, 8, 12, 16, 24 and 48 hours. The protein (70|ag) was resolved using SDS-PAGE, 

transferred onto PVDF and probed with anti-CDK2 antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results 

shown are representative o f 3 separate experiments.
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CDK4 -----► ^ ----  33 kDa

4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

P-Actin ► 47 kDa

Figure 3.13 PBOX-21 causes a downregulation in the expression levels of CDK4 in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) from cells following treatment with either 

vehicle (0.5% (v/v) ethanol, V) or PBOX-21 (25|a,M) for 4, 8, 12, 16, 24 and 48 hours. The protein (70ia,g) was resolved using SDS-PAGE, 

transferred onto PVDF and probed with anti-CDK4 antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results 

shown are representative o f  3 separate experiments.
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CDK6 40 kDa

4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

P-Actin 47 kDa

Figure 3.14 PBOX-21 has no effect upon the expression levels of CDK6 in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) from cells following treatment with 

either vehicle (0.5% (v/v) ethanol, V) or PBOX-21 (25|xM) for 4, 8, 12, 16, 24 and 48 hours. The protein (70|j.g) was resolved using 

SDS-PAGE, transferred onto PVDF and probed with anti-CDK6 antibody. The blots were stripped and re-probed with anti-p-actin 

antibody. The results shown are representative o f 3 separate experiments.
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reduction in C D K 6  kinase activity was not a result o f  a decrease in the C D K 6  

protein level.

3.2.3.2 Lack of expression o f Cyclin Di in 1321N1 cells

Cell lysates (70|j.g) from  1321N1 and M CF-7 cells (as a positive control)

w ere prepared as described in Section 2.2.5.1. W estern blot analysis w ith a 

m onoclonal antibody directed against cyclin Di dem onstrated the absence o f  this 

cyclin  in 1321N1 cells (Figure 3.15, Lane A). M CF-7 cells, how ever, in 

accordance w ith previous reports (Skildum  et a l,  2002), were show n to express 

cyclin Di (Figure 3.15, Lane B), dem onstrating the sensitivity and selectivity o f 

the antibody.

3.2.3.3 PBOX-21 causes a dow nregulation in the expression levels o f  
cyclin D 2 in 1321N1 cells

PBOX-21 was found to decrease the levels o f  cyclin D 2 relative to the vehicle

control (0.5%  (v/v) ethanol) treated cells (Figure 3.16). An induction o f  G1 arrest 

by PBOX-21 was first observed around 12 hours. N o change in expression o f 

cyclin D 2 protein was observed prior to this tim e, suggesting that cyclin D 2 is not 

responsible for initiating growth inhibition. Subsequent to this PBOX-21 induced 

growth inhibition was associated with a dow nregulation in cyclin D 2 protein 

levels at both 24 and 48 hours. As this was follow ing the onset o f  G1 arrest, it 

was likely to be a secondary reponse to the cessation o f  cell cycle progression.

3.2.3.4 PBOX-21 causes a dow nregulation in the expression levels o f  
cyclin D3 in 1321N1 cells

Total cell lysates were prepared as described in section 2.2.5.1 and

subjected to w estern blot analysis using a m onoclonal antibody directed against 

cyclin D3. It was found that follow ing treatm ent w ith PB O X -21, a 

dow nregulation occurs in the expression levels o f  cyclin D 3 relative to the vehicle 

control (0.5%  (v/v) ethanol) treated cells (Figure 3.17). This reduction in cyclin 

D 3 expression was first visible after 8  hours o f  treatm ent w ith PBOX-21 and this 

dow nregulation in expression was m aintained up to 16 hours o f  treatm ent. A fter 

this tim e the levels o f  expression o f  cyclin D 3 w ithin the untreated 1321N1 cells
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Lane A Lane B

Figure 3.15 Lack o f  cyclin Di expression in the 1321N1 cell line

W hole cell extracts from 1321N1 cells (Lane A) and M CF-7 cells (Lane B) were 

prepared as described previously (Section 2.2.5.1). The protein (70|J.g) was 

resolved using SD S-PA G E, transferred onto PV DF and probed with anti-cyclin 

Di antibody. The results shown are representative o f  2 experim ents.
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Cyclin Dj

4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

P-A ctin

Figure 3.16 PBOX-21 causes a dow nregulation in the expression levels o f cyclin D 2 in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) from cells following treatment with 

either vehicle (0.5% (v/v) ethanol, V) or PBOX-21 (25|xM) for 4, 8, 12, 16, 24 and 48 hours. The protein (70[ig) was resolved using 

SDS-PAGE, transferred onto PVDF and probed with anti-cyclin D2 antibody. The blots were stripped and re-probed with anti-P- 

actin antibody. The results shown are representative o f 3 separate experiments.

34 kDa

47 kDa
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Cyclin D3 ___ ^

4h 8 h 12h

V PBO X -21 V PBOX -21 V PBOX-21

16h 24h 48h

V PBOX -21 V PBOX-21 V PBOX-21

P-A ctin

Figure 3.17 PBOX-21 causes a downregulation of cyclin D3 in 1321N1 cells

W hole cell extracts w ere prepared from  1321N1 cells as described previously (Section 2.2.5.1) from  cells follow ing treatm ent with 

either vehicle (0.5%  (v/v) ethanol, V) or PBOX-21 (25jj,M) for 4, 8 , 12, 16, 24 and 48 hours. The protein (70|o.g) was resolved using 

SD S-PAG E, transferred onto PVDF and probed w ith anti-cyclin D3 antibody. The blots were stripped and re-probed with anti-P- 

actin antibody. The results show n are representative o f  3 separate experiments.

33 kDa

47 kDa
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began to decline with no cyclin  D 3 expression v isib le  at 48 hours. This is possib ly  

due to a depletion in growth factors w ithin the growth m edium . PBO X-21  

induced G 1 arrest was first observed after 1 2  hours o f  treatment.

A s the downregulation in cyclin  D 3 expression  began at 8  hours which  

preceded the observed induction o f  G1 arrest first seen at 12 hours, it is possib le  

that this reduction in cyclin  D 3 could be at least partially responsible for the G1 

arrest o f  the 1321N1 cells. C yclin  D 3 is considered to typically  associate with  

either C DK 4 and/or C D K 6 . Therefore, the observed reduction in cyclin  D3 may 

be a contributory factor to PBO X -21 dow nregulation o f  CD K 4 and C D K 6  kinase 

activity.

3.2.3.5 PBOX-21 reduces cyclin D3-CDK4  and cyclin D3-CDK 6  complex 
formation

A s C DK 4 and C D K 6  are known to partner the D -type cyclins, and as 

PBO X -21 has been show n to cause a downregulation in the expression levels o f  

cyclin  D3, w e were interested to see i f  there w as an observed reduction in the 

association between both kinases and cyclin  D 3 fo llow in g  treatment with PB O X - 

2 1 .

CD K 4 and C D K 6  were imm unoprecipitated from 1321N1 cell lysates as 

described previously (Section  2 .2 .6 .2), fo llow in g  20 hours o f  treatment with  

PBO X -21 as there w as a reduction in both C D K 4 and C D K 6  kinase activities at 

this tim e point (Figure 3 .10 and 3.11 respecfively). The resultant 

imm unoprecipitated protein w as resolved by SD S-PA G E  and im m unoblotted for 

cyclin  D3. It was found that after 20  hours o f  treatment with PB O X -21, there w as 

a reduction in the levels o f  CD K 4 and C D K 6  bound-cyclin  D 3 relative to the 

vehicle control treated 1321N1 cells (Figures 3.18 and 3 .19 respectively). 

Therefore, PBO X-21 causes a downregulation in the com plex form ation between  

CDK 4 and C D K 6  w ith cyclin  D3. This was to be expected  in the case o f  the 

association betw een C D K 4 and cyclin  D3, as PB O X -21 caused a downregulation  

in the expression o f  C D K 4 and thus results in a reduction in the com plex  

formation with cyclin  D 3 relative to the control. PBO X-21 does not, how ever, 

have any effect upon the expression o f  C D K 6 , and thus the reducfion in com plex  

formation with cyclin  D 3 is likely to be due entirely to the downregulation o f  

cyclin  D 3 expression by PB O X -21. This may explain  the reduction in C D K 6
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Vehicle PBOX-21

(a) CD K 4-bound Cyclin D 3

33 kDa

(b) CDK4

Figure 3.18 PBOX-21 causes a reduction in Cyclin D3-CDK4  complex 

formation

W hole cell extracts were prepared as described previously (Section 2.2.6.1) from 

1321N1 cells follow ing treatm ent with either vehicle (0.5%  (v/v) ethanol) or 

PBOX-21 (25 |iM ) for 20 hours. The protein (200-500|ig) was incubated with 

anti-CD K 4 antibody and then incubated w ith Protein A beads. The 

im m unoprecipitated protein was resolved using SD S-PA G E, transferred to a 

PVDF m em brane and probed w ith anti-cyclin D 3 antibody (a) and anti-CDK 4 

antibody (b). The results shown are representative o f  2 separate experim ents.



  33 kDa

Vehicle PBOX-21

(a) C D K 6 -bound Cyclin D 3

(b) CD K 6

Figure 3.19 PBOX-21 causes a reduction in Cyclin D3-CDK6 complex 

formation

W hole cell extracts were prepared as described previously (Section 2.2.6.1) from 

1321N1 cells follow ing treatm ent w ith either vehicle (0.5%  (v/v) ethanol) or 

PBOX-21 (25|aM ) for 20 hours. The protein (200-500|ig) was incubated with 

anti-C D K 6  antibody and then incubated with Protein A beads. The 

im m unoprecipitated protein was resolved using SD S-PA G E, transferred to a 

PVDF m em brane and probed with anti-cyclin D 3 antibody (a) and anti-C D K 6  

antibody (b). The results shown are representative o f  2 separate experim ents.
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kinase activity observed at 20 hours of PBOX-21 treatment.

3.2.3.6 PBOX-21 has no effect upon the expression levels of cyclin E in 
1321N1 cells

It was found that treatment with PBOX-21 had no effect upon the 

expression levels of cyclin E over the time course examined. This suggests that 

cyclin E is not responsible for mediating the PBOX-21 induced growth arrest of 

the 1321N1 cells (Figure 3.20). Any change in the activity of the cyclin E CDK 

partner, CDK2, is therefore not regulated by the expression level of cyclin E.

3.2.3.7 Lack of expression of p l6  in 1321N1 cells
In order to investigate other possible causes of the induction of G1

arrest, the expression of some CDK inhibitors was examined by Western blot 

analysis. The first inhibitor to be analysed was p i6, the founder member o f the 

INK4 family, which specifically inhibit cyclin D-associated kinases (Fahraeus et 

ai, 1996).

Cell lysates (70|j.g) from 1321N1 and SAOS-2 cells (as a positive 

control) were prepared as described in section 2.2.5.1). Western blot analysis 

with a monoclonal antibody directed against p i6 demonstrated the absence of 

this CDK inhibitor in 1321N1 cells (Figure 3.21, Lane A). SAOS-2 cells, 

however, in accordance with previous reports (Cheng et al., 2000), were shown 

to express p l6  (Figure 3.21, Lane B), demonstrating the sensitivity and 

selectivity of the antibody.

3.2.3.8 PBOX-21 causes an upregulation in the levels of expression of 
p21 in 1321N1 cells

The second CDK inhibitor to be examined was p21, which is the

founder member of the CIP/KIP family of CDK inhibitors. These inhibitors are 

capable o f inhibiting all CDKs, earning them the title of the ‘universal inhibitors’. 

They, however, preferentially inhibit G1 CDKs (McDonald et al., 2001). It was 

found that treatment with PBOX-21 caused an upregulation of expression levels 

of p21 relative to the vehicle control (0.5% (v/v) ethanol) treated I321N1 cells 

(Figure 3.22). An initial and maximal induction in expression of p21 was seen 

after 16 hours of treatment with PBOX-21. The induction in expression of p21 

began to decline after 16 hours and up to 24 hours of treatment with PBOX-21.
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4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

P -A ctin  ^ 47 kDa

Figure 3.20 PBOX-21 has no effect upon the expression levels of cyclin E in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) from cells following treatment with either 

vehicle (0.5% (v/v) ethanol, V) or PBOX-21 (25|J.M) for 4, 8, 12, 16, 24 and 48 hours. The protein (70fxg) was resolved using SDS-PAGE, 

transferred onto PVDF and probed with anti-cyclin E antibody. The blots were stripped and re-probed with anti-P-actin antibody. The 

results shown are representative of 3 separate experiments.
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<— 16 kDa

Lane A Lane B

Figure 3.21 Lack of expression of p l6  in the 1321N1 cells

W hole cell extracts from 1321N1 cells (Lane A) and SA OS-2 (Lane B) were 

prepared as described previously (Section 2.2.5.1). The protein (70|ag) was 

resolved using SDS-PAGE, transferred onto PVDF and probed with an ti-p l6  

antibody. The resuUs shown are representative o f  2 experim ents.
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p21 < -  21 kDa

12h 16h 24h

V PBOX-21 V PBOX-21 V PBOX-21

P-A ctin  i i I I I I M I  ^  4 7  k D a

Figure 3.22 PBOX-21 causes an upregulation in the levels o f  expression of  

p21 in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously 

(Section 2.2.5.1) from cells following treatment with either vehicle (0.5% (v/v) 

ethanol, V) or PBOX-21 (25|iM) for 12, 16, and 24 hours. The protein (70|ag) 

was resolved using SDS-PAGE, transferred onto PVDF and probed with anti-p21 

antibody. The blots were stripped and re-probed with anti-P-actin antibody. The 

results shown are representative o f 2 separate experiments.
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This upregulation in p 2 1 expression was seen after the downregulation o f CDK2 

and CDK4 kinase activity, and following the observed induction o f G1 arrest. 

This would suggest that p21 played no part in the early inhibition o f these 

kinases, but may be involved in maintaining their dowmegulated activity from 16 

hours onwards. The timing o f the upregulation in p21 does suggest however, that 

it may play a part in the observed inhibition o f CDK6 kinase activity following 

PBOX-21 treatment

3.2.3.9 PBOX-21 has no effect upon the expression levels o f p53 within 
1321N1 cells

p21 expression is known to be under the control o f both p53-dependent 

and p53-independent mechanisms. To examine whether p53 protein expression 

levels contribute to PBOX-21 mediated induction o f p21, the protein levels of 

p53 were analysed following treatment o f 1321N1 cells with PBOX-21. The 

basal levels o f p53 expression within the 1321N1 cells did not change upon 

treatment with PBOX-21 (Figure 3.23). This result may suggest that PBOX-21 

induced p21 independent o f p53, but further studies are required to determine 

fully whether PBOX-21 induced p21 expression is independent or dependent 

upon p53.

3.2.3.10 PBOX-21 has no effect upon the expression levels of CDC25a 
within the 1321N1 cells

Tyrosine phosphorylation as well as the binding o f  various CDK

inhibitors can negatively regulate the activity o f the CDKs and their subsequent 

control over cell growth and division. Dephosphorylation o f these residues is 

therefore necessary to achieve maximal kinase activity and cell progression. The 

molecule responsible for these dephosphorylations during G1 is the phosphatase, 

CDC25a. It was found that the expression levels o f CDC25a did not change 

following treatment with PBOX-21 (Figure 3.24) suggesting that the observed 

reduction in CDK2, CDK4 and CDK6 kinase activity was induced by a 

mechanism that does not employ repression o f CDC25a.

116



p53
53 kDa

4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

P-Actin 47 kDa

Figure 3.23 PBOX-21 has no effect upon the expression levels of p53 in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) from cells following treatment with either 

vehicle (0.5% (v/v) ethanol, V) or PBOX-21 (25|iM ) for 4, 8, 12, 16, 24 and 48 hours. The protein (70|j.g) was resolved using SDS-PAGE, 

transferred onto PVDF and probed with anti-p53 antibody. The blots were stripped and re-probed with anti-p-actin antibody. The results 

shown are representative o f 2 separate experiments.

117



CDC25a 65 kDa

4h 8h 12h 16h 24h 48h

V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21 V PBOX-21

47 kDa

Figure 3.24 PBOX-21 has no effect upon the expression levels of CDC25a in 1321N1 cells

Whole cell extracts were prepared from 1321N1 cells as described previously (Section 2.2.5.1) following treatment with either vehicle 

(0.5% (v/v) ethanol) or PBOX 21 (25[aM) after 4, 8, 12, 16, 24 and 48 hours. The protein (70)a.g) was resolved using SDS-PAGE, 

transferred onto PVDF and probed with anti-CDC25a antibody. The blots were stripped and re-probed with anti-(3-actin anti-body. The 

results shown are representative o f 2 experiments.

p-Actin
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3.2.4 The effect o f PBOX-21 upon the phosphorylation status of 
Rb

It has been shown that treatment with PBOX-21 resulted in a reduction 

in the kinase activities o f CDK2, CDK4 and CDK6. As the phosphorylation 

status o f the retinoblastoma protein (Rb) is mediated by the cyclin-CDK 

complexes, it was necessary to determine whether Rb became 

hypophosphorylated as a result o f the reduced kinase activities o f CDK2, CDK4 

and CDK6. At 0 hours, pRb is mostly present in its slower migrating 

hyperphosphorylated form. After treatment with PBOX-21 for 24 and 48 hours a 

clear mobility shift was observed in the Rb protein from the hyperphosphorylated 

to the hypophosphorylated form which appears as a faster migrating single band 

(Figure 3.25). Rb is a negative regulator o f the cell cycle that acts in the G1 phase 

and its activity is modulated by its phosphorylation status. These results would 

indicate that PBOX-21 mediated growth inhibition is associated with suppression 

o f phosphorylation o f Rb retaining it in a hypophosphorylated growth-inhibitory 

state.
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Figure 3.25 PBOX-21 causes hypophosphorylation of Rb

Whole cell extracts were prepared from 1321N1 cells as described previously 

(Section 2.2.5.1) following treatment with PBOX-21 (25|xM) for the indicated 

times. The protein (70|ag) was resolved using a gradient SDS-PAGE gel, 

transferred onto PVDF and probed with anti-pRb antibody. The blots were 

stripped and re-probed with anti-(3-actin antibody. The results shown are 

representative o f 2 separate experiments.
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3.3 Discussion

This study demonstrates the potent growth inhibitory effects o f some PBOX 

compounds upon both the human 1321N1 astrocytoma and MCF-7 breast 

carcinoma cell lines. Compounds that exert such inhibitory effects upon cancerous 

cell growth are candidates for therapeutic use in the treatment o f cancer. The 

validity o f any new therapy is more easily established if  a sound mechanistic basis 

can be shown. As such, it was o f interest to elucidate the molecular mechanisms 

underlying these cytostatic effects.

The growth inhibitory effects induced by a representative cytostatic PBOX 

compound, PBOX-21, was mediated through the induction o f cell cycle arrest in 

the G1 phase, and was not associated with cytotoxic effects as was demonstrated 

both by LDH release from the cells treated with PBOX-21, and the reversibility of 

the arrest once the drug was washed away. This indicates a specificity o f action of 

PBOX-21. The induction o f G1 arrest is at the expense o f cells in both the S and 

G2/M with cells being drawn equally from both phases into 01 .

The PER does not appear to be involved in the mechanism by which PBOX- 

21 induced these cytostatic effects. Saturation o f the PBR binding sites with the 

specific PBR ligand, PK 11195, prior to treatment o f the cells with PBOX-21 did 

not prevent the arrest. This conclusion is in agreement with previous reports o f a 

study o f C6 glioma (Gorman et a i ,  1989) and a Chinese hamster lung cell line 

V79 (Camins e /a /., 1995).

In order to study the molecular pathway by which PBOX-21 mediates its 

antiproliferative action upon the 1321N1 cell line, a complete analysis o f the cell 

cycle events in these cells both prior to and consequent o f the initial observed G1 

arrest at twelve hours was performed. Thus, it was possible to distinguish between 

induced changes in cell cycle regulating molecules, which are possibly 

responsible for the growth arrest, from those that are as a result o f the cell cycle 

arrest itse lf In so doing, it was found that the activities o f CDK2, CDK4 and 

CDK6 were down-regulated sequentially. CDK2 kinase activity was the first to be 

affected with a decrease seen as early as 8 hours with CDK4 and CDK6 kinase 

activities reduced following 12 and 20 hours o f treatment with PBOX-21 

respectively. These results would suggest that the reduction in CDK2 and CDK4
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activity is a m echanism  o f  braking the cell cycle during the early phase o f  PBO X- 

21 treatment as CDK 2 and CDK4 activities are reduced respectively both prior to 

and coincident with any changes in cell cycle distribution. The reduction o f  C D K 6  

activity, on the other hand would appear to be a consequence of, and a m ethod o f  

maintaining the PBO X -21-induced arrest, rather than a cause.

In order to address the mechanism by w hich  the reduction in kinase 

activity o f  these CDK s occur, the expression o f  the C D K s them selves and the 

various G1 cyclins and CDK inhibitors was analysed. It w as found that PBO X-21  

caused a reduction in protein expression o f  CDK 2 and C D K 4 in parallel with, and 

therefore explaining at least in part, their observed decrease in kinase activity. On 

the other hand, the expression levels o f  C D K 6  remained unaffected by PBO X-21  

treatment indicating an alternative mechanism  by w hich  this k inase’s activity was 

being m odified.

W estern blot analysis o f  the cyclins revealed that PBO X-21 had no effect 

upon the expression level o f  the cyclin  E. A s cyclin  E is know n to com plex with  

CD K 2 late in the G l phase, this indicated that the inhibition o f  C DK 2 occured  

independent o f  its association with cyclin E. Since cyclin  Di w as not found to be 

expressed within the 1321N1 cells, we next exam ined the effect o f  PBO X-21 on 

expression  levels o f  cyclins D 2 and D3. PBOX-21 treatment was found to cause a 

downregulation in the expression o f  cyclin D 2 , first being seen at 24 hours. A s this 

too is much later than the onset o f  the arrest, it w ould  seem  to im ply that this 

event is a secondary response to the cessation o f  cell cycle  progression. In 

contrast, progression o f  the expression level o f  cyclin  D 3 was reduced  

significantly by PB O X -21, with downregulation occurring after 8  hours o f  

treatment, preceding the arrest and suggesting a role in the m echanism  by which  

G l arrest is induced. The PBOX-21 induced decrease o f  cyclin  D 3 w as maintained  

up to 16 hours o f  treatment. It should also be noted that after 16 hours o f  

treatment the levels o f  cyclin D 3 within the untreated 1321N1 ce lls  also began to 

decline, with no cyclin  D 3 expression visib le at 48 hours. This may be due to a 

depletion within the culture medium o f  necessary growth factors. The expression  

o f  the D-type cyclins was under the control o f  m itogenic stim uli and once these 

began to dim inish the cyclin may undergo ubiquitin-m ediated proteolysis (D iehl 

et  a i ,  1997; Pagano, 1997). The downregulation o f  cyclin  D 3 m ay be responsible 

for the reduction in the kinase activity o f  C D K 6 , and m ay contribute, in
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com bination with the downregulation o f  C D K 4 expression, to the reduction in 

CD K 4 kinase activity. This would result in a reduction in com plex  formation  

betw een these kinases and cyclin  D 3 leading to a decrease in the levels o f  active  

cyclin  D 3-C D K 4  and cyclin  D 3-CD K 6  com plexes w ith kinase activity. In order to 

confirm  this theory, the association between cyclin  D 3 and C D K 4 and C D K 6  was 

analysed and revealed a reduction in com plex form ation betw een both these 

kinases and cyclin  D3. Therefore, cyclin D3 dow nregulation m ay be responsible  

for the maintenance o f  PBOX-21 mediated G1 arrest via m odulation o f  C D K 4 and 

C D K 6  kinase activity. At present w e do not know  whether the reduction in cyclin  

D 3 expression occurs through active transcriptional repression or by a post- 

translational mechanism  affecting protein stability o f  cyclin  D3. It w ould also be 

o f  interest in the future to determine whether enforced expression o f  cyclin  D 3 

could abrogate PBOX-21 induced G1 arrest.

Another method by which CDK activity and thus cell cyc le  progression is 

modulated is via the expression o f  the CDK  inhibitors. This study looked at the 

expression o f  p i 6 . It is the most well docum ented m em ber o f  the INK 4 CDK  

inhibitor fam ily that specifically inhibit only the cyclin  D -associated  kinases 

(Ruas et al.,  1998). We also looked at p21, a m em ber o f  the K ip/Cip CDK  

inhibitor fam ily. It was found that p i 6  was not expressed within the 1321N1 cells. 

PBO X-21 treatment did however result in an upregulation in the expression o f  

p21, with an initial and maximal induction in expression seen  after 16 hours. After 

this tim e the induced expression o f  p21 began to decline up to 24 hours. A gain, as 

this effect is seen  follow ing the 0 1  arrest onset, p2 1  induction cannot be v iew ed  

as a causative factor in the arrest observed, but instead may play a role in its 

maintenance.

The expression o f  p21 is known to be under the control o f  both p53- 

dependent and independent mechanisms. p21 p ossesses strong p53 response 

elem ents in the p21 gene promoter leading to p53-induced transcription o f  the p21 

protein (M acleod et a l ,  1995). It is clear, how ever, that p21 has many roles in 

ce ll-cycle  control beyond its function as an effector o f  p53 responses to genotoxic  

stress and can in fact function independent o f  p53 stim uli (M acleod et al.,  1995; 

Parker et al.,  1995). Thus, the protein expression levels o f  p53 w ere exam ined to 

assess whether p53 expression contributes to the PBO X-21 m ediated induction o f  

p21. p53 expression levels remained unaltered fo llow in g PBO X-21 treatment and
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this may suggest that the induction o f  p21 by PBOX-21 is independent o f  p53 

control. In future studies, it would be o f  interest to characterise the effect PBOX- 

21 mediates upon p21 expression levels within a p53-null astrocytoma cell line.

As well as positive regulation via the association o f  cyclins, and negative 

regulation via the binding o f  inhibitory m olecules such as CDK inhibitor, the 

activity o f  CDKs is also regulated by its phosphorylation status, which is 

controlled by the antagonistic action o f Wee 1/Mytl kinases and CDC25a 

phosphatase (Bartek et a l ,  2001). Phosphorylation o f  conserved tyrosine and 

threonine residues near the ATP binding sites o f  CDKs is an important 

mechanism employed to keep CDKs inactive. CDC25a acts to strip the CDKs o f  

these inhibitory phosphorylations and thus allow cell cycle progression (Bartek et 

al., 2001). CDC25a is assumed to be responsible for CDK2 activation by 

removing the inhibitory phosphates from Tyr 15 and Thr 14 o f  CDK2 (Santoni- 

Rugiu et al., 2000). Reports published recently suggest that pathways targeting 

CDC25a may underlie the molecular events that account for p53-independent 

arrest o f  cells at G1 (Mailand et al., 2000), (Molinari et al., 2000). A decrease in 

CDC25a expression that leads to persistent inhibitory phosphorylations o f  CDK2 

on Tyr 15/Thr 14 results in G1 arrest. In the present study PBOX-21 had no effect 

on the CDC25a expression levels. Hence, it would appear that PBOX-21 induced 

G1 arrest occurs independently o f CDC25a repression.

It is well documented that a major subcellular target o f  the cyclin-CDK  

com plexes is the retinoblastoma protein (Rb) ensuring progression through the 

cell cycle by maintaining Rb in a hyperphosphorylated state. Growth inhibition is 

thus often associated with suppression o f  Rb phosphorylation retaining Rb in an 

unphosphorylated, growth-inhibitory state. After treatment with PBOX-21 a clear 

mobility shift was observed in the Rb protein from the hyperphosphorylated to the 

hypophosphorylated form. This result is consistent with the reduced CDK2, 

CDK4 and CDK6 activity in PBOX-21 treated cells as Rb is a substrate o f  these 

kinases.

In conclusion, our findings demonstrate that PBOX-21 inhibits the growth 

o f  1321N1 and MCF-7 cells by arresting them at the G1 phase o f  the cell cycle. 

This G1 arrest does not appear to be mediated through binding to the PBR. The 

arrest is preceded by a rapid decrease in CDK2 kinase activity and cyclin D3 

expression. The arrest is concomitant with a decrease in CDK4 kinase activity.

124



indicating that these events are likely to be part o f  the m echanism  responsible for 

initiating the G1 arrest. The inhibition o f  the activity o f  both C D K 2 and CD K 4 is 

at least in part due to their early downregulation in protein expression. The 

decrease in C D K 4 activity may also be due to the decreased com plex association  

o f  CD K 4 with cyclin  D 3 . The later reduction in C D K 6  kinase activity and its 

decreased association with cyclin D 3 , as w ell as the upregulation o f  p21 and down  

regulation o f  cyclin  D 2 may be involved in m aintaining the arrest. Furthermore, 

w e found that Rb becom es hypophosphorylated in response to PBO X-21  

treatment. These results indicate that PBO X-21 exerts its growth inhibitory effects 

through the m odulation o f  the expression and/or activity o f  several key G1 

regulatory proteins. It w ill be important in future studies to define the upstream  

signal transduction pathway mediating PBO X -21 action.
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4 I n v e s t i g a t i o n  i n t o  t h e  m o l e c u l a r

MECHANISM UNDERLYING THE CYTOSTATIC 
AND APOPTOTIC EFFECTS OF PBOX-6 IN MCF-

7 CELLS
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4.1 Introduction

Apoptosis is a genetically regulated process that is responsible for normal 

cell turnover in the body and serves as a counterbalancing force to the cell 

generating effects o f mitosis. Inappropriate cell death, leading to too little or too 

much death, is responsible for the development o f many disorders including 

autoimmune diseases, neurodegenerative disorders and cancer. This finding has 

led to a vast expansion in apoptosis research in recent years, with the view to 

increasing our understanding o f this cell suicide mechanism. Elucidation o f the 

molecular components o f the cell death pathway will provide an opportunity to 

target and modulate expression and activity o f key components that are 

deregulated during disease development and which will lead to improved 

therapeutics for disease treatment.

This laboratory has recently demonstrated in a series o f papers that some 

members o f a novel series o f pyrrolo-1,5-benzoxazepine (PBOX) compounds 

potently induce apoptotic cell death in a variety o f  human cancerous cells derived 

from the haematopoietic system such as promyelocytic leukaemia HL-60 cells, 

Jurkat T lymphoma and chronic myeloid leukaemia (CML) cells (Me Gee et al., 

2001; Me Gee et al., 2002a; Me Gee et al., 2002b; Zisterer et al., 2000). It has 

also been shown that PBOX-6, a representative pro-apoptotic member o f these 

PBOX compounds, potently induces apoptosis in the human breast carcinoma 

MCF-7 cell line (Me Gee et al., 2002b), the human prostate carcinoma LNCaP 

cell line and the cervical carcinoma Hela cell line (unpublished results). Thus, the 

PBOX compounds appear to be subdivided into two groups, those that exert 

antiproliferative effects (e.g. PBOX-21) as studied in the previous chapter, by 

arresting cells in the G1 phase o f the cell cycle without eliciting cytotoxic effects 

(Mulligan et al., 2003; Zisterer et al., 1998), and those that can induce apoptotic 

cell death (e.g. PBOX-6) (Me Gee et al., 2001; Me Gee et al., 2002a; Me Gee et 

al., 2002b; Zisterer et al., 2000). Thus the apoptotic activity o f  members o f the 

PBOX series is dependent on their structure (Me Gee et al., 2001; Me Gee et al., 

2002a; Me Gee et al., 2002b; Zisterer et al., 2000). The pro-apoptotic members 

have in general been found to contain a napthyl side-chain, but further studies are 

required to determine a clear structure-activity relationship (Figure 1.9).
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The pro-apoptotic action o f some members o f this series o f compounds 

suggests the potential o f these drugs as novel anticancer therapeutics in the 

treatment o f both solid tumours and those derived from the haematopoietic 

system. The validity o f any new therapeutic is more easily established if  a sound 

mechanistic basis can be shown. It has previously been demonstrated that the 

mechanism by which PBOX compounds induce apoptosis does not involve their 

specific interaction with the mitochondrial peripheral type benzodiazepine 

receptor (PBR), which they bind with high affinity. This was deduced due to a 

lack o f correlation between their affinities for the receptor and their apoptotic 

potencies, their high apoptotic activity in PBR-deficient cells such as Jurkat acute 

lymphoblastic leukaemia cells and their lack o f apoptotic induction in PBR-rich 

rat leydig cells (Zisterer et a i ,  2000). The involvement o f reactive oxygen 

intermediates (ROIs) in PBOX-6 induced apoptosis has also been ruled out (Me 

Gee et al., 2001; Zisterer el a i ,  2000). Furthermore, it has been shown that pro- 

apoptotic PBOX compounds do not function as famesyl protein transferase 

inhibitors or as topoisomerase inhibhors (Me Gee PhD thesis 2001).

Part o f the mechanism involved in the induction o f apoptosis by PBOX-6 

has, however, been elucidated. The mitogen activated protein (MAP) kinase 

family is activated in response to a wide variety o f external stress signals such as 

UV irradiation and chemotherapeutic drugs (Ichijo, 1999). The ability o f PBOX-6 

to induce activafion o f MAP kinase signalling pathways was investigated. 

Activation o f the c-jun N-terminal kinase (JNK) signalling pathway (a MAP 

kinase family member, see Section 1.6.3) has been shown to be essential during 

PBOX-6 induced apoptosis in CML cells. Treatment o f CML K562 cells with 

PBOX-6 resulted in the early (within minutes) and transient activation o f JNK. 

Furthermore, treatment o f K562 cells with the JNK inhibitors, dicumarol or JIP-1, 

inhibited PBOX-6 induced JNK activity and apoptosis, demonstrating that JNK 

activation is an essential component o f the apoptotic pathway induced by PBOX-6 

(Me Gee et a i ,  2002a). The importance o f JNK in the apoptotic signalling 

pathway has also been confirmed in a number o f other cell lines such as HL-60 

(unpublished data), demonstrating that this is not just a cell type-specific effect. In 

addition, unpublished results also show that PBOX-6 induces the phosphorylation 

and inactivation o f two anti-apoptotic members o f the Bcl-2 protein family, Bcl-2 

itself and Bcl-XL and that JNK appears to be responsible for the phsophorylation
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o f these proteins. The consequences o f this phosphorylation and the other 

signalling events prior to and following JNK activation during PBOX-6 induced 

apoptosis remain to be elucidated.

The identification o f the molecular target o f  the pro-apoptotic PBOX 

compounds is o f the utmost importance if  they are to be developed as anti-cancer 

therapeutics. The microtubule is a primary target for many anticancer agents. A 

common feature o f microtubule targeting agents such as paclitaxel, docetaxel, 

vinblastine, vincristine, nocodazole and colchicine is that they arrest cells at the 

G2/M phase, and induce apoptosis o f cancer cells (Wang et a l ,  1999). It has 

previously been demonstrated that PBOX-6 induces apoptosis in human breast 

cancer MCF-7 cells (Me Gee et a l ,  2002b). Cell cycle analysis o f propidium 

iodide-stained cells treated with PBOX-6 for 48 hours demonstrated the 

appearance o f a pre-Gl apoptotic peak (22% o f cells in PBOX-6 treated cells 

compared to less that 3% in vehicle control cells). The cell cycle phases G I, S and 

G2/M as well as the pre-Gl apoptotic peak following PBOX-6 treatment were 

also examined. It was observed that a 48 hour PBOX-6 treatment caused a notable 

accumulation o f cells in the G2/M phase o f the cell cycle (38% o f PBOX-6 treated 

cells compared to 15% of vehicle control cells). Since a detailed time course of 

the changes in the distribution o f the cell cycle phases in response to PBOX-6 had 

not been performed in that study, it remained unclear as to whether the PBOX-6 

induced G2/M arrest occurred prior to the onset or concomitant with the observed 

apoptosis.

It has been shown in numerous studies that apoptotic cell death o f MCF-7 

cells is preceded by a G2/M arrest following treatment with antimicrotubule 

agents (Ling et a l ,  2002; MacCarthy-Morrogh et al., 2000; Vogt et al., 2000; Wu- 

Wong et al., 2001). Following the completion o f the GI phase the cell enters the S 

phase during which time the DNA of the cell is precisely duplicated. The cell then 

enters the second o f its gap phases, the G2 phase. The completion o f  DNA 

replication leaves the G2 cell with two accurate copies o f the entire genome. The 

cell then undergoes the dramatic upheaval o f mitosis (M phase). Progress through 

these phases o f the cell cycle is under the control o f a new wave o f cyclin/CDK 

complexes. The expression o f cyclin A is induced shortly after cyclin E and is 

mainly controlled at the transcription level, involving E2F and other transcription 

factors. Cyclin A binds CDK2 in S phase and it is considered to be responsible for
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the progression through the S phase o f  the cell cycle. During G2/M , cyclin A 

associates w ith a new  CDK partner, namely C D K l. C D K I is the principle CDK 

in operation during the G2/M  phase. A second cyclin/C D K  com plex is also 

involved in regulation o f  the progression o f  the cell cycle through the G2/M  

phase. In cycling m am m alian cells, cyclin B is first synthesized during the S 

phase and increases in concentration as cells proceed through 0 2 , peaking in early 

m itosis and dropping after anaphase. Xenopus,  m am m alian cells and other 

vertebrates contain two closely related, functionally equivalent B-type cyclins 

called Bi and B 2 . Cyclin B2 is a non-essential protein that associates w ith the 

Golgi apparatus and probably plays a role in Golgi rem odelling during m itosis 

(Brandeis et a l ,  1998; Jackm an et a l ,  1995). Cyclin Bi is an essential protein that 

is thought to be responsible for m ost o f  the other actions o f  C D K l in the 

cytoplasm  and the nucleus during G2 and m itosis (Brandeis et al., 1998). M itosis 

is the m ost dram atic period o f  the cell cycle, involving a m ajor reorganisation o f 

virtually all cell com ponents. During m itosis, the chrom osom es condense, the 

nuclear envelope o f  m ost cells breaks down, the cytoskeleton reorganises to form 

the m itotic spindle, and the chrom osomes move to opposite poles. The entry into 

and events o f  m itosis are triggered by the cyclin B i/C D K l com plex, which was 

originally defined as the M phase- or M aturation-prom oting factor (M PF) (M asui 

et al., 1971).

Regulation o f  cyclin B i/C D K l com plexes at m ultiple levels ensures the 

tight regulation o f  the tim ing o f mitotic entry. The first level o f  regulation o f  entry 

o f  the cell into m itosis is the expression o f cyclin Bi i tse lf  This is follow ed by a 

series o f  phosphorylation events, resulting in activafion or inhibition o f  kinase 

activity. The final layer o f  regulation o f  progression into m itosis, is the subcellular 

localisation o f  the com plexes and their regulators. Cyclin Bi is initially localised 

in m am m alian cells w ithin the cytoplasm during the S and G2 phase, and 

translocated to the nucleus at the beginning o f  m itosis (Pines et al., 1991), where 

it is required for the m ajority o f  its function. As cells enter mitosis, 

phosphorylation o f  key com ponents o f  the subcellular structures causes the 

com plete reorganisation o f  the architecture o f  the cell. It is one o f  the m ost 

rem arkable features o f  cell cycle control that a single protein kinase, cyclin 

B i/C D K l, is capable o f  orchestrating these diverse and com plex rearrangem ents 

that occur in the early stages o f  mitosis by phosphorylating some o f  the structural
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proteins involved in the mitotic cellular reorganisation. The breakdown o f the 

nuclear envelope occurs following phosphorylation and consequent disassembly 

o f  the nuclear lamina by cyclin Bi/CDKl (Luscher et a l,  1991). The cyclin 

Bi/CDK complex is also believed to be involved in chromosome condensation 

and is at least partially responsible for the complex microtubule rearrangement 

and other events that lead to the assembly o f the mitotic spindle (Chang et al., 

2 0 01 ;0oka ta  etal.,  1995).

Regulation o f the progress through the G2 and M phases is crucial to 

ensuring that cells are not allowed divide when DNA is damaged or incompletely 

replicated, or when chromosomes are incorrectly partitioned, resulting in 

increased genetic damage and insult to genomic integrity. DNA-integrity 

checkpoints monitor DNA status and prevent inappropriate transitions into S 

phase and mitosis when problems are detected. The G2 phase DNA damage 

checkpoint leads to inhibition o f the cyclin B i/CDK l activity through 

maintenance o f inhibitory phosphorylation o f the Tyrl5 residue o f C D K l. In so 

doing, the cells remain in the G2 phase and do not progress into mitosis. Cells can 

also arrest at various stages within mitosis. During mitosis, condensed sister 

chromatids are attached to the mitotic spindle via their kinetochores during 

prometaphase and metaphase and pulled to opposite poles as they undergo 

anaphase. As the mis-segregation of sister chromatids can lead to aneuploidy, this 

process must be tightly controlled by checkpoints that monitor the completion o f 

critical steps in the pathway. Mitotic exit requires sister chromatid separation, 

spindle disassembly and cytokenesis. The initiation and coordination o f these 

processes are controlled by ubiquitin-dependent proteolysis o f key regulatory 

proteins. The important step in this destruction is mediated by a multimeric 

ubiquitin ligase, called anaphase-promoting complex (APC) or cyclosome 

(Zachariae et al., 1999). Cyclin B degradation is essential for cell cycle 

progression and CDKl inactivation at the end o f  mitosis has been found to be 

essential for cell cycle progression in all eukaryotes (Murray et al., 1989). 

Degradation o f mitotic cyclins appears to be a universal mechanism for CDKl 

inactivation even though other mechanisms also exist.

The spindle assembly checkpoint ensures that cells do not undergo 

chromosome segregation until all o f the chromosomes have properly aligned on 

the mitotic spindle (Amon, 1999; Gorbsky, 2001). Once the checkpoint is
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activated it results in arrest o f the cell in mitosis. The cell cycle arrest induced by 

the spindle assembly checkpoint is the result o f negative regulation o f APC 

activity, preventing proteolytic degradation o f cyclin B, resulting in sustained 

CDKl activity and prevention of mitotic exit. It is by this mechanism that 

antimicrotubule agents mediate their effects. These agents have broad activity 

both in solid and in hematologic neoplasias. Microtubules are cytoskeletal 

components that play a critical role in many cellular processes, such as 

maintenance o f cell shape and polarity, and intracellular transport o f vesicles and 

organelles. During mitosis, microtubules form the bipolar microtubular array 

known as the mitotic spindle (Zhai et a l ,  1996). Disruption o f microtubule 

dynamics can lead to the formation o f abnormally stable or unstable microtubules 

(W ilson et al., 1995), thereby preventing the normal dynamic rearrangements o f 

the microtubule network required for cell proliferation, and thus activation o f the 

spindle assembly checkpoint (Amon, 1999; Gorbsky, 2001). One group o f agents 

that target microtubules inhibits microtubule polymerisation, and included in this 

group are the vinca alkaloids, colchicine and nocodazole. Another group o f agents 

promote microtubule polymerisation. Members o f  this group include the taxanes 

and the epothiloines. Antimicrotubule agents currently in clinical use for cancer 

chemotherapy include the taxanes and the vinca alkaloids. The taxanes such as 

paclitaxel (taxol) and docetaxei (taxotere) are effective in the treatment o f 

refractory ovarian cancer, metastatic breast cancer, non-small cell lung cancer and 

head and neck and bladder carcinomas (Crown et al., 2000; Rowinsky, 1997). The 

vinca alkaloids, typified by vincristine, vinblastine and vinorelbine have 

importance in the treatment o f leukaemia, Hodgkins’s disease, non- H odgkin’s 

lymphomas, testicular cancer, Kaposi’s sarcoma, breast cancer small cell lung 

cancer, and other malignancies (Rowinsky, 1997; van Tellingen et al., 1992)

Studies in both normal and transformed human cells treated with members 

o f either o f these two groups o f antimicrotubule inhibitors have shown that 

apoptosis can be initiated rapidly and directly from mitotic arrest (Fan et al., 

2001; Hayne et al., 2000; Woods et al., 1995; Zhou et al., 2002a). An important 

mediator o f apoptotic signalling is the JNK subgroup o f Mitogen-Activated 

Protein Kinases (MAPKs) (Chan-Hui et al., 1998). JNKs are activated in response 

to proinflammatory cytokines and a variety o f stressful stimuli, including UV- and 

y-irradiation, heat shock, oxidative and osmotic stress, growth factor deprivation,
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metabolic inhibitors, and chemotherapeutic drugs (Kyriakis et a i ,  1996). The JNK 

pathway is critical for certain forms o f stress-induced apoptosis. A role for JNK 

signalling in the response o f cells to antimicrotubule agents has been suggested. 

JNK activity is increased by antimicrotubule agents in a wide variety o f cell types 

(Lee et al., 1998; Shtil et a i ,  1999; Wang et al., 1999; Wang et al., 1998), and 

inhibition o f JNK inhibits paclitaxel induced apoptosis (Lee et al., 1998; Wang et 

al., 1999). Reversible phosphorylation and dephosphorylation are the main 

mechanisms that directly regulate the functional activity o f Bcl-2 and Bcl-XL, 

with phosphorylation leading to inhibition o f their anti-apoptotic function 

(Blagosklonny, 2001). JNK has been shown to mediate vinblastine-induced 

phosphorylation o f Bcl-2 and Bcl-XL (Fan et al., 2000), consistent with an earlier 

study that also identified JNK as the kinase responsible for paclitaxel-induced 

Bcl-2 phosphorylation (Yamamoto et al., 1999). The activation o f the JNK 

pathway may be a stress response to the disruption o f microtubule dynamics. A 

model, proposed by Wang et al. (1998), suggests that antimicrotubule agents enter 

the cell and disrupt the dynamics o f microtubule assembly which leads to 

activation o f both Ras and ASKl via an as yet undefined mechanism. Ras 

activates the Raf-MAPK kinase (MAPKK)-MAPK signalling cascade, whilst 

A SK l itself is a MAPKK. Activation o f either Ras and/or A SK l therefore may 

lead to activation o f JNK. Although, the exact mechanism by which JNK is 

activated and indeed how it mediates apoptotic cell death is not clearly defined, 

JNK does appear to play an important role in apoptotic regulation o f cancer cells 

after chemotherapy with antimicrotubule agents.

As discussed above, a common feature o f antimicrotubule agents is that 

they arrest cells at the G2/M phase o f the cell cycle and cause an induction in 

cyclin B l/C D K l kinase activity. Moreover, they activate JNK and phosphorylate 

Bcl-2 and Bcl-XL and induce apoptosis in cancerous cell lines. Preliminary results 

in MCF-7 cells show that PBOX-6 arrests cells in the G2/M phase (Me Gee et al., 

2002b). PBOX-6 has also been shown to activate JNK (Me Gee et al., 2002a) and 

phosphorylate Bcl-2 and Bcl-XL in the CML K562 cell line (McGee et al., 

manuscript submitted). These observations may suggest that PBOX-6 acts as a 

microtubule targeting drug.
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Aims of this chapter

In the present chapter the hypothesis that PBOX-6 acts at a molecular level 

in a manner similar to antimicrotubule agents was examined. An investigation into 

whether the G2/M arrest in MCF-7 cells occurs prior to or concomitant with the 

induction o f apoptosis following treatment with PBOX-6 or two representative 

antimicrotubule agents, paclitaxel and nocodazole, was carried out. In addition, in 

an attempt to dissect out the molecular mechanism underlying the PBOX-6 

induced G2/M arrest, the effect o f this compound, and o f paclitaxel and 

nocodazole, on the cell cycle machinery controlling the G2/M phase was 

determined. The importance o f JNK in mediating this G2/M arrest and apoptosis 

in MCF-7 cells was also examined.
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4.2 Results

4.2.1 The effect o f PBOX-6, paclitaxel and nocodazole upon the 
cell cycle

4.2.1.1 PBOX-6 induces G2/M arrest and apoptosis in MCF-7 cells
In order to confirm the initial observations by McGee et al. (2002) that

PBOX-6 induces G2/M arrest and apoptosis within MCF-7 cells, the distribution 

o f MCF-7 cells within the various phases o f the cell cycle in response to treatment 

with increasing doses o f PBOX-6 was analysed by flow cytometry. MCF-7 cells 

were seeded in 25cm flasks, incubated for 24 hours until the cells were in the log 

phase o f groM h and then treated with the indicated concentrations o f PBOX-6 for 

24 hours. The cells were harvested as described previously (Section 2.2.1) and 

were prepared and analysed using flow cytometry (Section 2.2.5). It was found 

that PBOX-6 induced G2/M arrest within the MCF-7 cells (Figure 4.1(a)). 

However, no significant increase in the number o f cells in G2/M over vehicle 

(0.5% (v/v) ethanol) was observed until a concentration o f lO^iM PBOX-6 was 

reached. This concentration of PBOX-6 caused a significant increase o f 32% of 

cells in G2/M relative to the vehicle control. The effect had more or less plateaued 

following 25|^M PBOX-6 treatment. PBOX-6 was also seen to induce apoptosis 

as determined by the presence of cells in the pre-Gl phase o f the cell cycle 

(Figure 4.1 (b)). However, the range o f concentrations with which this effect is 

seen was again very narrow. There was no significant increase in the number o f 

MCF-7 cells in the pre-G l phase over vehicle (0.5% (v/v) ethanol) after treatment 

with 0.1 )aM to 5(J,M PBOX-6. The situation changed dramatically following 

treatment with 10|j.M PBOX-6, as this dose caused a significant increase o f 17% 

in the number o f cells in pre-Gl relative to the vehicle control, whilst treatment 

with 25^M  PBOX-6 did not further increase the percentage o f  cells in pre-G l. 

Therefore, PBOX-6 induces G2/M arrest and apoptosis over a very narrow range 

o f concentrations. A concentration o f 10|j.M PBOX-6 was used in all subsequent 

studies.
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Figure 4.1 PBOX-6 induces G2/M arrest and apoptosis in MCF-7 cells

M C F-7 cells were seeded at a density o f  1 x 10^ in 25cm^ flasks in 5m ls o f  

com plete m edium  and were incubated at 37°C  under a hum idified atmosphere o f  

95% O 2 and 5% CO 2 for 24 hours until they were in the exponential phase o f  

growth. The ce lls  were then treated either w ith veh icle (0.5%  (v /v) ethanol) or the 

range o f  PB O X -6 concentrations indicated and incubated for 24 hours. The cells  

were then harvested as described in Section 2 .2 .1 , prepared and analysed using 

flow  cytom etry as described in Section 2 .2 .5 . (a) represents the ce lls in the G 2/M  

phase, w hilst (b) represents the ce lls in the pre-G l phase. The results represent the 

mean ± S .E .M  o f  three separate experim ents. Statistical analysis w as carried out 

using the Instat com puter program. **p<0.01 with respect to veh icle. Students t- 

test.
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4.2.1.2 PBOX-6, paclitaxel and nocodazole induce G2/M arrest and 
apoptosis in MCF-7 cells in a time-dependent manner

A detailed tim e course o f the changes in distribution o f  cell cycle phases in

response to PBOX-6 treatm ent has not previously been perform ed. Prelim inary 

results in M CF-7 cells suggested that PBOX-6 m ay act as a m icrotubule targeting 

drug (Me Gee et a l ,  2002a; Me Gee et al., 2002b). Therefore, M CF-7 cells were 

treated with two representative antim icrotubule agents, paclitaxel and nocodazole, 

in order to confirm  that PBOX-6 does indeed result in a profile o f  cell cycle 

effects sim ilar to that induced by these agents. M CF-7 cells were treated with 

10|j,M paclitaxel and nocodazole, as other groups have reported G2/M  arrest and 

apoptosis at this concentration (W ang et al., 1998; Zhou et al., 2002a).

For an analysis o f  the effect o f  these com pounds over tim e, the cells were 

seeded as described above and treated with either vehicle (0.5%  (v/v) ethanol) or 

10|j,M PBOX-6, paclitaxel or nocodazole for the indicated tim es. Each o f  these 

drugs elicited a tim e-dependent increase in the num ber o f  cells w ithin both the 

G2/M  (Figure 4.2(a)) and pre-G l (Figure 4.2(b)) phases o f  the cell cycle. All three 

com pounds induced a significant increase in the num ber o f  cells in G2/M  over 

vehicle after 4 hours o f  treatm ent, with PBOX-6 having the m ost significant effect 

at this time. The G2/M  arrest induced by all three com pounds was m aintained 

over tim e up to 48 hours. PBOX-6 treatm ent achieved a m axim um  G2/M  arrest 

betw een 16 and 24 hours at which time there was an approxim ate 30%  increase in 

the num ber o f  cells in G2/M  compared to the vehicle. This extent o f  arrest was 

com parable to that induced by the two representative antim icrotubule agents, 

paclitaxel and nocodazole.

It would appear from the tim e-course profiles o f  the distribution o f  cells, 

that the G2/M  arrest occurs prior to the onset o f  apoptosis in the case o f  PBOX-6 

and paclitaxel treatm ent, and concom itant w ith apoptosis in the case o f 

nocodazole. The onset o f  a significant increase in the percentage o f  cells in G2/M  

arrest at 4 hours o f  PBOX-6 treatm ent was follow ed by an initial significant 

increase o f  4% in the num ber o f cells within the pre-G l region over vehicle after 

8 hours o f  treatm ent. This value increased over the duration o f  PBO X -6 treatm ent.
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Figure 4.2 PBOX-6, paclitaxel and nocodazole induce G2/M arrest and 

apoptosis in a time-dependent manner.

6 2MCF-7 cells were seeded at a density o f 1 x 10 in 25cm flasks in 5mls of 

complete medium and were incubated at 37°C under a humidified atmosphere o f 

95% O2 and 5% CO 2 for 24 hours until they were in the exponential phase of 

growth. The cells were then treated either with vehicle (0.5% (v/v) ethanol) or 

10|j.M PBOX-6, paclitaxel or nocodazole for the indicated times. The cells were 

then harvested as described in Section 2.2.1, prepared and analysed using flow 

cytometry as described in Section 2.2.5. (a) represents the cells in the G2/M 

phase, whilst (b) represents the cells in the pre-G l phase. The results represent the 

mean ± S.E.M o f 6 separate experiments. Statistical analysis was carried out using 

the Instat computer program. * p<0.05, **p<0.01, ***p<0.001 with respect to 

vehicle, Students t-test.
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with an eventual increase o f 30% of cells in the pre-G l region relative to the 

vehicle control. Nocodazole induced an initial significant increase o f 6% after 4 

hours o f treatment, concomitant with the induction o f G2/M arrest. This increased 

over time to 26% following 48 hours o f nocodazole treatment. Paclitaxel, 

however, did not induce a significant increase o f cells in the pre-G l region until 

after 24 hours o f treatment, eventually reaching 17% after 48 hours o f treatment. 

Therefore, it appears that PBOX-6 elicited an apoptotic response within the MCF- 

7 cells over time comparable to that induced by nocodazole and somewhat earlier 

than that induced by paclitaxel.

4.2.1.3 PBOX-6 induces apoptosis in MCF-7 cells as determined by 
TUNEL staining

In order to confirm that that the PBOX-6 induced cell death observed by 

the increase in MCF-7 cells in the pre-Gl phase o f the cell cycle relative to the 

control was due to apoptotic cell death, TUNEL staining was performed. MCF-7 

cells w'ere treated with either vehicle (0.5% (v/v) ethanol) (Figure 4.3 (a)) or 

10|J.M PBOX-6 (Figure 4.3 (b)) for 48 hours and subjected to TUNEL staining as 

described in Section 2.2.9. This confirmed that PBOX-6 induced cell death is 

associated with DNA fragmentation and thus may be classified as apoptotic cell 

death.

4.2.1.4 PBOX-6 causes cleavage of PARP in a time-dependent manner
Poly ADP-ribose polymerase (PARP), a regulator o f DNA repair, is a

common target o f activated caspases during apoptotic cell death. Therefore, the 

cleavage o f PARP is a common marker o f apoptosis. In addition to the TUNEL 

staining data, the ability o f PBOX-6 to induce apoptosis in MCF-7 cells is further 

confirmed by the fact that it caused the cleavage o f  full-length PARP (Figure 4.4). 

MCF-7 cells were seeded in 75cm^ flasks, incubated for 24 hours until they were 

in the exponential phase o f growth, and then treated with either vehicle (0.5% 

(v/v) ethanol) or lOfiM PBOX-6 for the indicated times. Total cell lysates were 

prepared as described in Section 2.2.6.2 and subjected to western blot analysis
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Vehicle PBOX-6

Figure 4.3 PBOX-6 induces apoptotic cell death in M CF-7 cells as 

demonstrated by TUNEL staining

MCF-7 cells were seeded at a density of 1 x 10  ̂ in a volume of 1ml per well o f a 

24-well plate. Following treatment with either vehicle (0.5% (v/v) ethanol) (a) or 

10|o.M PBOX-6 (b) for 48 hours, the cells were washed in PBS, and fixed in 5% 

formaldehyde in PBS for 15 min at room temperature. Fixed cells were stored dry 

on slides (Sigma) before processing with the ApopTag Plus Kit (Chemicon) as 

described in Section 2.2.8. After mounting, slides were analysed by light 

microscopy under 40X magnification. The arrows indicate the presence of 

TUNEL-positive cells.
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Figure 4,4 PBOX-6 causes cleavage o f full-length PARP

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 

cells either treated with vehicle (0.5% (v/v) ethanol) or 10|iM PBOX-6 for the 

indicated times. The protein was resolved using SDS-PAGE, transferred onto 

PVDF and probed with an anti-PARP antibody. The blots were stripped and re­

probed with anti-P-actin antibody. The results shown are representative o f 2 

separate experiments.
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using an antibody that recognised thie cleavage product o f  PARP (24 kDa). Full 

length PARP was cleaved following 24 and 48 hours o f PBOX-6 treatment, 

resulting in the appearance o f a 24 kDa cleavage product. This is further evidence 

that PBOX-6 induced cell death is apoptotic in nature.

4.2.2 The effect o f PBOX-6, paclitaxel and nocodazole upon 
CDKl kinase activity

It was necessary to determine what effect PBOX-6 treatment had upon

CD Kl kinase activity, as it is responsible, through association with its cyclin 

partner, cyclin Bi, for driving the cell through G2 and mediating both entrance 

into and exit out o f the M phase o f the cell cycle. As previous reports have 

demonstrated the effect o f paclitaxel and nocodazole upon CDKl kinase activity 

(Donaldson et a i ,  1994; King et a l ,  1994; Wang et a l ,  1998), treatment with 

these drugs was used to serve as a control.

MCF-7 cells were treated with either vehicle (0.5% (v/v) ethanol), 10|aM 

PBOX-6, paclitaxel or nocodazole, for the indicated times and the cells were lysed 

as described previously (Section 2.2.7.1). CDKl kinase was then 

immunoprecipitated from the lysate and an in vitro kinase assay performed on the 

immunoprecipitate as described (Sections 2.2.7.2 and 2.2.8 respectively). PBOX- 

6, paclitaxel and nocodazole treatment was found to cause a time-dependent 

increase in CDKl kinase activity relative to the vehicle control (Figure 4.5, 4.6 

and 4.7 respectively). The increase in CDKl kinase activity relative to vehicle 

control was first observed after 1 hour of treatment with all three compounds. The 

onset o f CDKl induced kinase activity at 1 hour temporally preceded the onset o f 

G2/M arrest and apoptosis induced by PBOX-6, paclitaxel and nocodazole (See 

Figure 4.2). CDKl kinase activity increased steadily over time up to 4 hours 

following PBOX-6, paclitaxel and nocodazole treatment. This period o f 

increasing CDKl kinase activity corresponds with the onset o f G2/M arrest 

following treatment with PBOX-6, paclitaxel and nocodazole. The induction in 

CDKl activity was maintained up to 24 hours o f treatment in each case, 

corresponding with a maximum G2/M arrest by all three compounds. This 

comparison o f the profile o f upregulation o f CDKl kinase activity with the profile
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Figure 4.5 PBOX-6 induces an upregulation in CDK l kinase activity

Whole cell extracts were prepared from MCF-7 cells as described in Section 

2.2.6.1 following treatment with either vehicle (0.5% (v/v) ethanol) or 10|aM 

PBOX-6 for the indicated times. The protein (200-500|j.g) was 

immunoprecipitated with anti-CDKl antibody and Protein A beads and then 

incubated with Histone HI substrate and y^^P-ATP and resolved by SDS-PAGE. 

Densitometry was performed on the resultant bands using Scion Image software 

with 0 hours vehicle set to 100%. The results represent the mean ± S.E.M of 3 

separate experiments (a). Statistical analysis was carried out using the Instat 

computer program. * p<0.05, **p<0.01 with respect to 0 hours vehicle, Students 

t-test. A representative kinase assay has been included (b).
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Figure 4.6 Paclitaxel causes an upregulation in C DK l kinase activity

Whole cell extracts were prepared from MCF-7 cells as described in Section 

2.2.6.1 following treatment with lOfxM paclitaxel for the indicated times. The 

protein (200-500)ig) was immunoprecipitated with anti-CDKl antibody and 

Protein A beads and then incubated with Histone H 1 substrate and y^^P-ATP and 

resolved by SDS-PAGE. Densitometry was performed on the resultant bands 

using Scion Image software with 0 hours set to 100%. The results represent the 

mean ± S.E.M o f 2 separate experiments (a). Statistical analysis was carried out 

using the Instat computer program. * p<0.05 with respect to 0 hours, Students t- 

test. A representative kinase assay has been included (b).
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Figure 4.7 Nocodazole causes an upregulation in CDKl kinase activity

Whole cell extracts were prepared from MCF-7 cells as described in Section 

2.2.6.1 following treatment with 10|aM nocodazole for the indicated times. The 

protein (200-500fig) was immunoprecipitated with anti-CDKl antibody and 

Protein A beads and then incubated with Histone HI substrate and y^^P-ATP and 

resolved by SDS-PAGE. Densitometry was performed on the resultant bands 

using Scion Image software with 0 hours set to 100%. The results represent the 

mean ± S.E.M o f 2 separate experiments (a). Statistical analysis was carried out 

using the Instat computer program. * p<0.05 with respect to 0 hours. Students t- 

test. A representative kinase assay has been included (b).
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of G2/M arrest following treatment with PBOX-6, paclitaxel and nocodazole, 

suggests that the induction in CDKl may be partially responsible for the cytostatic 

effects elicited by these compounds.

4.2.3 The effect o f PBOX-6, paclitaxel and nocodazole upon the 
expression levels o f key G2/M cell cycle regulatory proteins

PBOX-6, paclitaxel and nocodazole caused an arrest o f MCF-7 cells in the

G2/M phase o f the cell cycle. This was followed by apoptotic cell death in the 

case o f PBOX-6 and paclitaxel treatment and was concomitant with apoptosis 

following nocodazole treatment. In order to address the mechanism underlying the 

G2/M arrest and apoptosis induced by these compounds, its effect upon the 

expression levels o f key G2/M cell cycle proteins was examined. As explained in 

Chapter 3, Section 3.2.2, the expression o f cyclin itself serves as one form of 

regulation o f the cyclin/CDK complexes. Therefore, the expression o f the cyclins 

A and Bi as well as that of CDKl itself was analysed as these proteins are 

involved in the regulation o f progression through G2/M.

4.2.3.1 PBOX-6, paclitaxel and nocodazole cause a late downregulation  
in the expression of cyclin A in M CF-7 cells

Total cell lysates were prepared as described (Section 2.2.6.1) and 

subjected to western blot analysis using an antibody directed against cyclin A. It 

was found that 10)aM PBOX-6, paclitaxel and nocodazole had no effect upon 

cyclin A expression relative to the vehicle control until after 24 hours in the case 

o f paclitaxel treatment (Figure 4.9), and 48 hours following PBOX-6 and 

nocodazole treatment (Figure 4.8 and 4.9 respectively). At these times, the 

expression was downregulated, possibly due to the high incidence o f apoptosis 

found at these time-points. As the downregulation in cyclin A occurred well after 

the onset o f both G2/M arrest and apoptosis following treatment with either 

PBOX-6, paclitaxel or nocodazole, it is unlikely to be a key mediator in either of 

these events. As the expression level o f cyclin A remained unchanged during the 

PBOX-6, paclitaxel and nocodazole induced upregulation o f CD Kl kinase
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Figure 4.8 PBOX-6 causes a late downregulation in the expression levels of cyclin A

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 cells treated either with vehicle (0.5% (v/v) ethanol) or 10|j,M 

PBOX-6 for the indicated times. The protein (50|j,g) was resolved using SDS-PAGE, transferred onto PVDF and probed with anti-cyclin A 

antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results shown are representative o f 4 separate experiments.
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Figure 4.9 Paclitaxel and nocodazole cause a late downregulation in the expression levels o f cyclin A

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 cells treated either with vehicle (0.5% (v/v) DMSO) or 10|j.M 

paclitaxel or nocodazole for the indicated times. The protein (50|ig) was resolved using SDS-PAGE, transferred onto PVDF and probed with 

anti-cyclin A antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results shown are representative o f 3 separate 

experiments.
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activity and the subsequent induction o f  G2/M  arrest and apoptosis, it suggested 

that cyclin A is not responsible for this e v e n t .

4.2.3.2 The effect of PBOX-6, paclitaxel and nocodazole upon the 
expression levels of CDKl in MCF-7 cells

M CF-7 cell lysates were prepared and subjected to w estern blotting

using an antibody against C D K l as described in Section 2.2.6. The expression 

levels o f  C D K l rem ained relatively constant over tim e com pared to the vehicle 

control following treatm ent with either PBOX-6, paclitaxel or nocodazole, 

(Figures 4.10 and 4.11 respectively). However, as was the case in the expression 

o f  both cyclin A, the expression o f C D K l decreased follow ing 48 hours PBOX-6 

and nocodazole treatm ent, again possibly due to the apoptosis induced by this 

time. Interestingly, paclitaxel did not have any effect upon the expression o f  

C D K l com pared to the vehicle control over the tim e-course exam ined (Figure 

4.11). This may be due to the fact that o f  the three com pounds, paclitaxel induces 

the least apoptosis (Figure 4.2). Again, as the three com pounds did not have any 

effect upon the expression level o f C D K l in the tim e-fram e o f  PBOX-6, 

paclitaxel and nocodazole induced C D K l kinase activity and subsequent G2/M  

arrest and apoptosis induction, this would suggest that C D K l expression was not 

involved in initiating these events.

4.2.3.3 PBOX-6, paclitaxel and nocodazole alter the expression levels of 
cyclin Bi

Total cell lysates were subjected to w estern blotting using an antibody 

directed against cyclin B |. PBOX-6, paclitaxel and nocodazole (10|aM ) were 

found to cause an early upregulation in the expression level o f  cyclin Bi (Figures 

4.12 and 4.13 respectively). An induction in expression over the vehicle was first 

seen after 1 hour o f  PBOX-6 (Figure 4.12) and after 1-2 hours o f  paclitaxel 

treatm ent (Figure 4.13), coincident with the PB O X -6 and paclitaxel induced 

upregulation o f  C D K l kinase activity (Figures 4.5 and 4.6 respectively). 

Nocodazole elicited a m arginally earlier upregulation in cyclin Bi
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Figure 4.10 PBOX-6 causes a late downregulation in the expression levels of CDK l

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 cells treated either with vehicle (0.5% (v/v) ethanol) or 10|j,M 

PBOX-6 for the indicated times. The protein (50|j.g) was resolved using SDS-PAGE, transferred onto PVDF and probed with anti-CDKl 

antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results shown are representative of 4 separate experiments.
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Figure 4.11 Effects of paclitaxel and nocodazole upon the expression levels of CDKl

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 cells treated either with vehicle (0.5% (v/v) DMSO) or 10|iM 

paclitaxel or nocodazole for the indicated times. The protein (50|ag) was resolved using SDS-PAGE, transferred onto PVDF and probed with 

anti-CDKl antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results shown are representative o f 3 separate 

experiments.
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P'Actin

Figure 4.12 PBOX-6 causes an upregulation in the expression levels o f cyclin Bi

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 cells treated either with vehicle (0.5% (v/v) ethanol) or 10|o.M 

PBOX-6 for the indicated times. The protein (50|j.g) was resolved using SDS-PAGE, transferred onto PVDF and probed with anti-cyclin Bi 

antibody. The blots were stripped and re-probed with anti-P-actin antibody. The results shown are representative of 4 separate experiments.
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Figure 4.13 Paclitaxel and nocodazole cause an upregulation in the expression levels of cyclin B1

Whole cell extracts were prepared as described in Section 2.2.6.1 from MCF-7 cells treated either with vehicle (0.5% (v/v) DMSO) or lOjaM 

paclitaxel or nocodazole for the indicated times. The protein (50|j.g) was resolved using SDS-PAGE, transferred onto PVDF and probed with 

anti-cyclin Bi antibody. The blots were stripped and re-probed with anti-p-actin antibody. The results shown are representative of 3 separate 

experiments.
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expression at 30 m inutes (Figure 4.13), prior to nocodazole induced C D K l kinase 

activity (Figure 4.7). The upregulation in expression o f  cyclin B[ relative to the 

vehicle control was m aintained up to 24 hours o f  PBO X -6, paclitaxel and 

nocodazole treatm ent, paralleling the profile o f  C D K l kinase activity following 

treatm ent w ith these compounds. After 48 hours o f  treatm ent w ith all three 

com pounds there was a m arked downregulation in cyclin Bi expression, again 

paralleling the dow nregulation in CD K l kinase activity observed follow ing 48 

hours o f  treatm ent w ith all three compounds. Again, this m ay be as a consequence 

o f  the apoptosis caused by the compounds. As the upregulation in cyclin Bi was 

seen prior to the onset o f  the G2/M  arrest, it could be suggested that cyclin Bi 

induced expression, and not that o f  cyclin A or C D K l, was at least partially 

responsible for the upregulation o f  C D K l kinase activity and subsequent G2/M  

arrest as elicited by PBOX-6, paclitaxel and nocodazole treatm ent.

4.2.3.4 PBOX-6 stimulated C DK l kinase activity is associated with 
cyclin Bi

In order to confirm  that the PBOX-6 induced increase in C D K l kinase 

activity was associated with an increased expression o f  cyclin B i, M CF-7 cells 

were treated with either vehicle or 10|iM PBOX-6 for 16 hours, as C D K l kinase 

activity and G2/M  arrest are at a m aximum  at this tim e. Cyclin B | was then 

im m unprecipitated from the lysate and an in vitro  kinase assay perform ed on the 

im m unoprecipitate (as described in Sections 2.2.7.2 and 2.2.8 respectively) using 

H istone HI as the substrate. If  C D K l was associated w ith the im m unoprecipitated 

cyclin B I, it w ould phosphorylate the Histone H I substrate used. It was found that 

C D K l kinase activity was associated w ith the im m unoprecipitated cyclin Bi 

(Figure 4.14), thus the induction in C D K l kinase activity m ay be a consequence 

o f  the accum ulation o f  cyclin Bi following PBOX-6 treatm ent. As it is know n that 

the entrance to and exit from m itosis is regulated by cyclin B |/CD K 1 kinase 

activity, and that m itotic arrest is associated w ith an accum ulation o f  cyclin Bj 

and thus an increase in CD K l kinase activity, these results m ay suggest that 

PBO X -6 is arresting the cells specifically in m itosis. In sum m ary, PBOX-6 

elicited com parable effects upon M CF-7 cell cycle kinetics, C D K l kinase activity
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Figure 4.14 PBOX-6 stimulated CDK l kinase activity is associated with 

cyclin Bi

Whole cell extracts were prepared from MCF-7 cells as described in Section 

2.2.6.1 following treatment with lOfiM PBOX-6 for 16 hours. The protein (200- 

500|ag) was immunoprecipitated with anti-cyclin Bi antibody and protein A beads 

and then incubated with Histone HI substrate and y P-ATP and resolved by SDS- 

PAGE (a). A sample o f the immunoprecipitated protein was also resolved using 

SDS-PAGE, transferred to a PVDF membrane and probed with anti-cyclin Bi 

antibody (b). The results shown are representative o f 2 separate experiments.
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and G2/M  cell-cycle regulatory proteins as the two representative antim icrotubule 

agents, paclitaxel and nocodazole. This suggests that PB O X -6 could potentially be 

m em ber o f  this class o f  compounds.

4.2.3.S Actinomycin D and cycloheximide inhibit PBOX-6 induced 
upregulation in the expression levels o f cyclin B1 and prevents 
G2/M arrest

To determ ine if  the early accum ulation o f  cyclin Bi is im portant to the 

m echanism  underlying PBOX-6 induced G 2/M  arrest, M CF-7 cells were 

pretreated for an hour w ith the RNA synthesis inhibitor actinom ycin D (5|aM), 

and the protein synthesis inhibitor cyclohexim ide (3.19fo.M). A fter this tim e, the 

cells were treated for 8 hours with either vehicle (0.5%  (v/v) ethanol) or 10)j.M 

PBO X -6. Treatm ent for longer times was not possible as the RN A and protein 

synthesis inhibitors, by them selves, both resulted in cell death. A fter the 8 hour 

treatm ent, the cells were prepared for both w estern blotting and flow cytom etric 

analysis. Both actinom ycin D and cyclohexim ide were found to inhibit the 

upregulation o f  cyclin Bi by PBOX-6 (Figures 4.15 (a) and 4.16 (a) respectively). 

Correspondingly, actinom ycin D and cyclohexim ide also significantly inhibited 

PBOX-6 induced G2/M  arrest (Figures 4.15 (b) and 4.16 (b) respectively). Due to 

the low incidence o f  apoptosis after 8 hours o f  PBO X -6 treatm ent (6% ), a 

significant inhibition in apoptosis was not observed. Therefore, it w ould appear 

that de novo  synthesis and expression o f  cyclin B |, m ay be at least in part, 

essential for the initiation o f  PBOX-6 m ediated G2/M  arrest.

4.2.4 The effect o f PBOX-6 upon JNK kinase activity in MCF-7 
cells

A ntim icrotubule agents have been show n to activate JN K  in a variety o f 

hum an cells (W ang et a l ,  1998). The JNK signalling pathw ay is know n to play an 

im portant role in the G2/M  transition in m am m alian cells (W right et al., 1999) 

and respond to various stress-related stimuli resulting in involvem ent in initiation 

o f  apoptosis in m any cell types (Green et al., 1997). Me Gee et al. (2002) has 

previously reported that the JNK signalling pathw ay is essential during PBOX-6 

induced apoptosis in CM L and HL-60 cells. Therefore the ability o f  PB O X -6 to
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Figure 4.15 Actinomycin D inhibits PBOX-6 induced upregulation of cyclin 

Bi expression levels and G2/M arrest

f \  9M CF-7 cells were seeded at a density o f  3 x 10 cells in 75cm flasks in 15mls o f  

com plete m edium  and were incubated at 37°C under a hum idified atm osphere o f 

95%  O 2 and 5% C O 2 for 24 hours until they were in the exponential phase o f 

growth. The cells were pretreated with 5|U.M actinom ycin D for 1 hour and then 

treated either with vehicle (0.5%  (v/v) ethanol) or lOjiM PBOX-6 for a further 8 

hours. The cells were harvested as described in Section 2.2.1, and an aliquot o f  the 

cell suspension was prepared and analysed using flow  cytom etry as described in 

Section 2.2.5. (a) represents the cells in the G2/M  phase o f  the cell cycle. The 

resuhs represent the m ean ± S.E.M  o f 3 separate experim ents. Statistical analysis 

was carried out using the Instat com puter program . **p<0.01 w ith respect to 

PBOX-6, Students t-test. The rem aining cells were lysed as described in Section 

2.2.6.1, resolved using SD S-PAG E, transferred onto PVDF and probed with an 

anti-cyclin B | antibody (b). The blots were stripped and re-probed with anti-P- 

actin antibody. The results shown are representative o f  3 separate experim ents.
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Figure 4.16 Cycloheximide inhibits PBOX-6 induced upregulation in cyclin 

Bi expression levels and G2/M arrest.

M CF-7 cells were seeded at a density o f  3 x 10^ cells in 75cm^ flasks in 15mls o f 

com plete m edium  and were incubated at 37°C under a hum idified atm osphere o f  

95%  O 2 and 5% C O 2 for 24 hours until they were in the exponential phase o f 

growth. The cells were pretreated with 3.19fiM  cyclohexim ide for 1 hour and then 

treated either with vehicle (0.5%  (v/v) ethanol) or lOfiM PBO X -6 for a further 8 

hours. The cells were harvested as described in Section 2.2.1, and an aliquot o f  the 

cell suspension was prepared and analysed using flow cytom etry as described in 

Section 2.2.5. (a) represents the cells in the G2/M  phase o f  the cell cycle. The 

results represent the m ean ± S.E.M  o f  3 separate experim ents. Statistical analysis 

was carried out using the Instat com puter program . **p<0.01 with respect to 

PBOX-6, Students t-test. The rem aining cells were lysed as described in Section 

2.2.6.1, resolved using SD S-PA G E, transferred onto PV D F and probed w ith an 

anti-cyclin Bi antibody (b). The blots were stripped and re-probed with anti-p- 

actin antibody. The results show n are representative o f  3 separate experim ents.
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4.2.4.1 PBOX-6 induces an upregulation in JN K  kinase activity

MCF-7 cells were treated with 10|iM PBOX-6 for the indicated times and

cell lysates were prepared as described in Section 2.2.6.1. JNK was 

immunoprecipitated from the cell lysates and a kinase assay performed on the 

immunoprecipitate as described in Sections 2.2.6.2 and 2.2.6.3 respectively. It 

was found that PBOX-6 induced an upregulation in JNK kinase activity (Figure 

4.17). There was a significant induction in JNK kinase activity after 5 minutes of 

PBOX-6 treatment and the activity steadily rose up to 30 minutes o f treatment 

with PBOX-6 at which point there was an increase in JNK kinase activity of 

approximately 75%. After this time, the induction in activity was maintained over 

the remaining period o f PBOX-6 treatment. This activation o f the JNK kinase 

pathway was rapid in nature and preceded the accumulation o f cyclin B| and 

upregulation o f CDKl kinase activity. Therefore, it may be at least partially 

responsible for mediating both G2/M arrest and apoptosis.

4.2.4.2 The JNK  inhibitor, dicumarol, inhibits PBOX-6 induced JNK  
kinase activity and protects against PBOX-6 induced G2/M  
arrest and apoptosis

Dicumarol is a cumarin derivative that alters the redox centres o f the cell.

It has been shown to inhibit activation o f JNK kinase in response to a variety o f 

stress stimuli (Krause et a i ,  2001). It was used in this study to determine the 

importance o f JNK activation in PBOX-6 induced G2/M arrest and apoptosis.

MCF-7 cells were pretreated with dicumarol (200|j,M) for 1 hour prior to 

treatment with either vehicle or lOfaM PBOX-6 for a further 1 hour. The cells 

were then harvested, lysed and JNK was immunoprecipitated from the lysates 

(Section 2.2.6.1 and 2.2.6.2). A kinase assay was performed on the 

immunoprecipitate as described in Section 2.2.6.3. This revealed that dicumarol, 

as well as inhibiting basal levels JNK activity, did indeed inhibit PBOX-6 induced 

activation o f JNK kinase activity, reducing activity to that with dicumarol on its 

own (Figure 4.18).
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Figure 4.17 PBOX-6 induces an upregulation in JNK kinase activity

Whole cell extracts were prepared from MCF-7 cells as described in Section 

2.2.6.1 following treatment with 10|j,M PBOX-6 for the indicated times. The 

protein (200-500|j.g) was immunoprecipitated with anti-JNKl antibody and 

Protein A beads and then incubated with c-jun substrate and y P-ATP and 

resolved by SDS-PAGE. Densitometry was performed on the resultant bands 

using Scion Image software with 0 hours set to 100%. The results represent the 

mean ± S.E.M o f 3 separate experiments (a). Statistical analysis was carried out 

using the Instat computer program. * p<0.05, **p<0.01 with respect to 0 hours. 

Students t-test. A representative kinase assay has been included (b).
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Figure 4.18 Dicumarol inhibits PBOX-6 induced JNK kinase activity

Whole cell extracts were prepared from MCF-7 cells as described in Section 

2.2.6.1. The cells were treated either with vehicle (0.5% (v/v) ethanol), 200|aM 

dicumarol or 10)o.M PBOX-6 for 1 hour or a pretreatment o f 200|o.M dicumarol 

for 1 hour prior to treatment with lOfiM PBOX-6. The protein (200-500|o.g) was 

immunoprecipitated with anti-JNKl antibody and Protein A beads and then 

incubated with c-jun substrate and y^^P-ATP and resolved by SDS-PAGE. 

Densitometry was performed on the resultant bands using Scion Image software 

with vehicle set to 100%. The results represent the mean ± S.E.M o f 3 separate 

experiments (a). Statistical analysis was carried out using the Instat computer 

program. **p<0.01 with respect to PBOX-6, Students t-test. A representative 

kinase assay has been included (b).

169



JN
K 

K
in

as
e 

Ac
tiv

ity
 

(% 
of 

co
nt

ro
l)

250 n

PBOX-6+DlcumarolPBOX-6DicumarolVehicle

PBOX-6 + DicumarolPBOX-6DicumarolVehicle

170



In order to determine if this inhibition o f PBOX-6 induced JNK kinase 

activity inhibited the manifestation of G2/M arrest and apoptosis following 

PBOX-6 treatment, MCF-7 cells were again pretreated with dicumarol (200|^M) 

for 1 hour and subsequently treated with either vehicle (0.5% (v/v) ethanol) or 

10|o,M PBOX-6 for 24 hours. The cells were prepared for flow cytometric 

analyses as described in Section 2.2.5. Dicumarol inhibition o f JNK kinase 

upregulation was found to protect against PBOX-6 induced G2/M arrest and 

apoptosis (Figure 4.19 (a) and (b) respectively). PBOX-6 induced G2/M arrest 

was completely inhibited in the dicumarol pretreated cells. Therefore, it would 

appear that JNK kinase activation is integral to the pathway by which PBOX-6 

induces G2/M arrest and apoptosis, and is in agreement with the study performed 

by McGee et al,. (2002) that showed that activation o f the JNK kinase signalling 

pathway was essential during PBOX-6 induced apoptosis in CML cells.

171



Figure 4.19 Dicumarol protects against PBOX-6 induced G2/M arrest and 

apoptosis

( \ 0MCF-7 cells were seeded at a density o f 1 x 10 in 25cm flasks in 5mls of 

complete medium and were incubated at 37°C under a humidified atmosphere o f 

95% O2 and 5% CO 2 for 24 hours until they were in the exponential phase o f 

growth. The cells were then treated for 24 hours with either vehicle (0.5% (v/v) 

ethanol), 200|aM dicumarol or 10|iM PBOX-6 or pre-treatment with 200|iM  

dicumarol prior to treatment with 10|j,M PBOX-6. The cells were then harvested 

as described in Section 2.2.1, prepared and analysed using flow cytometry as 

described in Section 2.2.5. The results represent the mean ± S.E.M o f three 

separate experiments, (a) represents the cells in the G2/M phase o f the cell cycle, 

whilst (b) represents the cells in the pre-Gl phase o f the cell cycle. Statistical 

analysis was carried out using the Instat computer program. * p<0.05 with respect 

to PBOX-6, Students t-test.
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4.3 Discussion

The present study found that a potent m em ber o f  a novel series o f  pyrollo- 

1,5-benzoxazepines, PBOX-6, was capable o f  inducing G2/M  arrest and apoptotic 

cell death in the M CF-7 hum an breast carcinom a cell line. This display o f  potent 

cytostatic and apoptotic ability by PBOX-6 w arranted further investigation into 

the m echanism  by which PBOX-6 m ediated its effects, as it m ay have potential as 

a novel anticancer agent.

Recently, an ever-increasing num ber o f  potently  cytotoxic natural products 

that interact with m icrotubules have been isolated (Ham el et al., 1996). 

M icrotubules are cytoskeletal structures assem bled from heterodim ers o f  a /p -  

tublin. M icrotubules are intrinsically dynamic in nature, and it is their dynamic 

properties that are crucial for them to carry out m any o f  their cellular functions 

such as reorientation o f  the m icrotubule network w hen cells undergo m igration or 

m orphological changes and the dramatic m icrotubule rearrangem ent at the onset 

o f  m itosis (Joshi, 1998). The rapid m icrotubule dynam ics in m itosis is thought to 

be critical for both the m orphogenesis and activities o f  the b ipolar m itotic spindle, 

w hich direct the alignm ent o f  chrom osom es at the m etaphase plate and their final 

segregation into two daughter cells. Because o f  this, there is now  a trem endous 

interest in small organic m olecules that m odulate the dynam ics o f  m icrotubules 

prim arily as som e o f  the known antim icrotubule agents are useful for 

chem otherapeutic m anagem ent o f certain kinds o f  tum ours. One group o f  

antim icrotubule agents, such as the taxanes and epothiloines, prom ote m icrotubule 

polym erisation at high concentrations. A nother group, including nocodazole, the 

vinca  alkaloids and colchicine, inhibit m icrotubule polym erisation at high 

concentrations and suppress microtubule dynam ics at low concentrations (W ilson 

et al., 1995). A lthough these different classes o f  m icrotubule inhibitors act 

differently, they all block cell cycle progression at the prom etaphase, thus 

preventing onset o f  m etaphase-anaphase transition. It is generally believed that 

these agents cause spindle damage or suppress spindle dynam ics, consequently 

activating the spindle checkpoint to block cells at m itosis via an inappropriate 

induction o f  cyclin B i/C D K l activity and leading ultim ately to apoptotic cell 

death (Am on, 1999; B lagosklonny et al., 1997; Burke, 2000; D um ontet et al., 

1999; W assm ann et al., 2001).
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This study found that PBOX-6-induccd apoptosis was tem porally preceded 

by the G2/M  arrest, suggesting that the arrest was possibly the cause o f  the 

apoptosis. M CF-7 cells were also treated w ith a representative m icrotubule 

polym eriser, paclitaxel, and a representative m icrotubule depolym eriser, 

nocodazole. The effects o f  these two com pounds upon the cell cycle progression, 

G2/M  cell cycle regulatory m olecules and C D K l kinase activity was determ ined 

and com pared w ith that o f  PBOX-6. A concentration o f  lOfiM was used for all 

three com pounds so as to serve as point o f  reference betw een the com pounds. 

Paclitaxel and nocodazole also induced a G2/M  arrest and apoptosis in the M CF-7 

cells, nocodazole and PBOX-6 eliciting the greatest accum ulation o f  cells in the 

pre-G 1 region, w hilst paclitaxel on the other hand induced the largest G2/M  arrest 

o f  the three com pounds over time.

In order to confirm  that the PBOX-6-induced increase in cells in the pre- 

G1 region was due to apoptotic cell death, the presence o f  other characteristic 

hallm arks o f  apoptosis were investigated following PBO X -6 treatm ent. One such 

biochem ical hallm ark o f  apoptosis is internucleosom al DNA cleavage into 

oligonucleosom e-length fragm ents, and can be determ ined via TU N EL (Term inal 

deoxynucleotidyl Transferase mediated bio-dU TP N ick Labelling) staining as it is 

indicative o f  nuclease m ediated double strand DNA breakage. TU N EL staining o f  

M CF-7 cells showed that PBOX-6 induced cell death was accom panied by DNA 

fragm entation. A nother biochem ical hallm ark o f  apoptosis is cleavage o f  full 

length PA RP as it is a com m on target o f  activated pro teases called caspases 

during apoptotic cell death. It was also found that treatm ent o f  M CF-7 cells with 

PBOX-6 resulted in PARP cleavage. Both these sets o f  data confirm  that PBO X -6 

induced cell death is apoptotic in nature.

In this study, it was found that treatm ent o f  M CF-7 cells w ith PBOX-6, 

paclitaxel and nocodazole resulted in an increase in C D K l kinase activity. This 

induction was observed rapidly, following 1 hour o f  treatm ent w ith all three 

com pounds, preceding the induction o f  G2/M  arrest, im plying its involvem ent in 

the initiation o f  this event. Following PBOX-6 treatm ent, C D K l kinase activity 

increased up to 4 hours, whilst paclitaxel and nocodazole treatm ent elicited an 

increasing C D K l kinase activity up to 8 hours o f  treatm ent. A fter these tim es, the 

stim ulation in activity was m aintained up to 24 hours, corresponding with the
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maximum arrest o f all three compounds. As the G2/M arrest profiles paralleled 

the profile o f induction o f CDKl activity following treatment with PBOX-6, 

paclitaxel and nocodazole, this would suggest that the sustained activation of 

CD K l kinase activity by these compounds was essential for the cessation o f the 

cell cycle at the G2/M transition. This is in agreement with previous reports in the 

literature (Donaldson et al., 1994; King et al., 1994).

An upregulation in CDKl activity has previously been linked to apoptotic 

cell death. Shi et al., (1994) proposed that premature CD K l activation may be a 

general mechanism by which cells induced to undergo apoptosis initiate the 

disruption o f the nucleus. Phosphorylation on T yrl5  o f CDKl by the ErbB2 

receptor kinase inhibits CDKl activation and has been shown to be involved in 

resistance to paclitaxel-induced apoptosis (Castedo et al., 2002a; Tan et al., 2002; 

Y u  et al., 1998). Sustained activation o f CDKl has been shown to be necessary 

for induction o f apoptosis by the antimicro tubule agent, noscapine (Ye et al., 

2001). The activation o f CDKl has also been shown to participate in HIV-1- 

induced apoptosis, upstream of the p53-dependent mitochondrial permeabilisation 

step (Castedo et al., 2002b). The next question is how sustained activation of 

CD K l leads to apoptosis. Hyperphosphorylation o f Bcl-2 has been observed in 

apoptotic induction by antimicrotubule agents (Haidar et al., 1995; MacCarthy- 

Morrogh et al., 2000; Yamamoto et al., 1999). Since phosphorylation o f Bcl-2, 

which is thought to negatively regulate its anti-apoptotic effects, can promote 

apoptotic cell death (Haidar et al., 1995; Yamamoto et al., 1999), CDKl might be 

involved in a phospho-regulatory pathway that can promote Bcl-2 phosphorylation 

and eventually apoptosis.

In order to address the mechanism by which CDKl kinase activity was 

being stimulated, the expression levels o f both CD Kl itself, and the cyclins 

known to associate with it, namely cyclin A and cyclin Bi, were next analysed. It 

was found that treatment with PBOX-6, paclitaxel and nocodazole caused a late 

downregulation in the expression levels o f cyclin A, suggesting that this reduction 

in expression was a secondary response to the high incidence o f apoptosis found 

after 24 and 48 hours o f treatment with these compounds. PBOX-6 and 

nocodazole also caused a late downregulation in the expression o f CDKl itself, 

whilst paclitaxel had no effect upon CDKl expression. Therefore, as there was no 

alteration in the protein expression of either cyclin A or CD Kl prior to or co-
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incident with the increase in CDKl kinase activity following treatment with 

PBOX-6, paclitaxel and nocodazole, it can be concluded that neither o f these 

proteins contribute towards the observed induction in CDKl kinase activity.

Analysis o f the expression o f cyclin Bj, did however, reveal that there was 

a marked increase in cyclin Bi accumulation in response to PBOX-6, paclitaxel 

and nocodazole treatment. The increase in cyclin Bj expression following PBOX- 

6 and paclitaxel treatment, paralleled exactly the increase in CDKl kinase 

activity, with an initial induction seen following 1 hour o f treatment. Nocodazole 

treatment resulted in an increase in cyclin Bi expression after 30 minutes, 

immediately prior to nocodazole induced CDKl kinase activity at 1 hour. The 

upregulation in expression was maintained up to 24 hours o f treatment for all 

three compounds. The expression level was absent entirely after 48 hours, again 

possibly as a consequence o f the apoptosis caused at this time. 

Immunoprecipitation experiments confirmed that the PBOX-6 induced CD Kl 

kinase activity was associated with cyclin B;. Therefore, it would appear that the 

activation o f CDKl kinase activity in MCF-7 cells in response to PBOX-6, is 

mediated, at least in part, by a co-incident accumulation o f the expression in its 

CDK partner, cyclin Bi The expression o f cyclin Bi and G2/M arrest induced by 

antimicrotubule agents has previously been shown to be abrogated following 

treatment with the RNA synthesis inhibitor, actinomycin D and the protein 

synthesis inhibitor, cycloheximide (Ling et a l ,  1998; Park et a l ,  2001). 

Pretreatment o f MCF-7 cells with actinomycin D and cycloheximide, inhibited the 

PBOX-6 induced upregulation in the expression o f  cyclin Bi. Both o f these 

inhibitors were also found to significantly inhibit PBOX-6 induced G2/M arrest, 

implying that the de novo synthesis and expression o f cyclin Bi, may at least in 

part, be essential for the initiation o f PBOX-6 mediated G2/M arrest. This is in 

agreement with the work presented by Murray et al., (1989) which demonstrated 

that the translation o f cyclin B mRNA leading to cyclin synthesis was necessary 

and sufficient to induce both the morphological and biochemical events 

characteristic o f mitosis within Xenopiis embryos. It was not possible to assess the 

importance o f the synthesis and expression o f cyclin Bi to the onset o f apoptosis 

as PBOX-6, paclitaxel and nocodazole only induce a significant apoptotic 

response after a 24 hour treatment and such a long treatment with cycloheximide 

and actinomycin D is cytotoxic to the cells.
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Activation o f the JNK signaUing pathway has been mechanistically 

implicated in the regulation o f apoptosis. The role played by JNK is complicated 

by its ability to also prevent apoptosis (Chen et a l ,  1998; Meriin et a l ,  1998; 

Zanke et al., 1998). Therefore, the exact nature o f the involvement o f JNK in 

apoptosis is not at all straightforward and appears to depend on both cell type and 

the apoptosis-triggering stimuli (Ip et al., 1998; Karin et al., 1997). A role for 

JNK signalling in the response o f cells to antimicrotubule agents has been 

suggested. JNK activity has been shown to be increased by antimicrotubule agents 

paclitaxel, vinblastine, vincristine, nocodazole, and colchicine (Lee et al., 1998; 

Shtil et al., 1999; Wang et al., 1999; Wang et al., 1998), and inhibition o f JNK 

inhibits paclitaxel induced apoptosis (Lee et al., 1998; Wang et al., 1999). 

Yamamoto et al., (1999) found that the A SK!/JNK pathway is responsible for 

Bcl-2 phosphorylation at mitosis in paclitaxel-treated Jurkat cells. In addition. Me 

Gee et al., (2002a) previously reported that the JNK signalling pathway is 

essential during PBOX-6 induced apoptosis in K562 and HL-60 cells. PBOX-6 

was seen to induce JNK activation within the K562 cells after 15 minutes of 

treatment. This PBOX-6 induced upregulation o f JNK activity peaked following 

30-45 minutes o f treatment and slowly declined over 8 hours to basal levels. 

Pretreatment of K562 cells with the JNK inhibitor, dicoumarol, abolished PBOX- 

6-induced phosphorylation o f the JNK substrates, c-Jun and ATF-2, and inhibited 

the induced apoptosis, suggesting that JNK activation is an essential component of 

the apoptotic pathway induced by PBOX-6 (Me Gee et al., 2002a). Therefore the 

ability o f PBOX-6 to activate the JNK pathway and its role in the mediation o f 

PBOX-6 induced G2/M arrest and apoptosis within MCF-7 cells was assessed. It 

was found that PBOX-6 treatment resulted in a rapid and significant upregulation 

in JNK kinase activity. The onset o f this induction was seen after only 5 minutes 

o f PBOX-6 treatment, earlier than was observed by Me Gee et al., (2002a). 

However, similar to the profile observed by Me Gee et al., (2002a), the 

upregulation in JNK kinase activity reached a peak at 30 minutes o f treatment. 

Both paclitaxel and nocodazole have previously been reported to activate JNK 

within MCF-7 cells (Lee et al., 2003; Zhang et al., 2002). The rapid upregulation 

in JNK kinase activity preceded the increase in CD Kl kinase activity and its 

associated accumulation o f cyclin Bi expression, possibly implying a role in the 

mediation o f the G2/M arrest and apoptosis induced by PBOX-6. Apoptosis itself
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can be considered as a form o f stress, hence JN K  activation m ay be a stress 

response secondary to apoptosis rather than a prim ary m ediator in the apoptotic 

pathw ay. How ever, as this upregulation in JN K  activity reached a peak when 

apoptosis was still m inim al, it would suggest that it was not a secondary response 

to PBO X -6 induced apoptosis.

To determ ine the importance o f  this induction in JN K  activation in 

m ediating the PBO X -6 induced G2/M arrest and apoptosis, the M CF-7 cells were 

pretreated with the JN K  inhibitor, dicumarol. D icum arol was shown to com pletely 

inhibit the activation o f  JNK kinase follow ing PB O X -6 treatm ent and 

consequently protected against the induction o f  G2/M  arrest and apoptosis by 

PBOX-6.

In sum m ary, the data presented in this study dem onstrated that PBO X -6 is 

efficacious in suppressing cell growth and inducing apoptotic cell death in the 

M CF-7 human breast carcinom a cell line. It appeared to do so by inducing a 

sequential upregulation in JNK activity and cyclin Bi associated C D K l kinase 

activity. The rapid activation o f  the JNK kinase signalling pathw ay w ould appear 

to be im portant in the mechanism o f PBOX-6 arrest and apoptosis as its inhibition 

protected against these effects. The results presented in this chapter dem onstrated 

that PBOX-6 also elicited similar effects upon M CF-7 cell cycle kinetics, C D K l 

kinase activity and G2/M  cell-regulatory proteins to two representative 

antim icrotubule agents, suggesting that PBOX-6 may be a m em ber o f  this class o f  

antineoplastic agents.

The clinical applicability o f  m icrotubule targeting drugs is ham pered by 

their low aqueous solubility and toxicity to non-cancerous cells. M oreover, 

although patients have impressive initial responses to these drugs, m any o f  them  

relapse after treatm ent because o f  the developm ent o f  drug resistance contributed 

by m ultifactorial m echanism s, such as overexpression o f  P-glycoprotein 

(G ottesm an et al., 1993), altered expression o f  tubulin isotypes (Burkhart et a l , 

2001) and the presence o f tubulin m utations (G iannakakou et al., 1997). 

Consequently, there is a huge requirem ent for the developm ent and/or discovery 

o f  novel antim icrotubule agents that have sim ilar m odes o f  action to the currently 

used drugs but w ith improved biological and pharm acological features, thus 

underlying the im portance o f  further characterisation o f  the m echanism  o f  action 

o f PBOX-6.
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5 PBOX-6: A NOVEL ANTIMICROTUBULE AGENT?
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5.1 Introduction

It was concluded in the previous chapter that PBO X -6 induces G2/M  

arrest and apoptosis via a m olecular m echanism  sim ilar to that o f  two 

representative antim icrotubule agents, nocodazole and paclitaxel, suggesting that 

PBOX-6 m ay be a novel member o f  this class o f  com pounds. Tubulin-binding 

agents constitute a large family o f  com pounds that have been used in a wide 

variety o f  ways, including acting as herbicides and antiparasitics and in hum an 

therapeutics. The first antim icrotubule agent to be used in hum ans was colchicine, 

extracted from colchicum  autumnale, which has been adm inistered to patients 

w ith gout since the sixth century AD (Hastie, 1991). The ability o f  colchicine to 

block cells in prom etaphase/m etaphase m ade it a pow erful tool in the study o f  

m itosis (M alkinson, 1982). Tubulin, the building block o f  m icrotubules, was first 

identified as the “colchicine-binding protein” (Little et al., 1988). In the field o f 

antineoplastic chem otherapy, antim icrotubule agents constitute an im portant class 

o f  com pounds, with broad activity in solid and in hem atologic neoplasias (Crown 

et al., 2000; Devizzi et al., 1994; Dum ontet et al., 1999; Sam son et al., 1989). 

These agents are believed to block cell division by interfering with the function o f 

the m itotic spindle, blocking the cells at the prom etaphase/m etaphase junction  o f 

m itosis (Jordan et al., 1991; Jordan et al., 1993). This m akes cytotoxic 

antim icrotubule agents unique among anticancer drugs, as they target the mitotic 

spindle rather than DNA. Vinca alkaloids, the earliest anfim icrotubule agents to be 

used clinically as antim itotics are classed as m icrotubule depolym erising agents. 

At high concentrations, these agents reduce or abolish the m icrotubule content o f  

cells in culture and prevent polym erisation o f  purified tubulin in vitro  (Dum ontet 

et al., 1999; W ilson et al., 1995). Conversely, the taxanes prom ote the 

polym erisation o f  purified tubulin in vitro and at high concentrations enhance the 

fraction o f  polym erised tubulin in cells, and thus have been classed as m icrotubule 

polym erising/stabilising agents (Dum ontet et al., 1999; W ilson et al., 1995).

A lthough antim icrotubule agents such as the vinca  alkaloids and the 

taxanes may differ in their gross effect on cellular cytoskeleton in culture, these 

com pounds seem to share a com m on m echanism  o f  action, nam ely disruption o f 

m icrotubule dynam ics leading to aberrant form ation o f  the m itotic spindle. The
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segregation o f  the repHcated chrom osom es is brought about by the mitotic 

spindle, as it is a com plex cytoskeletal m achine constructed from m icrotubules 

and m icrotubule associated proteins (M APs), w hich serves to pull the daughter 

chrom osom es tow ard the poles o f  the spindle and m ove the poles apart. 

Prom etaphase in anim al cells begins abruptly w ith the breakdow n o f  the nuclear 

envelope, triggered by cyclin B i/C D K l phosphorylation o f  the nuclear lam ina that 

underlies the nuclear envelope (Luscher et al., 1991). The disassem bly o f  the 

nuclear envelope allows the m icrotubules access to the condensed chrom osom es. 

The m icrotubules o f  the m itotic spindle attach to the chrom osom es via a com plex 

protein structure know n as the kinetochore that binds to the centrom ere o f  the 

chrom osom e (Tanaka, 2002; Van H ooser et al., 2001). U pon attachm ent, 

kinetochores m ove chrom osom es along the m itotic spindle towards the poles, and 

this generates tension (Tanaka, 2002; Van H ooser et al., 2001). A lack o f  proper 

chrom osom e attachm ent and spindle tension activates the spindle assem bly 

checkpoint and arrests the cell cycle prior to the onset o f  chrom osom e segregation 

during anaphase, until these defects are corrected (Am on, 1999; W assm ann et al., 

2001).

M icrotubules are intrinsically dynamic polym ers and considerable 

evidence now indicates that the dynamics o f  m itotic spindle m icrotubules, not ju st 

their presence, are critically required for proper spindle function (Hayden et al., 

1990; Skibbens et al., 1993). M icrotubules are polym ers com posed o f  the protein 

tubulin, a heterodim er o f  two related polypeptides, a  and p. They are tightly 

bound together by noncovalent bonds. A m icrotubule is a stiff, hollow  cylindrical 

structure built from 13 parallel protofilam ents com posed o f  alternating subunits o f 

a -  and p-tubulin  heterodim ers. Com plex helical proteins are stabilised by m ultiple 

subunit contacts that can then elongate rapidly by addition o f  m ore subunits. The 

initial process o f  assem bly o f  the form ative subunits or ‘nucleus’ is called 

nucleation. There is a kinetic lag associated with the form ation o f  a m icrotubule 

nucleus due to the instability o f  the individual subunits. This kinetic lag is 

rem oved within the cell by the presence o f  the centrosom e, w hich provides a 

tem plate for the assem bly o f  the tubulin units and thus acts as a m icrotubule 

organising centre. The m icrotubules are nucleated at their m inus end, with the
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plus end growing outward from each site o f  nucleation upon the centrosome to 

create a microtubule array.

Microtubules are not simple equilibrium polymers. They polymerise and 

depolymerise by the reversible addition and loss o f tubulin dimers at the ends of 

the microtubules, and so are in unstable equilibrium with the tubulin dimers 

present in the cell. A compound’s ability to abrogate the assembly o f  tubulin into 

microtubules can be assessed using a simple spectrophotometry based technique. 

The assembly o f tubulin subunits into microtubule filaments can be followed by 

measuring the turbidimetry o f the solution at 340nm. As the tubulin subunits are 

assembled into microtubule filaments, the absorbance/turbidimetry o f  the solution 

increases accordingly. There are two types o f dynamic microtubule behaviour: 

treadmilling and dynamic instability. Treadmilling or flux, describes the net 

addition o f tubulin at one microtubule end and the net loss o f tubulin at the 

opposite end (Margolis et a l ,  1978). The other dynamic behaviour, dynamic 

instability, is a stochastic switching between episodes o f prolonged growing and 

shortening at both ends o f the individual microtubules (Mitchison et al., 1984). 

This phenomenon o f dynamic instability is an essential property that makes 

microtubules some o f the most plastic protein polymers in the cell (Mitchison et 

al., 1984). The two ends o f individual microtubules differ both structurally and 

kinetically, and the rates and durations o f growing and shortening at one end, 

called the plus end, are much more extensive than the rates and durations of 

growing and shortening at the opposite or minus end (Horio et al., 1986). 

Although both ends alternately grow or shorten, net growing occurs at the plus 

end and net shortening at the minus end. It is the simultaneous occurrence o f both 

these actions that gives rise to treadmilling, and it is critical in the polar 

movement o f chromosomes during mitosis (Margolis et al., 1978).

Despite the interaction o f tubulin with a large number o f drugs that inhibit 

or promote its assembly into microtubules, a precise definition o f drug binding 

sites on the protein has proved difficult. This is a consequence o f the lack o f 

success in crystallising the protein, probably because o f its sequence and post- 

translational heterogeneity, its instability, and its tendency to form oligomers and 

polymers o f highly aberrant morphology in the presence o f many o f these drugs. 

Therefore, despite considerable efforts, only three distinct binding sites o f 

antimicrotubule agents have been partially characterised to date, i.e. the binding
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sites o f paclitaxel (Nogales et a l, 1998), vinblastine (Jordan et a l, 1986) and 

colchicine (Serrano et al., 1984; Uppuluri et al., 1993) on tubulin. The recent 

electron crystallographic determination o f a relatively detailed structure for zinc- 

induced antiparallel tubulin protofilaments has provided insights into the 

paclitaxel site on these protofilaments, as paclitaxel was used to enhance their 

stability during data accumulation (Nogales et al., 1998), and provided a scaffold 

on which to model other drug binding sites (Downing et al., 1998). The ability of 

a compound to bind to the domains of paclitaxel, colchicine or vinblastine can be 

determined by inhibition studies, i.e. the ability o f the test compound to displace a 

labelled (fluorescent or radiolabelled) compound from its binding site upon 

tubulin. The elucidation o f the mode o f action o f these antimicrotubule agents, as 

well as their interaction with tubulin may lead to the synthesis o f  potentially more 

effective and specific anti-cancer drugs.

Aims of this chapter

The results o f the last chapter indicated that the molecular mechanism by 

which PBOX-6 mediated its cytostatic and cytotoxic effects was similar to that 

elicited by two representative antimicrotubule agents, paclitaxel and nocodazole. 

This chapter, therefore, aimed to further characterise the mechanism o f action of 

PBOX-6 and attempted to confirm the hypothesis that PBOX-6 is a novel member 

o f the antimicrotubule class o f agents. This firstly involved confirmation of 

PBOX-6 induced arrest as being specific to mitosis. The ability o f PBOX-6 to 

disrupt the microtubule network and to bind tubulin directly was then also 

assessed. Finally, the ability o f PBOX-6 to bind to known binding sites on tubulin 

was determined.
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5.2 Results

5.2.1 The effect o f PBOX-6, paclitaxel and nocodazole on the 
morphological features ofM CF-7 cells

Results from the last chapter revealed that treatm ent o f  M CF-7 cells with

PB O X -6, paclitaxel and nocodazole resulted in a pronounced G2/M  arrest. 

Paclitaxel and nocodazole, as recognised antim icrotubule agents, are know n to 

arrest the cell cycle in early m itosis, i.e. prom etaphase/m etaphase. PB O X -6 

treatm ent was found to elicit similar effects on cell cycle kinetics as these 

antim icrotubule agents, and induce hallm arks associated w ith m itotic arrest such 

as an induction in cyclin B i/C D K l kinase activity. As a result, it was necessary to 

assess and com pare the effects o f  PBOX-6, paclitaxel and nocodazole on the 

m orphological features o f  M CF-7 cells, and determ ine if  PBO X -6 does in fact 

arrest the cell in mitosis.

M CF-7 cells were seeded in a 24 well plate, incubated for 24 hours until 

the cells were in the exponential phase o f growth and then treated for 8 hours with 

either PBOX-6, paclitaxel or nocodazole, as at this tim e there was a significant 

accum ulation o f  cells in the G2/M  phase and m inim al apoptosis follow ing 

treatm ent with all three compounds (See Figure 4.2). Follow ing this tim e, the cells 

were centrifuged onto a slide and stained w ith the R ap iD iff kit as described in 

Section 2.2.9. It was found that the vehicle treated cells were m ostly in interphase 

and exhibited a full and rounded nucleus (Figure 5.1 (a)). Treatm ent w ith PBOX-6 

and the antim icrotubule agents, paclitaxel and nocodazole, had a distinct effect 

upon the m orphology o f  the M CF-7 cells com pared w ith the vehicle treated cells. 

They all showed distinct signs o f  arrest in the prom etaphase stage o f  m itosis, as 

the nuclear m em brane had disappeared and the chrom atin was contorted, as in 

prom etaphase the chrom atin twists and folds, eventually form ing com pacted 

chrom osom es (Figure 5.1 (b), (c) and (d) respectively). Thus, PB O X -6, as well as 

paclitaxel and nocodazole, did arrest M CF-7 cells in m itosis, specifically during 

prom etaphase, in agreem ent with the results presented in the last chapter. This 

confirm s PBOX-6 as a m itotic inhibitor and lends further w eight to the possibility
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(a) (b)

(c) (d)

Figure 5.1 PBOX-6 treatment induces morphological features of 

prometaphase arrest in MCF-7 cells

Microscopic analysis of MCF-7 cells was performed following treatment with 

either vehicle (0.5% (v/v) ethanol (a)), lOfaM PBOX-6 (b), lOfaM nocodazole (c) 

or 10|o,M paclitaxel (d) for 8 hours. Following treatment, cells were centrifuged 

onto a glass slide and stained using the Rapi Diff kit as described in Section 2.2.9. 

The cytoplasm of the cells was stained pink by dipping the slide in eosin Y and 

the nucleus was stained blue by dipping the slide in methylene blue and visualised 

under a light microscope (Nikon) at a magnification o f 40X. The results shown 

are representative o f 3 separate experiments.

187



o f it being a novel antimicrotubule agent,

5.2.2 The effect o f  PBOX-6, paclitaxel and nocodazole upon 
cellular microtubules

5.2.2.1 PBOX-6 causes disruption of the microtubule network in a dose- 
dependent manner

Antimicrotubule agents are known to target the cellular microtubule 

network, resulting in aberrant formation o f the mitotic spindle, subsequent 

activation o f the spindle assembly checkpoint, and resultant apoptotic cell death 

(Wassmann et a l ,  2001). It was, therefore, necessary to determine if  PBOX-6 had 

any effect on the organisation of the microtubule network o f MCF-7 cells, as the 

pattern o f effects elicited by PBOX-6 upon MCF-7 cells thus far assessed were 

very similar to that o f antimicrotubule agents. MCF-7 cells were seeded in 24 well 

plates, incubated for 24 hours until in the exponential phase o f growth, and then 

treated with 10|aM PBOX-6, paclitaxel and nocodazole for 16 hours. The cells 

were then subjected to indirect immunofluorescence, as described in Section 

2.2.10, allowing visualisation of the microtubule network (green 

immunofluorescence). Control cells (either 0.5% (v/v) ethanol or DMSO) (Figure 

5.2 (a) ethanol. Figure 5.2 (e) and (i) DMSO) exhibited normal arrangement and 

organisation o f the microtubule network, with microtubules seen to traverse 

intricately throughout the cell. The DNA content o f the cells was also visualised 

via immunofluorescence (red), and control cells displayed a normal compact 

rounded nucleus, devoid o f any microtubules. In contrast, treatment with all three 

compounds was seen to have very definite effects upon the microtubule network 

relative to control cells. Nocodazole, a known microtubule depolymeriser, caused 

a complete loss o f the normal microtubule network with only a diffuse stain 

visible throughout the cytoplasm (Figure 5.2 (f)-(h)). Paclitaxel, on the other 

hand, exerts its effects by stabilising the microtubule network, resulting in a 

distinctive rigidity o f the microtubules causing them to ultimately form 

microtubule ‘bundles’ as indicated by the arrows in Figure 5.2 (i)-(l). The DNA
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Figure 5.2 PBOX-6, paclitaxel and nocodazole disrupt the organisation of 

MCF-7 cellular microtubule network

MCF-7 cells were treated with either vehicle (0.5% (v/v) ethanol (a) or DMSO (e) 

and (f)) or lOOnM, l)aM or lOfaM o f PBOX-6 ((b), (c) and (d) respectively), 

nocodazole ((f), (g) and (h) respectively), or paclitaxel ((j), (k) and (1) 

respectively), for 16 hours. After this time, the medium was carefully removed 

and the cells fixed in cold methanol. Cells were incubated with monoclonal anti- 

a-tubulin antibody at room temperature for 1 hour at room temperature, and then 

incubated with FITC-conjugated anti-mouse secondary antibody for a further hour 

at room temperature. After washing, the cells were stained briefly with propidium 

iodide. The organisation o f the microtubule network (green) and the cellular DNA 

(red) was visualised by Nikon PS200 fluorescence microscopy at a magnification 

o f lOOX. The results shown are representative o f 3 separate experiments.
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(a) Ethanol (b) lOOnM PBOX-6

t:

(e) DMSO (f) lOOnM nocodazole

(i) DMSO (j) lOOnM paclitaxel

(c) luM  PBOX-6 (d) lO^M PBOX-6

(h) lO^iM nocodazole(g) 1 jaM nocodazole

(k) 1 fxM paclitaxel
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following treatment with lOjuM nocodazole and paclitaxel was condensed and 

contorted, and the cells were shrunken and rounded up, characteristic and 

indicative o f mitotic arrest.

PBOX-6 appeared to elicit its disruption upon the microtubule network in 

a manner similar to that o f nocodazole as it too resulted only in a diffuse tubulin 

staining with no definition o f structure (Figure 5.2 (d)). This was unlike 10|j.M 

paclitaxel treatment that results in a defined rigid bundling o f the microtubules 

due to its stabilisation o f microtubule polymerisation. The DNA o f PBOX-6 

treated cells is also condensed and contorted and agrees with the morphology seen 

in Figure 5.1 (b). Therefore, it would appear that PBOX-6 possibly elicits its 

effects though depolymerisation of cellular microtubules resulting in deformation 

of the mitotic spindle.

It is apparent that the effect of PBOX-6 upon cellular microtubules is 

dose-dependent in nature, as treatment with lOOnM and 1|^M PBOX-6 caused no 

disruption to the network o f MCF-7 microtubules (Figure 5.2 (b) and (c) 

respectively). This is in agreement with the lack o f any appreciable effect o f these 

concentrations o f PBOX-6 upon the incidence o f G2/M arrest or apoptosis in 

MCF-7 cells (Figure 4.1 (a) and (b) respectively). Therefore, the effects o f PBOX- 

6 upon the cellular microtubule network would appear to correlate with its effects 

upon cell cycle progression, suggesting that PBOX-6 induced mitotic arrest and 

apoptotic cell death may be mediated through its ability to inhibit microtubule 

assembly.

5.2.2.2 PBOX-21 has no effect upon the microtubule network, whilst a 
second pro-apoptotic PBOX compound, PBOX-15 disrupts the 
microtubule network

PBOX-21, a member o f the antiproliferative subset o f PBOX compounds, 

elicits a different cytological effect upon MCF-7 cells to that o f PBOX-6. It has 

been shown in Section 3.2.1 that PBOX-21 induced a G1 arrest within the MCF-7 

cells without any associated cytotoxicity. PBOX-6 induced mitotic arrest and 

apoptotic cell death may be mediated through its ability to inhibit microtubule 

assembly. To test the hypothesis that the differential response o f the 

antiproliferative and pro-apoptotic subsets o f PBOX compounds is based upon 

their ability to disrupt the microtubule network, the effect o f PBOX-21, as well as 

a second more potent pro-apoptotic PBOX compound, PBOX-15 (personal
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communication. Dr. M. McGee) on the microtubule network o f MCF-7 cells was 

examined. It was found that, similar to PBOX-6 (lOfaM) (Figure 5.3 (b)), PBOX- 

15 (l|aM ) (Figure 5.3 (c)) appeared to induce a loss o f  the microtubule network o f 

the cell. PBOX-21 (25|j.M) (Figure 5.3 (d)) had no effect upon the MCF-7 

microtubule network. As such, PBOX-21 may be considered a negative control. 

This supports the theory that the mechanism o f action o f the pro-apoptotic PBOX 

compounds is mediated through inhibition o f the microtubule network.

5.2.3 Effect o f  PBOX-6, PBOX-15, PBOX-21, nocodazole and  
paclitaxel on tubulin polymerisation in vitro

In order to confirm that PBOX-6 and PBOX-15 interact directly with

tubulin causing depolymerisation o f microtubules and that PBOX-21 does not 

interact with microtubules, the effect o f PBOX-6, PBOX-15 and PBOX-21 upon 

tubulin polymerisation in vitro was studied, and compared with the effects o f 

nocodazole and paclitaxel. The polymerisation o f bovine tubulin in the presence 

o f the compounds was observed at 37°C and monitored by an increase in 

absorbance at 340nm as described in Section 2.2.11. It was found that PBOX-6 

inhibited the polymerisation o f tubulin m vitro in a dose-dependent manner 

compared to vehicle control (0.5% (v/v) ethanol) (Figure 5.4 (a)). PBOX-15 was 

also found to inhibit polymerisation of tubulin in vitro (Figure 5.4 (b)). Both 

concentrations o f PBOX-15 (0.2 and l|iM ) elicited a similar extent o f tubulin 

depolymerisation. The concentrations o f PBOX-15 used differ from that o f 

PBOX-6 as it is a more potent inducer o f mitotic arrest and apoptosis (personal 

communication, Dr. Margaret Me Gee). Nocodazole, a known tubulin 

depolymeriser, also inhibited the polymerisation o f tubulin in vitro in a dose- 

dependent manner (Figure 5.4 (d)), confirming that PBOX-6 and PBOX-15 

manifest their cellular effects through depolymerisation o f tubulin, similar to 

nocodazole. Paclitaxel, as a known tubulin polymeriser was seen to
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(a) (b) (c) (d)

Figure 5.3 Effect of PBOX compounds upon the microtubule network

MCF-7 cells were treated with either vehicle (0.5% (v/v) EtOH) (a), 10|j,M PBOX-6 (b) 1|^M PBOX-15(c) or 25}o.M PBOX-21 (d) for 24 hours. 

After this time, the cells were fixed in cold methanol, incubated with monoclonal anti-a-tubulin antibody and subsequently FITC-conjugated 

anti-mouse secondary antibody at room temperature for 1 hour. After washing, the cells were stained briefly with propidium iodide. The 

organisation of the microtubule network and the cellular DNA was visualised by Nikon PS200 fluorescence microscopy at a magnification o f 

lOOX. The results shown are representative o f 3 separate experiments.
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Figure 5.4 PBOX-6 and PBOX-15 cause a dose-dependent inhibition of 

polymerisation of tubulin, whilst PBOX-21 has a negligible 

effect upon polymerisation status of tubulin

Purified bovine tubulin was incubated at 37°C in the presence o f either vehicle 

(0.5% (v/v) ethanol or DMSO) or the indicated concentrations o f PBOX-6 (a), 

PBOX-15 (b), PBOX-21 (c), nocodazole (d) or paclitaxel (e) as described in 

Section 2.2.11. Tubulin polymerisation was determined by measuring the increase 

in absorbance over time at 340 nm. The results shown are representative o f three 

separate experiments.
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induce polymerisation o f tubulin in vitro relative to the vehicle control (0.5% 

(v/v) DMSO) (Figure 5.4 (e)). In contrast, PBOX-21 was found to have a 

negligible effect upon the polymerisation o f tubulin in vitro relative to the vehicle 

control (0.5% (v/v) EtOH) (Figure 5.4 (c)), in agreement with its lack o f effect 

upon the cellular microtubule network. This again, distinguishes the mechanism 

o f action o f the antiproliferative and pro-apoptotic subsets o f the PBOX 

compounds, and suggests tubulin as the molecular target o f the pro-apoptotic 

PBOX members.

It is notable that both lOOnM and IfiM PBOX-6 inhibited tubulin 

assembly in vitro, yet these concentrations o f PBOX-6 did not cause any 

disruption to the cellular microtubule network as seen in Figure 5.2 (b) and (c) 

respectively. This may possibly be due to the fact that determination o f the effect 

o f  these compounds upon tubulin polymerisation was carried out in an in vitro 

cell-free assay with pure tubulin, whilst the visualisation o f the microtubule 

network was carried out in situ at a cellular level, and thus the effects o f the lower 

concentrations o f PBOX-6 upon tubulin polymerisation may be insufficient to 

manifest a gross structural change to the microtubule network as determined by 

indirect immunofluorescence. Also, the in vitro assay was carried out in the 

absence o f Microtubule Associated Proteins (MAPs), which when present, are 

known to alter microtubule assembly dynamics by preventing disassembly.

5.2.4 PBOX-6 binds to a novel site on purified tubulin
As PBOX-6 has been shown to directly bind to and cause

depolymerisation o f purified tubulin, it was necessary to gain information about 

the binding site o f PBOX-6 on tubulin. To date, only the binding sites o f the 

depolymerisers colchicine (Serrano et a l ,  1984; Uppuluri et a l ,  1993) and 

vinblastine (Rai et al., 1996) on tubulin have been well characterised. Compounds 

capable o f  depolymerising tubulin may bind to either o f these two sites, or to an as 

yet uncharacterised novel site on tubulin.

Assessment o f the binding o f PBOX-6 to the colchicine binding site 

involved a fluorescence-based assay as described in Section 2.2.12. The assay 

operated on the basis o f size-exclusion chromatography. Purified tubulin, being
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the largest molecular component within the assay mixture with a molecular 

weight o f 100,000, eluted first, approximately between fractions 6 and 10. If 

labelled colchicine was bound to tubulin, the fluorescent signal would be detected 

within these fractions. If the labelled colchicine had been displaced by a 

compound which also binds to the colchicine binding site, there would be a 

reduction in the fluorescent signal present within these fractions. This is due to the 

fact that fluorescently labelled colchicine has a much smaller molecular weight 

(789) than tubulin and therefore elutes much later from the column as it is retained 

in the interstitial volume o f the column. As a positive control, both excess 

(lOOjaM) unlabelled colchicine and nocodazole (lO^M ), which is known to bind 

to the colchicine binding site (Friedman et a l ,  1978; Uppuluri et a l ,  1993), 

displaced the binding o f fluorescently-labelled colchicine relative to the vehicle 

control (0.5% (v/v) DMSO) (Figure 5.5). PBOX-6 at a concentration o f l|j,M and 

lOfiM, did not displace the binding o f labelled colchicine relative to the PBOX-6 

vehicle control (0.5% (v/v) ethanol), therefore suggesting that PBOX-6 does not 

bind to the colchicine binding site on tubulin (Figure 5.5).

Determination o f the ability of PBOX-6 to bind to the vinblastine binding 

site on tubulin, involved a modification o f the technique used to assess binding to 

the colchicine binding site. Use o f a BODIPY fluorescently labelled vinblastine 

compound supplied by Molecular Probes to determine binding to the vinblastine 

binding site was found to be untenable as it could not be displaced by an excess 

concentration o f unlabelled vinblastine. Therefore, a [^H]labelled vinblastine 

compound was used to determine displacement o f vinblastine from its binding site 

on tubulin. The same size-exclusion principles applied to this assay as to the 

colchicine binding site assay. As a positive control, it was found that excess 

(100|j.M) unlabelled vinblastine was able to displace [^HJvinblastine relative to 

the vinblastine vehicle control (0.5% (v/v) DMSO), causing a reduction in the 

radioactive signal in the fractions containing tubulin, i.e. fractions 5-9 (Figure 

5.6). In contrast, neither l|j.M or lOfiM PBOX-6 caused a reduction o f the 

radioactive signal relative to the PBOX-6 vehicle control (0.5% (v/v) ethanol) in 

the fractions containing tubulin, suggesting that PBOX-6 did not displace 

vinblastine from, and so does not bind to, the vinblastine binding site. As such
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Figure 5.5 PBOX-6 does not bind to the colchicine binding site on purified 

tubulin

Each reaction mixture contained 1 mg/ml >99% purified bovine tubuHn, 0.25mM 

PIPES buffer at pH 6.9, containing 0.05mM GTP, and 0.25mM M gC^, and the 

indicated compounds. The colchicine binding assay was performed as described 

in Section 2.2.11. Each reaction mixture contained 0.5|j,M FITC-labelled 

colchicine and was incubated for 30 minutes at 37°C. The data presented is 

representative o f 2 separate experiments.

198



200000 1 j \

150000 1 ( : \

I  ̂ \

Q  100000

50000

0
21 259 13 171 5

F raction  N u m b er

E thano l  D M S O  U n la b e l led  lOOuM V in b la s t in e  ^  l u M  P B O X  6 l Ou M P B O X  6

F igure 5.6 P B O X -6  does not b ind to the v in b la stin e  b in d in g  site  on 
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Each reaction mixture contained 1 mg/ml >99% purified bovine tubulin, 0.25mM 

PIPES buffer at pH 6.9, containing O.OSmM GTP, and 0.25mM M gCb, and the 

indicated compounds. The vinblastine binding assay was performed as described 

in Section 2.2.12. Each reaction mixture contained 0.5)j.M [^HJvinblastine and 

was incubated for 30 minutes at 37°C. The data presented is representative o f 2 

separate experiments.
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any residual [^HJvinblastine that did not bind tubulin, or [^HJvinblastine that had 

been displaced from binding to tubulin by a vinblastine binding site competitor, 

was seen to elute between fractions 10 and 21. As can be seen, there is a large 

discrepancy between the counts achieved for the fractions containing both DMSO 

and unlabelled vinblastine compared with those containing ethanol and PBOX-6. 

This is possibly due to quenching o f the [^H] signal by ethanol relative to DMSO.
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5.3 Discussion

The results presented in the last chapter demonstrated that part o f the 

signalling pathway elicited in MCF-7 cells following treatment with PBOX-6 

(10|j,M) was similar to that evoked following treatment with two representative 

antimicrotubule agents, nocodazole and paclitaxel. This chapter aimed, therefore, 

to establish whether PBOX-6 could be classed as a novel member o f the 

antimicrotubule family o f anti-neoplastic agents.

Treatment with PBOX-6 was shown to cause a significant G2/M arrest of 

MCF-7 cells (Figure 4.1 (a) and 4.2 (a)). In order to address if  this arrest was 

specific to mitosis, the morphological features o f the cells were analysed 

following treatment with PBOX-6, and the representative antimicrotubule agents, 

paclitaxel and nocodazole. In each case, the cells displayed marked morphological 

features that distinguished a mitotic arrest specifically in prometaphase. During 

prometaphase, the DNA chromatin network which was duplicated in the S period 

o f interphase begins to twist and fold, eventually forming compacted 

chromosomes. The nuclear envelope breaks down allowing the nucleoplasmic 

contents to come into contact with the spindle network, as the cell prepares to 

align its duplicated chromosomes during metaphase for separation by the mitotic 

spindle during anaphase (Crespo el ai,  2001). As antimicrotubule agents have 

previously been shown to arrest the cell cycle in prometaphase (Li et a l ,  1999; 

Woods et al., 1995), this result was further evidence that PBOX-6 may possess 

antimicrotubule activity.

This claim could only be proven by assessing the ability o f PBOX-6 to 

interact directly with the microtubule network o f the cell. Indirect 

immunofluroescence allowed visualisation o f both the microtubule network and 

the DNA o f the cell. This technique allowed detection o f morphological changes 

in the microtubule network, such as alterations in microtubule organisation and 

arrangement. It also allowed for detection o f disruption to the DNA o f the cell. It 

revealed that PBOX-6 does possess antimicrotubule activity, as PBOX-6 

treatment disrupted the microtubule network o f the cell in a dose-dependent 

manner. This is in agreement with the dose-dependent effect o f PBOX-6 upon the 

induction o f mitotic arrest and apoptosis, and suggests that these effects are a
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direct result o f  the abrogation m ediated by PB O X -6 upon the m icrotubule 

netw ork o f  the cell. The disruption to the m icrotubules follow ing treatm ent with 

10)j,M PBO X -6 appeared sim ilar to that elicited by the know n m icrotubule 

depolym eriser, nocodazole. Increasing concentrations o f  nocodazole and other 

know n tubulin depolym erisers are known to kinetically ‘cap ’ the actively growing 

plus end o f  m icrotubules, preventing growth and thus leading ultim ately to 

disassem bly o f  the m icrotubules (Dum ontet et a l ,  1999). Both PB O X -6 and 

nocodazole resulted in a dram atic destruction o f  the m icrotubule com plex netw ork 

o f  the cell, relative to the intricate mesh o f  m icrotubules w itnessed in the vehicle 

control cells. The effect o f  PBOX-6 upon the m icrotubule netw ork was distinct to 

that elicited by treatm ent with paclitaxel. Paclitaxel is a know n m icrotubule 

polym eriser, which w ith increasing concentration causes an increase in 

m icrotubule m ass and a consequential distinctive ‘bundling’ o f  the m icrotubules. 

It w ould therefore appear that PBOX-6 targets the m icrotubule netw ork o f  the 

cell, causing its dissolution via m icrotubule depolym erisation. In order to address 

w hether the differential response o f the antiproliferative and pro-apoptotic subsets 

o f  PBOX com pounds is based upon the ability to distort the m icrotubule network, 

the effect upon the m icrotubule network o f  M CF-7 cells o f  PBO X -15, a potent 

m em ber o f  the pro-apoptotic subset o f  PBOX com pounds, and P B 0 X -2 I, a 

m em ber o f  the antiproliferative PBOX com pounds, w as assessed. This revealed 

that PBOX-15 also disrupted the m icrotubule netw ork o f  the cell in a m anner 

sim ilar to PBOX-6. In contrast, PBOX-21 had no effect upon the m icrotubule 

netw ork o f  the cell. This suggests that the ability o f  a PBO X  com pound to inhibit 

m icrotubule polym erisation determines its ability to induce apoptotic cell death.

The disassem bly o f  the m icrotubule netw ork follow ing treatm ent w ith 

PB O X -6 and PBOX-15 suggested that they m ay act as m icrotubule 

depolym erising agents. In order to examine this hypothesis, the effect o f  PBOX-6 

and PBOX-15 upon tubulin assem bly in a cell-free system  in vitro  was assessed 

and com pared w ith the effects o f  nocodazole and paclitaxel. The effect o f  PBOX- 

21 upon the assem bly o f  tubulin in vitro was also determ ined as a negative 

control. These assays revealed that PBOX-6 inhibits the assem bly o f  tubulin in a 

dose-dependent m anner, confirm ing it as a m icrotubule depolym eriser. A nother 

potent pro-apoptotic PBOX compound, PBO X -15, was also shown to inhibit the
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polymerisation o f tubulin. As expected, and in agreement with the literature, 

nocodazole inhibited and paclitaxel induced tubulin assembly, both in a dose- 

dependent fashion. PBOX-21 had a negligible effect upon the assembly o f tubulin 

relative to the vehicle control (0.5% (v/v) ethanol), once again suggesting that the 

differential response o f members o f the antiproliferative and pro-apoptotic subsets 

o f PBOX compounds depends upon their ability to directly bind to and inhibit the 

polymerisation o f cellular microtubules.

It is notable that both lOOnM and IfiM PBOX-6 were capable o f inhibiting 

the assembly o f tubulin in the cell-free assay system, whilst these concentrations 

were found to elicit no effect upon either the microtubule network o f the cell or 

the cell cycle progression. Conversely, lOOnM paclitaxel exhibited no effect upon 

tubulin assembly whilst this concentration o f paclitaxel was shown to cause 

dramatic disruption to the microtubule network. These discrepancies between the 

concentrations o f PBOX-6 and paclitaxel that elicit an effect in a cell-free system 

and cell-based assay are possibly due to the fact that the cell-free system does not 

provide the ideal intracellular environment present in a cell-based system for 

appropriate tubulin assembly. The purified tubulin used was devoid o f any 

Microtubule Associated Proteins (MAPs) which are known to regulate 

microtubule dynamics by stabilising microtubules and preventing disassembly. 

Therefore, their absence along with other possibly critical intracellular agents, 

would perhaps serve to overestimate and underestimate the effects o f the lower 

concentrations o f PBOX-6 and paclitaxel respectively. Discrepancies between the 

concentrations o f antimicrotubule agents that elicit effects in cell-based and cell- 

free systems have been widely reported (Jiang et a l ,  1998a; Jiang et a l ,  1998b; 

Ling et al., 2002).

Disruption o f cellular microtubule dynamics has long been associated with 

activation o f the spindle assembly checkpoint and resultant mitotic arrest and 

apoptosis (Amon, 1999; Gorbsky, 2001). Specifically, triggering o f the spindle 

assembly checkpoint is thought to result from sensing o f both the attachment o f 

the mitotic spindle to the kinetochores o f sister chromatids, and the subsequent 

tension created as the kinetochores move chromosomes along the mitotic spindle 

towards the poles (Tanaka, 2002; Van Hooser et al., 2001). The attachment o f the 

chromosomes to the spindle is a dynamic process that when viewed by video
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microscopy seems to involve a ‘search and capture’ mechanism in which 

microtubules nucleated from each o f the rapidly separating centrosomes grow 

outward toward the chromosomes. If the dynamics o f the microtubules is 

compromised, then the basis o f ‘seeking and capturing’ the chromosomes has also 

been compromised, resulting in triggering o f the spindle assembly checkpoint 

which causes mitotic arrest and apoptosis. Disruption o f the microtubule 

dynamics may also give rise to inappropriate separation o f the chromosomes and 

resultant micronucleation. Each o f these two outcomes result ultimately in 

triggering o f a cell death mechanism.

Despite the interaction o f tubulin with a large number o f drugs that inhibit 

or promote its assembly into microtubules, precise definition o f drug binding sites 

on the protein has not been possible. This is a consequence o f the lack o f success 

in crystallising the protein, probably because o f its sequence and post-translational 

heterogeneity, its instability, and its tendency to form oligomers and polymers of 

highly abeiTant morphology in the presence o f many o f these drugs. The recent 

electron crystallographic determination o f a relatively detailed structure for zinc- 

induced antiparallel tubulin protofilaments has provided insights into the 

paclitaxel site on these protofilaments (Nogales et a l ,  1998), since paclitaxel was 

used to enhance their stability during data accumulafion, and provided a scaffold 

on which to model other drug sites (Downing et al., 1998). A limitafion in such 

analysis, however, is that drugs that inhibit assembly have limited ability to bind 

to tubulin polymers containing linear protofilaments.

However, through the use o f techniques such as photoaffmity labelling 

(Bai et a i ,  1996a; Bai et al., 1996b; Rai et al., 1996) and protein footprinting 

experiments (Chaudhuri et al., 2000) as well as the crystal structure identified by 

Nogales et al. (1998), specific binding residues and binding domains upon tubulin 

have been at least partially characterised for paclitaxel, vinblastine and colchicine. 

Vinca alkaloids, rhizoxin, dolastetins and spongistatin react with the domain for 

vinblastine. Colchicine, nocodazole, podophyllotoxin and curacin A bind to the 

colchicine domain (Uppuluri et al., 1993). As these are the only two defined 

binding sites o f tubulin depolymerisers, it was necessary to determine if PBOX-6 

mediated its antimicrotubule activity via binding to either o f these sites. The 

results from the competitive binding experiments revealed that PBOX-6 did not 

inhibit binding o f either colchicine or vinblastine to tubulin, indicating that

204



PBOX-6 has its own, novel, binding site upon tubulin. Other antimicrotubule 

agents such as estramustine (Panda et a l ,  1997), arsenic trioxide (Ling et a l ,  

2002), naphthopyran (Dell, 1998) and cemadotin (Jordan et al., 1998a) have also 

been shown to bind to as yet uncharacterised novel sites on tubulin.

In conclusion, the work presented in this chapter provides further insight 

into the mechanism o f action of a member of the pro-apoptotic subset o f PBOX 

compounds, PBOX-6. It confirms that PBOX-6 targets the microtubule network 

causing depolymerisation of the microtubule network o f the cell. This leads to 

prometaphase arrest, and as demonstrated in the last chapter, this arrest is 

followed by apoptotic cell death. The induction o f arrest and apoptosis as a 

consequence o f depolymerisation o f the microtubule network by members o f the 

pro-apoptotic subset o f PBOX compounds was further suggested by the ability o f 

a second pro-apoptotic member, PBOX-15 to inhibit tubulin polymerisation 

causing disruption to the cellular microtubule network. The antiproliferative and 

non-apoptotic PBOX compound, PBOX-21, did not have any effect upon the 

assembly o f tubulin m vitro or upon the microtubule network o f the cell. Finally, 

PBOX-6 was found to bind lo a novel site upon tubulin. The ability o f PBOX-6 to 

bind tubulin and cause microtubule depolymerisation, suggests it as a novel 

candidate for antineoplastic therapy. This is all the more significant, as both the 

clinical success of, and increasing resistance to antimicrotubule agents in the 

treatment o f a variety o f cancers has prompted the search for new agents with a 

similar mechanism.
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6 F u t u r e  W o r k
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T he cell cyc le  is a potential target fo r therapeu tic  in te rv en tio n  in can cer as 

ce ll cycle  d y sreg u la tio n  is a hallm ark o f  tu m o u ro g en esis . T his study  has 

co n cen tra ted  on  determ in ing  the poten tial o f  a series o f  p y rrro lo - 1 ,5 - 

b en x o azep in es  (P B O X s) as novel an ticancer agen ts. T he P B O X  com pounds 

ap p ear to  be sub d iv id ed  into tw o groups, those  th a t e lic it an tip ro life ra tiv e  effects 

by  arrestin g  cells in the G1 phase o f  the cell cy c le  w ith o u t elic iting  cy to tox ic  

e ffec ts  (e.g. P B O X -2 1 ) and those that can induce apop to tic  cell dea th  (e.g. PB O X - 

6 ). A fu ller und erstan d in g  o f  the m olecu lar m ech an ism s underly in g  the oncosta tic  

and  apop to tic  effec ts  o f  these PB O X  com pounds is essen tia l to  th e ir d eve lopm en t 

as th erap eu tic  agen ts in the treatm ent o f  cancer.

T he first part o f  this study concerned  the e lu c id a tio n  o f  the m o lecu lar 

m echan ism  underly in g  the oncostatic effec t o f  P B O X -21 , a rep resen ta tive  

m em b er o f  the an tip ro lifera tive  subset o f  P B O X  com pounds. T he grow th  

in h ib ito ry  effec ts  induced  by PBO X -21 w as m ed ia ted  th ro u g h  G1 arrest. T his 

arrest w as p reced ed  by a rapid decrease in C D K 2 k inase  ac tiv ity  and  cyc lin  D 3 

ex p ressio n  and w as concom itan t w ith  a decrease  in C D K 4 k inase activ ity , 

ind icating  that these even ts are likely to be part o f  the m echan ism  responsib le  for 

in itia ting  the PB O X -21 induced G1 arrest. T he ex p ressio n  o f  the C D K  inh ib ito r, 

p21 , as w ell as the k inase activity  o f  C D K 6 , w ere u p regu la ted  and  dow nregu lated  

re sp ec tiv e ly  fo llow ing  PBO X-21 treatm ent, but on ly  su b seq u en t to  the onset o f  

a rres t su ggesting  a possib le  role in the m ain tenance o f  the arrest.

The effec t o f  PBO X -21 trea tm ent on the p ro te in  ex p ressio n  levels o f  p27, 

an o th er m em b er o f  the C IP /K IP  fam ily  o f  C D K  inh ib ito rs , cou ld  be exam ined . 

In d u c tio n  o f  p27  has previously  been  sh o w n  to be assoc ia ted  w ith 

d o w n reg u la tio n  o f  cyc lin  D 3 p ro tein  levels and the in h ib itio n  o f  C D K 2 k inase 

ac tiv ity  during  G1 arres t (van O irschot et a l ,  2001). In add ition , in o rd e r to 

d e term in e  i f  d o w nregu la tion  o f  cyclin  D 3 is crucial to  the G I arrest seen in 

response  to PB O X -21 treatm ent, it w ould  be o f  in te rest to  de term ine  w h e th er 

en fo rced  ex p ressio n  o f  cyclin  D 3 could  ab rogate  P B O X -2 1 -in d u ced  G I arrest. 

T h is  cou ld  be ach ieved  in tw o w ays;

(1) E ctopic exp ression  o f  cyclin  D 3 by tran sfec tio n  o f  the 1 3 2 IN I cells w ith  

an ex p ressio n  v ec to r for cyclin  D3, and co -transfection  w ith  a p lasm id  encod ing  a 

m od ified  version  o f  the green fluorescent p ro te in  (G F P ) (M en d elso h n  et al., 

2002). U sing  b ivaria te  flow  cytom etry  w e co u ld  then  an a ly se  the cell cycle
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distribution o f  the G FP-positive population, and determ ine if  transfection o f  the 

cyclin  D 3 expression plasm id resulted in a rescue from  the cell cycle arrest that 

norm ally occurs in response to PBOX-21 treatm ent.

(2) It is believed that cyclin D 3 degradation is m ediated via the ubiquitin- 

proteasom e pathway. Therefore, pretreatm ent o f  the cells w ith the 26S 

proteasom e inhibitor A^-carbobenzoxyl-Leu-Leu-Leucinal (ALLN ), should result 

in the prevention o f  the downregulation o f  cyclin D 3 (Hu et a l ,  2002).

CDK2 kinase activity is inhibited in vivo by inhibitory phosphorylations 

upon both the T y rl5  and T h rl4 , whilst CDK4 and C D K 6  kinase activity is 

inhibited via phosphorylations upon T y rl5 . These inhibitory phosphorylations 

are m ediated by W eel and M ytl kinases. Therefore, determ ination o f  the kinase 

activity o f  W eel and M ytl in response to PBOX-21 treatm ent w ould be 

interesting. It is possible that their kinase activity is induced follow ing treatm ent 

w ith PBOX-21 in order to m aintain inhibitory phosphorylations upon the T y rl5  

and T h rl4  residues. To confirm  this possibility, the phosphorylation status o f  

T y rl5  could be investigated via im m unoprecipitation w ith CD K2, CDK4 and 

C D K 6  and w estern blotting with a phospho-tyrosine antibody (Cangi et al., 

2000).

It also rem ains to be determined fully w hether or not the induction o f  p21 

in response to PBOX-21 is dependent or independent o f  p53 control. This would 

involve analysis o f  the p21 protein expression levels in a p53-null astrocytom a 

cell line following PBOX-21 treatm ent (Xu et al., 2001). It w ould be interesting 

to determ ine what lies upstream  in regulating cyclin D 3 and D 2 expression levels 

and the kinase activities o f  CDK2, 4, and 6 . For exam ple are the m itogen 

activated protein kinases (M APKs) JNK, ERK, and p38 involved? These kinases 

form a cascade that transm its mitogenic (Blenis, 1993) or differentiating signals 

(Brondello et al., 1995) w ithin most cell types. A lso, the positive effect o f  c-m yc 

on cell growth is becom ing apparent from w ork with both D rosophila and 

m am m alian cells, (Elend et al., 1999). Ectopic expression o f  the c-m yc 

oncoprotein prevents cell cycle arrest in response to grow th-inhibitory signals, 

differentiation stim uli, or m itogen withdrawal. M oreover, c-m yc activation in 

quiescent cells is sufficient to induce cell cycle entry in the absence o f  growth 

factors. Myc is a positive regulator o f  G1-specific CD K s via dow nregulation o f  

CDK inhibitors and upregulation o f  CD C25a activity (Am ati et al., 1998).
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Therefore, the expression of c-myc may be abrogated by PBOX-21, and an 

analysis o f the expression levels o f this protein following treatment with PBOX- 

21 may identify a potential upstream regulator o f the PBOX-21 mediated G1 

arrest.

The second part o f this study concentrated on elucidating the molecular 

mechanisms underlying the oncostatic and apoptotic effects o f a representative 

pro-apoptotic PBOX compound, PBOX-6. It was demonstrated that PBOX-6 is 

efficacious in suppressing cell growth and inducing apoptotic cell death in the 

MCF-7 human breast carcinoma cell line. PBOX-6 induced G2/M arrest by 

sustained activation o f CDKl prior to apoptosis induction. In fact, PBOX-6 was 

shown to elicit similar effects upon MCF-7 cell cycle kinetics, CDKl kinase 

activity and G2/M regulatory proteins as two antimicrotubule agents, nocodazole 

and paclitaxel, suggesting that PBOX-6 may also target the microtubule network 

o f the cell.

The biochemical events downstream of microtubule disruption which lead 

to apoptosis remain largely unclear (Jordan et al., 1998b; Wang et al., 1999). 

While the G2/M arrest induced by antimicrotubule agents has been observed to 

initiate apoptosis (Jordan et al., 1993; Jordan et al., 1996; Ling et al., 2002; Park 

et al., 2001; Woods et al., 1995; Yu et al., 1998), evidence has also been 

presented that indicates that the mitotic arrest o f the cell cycle may not be the only 

mechanism to induce apoptosis (Lanni et al., 1997; Lieu et al., 1997; Moos et al., 

1998). Thus, the precise molecular mechanism underlying apoptosis and mitotic 

arrest induced by antimicrotubule agents and the relationship between the two 

events remain ill-defined. Therefore, the dependency o f the observed PBOX-6 

induced apoptosis upon the PBOX-6 induced G2/M arrest could be investigated, 

so as to address whether these two effects o f PBOX-6 were intimately related or 

simply two independent consequences o f disrupting the normal physiological 

balance o f microtubule dynamics. This could be achieved in several ways, 

including:

(1) Pretreatment o f the cells with aphidicolin, a DNA polymerase that arrests 

cells in the S-phase, before treatment with PBOX-6 (Park et al., 2001). 

The cells could then be analysed by flow cytometry to determine if 

arresting the cell in the S-phase prevented the ability o f PBOX-6 to induce 

G2/M arrest and thus apoptosis. To further characterise the effect of
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aphidicolin-induced S-phase arrest upon PB O X -6-induced apoptosis, 

w estern blot analysis o f PARP cleavage as well as TU NEL staining could 

also be carried out.

(2) The m itotically arrested state o f  the M CF-7 cells was associated w ith an 

upregulation in activity o f  CD K l kinase activity follow ing treatm ent with 

PBOX-6. Therefore, this sustained C D K l activation m ay be a link 

betw een the PBOX-6 induced arrest and apoptosis. To exam ine this 

hypothesis, the activity o f  C D K l could be inhibited by pretreatm ent with 

olom oucine, a purine derivative that inhibits CD Ks (Ye et al., 2001), or 

with another purine deriviative that selectively inhibits C D K l, 

CG P74514A  (Dai et al., 2002), prior to treatm ent w ith PBOX-6. I f  these 

CDK inhibitors achieved inhibition o f  C D K l activity, the effect o f  this 

upon PBOX-6 induced apoptosis could then be assessed. A lternatively, 

one could examine whether overexpression o f  cells w ith a 

dom inant/negative mutant o f  C D K l by transient transfection results in 

resistance to apoptosis induction by PBOX-6.

Apoptosis is controlled by a com plex interplay betw een regulatory 

proteins (Lockshin et al., 2001). Bcl-2, an integral m em brane oncoprotein, was 

the first anti-apoptosis gene product discovered (Reed, 1994). Phosphorylation o f 

Bcl-2 was first reported by Alnemri et al. (1992) and is considered to abrogate its 

anti-apoptotic function. M any reports have dem onstrated phosphorylation o f  Bcl- 

2 following treatm ent with antimicrotubule agents (Fan et al., 2000; Fan et al., 

2001; M acC arthy-M orrogh et al., 2000; Park et al., 2001; W ang et al., 1999; Wu- 

W ong et al., 2001; Yam am oto et al., 1999). In addition, Bcl-2 has been show n to 

be phosphorylated by JNK (Fan et al., 2001) and C D K l (V antieghem  et al., 2002) 

following treatm ent with antimicrotubule inhibitors. In this study, PBO X -6 has 

been shown to upregulate the activity o f both JN K  and C D K l w ithin the M CF-7 

cells. Therefore, it would be interesting to assess the phosphorylation status o f  

Bcl-2 in M CF-7 cells following PBOX-6 treatm ent. I f  Bcl-2 were seen to be 

phosphorylated follow ing treatm ent with PBOX-6, the question o f  which, if 

either, o f  JNK or C D K l, was responsible for the phosphorylation could be 

assessed by pretreatm ent with the JNK inhibitor, dicum oral, or the C D K l 

inhibitor, olom oucine or CGP74514A. Also, to further characterise the ability o f  

either o f these kinases to phosphorylate Bcl-2, im m unoprecipitation studies could
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be used to determ ine if  JNK or C D K l associates w ith Bcl-2 follow ing PBOX-6 

treatm ent.

The third part o f  this study aim ed at exam ining the hypothesis that the 

m olecular target o f  PBOX-6 is the m icrotubule netw ork o f  the cell. Indirect 

im m unofluorescence techniques allow detection o f  m orphological changes in the 

m icrotubule netw ork such as alterations in m icrotubule organisation and 

arrangem ent. PBO X -6 treated cells were show n to undergo m icrotubule 

disassem bly in a m anner similar to the known tubulin  depolm eriser, nocodazole. 

Furtherm ore, a tubulin assem bly assay was set up and consistent w ith the cellular 

effect, dem onstrated that PBOX-6 has a nocodazole-like effect to destabilise 

tubulin polym erisation in vitro.

Despite the interaction o f tubulin w ith a large num ber o f  drugs that inhibit 

or prom ote its assem bly into m icrotubules, a precise definition o f  drug binding 

sites on the protein has proved difficult. This is a consequence o f  a lack o f  success 

in crystallising the protein, its instability and its tendency to forni oligom ers and 

polym ers o f  highly aberrant morphology in the presence o f  m any o f  these drugs. 

Therefore, only three distinct binding sites o f  antim icrotubule agents have been 

characterised to date, i.e. the binding sites o f the tubulin polym eriser, paclitaxel 

(Nogales et ciL, 1998) and o f the tubulin depolym erisers, vinblastine and 

colchicine (Serrano et a l ,  1984; Uppuluri et a l ,  1993). Using com petitive binding 

studies, the present study demonstrated that PBO X -6 does not bind to either the 

colchicine or the vinblastine binding sites. This w ould suggest that PB O X -6 binds 

to an as yet uncharacterised binding site on tubulin. Photoaffm ity labelling 

m ethods could be used to define the m olecular contacts betw een PBO X -6 and its 

target tubulin. To identify the site(s) o f  photoincorporation, the photolabelled 

tubulin could be subjected to sequential cyanogen brom ide and tryptic digestions. 

The radiolabelled peptides would be purified by reverse phase HPLC and amino 

acid sequencing studies could identify a peptide(s) containing the m ajor 

photolabelled band. Such studies have previously been perform ed in 

characterising the colchicine (Uppuluri et al., 1993), vinblastine (Rai et al., 1996) 

and paclitaxel (Rao et al., 1999) binding sites on tubulin.

In order to further characterise the site at which PBO X -6 binds tubulin, the 

ability o f  PBOX-6 to displace the binding o f  GTP to tubulin m ay be assessed. All 

known agents that bind in the vinca dom ain, are know n to also prevent GTP
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nucleotide exchange on tubulin and inhibit the ability o f tubulin to hydrolyse GTP 

(Hamel, 1996). Although PBOX-6 did not inhibit the binding o f vinblastine to 

tubulin, determination o f the ability o f PBOX-6 to displace GTP and inhibit GTP 

hydrolysis by tubulin would further qualify this result. GTP displacement may be 

determined by using size-exclusion chromatography to measure the amount of 

[ H]GTP displaced from binding to tubulin following incubation with PBOX-6. In 

addition, pretreatment o f MCF-7 cells with exogenous GTP (250-750 mM) prior 

to treatment with PBOX-6, would further address whether binding to the 

exchangeable nucleotide/GTP site upon tubulin by PBOX-6 is involved in 

mediation o f its cytostatic and cytotoxic effects. Determination o f the effect o f 

PBOX-6 upon tubulin associated GTPase activity may be achieved by
■J -J -J T

measurement o f the release o f P from [ P]y-GTP as described by Hamel and 

Lin (1981) following a tubulin assembly reaction as described in Section 2. 2.11 

in the presence o f [” P]y-GTP and PBOX-6.

Multidrug resistance (MDR) is either an innate or acquired resistance to a 

wide array o f chemotherapeutic agents with diverse chemical structures and 

mechanisms o f action. MDR is a serious problem, preventing the successful 

application o f many otherwise efficacious therapeutics in the treatment o f cancer. 

MDR is multifactorial, including the overexpression o f the P-glycoprotein drug 

efflux pump (Aran et al., 1999) and overexpression o f MDR-associated protein 

(MRP) (Cole et a i ,  1998). The clinical success o f the antimicrotubule agents in 

the treatment o f various cancers has prompted the search for new agents with 

similar mechanisms o f action. The search for new antimicrotubule agents has been 

vigorous with the goal o f providing new agents with advantages over the older 

members o f this class o f drug, specifically those that can circumvent cellular 

responses that confer multidrug resistance. As PBOX-6 displays antimicrotubule 

activity against cell proliferation and viability in the human MCF-7 breast 

carcinoma cell line, it would be o f interest to determine its effect upon a P- 

glycoprotein-overexpressing MCF-7 cell line and also upon an MRP-expressing 

MCF-7 cell line (resistance indices, 2.3 and 1.9 respectively) (Ling et al., 2002). 

If it were found that PBOX-6 were capable o f eliciting a cytostatic and cytotoxic 

effect within either or indeed both o f these cell lines, it would suggest that it may 

be useful for treating drug-refractory patients.
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As antimicrotubule agents are believed to mediate their apoptotic effects 

by activating the spindle assembly checkpoint, it would, therefore, be interesting 

to assess the effect that PBOX-6 had upon the key proteins involved in mediating 

the signalling cascade that mediates this checkpoint. In order to determine the 

spindle checkpoint status, the cellular localisation patterns o f the key checkpoint 

proteins, namely Mad2, Bubl and BubRl, within mitotically arrested cells 

following treatment with PBOX-6 could be assessed via selective detachment of 

the mitotically arrested cells and subsequent indirect immunofluoresence 

(Hoffman et al., 2001; Skoufias et a i ,  2001; Zhou et a l ,  2002b). In particular, it 

would be interesting to determine which, if any, o f these checkpoint proteins 

associate with the unattached kineotochores following treatment with PBOX-6. 

Immunofluorescent staining o f sister centromeres with anti-human centromere 

antibodies would allow for visualisation of the kinetochores o f sister chromatids 

(Hoffman et al., 2001; Skoufias et al., 2001; Zhou et al., 2002b). In prophase and 

prometaphase, when kinetochores are not attached and under tension, the 3F3/2 

antibody recognises a phosphoepitope upon the unattached kinetochore. This 

phosphorylation may be the trigger for activation o f the spindle assembly 

checkpoint. It is thought that dephosphorylation occurs when the kinetochores 

attach to the spindle, leading to inactivation o f the checkpoint (Nicklas, 1997; 

Stem et al., 2001). The phosphorylation of this kinetochore epitope recognised by 

the 3F3/2 antibody is believed to be tension-sensitive (Zhou et al., 2002c). 

Therefore, it would be interesting to determine if this epitope is phosphorylated 

following treatment with PBOX-6, indicating induction o f the spindle assembly 

checkpoint. This may be achieved by staining with the 3F3/2 antibody o f 

mitotically arrested cells following treatment with PBOX-6.

If  this epitope was found to phosphorylated, the next issue to be addressed 

would be which kinase is responsible for this phosphorylation event? There is 

evidence that the Ipll/A urora family o f protein kinases, play a role in tension- 

dependent checkpoint signalling (Ditchfield et al., 2003; Giet et al., 1999; Tanaka 

et al., 2002) and thus a member o f this family o f  kinases may be responsible for 

the tension-sensitive phosphorylation of the 3F3/2 recognised epitope of 

unattached kinetochores. Initially, determination o f the Aurora kinase activity 

within the cell following treatment with PBOX-6 could be determined via an in 

vitro kinase assay (Ditchfield et al., 2003). This would reveal if  PBOX-6 induced
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the activity o f  the Aurora kinases, suggesting a role o f  these kinases in the 

m olecular m echanism  o f  PBOX-6. The hypothesis that the A urora kinase fam ily 

m em bers m ay phosphorylate the 3F3/2 recognised epitope o f  unattached 

kinetochores m ay be determ ined by assessing the extent o f  staining w ith the 3F3/2 

antibody follow ing PBOX-6 treatm ent o f cells in which the A urora kinases have 

been inhibited by pretreatm ent with a novel selective A urora kinase inhibitor, 

ZM 447439 (D itchfield et a l ,  2003).

Using the current knowledge o f structure-activity relationships for activity 

o f  PBO X  com pounds, new compounds should be rationally designed and 

synthesised for screening in vitro for cytostatic and apoptotic potential, in order to 

optim ise structures for potency and determine a clear structure-activity 

relationship. It w ould also be o f interest to perform m olecular m odelling studies 

com paring PBOX com pounds to known microtubule targeting agents to determ ine 

if  there are any pharm acophore similarities between these drugs.

Finally, in order to further assess the ability o f  PBOX-21 and PBO X -6 to 

act as novel anticancer agents, their ability to slow tum ourgenesis in vivo  would 

need to be exam ined. This may be assessed by determ ining the ability o f  PBOX- 

21 and PBOX-6 to inhibit the growth o f  murine and/or hum an tum ours implanted 

into a nude m ice m odel. This in vivo xenograi't study w ould involve injecting the 

mice subcutaneously w ith a specified amount o f  either m urine or hum an tum our 

cells. After the im planted mice grew tumours o f 10-15mm^, one group o f  mice 

would be injected intraperitoneally with vehicle saline solution, and another group 

with PBOX-6 daily for 3 weeks. The growth rate o f  tum ours w ould be m onitored 

by m easuring the tum our volumes by calliper m easurem ents (Towle et al., 2001; 

Ye et al., 1998).

In sum m ary, the current study has elucidated m uch o f  the m olecular 

m echanism s underlying the oncostatic and apoptotic activity o f  PBOX-21 and 

PBOX-6 respectively. For example, it has identified the m olecular target o f  

PBOX-6 as tubulin. Further characterisation o f the oncostatic and apoptotic 

pathw ays, coupled w ith in vivo experiments will provide further insights into the 

use o f  these novel com pounds as anticancer therapeutics.
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7 GENERAL DISCUSSION
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Cell cycle dysregulation is a hallmark o f  tumorigenesis. Timely and 

coordinated progression through the cell cycle is controlled by the sequential 

activation o f  members o f  cyclin-dependent kinases (CDKs) at specific intervals 

throughout the cell cycle (McDonald et a l ,  2001). As such, attention has been 

increasingly focused upon the cell cycle as a potential target for therapeutic 

intervention in several proliferative disorders, including cancer. Disrupted cell 

cycle control due to aberrant CDK activity has been linked directly to the 

molecular pathology o f  cancer (Kamb, 1995; Pavletich, 1999), and has provided 

the main impetus to the active search for pharmacological inhibitors o f  these 

kinases. The first part o f  this study concerned the elucidation o f  the molecular 

mechanism underlying the oncostatic effects manifested by a member o f  a novel 

series o f  pyrrolo,l,5-benzoxazepines (PBOXs), PBOX-21.

A number o f  PBOX compounds were demonstrated in this study to induce 

a potent growth inhibitory effect upon both the human 1321N1 astrocytoma and 

MCF-7 breast carcinoma cell lines. Compounds that exert such inhibitory effects 

upon cancerous cell growth are candidates for therapeutic use in the treatment o f  

cancer. The growth inhibitory effects induced by a representative cytostatic 

PBOX compound, PBOX-21, was mediated through the induction o f  cell cycle 

arrest in the G1 phase, and was not associated with a significant cytotoxic effect. 

PBOX compounds are high affinity ligands to the peripheral type benzodiazepine 

receptor (PBR), however, the arrest did not appear to be mediated through binding 

to this receptor, as saturation o f  the PBR binding sites with the specific PBR 

ligand, PK 11195, prior to treatment o f  the cells with PBOX-21 did not prevent 

the arrest. The arrest was preceded by a rapid decrease in CDK2 kinase activity 

and cyclin D 3 expression, and was concomitant with a decrease in CDK4 kinase 

activity, indicating that these events are likely to be part o f  the mechanism  

responsible for initiating the PBOX-21 induced G1 arrest. The expression o f  the 

CDK inhibitor, p21, as well as the kinase activity o f  CDK6 , were upregulated and 

downregulated respectively following PBOX-21 treatment, but not until 

subsequent to the onset o f  arrest suggesting a possible role in the maintenance o f  

the arrest. Furthermore, Rb was found to be hypophosphorylated in response to 

PBOX-21 treatment. These results indicate that PBOX-21 exerts its growth 

inhibitory effects through the modulation o f the activity o f  the key G1 regulatory
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CDKs, and suggests its potential as a novel CD K inhibitor with possible 

therapeutic application.

The second part o f  this study concentrated upon the m olecular m achinery 

involved in the m ediation o f the apoptotic effects o f  a second PBO X  com pound, 

PBOX-6. The PBO X  compounds appear to be subdivided into two groups, those 

that exert antiproliferative effects (e.g. PBOX-21) by arresting cells in the G1 

phase o f  the cell cycle without eliciting cytotoxic effects (M ulligan et al., 2003; 

Zisterer et al., 1998), and those that can induce apoptotic cell death (e.g. PBOX-6) 

(Me Gee et al., 2001; Me Gee et al., 2002a; Me Gee et al., 2002b; Zisterer et al., 

2000). Thus the apoptotic activity o f  members o f  the PBO X  series is dependent on 

their structure (Me Gee et al., 2001; Me Gee et al., 2002a; Me Gee et al., 2002b; 

Z isterer et al., 2000). The pro-apoptotic m em bers have in general been found to 

contain a napthyl side-chain, but further studies are required to determ ine a clear 

structure-activity relationship.

Apoptosis represents a universal and exquisitely efficient cellular suicide 

pathway. As the understanding o f  its vital role in norm al developm ent has 

deepened, num erous genes have been identified that encode apoptotic regulators, 

some o f  which represent fam iliar oncogenes or tum our-suppressor genes. Because 

o f this convergence between cancer biology and cell death regulation in 

developm ent, researchers into anticancer therapies now  frequently focus on 

m olecular pathw ays whose endpoint -  death -  coincides with the goal o f 

successful treatm ent. A representative m em ber o f  the pro-apoptotic subset o f  

PBOX com pounds, PBOX-6 was chosen for investigation in this study, as it has 

previously been show n to potently induce apoptosis w ithin in a variety o f  hum an 

cancerous cells derived from the haematopoietic system  such as prom yelocytic 

leukaem ia H L-60 cells, Jurkat T lymphoma and chronic m yeloid leukaem ia 

(CM L) cells (M e Gee et al., 2001; Me Gee et al., 2002a; M e Gee et al., 2002b; 

Z isterer et al., 2000), as well as in the human prostate carcinom a LNCaP cell line 

and the cervical carcinom a HeLa cell line (M cGee, unpublished results). This 

suggests the potential o f  these drugs as anticancer therapeutics in the treatm ent o f  

both solid tum ours and haematologic neoplasias. This study revealed that PBOX- 

6 was efficacious in suppressing cell growth and inducing apoptotic cell death in 

the M CF-7 hum an breast carcinom a cell line. It appeared to do so by inducing a 

sequential upregulation in JNK activity and cyelin Bi associated C D K l kinase
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activity. The rapid activation o f  the JNK kinase signalling pathw ay w ould appear 

to be im portant to the m echanism  o f PBOX-6 arrest and apoptosis as its inhibition 

protected against these effects. It was also shown that PBO X -6 elicited sim ilar 

effects upon M CF-7 cell cycle kinetics, C D K l kinase activity and G2/M  cell- 

regulatory proteins as two representative antim icrotubule agents, nocodazole and 

paclitaxel, suggesting that PBOX-6 may be a m em ber o f  this class o f  anticancer 

agents. In the field o f  antineoplastic chem otherapy, tubulin-binding agents 

constitute an im portant class o f  compounds, with broad activity both in solid and 

in hem atologic neoplasias (Crown et a l ,  2000; D evizzi et a l ,  1994; Sam son et a l ,  

1989).

'I'he third part o f  this study aimed to further characterise the m echanism  o f  

action o f  PBOX-6 and attem pted to confirm the hypothesis that the m olecular 

target o f  PBOX-6 is tubulin, characterising it as a novel m em ber o f  the 

antim icrotubule class o f  agents. There is a huge requirem ent for the developm ent 

and/or discovery o f  novel antimicrotubule agents that have sim ilar m odes o f  

action to the currently used drugs but w ith im proved biological and 

pharm acological features, thus underlying the im portance o f  further 

characterisation o f  the m echanism  o f action o f  PBOX-6. This study confirm ed 

that PB O X -6 targets the microtubule network causing depolym erisation o f  the 

m icrotubule network o f  the cell leading to prom etaphase arrest and followed by 

apoptotic cell death. D epolym erisation o f  the m icrotubule netw ork by a second 

pro-apoptotic PBOX com pound, PBOX-15, further suggested that the inducfion o f 

arrest and apoptosis was as a consequence o f  a direct effect upon the cellular 

m icrotubule skeleton. The antiproliferative and non-apoptotic PBO X  com pound, 

PBO X -21, did not have any effect upon the assem bly o f  tubulin in vitro or upon 

the m icrotubule netw ork o f  the cell. This would suggest that the m olecular target 

o f  the pro-apoptotic PBOX compounds is tubulin. The possibility that the 

m echanism  by w hich PBOX-6 depolymerises the m icrotubule netw ork m ay be 

unique am ongst antim icrotubule agents was suggested by the fact that PBOX-6 

was found to bind to a novel site upon tubulin. The ability o f  PB O X -6 to bind 

tubulin and cause m icrotubule depolym erisation, suggests it as a novel candidate 

for antineoplastic therapy. This is all the more significant, as both the clinical 

success of, and increasing resistance to antim icrotubule agents in the treatm ent o f  

a variety o f  cancers has prom pted the search for new  agents w ith a sim ilar
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mechanism. Thus, there is much effort being directed towards the identification 

and synthesis o f new agents that target the tubuHn/'microtubule system and display 

efficacy against drug-refractory carcinomas.

A major problem o f cancer therapy is to not kill the normal cells essential 

for life while killing the great majority o f cancer cells. Subtle differences that 

arise during progression o f cancer can provide novel therapies, such as targeting 

normal cells for protection against chemotoxicity. The increasing understanding 

gained by applying cellular and molecular biological techniques including 

expression genetics to detect molecular differences is revealing potential targets, 

including those related to cell proliferation, apoptosis, and differentiation. The 

quantitative differences o f gene or enzyme expression between normal and 

tumour cells have provided the basis for drug discovery that can either reversibly 

target the normal cells or differentially target the tumour cells. Most investigators 

would agree that the ideal chemotherapeutic agent should be 1) directed at a 

validated target; 2) potent, preferably active at nanomolar or subnanomolar 

concentrations; 3) active against drug-resistant cells; and 4) less toxic or ideally 

not toxic to normal cells. The antiinicrolubule agents have been so successful in 

the treatment o f cancer that no one would dispute that tubulin is a valid target. 

Indeed, given the widespread activity o f the taxanes and the utility o f the vincas, it 

could be argued that tubulin represents the single best target identified to date 

(Jordan et a i, 1998b). This should not be surprising, since the majority o f known 

antimicrotubule agents are natural products, or derivatives thereof, and have been 

obtained from many classes o f organisms, marine and terrestrial, from 

Cyanobacteria to mammals. One could argue that tubulin, as a target, has been 

validated time and again by "Mother Nature" (Hamel, 1996).

There are ongoing efforts to develop even more potent PBOX compounds. 

Indeed, PBOX-15 has been shown to exert apoptotic activity within the CML 

K562 cell line at nanomolar concentrations (personal communication. Dr. M. 

McGee). As stated in the future work section o f this study, it is necessary to now 

determine the effect o f PBOX-6 upon a P-glycoprotein-overexpressing MCF-7 

cell line and also upon an MRP-expressing MCF-7 cell line (resistance indices, 

2.3 and 1.9 respectively) (Ling et ai, 2002), so as to determine if it has possible 

clinical applicability in the treatment o f drug-refractory patients. It also remains to
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determine the preferential toxicity o f PBOX-6, if  any, between normal and 

malignant cells.

In summary, this study has revealed the therapeutic potential o f two 

members o f the PBOX compounds, namely PBOX-21 and PBOX-6, in the 

treatment o f human cancers. Part o f the mechanism(s) by which these two 

compounds induce their respective effects has been uncovered. Further 

characterisation o f  the molecular pathways involved, coupled with ex vivo and in 

vivo experiments, will provide a mechanistic basis to the mode o f action o f these 

novel agents and will provide further insight into the use o f these novel 

compounds as anticancer therapeutics.
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Abstract

T h e p resent stu d y  e x a m in e s  th e m olecu lar  m ech a n ism s by  w h ich  a m em b er o f  a n o v e l ser ie s  o f  p y r r o lo - l,5 -b e n z o x a z e p in e s , P B O X -2 1 ,  
in d u ces  G1 arrest in 1 3 2 IN I  c e lls . P B O X -2 1 -in d u ced  G1 arrest is p reced ed  by  both a d ecrea se  in C D K 2  k in a se  activ ity , w h ich  is  critical for  
th e G l /S  transition , and  a d ow n regu la tion  in cy c lin  protein ex p ress io n  le v e ls , su g g e stin g  that th ese  tw o  e v en ts  m ay  b e  cru cia lly  in v o lv ed  

in the m ed ia tio n  o f  the c e ll c y c le  arrest. T he decrease  in C D K 2 activ ity  m ay be due to an o b serv ed  d ecrea se  in C D K 2  protein  le v e ls  fo llo w in g  
P B O X -2 1  treatm ent. C o in c id in g  w ith  the arrest is a reduction in the activ ity  o f  C D K 4 , d u e to e ither the o b se rv ed  P B O X -2 1  in d u ced  

d o w n reg u la tio n  in C D K 4  e x p r ess io n , or a reduction  in co m p lex  form ation b etw een  cy clin  D j - C D K 4  lea d in g  to  a d ecrease  in th e le v e ls  o f  

a ctiv e  c y c lin  D 3 - C D K 4  c o m p le x e s  w ith  k in ase  activ ity . T he leve l o f  C D K 6  a ctiv ity  w a s  a lso  see n  to be red u ced  fo llo w in g  P B O X -21  
treatm ent, a lso  p o s s ib ly  d u e  to a red uction  in c o m p le x  form ation w ith  c y c lin  D v  H o w ever , th is red u ction  in C D K 6  k in a se  a c tiv ity  w a s  not 
seen  until after P B O X -2 1 - in d u ce d  G1 arrest has reached  its m axim um , and therefore m ay b e  v ie w e d  as a c o n se q u e n c e  o f , and a m eth o d  o f  

m ain ta in in g  the P B O X -2 1 - in d u c e d  arrest, rather than a cause. A lso  in parallel w ith  the G l arrest e lic ited  b y  P B O X -21  is an up regu lation  in 
th e u n iversa l C D K  inh ib itor. p 21 . Furtherm ore, the retinob lastom a protein  (R b), a substrate o f  C D K 2  and C D K 6 , w h o s e  p h osp h ory la tion  is 

n ecessa ry  for ce ll c y c le  p ro g ress io n , b ec o m e s  hyp op h osp h ory la ted . T h ese  results ind icate that P B O X -2 1  exerts its grow th  in h ib itory  e ffe c ts  
through th e m o d u la tio n  o f  the ex p ress io n  and a c tiv ity  o f  several k ey  G l regu latory proteins.
©  2 0 0 3  P u b lish ed  b y  E lsev ier  B .V .

Keynord.s: Cell cycle; G l arrest; C yclin-depcndcnt kinase; Pyrrolo-1.5-ben/oxazepm e; I 32I NI

1. In troduc tion

We have previously shown that som e members o f  a 
series o f novel pyiTolo-1, 5-benzoxazepines (PBOXs) elicit 
antiproliferative effects upon tumour cells including human 
1321N1 astrocytoma cells [1], These PBOX compounds 
were found to induce a specific accumulation o f  cells in the 
G l phase o f  the cell cycle , although the time o f  onset o f  the 
G l arrest remains unclear. Significantly, the antiproliferative 
effects o f  these com pounds were found to be entirely due to 
this G l arrest as the PBOX compounds were not cytotoxic 
to the cells.

Cancer has alw ays been attributed to an abnonnal 
proliferation o f  cells, and agents that interfere with cell

A bbreviations: PBOX, pyrrole-1.5-benzoxazepine; CD K . cyclin-de­
penden t kinase; Rb. retinoblastom a protein
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cycle progression rnay have potential as anticancer thera­
peutics. The discovery o f  inhibitors o f  the cell cycle such 
as paclitaxel [2] and olom ucine [3] has led to rapid 
advances in the investigation and design o f  a variety o f  
anti-mitotic com pounds that are used clinically or have the 
potential for developm ent as antiproliferative agents. The 
cytostatic effects o f  PBOX com pounds in human tumour 
cell lines indicated the potential o f  these com pounds for 
use as novel anticancer drugs and prompted us to exam ine 
the direct mechanism s responsible for the initiation and/or 
maintenance o f  the growth-arrested state. Because cell 
growth and proliferation are ultimately regulated by a 
highly conserved set o f  cell cycle regulatory proteins, a 
productive approach to the study o f  the antiproliferative 
m ode o f  action o f  the P B O X s is to exam ine their 
influence on the regulation o f  the cell cycle-regulating  
machinery.

The eukaryotic cell cycle is regulated by the action o f  the 
cyclin-dependent kinases (C DK s) and their activating sub-
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units, the cyclins [4]. In mammalian cells, CDK2 associated 
with either D- or E-type cyclins, and CDK4 and CDK6 
associated with D-type cyclins, regulate G1 progression. 
Progression from G1 to S requires inactivation of the 
retinoblastoma protein (Rb) by phosphorylation and the 
consequent release of a number of factors including the 
E2F family of transcription factors. These transcription 
factors then activate transcription of various genes that 
promote cell cycle progression. Thus the phosphorylation 
status o f Rb is a critical determinant in the execution of the 
progression of G1 to S.

In the present study, we systematically analysed the 
changes that occurred in kinase activities, expression levels, 
interactions and phosphorylation status of the cell cycle 
regulatory molecules in human 132INI cells, in response to 
treatment with a potent antiproliferative PBOX compound, 
PBOX-21, and compared them to the timing of onset of the 
growth arrest process.

2. M aterials and methods

2.1. Cell culture

1321N1 cells were obtained from the European Col­
lection o f Animal Cell Culture (Salisbury, UK) and were 
grown in Dulbecco’s Modified Essential Medium supple­
mented with 10% (v/v) Foetal Calf Serum (PCS), 2 mM 
I.-glutamine and 100 i-ig/ml gentamicin (complete medi­
um) all obtained from Sigma (Poole, Dorset, UK). The 
pyrrolobenzoxazepine 7-[(diethylcarbamoyl)oxy]-6-/7-toyl- 
pyrrolo[2,l-d][l,5]benzoxazepine (PBOX-21) was syn­
thesised as described previously [5]. To ensure expo­
nential cell growth, 1321N1 cell cultures were set up 
48 h prior to treatment with either vehicle (0.5% ethanol 
(v/v)) or PBOX-21 (25 |iM) for the indicated times. Cells 
were harvested and processed for cell growth curve, 
MTT assays, flow cytometric analysis, immunoprecipita- 
tion. Western blotting and kinase assays as described 
below.

2.2. Determination o f  cell growth cur\’e

1321N1 cells (2.5 x 10̂ ’) were seeded in 175 cm^ flasks 
and following 48 h were treated with or without PBOX-21 
(25 i^M). Viable cell number was determined at the indicat­
ed times by counting the trypan blue-excluding cells using 
hemocytometer.

2.3. M TT assay

Proliferation of 1321N1 cells in response to PBOX-21 
was determined using the MTT assay as described previ­
ously [6]. Fifty microliters of 5 mg/ml MTT was added to 
the culture medium of growing cells and incubated for 3 h at 
37 °C. The medium was removed and 200 |al of DMSO was

added to each well. The absorbance of the dissolved dye 
was measured at 540 nm.

2.4. Flow cytometric cell cycle analysis

Flow cytometric analysis was performed as described 
previously [1] using a Becton Dickinson FACSCalibur flow 
cytometer. Analysis of data was performed using the com­
puter program Cell Quest.

2.5. Immunoprecipitation and kinase assays

Cell lysates for immunoprecipitation were prepared as 
previously described [7]. Equal amounts of protein (200- 
500 |ig) were incubated with the appropriate antibody for 3 
h at 4 °C. Antibody complexes were recovered on protein 
A-Sepharose beads (Sigma). The in vitro kinase assays were 
performed as previously described [7] in the presence of 
either 10 |ag of histone HI (Sigma) or GST-Rb fusion 
protein (Santa Cmz) and 5 |iCi of [7^'P]ATP (Amersham 
International) per reaction. Samples were then analysed on 
SDS-PAGE followed by autoradiography.

2.6. Western blot analysis

Preparation of cell lysates and Western blot analysis 
was performed as previously described [8]. A 10% SDS- 
PAGE gel was used for detection of cyclin E, whilst a 12% 
SDS-PAGE gel was used for detection of cyclins D  ̂ and 
D,, CDK2, CDK4, CDK6, p21 and (Vactin. A 5-20%  
gradient gel was employed for detection of Rb phosphor-

30-,
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Fig. I. Growth response o f 1321N1 cells to PBOX-21. 1321N1 cells 
(2.5 X 10*) cells were seeded in 175 cm‘ flasks and either left untreated or 
treated with PBOX-21 (25 |aM). Cell number was counted at the indicated 
times using a hemocytometer. Results represent the mean ± S.E.M. o f  three 
separate experiments.
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ylation  status. A n tib od ies for C D K 2, C D K 4, C D K 6, cyclin  
D ,,  p21 and R b w ere obtained from  B D -Pharm ingen. 
A n tib o d ie s  for c y c lin  D | and E w ere ob ta ined  from  
O n co g en e, the antibody for cyclin  D 2 w as obtained from  
C alb iochem  and the (VActin antibody w as obtained from  
Sigm a.

3. Results

3.1. PBOX-21-treated 132 INI cells display decreased 
proliferation and an accumulation in the GI phase

To a ssess the inhibitory effect o f  P B O X -2 1 on the 
grow th o f  1321N 1 ce lls , w e  determ ined their growth rate

in the absence and presence o f  both v eh ic le  (0 .5%  ethanol 
(v /v )) and P B O X -2 1 (2 5  |aM ) (F ig. 1). Proliferation o f  
exponentia lly  grow ing  1321N 1 c e lls  w as inhibited fo llo w ­
ing treatment w ith P B O X -2 1 w ith an inhibitory e ffec t seen  
after 24  h, and the cell num ber did not increase s ig n ifi­
cantly after 48  h. T his ind icates that the action  o f  P B O X -  
21 is exerted rapidly. T he v e h ic le  i t s e lf  inh ib ited  cell 
proliferation sligh tly  ov er  tim e (F ig . I). A low er  co n cen ­
tration o f  ethanol cou ld  not be used  due to so lu b ility  
problem s w ith  the P B O X  com poun ds. Thus, v e h ic le  c o n ­
trols w ere included in all subsequent experim en ts in v o lv ed  
in e lu cidating  the m ech an ism  o f  the grow th inh ib ition  
initiated by P B O X -21 .

To characterise the antiproliferative action  o f  P B O X -2 1, 
an analysis o f  the distribution o f  c e lls  w ith in  the various

A B
!tOn _

ft-, U  Untreated

■  Vehicle 

□  PBOX 21

T im e (hours) T im e (h ours)

T im e (hours) T im e (h ours)

Fig. 2. C hanges in ceil cycle phase distribution following PB O X -21 treatment. 132 IN I (2.5 x 10*’) cells w ere seeded dow n in 175 cm ” flasks and w ere 
incubated at 37 °C  for 48 h until the cells were in the exponential phase o f  growth. The cells w ere then treated w ith vehicle (0.5%  (v/v) ethanol) or P B O X -2 1 
(25 |.iM) for the indicated times and analysed by flow cytometry. The cell cycle phases sub -G I, G l .  S and G 2/M  are indicated. R esuhs represent the 
m ean ±  S.E.M . o f  four separate experim ents. Stati.stical analysis was carried out using the Instat com puter program . * /’ < 0 .0 5 , **P<O.O I w ith respect to 
vehicle treatm ent; S tudent’s /-test.
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phases o f the cell cycle was performed by flow cytometry 
as a function o f  time following PBOX-21 treatment. No 
change in cell cycle distribution was apparent during the 
first 8 h following exposure to PBOX-21 (Fig. 2). A 
significant increase in the percentage o f  cells in the G1 
phase (Fig. 2B) and concomitant reduction in both S (Fig. 
2C) and G2/M (Fig. 2D) was noticeable between 12 and 
16 h relative to vehicle-treated cells, with a maximum 
induction o f G1 arrest being observed at 20 h. A t 48 h, 
although a significant 01  arrest was still noticeable in 
response to PBOX-21 treatment, the vehicle itself (0.5%  
ethanol (v/v)) also appeared to elicit a small effect, relative 
to untreated cells, indicating that this arrest is not due to a 
cell density effect. This is in agreement with the growth 
curve data (Fig. 1). As can be seen from Fig. 2A, the 
fraction o f  cells with a pre-G l DNA-content (apoptotic/ 
necrotic cells) remained unchanged after treatment with 
PBOX-21.

To determine if the effect o f  PBOX-21 on 1321N1 cell 
cycle progression correlated with cell growth, MTT assays 
were performed. Fig. 3 shows that PBOX-21 dose-depen- 
dently inhibited 1321N1 cell proliferation which paralleled 
the accumulation o f  cells in the G1 phase o f  the cell 
cycle. Taken together, these results indicate that PBOX-21 
inhibits cell growth by causing the arrest o f  132 IN I cells 
in G l.

V e h ic le  P B O X -21  !

A f te r  W a sh in g

Fig. 4. PB O X -21-induced cell cycle arrest is reversible. 1321N1 (3 x  10^) 
cells w ere seeded dow n in 25 cm" flasks and incubated for 48 h until the 
cells w'ere in the exponential phase o f  grow th. The cells were then treated 
with either vehicle (0.5%  (v/v) EtOH ) o r PBOX-21 (25 i-iM) and left for 24 
h- The cells from vehicle and P B O X -21-treated flasks w ere harvested and 
analysed by flow cytometry. The m edium  in the rem aining flasks was 
carefully rem oved and the cells w ashed in fresh m edium . A nother 5 ml o f  
fresh com plete m edium  in the absence o f  P B O X -21 was added to the flasks 
and the cells w ere incubated for a further 24 h. The cells were harvested and 
prepared and analysed by flow cytom etry. The results represent the 
m ean ±  S.E.M . o f  three separate experim ents. Statistical analysis was 
carried out using  the Instat com puter program . *P < 0.05 ,  **<0.01 w'ith 
respect to vehicle treatm ent; Student's  /-test.
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Fig. 3. D ose-dependent PBOX-21 inhibition o f  cell proliferation o f  132 IN  1 
cells parallels the cell cycle inhibition. For the M TT assay 132IN l cells 
(0.5 X 10 ) w ere seeded in each well o f  a 96-w ell plate in 200 |.il m edium. 
For flow  cytom etric analysis, 1321N1 cells (2.5 x  10 ’̂) w ere seeded in 175 
cm " flasks. The cells w ere left for 48 h, until they w ere in the exponential 
phase o f  growth, after w hich they w ere treated w ith a final concentration o f 
1. 10, 25 and 50 }aM o f  PBOX-21 and w ere incubated for a flirther 48 h. 
T he cell proliferation and cell cycle arrest is expressed as a percentage o f 
the vehicle (0 .5%  (v/v) E tO H ) and was detenn ined  by perform ing an M TT 
assay and flow cytom etry  analysis respectively, as described. The results 
represent the m ean ±  S.E .M . o f  three separate experim ents.

3.2. PBOX-21 -induced cell cycle arrest is reversible

1321N1 cells were treated with PBOX-21 for 24 h after 
which time the medium was removed and replaced by daig- 
free medium. The cells were incubated for a further 24 h and 
were harvested, prepared and analysed using flow cytometry 
(Fig. 4). The 24 h treatment with PBOX-21 resulted in an 
increase o f 16% o f the cells in G l relative to the vehicle 
control. Following removal o f  PBO X -21 and incubation in 
the drug-free medium for a further 24 h, this G l arrest was 
seen to have been reversed as the percentage o f cells within 
the G l phase was comparable between the vehicle and 
treated samples. It would appear that incubation o f  the cells 
in drug-free medium for 24 h was sufficient for transition 
from the G l block and allow ed a return to a normal 
distribution o f  cells within the various phases o f  the cell 
cycle. This reversal o f the G l arrest indicates a specificity o f 
action o f  PBO X -21 and confirms its lack o f  toxicity to the 
cells.

3.3. PBOX-21 causes a reduction in CDK2, CDK4 and 
CDK6 kinase activity

Since CDKs regulate cell cycle progression, we next 
investigated whether the PBOX-21-induced blockage at the 
G l phase o f  the cell cycle was associated with changes in 
the activity o f  various CDKs responsible for mediating 
G l - S  progression, namely CDK2, 4 and 6. PBOX-21
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treatment caused a time-dependent reduction in the kinase 
activity o f  CDK2 with a reduction o f  approximately 50% in 
activity at 20 h (Fig. 5A ). The reduction was clearly

apparent at 8 h, which is before any changes in cell cycle  
distribution could be detected, suggesting that this was a 
cause o f  the G1 arrest. PBOX-21 treatment also caused a
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Fig. 5. PBCX-21 causes a tim e-dependent dow nregulation in CDK2, CDK4 and CD K 6 kinase activity. W hole cell extracts were prepared as described 
follow ing treatment with PBOX-21 for the indicated times. The protein was im m unoprecipitated w ith either C D K2, C D K 4 o r C D K 6 antibodies and the kinase 
activity  was determ ined by phosphorylation o f  H istone H 1 o r Rb, respectively. For the graph, densitom etry w as perform ed on the resuhant bands using  Scion 
Im age software with 0 h set to 100%. The results show n are the mean ±  S.E.M. o f  three separate experim ents.
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reduction  in the kinase activ ity  o f  C D K 4 and C D K 6 (Fig. 
5B and C). C D K 4 activ ity  declines later than that o f  C D K 2, 
w ith a reduction  seen at 12 h, w hich co incides w ith the 
onset o f  arrest, w hilst a reduction  in C D K 6 activity  does 
not becom e apparen t un til 20 h, w hich is after the initial 
observation  o f  G 1 arrest.

3.4. PBOX-21 causes an early downregulation in the 
protein expression o f  CDK2, CDK4 and cycUn Dj

W e next exam ined  w hether changes in CD K  kinase 
activ ities are a ttributable to changes in the protein levels 
o f  C D K s and  o f  th e ir  cy c lin s . P B O X -21  trea tm en t 
resulted  in a decrease in protein  expression o f  CD K 2 
and  C D K 4 (F ig. 6 A  and  B), beg in n in g  at 8 h and 
m aintained up to 48 h, indicating  that the changes in 
C D K 2 and C D K 4 activ ity  m ay be due to changes in their

protein expression levels. The am ount o f  protein  precip­
itated by the C D K 2 and C D K 4 antibodies also  began to 
decline w ith PBOX-21 treatm ent, in agreem ent w ith the 
observed reduction in their expression levels. PBOX-21 
treatm ent up to 48 h did not change the expression level 
o f  C D K 6 (Fig. 6C ) suggesting that the observed  reduction 
in C D K 6 kinase activity  is not a result o f  a decrease in 
its protein level.

The effect o f  PBOX-21 on the various G1 cyclins was 
next analysed. PBOX-21 had no effect on the expression 
level o f  cyclin E up to 48 h (Fig. 7A ), suggesting  that 
this cyclin  is not involved in the PB O X -21-m ediated  
arrest. As cyclin D | w as no t expressed  in 1321N1 cells 
(un p u b lish ed  data), w e n ex t ex am in ed  th e  e ffec t o f  
PBOX-21 on the levels o f  cyclin D 2 and D3. It was 
found that PBOX-21 treatm ent led to  a dow nregulation  in 
the expression levels o f  cyclin D2 (Fig. 7B), bu t not until
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Fig. 6. T he effect o f  PBOX-21 on the expression  levels o f  the CDKs. Cell lysates were prepared as described following treatm ent w ith either vehicle (V) or 
PBOX-21 for the indicated tim es. Protein (70 |ig ) w as resolved using SDS-PAGE, transferred onto PVDF m em brane and probed with anti-C D K 2 (A), anti- 
C D K 4 (B) o r anti-C D K 6 (C) antibodies. The blots w ere stripped and re-probed with anti-l^-actin antibody. The results show n are representative o f  at least three 
separate experim ents.
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Fig . 7. T h e  effec t o f  P B O X -2 1 on  the  ex p re s s io n  levels  o f  the ( i  I cyc lin s . t  ell lysates w ere  p rep a re d  as  d e sc r ib e d  fo llo w in g  tre a tm en t w ith  e i th e r  v eh ic le  (V ) o r  
P B O X -21  fo r th e  in d ica ted  tim es. P ro te in  (7 0  )tg) w as reso lved  u sing  S D S -P A G E , tran sfe rred  on to  P V D F  m e m b ra n e  an d  p ro b e d  w ith  an ti-cy c lin  E (A ), an ti-  
cy c lin  D : (B ) o r  an ti-cy c lin  D , (C )  a n tib o d ie s . T h e  b lo ts  w ere  s tripped  and  rc -p robed  w ith  an ti-(V actin  an tibody . T h e  resu lts  sh o w n  are rep re sen ta tiv e  o f  at least 
th re e  sep a ra te  ex p e rim en ts .

2 4  h  o f  P B O X - 2 1 t rea tm en t,  ag a in  fo l lo w in g  the  onse t  o f  
G1 arrest .  F u r th e r  a n a ly s is  o f  e x p re s s io n  o f  G1 cyclins  
s h o w e d  th a t  th e  e x p r e s s io n  lev e l  o f  c y c l in  D i  w a s  
r e d u c e d  s i g n i f i c a n t l y  a f t e r  t r e a tm e n t  w i th  P B O X -2 1  
(Fig .  7C).  T h is  d o w n re g u la t io n  in cy c l in  D 3  levels w as  
first o b s e rv e d  a f te r  8  h o f  t r ea tm e n t  w h ic h  is pr io r  to the 
o n se t  o f  G1 arrest ,  a n d  a ro u n d  the  t im e  o f  the obse r \ 'ed  
re d u c t io n  in C D K 4  k in ase  activity .  T h e  PB O X -21  in ­
d u c e d  d ecrease  o f  cy c l in  D 3  w a s  m a in ta in ed  up to 16 h o f  
t rea tm en t.  It sh o u ld  a lso  be  n o te d  tha t  after  16 h o f  
t rea tm en t,  the  leve ls  o f  cyc l in  w i th in  the untrea ted  
1321N1 cells  a lso  b e g a n  to d ec l ine ,  w i th  no  cyclin  D i  
e x p r e s s i o n  v i s ib le  a t  4 8  h. T h is  m a y  be  d u e  to a 
d e p le t io n  w i th in  the  cu ltu re  m e d iu m  o f  n ecessa ry  g row th  
factors .  T h e  e x p re ss io n  o f  the  D - ty p e  c y c l in s  is u n d e r  the 
co n tro l  o f  m ito g e n ic  s t im uli  a n d  o n c e  these  beg in  to 
d i m i n i s h  the  c y c l in  m a y  u n d e r g o  u b iq u i t i n - m e d ia t e d  
p ro teo ly s is  [9],

T h e  P B O X - 2 1 - in d u c e d  ear ly  d o w n re g u la t io n  in cyclin  
D? m a y  su g g es t  tha t  it is in v o lv e d  in the m ec h an ism  by

w h ich  G l  arrest  is init iated.  C y c l in  D 3  is c o n s id e re d  to 
typ ica l ly  a ssoc ia te  w i th  e i the r  C D K 4  a n d /o r  C D K 6 . It w a s  
found  tha t  at 20  h  o f  P B O X -2 1  t rea tm en t,  w h e n  b o th  C D K 4  
a n d  C D K 6  k inase  ac t iv i t ies  are se e n  to b e  r e d u ced ,  there  
w a s  a dec rease  in the  c o m p le x  f o n n a t io n  b e tw ee n  bo th  
k inases  an d  cyclin  (Fig .  8 A  a n d  B).

3.5. PBOX-21 causes an iipregulation in the protein  
expression of p21

To fu r ther  a ssess  h o w  P B O X -2 1  is m ed ia t in g  its a n t i ­
p ro l i f e ra t iv e  e f fe c t ,  the  e x p r e s s i o n  lev e ls  o f  th e  C D K  
inh ib i to rs  p i 6 , p21 a n d  p 2 7  w e re  ana lysed .  T h e re  w e re  no  
d e t e c t a b l e  e x p r e s s i o n  l e v e l s  o f  p I 6  f o u n d  w i t h in  th e  
1 3 2 IN  1 cel ls  an d  P B O X -2 1  t rea tm e n t  h ad  no  effec t  u p o n  
the  e x p re ss io n  level o f  p 2 7  (u n p u b l is h e d  da ta) .  P B O X -2 1  
d id  c au s e  a t rans ien t  u p re g u la t io n  in p 2 1 , w i th  an  init ial 
in d u c t io n  in e x p re ss io n  seen  af te r  16 h o f  t rea tm e n t  (Fig.  9)  
after  w h ic h  tiine the  e x p re s s io n  d e c l in ed  up  to 4 8  h o f  
P B O X -2 1  trea tm ent.
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Fig. 8. PBOX-21 causes a reduction  in cyclin  D , -C D K 4  and cyclin D , CD K 6 com plex foiniation. Cell lysates w ere prepared as described with either vehicle 
o r PBOX-21 for 20 h. The protein  (200 -5 0 0  ng) w as incubated with anti-C D K 4 and anti-CD K 6 antibodies and then incubated with Protein A beads. The 
im m unoprecipitated protein w as resolved  using  SDS-PAGE, transferred to a PVDF m em brane and probed with either anti-cyclin D i antibody. anli-C D K 4 or 
anti-C D K 6 antibodies. The results show n are representative o f  at least two separate experiments.

3.6. PBOX-21 treatment suppresses the phosphoiylatioii 
o f  Kh

It has been show n that treatm ent w ith P B O X -2 1 resuhed 
in a sequential reduction  in the kinase activities o f  C D K 2. 
C D K 4 and C D K 6. A s the phosphory lation  o f  Rb is m edi­
ated by the c y c h n -C D K  com plexes, it w as necessary  to 
detem iine  w hether Rb becam e hypophosphory la ted  follow ­
ing PBOX-21 treatm ent. T he reduction  in m obility  o f  Rb on 
SD S-PA G E and W estern b lo t analysis is a w idely accepted 
ind icator o f  Rb phosphory lation . In veh icle-treated  cells, Rb 
w as found in both  hyper- and hypophosphory lated  form s 
w hich  m igrated  as tw o bands in the m olecu lar m ass range o f  
1 1 5 -1 2 0  kD a (Fig. 10). PB O X -21 trea tm en t caused  a

disappearance o f  the slow  inigrating hypcrphosphory lated  
fom i o f  Rb.

4. D iscussion

This study dem onstrates the potent g row th inhibitory  
effects o f  a represen tative PBO X  com pound , PBOX -21 
upon the huinan 132INI  astrocytom a cell line. T he grow th 
in h ib ito ry  effects induced  by P B O X -21 , are  m ed ia ted  
through the induction o f  cell cycle arrest in the G1 phase, 
and are not associated w ith cytotoxic effects. The induction 
o f  G1 arrest is at the expense o f  cells in both S and G 2/M  
w ith cells being draw n equally  from both phases into G l.

p21  ^  -<— 21 kD a

I 2 h  I6 h  24h

V PBOX-21 V PBOX-21 V PBOX-21

P - A c t i n  ^  . - s w W S h i'  , ^ 4 7  kD a

Fig. 9. PBOX-21 causes an upregulation in the expression o f  p 2 l.  Cell lysates were prepared as described with either vehicle or PBOX-21 for the indicated 
times. Protein (70 |ig ) w as resolved  using SDS-PAGE, transferred onto PVDF and probed with anti-p21 an tibody  The blots were stripped and re-probed w ith 
anti-^^-actin antibody. The results show n are representative o f  at least three separate experiments.
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Fig. 10. PBOX-21 reduces the phosphorylation o f  Rb. Cell lysates were prepared as described with PBOX-21 for the indicated times. T he protein (70 ng) was 
resolved using a gradient SDS-PAGE gel. transferred onto PVDF and probed with anti-Rb antibody. T he blot w as stripped and re-probed with anti-(Vactin 
antibody. The results show n are representative o f  at least tw o separate experiments.

In o rd e r  to  c h a ra c te r i s e  the  m o le c u la r  p a th w a y  by  w hich  
P B O X -2 1  iTiediates its an tip ro l ife ra t ive  ac t ion  u p o n  the 
13 2 I N I  cell line, a c o m p le te  a n a ly s is  o f  the cell cycle  
e v en ts  in th ese  cel ls  b o th  p r io r  to a n d  c o n se q u e n t  o f  the 
initial o b se rv e d  G l  a r re s t  at 12 h w a s  p e r fo n n e d .  T hus ,  it 
is poss ib le  to d is t in g u ish  b e tw ee n  in d u ce d  c h an g e s  in cell 
cy c le  r e g u la t in g  m o le c u le s ,  w h ic h  are  p o ss ib ly  responsib le  
for the  g ro w th  arrest ,  f ro m  those  tha t  a re  as a result  o f  the 
cell cyc le  a rres t  i t s e l f  In so d o in g ,  it w a s  fo u n d  that the 
ac t iv it ies  o f  C D K 2 ,  C D K 4  and  C D K 6  w e re  d o w n re g u la ted  
se q u e n t ia l ly .  C D K 2  k in a s e  a c t iv i ty  is th e  firs t  to be  
a f fec ted  w ith  a d e c re a s e  seen  as ear ly  as 8  h with  C D K 4  
a n d  C D K 6  k in a se  ac t iv i t ies  r e d u ced  fo l lo w in g  12 and  20 
h o f  t rea tm en t  w i th  P B O X -2 1 ,  respec tive ly .  T h ese  results 
w o u ld  su g g e s t  that  the  red u c t io n  in C D K 2  and C D K 4  
activ ity  is a  m e c h a n is in  o f  b re ak in g  the cell cycle  during  
th e  ear ly  p h a s e  o f  P B O X -2 1  t r e a tm e n t  as C D K 2  and  
C D K 4  act iv it ies  a re  b o th  re sp ec t iv e ly  r e d u ced  bo th  prior  
to an d  c o in c id en t  w i th  a n y  c h a n g e s  in cell cyc le  d is t r ibu ­
tion. T h e  r e d u c t io n  o f  C D K 6  act iv ity ,  on  the  o ther  hand,  
w o u ld  ap p ea r  to b e  a c o n se q u e n c e  of, a n d  a m eth o d  o f  
in a in ta in in g  th e  P B O X - 2 1- in d u ce d  arrest ,  ra th e r  than a 
cause .

In o r d e r  to  a d d r e s s  the  m e c h a n i s m  b y  w h ic h  the  
red u c t io n  in k in as e  a c t iv i ty  o f  th ese  C D K s  occur ,  the 
ex p re ss io n  o f  the  C D K s  th e m se lv e s  an d  the  va r ious  G l  
c y c l in s  and  C D K  inh ib i to rs  w a s  ana lysed .  It w as  found  
tha t  PB O X -21  c a u s e d  a red u c t io n  in p ro te in  e xpress ion  o f  
C D K 2  and  C D K 4  in paral le l  w ith ,  a n d  th e re fo re  exp la in ing  
at least  in part,  the ir  o b se rv e d  d e c re ase  in k in ase  activity. 
O n  th e  o t h e r  h a n d ,  t h e  e x p r e s s i o n  l e v e l s  o f  C D K 6  

r e m a in e d  u n a f fe c te d  b y  P B O X - 2 1 t rea tm en t  ind ica t ing  an 
a l te rna t ive  m e c h a n i s in  b y  w h ic h  th is  k in a s e ’s activity  is 
b e in g  m odif ied .

W es te rn  b lo t  a n a ly s i s  o f  the  c y c l in s  re v e a le d  that 
P B O X -2 1  h ad  n o  effec t  upo n  the  ex p re ss io n  level o f  
cyc l in  E. A s cyc l in  E is k n o w n  to c o m p le x  w ith  C D K 2  
late in the G l  ph ase ,  th is  ind ica tes  that  the  inhib i t ion  o f

C D K 2  o ccu rs  i n d e p e n d e n t  o f  its a sso c ia t io n  w ith  cyclin  
E. C yc lin  D |  w a s  n o t  fo u n d  to b e  e x p re s s e d  w i th in  the  
1 3 2 I N I  cells,  w h i l s t  cyc l in  D 2 e x p re s s io n  w a s  se e n  to  be  
d o w n re g u la ted  fo l lo w in g  24  h o f  P B O X -2 1  t rea tm en t,  
again in d ica t ing  th is  to be  a  se c o n d a ry  re sp o n se  to the  
cessat ion  o f  cell  cy c le  p ro g ress io n .  In con tras t ,  p ro g re s ­
sion o f  the e x p re s s io n  level o f  cyc l in  D 3 is r e d u ce d  
significantly ,  w i th  d o w n re g u la t io n  o c c u r r in g  af te r  8  h o f  
trea tm ent,  p r e c e d in g  the  a rres t  a n d  s u g g e s t in g  a ro le  in 
the  m e c h a n i s m  b y  w h ic h  G l  a r re s t  is in d u ce d .  T h e  
d o w n re g u la t io n  o f  cyc l in  m a y  be r e sp o n s ib le  in part  
for the red u c t io n  in the  k in ase  ac t iv i t ies  o f  C D K 4  a n d  
C D K 6 , d u e  to a r e d u c t io n  in c o m p le x  f o n n a t io n  b e tw e e n  
these  k inases  a n d  cy c l in  D 3 l ead in g  to a  d e c re ase  in the  
l e \ e l s  o f  act ive  cyc l in  D 3 - C D K 4  a n d  cy c l in  D 3 - C D K 6  

co m p le x es  w ith  k in as e  activity. In o rd e r  to  c o n f i im  th is  
theory, the  a sso c ia t io n  b e tw e e n  cy c l in  D 3 an d  C D K 4  and  
C D K 6  w a s  a n a ly se d  a n d  re v ea le d  a r e d u c t io n  in c o m p le x  
fo im a t io n  b e tw e e n  b o th  th e se  k in a s e s  an d  cy c l in  D 3 . 
Therefore ,  cy c l in  D 3 d o w n re g u la t io n  m a y  be  re sp o n s ib le  
for the  m a in te n a n c e  o f  P B O X - 2 1- m e d ia te d  G l  a rres t  v ia  
m o d u la t io n  o f  C D K 4  a n d  C D K 6  k in a s e  ac t iv ity .  A t  
present,  w e  d o  n o t  k n o w  w h e th e r  the  red u c t io n  in cyclin  
D ,  e xp ress ion  o c c u r s  th ro u g h  ac t iv e  t ransc r ip t iona l  re ­
press ion  o r  b y  a  p o s t - t ran s la t io n a l  m e c h a n is m  a f fec t ing  
prote in  s tab il i ty  o f  cy c l in  D 3 . It w o u ld  a lso  b e  o f  in teres t  
in the fu ture  to  d e te rm in e  w h e th e r  e n fo rc e d  ex p re ss io n  o f  
cyclin  D 3 co u ld  a b ro g a te  P B O X - 2 1 - in d u c e d  G l  arrest .

A n o th e r  m e th o d  b y  w h ic h  C D K  act iv i ty  a n d  th u s  cell 
cycle  p ro g re s s io n  is m o d u la te d  is v ia  the  e x p re s s io n  o f  the  
C D K  inhibi tors .  T h is  s tu d y  lo o k e d  at the  e x p re s s io n  o f  p i  6 , 
p27  an d  p 2 1. It w a s  fo u n d  tha t  p 16 w a s  n o t  e x p re s s e d  w ith in  
the 1321N1 ce l ls  a n d  tha t  P B O X -2 1  d id  n o t  resu l t  in a 
c h an g e  in e x p re ss io n  in p 2 7  n o r  in a re d is tr ib u t io n  o f  its 
a s so c ia t io n  w i th  th e  v a r io u s  C D K s  ( u n p u b l i s h e d  da ta ) .  
PB O X -21  t rea tm e n t  d id  h o w e v e r  resu l t  in a  t ran s ien t  upre -  
g u la t io n  in th e  e x p r e s s io n  o f  p 2 1 , w i th  an  in it ia l  a n d  
m ax im al  in d u c t io n  in e x p re s s io n  se e n  af te r  16 h. A f te r  this
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time, the induced expression of p21 began to decline up to 
48 h. Again, as this effect is seen following the G1 arrest 
onset, p21 induction cannot be viewed as a causative factor 
in the arrest observed, but instead may play a role in its 
maintenance.

It is well-documented that a major subcellular target of 
the cyclin-CD K  complexes is the Rb ensuring progression 
through the cell cycle by maintaining Rb in a hyperphos- 
phorylated state. Growth inhibition is thus often associated 
with suppression of Rb phosphorylation retaining Rb in an 
unphosphorylated, growth inhibitory state. After treatment 
with PBOX-21, a clear mobility shift was observed in the 
Rb protein from the hyperphosphorylated to the hypophos- 
phorylated form. This result is consistent with the reduced 
CDK2, CDK4 and CDK6 activity in PBOX-21-treated cells 
as Rb is a substrate of these kinases.

In conclusion, our findings demonstrate that PBOX-21 
inhibits the growth of 1321N1 cells by arresting them at 
the 0 1  phase of the cell cycle, and the arrest is preceded 
by a rapid decrease in CDK2 kinase activity and cyclin 
D3 expression. The arrest is concomitant with a decrease 
in CDK4 kinase activity, indicating that these events are 
likely to be part o f the mechanism responsible for initi­
ating the 01 arrest. The inhibition of the activity of both 
CDK2 and CDK4 is at least in part due to their early 
downregulation in protein expression. The decrease in 
CDK4 activity might also be due to the decreased 
complex association of CDK4 with cyclin D3. The later 
reduction in CDK6 kinase activity and its decreased 
association with cyclin D3, as well as the upregulation 
of p21 and downregulation of cyclin D2 may be involved 
in maintaining the arrest. Furthermore, we found that Rb 
becomes hypophosphorylated in response to PBOX-21 
treatment. These results indicate that PBOX-21 exerts its 
growth inhibitory effects through the modulation of the 
expression and/or activity of several key 0 1  regulatory 
proteins. It will be important in our future studies to 
define the upstream signal transduction pathway mediating 
PBOX-21 action.
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