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ABSTRACT

Manipulation of the cell cycle is an extensively used and promising strategy for
cancer therapy. To identify novel cell cycle modulators, automated fluorescence
microscopy assays were designed and used to screen chemical libraries for modulators of
mitotic arrest and senescence. 8-azaguanine, IC 261, erysolin and SKF 96365 were
identified as chemicals that stimulate senescence, a state of prolonged growth arrest, in a
pS3-mutated growth arrest-deficient cell line. Microtubule-targeting cancer therapies
such as paclitaxel block cell cycle progression at mitosis by prolonged activation of the
mitotic checkpoint. Cells arrested in mitosis may remain arrested for extended periods of
time, or undergo mitotic slippage through degradation of cyclin B1 in the presence of an
active mitotic checkpoint and enter interphase without having separated their
chromosomes. Regulation of extended mitotic arrest and mitotic slippage and their
contribution to subsequent cell death or survival is incompletely understood.
Chlorpromazine and triflupromazine were identified as drugs that inhibit mitotic exit
through mitotic slippage. Using these drugs to extend mitotic arrest imposed by low
concentrations of paclitaxel led to increased cell survival and proliferation after drug
removal. SU6656 and geraldol were identified as chemicals that induce mitotic slippage.
Cells arrested at mitosis with paclitaxel or vinblastine and induced by these compounds
to undergo mitotic slippage underwent several rounds of DNA replication without cell
division and exhibited signs of senescence but eventually all died. These results show that
reinforcing mitotic arrest with drugs that inhibit mitotic slippage can lead to increased
cell survival and proliferation, while inducing mitotic slippage in cells treated with

microtubule-targeting drugs seems to invariably lead to protracted cell death. Mitotic
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slippage induced by SU6656 or geraldol involved proteasome-dependent degradation of
cyclin B1, but also required proteasome- and caspase-3-dependent inactivation of the
mitotic checkpoint through degradation of the mitotic checkpoint protein BubR1.
Caspase-3 and p53, both apoptotic effectors, did not affect cell death after exposure to
paclitaxel, with or without mitotic slippage induction. The requirement for caspase-3 for
chemically induced mitotic slippage reveals a new mechanism for mitotic exit and a link
between mitosis and apoptosis that has implications for the outcome of cancer

chemotherapy.
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CHAPTER 1: INTRODUCTION

1.1 Using chemical biology to discover biological mechanisms and novel drugs

Chemical biology, defined as the use of chemicals to understand “the function of
genes and proteins and their role in physiology and pathology” (1), has provided a new
method for elucidating biological processes and for drug discovery. Chemicals can be
used in vitro or in vivo to probe a particular protein or pathway and assess the function of
that protein or pathway. If the pathway is associated with a disease phenotype, chemical
probes can both validate ‘druggable’ therapeutic targets and provide lead compounds for
drug discovery.

There are numerous advantages to taking a chemical biology approach to
understanding a particular pathway: chemicals act rapidly and often reversibly within the
cell; they can be used for large-scale biochemical experiments in many cell types or even
in model organisms; and they can be combined with RNAI1 or other chemicals for
multiple effects (2).

Chemical biology can provide advantages over RNAIi techniques as well as a
complementary approach. Unlike RNAI, the use of chemicals can be precisely timed,
particularly important for cell cycle studies, and can allow inhibition of specific functions
of certain proteins while not overtly interfering with others (such as inhibition of kinase
activity while allowing the kinase to act as a scaffold for assembly of a protein complex).
Unlike chemical biology, RNA1 techniques are not possible in all cell types or organisms
and cannot easily be scaled up for large-scale experiments. RNA1i, however, is less

susceptible to off-target effects than chemicals are, and thus can provide concrete



evidence of the involvement of a particular protein in the biological process of interest.
Taken together, the two approaches can produce comprehensive information.

Chemical biology has been used extensively to better understand pathways associated
with cancer and with the cell cycle. Table 1.1 outlines several categories of molecules
used to inhibit the cell cycle. All of these compounds have been used as biological tools
and some have been developed as therapeutics. As an example of the role chemicals can
play in understanding biology, and how chemical probes can become novel therapeutics,
specific inhibitors of the mitotic kinase Plk1 have been used to elucidate Plk1 function in
late mitosis. Plk1 was found to trigger cytokinesis by activation of Rho GTPase through
recruitment of the exchange factor Ect2 to the mitotic spindle, creating the contractile
actin-myosin ring at the cleavage furrow (3-6). RNA1 or genetic techniques could not
have revealed this function of Plk1 due to the fact that knockout of Plk1 arrests cells at
prometaphase. Plk1 inhibitors have now progressed into clinical trials for use in solid
tumours: BI2536 is currently undergoing phase I and II clinical trials for use in non-small
cell lung cancer, head and neck cancer, breast cancer, ovarian cancer, soft tissue sarcoma
and melanoma (7-9). This example, one of many, demonstrates the power of chemical

biology in studies of the cell cycle and cancer.

1.2 Cell-based high-throughput screening

High-throughput screening for chemical probes and drug leads may be carried out
through biochemical screening, where the action of screening compounds on the activity
of a purified protein or enzyme is measured in vitro, or through cell-based assays, where

the action of screening compounds on a cellular phenotype is measured. In cell-based



Type of inhibitor Phase of cell cycle arrest Examples
CDK inhibitor Various roscovitine
quercetin
flavopiridol

staurosporine/UCN-01

PKC inhibitor

Various

staurosporine/UCN-01

Tyrosine kinase inhibitor

Various

lavendustin A
radicicol

Proteasome inhibitor

lactacystin
PS-341
epoxomycin
aclacinomycin A

HDAC inhibitor

Various

trapoxin
trichostatin A

Cytoskeletal inhibitor

Mitosis

paclitaxel
colchicine
vinblastine
latrunculin A/B
jasplakinolide
monastrol
S-trityl-L-cysteine

ATPase pump inhibitor

Gl

apoptolidin
oligomycin
bafilomycin

Table 1.1: Chemical inhibitors of the cell cycle.

(adapted from (10))




screens, the phenotype measured may vary greatly but is often increased or decreased
fluorescence emitted by a tagged protein, localization of a fluorescent protein, or co-
localization of two fluorescent proteins.

High-throughput screening is defined as the testing of 10,000 to 100,000 compounds
per day, usually accomplished using mechanization (11). While biochemical screens have
been more common for high-throughput screening in the past, the advent of technology
for acquiring and analyzing the large amounts of data collected in cell-based screens has
increased their feasibility. As of 2006, approximately half of all high-throughput screens
were cell-based (12). Biochemical screens offer the advantages of a direct, specific
approach and little variability, but cell-based screens allow screening for effects on an
entire pathway or an unknown target. In addition, the chemicals identified in cell-based
screens are cell-permeable, and have the desired effect in the cell, while chemicals
identified in a biochemical screen may be membrane-impermeable or have off-target
effects in vivo (13, 14). If a compound is acutely toxic to cells and causes a reduction in
cell numbers or condensed DNA indicative of apoptosis, it may be eliminated prior to
secondary assays if toxicity was not the aim of the screen, streamlining the screening
process.

Cell-based assays where more than one measurement is taken per well are defined as
high-content screens (HCS) (13); HCS uses image processing algorithms to analyze
images taken by an automated fluorescence microscope (15). High-content screening can
be particularly useful when little is known about the target protein or when the pathway
of interest is dependent on biological context (16), but diverse chemical libraries with

good bioavailability are required (16, 17). Subtle changes within the cell, such as



micronucleation, re-localization of a protein, or dendritic spine growth, can be measured
using high-content screening, and it can also identify effects on sub-populations of cells
within a well (13, 18). The images generated can be used to measure multiple
phenotypes, as cells can be labelled with more than one fluorophore. This advantage can
allow estimation of the toxicity of a compound and easy secondary screening (e.g. for cell
cycle arrest) (15, 18). As such, HCS assays are now used for many applications,
including identification of probes for pathways with significance in cancer that were
previously difficult to target.

Design and implementation of a successful cell-based screen involves four steps (13,
14): experimental design, assay development, screen execution, and target identification.
Experimental design involves selecting the protein or pathway for which the screen will
identify probes and designing an assay to measure the intended effect in cells. During
assay development, that assay is modified so that it can be used in high-throughput
format and validated for sensitivity and robustness. Cell-based screens can be carried out
in 96-, 384- or even 1536-well format, but 384-well format is currently standard. The
screen is then executed and active compounds are confirmed by a secondary assay.
Finally, when the screen is for chemical probes of a pathway, the targets of active
compounds must be identified. This last step can pose some difficulty, as there is no
systematic approach to finding the target of a compound. If the compound retains activity
after chemical modification, then affinity-based approaches, involving conjugation of a
compound to beads for a pulldown of the target protein, or chemistry-based approaches,
involving addition of a chemically reactive group to an active compound and a

subsequent intracellular chemical reaction that allows isolation of the active compound



and its target, may be used (19). However, these approaches are often not possible due to
loss of activity when a compound is modified, and other systematic approaches to target
identification have yet to be developed.

Chemical genomics combines chemical biology with traditional genetic approaches
by using chemicals, rather than mutations, that perturb a pathway or protein of interest to
understand biological functions of that pathway or protein. Forward chemical genetics
involves high-throughput or high-content screening for chemicals that induce a desired
phenotype and identification of the chemical target, allowing observation of the in vivo
activities of novel targets, while reverse chemical genetics involves the use of a target-
specific chemical to study a particular protein. This approach has proved to be powerful
in profiling cancer cell biology (20), and, as mentioned in Section 1.1, chemical probes
identified using chemical genomics can often be useful lead compounds in the

development of specific cancer therapeutics.

1.3 The cell cycle

The cell cycle comprises four phases, represented in Figure 1.1. Gap 1 (G1) is a
growth phase. DNA replication takes place during DNA synthesis (S) phase, and cell
growth continues during gap 2 (G2) following DNA replication. During mitosis (M)
(Section 1.3.1), the cell segregates its chromosomes and cytoplasm equally between two
daughter cells. Cytokinesis, when the cytoplasm separates to form two daughter cells,
accompanies telophase and is often defined as a separate process from mitosis. M phase
comprises both mitosis and cytokinesis.

Completion of the cell cycle can take anywhere from a number of hours for rapidly



I prophase I prometaphase ImetaphaselanaphaseltelophaseI

7

G2

Restriction point

—
= (orcine)

Figure 1.1: The cell cycle and its regulation by CDK/cyclins.



proliferating cells, to years for nonproliferating cells. Indeed, G1 may last indefinitely in

the absence of stimuli for cell division, in which case it is termed Gy.

1.3.1 Mitosis

Mitosis is characterized by the equal segregation of replicated chromosomes to two
daughter nuclei via function of the bipolar mitotic spindle. Five phases comprise mitosis
(Figure 1.2): prophase, prometaphase, metaphase, anaphase and telophase. Prophase is
initiated by activation of CDK1/CDC2, a cyclin-dependent kinase whose activity is
crucial for the G2/M transition and during mitosis (21, 22). CDK1 activation requires
accumulation of cyclin B1 (23), which takes place throughout G2 phase (24),
phosphorylation of the CDK1 catalytic subunit at activating sites (25), and
dephosphorylation of the CDK1 catalytic subunit at an inhibitory site (Tyrl5) by CDC25
phosphatases (26, 27), localizing it to the nucleus (28) and stimulating phosphorylation of
numerous targets that control chromosome division. Chromosomes undergo extensive
condensation and the mitotic spindle begins to form. When CDK 1 phosphorylates nuclear
lamins, the nuclear envelope breaks down and prometaphase begins (29); the condensed
sister chromatids begin their microtubule-directed migration to the midbody of the cell,
or the metaphase plate. Microtubules interact with kinetochores, large protein complexes
located at the centromere of each sister chromatid. When free, kinetochores generate a
‘wait-anaphase’ signal through the mitotic checkpoint (30) (reviewed in Section 1.3.2.2)
that maintains high CDK1/cyclin B1 activity while chromatids align and attach to
microtubules emanating from both spindle poles. At metaphase, when chromosomes are

all aligned and bioriented (30, 31), cyclin B1 and securin, a positive regulator of sister
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chromatid attachment (32), are ubiquitylated by APC/C*® and degraded by the
proteasome (33, 34). The resulting CDK1 inactivation (35) signals initiation of anaphase
and exit from mitosis. Securin degradation frees separase to cleave the cohesin
complexes that attach sister chromatids (36), and the chromatids then separate and
migrate to spindle poles through depolymerization of the microtubules of the mitotic
spindle (37, 38). During telophase, the chromosomes decondense as two nuclear
envelopes reform around the genome of each daughter cell, completing mitosis.
Cytokinesis occurs concomitantly with telophase as a contractile actinomyosin ring forms
at the cell midbody and cleaves the cytoplasm, forming two complete cells.

A bipolar mitotic spindle is central to the process of cell division. It is nucleated by
two centrosomes that segregate to different regions of the cell during prophase and
constitute the poles of the spindle (39, 40). The mitotic spindle itself is composed of
microtubules, protofilaments of a- and B-tubulin that form a polymerous tube.
Microtubules can be described as being ‘dynamically unstable’, as they rapidly cycle
between phases of GTP-dependent growth and phases of shrinkage. Chromosome
attachment to spindle microtubules and chromosome congression to the metaphase plate
is dependent on the dynamic instability of microtubules. The ‘search-and-capture’ model
(41) of chromosome attachment and alignment describes random polymerization and
depolymerization of microtubules through the cytoplasm until an interaction with a
chromosome kinetochore is formed. Microtubule growth and shrinkage stochastically
continues until a bipolar spindle is formed, with all sister chromatids aligned and
bioriented along the metaphase plate. When anaphase is initiated, mass microtubule

depolymerization as well as centrosome migration draw the separated sister chromatids to
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the spindle poles and to the separating daughter cells (37). This dynamic behaviour of
microtubules allows them to be targeted by antimitotic cancer therapies (Section 1.4) that

inhibit microtubule polymerization or depolymerization and thus halt mitosis.

1.3.2 Cell cycle regulation

To ensure genomic stability, the cell cycle must be tightly regulated to prevent
replication of damaged DNA and division of cells with damaged DNA or improperly
aligned chromosomes. Regulation is carried out through a complex system involving
activation and inactivation of cyclin-dependent kinases (CDKs) at different phases of the
cell cycle. CDKs drive every step of the cell cycle, and control of CDK activities
determines progression through the cycle. Regulation of CDKs is carried out in several
ways (42): first, through the expression of cyclins, cofactors required for CDK activity
that direct them to their kinase substrates; second, through inhibitory phosphorylations by
members of the Weel kinase family, which can be removed by members of the Cdc25
phosphatase family; third, though activating phosphorylations by CDK-activating kinases
(CAKs); and fourth, through the binding of CDK inhibitors such as p21, p27 and p16.

Cell cycle checkpoints chiefly function to control cell division in response to
insufficient growth or threats to the integrity of the genome, such as DNA damage or
chromosome misalignment. Any errors in DNA replication or cell division have the
potential to introduce genetic abnormalities into daughter cells that may prove
problematic and even fatal. Therefore, if the genome is damaged at any stage of the cell
cycle, checkpoint mechanisms delay cell cycle progression (Figure 1.3). If the damage

occurs during G1, DNA replication is prevented, while if the damage occurs during G2,
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Figure 1.3: Pathways for cell cycle arrest in response to DNA damage.
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the cell cycle is arrested while repair by homologous recombination takes place. Briefly,
when DNA is damaged, ATM or ATR kinases localize to sites of DNA damage (43, 44)
and activate CHK 1 and CHK2 kinases (45, 46), which in turn phosphorylate and stabilize
p53 and phosphorylate and inactivate members of the CDC25 family (47, 48). p53
induces cell cycle arrest through activation of p21, a CDK inhibitor that can arrest the cell
cycle either independently of p53 or as part of the pS3-dependent DNA damage response
(49-51), and activation of 14-3-3-0, which plays a role in long-term G2 arrest (52). p21
can also inactivate the replication factor E2F, preventing cell cycle progression through S
phase (53). Inhibitory phosphorylation of the CDC25 family proteins during G1 leads to
ubiquitination and degradation of CDC25A (48, 54), delaying the G1-S transition, while
inhibitory phosphorylation during G2 prevents CDC25C phosphatase activity on

CDKl/cyclin B1, delaying entry into mitosis (55, 56) (Figure 1.3).

1.3.2.1 Cell cycle initiation and the G1-S transition

When cell growth during G1 has been sufficiently robust (57), mitogenic signalling
stimulates cyclin transcription and licensing of replication origins. Replication origins are
primed during G1 phase by binding of Mcm2-7, part of the pre-replicative complex that
facilitates formation of replication forks during S phase (58). When cyclin D1 is
expressed in mid-G1, it associates with CDK4 and CDK6 and facilitates their
translocation into the nucleus, where they phosphorylate proteins of the Rb family: pRb,
p107 and p130 (59-61). These proteins activate the E2F transcription factors (62-64),
which induce expression of proteins required for G1 and S phases. The CDK inhibitors

p21 and p27 are also expressed at this time (65, 66); they inhibit CDK2/cyclin E1.
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CDK2/cyclin E1 also regulates its own activity by phosphorylation of p27 and cyclin E1,
both of which lead to its ubiquitination and proteasome-dependent degradation (67, 68).
Additionally, the INK4 family of CDK inhibitors (p15, p16, p18 and p19) inhibits CDK4
(69, 70). When CDK2/cyclin E1 is activated, S phase is initiated through additional
phosphorylation of pRb by CDK2/cyclin E1 (71, 72).

At the G1-S transition, the CDKs phosphorylate licensed replication origins to allow
DNA replication to begin (73, 74). Cyclin A is also expressed at this time. CDK2/cyclin
A activity is required for DNA replication and also increases transcription of histones and
other proteins required for S phase (75, 76).

During this process, the cell must pass the restriction point, where cell cycle
progression becomes independent of extracellular signals (77, 78), although it can still be
delayed or prevented in the case of genomic damage. The restriction point represents the
time when the cell commits to division, and thus this point is especially vulnerable to
deregulation in cancer (79, 80). The majority of tumours have defects in the pRb
pathway, through many mechanisms, including but not limited to mutation of pRb,
CDK4 or CDK6, overexpression of CDK4, CDK6, CDK2, cyclin D1, cyclin E1, or
CDC25 A/B, or oncogenic signalling (81-83). Activation of Ras, for instance, increases
levels of cyclin D1, CDK4 and CDK6 and leads to p27 degradation, resulting in an
increase in CDK2 activity and pRb phosphorylation (81, 82). Deregulation of cell cycle
entry through one of these mechanisms appears to give cells a direct growth advantage

and contribute to tumourigenesis.
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1.3.2.2 Exit from mitosis and the mitotic checkpoint

During mitosis, genetic integrity is maintained by ensuring that all chromosomes are
attached to microtubules emanating from both poles of the mitotic spindle before
segregation of sister chromatids begins (31, 84). This process is monitored by the mitotic
checkpoint, which prevents initiation of anaphase until every kinetochore is attached and
tension between kinetochores of paired sister chromatids is sufficient, ensuring
biorientation (85, 86). To prevent aneuploidy and ensuing genetic defects leading to cell
death or tumourigenesis (87, 88), the mitotic checkpoint must be sufficiently sensitive to
delay chromosome separation when even one kinetochore is unattached. Exposure to
drugs that interfere with microtubule dynamics, such as the taxanes (85, 89) and the
Vinca alkaloids (90, 91) (reviewed in Section 1.4), similarly activates the mitotic
checkpoint and arrests cells at mitosis, effectively preventing further proliferation.

The mitotic checkpoint, graphically represented in Figure 1.4, acts through inhibition
of the anaphase-promoting complex/cyclosome (APC/C) (92, 93). APC/C is the E3
ubiquitin ligase (94, 95) that, when activated by cofactors Cdc20 or Cdh1 (96) at the
metaphase — anaphase transition, polyubiquitinates the CDK1 cofactor cyclin B1 (94) and
the separase regulator securin (32), among other substrates (97-99), targeting them for
degradation by the proteasome. This results in CDK1 inactivation, separation of sister
chromatids, and exit from mitosis. Unattached kinetochores generate a diffusible signal,
the ‘mitotic checkpoint complex’ (MCC), comprised of BubR 1, Bub3, and Cdc20 (100-
102). The MCC binds to and inhibits APC/C to prevent premature degradation of cyclin

B1 and securin.
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The MCC is assembled at kinetochores by Mad1, which is thought to catalyze a
conformational change in free Mad?2 that allows it to bind Cdc20 (103, 104). Mad2 then
catalyzes the binding of Cdc20 to BubR1 and subsequent formation of the MCC (105-
107). Cdc20 is an activating cofactor of APC/C during mitosis (92, 96); an active spindle
assembly checkpoint inhibits APC/C through APC/C-dependent polyubiquitylation of
Cdc20 and subsequent degradation by the proteasome (107, 108). Acetylated BubR1
binds to and inhibits both Cdc20 (101) and APC/C itself (109), acting as a
pseudosubstrate inhibitor. When the mitotic checkpoint is satisfied, BubR1 is
deacetylated, ubiquitylated by APC/C*® and degraded by the 26S proteasome (110)
(Figure 1.4). The role of Bub3 in the MCC is unclear, although in fission yeast it appears
to be involved in MCC localization (111). Other components of the mitotic checkpoint
include the kinases Bubl, Mps1, and Aurora A and B (86).

Besides activation in response to unattached kinetochores, the mitotic checkpoint
must also be able to arrest cell division in response to improper microtubule-kinetochore
interactions such as syntelic (kinetochores attached to microtubules emanating from the
same spindle pole) and merotelic (one kinetochore attached to microtubules emanating
from both spindle poles) attachments. While merotelic attachments do not activate the
mitotic checkpoint, Aurora B is crucial for sensing both types of faulty interaction and
correcting them through phosphorylation of several substrates that induce microtubule
depolymerization at faulty connections (112-115). Additionally, Aurora B is a member of
the chromosomal passenger complex, also composed of borealin, survivin and INCENP,

which functions in chromosome congression, the process of aligning chromosomes at the
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midpoint of the mitotic spindle (116). The related kinase Aurora A regulates centrosome
maturation and mitotic spindle assembly (117).

During mitosis, cytokinesis failure or mitotic slippage (reviewed in Section 1.6) can
give rise to tetraploid cells. Aneuploidy and tetraploidy have been observed in human
cancer (118, 119), and can indeed drive tumour formation (120). Polyploidy can generate
aneuploidy through aberrant multipolar divisions resulting from an increased number of
centrosomes (120, 121). Overexpression of Aurora A has been observed in tumours (122)
and generates tetraploid cells through cytokinesis failure (122, 123).

For many years, the observation of extensive polyploidy and aneuploidy in cancer led
to the conclusion that cancer cells had some defect in the mitotic checkpoint that
facilitated abnormal cell divisions and the transformation of normal cells into cancer
cells. Indeed, mutation in or deletion of one allele of BubR 1 has been observed in some
types of cancer (124). BubR1 loss is sufficient to compromise the mitotic checkpoint
(109, 125, 126) and results in aneuploidy (124). Studies in mouse models have revealed
that loss of one allele of many other genes involved in the mitotic checkpoint, including
Madl, Mad2, Bubl, Bub3, and CENP-E, results in aneuploidy and increased tumour
formation (127). However, overexpression of mitotic checkpoint components is more
commonly observed in human cancer (128), indicating that increased mitotic checkpoint
robustness may make a greater contribution to tumourigenesis than loss of mitotic
checkpoint functionality. Most notably, Mad?2 is overexpressed as a result of loss of p53
or pRb (83), the most prevalent mutations in tumours, and Mad2 overexpression results
in chromosome instability and aneuploidy that is sufficient for tumourigenesis (129).

Overexpression of Cdc20 also leads to aneuploidy (130). How aneuploidy contributes to
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tumourigenesis is not clear, although it has been postulated that it may allow cells to

accumulate mutations that increase cell transformation and survival (127, 131).

1.3.3 Senescence

Senescence, a state of permanent growth arrest, functions to protect cells from the
effects of DNA replication and cell division in the presence of irreparable DNA damage.
Senescence is thought to occur as a result of non-repairable DNA damage, either when
telomeres shorten below a critical length and single-stranded DNA is exposed, or when
oncogene overexpression causes hyper-replication leading to DNA breaks (132). In the
former scenario, after many cell divisions, telomeric DNA at the ends of chromosomes
becomes too short to bind the proteins with which it normally forms a complex, as there
is no cellular machinery to replicate DNA at the ends of chromosomes (133-136). The
exposed single-stranded DNA triggers the p53-dependent DNA damage response,
characterized by the formation of YH2AX foci that assemble and activate DNA damage
response kinases (137-139). In the latter scenario, oncogene expression causes
sufficiently high rates of DNA replication that replication forks stall, DNA breaks, and
the same DNA damage response is generated (140). The pathway leading to cell cycle
arrest is reviewed in Section 1.3.2. When the damage cannot be repaired, the cell cycle is
permanently arrested and senescence is initiated. Senescence is characterized by
irreversible growth arrest (141), morphological changes including enlargement and
flattening of cells in culture (142), and (3-galactosidase activity at pH 6 (senescence-

associated (-galactosidase) (143).
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Since senescence halts division of oncogene-expressing cells, senescence may act as a
tumour suppressor, providing a barrier that normal cells must overcome to become
cancerous (144). Indeed, senescent cells are observed early in tumourigenesis (145, 146).
However, senescence can be bypassed when further mutations accumulate (147). When
p53 is mutated, as in most human cancers, the DNA damage response is compromised
and the cell can escape senescence, re-enter the cell cycle and become immortal and

cancerous (137, 148).

1.4 Antimitotic cancer therapy

Many approaches to cancer therapy utilise antimitotic drugs, with the rationale that
cancer is a disease of uncontrolled cell proliferation. All currently approved antimitotic
agents block cells in mitosis by targeting microtubule dynamics (149), which affect
assembly and function of the mitotic spindle and trigger activation of the mitotic
checkpoint (reviewed in Section 1.3.2.2).

There are two primary classes of antimitotic agents: the taxanes and the Vinca
alkaloids. The taxanes, which include paclitaxel (Taxol) and docetaxel (Taxotere), bind to
B-tubulin in polymerized microtubules and cause a conformational change that increases
the strength of tubulin interactions (150-152). As such, the mitotic spindle cannot
contract and exert the tension on kinetochores that is required to satisfy the mitotic
checkpoint (91, 153). Conversely, the Vinca alkaloids, which include vinblastine and
vinorelbine, bind to B-tubulin at the plus ends of microtubules and induce microtubule
depolymerization (154), preventing formation of the mitotic spindle (90). The taxanes are

approved for use in breast, ovarian, prostate, gastric and head and neck cancers and in
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non-small cell lung cancer (155), while the Vinca alkaloids are mostly used in
haematological cancers (149).

However, since these antimitotic agents affect microtubules required for essential
processes in all cells, side effects are common in antimitotic therapy and include
myelosuppression and peripheral neuropathy (149), which can cause permanent damage
(156). Additionally, paclitaxel is poorly soluble and must be formulated for
administration with a solvent such as polyoxyethylated castor oil (Cremophor EL) or
polysorbate, which can lead to other adverse reactions (157). Drug resistance is also
common (158). Mechanisms of resistance include expression of the P-glycoprotein efflux
pump, a product of the multidrug resistance gene (159), mutations in -tubulin that affect
the drug binding site (160), and expression of alternate tubulin isotypes such as PIII-
tubulin (161, 162). Less commonly, expression of the proteins stathmin (163), which
destabilizes microtubules, MAP4 (164), which promotes microtubule polymerization, y-
actin (165), or tau (166, 167) can contribute to drug resistance.

To eliminate the problems of toxicity and resistance, new classes of antimitotic agents
are being developed. The most prominent of these agents are those directed against
kinesin spindle protein (KSP)/Eg5, a microtubule-based motor protein involved in the
sliding of microtubules that is required for the establishment of a bipolar mitotic spindle
(168, 169). KSP inhibition results in mitotic arrest with a monopolar mitotic spindle
(170) and apoptosis through activation of the proapoptotic protein Bax, leading to
mitochondrial membrane permeabilization and caspase activation (Section 1.5) (171,
172). Examples of KSP inhibitors include monastrol (170), S-trityl-L-cysteine (173), and

ispenisib (174). The primary advantage of KSP inhibitors for cancer treatment is that
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there is little or no expression of KSP in non-proliferating cells, reducing side effects
particularly in neural cells, although myelosuppression is still observed (175). However,
clinical response to these agents has been limited, so far preventing inclusion of KSP
inhibitors in cancer treatments (175). Spindle formation is also affected by inhibitors of
the Aurora kinases (VX-680, AZD1152), Polo-like kinases (BI2536, ON01910) and the
CENP-E motor protein (GSK-923295). Some of these agents are currently undergoing
clinical trials (176).

Several questions remain unanswered: how and when do cancer cells treated with an
antimitotic agent die? What is the mechanism of cell death, and how does it relate to the
genetic background of the cancer? Cells have been observed to die during the perturbed
mitosis (177), after mitotic slippage (reviewed in Section 1.6) (153) or after an abnormal
cell division (178), and may die through caspase-independent cell death (179), through
autophagy (180-183) or through apoptosis (184), which seems to be connected to mitotic
progression (see Section 1.5). There are extensive differences in response to antimitotic
agents between cell lines and between populations within the same cell line (185), and
response does not seem to depend on length of mitotic arrest (185), mitotic exit (171), or
the presence of microtubules (186). Response does seem to depend on the concentration
of the antimitotic agent in the cell (185, 186), the levels and activity of apoptotic proteins
(187, 188), and whether or not mitotic slippage occurs (171, 185) (reviewed in Section
1.6). The complexity of the outcome of treatment with an antimitotic agent is also
reflected in the clinic (189), especially since tumours are exposed to antimitotic drugs
transiently and at variable concentrations. As such, development of strategies for

overcoming side effects of and resistance to antimitotic agents and identification of
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factors that affect cell death after treatment with antimitotic agents is clearly of

paramount importance.

1.5 Apoptosis

Apoptosis, or programmed Type I cell death, is probably the most common mode of
cell death, although there are other cell death mechanisms such as autophagic cell death,
necrosis, and PARP-1 mediated cell death. Apoptosis plays a significant role in cell death
during normal human development and in maintenance of homeostasis (190), especially
in the immune system, and is characterized phenotypically by DNA fragmentation
(resulting in cells with sub-G1 DNA content), membrane blebbing, and formation of
apoptotic bodies (191). Improperly regulated apoptosis, either too much or too little cell
death, is involved in cancer, autoimmune diseases, and tissue injury and decline in a
variety of disorders (190).

There are two well-established pathways leading to apoptosis. Of most importance in
cancer is the intrinsic pathway, in which apoptosis is induced in response to intracellular
stresses such as irreparable DNA damage or mitochondrial damage. First, the pro-
apoptotic BH3-domain-only proteins are upregulated by a variety of mechanisms
including transcription, cleavage of zymogens, phosphorylation, myristolation and
ubiquitination (192-196) and bind and inhibit the anti-apoptotic Bcl-2 family proteins
Bcl-2, Bel-xp and Mcl-1 (197). These proteins reside in the outer mitochondrial
membrane and protect it from damage by the pro-apoptotic Bel-2 family proteins Bax
and Bak (197, 198). When the anti-apoptotic Bcl-2 proteins are inhibited, Bax and Bak

form a channel in the outer mitochondrial membrane that allows the release of
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cytochrome ¢ from mitochondria (199). In the cytosol, cytochrome c induces formation
of the apoptosome, a complex containing APAF-1 and caspase-9 that activates caspase-9
(200, 201). Caspase-9 then cleaves and activates the effector caspases, caspases-3, -6 and
-7 (202). Caspases are a family of cysteine proteases that carry out the downstream steps
of apoptosis, leading to the morphological changes associated with this form of cell death
(203-205). They can also stimulate pro-apoptotic activity of normally anti-apoptotic Bcl-
2 family proteins through cleavage (206).

The extrinsic apoptotic pathway also leads to the activation of effector caspases.
However, it is initiated by extracellular signals when pro-apoptotic or pro-inflammatory
cytokines such as the Fas ligand or TNF-a bind to transmembrane death receptors (207).
These death receptors catalyze the formation of intracellular death-induced signalling
complexes that activate the upstream caspases-8 and -10 (208), which cleave and activate
caspases-3 and -7 (209). This extracellular death signal can be amplified through caspase-
8 cleavage and activation of Bid, a BH3-only pro-apoptotic protein that causes
mitochondrial damage and intrinsic apoptotic signalling (210).

In response to DNA damage, p53 exerts its effects on apoptosis through activation of
caspase-2 (211) and subsequent formation of an active Bax/Bak pore in the outer
mitochondrial membrane (212), leading to mitochondrial damage, cytochrome c release
and downstream intrinsic apoptotic signalling.

During mitosis, caspase activity is tightly regulated and must be restrained during
mitotic stress to prevent extensive cell death, most notably through survivin, which
inhibits caspase activation during mitotic arrest and functions as part of the mitotic

checkpoint machinery (213-215). Cell death in mitosis occurs through apoptosis, as it is
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caspase-dependent (185, 186, 216). Loss of expression of X-linked inhibitor of apoptosis
protein (XIAP) is thought to increase cancer cell survival in response to antimitotic
agents (188, 216). Besides their well-characterized apoptotic functions, caspase-3 and
caspase-7 have both recently been observed to play a role, yet to be defined, in mitotic
progression (217, 218). Caspase inhibition has been observed to prolong mitotic arrest
and prevent exit from mitosis (149), perhaps due to increased CDK1 activity when

inhibition of caspase-9 prevents its inactivating phosphorylation of CDK1 (184).

1.6 Mitotic slippage

Mitotic checkpoint activation during an unperturbed mitosis provides sufficient time
for microtubule attachment, preventing aneuploidy (88, 219) and increasing cell survival
(220, 221). However, long-term activation of the mitotic checkpoint during exposure to
antimitotic agents can be problematic because chomosome condensation hinders RNA
transcription (222, 223). With time, an imbalance between new protein production and
protein degradation may cause the levels of proteins essential to maintain mitotic arrest to
fall, triggering mitotic slippage. Also termed mitotic checkpoint adaptation, mitotic
slippage occurs when cells exit mitosis without chromosome segregation or cell division
(219, 224, 225). Slippage results from slow ubiquitination of cyclin B1 by APC/C“%°
and subsequent proteasome-dependent degradation in the presence of an active mitotic
checkpoint (226, 227). Cells that have undergone mitotic slippage enter a G1-like state
with decondensed chromosomes that form multiple micronuclei (225), allowing

resumption of transcription and other cellular processes. The development of polyploidy

has been identified as a potential step towards tumourigenesis (87, 120, 228) (reviewed in
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Section 1.3.2.2), although it is not clear whether these cells can stably proliferate at
higher ploidy levels. Whether mitotic slippage constitutes a cell survival strategy or a cell
death mechanism remains unclear, as mitotic slippage has been connected to a higher
frequency of cancer cell death in response to antimitotic agents (149, 185) but prevention
of mitotic slippage by Cdc20 knockdown results in cell death (229). The variable
responses of cells to an antimitotic agent are represented schematically in Figure 1.5.
Regardless of the role mitotic slippage plays in cancer cell death during antimitotic

therapy, there is considerable interest in factors that govern this process (149).
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Figure 1.5: Potential outcomes of cellular exposure to an antimitotic agent.
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1.7 Objectives

1.7.1 Question 1: Can we design high-throughput cell-based screens to find
chemicals that affect the cell cycle: modulators of mitotic arrest, and
stimulators of senescence?

At the time of beginning this thesis, the only method for studying mitotic slippage
was video microscopy. Cells in culture would be exposed to an antimitotic agent and
mitotic slippage would be monitored, usually with a fluorescent marker for chromatin.
This process involves treatment with antimitotic agents for 24-48 hours, a prolonged
period of time that increases the likelihood of cell death and is unlikely to be
physiologically relevant, thus making it difficult to draw conclusions about the outcome
of mitotic slippage. The only known chemical modulators of mitotic slippage were CDK 1
inhibitors (230, 231) such as roscovitine, which suffer from lack of specificity (232), and
Aurora B inhibitors such as ZM447439 (233). Likewise, the only chemicals known to
drive cells into senescence were HDAC inhibitors such as trichostatin A (234, 235),
which have myriad effects on cells (236). There was a clear requirement for chemicals
that specifically modulate the cell cycle in these ways.

Therefore, I aimed to design and execute high-throughput cell-based screens to
identify chemical inducers of senescence, chemical inhibitors of mitotic slippage, and

chemical inducers of mitotic slippage.
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1.7.2 Question 2: What is the outcome of mitotic slippage with respect to cell fate?
I used the chemical inhibitors and inducers of mitotic slippage identified as the
outcomes of Question 1 to determine whether, as shown in Figure 1.5, mitotic slippage

leads to cell survival and continued proliferation, cell cycle arrest, or cell death.

1.7.3 Question 3: What is the molecular mechanism of mitotic slippage?
Using the chemical inducers of mitotic slippage identified in Question 1, I probed the
mechanism of mitotic slippage to discover factors that influence whether cancer cells are

likely to undergo mitotic slippage.

1.7.4 Question 4: Is inhibition or induction of mitotic slippage a good strategy for
anticancer therapy?
Using the knowledge gained from Question 2 and Question 3, I evaluated the
potential impact of mitotic slippage during cancer therapy with an antimitotic agent and
whether cancer therapies combining antimitotic agents and inhibitors or inducers of

mitotic slippage could be useful in the clinic.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Cell lines

T98G human glioblastoma cells obtained from the American Type Culture Collection
were maintained in DMEM (Sigma). T98G WAFT cells (a gift from Dr. John Th’ng,
Lakehead University) were cultured in DMEM supplemented with 400 pg/mL G418
(Invitrogen). The breast cancer cell lines MCF-7pcDNA and MCF-7casp3 (a gift from
Dr. Reiner Jéanicke, University of Diisseldorf) were maintained in RPMI (Sigma)
supplemented with 10 mM HEPES, pH 7.4, (Gibco) and 400 pg/mL G418 (Invitrogen).
MCF-7mp53, MDA-MB-231 (human breast cancer) and HCT116 wild-type, p53'/' and
securin”” (human colon cancer, a gift from Dr. Phil Hieter) cell lines were cultured in
RPMI (Sigma) supplemented with 10 mM HEPES (Gibco). All cell culture media were
supplemented with 10% fetal bovine serum (Gibco), 100 units/mL penicillin and 100

ug/mL streptomycin.

2.2 Screening chemicals

All screening chemicals came from a collection of 31,600 known drugs and
pharmacologically active agents that is part of the Canadian Chemical Biology Network
screening node housed in the Roberge laboratory. A searchable database in available in

the laboratory.

2.3 Screen for activators of p21
T98G WAFI1 cells seeded in 96-well plates (PerkinElmer Viewplate) were exposed to

screening chemicals at concentrations of approximately 15 uM for 48 h at 37°C. The cells
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were then fixed in 3% paraformaldehyde (Fisher) in PBS (10 mM Na,HPO4/1.75 mM
KH,POy4, pH 7.4, 140 mM NaCl (Fisher), 3 mM KCI (Fisher)) for 15 min at room
temperature and the nuclei were stained with 500 ng/mL Hoechst 33342 (Invitrogen) in
PBS for 10 min at room temperature. The plates were imaged and analyzed using a
Cellomics VTI high content screening instrument using the Hoechst (excitation 365 nm,
emission 515 nm) and red (excitation 549 nm, emission 600 nm) channels. The average

red fluorescence per cell corresponds to the level of p21 promoter activity within the cell.

24 Screen for inhibitors of mitotic slippage

MDA-MB-231 cells were seeded in 96-well plates (PerkinElmer Viewplate) and
treated with 20-50 nM paclitaxel for 4 h at 37°C. The compounds to be screened were
then added at concentrations of approximately 15 uM and the cells were incubated for a
further 20 h. The plates were centrifuged at 50 x g for 2 min and then fixed and
permeabilized with 3.7% formaldehyde (Fisher) and 0.1% Triton X-100 (LabChem Inc.)
in TBS for 15 min. Cells were blocked in 1% bovine serum albumin (Sigma) in TBS for
30 min at room temperature and incubated with 1:50 TG3, an antibody obtained from
tissue culture supernatants (a gift from Peter Davies, Albert Einstein College of
Medicine) that recognizes mitotically phosphorylated nucleolin (237). After 1 h, the cells
were washed in TBS and incubated with 13.3 pg/mL goat anti-mouse AlexaFluor 568
(Invitrogen) for 1 h at room temperature. Nuclei were stained with 500 ng/mL Hoechst
33342 (Invitrogen) for 10 min and the plates were analyzed using a Cellomics ArrayScan

VTI. Cells were identified by their nuclear staining and the number of cells in each field
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with the strong TG3 staining indicative of a mitotic cell was quantified in the second red

channel, allowing calculation of the percentage of cells in mitosis.

2.5 Survival assays

MCF-7mp53, MDA-MB-231 or T98G cells were seeded in 96-well plates (Falcon)
and treated with 0, 3 or 5 uM paclitaxel for 4 h at 37°C. 1-20 uM chlorpromazine,
triflupromazine, SU6656 or geraldol was added for a further 44 h. The chemicals were
then washed away and the cells were incubated in drug-free medium for 2-4 days until
the control untreated cells reached confluency. 2.5 h before the end of the incubation
period, 25 pL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma) in PBS was added to each well. Finally, 100 puL of extraction buffer
(20% w/v SDS (Fisher), 2.5% acetic acid (Fisher), 2.5% 1M hydrochloric acid (Sigma),
50% N,N-dimethyl formamide (EMD)) was added to each well and the plate was
incubated overnight at 37°C. The absorbance at 570 nm, which corresponds to the
metabolic activity of the cells, was measured on a Dynex Technologies Opsys MR plate
reader, corrected for absorbance of the cell culture medium, and compared to the

absorbance of cells treated with paclitaxel alone.

2.6 Screen for inducers of mitotic slippage

T98G cells at approximately 75% confluency were treated with 0.33 M nocodazole
or 30 nM paclitaxel for 20 h at 37 °C. Mitotic cells were then isolated by shake-off,
counted using a hemacytometer, transferred to 96-well plates (PerkinElmer Viewplate) at

5,000 cells per well and treated with screening chemicals at approximate concentrations
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of 15 uM. After incubation for 4 h at 37°C, the medium and unattached cells were
aspirated and the attached cells were fixed with 3% paraformaldehyde (EMD) in PBS for
15 min at room temperature. The cells were then stained with 500 ng/mL Hoechst 33342
(Invitrogen) for 10 min at room temperature and counted using a Cellomics ArrayScan
VTI. The instrument was programmed to detect and count the Hoechst-stained nuclei in 5
fields per well, and the Valid Object Count parameter was used to quantify the number of

slipped cells per well.

2.7 Immunofluorescence microscopy

T98G cells were treated with 30 nM paclitaxel for 20 h at 37°C. Mitotic cells were
shaken off, seeded on glass coverslips in 12-well plates, and treated with 0.1% DMSO or
5 uM SU6656 or geraldol for 4 h at 37°C. The following steps took place at room
temperature: after centrifugation at 50 x g for 5 min, the cells were fixed in 3.7%
formaldehyde (Fisher Scientific) in PBS for 20 min, permeabilized in 0.1% Triton X-100
(LabChem Inc.) in PBS for 5 min, and blocked in 2% bovine serum albumin
(Sigma)/10% fetal bovine serum (Gibco) in PBS for 30 min at room temperature. The
coverslips were incubated with primary antibody in PBS for 1 hour, washed in PBS, and
incubated with secondary antibody in PBS for 1 h. Finally, the cells were stained with
500 ng/mL Hoechst 33342 (Invitrogen) for 5 min, mounted on slides and sealed. The
primary antibodies were mouse -tubulin (1:40; Developmental Studies Hybridoma
Bank, University of lowa), and mouse phospho-histone H3 (1:400). The secondary

antibody used was goat anti-mouse AlexaFluor 568 (13.3 ng/mL; Invitrogen).

33



2.8 Flow cytometry

75% confluent T98G cells were treated with 30 nM paclitaxel, 30 nM vinblastine or 1
uM S-trityl-L-cysteine for 20 h at 37°C. Mitotic cells were then harvested by shake-off,
seeded in 10-cm dishes, and treated with 0.1% DMSO, 5 uM SU6656, or 5 uM geraldol
in the continued presence of paclitaxel for 4 h at 37°C. The drugs were then washed away
and the cells were allowed to grow in fresh culture medium. Mitotic cells, cells exposed
to a slippage inducer for 4 h, or cells induced to slip and incubated in fresh culture
medium for different times were trypsinized and centrifuged for 7 min at 400 x g and
4°C. They were then washed twice in SAB (1% fetal bovine serum (Gibco)/0.1% azide
(Sigma) in PBS) and fixed in 10 volumes 70% ethanol at 4°C. Following overnight
fixation, cells were washed twice in Tw-SAB (0.5% Tween-20 (MP Biomedicals) in
SAB), permeabilized in Tw-SAB for 30 min on ice, and centrifuged as before. The cells
were resuspended in 1.12% sodium citrate (EMD), pH 8.4, supplemented with 100
pg/mL RNase A (Qiagen) and incubated for 30 min at 37°C. They were then stained with
propidium iodide (Calbiochem) for 20 min at 37°C and analyzed for cell cycle profile

using a BD LSRII flow cytometer.

2.9  Senescence-associated B-galactosidase staining

75% confluent T98G cells were treated with 30 nM paclitaxel, 30 nM vinblastine or 1
uM S-trityl-L-cysteine for 20 h at 37°C. The mitotic cells were shaken off, transferred to
6-well plates (Falcon) and treated with 0.1% DMSO, 5 uM SU6656 or 5 uM geraldol for
4 h at 37°C, at which time the drug-containing medium was replaced with fresh DMEM

and the cells were allowed to grow at 37°C for 8 days. The cells were then washed thrice
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in PBS and fixed in 3% formaldehyde (Fisher) in PBS for 3 min at room temperature.
They were washed again 3x in PBS and stained overnight at 37°C in X-gal staining
solution (40 mM citric acid (Fisher)/40 mM dibasic sodium phosphate (Merck), 150 mM
NacCl (Fisher) and 2 mM MgCl, (Fisher)) with freshly added 5 mM K;Fe(CN)s (Sigma),
5 mM K4Fe(CN)g (Sigma) and 1 mg/mL X-gal (Roche). Three fields were counted under
a phase contrast/bright field microscope and the percentage of senescent cells was

averaged over the three fields.

2.10 Immunoblotting

Cells were washed in PBS and lysed for 5 min on ice in lysis buffer containing 20
mM Tris-HCI (Fisher), pH 7.5, 150 mM NacCl (Fisher), 1 mM EDTA (Sigma), ] mM
EGTA (Sigma), 1% Triton X-100 (LabChem Inc.), 2.5 mM sodium pyrophosphate
(Fisher), 1 mM B-glycerolphosphate (Sigma), I mM sodium orthovanadate (Sigma) and
Ix protease inhibitor cocktail (Roche). Lysates were spun at 15,000 x g for 15 min and
supernatants were removed and assayed for protein concentration using the Bradford
assay (Sigma). Protein concentration was equalized and samples were diluted in 50 mM
Tris-HCI (Fisher), pH 6.8, 2% SDS (Fisher), 0.1% bromophenol blue (Sigma) and 10%
glycerol (Fisher). Samples were separated on a 12% acrylamide (Bio-Rad) gel, and
stained with Coommassie Brilliant Blue to verify equal protein loading or transferred to a
PVDF membrane (Millipore Immobilon-P). The membrane was blocked in 5% milk
(Nestle) in TBS containing 0.1% Tween-20 (MP Biomedicals) (TBS-T) for 30 min and
incubated overnight at 4°C with primary antibody in 5% milk in TBS. Membranes were

then washed 2 x 10 min in TBS-T, incubated at room temperature with secondary
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antibody in 5% milk for 1 h, washed 3 x 10 min. in TBS-T and imaged by
chemiluminescence (Millipore Immobilon Western). Antibodies used were mouse a-
cyclin B1 (1:100, BD Pharmingen 554178), mouse a-BubR1 (1:100, BD Transduction
612502), mouse a-Mad2 (1:500, Santa Cruz sc-47747), mouse o-p5S5CDC/Cdc20 (1:100,
Santa Cruz sc-13162), mouse a-Mps1 (1:500, Abcam ab11108), rabbit a-f3-tubulin
(1:5000, Santa Cruz sc-9104), goat a-mouse HRP (1:10,000, Thermo Scientific 31430),

and goat a-rabbit peroxidase conjugate (1:10,000, Mandel Scientific KP-074-1506).

2.11 Invitro kinase assays

SU6656 or geraldol were incubated for 20-30 minutes at room temperature with 20-
40 nM active kinase, 0.2 mg/mL myelin basic protein (Aurora kinases) or 0.4 mg/mL
synthetic Src substrate (KVEKIGEGTYGVVYK) and 50 pM **P-ATP in kinase assay
buffer containing 25 mM MOPS, pH 7.2, 12.5 mM B-glycerol-phosphate, 25 mM MgCl,,
5 mM EGTA, 2 mM EDTA and 0.25 mM DTT (Aurora kinases) or 25 mM MOPS, pH
7.2, 12.5 mM B-glycerol-phosphate, 20 mM MgCl,, 25 mM MnCl,, 5 mM EGTA, 2 mM
EDTA and 0.25 mM DTT (Src). 10 pL of this reaction mixture was then spotted on a
phosphocellulose Multiscreen plate, washed 3 x 15 min. in 1% phosphoric acid.
Scintillation fluid was added and the radioactivity on the plate was counted using a Trilux

scintillation counter against a control incubated without substrate.
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CHAPTER 3: HIGH-CONTENT SCREENS FOR

CELL CYCLE MODULATORS

31 Synopsis

High-content screens for cell cycle modulation via stimulation of senescence,
strengthening of mitotic arrest and induction of mitotic slippage are reported in this
chapter.

3800 pure chemicals were screened for stimulation of p21 promoter activity in the
absence of p53. Thirty-eight active chemicals were identified, 8 of which were known
antimitotic agents and 5 of which were known DNA topoisomerase inhibitors. Seven
compounds with unknown mechanisms were chosen for further study, of which 8-
azaguanine, erysolin, IC 261 and SKF 96365 were observed to induce senescence,
measured by senescence-associated -galactosidase activity, in T98G cells.

Two observations prompted screens for chemicals that inhibit or induce mitotic
slippage. First, cancer cell lines exhibit varying responses to paclitaxel exposure. Second,
cell lines that cannot maintain mitotic arrest in the presence of an unsatisfied mitotic
checkpoint exit mitosis through mitotic slippage. Of the 3600 compounds screened for
strengthening of mitotic arrest in MDA-MB-231 cells, 7 did so through their known
antimitotic activities. Two of these chemicals, the antipsychotic drugs chlorpromazine
and triflupromazine, reinforced paclitaxel-induced mitotic arrest at low micromolar
concentrations and induced mitotic arrest at high concentrations. Screening of 4800

chemicals for induction of mitotic slippage in T98G cells identified 4 chemicals, two of
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which had known activities that could stimulate mitotic slippage and were not examined
further. The two compounds selected for further study, SU6656 and geraldol, induced
cell attachment and loss of mitotic histone phosphorylation in T98G cells arrested in

mitosis by antimitotic agents that act by various mechanisms.

3.2 Identification of chemical stimulators of senescence
3.2.1 Screening for p21 promoter activity

To determine whether small molecules can be used to force a cancer cell to become
senescent in the absence of p53, which is normally involved in growth arrest and
senescence (Section 1.3.3), I designed and carried out a screen for compounds that could
activate senescence through upregulation of the CDK inhibitor p21, an important
modulator of cell cycle arrest and senescence. p21 is activated by p53 in response to
DNA damage (see Section 1.3.2), and p53 is commonly mutated in cancer, allowing
bypass of damage-induced growth arrest (see Section 1.3.3). I screened for chemicals that
increased p21 promoter activity in the p53-negative T98G glioblastoma cell line and
determined whether compounds that increased p21 promoter activity induced senescence,
utilising a cell-based system that allows measurement of the levels of a fluorescent
reporter protein whose transcription is under the control of the p21 promoter region.
Active compounds would upregulate p21, resulting in increased intracellular fluorescence
(Figure 3.1). Briefly, T98G WAFI cells were seeded in 96-well plates and exposed to
screening chemicals for 48 h before fixing and nuclear staining. Intracellular fluorescence
was quantified by automated fluorescence microscopy and an active compound was

defined as one that induced fluorescence ten-fold over background fluorescence levels.
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Figure 3.1: Screen for senescence-inducing chemicals through p21 promoter

activity.

T98G WAF]1 cells containing a fluorescent reporter protein under control of the p21
promoter were exposed to screening chemicals in 96-well plates for 48 h, fixed, stained
with Hoechst 33342 to label nuclei, and cell number and reporter protein fluorescence

were quantified by automated microscopy (see Section 2.3).
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Quantification of cells allowed identification and elimination of toxic compounds that
decreased cell number by 50% or more. Screening of 3800 compounds from the
Canadian Chemical Biology Network collection of pure chemicals revealed 38 active
compounds, listed in Table 3.1. A number of these compounds fell into two broad
categories: inhibitors of microtubule polymerization and inhibitors of DNA
topoisomerases (Table 3.1).

From this array of chemicals, I selected for further study seven whose biological
functions, if known, were not obviously connected to senescence: 8-azaguanine,
parbendazole, dihydroouabain, ceftibuten, erysolin, IC 261 and SKF 96365.
Concentration curves for these compounds revealed that they were effective in increasing

p21 promoter activity at low micromolar concentrations (Table 3.2).

3.2.2 Chemicals that increase p21 promoter activity can induce senescence

To ascertain whether exposure to compounds that increased intracellular p21 levels
also induced senescence, the activity of the main marker of senescence, senescence-
associated B-galactosidase, was measured in T98G cells exposed to p21-increasing
chemicals. The cells were exposed to chemicals at active concentrations for 48 h before
the drugs were washed away and the cells were allowed to grow in fresh cell culture
media for a further 3 d before overnight X-gal staining. The proportion of cells that were
positive for B-galactosidase activity at pH 6.0 was determined in three fields of view or
500 cells, and the results are expressed in Figure 3.2. Cells exposed to parbendazole,
dihydroouabain or ceftibuten re-entered the cell cycle when the drugs were washed away

and no senescent cells were observed. Approximately 60% of cells exposed to sodium
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Compound

Inhibitor of microtubule
polymerization

Inhibitor of DNA
topoisomerases

8-azaguanine

Nortriptyline

Ethinyl estradiol

Thimerosal

4’-demethylepipodophyllotoxin

Picropodophyllotoxin

Picropodophyllotoxin acetate

Podophyllotoxin acetate

N-formyldeacetylcholine

<

Parbendazole

B-lapachone

Dihydroouabain

Camptothecin

Idarubicin

IC 261

SKF 96365

Brefeldin A

Crinamine

Muurolladie-3-one

Gentian violet

Cymarin

Vinblastine

Vinorelbine

Vincristine

<

Tetrachloroisophthalonitrile

Hypocrellin B

Acrisorcin

Ceftibuten

Tegaserod maleate

Acetyl isoallogambogic acid

Dimethylgambogate

Pyrromycin

<4<

Thiram

Erysolin

Lasalocid sodium

Plumbagin

B-peltatin

Table 3.1: Chemicals that induce transcription of a p21 promoter-regulated

reporter protein. The compounds selected for further study are shown in bold.




Compound ECso (uM)

8-azaguanine 2.0

Parbendazole 0.05

Dihydroouabain 2.0

Ceftibuten 2.7
Erysolin 3.6
IC 261 2.0
SKF 96365 3.7

Table 3.2: Efficacies of lead p21-activating compounds.
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Figure 3.2: Induction of senescence-associated f-galactosidase activity by p21-

activating chemicals.

T98G cells were exposed to active compounds at concentrations above the measured
ECs for 48 h, allowed to grow in fresh culture medium for a further 3 d, and were stained

with X-gal at pH 6.0 (see Section 2.9).
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butyrate, an HDAC inhibitor known to induce senescence (238), were senescent. 8-
azaguanine, erysolin, IC 261 and SKF 96365 induced senescence in approximately 20-
50% of cells (Figure 3.2). These compounds had little apparent toxicity, as at least 75%
of cells survived after a 48 h exposure (not shown).

These results indicate that the outlined screen for compounds that induce p21
promoter activity in the absence of p53 has successfully identified compounds that can

induce senescence in p53-deficient cancer cells.

33 Mitotic arrest and slippage in three cancer cell lines

To determine whether cancer cell lines exhibit differences in mitotic arrest and
slippage, a detailed analysis of mitotic arrest and slippage induced by the microtubule-
targeting drug paclitaxel was carried out in three human cancer cell lines. MCF-7mp53
breast cancer cells expressing dominant-negative p53, MDA-MB-231 breast cancer cells
and T98G glioblastoma cells were exposed to different concentrations of paclitaxel for 24
h and the number of cells arrested at mitosis was determined by quantitative
immunofluorescence microscopy using the TG-3 antibody that recognizes mitotically
phosphorylated nucleolin (237) and a Cellomics Arrayscan VTI automated fluorescence
imager.

After a 24 h exposure, concentration-dependent mitotic arrest was observed at > 10
nM paclitaxel for all cell lines (Figure 3.3). However, the extent of mitotic arrest differed
for the three cell lines, reaching 70%, 40% and 50% at 100 nM paclitaxel for MCF-
7mp53, MDA-MB-231 and T98G cells, respectively. The low percentage of mitotic

arrest was not due to insufficiently long cellular exposure to the drug, as the doubling

44



N
o
I

—&— MCF-7mp53
A— MDA-MB-231
—o—T98G

(o)
o
I

% Mitotic cells
D
(@]

1 10 100
Paclitaxel (nM)
Figure 3.3: Differential induction of mitotic arrest by paclitaxel in three cancer cell

lines.

MCF-7mp53, MDA-MB-231 and T98G cells were treated with 0-100 nM paclitaxel for
24 h and immunostained with the TG-3 antibody to label cells in mitosis. The proportion
of cells in mitosis was determined by quantitation of TG3 fluorescence by automated
microscopy (see Section 2.4). Visual inspection of images confirmed that cells had the
condensed chromosomes characteristic of mitosis. Error bars represent standard deviation
from the mean. Results shown are representative of three independent experiments and

all subsequent assays were carried out similarly.
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times of these three cell lines are < 24 h, sufficiently long to block all cells at mitosis.
This observation implied differences in the stability of mitotic arrest among the three cell
lines. To characterize the stability of mitotic arrest, cells were exposed to different
concentrations of paclitaxel for different times. MCF-7mp53 cells exposed to 30-100 nM
paclitaxel showed a linear rate of mitotic accumulation until 16 h, when arrest reached a
plateau (Figure 3.4), consistent with stable mitotic arrest and its 16 h doubling time.
However, at 10 nM paclitaxel, mitotic accumulation was slower and reached a maximum
at 8 h, after which time the proportion of mitotic cells decreased, implying that this low
paclitaxel concentration caused transient mitotic arrest. MDA-MB-231 cells exposed to
60 or 100 nM paclitaxel initially arrested linearly at mitosis but accumulation stopped at
14-18 h, short of the 24 h doubling time for this cell line (Figure 3.4). Cells exposed to 30
nM paclitaxel reached a mitotic arrest plateau even earlier, at 8h. These observations
implied that mitotic arrest was not stable in MDA-MB-231 cells, even at 100 nM
paclitaxel. T98G cells exposed to 30-100 nM paclitaxel showed a linear rate of mitotic
accumulation that decreased after 14 h exposure (Figure 3.4). At 10 nM paclitaxel, cells
accumulated at mitosis until 8 h, after which the proportion of mitotic cells decreased.
Therefore, mitotic arrest was less stable in MDA-MB-231 and T98G cells than in MCF-
Tmp53 cells.

Cells arrested at mitosis can escape checkpoint arrest and enter interphase without
cell division. This response, termed mitotic slippage (see Section 1.6), is characterized by
the unique multinucleated ‘grape-like’ nuclear morphology of slipped cells (225). To
determine the extent to which mitotic slippage could account for the transient mitotic

arrest observed above, the proportion of slipped cells was determined by visual
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Figure 3.4: Mitotic accumulation in three cancer cell lines during exposure to

paclitaxel.
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MCF-7mp53, MDA-MB-231 and T98G cells were treated with 0-100 nM paclitaxel for

up to 24 h and the proportion of mitotic cells was determined by quantitative fluorescence

microscopy of the TG3 phosphoepitope (see Section 2.4). Error bars represent standard

deviation from the mean.
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inspection of nuclei as a function of time and paclitaxel concentration for the three cell
lines. MCF-7mp53 cells showed no evidence of mitotic slippage at 30 nM (Figures 3.5A,
3.6) or above (not shown). Interestingly, there was also no evidence of mitotic slippage at
10 nM paclitaxel, a concentration that induced transient mitotic arrest (Figures 3.5A, 3.6).
Examination of populations treated with 10 nM paclitaxel at 8 h and 14 h showed
large numbers of cells with metaphase plates (Figure 3.6, asterisks) as well a number of
anaphase and telophase cells (Figure 3.6, arrowheads), indicating that cell division was
taking place. Moreover, the total number of cells increased markedly between 8 h and 14
h at 10 nM paclitaxel and lower concentrations (not shown), confirming that cell division
was taking place. By contrast, cells treated with 30 nM paclitaxel showed scattered
condensed chromosomes and no evidence of metaphase plates (Figure 3.6), no cell
division and no increase in cell number (not shown). Examination of mitotic slippage in
MDA-MB-231 cells revealed a very different situation. MDA-MB-231 cells exposed to
30 nM paclitaxel showed a lower proportion of cells arrested at mitosis than MCF-7mp53
cells. Rather, a large number of cells that had undergone mitotic slippage were observed
and this number increased over time to reach 58% of the total cell population at 24 h
(Figure 3.5B). Strikingly, cells exposed to 10 nM paclitaxel showed only a maximum of
8% cells arrested at mitosis but the proportion of cells that had undergone mitotic
slippage increased over time to reach 85% of the total cell population at 24 h (Figure
3.5B). Examples of images are shown in Figure 3.6, where some of the numerous slipped
cells are indicated with arrowheads. There was no evidence of successful completion of
mitosis at those concentrations (Figure 3.6) and cell numbers did not increase during the

incubation period (not shown). Therefore, a high rate of mitotic slippage accounted for
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Figure 3.5: Transient mitotic arrest in MDA-MB-231 and T98G but not MCF-

7mpS3 cells due to mitotic slippage.

Cells were treated with 10 or 30 nM paclitaxel for up to 24 h, fixed, and stained with

Hoechst 33342 to label nuclei and the TG-3 antibody to label mitotic cells. Automated

fluorescence microscopy was used to quantitate the total number of cells and the number

of mitotic cells (see Section 2.4) and the images were visually inspected to determine the

number of slipped cells based on their characteristic fragmented nuclear morphology.

Error bars represent standard deviation from the mean.
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Figure 3.6: Mitotic arrest and slippage during exposure of MCF-7mp53, MDA-MB-

231 and T98G cells to paclitaxel.

Untreated cells or cells treated with 10 or 30 nM paclitaxel for 8, 14 or 24 h were
immunostained with the TG-3 antibody to label cells in mitosis (green), stained with
Hoescht 33342 to label nuclei (blue), and imaged using an automated fluorescence
microscope (see Section 2.4). Some MCF-7mp53 cells containing metaphase plates are
denoted with asterisks (*) and cells in anaphase or telophase are indicated with
arrowheads. Some of the MDA-MB-231 and T98G cells that have undergone mitotic
slippage, characterized by a grape-like nuclear morphology, are indicated with

arrowheads.

51



the low proportion of MDA-MB-231 cells arrested at mitosis compared to MCF7-mp53
cells. T98G cells exposed to 10 nM paclitaxel showed a high rate of mitotic slippage,
similar to MDA-MB-231 (Figures 3.5C, 3.6). However, at 30 nM paclitaxel, mitotic
arrest was more stable in T98G than in MDA-MB-231 cells. There were more T98G cells
arrested at mitosis than slipped cells at all time points, unlike MDA-MB-231 cells, where
slipped cells became more numerous over time (Figures 3.5B, 3.6).

In summary, these experiments show that three cancer cell lines respond differently to
paclitaxel exposure. At a low paclitaxel concentration, MCF-7mp53 cells underwent
transient mitotic arrest followed by successful cell division, while at a higher paclitaxel
concentration the cells underwent stable mitotic arrest. MCF-7mp53 cells showed no
evidence of mitotic slippage at any of the paclitaxel concentrations or exposure times
tested. At low paclitaxel concentrations, MDA-MB-231 and T98G cells underwent
transient mitotic arrest followed by mitotic slippage without any evidence of successful
cell division. At higher paclitaxel concentrations, MDA-MB-231 and T98G cells also
underwent transient mitotic arrest followed by mitotic slippage, but the rate of mitotic
slippage was higher in MDA-MB-231 cells than in T98G cells. The observation that
different cell lines exhibited very different propensities to undergo mitotic slippage
prompted me to search for chemicals that inhibit or stimulate mitotic slippage for use as

tools to better understand the effect of mitotic slippage in antimitotic cancer therapy.

3.4  Identification of chemical enforcers of mitotic arrest
A cell-based assay was devised that enabled us to screen for chemicals that prevent

mitotic slippage (Figure 3.7). MDA-MB-231 cells were selected because they showed the
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Figure 3.7: Screen for chemical reinforcers of mitotic arrest.

MDA-MB-231 cells in 96-well plates were treated with an antimitotic agent (MTA) for 4
h and screening chemicals were added for a further 20 h before fixing and staining the
cells with Hoechst 33342 to label DNA and TG3 to label mitotically phosphorylated
nucleolin. The cell number and TG3 fluorescence were then quantified by automated

fluorescence microscopy (see Section 2.4).
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highest rate of mitotic slippage at 30 nM paclitaxel (Figure 3.5B). Cells were seeded into
96-well plates at 5,000/well and incubated with paclitaxel. After 4 h, chemicals from a
collection of 3,584 drugs and pharmacologically active agents were added at a
concentration of 15 uM. 20 h later, the cells were fixed, immunostained with the TG-3
antibody to label cells arrested at mitosis and counterstained with Hoechst 33342 to label
all cell nuclei. The percentage of mitotic cells was determined quantitatively using an
automated fluorescence imager. A positive readout (increased mitotic arrest) was selected
over a negative readout (decreased slippage) because positive readout assays are less
prone to artefactual results from toxic chemicals (239-241). The paclitaxel concentration
was selected to provide ~10 % mitotic arrest (20-50 nM), compared to 1-2% for untreated
controls (Figure 3.8), to provide a large window to identify chemicals that increase
mitotic arrest.

The vast majority of the chemicals tested had no effect, but a small number
considerably increased mitotic arrest (Figure 3.8). Nine active chemicals were identified:
seven microtubule-targeting agents and derivatives (colchicine, N-formyl-
deacetylcolchicine, parbendazole, podophyllotoxin, sanguinarine, vinblastine, vincristine)
and the structurally closely related antipsychotic drugs chlorpromazine and
triflupromazine (CPZ and TPZ, Figure 3.9). The microtubule-targeting agents were not
studied further because experiments described in the previous section had already shown
that increasing the concentration of paclitaxel could stabilize mitotic arrest and decrease

mitotic slippage, but CPZ and TPZ were analysed in more detail.
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Figure 3.8: Results of the screen for chemical enforcers of mitotic arrest.

Example of screening results. MDA-MB-231 cells grown in 96-well plates were left
untreated for 24 h (-), treated with paclitaxel for 24 h (paclitaxel) or treated with
paclitaxel for 4 h followed by screening chemicals for a further 20 h (see Section 2.4).
The proportion of cells in mitosis was determined by quantitative immunofluorescence

microscopy.
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Figure 3.9: Structures of the chemical reinforcers of mitotic arrest chlorpromazine

and triflupromazine.

Chlorpromazine and triflupromazine, two structurally closely related antipsychotic drugs

found to inhibit mitotic slippage.
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3.4.1 Effect of chlorpromazine and triflupromazine on mitotic slippage

The effects of CPZ and TPZ on paclitaxel-induced mitotic arrest were tested in the
three cell lines. Cells were exposed to different concentrations of CPZ or TPZ 4 h after
treatment with 0, 10 or 30 nM paclitaxel and the extent of mitotic arrest was determined
after a further 20 h.

Exposure of MDA-MB-231 cells to CPZ or TPZ alone at concentrations < 10 uM did
not cause any mitotic arrest (Figure 3.10). Exposure of MDA-MB-231 cells to 10 nM or
30 nM paclitaxel caused 4% and 16% mitotic arrest, respectively, compared to 2%
mitotic arrest in untreated populations (Figure 3.10). However, exposure to 10 nM or 30
nM paclitaxel together with 3-10 uM CPZ considerably increased mitotic arrest (Figure
3.10). At higher concentrations, both CPZ and TPZ caused mitotic arrest on their own
(Figure 3.10). In the other two cell lines, identical treatment yielded similar results: CPZ
and TPZ also caused mitotic arrest at high concentrations, more so in MCF-7mp53 cells
than in T98G cells. In combination with paclitaxel, 3-10 uM CPZ and TPZ increased

mitotic arrest, particularly when combined with 10 nM paclitaxel (Figure 3.10).

3.5 Identification of chemical inducers of mitotic slippage

To identify chemicals that induce mitotic slippage, T98G was selected as a suitable
cell line because it showed a lower spontaneous tendency to undergo mitotic slippage
than the MDA-MB-231 cell line, but was able to undergo mitotic slippage, unlike the
MCF-7mp53 cell line. The assay took advantage of the observation that mitotic cells
adhere only loosely to tissue culture-treated plastic whereas slipped cells attach strongly,

providing a positive readout to measure mitotic slippage (Figure 3.11). Adherent
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paclitaxel or triflupromazine and paclitaxel.

MCF-7mp53, MDA-MB-231 and T98G cells were treated with 0, 10 or 30 nM paclitaxel

for 4 h followed by the indicated concentrations of chlorpromazine or triflupromazine for

20 h and the proportion of cells in mitosis was determined by quantitative

immunofluorescence microscopy (see Section 2.4). Error bars denote standard deviation

from the mean.
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Figure 3.11: Screen for inducers of mitotic slippage.

T98G cells arrested in mitosis by an antimitotic agent were harvested via shake-off,
transferred to 96-well plates and exposed to screening chemicals for 4 h. Mitotic cells

were then washed away and the nuclei of attached, slipped cells were stained with

Hoechst 33342 and quantified by automated fluorescence microscopy (see Section 2.6).
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interphase T98G cells were incubated with nocodazole or paclitaxel for 20 h and the cells
arrested at mitosis were separated from interphase or slipped cells by shake-off. The
mitotic cells were distributed into 96-well plates at 5,000/well in the continued presence
of the microtubule-targeting agent. Test chemicals were added and after 4 h, the cells
remaining arrested at mitosis were removed by aspiration and the cells that had attached
to the plastic surface during the incubation were fixed, their nuclei were stained with
Hoechst 33342 to label DNA, and they were counted using an automated fluorescence
imager. In controls treated with paclitaxel alone, no more than 10% of the cells became
attached during the 4 h incubation (Figure 3.12), whereas 80% of the cells became
attached (data not shown) when cells were treated with paclitaxel and 2.5 uM
7ZM447439, an Aurora B inhibitor previously demonstrated to induce mitotic slippage
(233).

This assay was used to screen the chemical collection at a concentration of 15 uM.
Four chemicals induced >50% of cells to attach (Figure 3.12). Visual inspection of the
images ensured that cells showed the grape-like nuclear morphology characteristic of
slipped cells (225) (Figure 3.13) rather than the condensed chromosomes of M-arrested
cells. The four active compounds were SU6656, a Src family kinase inhibitor (242); CGP
74514A, a CDKI inhibitor (126); aklavin (1-deoxypyrromycin), a DNA-intercalating
agent structurally related to the antitumour antibiotic aclarubicin (243); and geraldol, a
flavonoid with no known biological activity. The identification of a CDKI1 inhibitor as an
inducer of mitotic slippage was not unexpected (244), as CDK1 activity is required to
maintain mitotic checkpoint activity (224) and loss of CDK1 activity through cyclin B1

degradation precedes the metaphase-to-anaphase transition and triggers exit from
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Figure 3.12: Results of the screen for inducers of mitotic slippage.

T98G cells were treated with 30 nM paclitaxel for 20 h and mitotic cells were harvested
by shake-off and seeded in 96-well plates. The cells were then treated without (-) or with
(+) screening chemicals at 15 uM for a further 4 h and the attached, slipped cells were
fixed, stained with Hoechst 33342 and quantified using automated fluorescence

microscopy (see Section 2.6).
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Figure 3.13: Nuclear morphology of cells induced to undergo mitotic slippage by

exposure to paclitaxel and SU6656 or geraldol.

TI98G cells were treated with 30 nM paclitaxel for 20 h and mitotic cells were harvested
by shake-off and seeded in 96-well plates. The cells were then treated with SU6656 or
geraldol at 15 uM for a further 4 h and the attached, slipped cells were fixed, stained with

Hoechst 33342 and counted using automated fluorescence microscopy (see Section 2.6).
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mitosis (35, 245). Identifying a DNA-damaging agent was also not surprising since
activation of the DNA damage checkpoint in cells arrested at mitosis can downregulate
CDKI1 activity, causing cells to escape mitotic arrest (246). Therefore, SU6656 and
geraldol were selected for further study (Figure 3.14).

To verify that the attached cells had indeed escaped mitosis, immunofluorescence
microscopy was carried out using the H3P antibody that recognizes histone H3
phosphorylated at Ser10, a widely used mitotic marker (247). Cells arrested at mitosis by
paclitaxel showed strong H3P reactivity whereas treatment of cells arrested at mitosis by
paclitaxel with SU6656 or geraldol for 4 hours caused an almost complete disappearance
of H3P staining (Figure 3.15).

For further characterization of the activity of SU6656 and geraldol, T98G cells were
arrested at mitosis by chemicals with different mechanisms of action: the microtubule
stabilizing agent paclitaxel, the microtubule depolymerising agent vinblastine, or the
kinesin spindle protein (KSP)/Eg5 kinesin inhibitor S-trityl-L-cysteine (STLC). They
were then exposed to different concentrations of SU6656 or geraldol for 4 h and the
proportion of slipped cells was determined. SU6656 and geraldol induced mitotic
slippage in cells arrested with any of the three antimitotic agents and they were both

active at low micromolar concentrations (Figure 3.16).
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Figure 3.14: Structures of SU6656 and geraldol.
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Figure 3.15: Disappearance of mitotic histone H3 Ser10 phosphorylation in cells

treated with SU6656 or geraldol.

TI98G cells arrested at mitosis with 30 nM paclitaxel were exposed, in the continued
presence of paclitaxel, to 5 uM SU6656 or 5 uM geraldol for 4 h. Cells were stained with

Hoechst 33342 and anti-phospho-histone H3 (H3P) as described in Section 2.7.
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Figure 3.16: Induction of mitotic slippage after mitotic arrest induced by paclitaxel,

vinblastine or S-trityl-L-cysteine (STLC).

T98G cells were treated with 30 nM paclitaxel, 30 nM vinblastine or 1 uM S-trityl-L-

cysteine for 20 h and mitotic cells were harvested by shake off, seeded in 96-well plates

and exposed to 0-10 uM SU6656 or geraldol for 4 h. The nuclei of attached, slipped cells

were labelled using Hoechst 33342 and cells were counted using automated fluorescence

microscopy (see Section 2.6). Results are shown as a percentage of the number of cells

seeded in each well. Error bars denote intervals of 95% confidence, as do all subsequent

error bars unless otherwise indicated.
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CHAPTER 4: EFFECTS OF MITOTIC SLIPPAGE

ON CELL SURVIVAL AND PROLIFERATION

4.1 Synopsis

In this chapter, the effects of inhibition and induction of mitotic slippage by the
chemicals identified in Chapter 3 are compared with respect to cell survival. While
chlorpromazine and triflupromazine, compounds found to strengthen mitotic arrest,
inhibit cell proliferation on their own, they cause an increase in cell survival and
proliferation in combination with paclitaxel compared to paclitaxel alone. This result
indicates that maintenance of mitotic arrest through prevention of mitotic slippage
favours cancer cell survival over death. Conversely, mitotic slippage, either spontaneous
or induced by the chemicals SU6656 and geraldol that were identified in Chapter 3,
results in cell death over a period of up to 14 days. Death occurs primarily by apoptosis,
as evidenced by sub-G1 DNA content. Some cells, after undergoing mitotic slippage, re-
replicate their DNA without cell division, become giant and micronucleated, or exhibit
senescence-associated B-galactosidase activity before dying. However, this result applies
only to mitotic slippage following mitotic arrest induced by microtubule-targeting agents:
mitotic slippage following arrest induced by the KSP/Eg5 inhibitor S-trityl-L-cysteine
results in recovery of normal ploidy and continued cell proliferation. Chlorpromazine and
triflupromazine inhibit stimulation of mitotic slippage by SU6656 and geraldol,

indicating that mitotic slippage can be prevented by strengthening mitotic arrest.

67



Comparison of mitotic slippage and cell survival in paired cell lines revealed that loss
of securin appears to lower the barrier to mitotic slippage, resulting in an increased
frequency of slippage. However, lack of securin activity does not allow a survival
advantage, indicating that securin is not important for survival following mitotic slippage.

The results presented in this chapter indicate that outcomes of mitotic slippage result
in cell death, favourable for cancer therapy. Therefore, SU6656 and geraldol may have

therapeutic potential and are of interest for further study.

4.2 Chlorpromazine and triflupromazine increase survival of paclitaxel-treated
cells

Chlopromazine and triflupromazine (see Section 3.4.1) were used as tools to examine
the effect of strengthening mitotic arrest on cell survival after exposure to paclitaxel.
Cells were exposed to 0, 3 or 5 nM paclitaxel and CPZ or TPZ was added at different
concentrations 4 h later. After 48 h, the cell culture medium was removed and replaced
with fresh medium without any drugs and the cells were cultured for 2-4 additional days.
Cell proliferation was then determined using the MTT assay and expressed relative to the
effect of paclitaxel alone. On their own, CPZ and TPZ both inhibited proliferation at > 6
uM (Figure 4.1). Remarkably, exposure to a combination of paclitaxel and 3-10 uM CPZ
or TPZ caused increased cell proliferation compared to exposure to either drug alone.
Moreover, cell proliferation increased further in the presence of CPZ or TPZ when the
concentration of paclitaxel was increased from 3 nM to 5 nM. At their optimal
concentrations, CPZ and TPZ increased the proliferation of MDA-MB-231 cells by

nearly 200%, MCF-7-mp53 cells by 150% and T98G cells by 50% (Figure 4.1).
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Figure 4.1: Increase in cell survival casused by combinations of chlorpromazine and

MCF-7mp53, MDA-MB-231 and T98G cells were treated with 0, 3 or 5 nM paclitaxel
for 4 h followed by the indicated concentrations of chlorpromazine or triflupromazine for
a further 44 h. The drugs were then washed away and the cells were allowed to grow in
fresh culture medium for 2-4 days before the number of live cells was determined using
the MTT assay (see Section 2.5). Results are expressed as % live cells compared to

treatment without chlorpromazine or triflupromazine. Error bars denote standard
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CPZ and TPZ retained their toxicity at higher concentrations in the presence of paclitaxel.
Therefore, imposing stronger mitotic arrest with CPZ or TPZ, at active but not toxic
concentrations, during exposure to paclitaxel enabled cells to better survive and resume

proliferation upon drug washout.

4.3 Cells forced to undergo mitotic slippage by SU6656 or geraldol experience
myriad fates

The easy separation of cells arrested at mitosis from those that have undergone
mitotic slippage afforded by the attachment of the latter to plastic enabled examination of
the fate of slipped cells. T98G cells were arrested at mitosis with paclitaxel, vinblastine
or S-trityl-L-cysteine and incubated without or with SU6656 or geraldol. After 4 h, the
drugs were washed away, the attached cells were cultured in fresh medium without drug
and their fate was followed for up to 2 weeks using automated microscopy to count cell
numbers and flow cytometry of DNA content to measure ploidy.

First, the fate of the cells that spontaneously slipped out of paclitaxel-induced mitotic
arrest (DMSO-treated) was examined. Essentially all cells died but this process was
protracted, taking up to 14 days (Figure 4.2). The cells that underwent mitotic slippage
were unable to divide successfully, as no peak with 2N G1 DNA content (less than the
4N DNA content indicated) appeared (Figure 4.3). Instead, large numbers of cells
underwent one round of DNA replication without division, resulting in a peak with twice
the G2/M DNA content appearing at days 2-5. A smaller proportion underwent one
additional round of DNA replication without cell division by day 5. Microscopic

examination at day 5 revealed inordinately large cells with diameters of about 100 pum,
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Figure 4.2: Cell death after exposure to chemical stimulators of mitotic slippage.

T98G cells were treated with 30 nM paclitaxel, 30 nM vinblastine or 1 uM S-trityl-L-
cysteine (STLC) and mitotic cells were harvested by shake-off, seeded in 96-well plates
and treated with 5 pM SU6656, 5 uM geraldol or DMSO. After 4 h (time = 0), the drugs
were washed away and the attached cells were allowed to grow in fresh culture medium
for up to two weeks. At various times, cells were fixed, stained with Hoechst 33342 to

label nuclei, and counted using an automated fluorescence imager (see Section 2.6).

71



Paclitaxel Vinblastine STLC

g \ ﬂ“‘ \“\ f_“l“‘.
A4 W | i \f v‘\‘

133 Lo W ,\:7» \h\ [: U\Wi

2d DMSO

2d |

1d | \ !

0 h e c“’ }W‘VVV \“ - 7“‘
M-arrested ||| N N

14d |\ | Y
10d [\Srne . | o [N
7d | N |
4d
2d |
1d i i
oh [~ fn~ il

M-arrested h v L)/“ . :‘;\ B

SU6656

14d | )
10d p i N AL
7d \ O | I T
4d ™ T
2d Geraldol
1d [
0h |73~ | i

M-arrested | P gl |7 TR

Ji
T T

T B | - T =
10" 10 10° 10" 102 10° 10" 102

DNA content >

Figure 4.3: Endoreduplication after mitotic slippage.

T98G cells were treated with 30 nM paclitaxel, 30 nM vinblastine or 1 uM S-trityl-L-
cysteine (STLC) and mitotic cells were harvested by shake-off, seeded in 96-well plates
and treated with 5 uM SU6656, 5 uM geraldol or DMSO. After 4 h (time = 0), the drugs
were washed away and the attached cells were allowed to grow in fresh culture medium
for up to two weeks. At various times, cells were fixed, stained with propidium iodide,
and their DNA content was analyzed by flow cytometry (see Section 2.8). Dotted lines

indicate 4N DNA content (G2/M phase).
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containing numerous unequally sized nuclei and an extensive cytoplasmic microtubule
network (Figure 4.4). Staining for senescence-associated -galactosidase activity at day 8
revealed the presence of senescent cells (Figure 4.5). Between days 7 and 14, a large
proportion of these cells died, as seen from the appearance of a large sub-G1 DNA peak
indicative of apoptosis, a decrease in the higher ploidy peaks and a decrease in cell
number (Figure 4.2 and 4.3).

The paclitaxel-arrested cells that were forced to undergo mitotic slippage by exposure
to SU6656 or geraldol underwent a largely similar fate. Most of the cells died with
kinetics similar to those that underwent slippage spontaneously (Figure 4.2). The fraction
of cells treated with SU6656 that underwent two rounds of DNA replication without
division was larger than those seen in DMSO- or geraldol-treated cells (Figure 4.3) and
there were large numbers of giant cells (Figure 4.4). Many cells showed microtubule
bundles reminiscent of interphase cells treated with paclitaxel (Figure 4.4). At day 8, 20-
30% of the cells were senescent (Figure 4.5). By day 14, few surviving cells remained
(Figure 4.2). In summary, the cells that underwent mitotic slippage after paclitaxel
treatment, whether spontaneous or induced, underwent one or more rounds of DNA
replication without cell division, became very large and showed signs of senescence, and
eventually all died.

The cells that spontaneously slipped out of mitotic arrest imposed by vinblastine or
were induced to slip out of mitosis died with kinetics similar to those arrested with
paclitaxel (Figure 4.2) and they similarly underwent multiple rounds of DNA replication
without intervening cell division (Figure 4.3). Examination of the cells at day 5 also

revealed large numbers of giant cells. Interestingly, tubulin immunostaining in these cells
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Figure 4.4: Formation of giant multinucleated cells after mitotic slippage.

T98G cells arrested at mitosis with 30 nM paclitaxel, 30 nM vinblastine or 1 uM S-trityl-
L-cysteine (STLC) were harvested by shake-off, seeded on coverslips, and treated
without (DMSO) or with 5 uM SU6656 or 5 uM geraldol for 4 h. The chemicals and
unattached cells were then washed away and the attached, slipped cells were allowed to
grow for 5 days in fresh culture medium, at which time they were stained with Hoechst

33342 to label nuclei (blue) and rabbit a-B-tubulin (red) (see Section 2.7).
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Figure 4.5: Senescence induction by chemical stimulators of mitotic slippage.

T98G cells were treated with 30 nM paclitaxel, 30 nM vinblastine or 1 uM S-trityl-L-
cysteine (STLC) and mitotic cells were harvested by shake-off, seeded in 96-well plates
and treated with 5 uM SU6656, 5 uM geraldol or DMSO. After 4 h (time = 0), the drugs
were washed away and the attached cells were allowed to grow in fresh culture medium.
After 8 days, cells were fixed and stained with X-gal at pH 6 to selectively label
senescent cells (see Section 2.9). The number of X-gal-positive cells in 3 fields of view
was counted under a bright-field microscope and expressed as a percentage of the total

number of cells in those 3 fields.
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was punctate and diffuse, showing that the cells had failed to reform a microtubule
network (Figure 4.4). There were also large numbers of senescent cells at day 8 (Figure
4.5) and most of the cells were dead by day 14 (Figure 4.2).

The cells that slipped out of mitotic arrest induced by the KSP/Eg5 kinesin inhibitor
S-trityl-L-cysteine underwent a very different fate. There was little or no evidence of cell
death and a high level of cell proliferation was observed after slippage (Figure 4.2). Soon
after exposure to DMSO, SU6656 or geraldol, a peak with G1 DNA content appeared
(left of the dotted line indicating G2/M DNA content), indicating successful completion
of mitosis (Figure 4.3). The cells that had been induced to undergo mitotic slippage by
SU6656 or geraldol proliferated, but did so initially as a mixed population containing
cells with normal ploidy and cells with double the ploidy of the parental population. By
day 7, the population returned to a normal ploidy state, presumably due to the death of
the polyploid population (Figure 4.3). At day 5, the cells contained a single nucleus and
were of similar size to untreated cells (Figure 4.4). Little or no senescence was observed
(Figure 4.5).

SU6656 and geraldol were next used as tools to directly compare the effect of
stimulating mitotic slippage on cell survival and proliferation after exposure to paclitaxel
with that of inhibiting mitotic slippage. Cells were exposed to combinations of paclitaxel
and SU6656 and geraldol and after 48 h the drugs were washed away. Cell viability and
proliferation was measured 2-4 days later using the MTT assay. SU6656 inhibited cell
proliferation at 1 uM or above in all cell lines while geraldol inhibited proliferation much
less potently (Figure 4.6). Exposure to a combination of paclitaxel and SU6656 did not

lead to a significant change in cell viability over either drug alone (Figure 4.6). Geraldol
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Figure 4.6: Decrease in cell viability caused by combinations of SU6656 and

paclitaxel or geraldol and paclitaxel.

MCF-7mp53, MDA-MB-231 and T98G cells were treated with 0, 3 or 5 nM paclitaxel
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for 4 h followed by the indicated concentrations of SU6656 or geraldol for a further 44 h.

The drugs were then washed away and the cells were allowed to grow in fresh culture
medium for 2-4 days before the number of live cells was determined using the MTT
assay (see Section 2.5). Results are expressed as % live cells compared to treatment

without SU6656 or geraldol on the same scale as in Figure 4.1 to facilitate direct

comparison. Error bars represent standard deviation from the mean.
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was slightly more toxic to two of the three cell lines in the presence of paclitaxel than in
its absence (Figure 4.6). These results are in sharp contrast to those obtained with the
same concentrations of paclitaxel and the mitotic slippage inhibitors CPZ and TPZ,
which considerably increased cell survival and proliferation upon exposure to paclitaxel
at concentrations that were active in reinforcing mitotic arrest but were not toxic
(compare Figures 4.1 and 4.6, shown on the same scale). Therefore, inhibiting mitotic
arrest with SU6656 or geraldol during exposure to paclitaxel did not enable cells to better

survive and resume proliferation upon drug washout.

4.4 CPZ and TPZ inhibit induction of mitotic slippage by SU6656 and geraldol
To determine whether enforcing the mitotic checkpoint with CPZ or TPZ would
prevent mitotic slippage induced by SU6656 or geraldol, T98G cells were arrested at
mitosis with 30 nM paclitaxel and mitotic cells were harvested by shake-off and exposed
to SU6656 or geraldol and CPZ or TPZ. After 4 h, the nonadherent cells were washed
away and the slipped cells were quantified. Treatment with CPZ or TPZ alone resulted in
a low rate of mitotic slippage (Figure 4.7A), approximately equal to that observed upon
treatment with paclitaxel alone. When cells were treated with SU6656 in conjunction
with CPZ or TPZ, partial inhibition of the action of SU6656 was observed, decreasing the
proportion of slipped cells from 50% to 20-25%. CPZ and TPZ also inhibited the effects
of geraldol, although to a lesser degree. To ensure that the reduction in the proportion of
attached cells was not due to toxicity, the effect of these chemical combinations on cell
survival were measured using the MTT assay. SU6656 exhibited slight toxicity, but this

effect was not significantly increased by CPZ or TPZ (Figure 4.7B). Geraldol did not
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Figure 4.7: Antagonistic activity of chemical inhibitors and stimulators of mitotic

T98G cells were treated with 30 nM paclitaxel for 20 h and mitotic cells were harvested

by shake-off, seeded in 96-well plates and treated with the indicated combinations of

SU6656 (5 uM), geraldol (5 uM), chlorpromazine (CPZ, 7 uM) or triflupromazine (TPZ,

7 uM). The nuclei of attached, slipped cells were stained with Hoechst 33342 and cells

were counted using automated fluorescence microscopy (A) (see Section 2.6). Results are

expressed as percentages of cells seeded in each well. After incubation with drugs, cell

viability was measured using the MTT assay (B) (see Section 2.5). Results are expressed

in comparison to cell viability after treatment with paclitaxel alone.
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reduce cell viability at all, and this was unchanged by the addition of CPZ or TPZ. Thus,
reinforcement of the mitotic checkpoint in T98G cells by CPZ or TPZ is sufficient to at

least partially inhibit mitotic slippage induced by SU6656 or geraldol.

4.5 Loss of securin increases the frequency of mitotic slippage

To determine the contribution to mitotic slippage of other proteins involved in
mitosis, paired HCT116 securin (wild-type) and securin”” cell lines were assayed for
mitotic slippage induction by 5 uM SU6656 or 5 uM geraldol. Securin is an APC/CC4
and proteasome substrate that is degraded at the metaphase-to-anaphase transition (36,
248), allowing separase cleavage of cohesin and sister chromatid separation (249). Loss
of securin increased spontaneous and induced mitotic slippage two-fold over securin-
positive HCT116 cells (Figure 4.8), indicating that securin loss sensitizes cells to mitotic
slippage.

The survival of HCT116 wild-type and securin™ cells was compared 7 d following
induction of mitotic slippage and drug washout (Figure 4.9). Approximately 10% of wild-
type HCT116 cells that had undergone mitotic slippage survived, whether mitotic
slippage was spontaneous or induced. The survival rate of HCT116 securin™ cells was
not significantly higher than that of wild-type cells, indicating no role for securin in cell

survival following an incomplete mitosis.
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Figure 4.8: An increase in the frequency of mitotic slippage due to loss of securin.

HCT116 wt and securin™ cells were exposed to 30 nM paclitaxel for 20 h, harvested by
shake-off and incubated with 0.1% DMSO, 5 uM SU6656 or 5 pM geraldol for 4 h. The
attached, slipped cells were then fixed, stained with Hoechst 33342, and quantified by

automated fluorescence microscopy (see Section 2.6).
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Figure 4.9: Death of cells lacking securin after mitotic slippage.

HCT116 wt and securin” cells were exposed to 30 nM paclitaxel for 20 h, harvested by
shake-off and incubated with 0.1% DMSO, 5 uM SU6656 or 5 uM geraldol for 4 h. Both
drugs were then washed away and the cells were allowed to grow in fresh cell culture
medium for 7 days before staining with Hoechst 33342 and quantification by automated

fluorescence microscopy (see Section 2.6).
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CHAPTER 5: MITOTIC SLIPPAGE VIA

PROTEASOME- AND CASPASE-DEPENDENT

MITOTIC CHECKPOINT INACTIVATION

51 Synopsis

Work in this chapter aimed to understand the mechanism of action of the mitotic
slippage inducers SU6656 and geraldol and apply that knowledge to spontaneously
occurring mitotic slippage. Like completion of mitosis, mitotic slippage induced by
SU6656 and geraldol is proteasome-dependent and involves degradation of cyclin B1.
However, unlike spontaneous mitotic slippage, SU6656 and geraldol stimulate
proteasome-dependent degradation of the mitotic checkpoint proteins BubR1, Cdc20 and
Mpsl. As degradation of BubR1 is sufficient to compromise the mitotic checkpoint,
SU6656 and geraldol induce mitotic slippage through mitotic checkpoint inactivation.
Stimulation of mitotic slippage is dependent on caspase-3, as shown by prevention of
mitotic slippage induction by a caspase-3 inhibitor and in cells that lack caspase-3.
Mitotic checkpoint inactivation through degradation of BubR1 is also caspase-3-
dependent, as it occurs only in cells expressing caspase-3, while degradation of cyclin B1
and Cdc20 is not, suggesting that cyclin B1 degradation may not be sufficient for mitotic
slippage to occur. Additionally, cell attachment and loss of mitotic phosphoepitopes does
not occur before 2 h of exposure to geraldol, when BubR1 and Cdc20 are significantly
degraded, while cyclin B1 degradation is complete after 30 min of exposure. Despite the

clear requirement for caspase-3 for induction of mitotic slippage by SU6656 and
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geraldol, caspase-3 is not required for spontaneous mitotic slippage, as mitotic slippage
occurs with relatively equal frequencies in cells lacking or expressing caspase-3.

In vitro kinase assays revealed that SU6656 and geraldol both inhibit Aurora A and
Aurora B, although Aurora B is inhibited more potently, and that geraldol may inhibit a
number of additional kinases. However, these compounds likely have additional effects,
as induction of mitotic slippage by the well-characterized Aurora B inhibitor ZM447439
is not caspase-3-dependent.

With respect to cell fate after antimitotic treatment and mitotic slippage, loss of
caspase-3 does not affect the extensive cell death observed after induction of mitotic
slippage. Neither caspase-3 nor p53 affects the similarly extensive cell death observed
after exposure to paclitaxel, paclitaxel and SU6656, or paclitaxel and geraldol,
implicating cell death pathways other than apoptosis in the outcome of treatment with an

antimitotic agent.

5.2 Induction of mitotic slippage by SU6656 and geraldol requires proteasomal
activity

When cells spontaneously slip out of mitotic arrest, as well as during normal exit
from mitosis, proteasomal activity is required for the degradation of cyclin B1 (226, 227).
To determine whether escape from mitotic arrest induced by SU6656 or geraldol
similarly requires proteasome activity, mitotic slippage was examined (see Section 2.6) in
the presence of the proteasome inhibitor MG-132. In the absence of MG-132, SU6656 or
geraldol induced 60-90% of mitotic cells to undergo mitotic slippage. MG-132 reduced

the proportion of slipped cells in a concentration-dependent manner (Figure 5.1),
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Figure 5.1: Proteasome-dependent mitotic slippage induction by SU6656 and

geraldol.

TI98G cells arrested in mitosis by 30 nM paclitaxel were harvested by shake-off, seeded
in 96-well plates and exposed to 5 uM SU6656 or 5 uM geraldol simultaneously with 0-
75 uM MG-132. After 4 h, the attached, slipped cells were fixed, stained, and quantified

using an automated fluorescence imager (see Section 2.6).
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indicating that mitotic slippage induced by both chemicals requires proteasomal protein
degradation. Either chemical caused complete disappearance of cyclin B1, as determined
by immunoblotting, and this degradation was entirely prevented by co-incubation with
MG-132 (Figure 5.2). Therefore, induction of mitotic slippage by these chemicals is
similar to normal exit from mitosis and spontaneous slippage with respect to proteasome

dependence and cyclin B1 degradation.

53 Induction of mitotic slippage occurs via proteasome-dependent degradation
of mitotic checkpoint proteins

Although spontaneous mitotic slippage occurs via the ubiquitination of cyclin B1 by
APC/C* it does not involve inactivation of the mitotic checkpoint (226, 227). Using
immunoblotting, the effects of SU6656 and geraldol on the cellular levels of the main
mitotic checkpoint mediators Cdc20, BubR1, Mad2 and Mps1 were examined.
Interestingly, SU6656 and geraldol caused complete degradation of BubR1 and Cdc20
and a reduction in Mps|1 levels. The degradation of these three proteins was prevented by
co-incubation with MG-132 (Figure 5.2). Exposure to SU6656, but not geraldol,
decreased cellular levels of Mad2 and this depletion was not proteasome-dependent
(Figure 5.2).

To determine whether BubR1 is degraded during completion of mitosis, T98G cells
were arrested in mitosis by a 12 h exposure to nocodazole and released into drug-free cell
culture medium. The cells exited mitosis within 7 h, indicated by the development of a
G1 DNA content peak (with lower DNA content that the G2/M peak indicated by a

dotted line) measured by flow cytometry (Figure 5.3A). However, BubR1 was not
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Figure 5.2: Mitotic slippage induction through proteasome-dependent degradation

of mitotic checkpoint proteins.

Mitotic T98G cells were harvested by shake-off and exposed to 5 uM SU6656 or 5 uM
geraldol without or with 20 uM MG-132 for 4 h. Lysates were immunoblotted for the

indicated proteins (see Section 2.10). Mitotic cells are enriched in all the indicated

proteins due to their upregulation during mitosis.
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Figure 5.3: Mitotic checkpoint degradation during mitotic exit.

T98G cells were arrested in mitosis by exposure to 50 ng/mL nocodazole for 12 h (M),
harvested by shake-off, and allowed to exit mitosis in fresh culture medium. To monitor
cell division and protein degradation, 0-6 h later cells were permeabilized and stained
with propidium iodide and analysed via flow cytometry for DNA content (A) (see

Section 2.8) or lysed and immunoblotted (B) (see Section 2.10).
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degraded during that time, as shown by immunoblotting (Figure 5.3B), indicating that its
degradation in cells induced to undergo mitotic slippage by SU6656 or geraldol is not
simply a normal consequence of exiting mitosis. Depletion of BubR1 or Mps1 has
previously been shown by multiple groups to be sufficient to inactivate the mitotic
checkpoint (109, 125, 126, 250-252). Therefore, these results imply that SU6656 and

geraldol induce mitotic slippage through degradation of mitotic checkpoint proteins.

5.4 SU6656 and geraldol do not induce the degradation of cyclin B1, BubR1 and
Cdc20 in interphase cells

To determine whether SU6656 and geraldol induce the proteasome-dependent
degradation of cyclin B1, BubR1 and Cdc20 in interphase as well as in mitotic cells,
proliferating T98G cells, which comprise 98% interphase cells, were exposed to 5 uM
SU6656 or 5 uM geraldol for 4 h and analysed by immunoblotting. No decrease in the
levels of cyclin B1, BubR 1 or Cdc20 was observed (Figure 5.4); rather, a slight increase
in the levels of all three proteins was observed. Simultaneous treatment with 20 uM MG-
132 had no additional effect (Figure 5.4). These results indicate that SU6656 and geraldol
induce selective degradation of mitotic checkpoint components in cells arrested at

mitosis.
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Figure 5.4: Degradation of mitotic checkpoint proteins in response to SU6656 or

geraldol in cycling cells.

Cycling T98G cells were exposed to 5 uM SU6656 or 5 uM geraldol for 4 h without or
with 20 uM MG-132, lysed, and immunoblotted for the indicated proteins as described in

Section 2.10.
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5.5 Mitotic checkpoint inactivation and slippage induction by SU6656 and
geraldol require caspase-3

Caspases have been implicated in mitotic progression (218), and in particular, BubR1
is reportedly degraded by the effector caspase-3 during exit from mitosis (217,
253),although I did not observe this effect in T98G cells (Figure 5.3B). To determine
whether mitotic slippage induced by SU6656 and geraldol involves caspase-3, inhibition
of SU6656- or geraldol-induced mitotic slippage by the cell-permeable caspase-3 and -7
inhibitor DEVD-CHO was measured. DEVD-CHO prevented induction of mitotic
slippage at 50 — 100 uM (Figure 5.5), indicating a requirement for caspase activity in
mitotic slippage induction by SU6656 and geraldol. Immunoblotting of paclitaxel-
arrested T98G cells exposed to SU6656 or geraldol together with 50 uM DEVD-CHO
revealed that degradation of BubR 1 and Cdc20 is caspase-dependent (Figure 5.6) in
addition to being proteasome-dependent (Figure 5.2). In contrast, cyclin B1 degradation
during induction of mitotic slippage is not dependent on caspase-3 or caspase-7 (Figure
5.6), as co-treatment with DEVD-CHO did not prevent cyclin B1 degradation in response
to SU6656 or geraldol.

MCF-7 cells do not express caspase-3 due to a deletion within exon 3 of the CASP-3
gene that results in the introduction of a premature stop codon that completely abrogates
translation of the CASP-3 mRNA (254, 255). This observation was utilised to determine
whether caspase-3 is required for mitotic slippage induction by SU6656 and geraldol;
these chemicals should be unable to stimulate mitotic slippage in MCF-7 cells if caspase-
3 is required for this process. Indeed, similarly to MCF-7mp53 cells, SU6656 andgeraldol

did not induce mitotic slippage in MCF-7 cells (data not shown) or MCF-7 cells stably
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Figure 5.5: Caspase-dependent mitotic slippage induction by SU6656 and geraldol.

TI98G cells were arrested in mitosis by 30 nM paclitaxel, harvested by shake-off, and
seeded in 96-well plates. After exposure to 5 uM SU6656 or 5 uM geraldol
simultaneously with 0-100 uM Ac-DEVD-CHO for 4 h, slipped cells were stained with

Hoechst 33342 and quantified by automated fluorescence microscopy (see Section 2.6).
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Figure 5.6: Caspase-dependent mitotic checkpoint protein degradation induced by

SU6656 and geraldol.

Mitotic T98G cells were harvested by shake-off and incubated with 5 uM SU6656 or 5

uM geraldol without or with 50 uM DEVD-CHO for 4 h. Lysates were immunoblotted

for the indicated proteins as described in Section 2.10.
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transfected with an empty expression vector (MCF-7pcDNA) (Figure 5.7). However,
stable transfection of CASP-3 cDNA into MCF-7 cells (MCF-7casp3), which results in
expression of pro-caspase-3 (254), was sufficient to enable cells to undergo robust
mitotic slippage in the presence of SU6656 or geraldol (Figure 5.7). Therefore, caspase-3
is required for induction of mitotic slippage by these chemicals.

To assess whether there were differences in the degradation of cyclin B1, BubR1 and
Cdc20 in MCF-7pcDNA and MCF-7casp3 cells during exposure to SU6656 and geraldol,
paclitaxel-arrested MCF-7pcDNA and MCF-7casp3 cells were harvested via shake-off,
exposed to 5 uM SU6656 or 5 uM geraldol for 4 h and analysed by immunoblotting
(Figure 5.8). Cyclin B1 was completely degraded in both cell lines upon exposure to
either SU6656 or geraldol. Since MCF-7pcDNA cells do not undergo mitotic slippage
under these conditions, while MCF-7casp3 cells do, this result implies that cyclin B1
degradation is not sufficient to induce mitotic slippage. Cdc20 was at least partially
degraded in both MCF-7pcDNA and MCF-7casp3 cells. Interestingly, BubR1 was
degraded only in MCF-7casp3 cells (Figure 5.8), implying that BubR1 is degraded in a
caspase-3-dependent manner during mitotic slippage and that its degradation is required
for mitotic slippage induction. The observation by Kim et al. that caspase-3 can directly
cleave BubR1 during mitotic exit (217) suggests that caspase-3 may degrade BubR 1
directly during chemically induced mitotic slippage.

While mitotic slippage induction by SU6656 and geraldol in MCF-7casp3 cells is
proteasome-dependent (data not shown), BubR1 degradation in MCF-7casp3 cells was
not inhibited by MG-132 (Figure 5.8), further indicating that it is caspase-3 and not the

proteasome that is required for the degradation of BubR 1 during induction of mitotic
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Figure 5.7: Requirement for caspase-3 for mitotic slippage induction by SU6656 and

geraldol.

MCEF-7 cells stably transfected with empty vector (MCF-7pcDNA) or caspase-3 (MCF-
7casp3) were arrested in mitosis by 50 nM paclitaxel, harvested by shake-off, and seeded
in 96-well plates. 0-15 uM SU6656 or geraldol was added for 4 h and the cells were
stained with Hoechst 33342 and quantified using an automated fluoresence imager (see

Section 2.6).
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Figure 5.8: Requirement for caspase-3 for mitotic checkpoint inactivation by

SU6656 and geraldol.

Mitotic MCF-7pcDNA and MCF-7casp3 cells were harvested by shake-off and incubated

with 5 uM SU6656 or 5 uM geraldol without or with 20 uM MG-132 for 4 h. Lysates

were immunoblotted for the indicated proteins as described in Section 2.10.
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slippage. Cdc20 degradation was proteasome-dependent but the degradation of cyclin
Blwas not (Figure 5.8). Taken together, these results indicate that SU6656 and geraldol
stimulate the degradation of BubR1 by caspase-3, inactivating the mitotic checkpoint and
resulting in mitotic slippage.

Approximately 20% of MCF-7pcDNA cells underwent mitotic slippage in the
absence of SU6656 and geraldol (Figure 5.7), indicating that spontaneous mitotic
slippage does not require caspase-3. To extend this observation, mitotic arrest and
slippage in MCF-7pcDNA and MCF-7casp3 cells were examined during exposure to
paclitaxel. Cells were exposed to 100 nM paclitaxel for up to 28 h and the proportion of
interphase, mitotic and slipped cells was determined (Figure 5.9). In both cell lines,
mitotic and slipped cells accumulated over time as the proportion of interphase cells
declined (Figure 5.9). After 24 h, the proportion of slipped cells became greater than that
of mitotic cells. The kinetics of accumulation of mitotic cells and slipped cells were very
similar in MCF-7pcDNA and MCF-7casp3 cells (Figure 5.9), confirming that caspase-3
is not required for mitotic arrest or spontaneous slippage in response to paclitaxel.
Therefore, while caspase-3 is is absolutely required for mitotic slippage induction by
SU6656 and geraldol, it is not required for spontaneous mitotic slippage in response to

antimitotic agents.

5.6  Mitotic slippage correlates temporally with degradation of BubR1 and Cdc20
To examine the timing of chemically induced exit from mitosis, paclitaxel-arrested
mitotic cells were harvested by shake-off, seeded in 96-well plates and exposed to

geraldol for up to 3 h while cell attachment and TG3 fluorescence were measured (see
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Figure 5.9: Caspase-3-independence of spontaneous mitotic slippage.

MCEF-7pcDNA or MCF-7casp3 cells were exposed to 30 nM paclitaxel for up to 28 h and
nuclei were fixed and stained with Hoechst 33342. The total number of cells was
quantified using automated fluorescence microscopy and the images were visually

inspected to determine the proportion of slipped and mitotic cells at each time.
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Section 2.4) (Figure 5.10). TG3 recognizes nucleolin phosphorylated by CDK1/cyclin Bl
and is a marker for mitosis (237). A significant proportion of cells began to attach after 2
h of exposure to geraldol, and the proportion of attached cells continued to increase over
time (Figure 5.10A). TG3 fluorescence decreased appreciably within 60 min of exposure
to geraldol and continued to decrease over time (Figure 5.10B). These observations were
consistent over three separate experiments. TG3 fluorescence during exposure to SU6656
could not be measured due to autofluorescence of the compound. The timing of
degradation of cyclin B1, BubR1 and Cdc20 during mitotic slippage was also examined.
Paclitaxel-arrested cells were exposed to 5 uM SU6656 or 5 uM geraldol for 15 min to 3
h. Cyclin B1 disappeared completely within 30 min (Figure 5.11). BubR1 and Cdc20
were partially degraded within 15 min of exposure and almost completely degraded after
about 2 h (Figure 5.11), around the time when cells began to attach and lose nucleolin
phosphorylation, consistent with a requirement for degradation of BubR 1 and Cdc20 for

mitotic slippage.

5.7 Inhibition of the Aurora kinases by SU6656 and geraldol

The Aurora kinases play complex roles in metaphase arrest and anaphase initiation,
including chromosome congression and interkinetochore tension sensing (256-258).
Inhibition of Aurora A or Aurora B in mitotic cells results in mitotic slippage (233, 259).
SU6656 was designed as a Src family kinase inhibitor (242), but has since been reported
to inhibit Aurora B in vitro (260, 261). Geraldol, however, has no known biological
activity. Therefore, it was assayed for in vitro inhibition of a panel of kinases including

Src, Aurora A and Aurora B. Geraldol showed significant inhibition of Aurora A and
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Figure 5.10: Timeline of mitotic slippage stimulation by geraldol.

T98G cells arrested in mitosis by 30 nM paclitaxel were harvested by shake-off, seeded
in 96-well plates, and incubated with DMSO or 5 uM geraldol for 15 min-4 h. Slipped
cells were quantified after staining with Hoechst (A) (see Section 2.6) or with mouse
TG3 antibody against mitotically phosphorylated nucleolin (B) (see Section 2.4). The
proportion of slipped cells was lower than usually observed due to the numerous washes

during immunofluorescent staining that removed many attached, slipped cells.
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Figure 5.11: Timeline of mitotic checkpoint inactivation by SU6656 and geraldol.

Cycling T98G cells (U) were arrested in mitosis by exposure to 30 nM paclitaxel and
harvested by shake-off. Mitotic cells (M) were incubated with 5 uM SU6656 or 5 uM
geraldol for 15 min-3 h and lysates were immunoblotted for the indicated proteins as

described in Section 2.10.
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Aurora B but not Src (Table 5.1). SU6656 and geraldol were then assayed at 0.1-10 uM
for inhibition of Aurora A and Aurora B kinase activity (Figure 5.12). Both compounds
inhibited Aurora A and Aurora B, although Aurora B was inhibited more potently. The
intracellular effects of SU6656 and geraldol were compared with those of ZM447439, a
well-characterized Aurora B inhibitor that induces mitotic slippage (233). ZM447439
induces 50-60% of mitotic MCF-7 cells to undergo mitotic slippage (Figure 5.13), while
SU6656 and geraldol require the introduction of caspase-3 to induce mitotic slippage in
MCEF-7 cells (Figure 5.7). Thus, mitotic slippage induction through inhibition of Aurora
B does not appear to require caspase-3 activation. Therefore, while SU6656 and geraldol
may stimulate mitotic slippage in part by inhibition of Aurora B, these compounds

probably have additional activities.

5.8 Caspase-3 does not significantly impact cell survival after mitotic slippage
The role of caspase-3 in mitotic slippage induction implies a connection between
mitotic slippage and apoptosis, which has also been observed by other groups (171, 184,

262). To investigate the role that caspase-3 might play in the fate of cells that have
undergone spontaneous or induced mitotic slippage, the survival of MCF-7pcDNA and
MCF-7casp3 cells was compared for up to 14 d after exposure to paclitaxel and DMSO,
SU6656, or geraldol and drug washout (Figure 5.14). MCF-7pcDNA and MCF-7casp3
cells arrested at mitosis with paclitaxel were isolated via shake-off and exposed to
DMSO, SU6656 or geraldol for 4 h. Unattached mitotic cells were removed and the
attached, slipped cells were cultured in the absence of any drugs for up to 14 d while the

number of cells remaining at each time was quantified by automated fluorescence
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Target | % inhibition Target % inhibition | Target | % inhibition
ABL1 54 FRK 40 ASK1 39
CAMK1d 55 LCK 59 INK1 26
MST1 81 LYNB 54 p38a 16
AMPK 68 SRC -5 CHK1 70
PKCca 1 p70S6K 62 CDK1 85
PKCa -1 PIM1 94 RAF1 32
PKD2 79 RSK1 91 PAK4 25
CDK2 91 MAPKAPK2 24 FAK 11
CDK5 96 FES 43 HER2 8
MLCK 43 CK2al 46 JAK?2 -1
NEK2 8 ERK1 46 MET
KDR 46 FLT3 90 PDGFRa 42
PLK1 32 BRK 18 PYK2 28
GSK3p 60 BLK -4 TIE2 43
PDK1 67 BMX 4 TRKA 64
AKTI1 42 EPHB2 4 CDK4 50
HCK 27 SYK -6 GRKS5 -14
CSK 0 ZAP70 3 RIPK2 92
FGFR1 47 SGK1 41 Aurora B 89
FGR 67 Aurora A 62 RAF1 52
(EE)

Table 5.1: Geraldol in vitro kinase inhibition.

The purified kinases were incubated with 10 uM geraldol, appropriate peptide substrates

and **P-ATP for 20 — 30 min at room temperature as described in Section 2.11. 10 pL of

the reaction mixture was spotted on a phosphocellulose plate and y-"*P-ATP incorporated

was quantified by scintillation counting. Assays were performed by Signalchem Inc. and

the values shown are means of three separate experiments.
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Figure 5.12: Inhibition of Aurora A and Aurora B by SU6656 and geraldol.

SU6656 and geraldol were assayed for in vitro inhibition of Aurora A and Aurora B

activity on myelin basic protein, measured by **P-phosphate incorporation as described in

Section 2.11. Assays were performed by Signalchem Inc. and values shown are

representative of three separate experiments.
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Figure 5.13: Caspase-independent induction of mitotic slippage by ZM447439.

MCF-7 cells were arrested in mitosis by 50 nM paclitaxel for 20 h, harvested by shake-
off, seeded in 96-well plates and incubated with 0.1-20 uM ZM447439 for 4 h. Cells
were fixed, stained with Hoechst 33342 and imaged by automated fluorescence

microscopy (see Section 2.6).
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microscopy (Figure 5.14). Extensive cell death occurred in both cell lines such that, 14 d
after mitotic slippage, fewer than 20% of the initial number of mitotic cells remained.

Therefore, caspase-3 does not appear to play a major role in cell death after mitotic

slippage.

5.9 Caspase-3 and p53 are not essential for cell death subsequent to antimitotic
treatment

To extend the evaluation of the role apoptosis plays in cell fate after mitotic slippage
to include the entire cell population exposed to an antimitotic agent, the fate of the entire
cell population after exposure to paclitaxel and SU6656 or geraldol was also examined
and compared between cells lacking caspase-3 or p53 and vehicle-transfected cells.
MCF-7pcDNA cells, MCF-7casp3 cells and MCF-7 cells stably transfected with
dominant-negative p53 (MCF-7mp53) were exposed to paclitaxel for 20 h and DMSO,
SU6656 or geraldol was added for a further 4 h before both drugs were washed away.
The cells were then allowed to grow in fresh cell culture medium for up to 10 d prior to
staining and quantification. Initially, a small increase in cell number was observed,
indicating that some cells recovered and were able to divide (Figure 5.15). However,
extensive cell death began to occur 5 d following drug treatment and the majority of cells
died before day 10 (Figure 5.15). Caspase-3 expression or loss of p53 activity did not
alter this response.

After undergoing mitotic slippage, cells remained metabolically active for up to
several days and underwent one or more rounds of DNA replication without cell division

before undergoing apoptosis (Section 4.3). To examine metabolic activity of the entire
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Figure 5.14: Cell death after mitotic slippage with or without caspase-3 activity.

MCF-7pcDNA and MCF-7casp3 cells were exposed to 30 nM paclitaxel for 20 h,
harvested by shake-off and seeded in 96-well plates. After exposure to 0.1% DMSO, 5
uM SU6656 or 5 uM geraldol for 4 h, mitotic cells were removed and the attached,
slipped cells were allowed to grow in fresh culture medium for up to 14 d before staining
with Hoechst and quantification as a proportion of mitotic cells by automated

fluorescence microscopy (see Section 2.6).
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Figure 5.15: Cell death after exposure to combinations of paclitaxel and SU6656 or

paclitaxel and geraldol with or without caspase-3 or p53 activity.

MCF-7pcDNA, MCF-7casp3 or MCF-7mp53 cells in 96-well plates were exposed to
0.1% DMSO or 30 nM paclitaxel for 20 h and then 0.1% DMSO, 5 uM SU6656 or 5 uM
geraldol for a further 4 h. Drugs were washed away and the cells were allowed to grow in
fresh culture medium for up to 10 d before staining with Hoechst 33342 and

quantification by automated fluorescence microscopy (see Section 2.6).
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cell population after exposure to paclitaxel or paclitaxel and SU6656 or geraldol, MCF-
7TpcDNA, MCF-7casp3 and MCF-7mp53 cells were treated as above and metabolic
activity was measured using the MTT assay. The metabolic activity of treated cells in
both cell lines increased during the first three days to roughly the same extent as
untreated cells (Figure 5.16), although untreated cells proliferated rapidly during that
time and there was a minimal increase in number of treated cells (Figure 5.15). Metabolic
activity reached a plateau after 3 d and decreased considerably after 7 d, a response not
altered by caspase-3 expression or p5S3 mutation. This result indicates that, for 3 d after
treatment with paclitaxel without or with SU6656 or geraldol, little or no cell
proliferation or death took place, but cells continued to grow in size. Cell growth was
arrested between 3 and 7 d before extensive cell death took place after day 7.

The majority of cells that undergo mitotic slippage die within 4 d, and, curiously, this
result appears to have little dependence on an intact apoptotic pathway, as both the MCF-
7casp3 and MCF-7pcDNA cell lines exhibit extensive cell death following mitotic
slippage (Section 5.8). This similarity is also reflected in the fate of all cells after
exposure to a microtubule-targeting agent without or with SU6656 or geraldol. MCF-
7mp53 cells, which do not undergo mitotic slippage (Section 3.3) and which lack the cell
cycle arrest/apoptotic stimulus of p53, appear to be more susceptible to cell death
following exposure to a microtubule-targeting agent than MCF-7pcDNA or MCF-7casp3
cells, suggesting the involvement of other cell death pathways in the response to

antimitotic agents.
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Figure 5.16: Decrease in cell viability after exposure to combinations of paclitaxel

and SU6656 or paclitaxel and geraldol with or without caspase-3 or p53 activity.

MCF-7pcDNA or MCF-7casp3 cells in 96-well plates were exposed to 0.1% DMSO or
30 nM paclitaxel for 20 h and then 0.1% DMSO, 5 uM SU6656 or 5 uM geraldol for a
further 4 h. Drugs were washed away and the cells were allowed to grow in fresh culture
medium for up to 14 d before analysis of cell viability by the MTT assay as described in

Section 2.5.
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CHAPTER 6: CONCLUSION

6.1  Chemical inducers of senescence
6.1.1 Discussion

Senescence is a state of permanent growth arrest in response to DNA damage that is
thought to be a barrier to tumourigenesis (see Section 1.3.3). Chapter 3 presents a novel
screen for chemicals that induce senescence independently of p53, which is normally a
crucial component of pathways leading to senescence (137, 263, 264). While several
classes of drugs, including DNA-damaging agents (265-267), and, to a lesser extent,
antimitotic agents (268), have been observed to induce senescence in a subset of treated
cells, this screen represents one of the first efforts to screen for compounds that induce
senescence. | identified four chemicals that induce senescence in T98G cells: 8-
azaguanine, erysolin, IC 261 and SKF 96365. These chemicals induce senescence
through increased activity in the promoter region of p21, a CDK inhibitor that can cause
growth arrest at G1 or G2 (269, 270). This is a novel function for all four small
molecules, although they had previously described biological activities. 8-azaguanine is a
guanine analogue that is incorporated into nucleic acids (271) and has known
antimetabolic (272) and anticancer activity. Erysolin is an isothiocyanate that induces
apoptosis in cells through the generation of reactive oxygen species (273, 274). IC 261
affects mitotic spindle formation through inhibition of casein kinase 1-8 and —¢ (275,
276) and causes a p53-dependent post-mitotic arrest (276). SKF 96365 blocks receptor-

mediated calcium entry (277).
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The significance of this discovery is twofold: first, a recent increase in interest in
senescence as a phenotype important in cancer (278, 279) points to a function for these
chemicals in studies to better understand senescence, and second, senescence-inducing

chemicals have demonstrated therapeutic potential.

6.1.2 Future perspectives

There are several potential pathways to senescence, and it has been shown that
upregulation of only one of these silent pathways in cancer is sufficient to re-activate the
senescent phenotype (280). Both of the most prominent pathways to senescence involve
the DNA damage response, either through single-stranded DNA exposed at short
telomeres (133, 135, 138) or through DNA breaks caused by the hyper-replication
associated with oncogene overexpression (140). Cells can overcome senescence through
mutation or loss of p53 or pRb, attenuating this DNA damage response (137, 148). 8-
azaguanine, erysolin, IC 261 and SKF 96365 could be used to induce senescence in
untransformed or in cancer cells, allowing study of the effects of senescence in cancer,
regarding which there are many unanswered questions. For instance, while replicative
senescence is irreversible (281), senescence induced by drugs may not be. They could
also be used to determine the effect of senescence on the tumour microenvironment:
senescent cells have been found to secrete pro-inflammatory cytokines that may promote
proliferation in surrounding cells (282), although this has not been observed in drug-
induced senescence. Many other questions regarding senescence remain: what role does it
play in tumour development? What is the relationship, if any, between apoptosis and

senescence? Given that there are few chemicals known to induce senescence, and the
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ones that are known also induce apoptosis, these compounds could be of considerable use
in expanding our knowledge of this phenomenon.

Besides their function as chemical tools to study senescence, these compounds could
have therapeutic use in tumours that have lost p53 function, a proportion that may be
higher than 50% (283), and in tumours that are otherwise resistant to apoptosis. The
development of drugs that increase p53 activity, for instance through preventing the
inhibitory association of p53 with Mdm?2 (284, 285), has been of interest for some years.
Recent work in models of tumours with inactivated apoptotic pathways has indicated that
senescence stimulation can lead to improved survival rates (286). Induction of senescence
by low doses of some anticancer therapeutics has been reported to reduce toxicity-related
side effects (287) and to increase the immune response directed towards the tumour (288,
289). Chemicals that initiate senescence may also find applications in treatment of
premalignant or early cancers, consistent with the view of senescence as a tumour
suppressor. For instance, retinoids that are used in chemoprevention have been observed
to induce senescence (290). It would also be of interest to use the chemicals I have
identified in in vitro cell culture and in vivo animal models of cancer to clarify whether
induction of senescence in tumours can halt tumour progression and improve prognosis.
The need for efficient senescence-inducing agents has been highlighted by a recent
review (291), and these chemicals may satisfy this need. Despite the potential of these
compounds to illuminate our understanding of senescence, I chose to focus this thesis on

mitotic slippage and therefore did not pursue answers to these questions.
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6.2 Chemical modulators of mitotic slippage
6.2.1 Discussion

Mitotic slippage (reviewed in Section 1.6) occurs when cells bypass mitotic arrest and
exit mitosis without separating their chromosomes and enter a G1-like state characterized
by polyploidy and a ‘grape-like’ nuclear morphology (225). This work initially
characterizes mitotic arrest and slippage in three cell lines in response to the anticancer
drug paclitaxel, a microtubule-stabilizing agent that blocks cells at mitosis. The paclitaxel
concentrations selected correspond to the 5-200 nM plasma concentration range, of which
>90% is protein bound, observed during typical administration for cancer treatment by
infusion over several hours (292-294). At the lower end of this concentration range,
paclitaxel caused transient mitotic arrest followed by successful cell division or by
mitotic slippage, depending on the cell line. Higher concentrations of paclitaxel increased
the length of mitotic arrest in all cell lines, but a significant fraction of MDA-MB-231
and T98G cells underwent mitotic slippage during exposure to 10-30 nM paclitaxel.
Mitotic slippage has similarly been observed to vary between different cell types and
upon treatment with different antimitotic agents (185, 188, 226, 295).

The prevalence of mitotic slippage in two of the cancer cell lines prompted me to
study its relevance to cell survival and proliferation. To address this issue, screening
assays were conceived for chemical inhibitors and stimulators of mitotic slippage. Both
assays were designed such that active chemicals would cause an increase in detection
signal rather than a decrease. The inclusion of a positive readout in cell-based screening
is an effective way to filter out compounds acting non-specifically (239-241). In

independent work, DeMoe et al., Salmela et al. and Stolz et al. reported similar screens
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for chemical inducers of mitotic slippage using different cell lines and chemical
collections (296-298).

The screen for inhibitors of mitotic slippage identified several microtubule-targeting
agents, which was not surprising given the observation that increasing the concentration
of paclitaxel strengthened mitotic arrest. The identification of chlorpromazine and
triflupromazine as inhibitors of mitotic slippage was more unexpected. These two closely
related drugs approved for use in humans are believed to exert their antipsychotic action
by blocking dopamine receptors in the brain (299). CPZ has multiple other effects,
including anticancer activity (41, 300) and inhibition of bacterial antibiotic resistance
(301). In 1983 it was reported to cause accumulation of cells in mitosis (302) and it was
recently found to inhibit the mitotic kinesin KSP/Eg5, causing mitotic arrest with
monopolar spindles, an effect characteristic of mitotic kinesin inhibitors (41). CPZ indeed
caused mitotic arrest at high concentrations in the three cell lines studied. However,
lower concentrations of CPZ and TPZ that did not themselves cause mitotic arrest were
able to strengthen mitotic arrest by low concentrations of paclitaxel (Figure 3.10). In all
cases, increasing the concentration of an antimitotic agent causes increased mitotic arrest
and inhibition of cell proliferation.

Remarkably, although cellular exposure to a combination of low concentrations of
paclitaxel and CPZ or TPZ increased mitotic arrest, it strongly increased cell survival
upon drug washout (Figure 4.1). MCF-7mp53 cells exposed to low paclitaxel
concentrations cells arrest only transiently at mitosis and successfully divide; this result
indicates that low paclitaxel concentrations can activate the mitotic checkpoint without

functionally inactivating the mitotic spindle itself. With respect to the scheme outlined in
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Figure 1.5, the results indicate that enforcing mitotic arrest by a mechanism that does not
further damage the mitotic spindle can increase cell survival and proliferation following
drug removal. These observations are in agreement with the classical view articulated by
Hartwell and Weinert that checkpoints serve to promote cell survival in response to
various insults (303).

The screen for stimulators of mitotic slippage identified two structurally unrelated
chemicals: the synthetic kinase inhibitor SU6656 and the naturally occurring flavonoid
geraldol. Both chemicals were active in cells arrested at mitosis by the microtubule-
stabilizing drug paclitaxel, the microtubule-depolymerizing drug vinblastine, and the
KSP/Eg5 inhibitor S-trityl-L-cysteine, indicating broad applicability (Figure 3.16).
SU6656 was originally developed as a Src kinase inhibitor (242) but has since been
shown to inhibit additional kinases (260, 261). At the time it was identified, nothing was
known about cellular targets for geraldol. Fisetin, a structurally similar but less potent
flavonoid (not shown) was later found to inhibit Aurora B and induce mitotic slippage
(298).

It has until now been difficult to study the fate of cells after mitotic slippage. Most
approaches have used time-lapse microscopy to follow individual cells, typically for up
to one day (226, 304-306). The identification of chemicals that stimulate mitotic slippage
and the ability to isolate these cells in large numbers enabled me to follow their fate over
an extended time period. The effect of mitotic slippage on cell fate was studied in detail
in the T98G cell line. Cells that underwent spontaneous or chemically induced slippage
after mitotic arrest induced by a microtubule-targeting agent experienced a similar

complex fate. My results show that all cells eventually died but that this process took up
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to 2 weeks (Figure 4.2). During this time, a large proportion of the cells replicated their
DNA up to three times without intervening cell division, resulting in a large increase in
ploidy (Figure 4.3). Since T98G cells are hyperpentaploid, some of the cells acquired 40
times the 2N ploidy of normal cells. These cells were flattened and enormous, with
diameters exceeding 100 um (Figure 4.4). A large proportion of these cells expressed a
senescence marker about one week after undergoing mitotic slippage (Figure 4.5). Cell
death was observed throughout the two-week observation period, indicating that cells
died at different stages of this process. These results are in general agreement with those
of Chan et al., Salmela et al., and Stolz et al., who observed independently that cells
treated with microtubule-targeting agents and the CDK1 inhibitors roscovitine or
RO3306 (307) or the proposed Aurora inhibitors fisetin (298) or G66976 (297)
underwent mitotic slippage and DNA endoreduplication before dying by apoptosis
several days later.

The inability of slipped cells to survive and proliferate could be an intrinsic property
of slipped cells, or it could be a consequence of irreversible damage to the microtubule
network inflicted by the microtubule-targeting drugs. The observation that large numbers
of cells that slipped out of mitotic arrest imposed by the KSP/Eg5 kinesin inhibitor S-
trityl-L-cysteine were able to survive and proliferate with normal ploidy (Figures 4.2,
4.3) shows that mitotic slippage does not necessarily cause cell death. The microtubule
network of cells that slipped out of mitosis after treatment with paclitaxel or vinblastine
was abnormal (Figure 4.4), and video microscopy analysis revealed that interphase
slipped cells entered mitosis and unsuccessfully attempted to segregate chromosomes

before exiting mitosis and re-entering interphase (not shown). This result contrasts with
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Tao et al.’s report that inhibition of KSP causes mitotic slippage and apoptosis (171).
However, Tao ef al. found that many cells re-entered the cell cycle after treatment with a
KSP inhibitor, in agreement with my findings, and that while induction of mitotic
slippage after treatment with a KSP inhibitor increased cell death, the apoptotic fraction
of cells was small and many cells divided and re-entered the cell cycle, again in
agreement with my findings (171). As my studies of mitotic arrest in three cell lines
show, response to treatment with an antimitotic agent also varies with cell line.

However, these results demonstrating that mitotic slippage can lead to cell death
indicate that inducing mitotic slippage may represent a strategy to increase the efficacy of
antimitotic cancer therapies. As such, it is essential to better understand the pathways
leading to mitotic slippage through the use of chemicals.

SU6656 and geraldol induce the proteasome-dependent degradation of cyclin B1 as
occurs during exit from mitosis (Figure 5.2) (23, 185, 308). However, unlike during the
metaphase-to-anaphase transition, these chemicals inactivate the mitotic checkpoint
through the proteasome-dependent degradation of BubR 1 (Figure 5.2) that is sufficient to
compromise the mitotic checkpoint (126, 309, 310). Degradation of Mad2, the other
component of the MCC that can inhibit APC/C“*?° directly (311), is not significant and
occurs only in response to SU6656 in a non-proteasome-dependent manner (Figure 5.2).
This effect occurs only in mitotic cells (Figure 5.4), and BubR1 is not degraded during
completion of mitosis in T98G cells (Figure 5.3B). These results suggest that, rather than
accelerating spontaneous mitotic slippage, SU6656 and geraldol activate an alternate

pathway leading to mitotic slippage through BubR 1 degradation.
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Examination of the timing of mitotic checkpoint inactivation and slippage revealed
that mitotic slippage, defined in this experiment by cell attachment and loss of the mitotic
phosphoepitope recognized by the TG3 antibody, begins to occur 2 h following exposure
to geraldol, while cyclin B1 degradation is complete 30 min after drug treatment (Figures
5.10, 5.11). BubR1 and Cdc20 degradation occur more slowly (Figure 5.11) and
approximately correlate with mitotic slippage, indicating a possible requirement for
checkpoint inactivation prior to mitotic slippage, even in the absence of CDK1/cyclin Bl
activity. In agreement with this observation, cyclin B1 is also completely degraded in
MCEF-7 cells in response to SU6656 and geraldol, although mitotic slippage cannot be
induced (Figures 5.7, 5.8). It is not known whether the degradation of other APC/C
substrates or dephosphorylation of mitotic checkpoint kinase substrates might be
involved in mitotic slippage. While I show that loss of the APC/C substrate securin
increases the frequency of mitotic slippage (Figure 4.8), although not cellular survival
subsequent to mitotic slippage (Figure 4.9), it is not clear whether securin degradation is
required for mitotic slippage.

Caspase-3 is upregulated during mitosis (218, 312, 313) and has been demonstrated to
increase the formation of micronuclei in response to antimitotic agents (262), but a role
for caspase-3 in mitosis remains undefined. This work reveals a novel role for caspase-3:
mitotic slippage induced by SU6656 and geraldol is caspase-3-dependent. Co-treatment
of mitotic cells with SU6656 or geraldol and the caspase-3 and -7 inhibitor DEVD-CHO
prevented mitotic slippage and checkpoint inactivation (Figures 5.5, 5.6). While
introduction of caspase-3 into MCF-7 cells does not affect the frequency of spontaneous

mitotic slippage in response to paclitaxel (Figure 5.9), mitotic slippage can be induced by
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SU6656 and geraldol in MCF-7 cells only when exogenous caspase-3 is expressed
(Figure 5.7), indicating that caspase-3 is absolutely required for induction of mitotic
slippage by SU6656 and geraldol.

This requirement for caspase-3 is likely due to its role in inactivation of the mitotic
checkpoint; mitotic slippage and BubR1 degradation occur in MCF-7 cells with active
caspase-3 but not in MCF-7 cells lacking caspase-3 (Figures 5.7, 5.8). BubR 1
degradation is sufficient to inactivate the mitotic checkpoint (109, 125, 126) and, further,
BubR1 depletion has been implicated in the development of polyploidy (309, 314).
Several factors can influence the degradation of BubR 1 during mitosis. Choi et al.
observed that BubR1 deacetylation at metaphase results in abrogation of its anaphase

inhibition effects and in its degradation by APC/CC4

(110). Co-treatment of mitotic
cells with SU6656 or geraldol and the deacetylase inhibitor trichostatin A did not prevent
chemical induction of mitotic slippage (data not shown), indicating that SU6656 and
geraldol do not induce premature deacetylation of BubR1. While a small proteasome-
dependent decrease in BubR1 was observed in MCF-7pcDNA cells in response to
SU6656 and geraldol (Figure 5.8), this is not sufficient for mitotic slippage to occur and
is probably due to some deacetylation and proteasome-dependent degradation of BubR1.
Kim et al. observed cleavage of BubR1 by caspase-3 during mitosis, which also led to
exit from mitosis (217). BubR1 is degraded in a caspase-3 but not proteasome-dependent
manner in MCF-7 cells (Figure 5.7), indicating that caspase-3 initiates mitotic slippage
through cleavage of BubR1.

However, caspase-3 does not appear to be required for cell death following paclitaxel

treatment (Figures 5.14, 5.15, 5.16). While caspase-3 is required for DNA fragmentation
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during apoptosis (254), cells that lack caspase-3 can nevertheless undergo apoptosis. The
important role of p53 in apoptosis is well established (211, 315), but p53 activity is not
required for apoptotic cell death (316, 317) and I show that it is not required for cell death
in response to paclitaxel treatment (Figures 5.15, 5.16). Other cell death pathways may
also be involved in the fate of cells following exposure to an antimitotic agent: for
instance, necrosis and autophagy have both been implicated in cell death following
antimitotic therapy (180-183, 318).

Spontaneous mitotic slippage has been described to occur through slow ubiquitylation
of cyclin B1 by APC/C*® and subsequent proteasome-dependent degradation despite
mitotic checkpoint activity (226, 227). I propose a model (Figure 6.1) for mitotic slippage
where decreased CDKI1 activity due to slow cyclin B1 depletion, combined with
phosphatase activity, results in loss of the mitosis-specific CDK1/cyclin B1 inhibitory
phosphorylation on caspase-9 (184). Active caspase-9 may then cleave procaspase-3, and
activated caspase-3 can cleave BubR1, resulting in inactivation of the mitotic checkpoint
and activation of APC/C**°. This event would lead to further ubiquitylation and
degradation of cyclin B1, combining to force exit from mitosis through mitotic slippage.
Exactly where SU6656 and geraldol may act in this cascade is unclear, as there could be
many possible upstream events influencing the activation of caspase-9 that I propose as
the first step in this process.

In summary, these results show that during exposure of cancer cells to low nanomolar
concentrations of paclitaxel that approximate plasma drug concentrations achieved during
treatment of patients, enforcing mitotic arrest with an inhibitor of mitotic slippage can

promote cell survival and proliferation. Conversely, cells that undergo mitotic slippage or

121



oD

Induced mitotic Spontaneous
slippage / mitotic slippage
% e; - - inactive
; . phosphatase n
inactive active

)

Figure 6.1: Model for spontaneous and induced mitotic slippage.

Mitotic slippage may occur through slow proteasome-dependent degradation of cyclin B1
in the presence of an active mitotic checkpoint or through chemically stimulated caspase

activation and subsequent inactivation of the mitotic checkpoint.
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checkpoint adaptation, whether spontaneous or induced, will likely fail to proliferate and
will die. With respect to the different cell fates described in Figure 1.5, I show that
inhibiting mitotic slippage can result in successful completion of cell division and
continued proliferation, while inducing cells to slip out of mitotic arrest stimulated by a
microtubule-targeting agent invariably results in cell death. Results from my studies of
small-molecule inducers of mitotic slippage imply that when tumour cells treated with a
microtubule-targeting agent such as the taxanes or the Vinca alkaloids undergo mitotic
slippage, the ultimate outcome is cell death and potential tumour regression. However,
when tumour cells treated with kinesin inhibitors slip out of mitotic arrest, they can
continue to proliferate. Therefore, induction of mitotic slippage may represent a strategy
to increase the antitumour effects of microtubule-targeting drugs.

The chemical inducers of mitotic slippage SU6656 and geraldol cause proteasome-
and caspase-dependent inactivation of the mitotic checkpoint, in contrast to the accepted
model for spontaneous mitotic slippage. Caspase-3 is required for mitotic slippage
induction and checkpoint inactivation through degradation of BubR1, although not for
cell death in response to antimitotic agents. I propose a model for induced mitotic
slippage that includes an important role for caspases in modulation of mitotic arrest. In
reponse to the cellular stress presented by a prolonged mitotic arrest, caspases may
contribute to the outcome of antimitotic cancer therapy through mitotic slippage as well

as through apoptosis.
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6.2.2 Future perspectives

There remains much about mitotic slippage that is not clearly understood, and given
its influential role in the cellular response to antimitotic cancer therapies, it is important
that factors influencing mitotic slippage are clearly elucidated.

First, what genetic factors influence a particular cell type to fail to maintain mitotic
arrest and undergo mitotic slippage? Or, put simply in the terms of this thesis, why do
MDA-MB-231 cells undergo mitotic slippage in response to paclitaxel while MCF-
7mp53 cells undergo stable mitotic arrest? Caspase-3 is not required for spontaneous
mitotic slippage (Figure 5.9), so the factors underlying the robust mitotic arrest observed
in MCF-7mp53 cells remain mysterious. If the mitotic checkpoint were non-functional in
cells that undergo mitotic slippage, then they would not arrest in mitosis at all and would
die (319). Therefore, there must be other protein expression changes or mutations that
govern the likelihood of mitotic slippage as a response to antimitotic agents.
Understanding the factors in tumour cells that influence mitotic arrest and mitotic
slippage would enable better prediction of tumour response to antimitotic drugs and
greater efficacy of chemotherapy.

My observation that inhibition of mitotic slippage leads to increased cell survival and
proliferation in comparison with induction of mitotic arrest alone was somewhat
surprising. With respect to the outcomes of antimitotic therapy as outlined in Figure 1.6,
given that antimitotic therapy is successful in the clinic, it would have been supposed that
inhibiting mitotic slippage would drive cells toward mitotic death. However, this was
clearly not the case, and why reinforcement of mitotic arrest increases cell survival is a

question of interest.
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Together with this effort comes a better understanding of the molecular mechanism of
mitotic slippage. I postulate that it can occur either through slow cyclin B1 degradation in
the presence of an active mitotic checkpoint or through caspase-mediated inactivation of
the mitotic checkpoint (Figure 6.1). However, more evidence is required to show that
mitotic slippage can occur through the latter pathway, and determine what signals result
in the activation of caspase-9 that initiates caspase-mediated mitotic slippage. The direct
targets of SU6656 and geraldol remain a mystery, as there are many factors that can
influence caspase activation.

The role of the Aurora kinases in mitotic slippage is incompletely understood,
although many of the chemicals that induce mitotic slippage, including SU66656 and
geraldol, inhibit either Aurora A (259) or Aurora B (233, 297, 298). Elucidating how lack
of Aurora kinase activity during prometaphase arrest leads to the inability to maintain
that arrest will contribute to our knowledge of mitosis and to therapeutic uses for this
class of compounds, as several Aurora kinase inhibitors are currently undergoing clinical
trials (320-322).

I show results that imply that cyclin B1 degradation may not be sufficient for mitotic
slippage to occur. This should be investigated further to complete our understanding of
how mitotic slippage occurs — if cyclin B1 degradation is not all that is required for
mitotic slippage, then what other processes are required?

Cells are known to be especially vulnerable to DNA damage while chromosomes are
condensed, and DNA damage during mitosis has been indicated to cause mitotic slippage
(246); however, this connection is not well understood. I report the identification of the

DNA topoisomerase inhibitor aklavin, which is closely structurally related to aclarubicin,
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idarubicin, doxorubicin and daunorubicin, as an inducer of mitotic slippage. How a
DNA-damaging agent can induce mitotic slippage is an interesting question remaining to
be answered, especially considering that many chemotherapy regimens involve both
DNA topoisomerase inhibitors and antimitotic agents. Also for this reason, it is important
to discover the outcome with respect to cell fate of mitotic slippage induced by DNA-
damaging agents. Studies of the doxorubicin family of DNA topoisomerase inhibitors and
mitotic slippage are currently undergoing in the Roberge laboratory.

While I and others (297, 298, 304, 307, 323) show that mitotic slippage, whether
spontaneous or stimulated by chemicals, results in cell death in cell culture, mitotic
slippage has not been sufficiently studied in in vivo tumour models to allow
understanding of the contribution slippage makes to cancer cell death within tumours.
Antimitotic agents are usually administered intravenously over several hours, so tumour
cells may be exposed to drugs at low or varying concentrations and for short periods of
time. Mitotic slippage may therefore be more prevalent in tumours, as it occurs more
frequently when cells are exposed to low concentrations of antimitotic agents (Section
3.3) (185, 295). Additionally, the polyploidy ensuing from mitotic slippage may be
tolerated differently in vivo, and if polyploid cells are able to undergo cell division, they
may give rise to aneuploid cells that are known to contribute to drug resistance and
relapse (120, 127, 131). Regardless, it remains to be established whether the cell death
observed after mitotic slippage in cell culture occurs in vivo, and the effect of mitotic
slippage on overall tumour shrinkage and progression needs to be determined. If mitotic

slippage is shown to result in cancer cell death in vivo, then agents that induce mitotic
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slippage could be of interest as part of a combination therapy to increase cell killing by

antimitotic agents.
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