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Abstract
Chemotherapy of cancer often employs compounds which cause double-stranded DNA breaks
(DSBs). Such damage is particular difficult for the cell to repair and ideally leads to cell death by
apoptosis following cell cycle arrest and unsuccessful repair. Consequently, any inhibition of the
repair pathways involved in DSB repair should increase the effectiveness of these therapies and
there is much interest in finding effective inhibitors. This study investigates a family of novel
benz- or napth-oxazines for their ability to inhibit the PI3K family of enzymes including the
related DNA-PK, a key enzyme involved in DSB break repair. Earlier studies by other groups with
the related chromones such as LY294002 produced promising results as radio- and chemosensitisers. While three of our four compounds investigated showed some inhibitory activity
against DNA-PK they showed little sensitising effect in combination with etoposide, doxorubicin,
daunorubicin and bleomycin, all known to cause DSBs. Paradoxically, the compound with the
least

DNA-PK

inhibitory

activity,

2-((3-methoxybut-3en-2-yl)amino)-8methyl-4H-

benzo[1,3]oxazin-4-one (LTUSI54), had a marked sensitising effect when used in combination
with these drugs. Similar sensitisation was noted in the treatment of both HCT116 and HeLa
cells. Results obtained revealed that the inhibition of tumour growth was neither due to
increased cell death nor the inhibition of etoposide-induced DSB repair. Cell cycle analysis of
Hela cells treated with both etoposide and LTUSI54 identified cell cycle arrest in S and G2 phases
of the cycle. Hence, this thesis identifies a compound which sensitises tumour cells to the effects
of etoposide through a novel mechanism.
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Chapter One
General Introduction
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2

1.1

Oncology

Oncology is the study, diagnosis and treatment of cancer. It is predicted that before the age of
85, 1 in 2 males and 1 in 3 females will be diagnosed with some form of cancer during their
lifetime [1]. In 2013, approximately 124,910 Australians are expected to be diagnosed with cancer
and an estimated 149,990 are expected to be diagnosed in 2020

[2]

. In 2009, the five most

commonly diagnosed cancers in Australia were prostate cancer (19,438 cases), bowel cancer
(14,410 cases), breast cancer (13,778 cases), melanoma (11,545 cases) and lung cancer (10,193
cases)

[1]

. While cancer incidence rates have increased (from 383.4 to 485.7 cases per 100,000

between 1982 and 2009), cancer mortality rates have fallen (from 209.0 to 174.3 deaths per
100,000 between 1982 and 2010)

[1, 3]

, which is in no small part due to the continued

investigation into improving the efficacy of current cancer therapies.
Cancer arises due to alterations in genes which result in a normal cell transforming from a highly
regulated existence to a cell with uncontrolled proliferative potential [4]. It has been proposed by
Negrini et al that malignancy is achieved following genetic modifications that alter six essential
physiological processes, known as the hallmarks of cancer. These include; self-sufficiency in
growth signals, insensitivity to anti-growth signals, evasion of apoptosis, sustained angiogenesis,
tissue invasion and metastasis, and unlimited replicative potential

[5]

. Figure 1.1a shows the

accepted hallmarks of cancer plus the additional hallmarks which have since been proposed,
which include: evasion of immune surveillance, metabolic stress, genomic instability, mitotic
stress and DNA damage and replication stress. Figure 1.1b shows how hereditary cancers start
from genomic instability then potentially activates the other hallmarks of cancer. In sporadic
cancers alteration to a single gene may lead to deregulation of growth factor signalling pathways
with subsequent genomic instability and further damage to genes controlling cell death,
senescence and the other hallmarks of cancer already mentioned (Figure 1.1c.). The deregulated
proliferation of cancer cells provides a target for therapy as most current chemotherapeutics, as
well as radiation, inflict their damage during the replication process, making cancer cells more
susceptible to their damaging nature than untransformed cells which have regulated
proliferation and hence, in general, replicate less frequently. Labile cell populations such as
epithelium and bone marrow are the exception, which explains the higher rate of cancer seen in
these populations. Whether inherited or sporadically acquired, the formation of cancer results
from the disruption and loss of cell proliferation controls which are normally highly regulated
throughout the cell cycle.

3

Figure 1.1. a) Proposed revision to the Hallmarks of Cancer, b) Genomic instability drives the
establishment of other hallmarks for carcinogenesis of hereditary cancers and c) A mutation in
one gene initiates a cascade of changes resulting in genome instability which ultimately drives
the establishment of other hallmarks for carcinogenesis of sporadic tumours [5].
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1.2

The Cell cycle

The cell cycle can be divided into four phases: G1, S, G2 and M phases as outlined in Figure1.2.
When cells are not cycling they are classified as being in the G0 phase, in which phase cells are
quiescent [6].
The G1 phase of the cell cycle is the pre-synthesis or gap phase during which, cells grow. The S
phase of the cell cycle is the first replication step, in which genes are duplicated [6] in preparation
for division in the M phase. During the G2 phase of the cell cycle, cells continue to prepare for
mitosis mostly by increasing the levels of cyclins A and B

[6]

, amongst others. This phase is the

second gap phase of the cell cycle. It is sometimes referred to as the post-synthesis or premitotic phase, in which synthesis of DNA ceases while RNA and protein synthesis continue in
preparation for mitosis. The M phase of the cell cycle is where mitosis takes place, and is
dependent on the completion of the S phase [6]. During mitosis, cells move through four stages –
prophase, metaphase, anaphase and telophase to produce two ‘daughter’ cells. The daughter
cells may either continue to cycle or may leave, either to form differentiated cells with
specialized functions or to become temporarily or permanently non-proliferative or quiescent [7].
The movement of cells from one phase of the cell cycle to the next is controlled by the
expression or inhibition of different cyclin-dependent kinases (CDKs).

1.2.1

Cyclin-Dependent Kinase Regulation of Cell Cycle Progression

The transition and regulation of cells from one phase of the cell cycle to next is by different
cellular proteins. A key family of these proteins are the CDKs

[8-12]

. The CDKs are a family of

serine/threonine protein kinases that are activated at specific points of the cell cycle by cyclins.
The level of CDKs stays relatively constant throughout the cell cycle while the cyclin proteins
which activate the CDKs rise and fall during the cell cycle and periodically activate CDKs (Figure
1.2) [8-15]. The CDKs which are involved in cell cycle regulation are summarised in Table 1.1 along
with the cyclins which activate them and the corresponding role they play in cell cycle
progression. The five CDKs that play a role during the cell cycle are CDK1 (also referred to as
Cdc2[10-13, 16, 17], active during G2 and mitosis), CDK2 (active during both G1 and S phase), CDK4
and CDK6 (both active during G1 phase)[8, 12, 17]. CDK7 acts in combination with cyclin H as CDK
activating kinase (CAK), it is active throughout the cell cycle and regulates the phosphorylation of
different threonine residues on each CDK for their activation

[8]

. Cyclin binding induces a

conformational change in CDKs, by which they can be fully activated by phosphorylation at a
conserved threonine residue by CAK

[17]

. There is a total of ten cyclins which are grouped into
5

four classes (the A-, B-, D- and E-type cyclins) [9-11, 13, 16, 17]. While cyclins activate CDKs, there are
also CDK inhibitors (CKI) which regulate CDK activity; these proteins can bind either to CDKs
alone or to the CDK-cyclin complexes. There are two distinct families of CKIs, these being the
INK4 and Cip/Kip families. The INK4 family includes p15 (INK4b), p16 (INK4a), p18 (INK4c) and
p19 (INK4d), all of which specifically inactivate G1 CDK (CDK4 and CDK6). The INK4 family
members form stable complexes with the CDK enzyme before cyclin binding, preventing
association with cyclin D. The Cip/Kip family includes p21 (Waf1, Cip1), p27 (Cip2) and p57
(Kip2). These inhibitors inactivate CDK-cyclin complexes. They inhibit the G1 CDK-cyclin
complexes, and to a lesser extent, CDK1-cyclin B complexes. CKIs are regulated both by internal
and external signals: the expression of p21 is under transcriptional control of the p53 tumour
suppressor gene. The p21 gene promoter contains a p53-binding site which allows p53 to initiate
transcription of the p21 gene[8-13, 16, 17]. The Cdc25 homologs (A, B and C) also play a regulatory
role in cell cycle progression. CDKs are activated through dephosphorylation by the members of
the Cdc25 phosphatase family. Cdc25A is needed for G1-S transition, Cdc25B undergoes
activation during S phase, while Cdc25C activates CDK1-cyclin B during entry into mitosis [8].
A cell enters the cell cycle following mitogenic signals which result in the expression of D-type
cyclins that associate with CDKs 4 and 6. During early G1 the retinoblastoma tumour suppressor
gene product (Rb) is inactivated following phosphorylation by CDK4/6-cyclin D. During late phase
G1 Rb is once again inactivated following phosphorylation by CDK2-cyclin E. Rb-mediated
inhibition of the E2F group of transcription factors is thus relieved, allowing for E2F transcription
factors to be activated, triggering the G1/S transition. E2F proteins are deactivated by CDK2cyclin A, CDK1-cyclin A and CAK complexes, during the S and G2 phases of the cycle thereby
turning off E2F-dependent transcription. This inactivation of E2F needs to occur in a timely
manner so that S and G2 phase progression occurs in an orderly manner. Throughout late S and
the G2 phases the levels of cyclins A and B increase, as cyclins are no longer needed they are
targeted for proteosomal degradation by phosphorylation at specific residues. CDK1-cyclin B
controls the G2 to M transition of cells. The activation of CDK1-cyclin B is tightly regulated by its
phosphorylation status at specific threonine residues, both an activating phosphorylation
catalyzed by CAK and inhibitory phosphorylations catalyzed by Wee1 and Myt1. For mitosis to
occur, the CDK-cyclin B complex is activated by the phosphatase Cdc25C. At the completion of
the S-phase, Wee1 is degraded by proteolysis and Cdc25C activated by a regulatory
phosphorylation, leading to CDK1/cyclin B activation and commencement of mitosis [8-13, 16, 17].
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To insure the integrity of cells, and to guarantee that only healthy undamaged cells progress
through into the next phase or cycle, there are cell cycle checkpoints which check for DNA
damage at the end of each phase. These checkpoints are activated as part of the DNA damage
response (DDR) pathway and stop any damaged cells from transitioning through into the next
cell phase or cell cycle by signalling for repair processes to take place. Cell cycle checkpoints will
be covered in detail in Section 1.3.2.

Figure 1.2. Outline of cell cycle process, illustrating the expression of cyclin dependent kinases
(CDKs) and cyclins throughout the different stages of the cell cycle [18].

Table1.1 Cyclin-CDK activation throughout different stages of the cell cycle [8].
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1.3

DNA Damage Response (DDR)

It is estimated that cells endure over ten thousand DNA lesions per cell on a daily basis,
illustrating the constant DNA damage endured by cells

[19]

. Both endogenous and exogenous

forms of DNA damage can contribute to this constant stress. Endogenous sources of DNA
damage can result from cellular physiological processes including reactive oxygen species (ROS)
produced during metabolic respiration and incorporation of mismatched DNA bases during
replication. Exogenous sources of DNA damage can result from sources such as exposure to
environmental toxins, sunlight and UV radiation, as well as chemical agents used in cigarettes
and fuels and also agents used in chemical warfare and chemotherapeutics [20]. Induction of DNA
damage needs to be communicated to downstream proteins to allow for the repair of the
damage, hence induction of DNA damage needs to trigger the DDR. The DDR pathway involves
recognition and signalling of the DNA damage by damage sensors. This signals for recruitment of
mediators and further signal transducers to amplify the signal and initiate activities of the
effectors. Activities of these effectors include activation of checkpoint pathways, resulting in cell
cycle arrest and, in the event of irreparable damage, cell death. Activation of such pathways is
needed to maintain DNA integrity [21].

1.3.1

Signalling DNA Damage by ATM, ATR and DNA-PK

The sensing and signalling of DNA damage is a critical part of the DDR. Ataxia‐telangiectasia
mutated (ATM) protein kinase and ataxia‐telangiectasia and Rad3‐related (ATR) protein kinase
are considered the major DNA damage signal initiators for both DNA damage and replication
checkpoints [22]. DNA-dependent protein kinase (DNA-PK) has also been found to play a role in
signalling of DNA damage

[23]

. ATM, ATR and DNA-PK are all members of the

phosphatidylinositol-3-kinase related kinase (PIKK) family

[24]

. All three kinases specifically

phosphorylate serine and threonine residues frequently followed by a glutamine. Once
activated, they can phosphorylate hundreds of common substrates regulating many cellular
functions including processes in the DDR

[25]

. ATM and ATR phosphorylate target proteins to

initiate processes including DNA replication, DNA repair, cell cycle transition and apoptosis.
Some target proteins of ATM and ATR include the tumour suppressor protein p53, and the
checkpoint kinases 1 and 2 (Chk1 and Chk2). All of these proteins play important roles in the
regulation of cell cycle progression and the initiation of apoptosis following DNA damage.
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Ataxia‐telangiectasia Mutated (ATM) Protein Kinase
ATM is the most studied DDR kinase, one reason for this is the absence or mutation of ATM
leads to the hereditary disorder Ataxia-Telangiectasia (A-T)

[26]

. A-T is a condition primarily

characterised by cerebellar ataxia (poor coordination), oculocutaneous telangiectasia
(prominent blood vessels of the eye) and susceptibility to respiratory disorders and cancer

[26]

.

Patients also exhibit cell cycle checkpoint defects, genomic instability and radiosensitivity. Such
characteristics suggest that ATM plays a vital role in the DDR.
ATM activation is triggered by recruitment of the Mer11-Rad50-Nbs1 (MRN) complex in
response to double strand DNA breaks (DSBs) [27]. The mechanism by which ATM is activated is
still controversial [26] but has been extensively reviewed [26]. Some claim, in basal conditions, ATM
is an inactive homodimer that undergoes dissociation and activation in response to DSB, due to
its autophosphorylation

[28]

. It has been suggested that Nbs1, part of the MRN complex, might

contribute to ATM phosphorylation and activation [29], as well as several other proteins including
the histone acetyl transferase Tip60

[30]

. Importantly, it has recently been shown that ATM

autophosphorylation is not necessary for its in vivo activation [31, 32]. It should be noted, however,
that while the MRN complex amplifies in vitro activation of ATM, this can occur in the absence of
MRN members

[33]

. Additionally, ATM phosphorylates the histone H2AX to its activated form γ-

H2AX [34].

Ataxia‐telangiectasia and Rad3‐related (ATR) Protein Kinase
ATR protein kinase is biochemically and functionally similar to ATM, however, despite their
homology ATR responds to different types of stress than what ATM does. ATR has been found to
be an essential kinase in development, demonstrated by embryonic lethality in ATR-/- mice
36]

[35,

. ATR has been found to signal various DNA damage lesions to downstream targets, and has

been found to be activated by most chemotherapeutic drugs

[37]

. ATR has an essential role in

replication, sensing alteration in fork progression and activating cellular checkpoints if necessary
[38, 39]

. ATR activation by DNA damage results from induction of unusual large strands of ssDNA

that can be generated by several circumstances including: replication stress, end resection of
DSB and as a result of nucleotide excision repair (NER) [40]. Phosphorylation of ATR occurs when
replication protein A (RPA)-coated ssDNA recruits the ATR-ATR interacting protein (ATR-ATRIP)
complex [40, 41].
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DNA-Dependent Protein Kinase (DNA-PK)
DNA-PK is a member of the PIKK family [42]. It consists of a protein kinase catalytic subunit (DNAPKCS) and a heterodimeric regulatory factor (which includes a Ku70 and a Ku80 portion)[42-46].
DNA-PK is activated to promote the non-homologous end joining pathway of DSB repair
(covered in more detail in Section 1.3.3). DNA-PK has a very limited role in checkpoint activities.
However, in the absence of ATM, DNA-PK have been shown to stay at the site of DSB longer and
contribute to checkpoint function[47], including phosphorylation of γ-H2AX which results in
accumulation of repair proteins at the site of the DSB. Other roles of DNA-PK include: DNA repair
pathways, regulation of radio- and chemo resistance, involvement in inflammatory response,
metabolic gene regulation and cell proliferation [48]

Signal Amplification by Phosphorylation of Histone H2AX
Signal amplification downstream of ATM/ATR and DNA-PK activation is essential in making the
DDR efficient. Once ATM and DNA-PK is activated, rapid phosphorylation of histone H2AX to γH2AX is the key for subsequent events. Histone H2AX is one of three types of histone H2A
molecules, H2AX is phosphorylated to γ-H2AX at serine 139 (Ser139) within 1 to 3 minutes
following induction of DSBs [49]. While some studies have shown that γ-H2AX foci are not only a
result of DSBs but rather any DNA damage [50, 51], other studies have found that evaluation of γH2AX foci can be a useful and accurate tool in assessing the amount of DSBs induced and
repaired following chemotherapy and radiotherapy treatment[52, 53]. Accumulation of γ-H2AX at
the site of DSBs is so great that that it can be visualised in spots by immunofluorescent
techniques [23]. γ-H2AX modulates the accumulation of proteins involved in repair and signalling
in the chromatin regions distal to the site of DSB. It does not have anything to do with the
recruitment of proteins to the DSB [54]. However, the accumulation of DDR proteins surrounding
DNA lesions is necessary to build a signal threshold in conditions of limited damage

[55]

and

initiate cellular DDR responses such as checkpoint activation and DNA repair processes.
1.3.2

Cell Cycle Checkpoints

DNA in mammalian cells is under constant attack by agents that directly damage one of the
billion bases or break the phosphodiester backbone on which the bases reside [14]. To reduce the
possibility of cells passing on inaccurate or mutated copies of their genome to daughter cells, a
series of cell cycle checkpoints detects damaged or abnormally structured DNA and initiates DNA
repair before the cell cycle progresses [56]. The check points are used to assess both the internal
state of the DNA and to integrate external signals. Failure to arrest cells which contain DNA
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damage can lead to the formation of cancer and avoidance of cell cycle arrest is commonly
found in cancerous cells [57].

G1 Checkpoint
The main control of G1 progression is carried out by the ATM(ATR)/Chk2(Chk1) – p53/HDM2
(human homolog of the murine double minute 2 oncogene) - p21 pathway (outlined in Figure
1.3). ATM/ATR phosphorylates p53 directly at the Ser15 site, while Chk1/Chk2 targets the
threonine 18 (Thr18) and Ser20 sites in the same domain along with additional p53 sequences.
Additionally, HDM2 – an ubiquitin ligase which normally binds to p53 and ensures its rapid
turnover, is targeted by ATM/ATR and Chk1/Chk2 following DNA damage. This contributes to the
stabilisation of p53. The main target of p53 is the p21CIP1/WAF1 inhibitor CDK7. This inhibits the
activity of CDK2/Cyclin E which normally promotes G1-S phase transition. Inhibition of
CDK2/Cyclin E results in the inability to initiate DNA synthesis (in S phase) as well as preserving
the Rb/E2F pathway of active growth suppression, causing a sustained G1 blockade

[14]

. The G1

or G1-S phase checkpoint targets two critical tumour suppressor genes, p53 and pRB (retinoblast
susceptibility gene) [14]. p53 stimulates the expression of a large number of genes, including p21,
which results in suppression of cyclin E and cyclin A-associated CDK2 activities, preventing G1-S
phase progression

[56]

. This leads to the inability to initiate DNA synthesis as well as the

preservation of the active RB pathway, when the RB pathway is active, growth is suppressed,
resulting in a sustained G1 blockade
enter apoptosis

[56]

[14]

. Other genes stimulated by p53 can induce the cell to

. The loss of p53 at the G1 checkpoint leads to complete checkpoint

abrogation [56], and along with pRB they are the two most commonly deregulated genes related
to human cancers [14].
In late G1, the expression of ATR and Chk1 increases, cyclins E, A and their activator Cdc25A are
also induced in late G1 phase. The ATR/CHK1 module, through moderate constitutive
phosphorylation of Cdc25A on its several serine residues, then maintains an appropriate
abundance of Cdc25A through its ubiquitin-dependent, proteasome-mediated turnover during
unperturbed proliferation [58, 59]. In the event of genotoxic stress, this action is enhanced through
increased activity of Chk1 and Chk2 which results in down-regulation of Cdc25A and thus the
inhibition of cyclin E(A)/CDK2 complexes

[58-60]

. While there is simultaneous phosphorylation of

Cdc25A and p53 by checkpoint kinases, it is the Cdc25A-degradation cascade that first elicits its
effect on the cell cycle machinery. This results as the Cdc25A degradation cascade does not
require the transcription and accumulation of newly synthesised proteins in the manner of the
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slower p53 pathway. The Chk1/Chk2-Cdc25A checkpoint delays the G1-S transition for only a few
hours unless the sustained p53-dependent mechanism prolongs the G1 arrest [14].

S phase checkpoint
There are at least two parallel branches of the intra S phase checkpoint that slow the ongoing
DNA synthesis. Both pathways are controlled by the ATM/ATR signalling machinery

[14]

(Figure

1.3). One is the previously described Cdc25A degradation cascade which also takes place in the
G1 phase of the cell cycle. The downstream inhibition of CDK2 activity of this pathways results in
inhibition of Cdc45 binding to chromatin. Cdc45 is a protein required for DNA polymerase
recruitment into assembled pre-replication complexes; thus inhibition of CDK2 activity prevents
initiation of new origins of replication [58, 59].
The other branch of the intra S phase checkpoint reflects the ATM phosphorylation of Nbs1 at
several site, in particular serine 343 [24, 61] and serines 957 and 966 of the cohesion protein SMC1
[62-64]

. However, this checkpoint is not as well understood as the Cdc25 degradation cascade, but

its involvement (dependent upon the proteins BRCA1 and Fanconi anemia complementation
group D2, FANCD2 [62, 65, 66]) has been observed following exposure to ionizing radiation and UV
light as has the Cdc25A pathway

[67, 68]

. As well as the inhibition of replication-origin firing,

protection of the integrity of stalled replication forks is another critical function of the S phase
checkpoint. Again, the mechanism by which the maintenance of fork stability occurs is not very
well understood, yet it is known that it helps prevent primary lesions forming into DNA breaks
and facilitates the subsequent recovery of DNA replication [69, 70].

G2 Checkpoint
The G2 or the G2/M checkpoint inhibits cells which have experienced DNA damage from
entering mitosis; this damage could be obtained either during the G2 phase or may carry over
from unrepaired damage caused during the G1 or S phase

[56]

. Both the G1/S and G2/M

checkpoints are affected by similar factors including p53 [6] (Figure 1.3). Accumulation of cells in
the G2 phase can reflect a contribution of the DNA-replication checkpoint (also called the S/M
checkpoint) that may detect some of the persistent DNA lesions from the previous S phase as
being inappropriately or not fully replicated DNA [14]. The G2/M checkpoint’s most critical target
is the CDK1/cyclin B kinase, whose activity promotes mitosis. Activation of CDK1/cyclin B
following various stresses is inhibited by ATM/ATR, Chk1/Chk2 and p38 kinase-mediated
12

subcellular sequestration, Cdc25 family member degradation or inhibition that normally
activates CDK1 at the G2/M boundary [60, 71-74]. Similar to the role of the checkpoint mediators in
the S phase checkpoint, 53BPR and BRAC1 are also involved in regulation of the G2 checkpoint
responses

[75, 76]

. The maintenance component of the G2 checkpoint relies on the transcription

programmes which are regulated by p53 and BRCA1. This leads to the up-regulation of cell cycle
inhibitors like that of p21, growth arrest and DNA damage-inducible 45 alpha (GADD45α) and
the 14-3-3 sigma proteins

[71, 77]

. Some tumour lines that have mutant p53 show selective

accumulation in G2 following induction of DNA damage. This indicates that p53-independent
mechanisms are sufficient to sustain a G2 arrest, and as such has made the G2 checkpoint a
promising target to sensitise cancer cells (that are deficient in p53 dependent G1/S checkpoint
pathways) to current DNA damage-inducing treatments [78].

Spindle Assembly Checkpoint
Although the G2/M checkpoint is considered the final gatekeeper which restricts DNA-damaged
cells entering mitosis

[56]

, the M phase itself contains a checkpoint. The spindle assembly

checkpoint delays anaphase until cell chromosomes are attached to the mitotic spindle, which
ensures that accurate chromosome segregation is carried out [6].
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Figure 1.3. Scheme of cell cycle checkpoint pathways induced in response to DSBs, with
highlighted tumour suppressors in red and proto-oncogenes shown in green [14].
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1.3.3

Repair of DNA Damage

Following detection of DNA damage and cell cycle arrest, cells attempt to repair the damage by
either one or a combination of different DNA repair mechanisms. There are five distinct known
repair pathways consisting of base excision repair (BER), NER, mismatch repair (MMR), DSB
repair and transcription coupled repair

[79]

. It is commonly accepted that the most lethal of all

DNA lesions a cell will endure is induction of DSBs [80-83]. DSBs are repaired by either homologous
recombination (HR) or the non-homologous end joining (NHEJ) pathway. HR requires the
presence of a sister chromatid or a homologous chromosome

[44]

almost identical, genetic information to repair DNA damage

[43]

, which contains identical, or

. NHEJ does not require the

presence of homologous DNA sequences found in a sister chromatid, however it does require
DNA-PK and the XRCC4/DNA ligase IV complex [44].

Double Strand Break Repair by the Non-Homologous End Joining
Pathway
In the process of NHEJ (Figure 1.4), the first step is recognition of the DSB by the Ku heterodimer
(formed by Ku70 and Ku80 proteins) [84]. With its ring-like structure, Ku binds to the two ends at
the site of DSBs stabilising them and subsequently attracting the transducer kinase DNA-PK [23, 43,
85]

. Once located at the site of the DSB, DNA-PK becomes activated and phosphorylates several

substrates involved in ligation of DNA ends. Interestingly, DNA-PK can also autophosphorylate,
which appears to be essential for its repair capacity [86]. Phosphorylation of DNA-PK results in the
recruitment of ligase IV and XRCC4

[87]

. The XRCC4/DNA ligase IV pulls the two ends of the DSB

closer together and is responsible for ligating them; ligase IV provides the catalytic activity for
rejoining while XRCC4 stabilises and stimulates its activity

[23, 43, 85, 88]

.

The NHEJ pathway of repair is more error prone than its HR counterpart as it does not require
the presence of sister chromatids to take place; the benefit of sister chromatids during HR is that
they act as a template for the accurate repair of the damaged DNA strands. However, sometimes
when there is a sister chromatid which can act as a template for repair (during the S and G2
phases of the cycle), NHEJ is still the active form of repair to take place. This is most likely due to
the large genomes of mammals and the abundant repetitive sequences which can limit HR
proficiency [89].
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Double strand break repair by homologous recombination
HR is a more error-free method of DSB repair than the NHEJ pathway. This is because HR uses a
sister chromatid as a template for repair in order to reduce the chance of inaccurate repair [90].
For this reason, HR can only take part when there are sister chromatids available to act as a
template, hence, HR can only occur during the S and G2 phases of the cell cycle. HR is a lot more
complex than NHEJ and it involves many more steps as outlined in Figure 1.4. In brief, HR is
initiated by DNA end-resection, involving the MRN complex and several accessory factors
including nucleases. MRN recruits ATM, which phosphorylates histone H2AX and many other
proteins involved in repair and checkpoint signalling. DNA end-resection generates ssDNA which
is bound by RPA, and is subsequently replaced by RAD51. RAD51 promotes the invasion of the
ssDNA to a homologous double-stranded DNA template, leading to synapsis, novel DNA
synthesis, strand dissolution, and finally repair [91].

When repair of DNA damage is completed cells re-enter the cell cycle and continue to
proliferate. When repair of damage cannot be carried out, cells either undergo cell death, by
apoptosis or other means, or alternatively cells enter a senescent state, where they can no
longer cycle and proliferate.
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Figure 1.4. The mechanism of non-homologous end joining (NHEJ) and homologous
recombination repair following induction of DSBs [91].
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1.3.4

Apoptotic Cell Death

Apoptosis is a process often referred to as programed cell death, also referred to as cell suicide
since the cell’s own proteins participate in its demise. It is essential for normal development and
aging as well as a method of removing unrepaired damaged cells as part of the DDR [92]. As a cell
goes through the process of apoptosis it undergoes some characteristic physiological changes.
These physical changes include: cell shrinkage and chromatin condensation, nuclear collapse and
DNA fragmentation and degradation, apoptotic body formation and finally lysis of apoptotic
bodies [93, 94]. This gradual breakdown of cellular contents is advantageous clinically as it does not
result in the adverse effect of inflammation, as other forms of cell death do. Apoptosis can be
activated via two distinct pathways, the intrinsic or extrinsic pathway, as outlined in Figure 1.5.
Activation of apoptotic pathways occurs when pro-apoptotic (pro-death) signals outweigh antiapoptotic (pro-survival) signals. These signals are controlled by the family of B cell lymphoma-2
(Bcl-2) proteins.

The Bcl-2 Family
Bcl-2 family members have one or more homology domains labelled as Bcl-2 homology (BH1, -2,
-3 and -4). These are important for the heterodimic interaction of Bcl-2 members. Bcl-2 proteins
can be split into pro- and anti-apoptotic proteins. The anti-apoptotic proteins within the Bcl-2
family include: Bcl-2, Bcl-extra long (Bclxl), Bclw and Bcl-2 homolog ovary (Boo). Pro-apoptotic
members of the Bcl-2 family are divided into two subgroups according to the number of BH
domains. There are eight members of the pro-apoptotic class that have BH3-only domains: harakiri (Hrk), BH3 interacting domain death agonist (Bid), Bcl-2 interacting mediator of cell death
(Bim), Bcl-2 modifying factor (Bmf), p53 promoter up regulated modulator of apoptosis (Puma),
Noxa, Bcl-2 antagonist of cell death (Bad) and Bcl-2 interacting killer (Bik). Other pro-apoptotic
members of the Bcl-2 family include Bcl-2 associated X protein (Bax), Bcl-2 antagonistic killer
(Bak), Bcl-2 related ovarian killer (Box) and Bcl-extra short (Bcl-xs, which has only BH3 and BH4
domains) [95, 96]. Following activation of the death signal BH3 domain-only proteins can neutralise
or depress anti-apoptotic Bcl-2 proteins allowing pro-apoptotic proteins such as Bax and Bak like
proteins to induce apoptosis [97].
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The Caspase Cascade
Regardless of how apoptosis is stimulated, intrinsically or extrinsically, both pathways lead to the
activation of the caspase cascade, as illustrated in Figure 1.5. Caspases, a family of cysteinyl
aspartate-specific proteases are considered central regulators of apoptosis. Once activated the
initiator caspases (caspase -2, -8, -9, -10, -11 and -12), cleave and activate downstream effector
caspases (including caspase -3, -6, and -7), which in turn execute apoptosis. Extrinsically,
activation of FAS and tumour necrosis factor receptor (TNFR) by FASL and TNF, respectively,
leads to the activation of caspase-8 and -10. Intrinsically, DNA-damage or endoplasmic reticulum
(ER) stress leads to activation of caspase-2. Cytochrome C is release from damaged mitochondria
and is coupled to the activation of caspase -9 [98].

b)

a)

Figure 1.5. Extrinsic (a) and intrinsic (b) activation of the caspase cascade leading to apoptosis[99].
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The Intrinsic Pathway of Apoptosis
The intrinsic pathway of apoptosis, also known as the mitochondrial pathway of apoptosis
(Figure 1.6a), is initiated when pro-death signals prevail over pro-survival signals. The first step in
the intrinsic pathway of apoptosis is mitochondrial outer membrane permeabilisation (MOMP)
which leads to mitochondrial transmembrane potential (Δψm) dissipation as well as arrest of
mitochondrial ATP synthesis and Δψm dependent transport activities [100]. There is an increase in
reactive oxygen species (ROS) due to uncoupling of the respiratory chains and there is a release
of proteins normally contained within the mitochondrial inter-membrane space (IMS) into the
cytosol. One of these proteins is cytochrome C (CYTC), which drives the assembly of
apoptosomes

[101-103]

. Apoptosomes are multiprotein complexes that trigger the caspase-9-

caspase-3 proteolytic cascade

[104]

. The direct binding of inhibitor of apoptosis protein (IAP) -

binding protein with low pI (DIABLO) and high temperature requirement protein A2 (HTRA2)
facilitates activation of caspases by sequestering and/or degrading several members of the IAP
family

[105]

. Conversely, apoptosis inducing factor (AIF) and endonuclease G (ENDOG) act by a

caspase independent manner by relocating to the nucleus and mediating DNA-fragmentation [106108]

. HTRA2 can also contribute to caspase independent apoptosis through cleavage of cellular

substrates (such as cytoskeleton proteins) [109, 110].

The Extrinsic Pathway of Apoptosis
The extrinsic pathway of apoptosis, also referred to as the death receptor pathway (Figure 1.6b),
is activated upon FAS ligand (FASL) binding to the FAS receptor

[111]

. Upon binding, cytoplasmic

tails of FAS trimers recruit FAS-associated protein with a death domain (FADD), cellular inhibitors
of apoptosis proteins (cIAPS), cellular FLICE-inhibitory proteins (c-FLIPs) and pro-caspase-8 (or 10). This forms a supramolecular platform which is referred to as death-inducing signalling
complex (DISC), and it is responsible for activation of caspase-8 (-10)

[112-116]

. c-FLIPs and cIAPs

exert pro-survival functions within DISC. However, when pro-death signals prevail, caspase-8 is
activated and directly triggers activation of the caspase cascade by mediating the proteolytic
maturation of caspase-3 or alternatively stimulates MOMP by cleavage of BH3-interacting
domain death agonist (BID), leading to generation of a mitochondrial-permeabilizing fragment
known as truncated BID (tBID) [117-119].
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a)

b)
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Figure 1.6. The a) intrinsic and b) extrinsic activation pathways of apoptosis. IM, mitochondrial inner membrane; OM, mitochondrial outer membrane;
PTPC, permeability transition pore complex [105].

1.3.5

Other Forms of Cell Death or Senescence

Apoptosis, while a clinically preferred method of cell death due to the progressive break down of
cells and their content in a manner that does not result in inflammation, is not the only form of
cell death. Other forms of cell death which are not as clinically beneficial (due to the side effects
such as inflammation) can be desirable in some cases, for example when cells have become
resistant to apoptosis

[94]

. Such methods include necrosis, necroptosis and autophagy.

Alternatively, when cells encounter unrepairable damage sufficient enough to stop them from
cycling yet not enough to trigger cell death, the cell can enter a state of senescence.

Necrosis and Necroptosis
Necrosis is a method of uncontrolled cell death that effects many cells simultaneously and expels
toxic contents into surrounding area that disrupt more cells

[93, 94]

. It results in the adverse side

effect of inflammation, which is undesirable as it can lead to secondary tissue damage

[94]

. It is

characterised by unregulated enzymatic digestion of cell components and loss of cell membrane
integrity, leading to cell swelling and rupture. Degradation of the cell membrane results in
cellular content being leaked into the intracellular space, triggering inflammation. Recently, it
has been discovered that there are more regulated forms of necrosis termed ‘necroptosis’
120]

[94,

). Necroptosis is used to cover the three specialised pathways of programed necrosis: Tumour

necrosis factor receptor 1 (TNFR1) initiated necrosis, receptor interacting protein 1 (RIP1) or
RIP3 dependent regulated necrosis [105]. The process programed necrosis is outlined in Figure 1.7.
Briefly, tumour necrosis factor α (TNFα) binds, cytoplasmic tails of TNFR1 recruit TNFRassociated death domain (TRADD), RIP1, cellular inhibitor of apoptosis 1 (cIAP1), cIAP2, TNFR
associated factor 2 (TRAF2) and TRAF5. RIP1 undergoes polyubiquitination by cIAPs which
provides a docking site for recruitment of transforming growth factor β (TGFβ)-activated kinase 1
(TAK1), TAK1-ninding protein 2 (TAB2) and TAB3 (which together deliver a pro-survival signal by
activating the transcription factor NF-kB). In some pathophysiological and experimental settings,
and in particular when caspase-8 is absent or when caspases are inhibited by pharmacological
agents, cylindromatosis (CYLD)-deubiquinated RIP1 engage in physical and functional
interactions with its homolog RIP3, ultimately activating the execution of necrotic cell death.
Regulated necrosis can also be induced by alkylating DNA damage (possibly by the over
activation of poly (ADP-ribose) polymerase 1, PARP1) [105, 121-124].
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Figure 1.7. Process of regulated necrosis termed necroptosis by either TNFR1, RIP1 or RIP3
initiated means [105].
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Autophagy
Autophagy is a conserved catabolic mechanism which contributes to the turnover of cellular
components and is a natural process of aging. Although a process of self-destruction, autophagy
is not invariably a process of cell death. Following stress, autophagy can remove damaged
organelles and proteins thus favouring survival. However, when stress is too great autophagy
can lead to cell death and when its pathway is deregulated non-apoptotic cell death can occur
[125, 126]

.

Senescence and Quiescence
In vitro, cellular senescence is defined by the loss of proliferative potential (PP)

[57]

senescence is not a form of cell death but rather an irreversible arrest of growth
Senescence is a natural process of aging controlled by telomere length

[127]

, hence,

[57, 127-129]

.

. As well as playing a

role in aging, senescence can be used as a therapeutic target for the treatment of cancers

[127]

.

DNA damage, especially induced DSBs including those induced by chemotherapeutic agents, can
cause cells to enter a state of senescence

[130]

. The characteristics of senescent cells include:

growth arrest, apoptosis resistance, altered gene expression and eventually a display of
senescent markers

[127]

. Quiescence is a normal physiological withdrawal of cells from the cell

cycle which occurs in almost all cells. It differs to senescence in that it is a reversible process due
to stimulation with proper growth factors or other stimuli can result in the resumption of
proliferation [131].
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1.4

Cancer Treatment

Treatment of cancer consists of either surgery, chemotherapy, radiation, hormone therapy,
immunotherapy or a combination of these. Surgery is beneficial as it can result in the total
removal of tumours, however it is not so effective in treating non-solid cancers such as
leukaemia or metastatic disease. It is a very aggressive form of treatment that is also very
intrusive for the patient and it does not always assure the complete removal of tumours. For this
reason it is most likely that surgery is accompanied by either radio-, chemo- or hormone-therapy
in the lead up to, or following surgery. Non-surgical treatments such as chemotherapy and
radiation elicit their effects against cancer cells by causing cellular damage, which can trigger
DDR pathways and ideally increasing the number of cells that go into apoptosis.

1.4.1

Chemotherapeutics

Chemotherapeutics have been in clinical use since the 1900s
chemotherapeutics refers to the use of chemicals to treat disease

[132]

[132]

. While the term

, there are now multiple

different classes of anticancer chemotherapeutic agents used to treat cancer. These include
DNA-interactive agents, antimetabolites, antitubulin agents, molecular targeting agents,
hormones and monoclonal antibodies

[133]

. Each class of anticancer chemotherapeutics targets

different aspects of regular cell cycle activities and/or result in different types of cellular
damage.
Antimetabolites are one of the oldest anticancer chemotherapeutic families; they interact with
the biosynthetic pathways incorporating analogues of pyrimidine or purine. This disrupts the
synthesis of nucleic acids. Another mechanism of antimetabolites, such as methotrexate, is to
interfere with an essential enzymic process of metabolism

[133]

. Antitubulin agents disrupt

spindle formation or disassembly, microtubule dynamics, which blocks division of the nucleus.
This class includes taxanes and vinca alkaloids [133].
Drugs which target DNA replication can be further divided into alkylating agents, cross linking
agents, intercalating agents, topoisomerase inhibitors and DNA-cleaving agents

[133]

Figure1.8

summarises some such chemotherapeutics and their corresponding toxic lesions. Combination
treatment of chemotherapeutic agents from multiple classes, resulting in multiple mechanisms
of DNA damage results in a more effective treatment regime than using single class therapies. Of
all the possible toxic lesions induced by these therapies, the most toxic to a cancer cell are those
which induce DSBs [80-83].
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Treatment

Toxic lesions

Major repair pathways

a) Radiotherapy and radiometrics
Ionizing radiation
Bleomycin

Single-strand breaks
Double-strand breaks
Base damage

b) Monofunctional alkylators

Base damage

Alkylsulphonates
Replication lesions
Nitrosourea compounds
Temozolomide

Bulky adducts

c) Bifunctional alkylators

Double-stand breaks

Cisplatin

DNA crosslinks

Nitrogen mustard

Replication lesions

Mitomycin C

Bulky adducts

d) Antimetabolites

Uncharacterised

5-Flurouricil

Base damage

Folate analogues

Replication lesions

e) Topoisomerase inhibitors

Double-strand breaks

Etoposide
Single-strand breaks
Camptothecins
Replication lesions

f) Replication inhibitors

Double-strand breaks

Aphidicolin

Replication lesions

Hydroxyurea

Figure 1.8. Chemotherapeutic drug classes that interfere with DNA integrity including their
corresponding toxic lesions and the repair mechanisms involved in response to the damage [134].
NHEJ: non-homologous end joining; SSBR: single strand break repair; BER: base excision repair;
HR: homologous recombination; AT: alkyltransferases; TLS: translesion synthesis; NER:
nucleotide-excision repair; O2G: DNA dioxygenases; RecQ: RecQ-mediated repair; FA: Fanconi
anaemia repair pathway; ENDO: endonuclease mediated Repair.
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Etoposide
Etoposide (Figure 1.9a) is an analogue of 4′-demethylepipodophyllin benzylidene glucoside
(DEPBG), synthesised in 1966 [135]. It is a topoisomerase II (topo II) inhibitor, which acts primarily
in the S and G2 phase of the cell cycle resulting in cell cycle arrest at both the inter S phase and
G2/M checkpoints [136]. Topo II is a nuclear enzyme that controls DNA topology and exists as two
distinct isoforms, α and β [137, 138]. The enzyme has multiple functions which include relaxation of
supercoiled DNA, cell cycle regulation and decatenation of sister chromatids [137, 138]. During the
catalytic cycle of topo II to relax the DNA helix, topo II creates a transient covalent complex
(“cleavable complex”) in the DNA by cleaving the phosphodiester backbone This essentially
creating a DSB for another DNA duplex to pass through before the DSB is religated [137-139]. In the
presence of topo II inhibitors such as etoposide, the normally transient cleavable complex is
stabilised, resulting in permanent DSB

[137-139]

. Replication forks collide with the stabilised

complex during the S phase, converting them into DSB. Similarly during transcription, RNA
molecules progressing along the transcribed DNA strand collide with the cleavable complexes
and generate DSBs

[139]

. Etoposide is used to treat a wide range of cancers, however it is a

standard component of chemotherapy against small cell lung cancer, testicular cancers and
lymphomas [133, 135].

Doxorubicin and Daunorubicin
Doxorubicin and daunorubicin (Figure 1.9b and c) are intercalating anthracyclins (antitumour
antibiotic) extracted from Streptomyces peucetitusor

[133, 140-142]

and have a broad range of

therapeutic mechanisms. doxorubicin has been shown to inhibit the normal function of topo II,
forming a stabilised cleavable complex

[143]

. However, the mechanism in which doxorubicin

stabilises the topo II cleavable complex is different to etoposide. As intercalating agents, both
doxorubicin and daunorubicin can insert into the double stranded DNA of cells and produce
structural changes which interfere with DNA and RNA synthesis, including that of topo II

[144]

.

Again, interruption of the normal topo II activity results in DSBs. Anthracyclins have other
mechanisms of causing cellular damage. Anthracyclins such as doxorubicin and daunorubicin
have been demonstrated to cause the production of reactive oxygen species (ROS)

[143-145]

. ROS

can include oxygen free radicals, hydroxyl radicals and hydrogen peroxide that damage DNA,
mRNA, proteins and lipids

[144]

. Production of such ROSs can result in adverse cardiac toxicity

which has been a limiting clinical factor for these drugs [146]. Doxorubicin has been used clinically
on breast, sarcoma, gastric, ovary, small lung cancers, Hodgkin’s and non-Hodgkin’s lymphoma
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as well as leukaemias

[133, 144, 145]

. Daunorubicin has been found to be less effective on solid

tumours, and it is most commonly used for acute lymphatic and myelocytic leukaemia[133].
Bleomycin
Bleomycin is an antitumour antibiotic, which functions as a DNA cleaving agent

[133, 147-149]

most active against cells in the G2/M phase of the cell cycle than any other phase

. It is

[148, 150]

Bleomycin is a generic name for a group of antibiotics isolated from Streptomyces verticillus

[147]

.

.

The product administered to patients is a mixture of bleomycin structures, the most abundant
analogue being bleomycin-A2[148] (Figure 1.9d). A bleomycin molecule consists of four parts; the
terminal amine – involved with nucleic acid interactions, the bithiazole part – involved with DNA
binding through DNA minor grove interactions, a pseudopeptide component – responsible for
specific DNA sequence recognition and binds to transition metals by coordination links and
finally, a glymeric part - whose function is not very well understood

[148]

. Bleomycin induces its

cytotoxic effect by inducing DSBs, single strand breaks, highly specific free radicals and
chromosomal aberrations

[147, 148, 150, 151]

. The production of specific free radicals caused by

bleomycin treatment results in the production of 8-oxoguanine [151]. This allows bleomycin to cut
DNA at the level of the GC base pairs, resulting in a strand break, when this occurs on both sides
of the DNA helix it can result in a DSB

[147, 148]

. Bleomycin is known to cause more single strand

breaks at low concentrations and double strand breaks at higher concentrations [150]. Bleomycin
is most commonly used to treat head and neck squamous cell carcinomas, Hodgkin’s and nonHodgkin’s lymphoma, testicular cancers and leukaemia

[133, 147, 148, 150]

. In 1973 Blum et. al.[147]

reported that bleomycin treatment resulted in the unwanted side effects of pyrexia, mucositis,
alopecia, anorexia nausea and vomiting. However Mir et. al. [148] reported in 1996 that bleomycin
had very few side effects and suggested that treatment was only limited by the one adverse
effect of lung fibrosis development when a total cumulative dose of 300mg bleomycin/m2 was
reached.

Cisplatin
Cisplatin (Figure 1.9e) was the first of the platinum complexes used to treat cancers. It is a
crosslinking agent that has a pronounced effect on testicular, bladder, cervical, small cell and
non-small cell lung cancers as well as ovarian cancers

[133, 152]

. Cisplatin causes inter- and intra-

strand DNA cross links as well as DNA-protein crosslinks. The mechanism by which these DNA
adducts go on to kill cancer cells is not fully understood; it is believed that cell death is usually
due to apoptotic methods[152-154] mediated by the Bcl2 family members and the caspase
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signalling cascade [152, 154]. Treatment of cells with cisplatin results in arrest of cells at the G2/M
checkpoint of the cell cycle

[154]

, which would suggest that the damage caused by cisplatin is

most likely taking place in the G2 phase of the cell cycle. Again, cisplatin is limited clinically by its
adverse side effects due to the undesirable characteristics of the drug, which include
nephrotoxicity, ototoxicity and peripheral neuropathy [133].
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a)

d)

b)

c)

e)
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Figure 1.9. Chemical structures of chemotherapeutic agents a) etoposide, b) doxorubicin, c) daunorubicin, d) bleomycin and e) cisplatin [133].

Previous studies have used many different concentrations and treatment conditions to assess
the effectiveness of each of these chemotherapeutic agents. Table 1.2 shows a summary of
some previous studies which have included treatment with these chemotherapeutic agents on
each cell line. Some studies have included a recovery time

[155, 156]

; this allows for the

investigation into the repair mechanisms following the treatment with the damage inducing
agent. Similarly, investigation into the effect of possible mechanisms for sensitising cancer cells
to chemotherapy can be better investigated when they are present during the recovery time.

HCT-116
Etoposide

HeLa
25µM, 4hrs, 24hr
RT [156]
17μM, 24hrs, NRT

T47D
100µM, 24hrs [158]

[157]

Doxorubicin

0.22µM, 24hrs

1µg/ml, 24hrs [160]
1μM 16,24,32,48,
72, 96, 120hrs
NRT [145]
0.01µg/ml, 24hrs

[162]

[163]

10µM, 72hrs
[159]

Daunorubicin

Bleomycin

Cisplatin

2.5µg/ml, 1hrs,
48, 96hrs RT [151]
10µM, 72hrs

IC50 250nM,
48hrs [161]
1µM, 48hrs [164]

1μM,20, 48hrs
NRT [145]
25µg/ml, 1hrs [165]

[159]

10µM,
12,24,36,48hrs

5µM, 48hrs [129]

[166]

Table 1.2 Summary of previous concentrations of each chemotherapeutic used on various cell
lines. RT indicates recovery time; NRT, no recovery time following treatment.
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1.5

Sensitising Therapy

Since treatment of cancer was implemented, methods of improving the efficacy of treatment
have been researched. Some limitations of therapy include chemo- and radio-resistance, toxicity
of therapies limiting the clinical dosage as well as leading to adverse side effects (including
secondary cancers) [167-170]. As Leahy et. al. state ‘the ability of cancer cells to repair DNA damage
is an important determinant of their susceptibility to chemo- or radio-therapy in the treatment
of cancer’

[85]

. Hence, intracellular pathways which promote tumour growth or apoptosis are

believed to be a promising target in sensitizing cancer cells to current anticancer treatment such
as radiation and chemotherapy

[171]

. Previous studies have concluded that low dose

chemotherapeutic treatment can be equal to, if not more effective, in treating cancers when
used in conjunction with chemosensitisers

[172]

. Currently, there are over 20 small-molecule

protein kinase inhibitors approved for treatment of human disease

[173]

. The majority of these

small molecule inhibitors have been developed to target kinases involved in the repair of DNA
damage and cell cycle progression.

1.5.1

DNA Damage Response as a Therapeutic Target

Many chemotherapeutics induce multiple forms of DNA damage which activate multiple repair
pathways. Figure 1.10 outlines the order of events following exposure to DNA modifying
chemotherapy. Once the detection of damage occurs, the cell cycle is arrested before one of
four possible outcomes is determined: damage can either be repaired, in which case the cell
continues to cycle and grow; inefficient repair could occur leading to mutation and progression
of carcinogenesis, which in turn can result in secondary cancers due to treatment; the cell can
enter senescence and progresses no further or ideally the cell will be unable to repair the
damage and cell death will result by apoptosis, or some other form of cell death

[120]

. It is the

balance between repaired and unrepaired damage that determines whether a treatment is
successful or not. One mechanism which has been investigated to push this balance in favour of
more unrepaired damage (hence increasing the amount of cell death or senescence) is to inhibit
cellular repair activated following exposure to chemotherapy by inhibiting the activity of key
enzymes and proteins needed for repair to be completed successfully. In theory, this would
increase the number of cells with irreparable damage and correspondingly increase the number
of cells pushed towards cell death or senescence.
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Figure 1.10. Flow diagram illustrating the possible cellular outcomes following exposure to DNA
damaging chemotherapeutic agents.

Inhibitors of DNA Repair
A key family of enzymes activated throughout multiple repair pathways is the PIKK. The PIKK
family includes PI3K, DNA-PK, ATM and ATR. PI3K is involved in the recruitment of AKT for
activation of growth, proliferation and survival signalling

[174]

most frequently deregulated pathways observed in cancers

, the PI3K pathway is one of the

[175]

. Due to the dominant role the

PIKK family plays in the repair processes following exposure to DNA damaging agents, such as
chemotherapeutics, many studies have been carried out to develop inhibitors against these
enzymes as well as investigation into their sensitising effects following either chemo- or radio
therapy

[176-178]

. While PI3K does not play a role in DNA repair its activation does inhibit the

process of apoptosis

[179]

. Thus, inhibition of PI3K in combination with apoptosis inducing

chemotherapeutics is of interest. The first inhibitors developed against the PIKK family of
enzymes were LY294002 and wortmannin

[180-182]

. LY294002 and wortmannin were found to be

promising chemo- and radio-sensitisers, however, both of these molecules failed to make it
through clinical trials due to their lack of specificity, including activity against other PIKK
members, leading to adverse side effects and toxicity. For instance, full inhibition of cellular PI3K
activity by LY294002 is only achieved at concentrations greater than 10mM. At these
concentrations LY294002 targets several unrelated proteins, including calcium and potassium
channels, phosphodiesterases and oestrogen receptors. Thus, some of the affects observed in
LY294002 treated cells could be attributed to these secondary targets
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[183]

.

In an effort to increase specificity, test inhibitors which were structurally similar to LY294002 and
wortmannin were developed and showed enhanced sensitisation effects. A selection of the small
molecules that have been developed for inhibition of DNA repair proteins and are currently
undergoing clinical trials can be seen in Table 1.3. KU55933 was developed in 2004 by a group at
Cambridge University

[184]

. It was found to be a potent and selective inhibitor of ATM, with an

IC50 of 13nM, while its activity against DNA-PK and ATR was found to be minimal with IC50 values
greater than 100μM (accepted as not active). KU-55933 has been found to sensitize HeLa cells to
a range of ionizing radiation doses [185].
NU7026 was developed by a research group at Newcastle University, U.K. it has been found to
have inhibitory effects against ATM, ATR (IC50 for both 13nM [186]) and DNA-PK (IC50 230nM [186]).
While NU7026 has an inhibitory effect against multiple enzymes, which is normally undesirable
in a clinical inhibitor, it has been shown in many studies not to have the same toxic effects as
observed with the pioneers of repair inhibitors, LY294002 and wortmannin, while still having the
clinical benefits

[138, 187, 188]

. NU7026 has been found to potentiate the etoposide-induced G2

arrest, and the growth inhibitory effects of multiple chemotherapeutic agents including;
idarubicin, daunorubicin, doxorubicin, etoposide and mitoxantrone, as well as ionising radiation
in both leukemias and solid tumours [187, 189-191].
Also developed by the Newcastle University group, NU7441 was found to be a potent inhibitor of
DNA-PK (IC50 13nM [42]). Additionally, NU7441 has been shown to possess a selective inhibition of
DNA-PK over that of other PIKK family members ATM and ATR which showed IC50 values greater
than 100μM in purified enzyme assays

[42]

. The DNA-PK inhibition induced by NU7441 has been

found to increase persistence of γ-H2AX foci following treatment with radiation or DSB inducing
chemotherapeutics such as etoposide and doxorubicin

[192, 193]

. NU7441 has also been found to

enhance G2/M cell cycle arrest, induced by radiation, etoposide and doxorubicin in both colon
cancer cell lines, SW620 and LoVo [192].
Finally, the most recent small molecule inhibitor to target the PIKK member repair of DNA
damage is KU0060648. The DNA-PK IC50 of KU0060648 was found to be 19nM [194]. While this is a
very potent inhibition in purified enzyme assays, KU0060648 has also found to have activity
against three of the four isoforms of the PI3K enzyme (δ, <0.1; β, 0.5 and α, 4nM). Exposure to
1mM KU0060648 has been found to inhibit proliferation by more than 95% in the breast cancer
cell line, MCF7, but only by 55% in the colon cancer line, SW620. KU0060648 has been found to
increase the toxicity of etoposide and doxorubicin in DNA-PKcs proficient lines, but not in DNAPKcs deficient lines, confirming that enhanced cytotoxicity is due to DNA-PK inhibition [194].
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Again, specificity of test inhibitors is more ideal in a clinical setting than potency. However, in
some cases clinical trials have shown that dual inhibition can lead to enhanced inhibition and
sensitisation without adverse side effects [195].

Table 1.3. Small molecule inhibitors of PIKK family members developed to sensitise cancer cells
to treatment by inhibiting DNA repair processes [196].
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Novel 2-amino (substituted)-1,3-benz or napthoxazines as Small
Molecule Inhibitors of DNA Damage Repair
As indicated above LY249002 has been a popular lead compound in the development of
sensitizers for both chemotherapy and radiotherapy. Structurally similar compounds have been
produced by many different groups in the hope of retaining the high effective inhibition of both
PI3K and DNA-PK enzymes and their corresponding repair pathways, as well as to overcome the
lack of specificity which limited the clinical use of LY29002. Previous studies [197, 198] have shown
that novel 2-amino (substituted)-1,3-benz or napthoxazines hold promise as chemo- and radio
sensitisers due to the specific inhibitory effects on both PI3K and DNA-PK. One approach has
been to take the structure of the chromones such as LY294002 and to generate the
corresponding benzoxazine by substituting a nitrogen in the primary benzene ring. This has led
to a series of compounds with promising activity against members of the PIKK family when
examined in purified enzyme assays

[197-199]

. Such compounds include, 8-methyl-7-(2-(4-

methylpiperazin-1-yl)ethoxy)-2-morpholino-4H-benzo[1,3]oxazin-4-one (LTUK36, Figure 1.11a),
2-morpholino-7-(pyridine-2-ylmethoxy)-4H-naphtho[2,3][1,3]oxazin-4-one

(LTUSI116,

Figure

1.11b), 8-methyl-2-morpholino-7-(pyridin-3-ylmethoxy)-4H-benzo[1,3]oxazin-4-one (LTUSI118,
Figure

1.11c)

and

2-((3-methoxybut-3en-2-yl)amino)-8methyl-4H-benzo[1,3]oxazin-4-one

(LTUSI54, Figure 1.11d).
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a)

b)

c)

d)

Figure 1.11. Molecular structures of analogues of LY294002. a) 8-methyl-7-(2-(4methylpiperazin-1-yl)ethoxy)-2-morpholino-4H-benzo[1,3]oxazin-4-one

(LTUK36)

b)

2-

morpholino-7-(pyridine-2-ylmethoxy)-4H-naphtho[2,3][1,3]oxazin-4-one (LTUSI116) c) 8-methyl2-morpholino-7-(pyridin-3-ylmethoxy)-4H-benzo[1,3]oxazin-4-one (LTUSI118) and d) 2-((3methoxybut-3en-2-yl)amino)-8methyl-4H-benzo[1,3]oxazin-4-one (LTUSI54).
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The inhibitory effect of the compounds against PI3K isoforms in purified enzyme assays have
previously been determined by Reaction Biology Corporation, PA USA. LTUSI54 was also tested
for DNA-PK inhibition by Reaction Biology Corporation. All other compounds were previously
tested for DNA-PK inhibition using the purified DNA-PK enzyme (Promega) and the substrate
peptide EPPLSQEAFADLWKK (Shanghai Research Institute of Chemical Industry Testing co., Ltd,
Shanghai) as previously reported [197,

198]

, results are given in Table 1.4. It was found that

LTUSI116 was the most potent inhibitor of DNA-PK with an IC50 value of 0.096µM. The next most
potent inhibitor of DNA-PK activity was found to be LTUSI118, with an IC50 of 0.280µM, followed
by LTUK36 with an IC50 of 0.500µM. The IC50 value for LTUSI54 against DNA-PK activity was
observed to be greater than 100µM and therefore not active. The most effective PI3K inhibitor
was found to be LTUSI118, with IC50 values of 0.12µM, 1.42µM, 7.12µM and 2.00µM for α, β, γ,
and δ isoforms respectively. LTUSI116, LTUK36 and LTUSI54 were all found to have no inhibitory
effect on any of the PI3K isoforms, with IC50 concentrations greater than 100μM.
A key feature of an ideal test inhibitor is that it is active at a low dose; this reduces the risk of
introducing adverse side effects during treatment. The most effective DNA-PK inhibitor was
found to be LTUSI116 with an IC50 of 0.096μM, followed by LTUSI118 and LTUK36 with IC50 values
of 0.28 and 0.50μM respectively. One of the most recently developed DNA-PK inhibitors which is
now in clinical trials, NU7026, has been shown to have a purified DNA-PK IC50 of 230nM and has
been used in multiple in vitro studies at concentrations greater than this [138, 187]. Therefore, each
of these active newly developed compounds possesses IC50 values lower than that of their
counterparts which are already in clinical trials.
More importantly than low dose inhibition, it is essential that a prospective inhibitor possesses
specificity against its target protein. Lack of specificity can lead to a multitude of adverse side
effects and in some cases can render the treatment ineffective. From the purified enzyme
assays, only one inhibitor was active against multiple enzymes tested. The compound was
LTUSI118, which was found to have inhibitory effects against DNA-PK as well as all four PI3K
isoforms. While this multiple target inhibition is undesirable in a prospective chemosensitiser it
is not uncommon, nor is it unexpected. DNA-PK is a member of the PIKK family and therefore
shares structural similarities with the PI3K kinases. It has been found that there is 28% homology
between the DNA-PK and PI3K active sites and as the interaction of an inhibitor and its target is
very much dependent on 3D-structure for its interaction, multiple target inhibition between
structurally similar family members is more often than not unavoidable. Many of the previously
developed sensitisers did not enter clinical trials for such lack of specificity, including the first in
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the field wortmannin and LY294002. Conversely, LTUK36, LTUSI116 and LTUSI54 were found to
have no activity on any of the PI3K isoforms. The lack of activity demonstrated by LTUK36 and
LTUSI116 against PI3K isoforms suggests that each of these compounds possess some specificity
for DNA-PK. This is also supported by previous studies

[197]

which found that LTUSI116 had no

activity on platelet aggregation, which other structurally similar compounds have been found to
do. However, these novel inhibitors have not been tested for their biological activity against
ATM and ATR. This would be of interest as ATM and ATR are more similar, structurally, to DNAPK than PI3K.
Molecular
Compound

Weight
(g/mol)

DNA-PK

PI3Kα

PI3Kβ

PI3Kγ

PI3Kδ

IC50 (µM)

IC50 (µM)

IC50 (µM)

IC50 (µM)

IC50 (µM)

LTUK36

388.46

0.500 [198]

Not Active

Not Active

Not Active

Not Active

LTUSI116

389.40

0.096 [197]

Not Active

Not Active

Not Active

Not Active

LTUSI118

353.71

0.280 [198]

0.13 [198]

0.14 [198]

0.72 [198]

2.02 [198]

LTUSI54

262.26

Not Active

Not Active

Not Active

Not Active

Not Active

Table 1.4. Inhibition results for purified DNA-PK and PI3K enzyme activity of LTUK36, LTUSI116,
LTUSI118 and LTUSI54 (J. Al-Rawi, personal communication, February 2010). IC50 concentrations
greater than 100μM were noted as not active. The PI3K assays were performed by Reaction
Biology Corporation, One Great Valley Parkway, Suite 2 Malvern, PA 19355 USA. LTUSi54 was
dissolved in DMSO and tested for its ability to inhibit DNA-PK. This was accomplished using the
purified DNA-PK enzyme (Promega) and the substrate peptide EPPLSQEAFADLWKK (Shanghai
Research Institute of Chemical Industry Testing co., Ltd, Shanghai) as previously reported [198].
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1.5.2

The Cell Cycle and its Checkpoints as a Therapeutic Target

In recent years cell cycle progression has become a major target for improving anticancer
therapy. Some studies have focused on bypassing cell cycle checkpoints [1, 15, 36, 200], while others
have found benefit in inducing and enhancing cell cycle arrest

[201, 202]

. Many current

chemotherapeutic agents elicit their therapeutic benefit by halting the cell cycle. The evidence
that CDKs, their regulators and substrates are targets of genetic alteration in multiple types of
cancer has stimulated the investigation into CDK inhibitors. As such, compounds which alter cell
cycle regulation and progression could be clinically beneficial either alone or when used in
combination with chemotherapeutics. This targeted therapy can be divided into two classes: the
indirect strategy – targeting major regulators of CDKs, and the direct strategy – which directly
inhibits catalytic activity of the CDKs [8].

Direct Inhibition of CDK Activity
As the activity of CDKs depends on the binding of ATP, direct inhibition of CDK activity is based
on ATP competitive inhibitors

[8, 203]

. There are 11 classes of CDK ATP inhibitors: staurosporine,

flavonoid, purine, indole, pyridine, pyrimidine, indirubin, pyrazole, thiazole, paullone, and
hymenialdisine derivatives

[203]

. As well as the original CDK inhibitors, such as flavopridol and

roscovitine, which have entered clinical trials

[204, 205]

, new molecules have been designed in

order to obtain more potent, specific and tolerable compounds against specific CDKS. Figure
1.12 shows the structures of some of these small molecule CDK inhibitors.
Flavopiridol (Figure 1.12a)has been shown to have activity against CDK1,2,4,6,7 and 9 at
nanomolar concentrations as well as micromolar activity against epidermal growth factor
receptor tyrosine kinase and protein kinase A [206]. Phase II clinical trials have been completed for
multiple myeloma

[207]

, melanoma

[208]

and endometrial adenocarcinoma

[209]

with discouraging

results. The most common major toxicities of Flavopridol included diarrhoea and
myelosuppression (decreased bone marrow activity) [203].
Roscovitine (Figure 1.12b), a purine derivative, inhibits CDK1,2,5,7 and 9 at micromolar
concentrations in in vitro kinase assays [210]. In a study conducted by Karaman et al., who tested
38 kinase inhibitors (including Flavopridol) across a panel of 317 kinases

[211, 212]

, Roscovitine

possessed a higher affinity for six of the target proteins. A phase I study which used the
combination treatment of Roscovitine in the presence of cisplatin and gemcitabine has been
carried out on patents with non-small cell lung cancer [213]. Dose limiting toxicities were vomiting,
nausea, transient hypokalemia and grade 3 elevation of liver enzymes. In a phase I trial on
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patients with solid tumours, no significant dose toxicity was observed however the side effects
of hypokalemia, hyponatremia, hyperglycemia and skin rashes were common

[203]

. The lack of

specificity and adverse effects associated with the use of flavopridol and roscovitine led to
further development of new small molecule inhibitors of CDKs.
One such molecule is BMS-387032 (Figure 1.12c), a thiazole derivative with activity against
CDK1,2,4,7 and 9 at concentrations lower than 1000nM [214]. BMS-387032 has shown nanomolar
binding affinity for 20 other kinases

[211]

, once again highlighting the issue of specificity. It has

been shown to inhibit cell cycle progression and transcription and is still undergoing clinical
trials. Partial results have shown that it is associated with the adverse effects of fatigue and
nausea

[203]

. AT7519 (Figure 1.12d), another CDK inhibitors, has been shown to inhibit

CDK1,2,4,5,6 and 9 in vitro at concentrations ranging from 10 to 210nM [215]. It has been shown
to inhibit proliferation in 26 tumour cells at concentrations ranging from 40 to 920nM and is
p53- and Rb-independent and has been shown to result in apoptosis [203]. Additionally, AT7519 is
able to cause regression of subcutaneous tumours, unlike its counterparts including Flavoprirdol,
P276-00 and R547 [215].
P276-00 (Figure 1.12e) has been shown to inhibit activity of CDK4-D1, CDK1-B, CDK2-A, CDK6-D3
and CDK9-T1 at nanomolar concentrations in enzyme assays
anticancer drug screen against CDK4 activity

[216]

[216]

. It was generated from an

, and has been shown (in vitro) to inhibit

proliferation of 12 tumour cell line panels at concentrations ranging from 300 to 800nM.
Additionally, it has been found to be inactive on normal fibroblasts [203]. R547 (Figure 1.12f) is a
selective inhibitor of CDK1,2,3 and 5 at sub-nanomolar concentrations and CDK6 and 7 at
nanomolar concentrations. It is currently undergoing clinical trials with advanced solid tumours
[217]

, and in vitro studies have shown that R547 is a potent inhibitor of cell proliferation

irrespective of p53, pRb and multidrug resistance status in 19 cell lines. R547 induces G1 and G2
cell cycle blocks followed by apoptosis, with dose concentrations ranging from 0.05 to 0.6μM.
PD0332991 (Figure 1.12g) has been found to be a competitive inhibitor of CDK4 and 6, at
concentrations lower than 15nM. It is also very selective for CDK4/6 as reported by Fry et al. [218],
PD0332991 showed little or no activity against 36 other protein kinases including fellow CDKs 1,2
and 5. PD0332991 has been shown to inhibit proliferation in pRb-positive cells, resulting in a G1
arrest. Most common adverse effects observed with oral administration of PD0332991 include
neutropenia, anaemia, fatigue, nausea, constipation, vomiting and diarrhoea

[219]

. SCH727965

has been found to inhibit CDK1,2,5 and 9 selectively at concentrations lower than 5nM. It
induces apoptosis in more than 100 tumour cell lines and has been shown to exhibit tumour
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regression in multiple xenograft models [203]. The most common side effects observed in clinical
trials so far include nausea, vomiting, diarrhoea, neutropenia and fatigue [220].

a)

b)

c)

d)

e)

f)

g)

h)

Figure 1.12. Chemical structures of small molecule inhibitors of CDK ATP binding site a)
Flavopiridol, b) (R)-roscovitine, c) BMS-387032, d) AT7519, e) P276-00, f) R547, g) PD 0332991
and h) SCH 727965 [203].
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Indirect Inhibition of CDK Activity
Problems with the ATP competitive inhibitors relate to the high homology of ATP binding sites
among all kinases found in the cellular environment. As a consequence indirect inhibition of CDK
activity is becoming an area of increasing interest. As the docking sites and binding interactions
are differ among different proteins, the non ATP competitive inhibition of kinase substrates and
regulatory binding sites has become a promising target for sensitisation [221, 222]. These new small
molecule inhibitors can be classified as i) inhibitor derivatives from CDK substrates, ii) inhibitors
of CDK-cyclin complexes or iii) inhibitors of the cyclin binding groove [203].
One inhibitor derivative from CDK substrates, spa310, a peptide of 39 residues, was based on the
amino acid sequences that mediate pRb2/p130 and CDK2/cyclin A complex interactions and has
been shown to inhibit CDK2 activity

[223]

. It has been found to inhibit cellular proliferation of

NIH3T3 cells and in vitro in an A549 xenograft mouse model [223]. Another target of CDK1 and 2 is
p53. The inhibitor CIP has been designed to interact with the CDK2 tetramerization docking site
and has been found to inhibit the p53 phosphorylation mediated by CDK2 and induce cell death
in A375 melanoma cells [212, 224].
One example of the inhibitors of CDK/Cyclin complexes is C4, a peptide which has shown
selective activity against CDK2/cyclin A/E (at concentrations lower than 2μM) while having no
effect on CDK1/cyclin B and other kinases. It interacts only with CDK2/cyclin A in a complex
demonstrated by Surface Plasmon Resonance which results in blocking the complex in an
inactive form [225, 226]. Another compound, NBI1, is able to compete for the binding of cyclin A to
CDK2. It has a specificity for CDK2/cyclin A, CDK1/cyclin B1 and CDK6/cyclin D3 with reduced
activity on other kinases based on IC50 studies. A derivative of NBI1, TAT-NBI1, has been shown
to inhibit HCT116 proliferation [227].
The final class of indirect CDK inhibitors contains the inhibitors of cyclin binding grooves. These
inhibitors are based upon the mechanism by which p21 and p27 inhibitors block the functionality
of CDK/cyclin complexes [203]. An octapeptide that mimics p21 is able to inhibit kinase activity [228230]

, and has formed the base of investigation into similar peptides which might hold promise as

clinically beneficial indirect CDK inhibitors [231].

The ability of selectively targeting specific kinases involved in tumorigenesis, while leaving those
involved in normal cellular processes unaffected, remains the key to optimising any sensitisation
therapy and as such remains a vital and active area of interest in the scientific field.
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1.6

Aim of Project

A lot of research has previously gone into sensitising cancer cells to chemo- or radio-therapy
with the aim of administering less treatment and still having the same or greater clinical
outcome so that patients need not be subjected to as many adverse side effect during
treatment. Additionally, sensitising treatment is also combating the ever growing problem of
resistance.
The aim of this study was to investigate the chemosensitising effects of four novel 2-amino
(substituted)-1,3-benz or napthoxazines; LTUK36, LTUSI116, LTUSI118 and LTUSI54 (Figure 1.11),
by targeting and inhibiting the activity of DNA-PK which would be activated in the NHEJ repair
pathway following treatment with the DSB inducing chemotherapeutics etoposide,
daunorubicin, doxorubicin, bleomycin and cisplatin. To investigate the effects, each test inhibitor
will be accessed for toxicity and sensitisation on 4 different cell lines: WI-38, a human nontransformed fibroblast; HCT116, a human colon cancer cell line; T47D, a human breast cancer
cell line and the human cervical cancer cell line HeLa. AS LTUSI54 showed no inhibitory effect on
DNA-PK or the four isoforms of PI3K, it was included in the study as a negative for DNA-PK
inhibition. Sensitisation effects for each chemotherapeutic will be determined and combinations
of interest will be further investigated for effects on cell death, DNA damage and cell cycle
progression to shed light on the possible mechanism of action at play.
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Chapter Two
Materials and Methods.
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2.1

Cell lines

All cell lines used in this project were obtained from the American Type Culture Collection. They
included: the human cervical cancer cell line HeLa (Cat#CCL-2), the human colon cancer cell line
HCT116 (Cat#CCL-247), the human breast cancer cell line T47D (Cat#HTB-133) and the human
lung fibroblast cell line WI-38 (Cat#CCL-75).
The cell lines were cultured from liquid nitrogen storage after thawing. Thawed vial content was
transferred to 5ml culture media and centrifuged at 200g for 5 minutes using a Heraeus Biofuge
Primo Centrifuge (K.I. Scientific, Australia), to form a pellet. Supernatant was then decanted and
the cells were resuspended in 1ml of culture media, and transferred to 10ml culture media in a
25cm3 culture flask with a 0.22µm filtered cap (Corning Incorporated, New York). Cells were left
to grow in Heracell 150i CO2 incubator (K.I. Scientific, Australia), at 37oC and 5% CO2, until
confluent (approximately 1x106 cells/ml). Cell lines were not cultured or used past passage 10.

2.2

Culture media

All cell lines were cultured in Dulbeccos Modified Eagle Medium (DMEM, Invitrogen, Grand
Island, Cat# A-11885), containing phenol red. Modification of the DMEM was made by adding
2.2g/L sodium bicarbonate (Cambrex Bio Science, Walkersville), 10ml/L 200mM L-glutamine
(Cambrex Bio Science, Walkersville) and 10% foetal bovine serum (FBS, Sigma-Aldrich, St Louis).

2.3

Passaging cells

The EACACC handbook method

[232]

was utilized in passaging cells which were seen to be

confluent after microscopic examination using an Olympus CK40 (Olympus Optical Co. Ltd.,
Tokyo) inverted light microscope. Culture medium was removed and cells were washed with 5ml
sterile 0.01M phosphate buffered saline (PBS). Cells were detached from culture flasks by
treating with 5ml sterile trypsin-EDTA (0.5g/500ml trypsin and 0.2g/500ml EDTA) solution
(Sigma-Aldrich, St Louis), for 2-5 minutes at 37oC and 5% CO2. The cell/trypsin-EDTA solution was
transferred to 5ml fresh DMEM in a centrifuge tube and inverted to inactivate the trypsin-EDTA.
The solution was centrifuged at 200g for 5 minutes, and supernatant decanted. Cells were
resuspended in 1ml of fresh media, which was distributed equally among 3 culture flasks
containing 10ml of culture media. Cells were incubated at 37oC and 5% CO2.
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2.4

Preparation of Stock Solutions

All stock solutions, with the exception of cisplatin, were made up using DMSO (Sigma-Aldrich, St
Louis), cisplatin stock solution was made up in 1% PBS. Test inhibitors (kindly supplied by Dr.
Jasim Al-Rawi and Saleh Ihmaid, La Trobe University Bendigo, Australia) were made up to 1mM.
Chemotherapeutic agents, etoposide, daunorubicin, doxorubicin, bleomycin and cisplatin were
made up to stocks of 10mM, 1mM, 5mM, 1mg/ml and 3.5mM respectively.
Serial dilutions of stock solutions were used to create test concentrations of each, so that in each
test the same volume of DMSO was added to each test concentration. This was to eliminate the
adverse effects of high DMSO concentrations. It should be noted that in accordance with Lee et
al[171] the amount of DMSO added to both test and control media never exceeded 0.5% of the
total volume.

2.5

Assessment of Chemotherapeutic Effects on Cell Survival

Growth inhibition is a very effective way to determine toxicity of treatments; if a treatment has
no inhibitory effect on cell growth then it is fair to say that treatment is not toxic to the cells.
Similarly, if a treatment was to result in an increase in cell growth, rather than being toxic is
would be referred to being beneficial to cell growth.
The sulphorhodamine blue (SRB) assay is used to determine cell density colourmetrically by
staining cellular proteins

[233]

. Cell density is measured by absorbance, where absorbance is

directly proportional to cell number, the relationship between absorbance and cell number
remains linear even at high cell concentrations

[234]

. The assessment of effects on cell growth

using the SRB assay simply indicates the overall cell number remaining following treatment. It
does not distinguish between viable, metabolically active or dead cells. However, cells that
detach due to decreased state of health are washed away during the method and do not
contribute to the overall cell number. When there is a reduction in cell growth the SRB assay
does not indicate whether this reduction is due to DNA damage or cell cycle arrest. Nor does it
indicate if the cells remaining are cycling, metabolically active cells or if they are arrested cells
that are in senescence.
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2.5.1

Sulphorhodamine Blue Assay

The method put forward by Freshney [235] was used to carry out the assay, with slight variations.
Cells were seeded on 24 well plates at a concentration of 2x103cells/well. Cells were left to
adhere overnight at 37oC and 5% CO2 before culture medium was removed by vacuum and 1ml
of test medium added for 4 hours. Following the 4 hours treatment test medium was removed,
cells were washed with PBS and then allowed to recover for 2 days in recovery media. Recovery
media for the control and cells treated with the chemotherapeutics alone contained solely
DMSO. For cells exposed to the test inhibitors, either alone or in combination with a
chemotherapeutic agent, the recovery media contained the corresponding test inhibitor and
DMSO. Experimental medium was removed and cells were fixed with cold 10% trichloroacetic
acid at 4oC for 30 minutes. Cells were then washed with 1 ml of tap water 5 times, and allowed
to air dry. Cells were stained with 200µL of 0.1% SRB (Sigma-Aldrich, St Louis) in 1% acetic acid
(diluted in Milli-Q water) for 15 minutes. To remove excess stain, cells were washed 4 times with
1ml 1% acetic acid and left to air dry. To dissolve stain from cells, 200µL 10mM unbuffered Tris
(pH 10.5) was added to wells and placed on a shaker for 10 minutes after which 150µL of
dissolved stain solution was transferred to a 96 well plate and absorbance was measured at
538nm using a Flex Station 3 (Molecular Devices, California). Replicates for this assay are of 4
individual wells in separate experiments.

2.6

Detection of early apoptosis and necrosis by Annexin V-FITC assay

The annexin V-FITC assay is used to quantify the percentage of cells within a population
undergoing apoptosis using flow cytometry analysis resulting in a dot plot similar to that shown
in Figure 2.1. The assay relies on the property of cells to lose membrane asymmetry in the early
phases of apoptosis. Annexin V is a protein which has a high affinity for the membrane
phospholipid phosphatidylserine (PS), which is translocated from the inner leaflet of the plasma
membrane to the outer leaflet in early stages of apoptosis. Propidium iodide (PI) is a standard
flow cytometric viability probe used to distinguish between viable and non-viable cells.
Membranes of dead and damaged cells are permeable to PI, unlike viable cells with intact
membranes which exclude PI. Cells which stain positive for annexin V-FITC and negative for PI
are undergoing apoptosis (lower right quadrant in Figure 2.1). Cells which stain positive for both
annexin V-FITC and PI are in the end stages of apoptosis (upper right quadrant in Figure 2.1).
Cells that stain positive for PI alone are undergoing necrosis, or alternatively are already nonviable cells (upper left quadrant in Figure 2.1). Cells which stain negative for both annexin V-FITC
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and PI are viable cells which are not undergoing measureable apoptosis (found in lower left
quadrant of Figure 2.1)[236, 237].

Figure 2.1. Example of flow cytometry-generated dot-plot of MCF-7 cells treated with
doxorubicin and stained for propidium iodide (PI) and annexin V-FITC antibody. Cells in the
upper left quadrant stained positive for PI only and are observed to be necrotic, cells in the
lower right quadrant are annexin V-FITC positive and observed to be apoptotic. Similarly, cells in
the upper right quadrant stained positive for both annexin V-FIT C and PI these cells are
observed to be in the later stages of apoptosis. Cells in the lower left quadrant are observed to
be healthy viable cells not undergoing apoptosis or necrosis.

2.6.1

Annexin V-FITC Assay

This assay was used to determine if the cell lines treated with a combination of
chemotherapeutic drugs and test inhibitors results in increased or reduced apoptosis or necrosis.
The BD Pharmingen annexin V-FITC apoptosis detection kit I (BD Biosciences, San Jose) was
utilised.
Cells were grown in DMEM until determined to be approximately 80% confluent by microscopic
examination, at which time cells were washed with 0.01M PBS and 5ml of test media were
added to the flask. Cells were treated for either 4 hours alone before analysis, or for 4 hours
treatment and 2 days in recovery media.
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After treatment medium was decanted into a centrifuge tube. Attached cells were washed with
5ml sterile 0.01M PBS, trypsinized and added to the recovery culture media in the centrifuge
tube. Cells were centrifuged at 200g for 5 minutes, supernatant was discarded and cells were
washed twice in 2ml of cold 0.01M PBS and resuspended in 1x binding buffer at a concentration
of 1x106 cells/ml. 100µl of the cell solution was transferred to a 5 ml culture tube (1x10 5cells) to
which 5µl of both annexin V-FITC and PI staining reagents were added. The solution was
vortexed gently and cells were incubated for 15 minutes at room temperature in the dark.
Following staining 400µl 1x binding buffer was added to each tube and cells were analysed using
an Accuri C6 Flow cytometer (BD Bio Sciences, San Jose) within 1 hour. Replicates for this assay
are of 3 individual wells in separate experiments.

2.7

Measurement and Detection of DSBs by γ-H2AX Foci Formation

At the sites of DSBs the histone H2AX is phosphorylated to γ-H2AX; this phosphorylation is
sufficient to visualise γ-H2AX foci when stained with fluorescently tagged anti-γ-H2AX antibodies
[238]

as shown in Figure 2.2a. Due to the 1:1 ratio of DSBs to γ-H2AX foci the number of γ-H2AX

foci within a cell can use used to determine and interpret the number of DSBs present with in
the cells

[34]

. Through microscopic examination of cells following treatment with DSB inducing

agents the foci can be quantified to access the efficacy of inducing DSBs. Alternatively, through
flow cytometric analysis the intensity of fluorescent staining (when γ-H2AX foci are stained with
fluorescently tagged antibodies) can be used to compare different treatments for their DSB
inducing abilities. An example of a flow cytometry histogram used in γ-H2AX analysis of DSBs is
shown in Figure 2.2b. As can be seen on the x axis the intensity of γ-H2AX fluorescently tagged
antibody staining is shown as a peak shift to the right following treatment with a DSB inducing
agent (red peak) when compared to untreated control cells (black peak). The presence of γ-H2AX
staining in the untreated control cells is due to the basal expression levels of γ-H2AX caused by
normal cellular functions which occur during DNA replication and mitosis, where γ-H2AX levels
have been shown to increase [239].
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Figure 2.2. a) Example of lymphoblast cell line RTOG 0-1 stained with either DAPI or with
fluorescently tagged γ-H2AX antibody conjugated with Alexa-488 fluorochrome to show the foci
formed following 2Gy irradiation

[240]

b) flow cytometry histogram representation of γ-H2AX

staining, peak indicated in black is HeLa control cells that have stained negative for γ-H2AX
antibody while the red peak indicates cells that have stained positive for γ-H2AX antibody
treatment with 25μM etoposide.

2.7.1

γ-H2AX Assay

This assay was carried out essentially as described in MacPhail et al 2003[241]. Cells were seeded
at a concentration of 2x105 cells per well in a 6 well plate (BD biosciences, San Jose) and allowed
to adhere overnight before treatment.
Cells were treated for either 4 hours alone before analysis, or for 4 hours treatment after which
time test media was removed. Cells were then washed and allowed to recover for 2 days in
recovery media. Recovery media for the control and cells treated with the chemotherapeutics
alone contained only DMSO. For cells exposed to the test inhibitors, either alone or in
combination with a chemotherapeutic, the recovery media contained the corresponding test
inhibitor and DMSO. In each experiment the chemotherapeutics, all known to induce ɣ-H2AX
foci, were used as the positive control, while the control media (containing only DMSO) was
used as the negative control.
After treatment, test medium was collected in a centrifuge tube, cells were washed with 0.01M
PBS, trypsinized and centrifuged with test media at 200g for 5 minutes to ensure that all cells,
both adherent and floating, were collected. Cells were then washed with 0.01M PBS before
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fixation by resuspending in 70% ethanol and stored at -20oC, generally overnight but never
exceeding 1 week.
Fixed cells were centrifuged at 200g for 5 minutes at 4oC, washed with 500µL 1x TBS (Tris
buffered saline pH 7.4) before being resuspended in 500µL fresh 1x TFX (1xTBS, 4% FBS, 0.1%
Triton-X100) and allowed to rehydrate for 10 minutes on ice. Cells were centrifuged again,
supernatant was removed and cells were resuspended in 100µL anti H2AX (pSer139) rabbit
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, Cat# sc-101696) diluted 1:500 in 1x
TFX. Cells were incubated at room temperature for 2 hours on a plate shaker.
Following incubation, cells were centrifuged at 200g for 5 minutes at 4oC, washed twice with
1xTFX and resuspended in 100µL goat anti-rabbit IgG (H+L) Alexa Fluor 488 conjugate(Invitrogen,
Grand Island, Cat# A-11008) diluted 1:200 TFX. Cells were incubated at room temperature
protected from light for 1hour. Cells were washed once with 1xTFX and resuspended in 300µL
TFX containing 5µg/ml propidium iodide and analysed using an Acurri C6 Flow cytometer (BD
Biosciences, San Jose) and gated to omit doublets.
Alternatively when γ-H2AX was carried out simultaneously with cell cycle analysis, the final
staining solution was replaced by 25µg/ml propidium iodide and 100µg/ml RNase. Cells were
then incubated at room temperature in the dark for 30 minutes. Replicates for this assay are of 3
individual wells in separate experiments.

2.8

Assessment of Cell Cycle Progression

The easiest way to measure and monitor the progression of cells through the cell cycle is by
measuring the DNA content of each cell, as this is one factor that changes consistently
depending on the phase of the cell cycle. PI is the most widely used fluorescent dye for staining
DNA in whole cells (or isolated nuclei). PI intercalates into the DNA helix of fixed and
permeabilized cells. An example flow cytometry histogram of cells stained with PI is shown in
Figure 2.3. The intensity of PI staining corresponds with DNA content resulting in defined G1 and
G2 peaks with an intervening S phase. Cells with the least DNA content that are still viable are
those in the G1 phase of the cell cycle, and when stained with PI, show a distinct peak. Cells that
stain for twice the intensity of PI compared to cells in the G1 phase, and therefore twice the DNA
content, are classified as G2 phase cells. Hence, the peak for these cells is to the right in the
histogram following cytometric analysis. Cells that stain for PI with an intensity between that of
G1 and G2 are the S phase cells and show as the lull or plateau in PI. This is due to the constant
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increase in the amount of DNA as cells pass through the S phase. Thus, there is a continuous
increase in PI staining as replication of DNA does not halt at any point in the S phase explain the
lack of a definitive peak like that seen with G1 and G2 cells. Events to the left of the G1 peak are
referred to as sub G1 and can be an indicator of cell death (discussed later in Section 2.8.2),
while those to the right of the G2 peak are cells undergoing mitosis, but are usually gated with
the G2 phase cells and referred to as cells within the G2/M phase.

G1

G2/M
S

Figure 2.3. Flow cytometry histogram showing the cell cycle profile of untreated HeLa cells
stained with propidium iodide (PI) to measure DNA content. As labelled, the left hand gate
indicates cells in the G1 phase of the cell cycle, the middle gate indicates cells in the S phase of
the cycle and the right hand gate indicates cells within the G2/M phase of the cell cycle.

2.8.1

Cell Cycle Analysis

Cell cycle analysis, as out lined by Zhou et. al.

[242]

was used to determine the effects of

chemotherapeutics and combination treatments on the progression through the cell cycle. Cells
were seeded at a concentration of 2x105 cells per well in a 6 well plate (BD biosciences, San Jose)
and allowed to adhere overnight before treatment.
After treatment, test medium was collected in a centrifuge tube, cells were washed with 0.01M
PBS, trypsinized and centrifuged with test media at 200g for 5 minutes to ensure that all cells,
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both adherent and floating, were collected. Cells were then washed with 0.01M PBS before
being resuspended in 70% ethanol and stored at -20oC, generally overnight but never exceeding
1 week.
Fixed cells were centrifuged at 200g for 5 minutes, washed with 0.01M PBS and resuspended in
250µL stain solution containing 25µg/ml propidium iodide and 100µg/ml RNase. Cells were then
incubated at 37oC in the dark for 30 minutes. Alternatively, when cell cycle analysis was carried
out simultaneously with γ-H2AX this final staining step was carried out at room temperature in
the dark. Replicates for this assay are of 3 individual wells in separate experiments.

2.8.2

Measurement of Cell Death by Sub G1 Analysis

The sub G1 assay is a flow cytometry method which uses the DNA content of a cell to determine
the viability of the cell. As mentioned previously, as a cell moves through the cell cycle the DNA
content changes. This change in DNA content can be determined and measured by staining with
PI. When a cell has diminished DNA content (less than that of a normal cell found in the G1
population) it is referred to as part of the sub G1 population. An example of a cell cycle
histogram indicating the sub G1 population can be seen in Figure 2.4.
Assessment of sub G1 population has often been referred to as a measure of apoptosis.
However, it should be stressed that DNA fragmentation (and degradation) is not unique to
apoptosis. Necrotic cells can also undergo some degree of DNA degradation in some instances
which can result in hypodiploid nuclei

[243]

. In addition to apoptotic cells the sub G1 population

can include nuclear fragments, clumps of chromosomes, micronuclei with normal DNA content
but with altered chromatin structure - reducing accessibility of fluorochrome to DNA and hence
inaccurate DNA staining (i.e. cells undergoing differentiation)

[244]

. Therefore, the presence of a

hypodiploid DNA peak is not exclusively apoptotic death, but can be used to as an indicator of
cell death (in its many forms). Replicates for this assay are of 3 individual wells in separate
experiments.
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a)

b)

Cycling

Cycling

cells

cells

Sub G1

Sub G1

Figure 2.4. Cell cycle profiles of HCT116 cells indicating the change in sub G1 of a) untreated
population with b) a population of HCT116 cells treated with 25μM etoposide alone for 4 hours
treatment followed by 2 day recovery. Left hand gate shows sub G1 population of non-viable
cells, while right hand gate indicates proliferative cycling cells.

2.9

Antibody Arrays for Measurement of Protein Phosphorylation or

Expression
Antibody arrays, or micro arrays, are an efficient technique to analyse multiple antibodies
simultaneously. Selected antibodies are attached (dotted) on nitrocellulose membranes before
they are exposed to cell lysate. When the excess lysate and unbound proteins are washed off the
membranes are exposed to a cocktail of biotinylated detection antibodies. Any
protein/detection antibody complex present is bound to its immobilized capture antibody on the
membrane. Streptavidin-Horseradish Peroxidase and chemiluminescent detection reagents are
added which bind to the protein/detection antibody complex (Figure 2.5). When exposed to UV
light, chemiluminescence (measured by pixel density) is proportional to the amount of protein
bound, giving a quantitative measurement of protein expression or phosphorylation [245-247].
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Figure 2.5. Principle of antibody arrays. Immobilized antibodies bind protein/detection antibody
complexes in cell lysate. Streptavidin-Horseradish Peroxidase and chemiluminescent detection
reagents bind and produce chemiluminescence proportional to amount of protein bound to
membrane [248].

2.9.1

Apoptosis Array

25cm2 flasks of HeLa cells were treated for 4 hours with either DMSO alone, 25µM etoposide
alone, 200nM LTUSI54 alone or a combination of etoposide and LTUSI54. Following treatment
the R&D systems Proteome ProfilerTM Array Human Apoptosis Array Kit (R&D Systems,
Minneapolis, Cat# ARY009) was used to analyse the relative levels of apoptosis-related proteins.
The procedure was carried out as per the manufacturer’s instructions; all reagents were
prepared fresh before use. Cells were washed with PBS and, after all traces of PBS were
removed, cells were lysed by gentle re-suspension at a concentration of 1x107 cells/ml in lysis
buffer 17 provided, but with supplemented 10µg/ml aprotinin (Sigma-Aldrich, St. Louis), 10µg/ml
leupeptin (Tocris Bioscience, Bristol ) and 10µg/ml pepstatin (Tocris Bioscience, Bristol).
Following 30min incubation in lysis buffer 17 at 4oC on a gentle plate shaker, cells were
centrifuged at 14,000g for 5 minutes. Supernatant was aliquoted to clean Eppendorf tubes and
stored at -80oC. Quantification of sample protein concentration was determined with BioRad DC
Protein Assay Kit II as per Section 2.10.
Membranes were incubated in 2 ml each of Array buffer 1 supplied, for 1 hour on a plate shaker.
Lysate was diluted to the desired concentration in array buffer 1. Following membrane blocking,
buffer was removed from membranes and 2 ml of cell lysate was added to each membrane and
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incubated overnight at 4oC on a plate shaker. Following incubation, membranes were removed
from the lysate and washed in separate plastic containers with 1x wash buffer supplied for 10
minutes on a shaker. This wash step was repeated twice for a total of three washes.
Reconstituted Detection Antibody Cocktail supplied was diluted 15µL per 1.5ml of 1x Array
buffer 2/3 for each membrane. Following washes, each membrane was incubated with 1.5ml
diluted Detection Antibody Cocktail for 1 hour on a plate shaker at room temperature. Again
membranes were washed three times for 10 minutes per wash in 1x wash buffer. StreptavidinHRP was diluted 1:2000 with 1X Array buffer 2/3, and all membranes were incubated with 1ml of
this solution for 30 minutes at room temperature on a plate shaker.
Following another three 10 min washes membranes were covered with 1ml of freshly prepared
Chemi Reagent Mix (1:1 Chemi Reagent 1 : Chemi Reagent 2) and allowed to incubate at room
temperature for 1 min. All membranes were read at increasing exposures of UV light using the
Syngene G:Box chemiluminescence detector (Syngene, Cambridge). Analysis of membranes was
carried out using the Gene tools software (Syngene, Cambridge). Replicates of this assay are of
duplicate dots of two separate experiments.

2.9.2

Human phospho-kinase array

2

25cm flasks of HeLa cells were treated for 4 hours with either DMSO alone, 25µM etoposide
alone, 200nM LTUSI54 alone or a combination of etoposide and LTUSI54. Following treatment
the R&D systems Proteome ProfilerTM Antibody Arrays Human Phospho-Kinase array Kit (R&D
Systems, Minneapolis, Cat# ARY003) were used to analyse protein phosphorylation in each
treatment group.
The procedure was carried out as per the manufacturer’s instructions and all reagents were
freshly prepared before use. Cells were washed with PBS and, after all traces of PBS were
removed, cells were lysed by gently resuspending in 1ml lysis buffer 6 provided, at a
concentration of 1x107 cells/ml. Following 30min incubation in lysis buffer 6 at 4oC on a plate
shaker, cells were centrifuged at 14,000g for 5 minutes. Supernatant was aliquoted to clean
Eppendorf tubes and stored at -80oC. Quantification of sample protein concentration was
determined with BioRad DC Protein Assay Kit II as per Section 2.10.
Membranes were incubated for 1 hr on a plate shaker at room temperature, in the supplied
array buffer 1, as a blocking buffer. Cell lysate samples were diluted to the desired concentration
with array and lysis buffers as per instructions and membranes were incubated in lysate
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overnight at 4oC on a plate shaker. After incubation, membranes were removed and placed in
plastic containers with 20ml 1X wash buffer for 10 minutes on a shaker. This wash was repeated
twice for a total of three washes. Part A and B membranes were washed together for this step.
After washing, all part A membranes were incubated with 1ml of reconstituted Detection
Antibody Cocktail A for 2 hours at room temperature on a plate shaker. Similarly, all part B
membranes were incubated for 2 hours on a plate shaker with 1ml of reconstituted Detection
Antibody Cocktail B at room temperature.
Again, cells were washed three times with 1x wash buffer for 10 minutes per wash. Note that at
this stage each part A and part B membranes were washed in separate individual wash
containers. Streptavidin-HRP was diluted 1:2000 with 1X Array buffer 2/3, and all membranes
were incubated with 1ml of this solution for 30 minutes at room temperature on a plate shaker.
Following another three 10 min washes, corresponding parts A and B were washed together,
membrane pairs were covered with 1ml of freshly prepared Chemi Reagent Mix (1:1 Chemi
Reagent 1 : Chemi Reagent 2) and allowed to incubate at room temperature for 1 min.
One set of membranes was read at increasing exposures of UV light using the Bio-Rad ChemiDoc
XRS imaging system, Bio-Rad QuantityOne version 4.6.7 (Bio-Rad Laboratories, Philadelphia),
analysis was carried out using Image J 1.43u software (National Institute of Health, Maryland).
The repeated set of membranes was read at increasing exposures of UV light using the Syngene
G:Box chemiluminescence detector (Syngene, Cambridge) and analysis of membranes was
carried out using the Gene tools software (Syngene, Cambridge). Replicates of this assay are of
two separate experiments with duplicate dots per experiment.

2.10 Protein analysis
Protein concentration analysis was carried out using the BioRad DC Protein Assay Kit II (Cat #5000112, Bio-Rad Laboratories, Philadelphia) as per the manufactures instructions. BSA standards
were made to final concentrations of 1.44mg/ml, 1.25mg/ml, 1mg/ml 0.5mg/ml and 0.2mg/ml
by diluting BSA standard supplied with milli-Q water. Reagent A’ was prepared fresh for every
assay by mixing 30µL reagent S for every 1ml of reagent A. 5µL of each standard and samples
was pipetted in duplicate in a 96 well plate. 25µL reagent A’ was added to each well along with
200µL reagent B (supplied). Contents of wells were mixed and allowed to incubate at room
temperature for 15 minutes before absorbance was read at 750nm using the FlexStation 3.
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Graph pad Prism 5 was used to determine a standard curve from which unknown sample
concentrations were derived.

2.11 Statistics and Analysis
Data were graphed using Graph pad prism 5.0. Statistical significance was determined using
students t test: p values less than 0.05 were taken as statistically significant.
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Chapter Three
Growth Inhibition and Sensitisation
to Various Chemotherapeutic Drugs
Induced by Test Inhibitors
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3.1

Introduction

Previous sensitisers, such as LY294002 and wortmannin, showed great inhibitory effect on
targeted PI3K enzymes in purified enzyme studies

[180-182]

. However, they failed in clinical trials

because, once introduced to the cellular environment their lack of specificity resulted in
undesirable effects. Not only were they found to inhibit PI3K, their target enzyme, but they also
interacted with other proteins and pathways, resulting in cell fate being dependent on the
balance between the targeted and non-favourable pathway interactions. Further studies into
improving the specificity of chemosensitisers, based on the structure of LY294002, resulted in
the production of compounds such as NU7026 and NU7441, all of which show greater specificity
for their target enzyme, DNA-PK

[196]

. However, since little is known about the exact molecular

mechanisms, and they show some growth inhibition along with DNA-PK inhibition, they
potentially still have undesirable interactions with other pathways and enzymes. Hence, the
development and investigation into more desirable chemosensitisers continues.

3.1.1

Growth Inhibition

Growth inhibition is a very effective way to determine toxicity of treatments, if a treatment has
no inhibitory effect on cell growth then it is fair to say that that treatment is not toxic to the
cells. Similarly, if a treatment was to result in an increase in cell growth, rather than being toxic it
would be referred to being beneficial to cell growth, a non-desirable effect for cancer
treatments.

3.1.2

Sensitisation to Cytotoxic Drugs

The clinical benefits of chemo sensitisers rely both upon damage caused by the
chemotherapeutics as well as the ability of the sensitiser to enhance this effect. Compounds
such as LY29002, Wortmannin, NU7026 and NU7441 have all been demonstrated to do this. As
mentioned previously, the specificity of the sensitiser is very important to minimise unwanted
toxic effects. To aid in the development of these sensitising agents a selection of
chemotherapeutics has been employed that are known to cause DNA damage in different ways
and initiate either NHEJ, HR or both repair pathways. The mechanisms of action for etoposide,
doxorubicin, daunorubicin, bleomycin and cisplatin are covered in detail in Section 1.4.1. Each
chemotherapeutic has been found to induce DSBs and initiate either NHEJ or HR as one of the
multiple possible repair pathways. As the target enzyme for the test inhibitors is DNA-PK, which
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is up-regulated in the presence of DSBs and necessary for both NHEJ and HR, it is hypothesized
that each of these chemotherapeutics would be enhanced by the presence of a DNA-PK
inhibitor.
The optimal concentration for each of the chemotherapeutic agents was determined from the
literature and summarised in Table 1.2. For the current study, the concentration of etoposide
used was 25μM, which had previously been shown to result in cell death of HeLa cells

[156]

.

doxorubicin was used at a concentration of 2μM, double the concentration found to be active
against HeLa cells

[145]

. It was decided that daunorubicin would be used at a concentration of

1μM as it has previously been shown to result in reduction of T47D cells

[164]

. Bleomycin was

used at 3μg/ml, a concentration shown to have effects on HCT116 cells [151]. Cisplatin was used at
a concentration of 10μM which has been shown to be an effective dose on HCT116 [159] and HeLa
[166]

cell lines.

3.2

Research objectives

Investigation into both the effect and mechanism of action of LTUK36, LTUSI116, LTUSI118 and
LTUSI54 will be investigated for their ability to sensitise three different human cancer cell lines
to five chemotherapeutic agents. The cell lines that will be treated are HCT116, a human colon
cancer cell line; T47D, a human breast cancer cell line; HeLa, a human cervical cancer cell line
and WI-38, a human lung fibroblast cell line. The WI-38 cell line will be used to investigate the
effect of these compounds on a non-transformed cell line.
Cellular environments differ greatly to that of purified DNA-PK and PI3K inhibition test
environments. There are many more factors that test inhibitors face in a cellular environment:
they are exposed to more proteins and other potential targets with which they might interact.
To investigate the effects of each test inhibitor on the overall growth of both malignant and nontransformed cell lines, cells were initially exposed to increasing concentrations of each test
inhibitor alone. The purpose of this was to determine a suitable non-toxic test inhibitor
concentration for further analysis. The next part of the study was to assess the sensitising effect
of the test inhibitors to cytotoxic chemotherapeutic agents.
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3.3

Results
3.3.1

Growth Inhibition

The SRB assay was used to assess the in vitro effect on overall cell number of HCT-116, HeLa and
T47D cell lines when exposed to increasing concentrations of LTUK36, LTUSI116, LTUSI118 and
LTUSI54 cultured for 2 days. Similarly, WI38 was exposed to the same concentrations of test
inhibitors for 2 days to compare and investigate the in vitro effects on a non-transformed cell
line.
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WI-38
As can be seen from Figure 3.1a the absorbance of the control group, 0.234±0.007, was only
significantly reduced by the presence of 100μM LTUK36 with an absorbance of 0.188±0.009,
p=0.0076, indicating a reduction in overall cell number. All other concentrations of LTUK36
tested had no effect on cell number compared to the control (0.2μM 0.232±0.009, 1μM
0.241±0.002, 10μM 0.234±0.008 and 50μM 0.232±0.002).
Figure 3.1b shows that the control number of cells (0.253±0.004) was slightly but significantly
enhanced by the presence of 0.2μM LTUSI116 (0.272±0.006, p=0.0346), while at higher
concentrations of 50μM (0.223±0.006) and 100μM (0.213±0.004) LTUSI116 there was a
significant reduction in cell number (p=0.0072 and 0.0005, respectively. No significant effect on
cell number was observed when WI-38 cells were exposed to concentrations of 1μM
(0.243±0.008) and 10μM (0.260±0.004) LTUSI116 when compared to the control.
Figure 3.1c shows that low concentrations (0.2μM 0.260±0.004, and 1μM 0.269±0.002) of
LTUSI118 showed no significant effect on cell numbers when compared to the control
(0.268±0.008). However, when exposed to greater concentrations there was a significant
reduction in WI-38 cells observed compared to control with 10μM, 0.232±0.005 (p=0.0099),
50μM 0.186±0.005 (p=0.001) and 100μM, 0.179±0.004 (p< 0.0001).
Figure 3.1d shows that the number of cells in the control group (0.0279±0.019) was not
significantly affected by the presence of LTUSI54 across any of the concentrations tested (0.2μM
0.253±0.009, 1μM 0.276±0.003, 10μM 0.249±0.009, 50μM 0.245±0.011 and 100μM
0.245±0.003).
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Figure 3.1. SRB results for WI-38 cells treated with increasing concentrations of either a) LTUK36,
b) LTUSI116, c) LTUSI118 or d) LTUSI54 for 2 days. Graph indicates mean of four replicates ±
SEM. * indicates significantly different to control using unpaired two tailed student t-test.
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HCT116
As can be seen from Figure 3.2a the absorbance of the control HCT116 group, 0.752±0.022, was
only significantly reduced by the presence of 100μM LTUK36 with an absorbance of 0.656±0.027,
p=0.0321, indicating a reduction in overall cell number. All other concentrations of LTUK36
tested had no effect on cell number compared to the control (0.2μM 0.798±0.045, 1μM
0.776±0.018, 10μM 0.796±0.025 and 50μM 0.773±0.029).
Figure 3.2b shows that, when examining the effects of LTUSI116, the control number of cells
(0.761±0.015) was significantly reduced by the presence of 50μM LTUSI116 (0.564±0.076,
p=0.0441) and 100μM (0.428±0.084, p=0.0079). No significant effect on cell number was
observed when cells were exposed to concentration of 0.2μM (0.656±0.072), 1μM (0.716±0.101)
and 10μM (0.633±0.076) LTUSI116 when compared to the control.
Figure 3.2c shows that when examining the effects of LTUSI118 the control number of HCT116
cells (0.751±0.020) was only significantly reduced at a concentration of 50μM (0.662±0.015,
p=0.0117). No significant difference was observed for any of the other concentrations of
LTUSI118 when compared to the control (0.2μM 0.719±0.045, 1μM 0.804±0.028, 10μM
0.769±0.012 and 100μM 0.780±0.037).
Figure 3.2d shows that the number of HCT116 cells in the control group (0.864±0.038) was not
significantly affected by the presence of LTUSI54 across any of the concentrations tested (0.2μM
0.804±0.012, 1μM 0.779±0.028, 10μM 0.797±0.028, 50μM 0.839±0.031 and 100μM
0.846±0.029).
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Figure 3.2. SRB results for HCT116 cells treated with increasing concentrations of either a)
LTUK36, b) LTUSI116, c) LTUSI118 or d) LTUSI54 for 2 days. Graph indicates mean of four
replicates ± SEM. * indicates significantly different to control using unpaired two tailed student
t-test.
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T47D
As can be seen from Figure 3.3a the absorbance of the control T47D group, 0.629±0.007, was
significantly reduced by the presence of 10μM (0.538±0.012, p=0.006), 50μM (0.473±0.004, p<
0.0001) and 100μM (0.544±0.024, p=0.0138) LTUK36. Lower concentrations of LTUK36 had no
effect on cell number compared to the control (0.2μM 0.625±0.021, 1μM 0.646±0.021).
Figure 3.3b shows that, when examining the effects of LTUSI116, the control number of T47D
cells (0.459±0.061) was not significantly affected at any of the concentrations tested (0.2μM
0.525±0.071, 1μM 0.483±0.055, 10μM 0.520±0.065, 50μM 0.359±0.038 and 100μM
0.333±0.044).
Figure 3.3c shows that, when examining the effects of LTUSI118, the control number of T47D
cells (0.454±0.005) was significantly reduced at a concentration of 10μM (0.425±0.002,
p=0.0028) and 100μM (0.417±0.009, p=0.0104). Conversely, compared to the control there was
a significant increase in cell number when T47D cells were treated with 0.2μM LTUSI118
(0.498±0.015, p=0.0329). No significant difference was observed at 1μM (0.475±0.008) or 50μM
(0.404±0.030) LTUSI118 when compared to the control.
Figure 3.3d shows that the number of T47D cells in the control group (0.440±0.010) was
significantly increased at both 10μM (0.485±0.010, p=0.0183) and 50μM (0.482±0.012,
p=0.0304) LTUSI54. At 100μM LTUSI54 (0.371±0.010) there was a significant reduction in T47D
cells when compared to the control (p=0.0024). No significant change was observed at the lower
concentrations of LTUSI54 when compared to the control (0.2μM 0.493±0.024 and 1μM
0.454±0.014).
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Figure 3.3. SRB results for T47D cells treated with increasing concentrations of either a) LTUK36,
b) LTUSI116, c) LTUSI118 or d) LTUSI54 for 2 days. Graph indicates mean of four replicates ±
SEM. * indicates significantly different to control using unpaired two tailed student t-test.
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HeLa
As can be seen from Figure 3.4a the absorbance of the control HeLa group, 0.844±0.033, was not
significantly affected by the presence of LTUK36 across any of the concentrations tested (0.2μM
0.803±0.012, 1μM 0.729±0.008, 10μM 0.738±0.018, 50μM 0.789±0.016 and 100μM
0.694±0.025).
Figure 3.4b shows that, when examining the effects of LTUSI116, the control number of HeLa
cells (0.680±0.006) was significantly increased by the presence of 10μM LTUSI116 (0.825±0.015,
p=0.0014) At all other concentrations tested it was found that LTUSI116 had no effect on cell
number when compared to the control group (0.2μM 0.657±0.027, 1μM 0.568±0.021, 50μM
0.681±0.009 and 100μM 0.651±0.023).
Figure 3.4c shows that, when examining the effects of LTUSI118, the control number of HeLa
cells (0.724±0.016) was not significantly affected by the presence of LTUSI118 across any of the
concentrations tested (0.2μM 0.748±0.007, 1μM 0.743±0.023, 10μM 0.767±0.015, 50μM
0.687±0.028 and 100μM 0.701±0.010).
Figure 3.4d shows that the number of HeLa cells in the control group (0.722±0.023) was
significantly increased at both 50μM (0.760±0.004, p=0.0275) and 100μM (0.875±0.006,
p<0.0001) LTUSI54. No significant change was observed at the lower concentrations of LTUSI54
when compared to the control (0.2μM 0.659±0.016, 1μM 0.706±0.023 and 10μM 0.749±0.012).
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Figure 3.4. SRB results for HeLa cells treated with increasing concentrations of either a) LTUK36,
b) LTUSI116, c) LTUSI118 or d) LTUSI54 for 2 days. Graph indicates mean of four replicates ±
SEM. * indicates significantly different to control using unpaired two tailed student t-test.
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3.3.2

Sensitisation to Cytotoxic Drugs

Once the effects of each test inhibitor alone on overall cell growth had been observed, it was
decided that each compound would be used at 200nM to investigate their ability to sensitise cell
lines to the damaging effects of chemotherapeutics. Most of the compounds investigated were
not found to be toxic to any of the cell lines treated at this concentration, except for LTUSI118
on T47D cells, which showed a positive growth effect in the cell lines. Previous studies [151, 155, 156]
into sensitising compounds have analysed the effect on cells following initial treatment with the
sensitising agent and the chemotherapeutic agents, and then allowed the cells to recover in the
presence of the sensitising agent alone (no chemotherapy agent). The absence of the
chemotherapeutic during this time allows investigation into the effects of the test inhibitors on
DNA repair. SRB analysis was used to determine the effect of combination treatment on the
overall cell number of each cell line tested.
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HCT116
There was a significant reduction in HCT116 cell numbers when they were cultured in the
presence of etoposide alone (0.259±0.011, Figure 3.5) after 2 days compared to the control
group (control 0.579±0.045; p=0.0005). When HCT116 cells were treated with etoposide and the
test inhibitors that inhibit DNA-PK, the number of cells in culture did not change compared to
etoposide alone (LTUK36 0.265±0.020, LTUSI116 0.251±0.011, and LTUSI118 0.248±0.017) but
were still significantly less than the control. However, when cells were cultured in the presence
of etoposide and LTUSI54 (0.207±0.009) which does not inhibit DNA-PK activity, cell number was
significantly reduced compared to etoposide alone (p=0.011).
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Figure 3.5 SRB results of HCT116 cells treated with either 25µM etoposide alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to etoposide alone treatment
using unpaired two tailed student t-test.
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There was no significant difference in HCT116 cell numbers when they were cultured in the
presence of doxorubicin alone (0.139±0.011, Figure 3.6) after 2 days compared to the control
group (control 0.147±0.009; p=0.6272). When HCT116 cells were treated with doxorubicin and
the test inhibitors that inhibit DNA-PK, the number of cells in culture did not change compared
to doxorubicin alone (LTUK36 0.130±0.004, LTUSI116 0.155±0.005, and LTUSI118 0.143±0.008)
this was also not significantly different to the control. However, when cells were cultured in the
presence of doxorubicin and LTUSI54 (0.084±0.002) which does not inhibit DNA-PK activity, cell
number was significantly reduced compared to doxorubicin alone (p=0.003).
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Figure 3.6 SRB results of HCT116 cells treated with either 2µM doxorubicin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to doxorubicin alone
treatment using unpaired two tailed student t test.
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There was a significant increase in HCT116 cell numbers when they were cultured in the
presence of daunorubicin alone (0.309±0.015, Figure 3.7) after 2 days compared to the control
group (control 0.251±0.010; p=0.0176). When HCT116 cells were treated with daunorubicin in
the presence of all test inhibitors the number of cells in culture significantly decreased compared
to daunorubicin alone, with LTUK36 0.182±0.022 (p=0.0029), LTUSI116 0.169±0.013 (p=0.0005),
LTUSI118 0.176±0.011 (p=0.0004) and LTUSI54 0.175±0.0135 (p=0.0006). Each combination
treatment was also significantly lower than that of the control (LTUK36 p=0.0268, LTUSI116
p=0.0026, LTUSI118 p=0.0023 and LTUSI54 p=0.0037).
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Figure 3.7 SRB results of HCT116 cells treated with either 1µM daunorubicin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to daunorubicin alone
treatment using unpaired two tailed student t test.
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There was no significant difference in HCT116 cell numbers when they were cultured in the
presence of bleomycin alone (0.122±0.004, Figure 3.8) after 2 days compared to the control
group (control 0.123±0.008; p=0.9338). When HCT116 cells were treated with bleomycin in the
presence of the test inhibitors LTUSI116 (0.167±0.011) and LTUSI118 (0.162±0.012) there was a
significant increase of HCT116 cells when compared to the cells treated with bleomycin alone
(p=0.0076 and 0.0217 respectively). Combination treatment of HCT116 cells with bleomycin in
the presence of LTUK36 (0.137±0.011) resulted in no significant change in cell number to the
bleomycin alone treatment (p=0.2605). However, when cells were cultured in the presence of
doxorubicin and LTUSI54 (0.085±0.002) which does not inhibit DNA-PK activity, cell number was
significantly reduced compared to doxorubicin alone (p=0. 0.0002).
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Figure 3.8 SRB results of HCT116 cells treated with either 3µg/ml bleomycin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to bleomycin alone treatment
using unpaired two tailed student t test.
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There was no significant difference in HCT116 cell numbers when they were cultured in the
presence of cisplatin alone (0.251±0.011, Figure 3.9) after 2 days compared to the control group
(control 0.255±0.019; p=0.8517). Similalrly, there was no significant change in HCT116 cell
number following treatment with cisplatin in combination with any of the 4 test inhibitors
compared to the cisplatin alone treatment (LTUK36 0.214±0.023, LTUSI116 0.231±0.038,
LTUSI118 0.249±0.020 and LTUSI54 0.217±0.021) this was also not significantly different to the
control.
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Figure 3.9 SRB results of HCT116 cells treated with either 10µM cisplatin alone or in combination
with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the presence of test
inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates significantly different
to control, ^ indicates significantly different to cisplatin alone treatment using unpaired two
tailed student t test.
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T47D
There was a significant reduction in T47D cell numbers when they were cultured in the presence
of etoposide alone (0.141±0.004, Figure 3.10) after 2 days compared to the control group
(control 0.203±0.008; p=0.0005). Combination treatment of T47D cells with etoposide in the
presence of either test inhibitor resulted in no significant change to cell number compared to
cells treated with etoposide alone (LTUK36 0.143±0.007, LTUSI116 0.148±0.006, LTUSI118
0.133±0.005 and LTUSI54 0.127±0.007), but were still significantly less than the control.
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Figure 3.10 SRB results of T47D cells treated with either 25µM etoposide alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to etoposide alone treatment
using unpaired two tailed student t test.
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There was a significant reduction in T47D cell numbers when they were cultured in the presence
of doxorubicin alone (0.132±0.002, Figure 3.11) after 2 days compared to the control group
(control 0.237±0.013; p=0.0002). Combination treatment of T47D cells with doxorubicin in the
presence of either test inhibitor resulted in no significant change to cell number compared to
cells treated with doxorubicin alone (LTUK36 0.132±0.004, LTUSI116 0.130±0.005, LTUSI118
0.137±0.005 and LTUSI54 0.121±0.009) but were still significantly less than the control.
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Figure 3.11 SRB results of T47D cells treated with either 2µM doxorubicin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to doxorubicin alone
treatment using unpaired two tailed student t test.

81

There was no significant effect on T47D cell numbers when they were cultured in the presence
of daunorubicin alone (0.168±0.007, Figure 3.12) after 2 days compared to the control group
(control 0.168±0.005; p=1.00). When T47D cells were treated with daunorubicin in the presence
of all test inhibitors the number of cells in culture significantly decreased compared to
daunorubicin alone, with LTUK36 0.135±0.005 (p=0.0071), LTUSI116 0.131±0.003 (p=0.0027),
LTUSI118 0.122±0.001 (p=0.0005) and LTUSI54 0.124±0.005 (p=0.0020).

Absorbance (538nm)

0.20
0.15

^

^

^

^

0.10
0.05

D

D

C

on
tr
au
au
ol
no
no
ru
ru
D
bi
bi
au
ci
ci
no
n
n
+
ru
L
bi
TU
D
ci
au
K
n
36
no
+
LT
ru
bi
U
SI
ci
D
11
n
au
+
6
no
LT
ru
U
bi
SI
ci
11
n
8
+
LT
U
SI
54

0.00

Figure 3.12 SRB results of T47D cells treated with either 1µM daunorubicin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to daunorubicin alone
treatment using unpaired two tailed student t test.
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There was a significant reduction in T47D cell numbers when they were cultured in the presence
of bleomycin alone (0.134±0.004, Figure 3.13) after 2 days compared to the control group
(control 0.218±0.008; p<0.0001). When T47D cells were treated with bleomycin in the presence
of test inhibitors LTUK36 and LTUSI116, that inhibit DNA-PK, the number of cells in culture did
not change compared to bleomycin alone (LTUK36 0.143±0.009 and LTUSI116 0.147±0.005) but
were still significantly less than the control. However, when cells were cultured in the presence
of bleomycin and LTUSI118 (0.151±0.003) or LTUSI54 (0.149±0.005) which does not inhibit DNAPK activity, cell number was significantly increased compared to bleomycin alone (p=0.0156 and
0.0432 respectively).
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Figure 3.13 SRB results of T47D cells treated with either 3µg/ml bleomycin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to bleomycin alone treatment
using unpaired two tailed student t test.
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There was no significant change in T47D cell numbers when they were cultured in the presence
of cisplatin alone (0.180±0.007, Figure 3.14) after 2 days compared to the control group (control
0.176±0.006; p=0.6750). The combination treatment of T47D cells with either LTUSI116
(0.169±0.006) or LTUSI54 (0.135±0.018) in the presence of cisplatin showed no significant
change to the number of cells when compared to cisplatin alone treated cells. However, when
cells were cultured in the presence of cisplatin and LTUK36 (0.157±0.005) or LTUSI118
(0.142±0.012) cell number was significantly reduced compared to cisplatin alone (p=0.0439 and
0.0391 respectively).
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Figure 3.14 SRB results of T47D cells treated with either 10µM cisplatin alone or in combination
with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the presence of test
inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates significantly different
to control, ^ indicates significantly different to cisplatin alone treatment using unpaired two
tailed student t test.
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HeLa
There was a significant reduction in HeLa cell numbers when they were cultured in the presence
of etoposide alone (0.222±0.001, Figure 3.15) after 2 days compared to the control group
(control 0.288±0.008; p<0.0001). When HeLa cells were treated with etoposide in the presence
of each test inhibitor the number of cells in culture significantly decreased compared to
etoposide alone treatment, with LTUK36 0.186±0.011 (p=0.0049),

LTUSI116 0.186±0.011

(p=0.0073), LTUSI118 0.185±0.013 (p=0.0127) and LTUSI54 0.172±0.008 (p<0.0001).
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Figure 3.15 SRB results of HeLa cells treated with either 25µM etoposide alone or in combination
with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the presence of test
inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates significantly different
to control, ^ indicates significantly different to etoposide alone treatment using unpaired two
tailed student t test.
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There was a significant reduction in HeLa cell numbers when they were cultured in the presence
of doxorubicin alone (0.148±0.003, Figure 3.16) after 2 days compared to the control group
(control 0.209±0.003; p<0.0001). The combination treatment of HeLa cells with either LTUK36
(0.143±0.006), LTUSI118 (0.151±0.008) or LTUSI54 (0.130±0.008) in the presence of doxorubicin
showed no significant change to the number of cells when compared to doxorubicin alone
treated cells. However, when cells were cultured in the presence of doxorubicin and LTUSI116
(0.134±0.002) cell number was significantly reduced compared to doxorubicin alone (p=0.0093).
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Figure 3.16 SRB results of HeLa cells treated with either 2µM doxorubicin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to doxorubicin alone
treatment using unpaired two tailed student t test.
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There was a significant reduction in HeLa cell numbers when they were cultured in the presence
of daunorubicin alone (0.165±0.004, Figure 3.17) after 2 days compared to the control group
(control 0.297±0.008; p<0.0001). When HeLa cells were treated with daunorubicin in the
presence of the test inhibitors that inhibit DNA-PK, the number of cells in culture did not change
compared to daunorubicin alone (LTUK36 0.152±0.014, LTUSI116 0.158±0.015, and LTUSI118
0.153±0.008) but were still significantly less than the control. However, when cells were cultured
in the presence of daunorubicin and LTUSI54 (0.134±0.007) which does not inhibit DNA-PK
activity, cell number was significantly reduced compared to daunorubicin alone (p=0.0122).
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Figure 3.17 SRB results of HeLa cells treated with either 1µM daunorubicin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to daunorubicin alone
treatment using unpaired two tailed student t test.
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There was a significant reduction in HeLa cell numbers when they were cultured in the presence
of bleomycin alone (0.159±0.004, Figure 3.18) after 2 days compared to the control group
(control 0.230±0.020; p=0.0238). The combination treatment of HeLa cells with either LTUK36
(0.148±0.006), LTUSI118 (0.158±0.005) or LTUSI54 (0.157±0.004) in the presence of bleomycin
showed no significant change to the number of cells when compared to bleomycin alone treated
cells. However, when cells were cultured in the presence of bleomycin and LTUSI116
(0.135±0.003) cell number was significantly reduced compared to bleomycin alone (p=0.0046).
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Figure 3.18 SRB results of HeLa cells treated with either 3µg/ml bleomycin alone or in
combination with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the
presence of test inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates
significantly different to control, ^ indicates significantly different to bleomycin alone treatment
using unpaired two tailed student t test.
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There was a significant reduction in HeLa cell numbers when they were cultured in the presence
of cisplatin alone (0.418±0.015, Figure 3.19) after 2 days compared to the control group (control
0.541±0.031; p=0.0112). Combination treatment of HeLa cells with cisplatin in the presence of
either test inhibitor resulted in no significant change to cell number compared to cisplatin alone
treated cells (LTUK36 0.411±0.029, LTUSI116 0.434±0.024, LTUSI118 0.417±0.012 and LTUSI54
0.439±0.011) but were still significantly less than the control.
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Figure 3.19 SRB results of HeLa cells treated with either 10µM cisplatin alone or in combination
with 200nM of the test inhibitors for 4 hours followed by 2 days recovery in the presence of test
inhibitor alone. Graph indicates mean of four replicates ± SEM. * indicates significantly different
to control, ^ indicates significantly different to cisplatin alone treatment using unpaired two
tailed student t test.
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3.3.3

Summary of Results
Growth inhibition

When investigating the effect the test inhibitors alone had on each cell line the effects were
found to be cell line dependent. LTUK36 was found to be toxic on both WI-38 and HCT116 cells
when used at a concentration of 100μM. This toxic effect was also seen in T47D cells but was
observed at concentrations greater than 50μM. Conversely, LUK36 had no toxic effect on HeLa
cell growth at any of the concentrations examined. LTUSI116 was also found to have in inhibitory
effect on WI-38 and HCT116 cell growth at concentrations greater than 50μM. On the other
hand, when T47D and HeLa cells were exposed to LTUSI116, there was no observed inhibitory
effect on cell growth over the concentrations tested. LTUSI118 was found to have an inhibitor
effect on WI-38, HCT116 and T47D cells at a concentration of 10μM and greater. Once again,
HeLa cell growth was unaffected by the presence of LTUSI118 over the concentration range
tested. LTUSI54 was found to have no inhibitory effect on any of the four cell lines investigated
over the concentration range tested, with the exception of T47D cells at 100μM. LTUSI54 was
found to have a positive effect on cell number when used alone to treat HeLa cells at
concentrations greater than 50μM. This effect was also observed when treating WI-38 cells with
200nM LTUSI116 and T47D cells with 200nM LTUSI118.

Sensitisation to Chemotherapeutic Agents
A summary of the combination treatments obtained by SRB assay can be seen in Table 3.1. The
only chemotherapeutics to have an effect on HCT116 cells were etoposide and daunorubicin,
which resulted in converse effects on cell number, one reducing and one increasing respectively.
Conversely, all chemotherapeutics alone had a negative effect on HeLa cells, while the only
chemotherapeutics to not have an effect on T47D cell number were daunorubicin and cisplatin.
It can be noted that the most consistent chemosensitiser is LTUSI54. It enhanced the effects of
etoposide on both HCT116 and HeLa cell lines, daunorubicin on all three cell lines, bleomycin on
HCT116 cells as well as the effects of cisplatin on HCT116 cells. The most potent DNA-PK
inhibitor, LTUSI116, was found to enhance the effects of etoposide, doxorubicin and bleomycin
on HeLa cells, as well as the effects of daunorubicin on both HCT116 and T47D cell lines. LTUK36
reduced cell numbers from the chemotherapeutic alone treated cells in the following
combinations: etoposide and HeLa cells, daunorubicin with both HCT116 and T47D cells as well
as cisplatin with again both HCT116 and T47D cells. LTUSI118 significantly reduced cell numbers
on HeLa cells treated with etoposide, HCT116 and T47D cells treated with daunorubicin and
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T47D cells treated with cisplatin. Conversely, when HCT116 and T47D cells were treated with
LTUSI118 in the presence of bleomycin there was a significant increase in cell number by
comparison to the chemotherapeutic alone treatment.

Cell line

Treatment

HCT116

Control
Etoposide
Doxorubicin
Daunorubicin
Bleomycin
Cisplatin
Control
Etoposide
Doxorubicin
Daunorubicin
Bleomycin
Cisplatin
Control
Etoposide
Doxorubicin
Daunorubicin
Bleomycin
Cisplatin

T47D

HeLa

None
1.000
0.447
0.949
1.232
0.994
0.983
1.000
0.695
0.558
1.00
0.613
1.023
1.000
0.773
0.709
0.555
0.691
0.773

200nM Inhibitors present
LTUK36
LTUSI116
LTUSI118
1.060
0.457
0.889
0.726
1.114
0.839
0.994
1.016
0.996
0.802
1.067
0.875
0.952
0.648
0.683
0.511
0.642
0.759

0.862
0.433
1.060
0.675
1.359
0.908
1.144
1.053
0.987
0.780
1.097
0.942
0.914
0.647
0.638
0.533
0.587
0.801

0.958
0.428
0.978
0.702
1.318
0.975
1.097
0.945
1.038
0.725
1.131
0.793
1.054
0.644
0.723
0.515
0.687
0.771

LTUSI54
0.930
0.358
0.575
0.696
0.694
0.853
1.122
0.904
0.923
0.737
1.116
0.748
1.055
0.597
0.623
0.452
0.682
0.811

Table 3.1 Summary of fold differences of cell lines treated with chemotherapeutic agents in the
presence and absence of test inhibitors. Fold difference was calculated by taking the mean
absorbance of treatment divided by the mean of control cells. Values marked with green
indicate a significant reduction in cells, values marked red indicate significant increase in cell
number seen from control or chemotherapeutic alone treatment.
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3.4

Discussion

It was found that purified enzyme IC50 values did not correlate to inhibition of growth in a
cellular environment when each cell line was exposed to increasing concentrations of test
inhibitors. Chemotherapeutic agents alone showed cell line-dependent responses at the
concentrations used, while combination treatment that resulted in sensitisation was found to be
cell line and chemotherapeutic dependent. Test inhibitors that were expected to sensitise cell
lines to the chemotherapeutic agents showed little to no sensitisation while LTUSI54, the
negative control for DNA-PK inhibition, was found to be the most consistent sensitiser.

Purified DNA-PK IC50 Does Not Correspond to Effects in Cellular Environment
The results observed from the SRB growth inhibition assay indicate that the IC50 values for DNAPK activity have little correlation to the in vitro concentrations needed for the compounds to
have an effect on overall cell growth. It can be assumed that there would be a certain level of
DNA-PK activation given its many roles in the cell including cell cycle progression and DSB repair
in NHEJ [48]. For this reason, it would be assumed that the presence of DNA-PK inhibitors would
interfere with the basal levels of DNA-PK activity and disrupt both cell cycle progression and
other DNA-PK dependent activities resulting in some effect on overall cell numbers. From the
results obtained the IC50 values for the compounds determined by purified enzyme studies
(Section 1.5.1) do not correspond with the effects on overall cell numbers as determined by the
SRB assay.
LTUK36 was found to have a purified DNA-PK IC50 value of 500nM, however, the lowest
concentration across the 4 cell lines tested where LTUK36 showed an inhibitory effect in the
cellular environment was at 1μM on HeLa cells. Similarly, the lowest concentration where
LTUSI116 had an inhibitory effect in a cell environment was at 1μM on HeLa cell lines while its
IC50 for DNA-PK was found to be 96nM. LTUSI118 showed mixed effects on the cell lines treated.
However, its lowest concentration at which it exhibited a negative effect on cell number was
found to be 10μM on T47D cells, while it had a purified DNA-PK IC50 of 280nM. LTUSI54 also had
a mixed effect on cell number with its only inhibitory effect seen at 100μM on T47D cells. This
inhibitory effect of LTUSI54 could result from countless possible inhibition pathways. However,
the result would be independent of DNA-PK activity as LTUSI54 was found to be inactive against
DNA-PK with an IC50 greater than 100μM. From the SRB results the test inhibitors effectiveness
ranking in the cellular environment, from most to least toxic activity, would be LTUK36 and
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LTUSI116 equal first followed by LTUSI118 and finally LTUSI54. This differs slightly to the ranking
from the purified inhibition assay which was LTUSI116, LTUSI118, LTUK36 and finally LTUSI54.
Previous studies have also found that IC50 values determined by purified enzyme assays don’t
always correspond with in vitro IC50 values for the same enzyme [188, 193, 249, 250]. While this study
did not investigate the in vitro DNA-PK levels, the main factor behind the inconsistencies
between purified enzyme assays and in vitro results could be due to a couple of factors i)
specificity – the purified enzyme assay showed that LTUSI118 had inhibitory activity against all
isoforms of PI3K as well as DNA-PK, this could mean that LTUSI118 and the other test inhibitors
may interact with other proteins in the cellular environment not tested for in the purified
enzyme assay, including that of DNA-PK closely related proteins, ATM and ATR; ii) DNA-PK
expression (and corresponding repair of basal damage which will be investigated further),
different cell lines, in particular cancer cell lines have been found to have differing basal
expression levels of DNA-PK [251]. Hence, a cell line that expresses a greater basal level of DNA-PK
would be less affected by the presence of DNA-PK inhibitors (and able to continue with basal
DNA repair) than a cell which has a lower basal DNA-PK expression level. When in a cellular
environment, inhibitors are exposed to many elements which are not present in the purified
enzyme system, which means that they may interact with other proteins and pathways that
might in fact have the opposing effect on cell growth to the target inhibition. For this reason an
ideal inhibitor will be one that does not only have a low IC50 but also has a targeted specificity
[252]

. If the inhibitor lacks specificity and interacts with multiple proteins and pathways in the

cellular environment, the outcome on cell fate and effects on growth comes down to the
balance between the targeted pathway of treatment and the adverse effects the test inhibitor
has on other cellular pathways. Similarly, cell fate may be determined by the balance of some
processes – some pro-survival, some pro-apoptotic, when an enzyme such as DNA-PK, which
plays multiple roles in the cellular environment, is inhibited [97, 253]. LTUSI118 was found to be the
second most effective inhibitor of DNA-PK (Section 1.5.1) yet when introduced to a cellular
environment it became the third most effective out of the four test inhibitors. LTUSI118 also
happened to be the least specific test inhibitor out of those found to have DNA-PK activity as it
was also found to have inhibitory effects on all four of the PI3K isoforms, at very low
concentrations. Other PIKK proteins have also been shown to play a role in the DDR and has
been the target of many studies in developing chemo- and radio-sensitising agents [138, 187, 188, 192,
193, 249]

, therefore, if LTUSI118 was inhibiting the beneficial sensitising pathways involving DNA-PK

and other PIKK members, it would be expected that LTUSI118 would have a more pronounced
inhibitory effect on overall cell numbers rather than that which the results show. As this is not
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the case, it can be assumed that LTUSI118 lacks the ideal specificity and is interacting with
cellular enzymes and pathways other than that of interest.
As determined by the SRB growth inhibition assay, treatment of cell lines in the presence of
200nM LTUK36, LTUSI116, LTUSI118 and LTUSI54 alone generally showed no effect on cell
growth. There were a few exceptions to this which are; treatment of WI38 cells with 200nM
LTUSI116, which resulted in an increase of cells and treatment of T47D cells with 200nM
LTUSI118 which again, resulted in an increase of cell numbers following the treatment time. As
the exceptions to the general trend were not of a negative manner and the rest of the results at
200nM of each compound were found to have no effect it was decided that further investigation
into the mechanisms of each compound would be carried out at 200nM, a nontoxic
concentration for all test inhibitors. Additionally, using the same concentration for each
compound allows for a direct comparison between their effectiveness as chemosensitisers and
the chosen concentration lies within the range of DNA-PK IC50 values for the three compounds
that have previously been found to have DNA-PK activity in a purified system.
Chemotherapeutic Effect Cell Line Dependent
All chemotherapeutic agents worked on HeLa cells at the concentrations used, 25μM etoposide
treatment of HCT116 and T47D cells also resulted in a reduction in overall cell number. Similarly,
Treatment of T47D cells with 2μM doxorubicin and 3μg/ml bleomycin also resulted in a
reduction of cell numbers over the treatment time. On the other hand, treatment of HCT116 and
T47D cells with 10μM cisplatin had no effect on cell number, as did treatment of T47D cells with
1μM daunorubicin and HCT116 cells treated with either bleomycin or doxorubicin. There can be
many factors responsible for this variation in the sensitivity of cell lines to chemotherapeutic
agents. It should be acknowledged that there will always be cell line specific sensitivities to any
chemotherapeutic agent. Thus, while the concentrations used for each chemotherapeutic have
previously been shown to exert a toxic effect on at least one of the cell lines tested, it would be
of interest in future to perform cell line specific cytotoxicity studies for each of the
chemotherapeutics tested.
The effectiveness of a chemotherapeutic agent is dependent on several aspects; concentration,
exposure time, proliferation/doubling time of the cell line, state of DDR mechanisms and type of
damage induced. Most of these characteristics are primarily determined or influenced by cell
line, for example a cell line that has a shorter doubling time means that it takes a shorter
amount of time to complete one cell cycle than that of a cell line with a larger doubling time. As
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many chemotherapeutic agents, such as those of interest in this study, elicit their damage by
disrupting or targeting the replication of DNA information during the cell cycle, cells that
complete more cell cycles (have shorter doubling times) are therefore more vulnerable to the
chemotherapeutic agent when compared to a cell line that completes fewer cell cycles (longer
doubling time) when exposed to the same chemotherapeutic for the same period of time. The
HCT116 cell line has a doubling time of approximately 20 hours, with reports ranging from 16.2
to 23.7 hours [254-256], therefore the HCT116 cells would have at least 2 cell cycles to identify and
repair the damage induced by each chemotherapeutic tested. Similarly, HeLa cells have a
doubling time of approximately 24 hours [257, 258]. So again, HeLa cells would have 2 cell cycles to
identify and repair the damage induced by the chemotherapeutic agents. T47D cells would have
only entered the second cell cycle during the observed treatment time as the doubling time of
T47D cells is approximately 46hours, with reports ranging from 32 to 63 hours [254, 259, 260].
The state of the DDR can also be cell line dependent, some cell lines have been shown to have
mutations in p53 functions, or other repair pathways that have aided in the initial formation of a
tumour

[128, 261-263]

. In some cases this sort of mutation gives rise to chemo-resistance and can

render some chemotherapeutics (and radiation) completely ineffective against specific cancers
[264-266]

. This also links back to the type of damage induced by the chemotherapeutics, as

summarised in Figure 1.9, in that different chemotherapeutics induce different DDR pathways.
Mutations to important elements of the DDR such as ATM can compromise the DDR
mechanisms, resulting in less damage being identified at the cell cycle checkpoints. Hence the
damage remains or alternatively mutations can result in the up-regulation of proteins needed for
DDR. For example, some cancer cells have been shown to have increased expression of DNA-PK
and PI3K, both key factors for the repair of DSBs. Increased expression of such enzymes leads to
increased repair following exposure to DSB inducing chemotherapeutics such as etoposide,
doxorubicin, daunorubicin, bleomycin and cisplatin, this has been shown to be a key mechanism
in the ever growing problem of chemo resistance to therapy [267, 268]. As well as inducing different
DDR mechanisms, different chemotherapeutics take different amounts of time to elicit their
response and hence need a longer exposure time for best results. Double strand breaks induced
by etoposide have been detected within 30 minutes of treatment

[269]

and as previously

mentioned etoposide induces DSBs during the S and G2/M, therefore the duration of the cell
cycle and each of its phases can influence the effectiveness of the chemotherapeutic agent.
Enhanced Efficacy of Chemotherapeutics by Test Inhibitors is Both Cell Line and
Chemotherapeutic Agent Dependent
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LTUK36 was found to reduce the overall cell number of both HCT116 and T47D cells when
exposed to either daunorubicin or cisplatin in spite of the fact that neither chemotherapeutic
agent alone had a negative effect on cell number for either cell line. In fact, daunorubicin alone
treatment on HCT116 cells resulted in an increase in overall cell number. One possibility is that
the presence of LTUK36 during treatment of HCT116 and T47D cells with either
chemotherapeutic, is having an inhibitory effect on the repair pathways, through inhibition of
DNA-PK which must normally act to defend each cell line against the damage induced by either
chemotherapeutic. However, the SRB assay does not indicate which pathways are activated or
inactivated by a given treatment, it only provides a quantitative estimate of cell number. Hence,
the mechanisms by which this reduction in cell number occurs can only be hypothesised from
the SRB results. LTUK36 was also found to have an enhanced cell killing effect on HeLa cells
when used in combination with etoposide. Again this result suggests that LTUK36 is having an
inhibitory effect on the repair mechanisms activated by the damage induced by etoposide alone.
However, in this case HeLa cells were already susceptible to the toxic effect of etoposide, the
presence of LTUK36 further enhanced this susceptibility.
As was observed for LTUK36, it was found that LTUSI116 made both HCT116 and T47D cells
susceptible to the damage induced by daunorubicin. Additionally, LTUSI116 was found to further
enhance the negative effect on HeLa cell number when used in conjunction with etoposide,
doxorubicin and bleomycin. Again the mechanism by which LTUSI116 enhances the susceptibility
of each of the cell lines to these chemotherapeutics can only be hypothesised at this point.
However as LTUSI116 has previously been shown to inhibit the activity of DNA-PK it could be
possible that the reduction in cell number when used in combination with these
chemotherapeutics is due, in some part, to LTUSI116s interaction with DNA-PK.
Again, HCT116 and T47D cells treated with daunorubicin resulted in a reduction in cell number
when used in combination with 200nM LTUSI118. Additionally, T47D cells became susceptible to
the effects of cisplatin when LTUSI118 was present, even though when cisplatin was used alone
on T47D cells there was no significant difference in cell number when compared to the control
group. LTUSI118 also enhanced the effect of etoposide in reducing the number of HeLa cells. As
LTUSI118 has been shown to have inhibitory effects on both DNA-PK and all four PI3K isoforms,
it is possible that the enhanced effects on cell numbers seen in combination treatments of each
chemotherapeutic with LTUSI118 could be due to an inhibition of repair pathways mediated by
DNA-PK and/or the PI3K isoforms.
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As can be seen from Table 3.1 LTUSI54 had the greatest number (7 out of a possible 14) of
combinations where cell lines were made more susceptible to chemotherapeutic agents when
compared to the effects of chemotherapeutics alone. The combinations in which LTUSI54
enhanced treatment of the cancer cell lines include; HCT116 cells treated with etoposide,
doxorubicin, daunorubicin or bleomycin; T47D cells with daunorubicin and; HeLa cells treated
with either etoposide or daunorubicin. From previous purified enzyme studies (Section 1.5.1) we
know that LTUSI54 has no activity against DNA-PK or the PI3K isoforms. Therefore, the
mechanism in which LTUSI54 is eliciting this observed chemosensitising effect must be
independent of DNA-PK and PI3K activity. So while LTUSI54 was found to have no inhibition
activity against DNA-PK, it has still proven to be an effective chemosensitiser.
It was observed that when LTUSI116 was used in combination with bleomycin on HCT116 and
T47D cells, an increase in the number of cells was observed, compared to the group treated with
bleomycin alone. Similarly, HCT116 and T47D cells treated with bleomycin in combination with
LTUSI118 and T47D cells treated with bleomycin in combination with LTUSI54 also resulted in an
increase in cell number when compared to treatment with bleomycin alone groups. As the SRB
assay does not give great detail as to the mechanisms by which cell number is affected the
reason behind this observation can only be hypothesised. It is evident that the introduction of
LTUSI116, LTUSI118 and LTUSI54 when using bleomycin switches the balance of pro-death
versus pro-survival pathways in the direction of pro-survival. It is possible that the observed
results are due to the type of damage inflicted by bleomycin. Bleomycin has been shown to
induce DSBs as well as highly specific free radicals and chromosomal aberrations

[147, 148, 150, 151]

,

therefore, treatment with bleomycin results in induction of typical DDR pathways. Additionally,
the production of free radicals could result in activation/inhibition of other pathways and
enzyme functions. It is possible that LTUSI116, LTUSI118 and LTUSI54 interact with these
pathways/enzymes which results in survival favoured over cell death. It should be noted, some
of the statistically significant changes in the combination treatment compared to the etoposide
alone treatment may not eventuate to a significant observation in the clinical setting due to the
small change in absolute terms.
Again, as previously mentioned, the SRB assay does not shed light on the mechanism by which a
treatment or combination treatment causes a reduction in cell number , it only shows the effect
on cell number over the treatment time. The reduction or changes in cell number observed in
the SRB assay can be the result of many possible mechanisms that can include DNA damage,
apoptosis, necrosis, cell cycle arrest or a combination of these possibilities. For this reason,
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further investigation into these possible outcomes and their corresponding mechanisms of
action was carried out to determine the mechanism of the chemosensitising effects observed in
the SRB assay.
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Chapter Four
Investigation into Cell Death
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4.1

Introduction

Once DNA damage is induced in cells, such as that by chemotherapeutic agents, it is detected
and the cell tries to repair the damage. If repair is unsuccessful the cell is either pushed into a
form of dormancy (senescence or quiescence) or alternatively cell death. Cell death can result
from multiple actions, which include apoptosis, necrosis and necroptosis

[105]

. Investigation into

the manner by which a cell undergoes cell death can shed light into the mechanism of action a
treatment, in this case the test inhibitors, is utilizing to enhance the efficacy of current
chemotherapeutics.

4.2

Research Objectives

As some combinations of test inhibitors and chemotherapeutic agents resulted in a significant
reduction in overall cell number it was of interest to investigate whether this was due to an
increase in cell death. Sub G1 analysis was carried out to investigate the effects of etoposide in
the presence and absence of either LTUSI116 or LTUSI54 on overall cell death. These treatments
were chosen as etoposide is known to cause DSBs, which activate the NHEJ repair pathways. The
NHEJ pathway is of great interest in this study as DNA-PK plays a key role in it and the test
inhibitors are designed to target DNA-PK. LTUSI116 was chosen as it has been found to inhibit
purified DNA-PK activity, yet survival results show a lack of sensitisation when used in a cellular
environment. LTUSI54 was chosen as it lacks DNA-PK activity yet has shown sensitisation effects
when used in combination with some chemotherapeutic drugs including etoposide. Two
methods were implemented to determine what proportion of this cell death was due to
apoptosis; (i) the annexin V-FITC assay, used to investigate the early changes in the cell
membrane accredited to apoptosis, and (ii) the R&D Systems Human Apoptosis Array kit, which
was used to investigate the effect treatment had on specific pathways leading to apoptosis.
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4.3

Results
4.3.1

Sub G1

As mentioned in Section 2.8.2 analysis of the sub G1 population can be used to investigate any
cell death which could result from apoptosis or necrosis. The sub G1 assay was utilised to
investigate if the sensitisation to chemotherapy observed in Chapter 3 was due to an increase in
overall cell death. Sub G1 analysis was carried out on each cell line treated with etoposide alone
and in combination with either LTUSI116 or LTUSI54 following 4 hour treatment alone and when
allowed to recover for 2 days following treatment. The two varying time points of analysis allow
for investigation into early effects of treatment as well as the prolonged effects on cell death.
The analysis of sub G1 populations was carried out by flow cytometry as outlined in Section
2.8.2, results are given here.

HCT116
Cell cycle profile histograms obtained by flow cytometry, showing the sub G1 population for
control HCT116 cells as well as those treated with etoposide alone or in combination with either
LTUSI116 or LTUSI54 are given in Figure 4.1. The data shows a shift to the left indicating an
increase in sub G1 population following treatment with etoposide, both in the presence and
absence of LTUSI116 or LTUSI54 when given 2 days recovery time. Histograms suggest that the
combination treatment of etoposide in the presence of LTUSI54 has a greater sub G1 population
than that of etoposide in the presence of LTUSI116. It also shows the diminished cycling
population for any cells treated with etoposide.
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a)

Control

Sub G1

LTUSI116

LTUSI54

Etoposide alone

Etoposide + LTUSI116

Etoposide + LTUSI54
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Figure 4.1 Cell cycle profiles of HCT116 cells indicating the change in sub G1 of cells treated with 25μM etoposide alone, or in combination with either
200nM LTUSI116 or 200nM LTUSI54 for either a) 4 hours alone or b) 4 hours treatment followed by 2 day recovery.

The basal sub G1 population in HCT116 cells following 4 hours incubation in control media was
found to be 0.38% of the total population (Figure 4.2a). The presence of LTUSI116 during this
time resulted in a significant increase in the sub G1 population with 0.57% of HCT116 cells
present in the sub G1 fraction when compared to the control group (p=0.0012). Similarly, the
presence of LTUSI54 during this time had no effect on the sub G1 population with 0.41% of
HCT116 cells present in the sub G1 fraction compared to the control (p=0.6594). Treatment of
HCT116 cells with etoposide alone had no significant effect on sub G1 population with 0.96%
compared with the control group although the trend suggest it did, p=0.0518. The combination
treatment of etoposide in the presence of either LTUSI116 or LTUSI54 for 4 hours resulted in a
significant increase in sub G1 population when compared to the control with 0.63% and 0.47%,
respectively (p=0.0060 and 0.0185, respectively). However this was not significantly different
when compared to the etoposide alone treatment group (p=0.4239 and 0.2410 for LTUSI116 and
LTUSI54, respectively).
When allowed 2 days to recover (Figure 4.2b), the basal level of sub G1 in the control group was
found to be 1.06%. Once again the presence of LTUSI116 during this incubation time resulted in
a significant increase in the sub G1 population when compared to the control with 13.24%
(p<0.0001). Similarly, the presence of LTUSI54 during this incubation time had no significant
effect on the sub G1 population when compared to the control, with 1.36% of HCT116 cells in
the sub G1 population. Treatment with etoposide for 4 hours followed by 2 days recovery in the
absence of etoposide resulted in a significant increase in the sub G1 population to 9.47% when
compared to the control, p<0.0001. This was also the case with the combination treatment
following 2 days recovery in the presence of LTUSI116, where there was a significant increase to
11.87% when compared to the control, p<0.0001. Furthermore, this increase was significantly
greater than that of the etoposide alone treatment, p=0.0295. Once again, combination
treatment of etoposide in the presence of LTUSI54 showed a significant increase in sub G1 when
compared to the control with 33.07% (p<0.0001). This combination also resulted in a significant
increase in sub G1 population when compared to the etoposide alone treatment, p<0.0001.
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Figure 4.2. Sub G1 analysis obtained from flow cytometry results for HCT116 cells treated with
either 25μM etoposide or 200nM LTUSI116 or LTUSI54 alone or in combination for either a) 4
hours alone or b) 4 hours treatment followed by 2 day recovery. Graphs indicate the mean ±
SEM of three replicates. * indicates treatments significantly different to control.
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T47D
Cell cycle profile histograms obtained by flow cytometry, showing the sub G1 population for
control T47D cells as well as those treated with etoposide alone or in combination with either
LTUSI116 or LTUSI54 are given in Figure 4.3. The data shows a shift to the left into the sub G1
population following treatment with etoposide, both in the presence and absence of LTUSI116
or LTUSI54 when given 2 days recovery time. It also shows the diminished cycling population for
any cells treated with etoposide.
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Figure 4.3. Cell cycle profiles of T47D cells indicating the change in sub G1 of cells treated with 25μM etoposide alone, or in combination with either 200nM
LTUSI116 or 200nM LTUSI54 for either a) 4 hours alone or b) 4 hours treatment followed by 2 day recovery.

The basal sub G1 population in T47D cells following 4 hours incubation in control media was
found to be 2.33% of the total population (Figure 4.4a). Neither the presence of LTUSI116 nor
LTUSI54 during this time had an effect on the sub G1 population with 1.80% and 1.90% of T47D
cells present in the sub G1 fraction, respectively. Similarly, treatment with etoposide alone or in
combination with LTUSI116 for 4 hours had no effect on the sub G1 population with 1.57% and
1.67% respectively. However, the combination treatment of etoposide and LTUS54 resulted in a
significant increase in cells in sub G1, 2.70%, when compared to the etoposide alone treatment
(p=0.0325). However, this was not significantly different when compared to the control group
(p=0.5296).
When allowed 2 days to recover (Figure 4.4b), the basal level of sub G1 in the control group was
found to be 2.50%. Once again the presence of LTUSI116 during this incubation time had no
significant effect on the sub G1 population when compared to the control, although it did
increase to 5.47% (p=0.0805). Conversely, the presence of LTUSI54 during this incubation time
significantly increased the sub G1 population when compared to the control, with 7.60%
(p=0.0214). Similarly, treatment with etoposide for 4 hours followed by 2 days recovery in the
absence of etoposide resulted in a significant increase in the sub G1 population to 17.07% when
compared to the control, p=0.0132. The combination treatment following 2 days recovery in the
presence of LTUSI116, resulted in a significant increase to 17.50% when compared to the
control, p=0.0057. However, this increase was not significantly different when compared to the
etoposide alone treatment group, p=0.9261. This was also the case with the combination
treatment following 2 days recovery in the presence of LTUSI54, where there was a significant
increase to 31.63% when compared to the control, p=0.0047. However, this increase was not
significantly different when compared to the etoposide alone treatment group, p=0.0503,
although the trend suggests that there was a significant increase.
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Figure 4.4. Sub G1 analysis obtained from flow cytometry results for T47D cells treated with
either 25μM etoposide or 200nM LTUSI116 or LTUSI54 alone or in combination for either a) 4
hours alone or b) 4 hours treatment followed by 2 day recovery. Graphs indicate the mean ±
SEM of three replicates. * indicates treatments significantly different to control.
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HeLa
Cell cycle profile histograms obtained by flow cytometry, showing the sub G1 population for
control HeLa cells as well as those treated with etoposide alone or in combination with either
LTUSI116 or LTUSI54 are given in Figure 4.5. The data shows a shift of cells into the sub G1
population following treatment with etoposide, both in the presence and absence of LTUSI116
or LTUSI54 when given 2 days recovery time. Histograms suggest that the combination
treatment of etoposide in the presence of LTUSI54 has a greater sub G1 population than that of
etoposide in the presence of LTUSI116. It also shows the diminished cycling population for any
cells treated with etoposide.
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Figure 4.5. Cell cycle profiles of HeLa cells indicating the change in sub G1 of cells treated 25μM etoposide alone, or in combination with either 200nM
LTUSI116 or 200nM LTUSI54 for either a) 4 hours alone or b) 4 hours treatment followed by 2 day recovery.

The basal sub G1 population in HeLa cells following 4 hours incubation in control media was
found to be 4.12% of the total population (Figure 4.6a). The presence of LTUSI116 during this
time had no effect on the sub G1 population with 3.39% of HeLa cells present in the sub G1
fraction. Similarly, the presence of LTUSI54 during this time had no effect on the sub G1
population with 4.43% of HeLa cells present in the sub G1 fraction. Treatment with etoposide
alone or in combination with LTUSI116 for 4 hours had no effect on the sub G1 population with
5.25 and 4.95% respectively. Similarly, treatment with etoposide in combination with LTUSI54
for 4 hours had no effect on the sub G1 population with 6.67%.
When allowed 2 days to recover (Figure 4.6b), the basal level of sub G1 in the control group was
found to be 3.87%. Once again neither the presence of LTUSI116 nor LTSUI54 during this
incubation time resulted in a significant effect on the sub G1 population when compared to the
control with 4.03% and 3.60%, respectively. Conversely, treatment with etoposide for 4 hours
followed by 2 days recovery in the absence of etoposide resulted in a significant increase in the
sub G1 population to 20.65% when compared to the control, p<0.0001. This was also the case
with the combination treatment following 2 days recovery in the presence of LTUSI116, where
there was a significant increase to 18.52% when compared to the control, p<0.0001. However,
this increase was not significantly different when compared to the etoposide alone treatment
group, p=0.3834. The combination treatment following 2 days recovery in the presence of
LTUSI54, resulted in a significant increase in sub G1 population to 25.10% when compared to the
control, p<0.0001. This increase was not significantly different when compared to the etoposide
alone treatment group, p=0.0933.
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Figure 4.6. Sub G1 analysis obtained from flow cytometry results for HeLa cells treated with
either 25μM etoposide or 200nM LTUSI116 or LTUSI54 alone or in combination for either a) 4
hours alone or b) 4 hours treatment followed by 2 day recovery. Graphs indicate the mean ±
SEM of three replicates. * indicates treatments significantly different to control.
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4.3.2

Apoptosis and Necrosis Analysis by Annexin V-FITC Assay

The annexin V-FITC assay was used to determine the early apoptotic and necrotic fractions of
each cell population following initial 4 hour treatment, based on the presence of
phosphatidylserine on the surface of the cells and the staining of DNA with PI respectively. Cells
were treated for 4 hours before being harvested and prepared as outlined in Section 2.6.1 and
analysed by flow cytometry.

HCT116
The annexin V-FITC flow cytometry results for HCT116 cells treated can be seen in Figure 4.7.
The cells in the upper left quadrant are taken as necrotic while those in either the upper or lower
right quadrant were taken to be apoptotic.
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Figure 4.7. Annexin V-FITC flow cytometry dot plots of HCT116 cells treated with either 200nM LTUSI116 or LTUSI54 or 25μM etoposide alone or in
combination. Cells hat stained positive for PI alone (upper left quadrant) are classed as necrotic while any cells that stained positive for annexin V-FITC
(upper and lower right quadrants) were classed as apoptotic.
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Basal levels of apoptosis was found to be 0.93% (Figure 4.8a.) the presence of either test
inhibitor alone showed no significant change to this basal level of apoptosis with 0.70 and 0.80%
of HCT116 cells staining positive for annexin V-FITC alone following 4 hours treatment with
LTUSI116 or LTUSI54 respectively. Treatment with etoposide alone for 4 hours showed no
significant change in apoptosis with 0.86% of cells staining positive for annexin V-FITC. The
presence of either test inhibitor resulted in no change to this with 0.86 and 1.08% of cells
observed to be apoptotic following combination treatment of etoposide with the addition of
LTUSI116 or LTUSI54, respectively.
Similarly, the number of cells that stained positive for PI following treatment with the test
inhibitors LTUSI116 (1.77%) and LTUSI54 (2.13%) showed no significant difference to the control
basal level of 2.52% (Figure 4.8b.). Once again, the basal level of necrosis was found to be
unaffected by the presence of etoposide following the 4 hour incubation (3.05% necrotic).
Furthermore, the presence of either test inhibitor showed no significant change to the levels of
necrosis when compared to either the control group or the etoposide alone treatment group
with 1.97% (LTU116) and 1.73% (LTUSI54) of cells staining positive for PI alone.
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Figure 4.8. Annexin V-FITC results of HCT116 cells following 4 hour treatment with either 25µM
etoposide or 200nM either test inhibitor alone or in combination. Graphs show the observed
percentage of cells in the population that were apoptotic (a) or necrotic (b). Any cells that
stained positive for annexin V-FITC (alone or both PI and annexin V-FITC positive) were classified
as apoptotic while cells that stained positive for PI only were classified as necrotic. Graph
indicates mean of three replicates ± SEM.
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T47D
The annexin V-FITC flow cytometry results for T47D cells treated can be seen in Figure 4.9. The
cells in the upper left quadrant are taken as necrotic while those in either the upper or lower
right quadrant were taken to be apoptotic.
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Figure 4.9. Annexin V-FITC flow cytometry dot plots of T47D cells treated with either 200nM LTUSI116 or LTUSI54 or 25μM etoposide alone or in
combination. Cells that stained positive for PI alone (upper left quadrant) were classed as necrotic while any cells that stained positive for annexin V-FITC
(upper and lower right quadrants) were classed as apoptotic.

Basal levels of apoptosis of T47D cells was found to be 2.60% (Figure 4.10a.) the presence of
either inhibitor alone showed no significant change to this basal level of apoptosis with 2.16%
T47D cells staining positive for annexin V-FITC following 4 hours treatment with either LTUSI116
or LTUSI54. Treatment with etoposide alone for 4 hours showed no significant change in
apoptosis levels with 2.07% of cells staining positive for annexin V-FITC. The presence of either
test inhibitor resulted in no change to this with 2.43 and 1.87% of cells observed to be apoptotic
following combination treatment of etoposide with addition of LTUSI116 or LTUSI54,
respectively.
Similarly, the number of T47D cells that stained positive for PI following treatment with the test
inhibitors LTUSI116 (1.71%) and LTUSI54 (1.37%) showed no significant difference to the control
basal level of necrotic cells with 0.80% staining positive for PI (Figure 4.10b.). Once again, the
basal level of necrosis was found to be unaffected by the presence of etoposide following the 4
hour incubation (1.37% necrotic). Furthermore, the presence of either test inhibitor showed no
significant change to the levels of necrosis when compared to either the control group or the
etoposide alone treatment group with 0.73% (LTUSI116) and 0.97% (LTUSI54) of cells staining
positive for PI.
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Figure 4.10. Annexin-V FITC results of T47D cells following 4 hour treatment with either 25µM
etoposide or 200nM either test inhibitor alone or in combination. Graphs show the observed
percent of cells in population that were apoptotic (a) or necrotic (b). Any cells that stained
positive for annexin V-FITC (alone or both PI and annexin V-FITC positive) were classified as
apoptotic while cells that stained positive for PI only were classified as necrotic. Graph indicates
mean of three replicates ± SEM.
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HeLa
The annexin V-FITC flow cytometry results for HeLa cells treated can be seen in Figure 4.11. The
cells in the upper left quadrant were taken as necrotic while those in either the upper or lower
right quadrant were taken to be apoptotic.
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Figure 4.11. Annexin V-FITC flow cytometry dot plots of HCT116 cells treated with either 200nM LTUSI116 or LTUSI54 or 25μM etoposide alone or in
combination. Cells that stained positive for PI alone (upper left quadrant) were classed as necrotic while any cells that stained positive for annexin V-FITC
(upper and lower right quadrants) were classed as apoptotic.

Basal levels of apoptosis when investigating the effects on HeLa cells was found to be 1.23%
(Figure 4.12a) the presence of either inhibitor alone showed no significant change to this basal
level of apoptosis with 1.30 and 1.23% of HeLa cells staining positive for annexin V-FITC alone
following 4 hours treatment with either LTUSI116 or LTUSI54 respectively. Treatment with
etoposide alone for 4 hours showed no significant change in apoptosis levels with 0.75% of HeLa
cells staining positive for annexin V-FITC. The presence of either test inhibitor resulted in no
change to this with 1.38 and 1.38% of cells observed to be apoptotic following combination
treatment of etoposide with addition of either LTUSI116 or LTUSI54, respectively.
Similarly, the number of HeLa cells that stained positive for PI following treatment with the test
inhibitors LTUSI116 (7.05%) or LTUSI54 (5.69%) showed no significant difference to the control
basal level of necrotic cells with 6.23% staining positive for PI (Figure 4.12b). Once again, the
basal level of necrosis was found to be unaffected by the presence of etoposide following the 4
hour incubation (7.17% necrotic). Furthermore, the presence of either test inhibitor showed no
significant change to the levels of necrosis when compared to either the control group or the
etoposide alone treatment group with 6.00% (LTUSI116) and 6.83% (LTUSI54) of cells staining
positive for PI.
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Figure 4.12. Annexin V-FITC results of HeLa cells following 4 hour treatment with either 25µM
etoposide or 200nM of either test inhibitor alone or in combination. Graphs show the observed
percentage of cells in the population that were apoptotic (a) or necrotic (b). Any cells that
stained positive for annexin V-FITC (alone or with both PI and annexin V-FITC positive) were
classified as apoptotic while cells that stained positive for PI only were classified as necrotic.
Graph indicates mean of three replicates ± SEM.
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4.3.3

Apoptosis Array

To further investigate the apoptotic effects of etoposide or LTUSI54 alone and in combination on
the HeLa cell line the R&D systems Human Apoptosis Array was utilised. This array allowed
investigation into the effect treatments had on multiple proteins involved in the apoptotic
pathways of cell death. Following 4 hours treatment cells were harvested, lysed and exposed to
the membranes as outlined in Section 2.9.1. Chemiluminesence detection with the Syngene G
Box was used to observe changes in protein expression.
A representative array membrane can be seen in Figure 4.13 along with the membrane template
and corresponding membrane coordinates. As can be seen from the membrane, many of the
proteins showed altered expression following 4 hours in the respective treatments. Pixel density
is directly proportional to the expression levels of the proteins investigated.
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Figure 4.13. a) Chemiluminescence detection of one set of duplicate array membranes following
application of HeLa cell lysate from cells treated with either control media, 200nM LTUSI54,
25μM etoposide alone or in combination for 4 hours. b) List of antibodies spotted on
membranes and corresponding spot coordinates.
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Protein levels that showed marked changes following combination
treatment with Etoposide and LTUSI54
Results from the arrays, can be divided into 2 distinct groups, those proteins that are activated
by etoposide alone, or those proteins activated only by the combination. Since the combination
treatment of HeLa cells with Etoposide and LTUSi54 has previously shown the most interesting,
the results presented below are specifically for this combination to determine the molecular
pathway that results in increased cell death. Pixel density is directly proportional to the
expression levels of each protein investigated.
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The mean basal levels of Claspin expression were found to be 10.15 pixels (Figure 4.14), neither
treatment with LTISI54 or etoposide alone significantly affected this with 10.79 and 11.15 pixels
respectively. Combination treatment resulted in a significant increase of Claspin when compared
to both the control and LTUSI54 alone treated cells, with a pixel density of 13.83 (p=0.0178 and
0.0085, respectively).
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Figure 4.14. Apoptosis array results for HeLa cell lysates Claspin expression following 4 hour
treatment with either LTUSI54 alone, etoposide alone or combination treatment of etoposide in
the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4 replicate antibody
spots. * indicates significant difference from control, # indicates treatment significantly different
to LTUSI54 alone treatment.
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The mean basal levels of Procaspase 3 in control lysate were found to be 113.40 pixels (Figure
4.15), again this was unaffected by the presence of either LTUSI54 or etoposide alone with mean
pixel densities of 101.50 and 119.40 respectively. The combination treatment of etoposide in the
presence of LTUSI54 resulted in a significant increase of procaspase 3 expression when
compared to either the control or LTUSI54 alone treatment with a mean pixel density of 145.5
(p=0.0348 and 0.0266 respectively).

200

#

Pixel density

*
150
100
50

Et
op
os
id
e

+

LT
U
SI
54

al
on
e

SI
54

Et
op
os
id
e

LT
U

C

on
tr
ol

0

Figure 4.15. Apoptosis array results for HeLa cell lysates Procaspase 3 expression following 4
hour treatment with either LTUSI54 alone, etoposide alone or combination treatment of
etoposide in the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4
replicate antibody spots. * indicates significant difference from control, # indicates treatment
significantly different to LTUSI54 alone treatment.
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The basal level of TRAIL R2/DR6 was found to be 7.11 in the control treatment group (Figure
4.16). The presence of LTUSI54 alone for the 4 hour treatment resulted in a significant decrease
in TRAIL R2/DR6 expression when compared to the control with 5.05 pixels, p=0.0090.
Conversely, etoposide alone treatment showed no significant change in TRAIL R2/DR6
expression compared to the control group (7.38 pixels, p=0.6418). However, combination
treatment resulted in a significant increase in TRAIL R2/DR6 expression when compared to
control (p=0.0092), LTUSI54 alone (p=0.0001) and etoposide alone (p=0.0082) with a pixel
density of 9.23.
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Figure 4.16. Apoptosis array results for HeLa cell lysates TRAIL R2/DR5 expression following 4
hour treatment with either LTUSI54 alone, etoposide alone or combination treatment of
etoposide in the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4
replicate antibody spots. * indicates significant difference from control, ^ indicates significantly
different to etoposide alone treatment, # indicates treatment significantly different to LTUSI54
alone treatment.
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The mean basal level of FADD in control cells was found to be 15.81 pixels (Figure 4.17). Neither
LTUSI54 nor etoposide alone treatment for 4 hours altered this expression significantly with
13.62 pixels (p=0.2431) and 14.47 pixels (p=0.4795), respectively. On the other hand,
combination treatment resulted in a significant increase of FADD expression when compared to
control (p=0.0351), LTUSI54 alone (p<0.0001) and etoposide alone (p=0.0004) with a pixel
density of 20.38.
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Figure 4.17. Apoptosis array results for HeLa cell lysates FADD expression following 4 hour
treatment with either LTUSI54 alone, etoposide alone or combination treatment of etoposide in
the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4 replicate antibody
spots. * indicates significant difference from control, ^ indicates significantly different to
etoposide alone treatment, # indicates treatment significantly different to LTUSI54 alone
treatment.
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The mean basal level of HO-1 expression was found to be 7.99 pixels in the control group (Figure
4.18). Once again this was not significantly altered by the presence of either LTUSI54 or
etoposide alone with expression levels of 7.26 (p=0.3247) pixels and 7.86 (p=0.8727) pixels,
respectively. However when used in combination LTUSI54 in the presence of etoposide resulted
in a significant expression of HO-1 when compared to control (p=0.0140), LTUSI54 alone
(p=0.0090) and etoposide alone (p=0.0288) treatments, with a pixel density of 10.62.
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Figure 4.18. Apoptosis array results for HeLa cell lysates HO-1 expression following 4 hour
treatment with either LTUSI54 alone, etoposide alone or combination treatment of etoposide in
the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4 replicate antibody
spots. * indicates significant difference from control, ^ indicates significantly different to
etoposide alone treatment, # indicates treatment significantly different to LTUSI54 alone
treatment.
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Basal levels of HTRA2/Omi in the control were found to be 14.54 pixels (Figure 4.19). Treatment
with etoposide alone for 4 hours had no effect on the expression of HTRA/Omi in HeLa cell lysate
compared to the control with a mean pixel density of 16.56 (p=0.1259). Conversely, treatment
with LTUSI54 alone for 4 hours resulted in a significant increase in HTRA/Omi expression with
15.78 pixels (p=0.0354 compared to control). This effect was further enhanced in the
combination treatment which had a pixels density of 20.04 for HTRA/Omi expression. That is a
significant increase when compared to the control (p<0.0001), LTUSI54 alone (p=0.0001) and
etoposide alone (p=0.0231) treatment.
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Figure 4.19. Apoptosis array results for HeLa cell lysates HTRA2/Omi expression following 4 hour
treatment with either LTUSI54 alone, etoposide alone or combination treatment of etoposide in
the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4 replicate antibody
spots. * indicates significant difference from control, ^ indicates significantly different to
etoposide alone treatment, # indicates treatment significantly different to LTUSI54 alone
treatment.
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The basal levels of TNF were found to be 2.33 pixels in the control group (Figure 4.20), both
LTUSI54 and etoposide alone treatment increased this expression to 2.80 pixels (p=0.0049) and
2.77 pixels (p=0.0025) respectively. This enhanced expression was synergistic in the combination
treatment which resulted in an expression level of 3.71 pixels. That is a significant increase when
compared to the control (p=0.0001), LTUSI54 alone (p=0.0007) and etoposide alone (p=0.0004)
treatment.
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Figure 4.20. Apoptosis array results for HeLa cell lysates TNF expression following 4 hour
treatment with either LTUSI54 alone, etoposide alone or combination treatment of etoposide in
the presence of LTUSI54. Graph indicates mean ± SEM of 2 array runs with 4 replicate antibody
spots. * indicates significant difference from control, ^ indicates significantly different to
etoposide alone treatment, # indicates treatment significantly different to LTUSI54 alone
treatment.
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Changes in Other Apoptotic Proteins Affected by Treatments
Some protein levels were altered by the different treatments however, combination treatment
was not significantly different to either etoposide or LTUSI54 alone or the control group, these
results are shown in Figure 4.21.
Livin
The basal levels of livin in the control HeLa cells were found to be 2.42 pixels (Figure 4.21a); all
three of the treatment groups resulted in a significant increase of livin when compared to the
control, with 3.26 pixels (p=0.0024), 3.28 pixels (p=0.0034) and 3.33 pixels (p=0.0011) for
LTUSI54 alone, etoposide alone and the combination treatment respectively. The expression
levels of livin did not differ significantly between these three treatment groups.
Bad
The basal level of Bad in the control HeLa cell lysate were found to be 8.47 pixels (Figure 4.21b);
neither treatment with LTUSI54 nor etoposide alone for 4 hours had a significant effect on Bad
expression compared to the control with pixel readings of 6.22 (p=0.3077) and 5.53 (p=0.1717).
Combination treatment had a mean pixel density of 7.25, which was not a significant increase
from either the control (p=0.5363) or the LTUSI54 alone (p=0.3201) treatment group though this
is a significant increase from the etoposide alone treatment group (p=0.0352).
Bax
The basal level of Bax in the control HeLa cell lysate were found to be 3.80 pixels (Figure 4.21c);
neither treatment with LTUSI54 nor etoposide alone for 4 hours had a significant effect on Bax
expression compared to the control with pixel readings of 2.95 (p=0.2882) and 3.36 (p=0.6102).
Combination treatment had a mean pixel density of 4.56, which was not a significant increase
from either the control (p=0.3759) or the etoposide alone (p=0.1161) treatment group, however,
it is a significant increase from the LTUSI54 alone treatment group (p=0.0246).
Catalase
The basal level of Catalase in the control HeLa cell lysate were found to be 2.16 pixels (Figure
4.21d); neither treatment with LTUSI54 nor etoposide alone for 4 hours had a significant effect
on Catalase expression compared to the control with pixel readings of 1.33 (p=0.3023) and 1.61
(p=0.4810). Combination treatment had a mean pixel density of 2.40, which was not a significant
increase from either the control (p=0.7814) or the LTUSI54 alone (p=0.1046) treatment group
though this was a significant increase over the etoposide alone treatment group (p=0.0459).
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HIF
The basal levels of HIF in the control HeLa cells was found to be 6.23 pixels (Figure 4.21e); all
three of the treatment groups resulted in an increase in HIF when compared to the control, with
8.37 pixels (p=0.0206), 8.54 pixels (p=0.0303) and 9.00 pixels (p=0.1011) for LTUSI54 alone,
etoposide alone and the combination treatment respectively. The expression levels of HIF did
not differ significantly between these three treatment groups.
HSP-60
The mean basal level of HSP-60 expression was found to be 15.35 pixels (Figure 4.21f); neither
treatment with LTISI54 or etoposide alone significantly affected this with 18.34 (p=0.2446) and
18.96 (p=0.1509) pixels respectively. Combination treatment resulted in a significant increase in
HSP-60 when compared to the control, with a pixel density of 20.77 (p=0.0396). There was no
significant difference in HSP-60 expression between the three different treatment groups.
HSP-70
The mean basal level of HSP-70 expression was found to be 19.78 pixels (Figure 4.21g); neither
treatment with LTISI54 or etoposide alone significantly affected this with 23.48 (p=0.2593) and
24.05 (p=0.2110) pixels respectively. Combination treatment resulted in a significant increase in
HSP-70 when compared to the control, with a pixel density of 27.66 (p=0.0464). There was no
significant difference in HSP-70 expression between the three different treatment groups.
p53
The basal level of phosphorylated p53 at Serine 15 in the control HeLa cell lysate were found to
be 1.41 pixels (Figure 4.21h); neither treatment with LTUSI54 nor etoposide alone for 4 hours
had a significant effect on phosphorylated p53 S15 expression compared to the control with
pixel readings of 1.28 (p=0.6377) and 1.74 (p=0.4077). Combination treatment had a mean pixel
density of 2.06, which was not a significant increase from either the control (p=0.1052) or the
etoposide alone (p=0.4518) treatment groups though this was a significant increase over the
LTUSI54 alone treatment group (p=0.0443).
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Figure 4.21. Apoptosis array results for HeLa cell lysate showing the expression levels of a) livin, b) Bad, c) Bax, d) Catalase, e) HIF, f) HSP-60, g) HSP-70 and
h) phosphorylated p53 (S15). Graphs indicate mean ± SEM of 2 array run with 4 replicate antibody spots. * indicates treatments significantly different to
control; ^ indicates combination treatment significantly different to etoposide alone treatment and # indicates combination treatment significantly
different to LTUSI54 alone treatment.

4.3.4

Summary of Results
Sub G1

The findings of the sub G1 analyses are summarised in Table 4.1. As can be seen from the results
4 hour treatment showed little change in the sub G1 population of each cell line. The only
exceptions to this were HCT116 cells treated with LTUSI116 alone (1.50 fold increase) and
etoposide in the presence of either LTUSI116 or LTUSI54 (1.66 and 1.24 fold increase,
respectively). Following 2 days recovery time it was clear that treatment with etoposide alone
for the initial 4 hours is enough to result in a significantly increased sub G1 population for each
cell line tested with the greatest effect observed on HCT116 cells followed by T47D cells and
finally HeLa cells. LTUSI116 alone had the most effect on sub G1 populations across the cell lines
tested with the only cell line unaffected by LTUSI116 alone being HeLa cells which showed 1.04
fold difference to the control. The only cell line to be significantly affected by the presence of
LTUSI54 alone following the 2 day recovery time was the T47D cell line which showed a 3.04 fold
increase in the sub G1 population when compared to the control group. The only combination
treatments which were found to be significantly greater than that of the etoposide alone
treatment were observed to be in HCT116 cells which were exposed to etoposide in the
presence of either test inhibitor (LTUSI116 11.17 fold and LTUSI54 31.11 fold increase to
control). Combination treatment of T47D cells with etoposide in the presence of LTUSI54
followed by 2 days recovery in LTUSI54 resulted in a 12.65 fold increase of sub G1 population
when compared to the control while etoposide alone treatment only had a 6.83 fold increase,
the trend suggests that this combination treatment also enhances the effect of etoposide on sub
G1 population, however, the statistics given by a two tailed unpaired students t test indicate that
it is not significant with the p value (0.0503) indicating borderline statistical significance.
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Cell
line
HCT116

T47D

HeLa

Treatment

4 hour treatment
Control LTUSI116 LTUSI54

Following 2 day recovery
Control

LTUSI116

LTUSI54

Control

1.00

1.50

1.08

1.00

12.46

1.28

Etoposide

2.51

1.66

1.24

8.91

11.17

31.11

Control

1.00

0.77

0.82

1.00

2.19

3.04

Etoposide

0.67

0.72

1.16

6.83

7.00

12.65

Control

1.00

0.82

1.08

1.00

1.04

0.93

Etoposide

1.27

1.20

1.62

5.34

4.79

6.49

Table 4.1 Summary of sub G1 analysis showing the fold difference in sub G1 population of
treated cells compared to the control group. Yellow significantly greater than control, Green
significantly greater than chemotherapeutic alone treatment.
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Annexin V-FITC
Table 4.2 shows the summary of the annexin V-FITC assay with the fold difference of each
treatment against the control group for both apoptosis and necrosis staining. Neither the
treatment with etoposide or test inhibitors (LTUSI116 or LTUSI54) alone had a significant effect
on the levels of apoptosis or necrosis based on physiological changes. Similarly, combination
treatment of etoposide with either test inhibitor showed no significant effect on the levels of
apoptosis or necrosis.

Cell
line

Apoptosis

Treatment

HCT116

T47D

HeLa

Table 4.2.

Necrosis

Control

LTUSI116

LTUSI54

Control

LTUSI116

LTUSI54

Control

1.00

0.75

0.86

1.00

0.70

0.85

Etoposide

0.93

0.93

1.16

1.21

0.78

0.67

Control

1.00

0.83

0.83

1.00

2.14

1.71

Etoposide

0.80

0.94

0.72

1.71

0.92

1.21

Control

1.00

1.05

1.00

1.00

1.13

0.91

Etoposide

0.61

1.12

1.12

1.15

0.96

1.10

Summary table of annexin V-FITC assay showing the fold difference between

apoptosis and necrosis of control cells and treatment groups. Fold difference calculated by
dividing the mean % of treated cells positive for either apoptosis or necrosis divided by the mean
% of control cells stained positive for apoptosis or necrosis.
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Apoptosis Array
The Human Apoptosis array was used to assess the expression of proteins involved in both
extrinsic and intrinsic apoptotic pathways. The results are summarised in Table 4.3. The array
found that the different treatments including etoposide alone, LTUSI54 alone and the
combination treatment resulted in an increased expression of both pro- and anti-apoptotic
proteins in both the intrinsic and extrinsic pathways. The expression of claspin, procaspase-3,
TRAIL R2/DR5, FADD, HO-1, HTRA2/Omi and TNF were most affected by the combination
treatment and as such are believed to play a role in the mechanism by which LTUSI54 enhances
the cytotoxic effect of etoposide on HeLa cells.
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Protein
Claspin
Pro-caspase 3
TRAIL R2/DR5
FADD
HO-1
HTRA2/Omi
Livin
TNF
Bad
Bax
Catalase
HIF
HSP-60
HSP-70
Phosphorylated
p53 S15

Fold difference to control
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide
LTUSI54 alone
Etoposide alone
LTUSI54 + Etoposide

1.06
1.09
1.36 *#
0.90
1.05
1.28 *#
0.71 *
1.04
1.30 *^#
0.86
0.92
1.29 *^#
0.91
0.98
1.33 *^#
1.09 *
1.14
1.39 *^#
1.35 *
1.36 *
1.38 *
1.20 *
1.19 *
1.59 *^#
0.73
0.65
0.86 ^
0.78
0.88
1.20 #
0.62
0.75
1.11 ^
1.34 *
1.37 *
1.44
1.19
1.24
1.35 *
1.19
1.22
1.40 *
0.91
1.23
1.46 #

Function
Upstream mediator of DNA damage cell
cycle checkpoint regulators [270].
Inactive form of caspase 3 which is involved
in pro-apoptotic pathway [271].
Receptor initiating extrinsic apoptotic
pathway [2].
DISC protein involved in extrinsic apoptosis
[3]
.
Pro-survival protein inhibiting apoptosis [272].
Pro-apoptotic protein release from
mitochondria [273].
Pro-survival protein involved in inhibiting
activation of caspase 3 [274].
Mediator of extrinsic apoptosis and necrosis
[275]
.
Pro-apoptotic Bcl-2 member [95].
Pro-apoptotic Bcl-2 member [95].
Pro-survival protein protecting against ROS
[276]
.
Pro-survival protein triggered by hypoxic
conditions [277].
Mitochondrial protein that promotes cell
survival [278].
Anti-apoptotic protein expressed
downstream of HIF-1 transcription [279].
Pro-apoptotic tumour suppressor protein
[280]
.

Table 4.3. Summary of proteins, and their functions, found to be significantly altered by
treatment, as assessed by the Apoptosis Array. Table shows fold differences between control
HeLa cells and treatment with either LTUSI54 or etoposide alone and in combination. * indicates
treatment different to control, ^ indicates combination treatment significantly different to
LTUSI54 alone treatment and # indicates combination treatment significantly different to
etoposide alone.
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4.4

Discussion

Investigation of sub G1 and annexin V-FITC analysis showed that early detection of apoptosis and
other forms of cell death were not very good indicators of the effects of any of the
chemotherapeutics or test inhibitors. However, the 2 day recovery period showed a more
accurate picture of the effects of these drugs. Etoposide treatment was found to increase the
sub G1 population in all cell lines tested while the test inhibitors LTUSI116 and LTUSI54 were
found to have cell line dependent effects. The apoptosis array indicated that etoposide
treatment results in molecular activation of both the intrinsic and extrinsic pathways of
apoptosis. The combination treatment of etoposide in the presence of LTUSI54 also activated
intrinsic and extrinsic pathways of apoptosis, up-regulating both pro-survival and apoptotic
proteins within each pathway.

Etoposide Treatment Results in Increased Sub G1 Population
All three cell lines investigated showed an increase in sub G1 population following treatment
with etoposide, either in the presence or absence of test inhibitors following the 2 day recovery
period. The chemotherapeutic effect of etoposide is characterized by a reduction in cell number
as a result of initiating apoptosis and mitotic catastrophe following an induction of G2 cell cycle
arrest [156]. Consistent with previous studies [156], treatment of HeLa cells with etoposide resulted
in a significant reduction in cell number and an increase in sub G1 population, most likely due to
an increase in apoptosis.
The results observed following 2 days recovery time show a significant increase in the sub G1
population in all cell lines investigated when exposed to etoposide for the initial 4 hour
treatment. The greatest increase was observed in HCT116 cells followed by T47D and finally
HeLa cell lines. The differences in cell line sensitivity to etoposide treatment could relate to the
stage of the cell cycle it primarily induces its toxic effect and the cycling time for each cell type,
such that cells with a longer doubling time may not pass through the phase of the cell cycle that
etoposide exerts its effect during the 4 hour treatment time. The mechanism of etoposide is to
stabilise the ‘cleavable complexes’ which result from normal topo II processes, resulting in DSBs
during the replication and transcription steps of proliferation. This damage is detected by the S
and G2/M checkpoints

[136]

. To observe any significant damage, the cell needs at least one cell

cycle for the damage to be induced, detected and repair attempted before the damaged cells
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are pushed into cell death. In the event of cell death, DNA content is diminished resulting in
reduced DNA staining and hence, the appearance of cells in the sub G1 population [243].
The Effect of LTUSI116, a Known DNA-PK Inhibitor, on the Sub G1 Population is Cell Line
Dependent
LTUSI116 alone was found to result in an increased sub G1 population of HCT116 cells following
the initial 4 hour treatment. The early detection of apoptosis and other forms of cell death have
been found to not truly represent the processes occurring in the cellular environment

[136]

, so

these results alone should not be relied upon to give light on the mechanism of LTUSI116.
However, following the 2 day recovery period, each cell line investigated showed a marked
increase in sub G1 populations following treatment with LTUSI116 alone when compared to the
control levels. This suggests that LTUSI116, known to inhibit DNA-PK activity, is in some way
promoting cell death. As there is always a basal level of cell damage, including DSBs as a result of
normal cellular processes, there is always a basal level of damage repair occurring to ensure only
healthy cells continue into the next cell cycle [281, 282]. The presence of a DNA-PK inhibitor, such as
LTUSI116, would inhibit the basal level of DSB repair and as a result initiate cell death.
The presence of LTUSI116 during the initial 4 hour treatment in the presence of etoposide as
well as in the 2 day recovery period resulted in a significant increase of sub G1 population in
HCT116 cells when compared to etoposide alone treated cells which were allowed to recover in
the absence of any test inhibitors. The presence of a DNA-PK inhibitor, such as LTUSI116, during
this time would mean that less repair via the DNA-PK dependent pathway (NHEJ) would occur as
DNA-PK would be inactivated. A reduction in successful repair results in more cells being pushed
towards cell death resulting in an increase in the sub G1 population. The combination
treatments of LTUSI116 and etoposide on T47D and HeLa cells resulted in a significant increase
of cells in sub G1 when compared to the control but did not differ greatly to the etoposide alone
treatment groups. One explanation for the lack of enhanced effect observed in T47D and HeLa
cells, yet observed in HCT116 cells, may be due to the a lack of specificity shown by LTUS116. It
is possible that LTUSI116 could interact with multiple proteins other than DNA-PK in the cellular
environment, including pro-survival proteins. Interaction of LTUSI116 with other cellular proteins
means that there is less LTUSI116 available for inhibition of DNA-PK. Additionally, the functions
of other proteins with which LTUS116 may interact can change the fate of a cell, and hence
would explain the observed results. If LTUSI116 was to up-regulate pro-survival proteins,
especially those of other repair pathways, there would be fewer cells pushed towards cell death
and hence fewer cells appearing in the sub G1 population.
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Different cell lines have been found to express varying levels of each cellular protein. One
example of this is the Bcl-2 members, which determine cell fate [283]. The inconsistency observed
between each cell line investigated may be explained by this fact. It could be that HCT116 cells
express lower basal levels of a protein that also interacts with LTUSI116 than that of T47D and
HeLa cells. This would mean that there is more LTUSI116 available to interact and inhibit DNA-PK
and its corresponding repair functions resulting in more cell death and diminished DNA content
observed in HCT116 treated cells yet not observed in T47D and HeLa cell lines. Again, this
reinforces the importance of target specificity needed in test inhibitors.
The Effect of LTUSI54 on the Sub G1 Population is Cell Line Dependent
Similar to LTUSI116, LTUSI54 showed a cell line dependent response on sub G1 populations.
When used alone for the full incubation time LTSUI54 showed no effect on sub G1 in HCT116 or
HeLa cell lines. However, when T47D cells were exposed to LTUSI54 for this period there was a
marked (3.05 fold) increase of cells in sub G1 when compared to the control. As LTUSI54 is
known to have no DNA-PK activity, it can be assumed the increase in cell death observed in T47D
cells is not due to a decrease in basal DSB repair by the NHEJ pathway as a result of DNA-PK
inhibition and must be working through some other mechanism. When used in combination with
etoposide on T47D cells and allowed 2 day to recover in the presence of LTUSI54 there was
almost double the percent of cells in sub G1 when compared to the etoposide alone treated
cells. This would indicate that LTUSI54 and etoposide have a synergistic effect when used on
T47D cells. Similarly, HCT116 cells treated with etoposide in the presence of LTUSI54 showed a
marked increase in sub G1 cells observed when compared to the etoposide alone treated cells.
This suggests that the damage induced by etoposide treatment is further enhanced by the
presence of LTUSI54 or alternatively the repair mechanisms activated by etoposide treatment
are inhibited in some way by the presence of LTUSI54. Both of these scenarios would account for
a greater number of cells with diminished DNA and viability and increased sub G1 population.
Combination treatment of HeLa cells with etoposide in the presence of LTUSI54 showed a
marked sub G1 increase to that of the control but no difference to that of etoposide alone
treated cells. This may be due to similar reasons that LTUSI116 showed cell line dependent
properties. As LTUSI54 is not known to inhibit DNA-PK activity the sensitisation of HeLa cells to
etoposide in its presence could be due to a multitude of possible interactions between LTUSI54
and cellular proteins. Hence, again the cell line dependent responses observed by treatment
with etoposide in the presence of LTUSI54 could be due to the basal levels of proteins within the
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cell both during the presence and absence of stress, such as that induced by etoposide
treatment.
Sub G1 Effects of Combination Treatment Doesn’t Always Correspond to a Change in Cell Number
Interestingly, combination treatment of etoposide and either LTUSI116 or LTUS54, which
resulted in an increased sub G1 population did not always correspond with a decrease in survival
as observed using the SRB assay and vice versa. The combination treatment of HCT116 cells with
etoposide and LTUSI116 resulted in a significant increase in cells in sub G1 when compared to
etoposide alone treatment, yet when comparing the same treatment time of 4 hour treatment
followed by 2 day recovery the overall cell number from the SRB results showed no significant
difference between the two treatment groups. Similarly, any cells treated with LTUSI116 alone
showed no significant reduction in overall cell number in the SRB assay yet treatment of each
cell line with LTUSI116 alone resulted in an increase of sub G1 cells when compared to the
control. The treatment of HCT116 cells with etoposide in the presence of LTUSI54 showed
marked increase in sub G1 which also corresponds to a decrease of overall cell number observed
in the SRB analysis. However, treatment of HeLa cells with the same combination, etoposide plus
LTUSI54, showed a marked decrease in overall cell number when compared to the etoposide
alone treatment yet there was no corresponding increase in sub G1 observed. While the SRB
assay indicates the number of cells present in a population, it does not distinguish between
viable and non-viable, or proliferative and non-proliferative cells. The SRB assay will stain any cell
attached to the bottom of the well, cells that are apoptotic or in another state that results in
them detaching from the well surface, will be washed off the plate during the washing steps of
the SRB assay. Conversely, in the sub G1 assay, the culture media, which would contain the
detached cells, is collected and those cells are included in the assessment of the treatment
group. While a cell in sub G1 population may not be a cycling cell, it can still be stained by SRB
and hence counted in the overall cell population. For this reason an increased sub G1 population
may not always correspond to a decreased overall cell number.
Four Hour Incubation is Insufficient to observe Apoptotic and Necrotic Changes in the Cells
The lack of increased sub G1 observed following the initial 4 hour treatment indicates that the
damage inflicted by etoposide is not instantaneous. This is to be expected as previous studies
[284-286]

have found that it is characteristic for etoposide to induce a G2 block. Hence cells need

time to pass through the G2 checkpoint to be assessed for damage before repair can be
attempted and unrepaired cells pushed into apoptosis and eventually become part of the sub G1
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population. As mentioned previously, the cell cycle duration for the cell lines investigated range
from 20-46 hours

[254-256, 258-260]

. Hence the 4 hour treatment time is not long enough to have

enough cells move, or attempt to transition, through the G2 checkpoint where the damage
induced by etoposide would be detected, cells arrested, repair attempted and cell fate decided.
This point is easily observed in results obtained following 2 days recovery which would be long
enough for damage to be induced, detected and cell fate decided resulting in a detectable
increase in the sub G1 population.
Similarly, the annexin V-FITC assay showed no significant effects on apoptosis or necrosis
following treatment with either etoposide alone or in combination with the test inhibitor
following the 4 hour incubation. Previous studies

[136]

have shown early detection of apoptosis

has not always been a true indicator of cell death. This appears to be the case in this study as the
survival results (Chapter 3) found that neither of the combinations that the annexin assay
showed to be significant had an effect on overall cell number. As mentioned, some treatments
require at least one cell cycle for the damage to be detected and apoptotic pathways activated
and the changes in cell integrity to occur. As the annexin V-FITC assay relies upon the
characteristic changes in cell permeability to determine mechanism of cell death the 4 hour
incubation period is insufficient. However, studies have shown that etoposide initiates apoptotic
pathways within this time frame. Hence, further investigation into the biochemical pathways
activated by etoposide treatment and the effect the presence of the test inhibitors have on such
pathways was further investigated.
LTUSI54 Affects both Intrinsic and Extrinsic Pathways of Apoptosis when used in Combination
with Etoposide
As the combination of most interest has turned out to be etoposide in the presence of LTUSI54,
due to its enhanced sensitisation of both HCT116 and HeLa cells and the lack of corresponding
sub G1 increase, this combination was used to further investigate the molecular effects on
apoptotic pathways in HeLa cells. The array results show that LTUSI54 when in combination with
etoposide has an effect on both the intrinsic and extrinsic pathways of apoptosis.
Figure 4.25 hypothesises the apoptotic pathways affected by the combination treatment of HeLa
cells with etoposide in the presence of LTUSI54. Both TRAIL and TNF expression was increased in
the combination treatment when compared to either etoposide or LTUSI54 alone treatment.
Binding of them to their corresponding receptors results in the recruitment of DISC proteins,
including FADD

[287, 288]

. Combination treatment of HeLa cells with etoposide in the presence of
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LTUSI54 resulted in an increase in the expression of FADD, hence, the increase of TRAIL and TNF
expression resulting from combination treatment flowed on downstream of the extrinsic
pathway. Recruitment of DISC proteins such as FADD results in increase of caspase-8 which has
been shown to activate caspase-3, from its inactive precursor procaspase-3

[112, 113, 271, 289, 290]

.

Combination treatment was shown to increase the expression levels of procaspase-3, if analysis
was done at a later time point it would be expected that an increase in caspase 3 activity would
be observed and thus lead to apoptosis. Additionally, caspase-8 activation by DISC proteins leads
to the conversion of Bid to tBid (truncated Bid), which then goes on to activate the intrinsic
pathway of apoptosis [288]. Permeabilisation of the mitochondrial membrane leads to the release
of apoptotic mitochondrial proteins including DIABLO, HTRA2 and cytochrome C [100, 291-293]. The
combination treatment resulted in a significant increase of HTRA2 expression levels (greater
than that of the increase observed by LTUSI54 alone treatment). These proteins activate
caspase-9 and inhibit IAPs which again leads to activation of caspase-3 and thus apoptosis [294].
Since the combination treatment is activating both intrinsic and extrinsic pathways of apoptosis
it raises the question: why are we not seeing an increase in apoptotic characteristics such as
increased sub G1 population (a measure of overall cell death including that resulting from
apoptosis)? This can be answered in part by other proteins, whose expression levels were
increased in combination treatment compared to both control as well as etoposide alone and
LTUSI54 alone treatment – that is HO-1. Following activation of death receptors by the binding
of TRAIL and TNF and the recruitment of DISC proteins there are some intermediate steps which
promote survival. These include the activation of NF-kB/AP-1 in the nucleus, such activation
leads to the expression of survival proteins including IAPs and HO-1. Activation of these survival
proteins leads to the inhibition of apoptosis [272]. Results obtained showed that the combination
treatment was the only treatment to significantly enhance the expression of HO-1 which would
result in inhibition of apoptosis. Similarly, all three treatments resulted in an increase in
apoptosis inhibition by increasing the expression of the protein livin. Livin is an IAP inhibitor of
caspsase-3 activation and as such inhibits caspase-3 dependent apoptosis in any cells
experiencing stress [274]. The activation of livin by all three treatments including the combination
treatment may be the reason there was an observed increase in procaspase-3 expression with
no corresponding increase in cleaved caspase-3 expression. This along with the increased
expression of HO-1 which inhibits apoptosis may account for the lack of increased apoptotic
characteristics expected from the annexin V-FITC and sub G1 analysis, in a treatment that
showed an overall reduction in cell number when compared to etoposide alone treatment.

156

Hence, further investigation into the mechanism by which LTUSI54 is enhancing the efficacy of
etoposide were investigated, starting with the repair of DNA damage.

Extrinsic

Intrinsic

Figure 4.25. Schematic representation of apoptotic pathways affected by combination treatment
of etoposide in the presence of LTUSI54 based on results obtained from R&D Systems Apoptosis
array kit. Black arrows indicate activation while red lines with blunt ends indicate inhibition.
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Chapter Five
Flow Cytometry Analysis of γ-H2AX
Expression as an Indication of DNA
Damage
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5.1

Introduction

As discussed previously in Section 1.3 DNA damage can take many forms including base
deletion/addition/substitution, DNA adducts, single strand DNA breaks and the most lethal of all
DSBs. DSBs are so lethal to a cell that one unrepaired DSB will result in cell death [193, 295]. Hence,
the detection and repair of DSBs is of great importance to cell survival. For this reason, the DSB
repair pathways are a desirable target for inhibition to improve the efficacy of current
chemotherapeutic agents. One of the first responses following induction of DSBs is the
phosphorylation of histone H2AX to γ-H2AX at the site of each DSB [269, 296]. Induction of DSBs by
chemotherapeutic agents, such as etoposide, leads to rapid phosphorylation of H2AX at Ser 139
by ATM, ATR and DNA-PKcs resulting in γ-H2AX

[296]

. The foci formed by γ-H2AX result in the

accumulation of damage response proteins to initiate DNA repair [296].

5.1.1

Detection of DSBs by Flow Cytometry Analysis of γ-H2AX Foci

Phosphorylation of H2AX is specific to the sites of DNA damage and has been found to flank each
DSB in a cell’s DNA following treatment with DSB inducing chemotherapeutics

[269, 296]

such as

etoposide. Detection of γ-H2AX by fluorescently tagged antibodies has become the gold
standard to detect DSBs and as there is a 1:1 correspondence between the number of γ-H2AX
foci and the number of double strand breaks it can also be used to quantify the number of DSBs
[269, 296]

. The intensity of γ-H2AX staining by flow cytometry analysis is proportional to the number

of DSBs, in the same way that the number of γ-H2AX foci (one per DSB) visible under microscopic
examination corresponds to the number of DSBs.

5.2

Research Objectives

The action of most chemotherapeutics is to disrupt the integrity of DNA replication
consequently, one target area of interest in developing chemosensitisers is to inhibit the repair
of such damage. In the previous chapters the test inhibitors have shown mixed results and
efficacy. The most consistent combination that has shown chemosensitisation has been
etoposide in the presence of LTUSI54 on HeLa cells. For this reason, the combination of
etoposide and LTUSI54 was tested on HCT116, T47D and HeLa cell lines for further investigation
into LTUSI54’s mechanism of action, as it has previously been shown to have no activity against
DNA-PK. As LTUSI116 was found to be the most effective test inhibitor against DNA-PK (Section
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1.5.1), it was also investigated to see its effect on DSB repair. Similarly, some other combinations
of interest as determined by the SRB results were investigated for their effects on DSB repair.

5.3

Results
5.3.1

Flow Cytometric Analysis of γ-H2AX Foci in Cells Treated with

Etoposide
Flow cytometric analysis of γ-H2AX staining was used to determine DSB formation in HCT116,
T47D and HeLa cells treated with etoposide in the presence and absence of either LTUSI116 or
LTUSI54. Cells were assayed for γ-H2AX following either 4 hours treatment with etoposide in the
presence of each test inhibitor, or 4 hours treatment (etoposide plus inhibitor) followed by 2
days recovery in the presence of inhibitors alone. Some other combinations of interest were also
analysed for particular cell lines as indicated.

HCT116
The histograms of HCT116 cells treated with either etoposide, LTUSI116 or LTUSI54 alone or in
combination can be seen in Figure 5.1. Following the initial 4 hour treatment (Figure 5.1a), all
treatment groups with the exception of LTUSI116, displayed a single peak with the profile of the
control and LTUSI54 alone treated cells having a slight shoulder to the left. The only treatments
following 4 hours to have any cells stain positive for γ-H2AX, and therefore DSBs, was etoposide
alone or in combination with either test inhibitor. The profile of these treated cells showed a
single peak with a γ-H2AX staining intensity significantly greater than that of the control. This
single peak in the γ-H2AX positive gate suggests that the majority of HCT116 cells in these
treatment groups contained DSBs. Following the 2 day recovery period (Figure 5.1b), the control
and LTUSI54 alone treated cells once again showed a single peak in the gate negative for γ-H2AX.
However, it was more defined without the shoulder observed following the initial treatment.
The additional 2 day exposure to LTUSI116 alone once again resulted in two observable peaks
that were within the basal γ-H2AX staining intensity. All three treatment groups exposed to
etoposide showed two peaks when allowed 2 days to recover from the damage. One peak was
within the DSB positive staining area and one was within the DSB negative area, this indicates
that the 2 day recovery time is enough for some repair of etoposide induced DSB in HCT116
cells. The heightened γ-H2AX positive peak in the combination treatment of etoposide in the
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presence of LTUSI116 when compared to etoposide alone treatment suggests that LTUSI116 may
be interfering with the repair of DSBs.
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a)

Control

Etoposide

LTUSI116

LTUSI54

Etoposide + LTUSI116

Etoposide + LTUSI54
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b)

Control

Etoposide

LTUSI116

LTUSI54

Etoposide + LTUSI116

Etoposide + LTUSI54
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Figure 5.1. Flow cytometry results of HCT116 cells stained for γ-H2AX following a) 4 hour treatment with etoposide, 200nM LTUSI54 or 200nM LTUSI116
alone and in combination or b) 4 hour treatment followed by 2 days recovery. Left hand gate indicates cells negative for γ-H2AX antibody, right hand gate
indicates cells positive for γ-H2AX antibody.

Following 4 hours treatment (Figure 5.2a), the control group of HCT116 cells was found to have
a basal level of DSBs with 9.8% of cells staining positive for γ-H2AX. After 4 hours treatment,
LTUSI54 was found to have no significant effect on DSBs with 10.5% of cells staining positive for
γ-H2AX, nor did LTUSI116 with 7%. The presence of etoposide alone for 4 hours resulted in a
dramatic increase in DSBs with 87.6% staining positive for γ-H2AX (p<0.0001); this effect was
neither enhanced nor inhibited by the presence of LTUSI54 with 86.3% HCT116 cells staining
positive for γ-H2AX in the combination treatment. The presence of LTUSI116 during the 4 hour
treatment of HCT116 cells with etoposide resulted in a significant reduction in DSBs with only
81.8% of cells staining positive (p=0.0101).
Following 2 days recovery (Figure 5.2b), the basal level of DSBs in the HCT116 population was
found to be 2.6%. Treatment of LTUSI116 for this period of time resulted in a significant increase
with 3.7% of cells staining positive for γ-H2AX (p=0.0119). However, treatment with 200nM
LTUSI54 alone both for the initial treatment and recovery time had only 3.1% cells stain positive
for DSBs, which is not significantly different to the control group. Following treatment of HCT116
cells with etoposide alone for 4 hours and 2 days recovery, 40.8% of cells were still staining
positive for γ-H2AX (p<0.001 when compared to control). The presence of LTUSI116 during this
treatment time significantly enhanced the effects of etoposide on the number of DSBs with
52.2% of HCT116 cells staining positive for γ-H2AX (p=0.0332 compared to etoposide alone
treatment). Conversely, the combination treatment of etoposide and LTUSI54 resulted in a
reduction in cells that stained positive for γ-H2AX when compared to the etoposide alone
treatment with only 39.1% (p=0.0447).
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Figure 5.2 HCT116 cells that have stained positive for γ-H2AX as determined by flow cytometry
following a) 4 hour treatment with etoposide, 200nM LTUSI116 or 200nM LTUSI54 alone and in
combination or b) 4 hour treatment followed by 2 days recovery. Graphs indicate mean of three
replicates ± SEM. * indicate treatments significantly different to control, ^ indicates when
combination treatment significantly differs to chemotherapeutic alone treatment.
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T47D
The histograms of T47D cells treated with etoposide, LTUSI116 or LTUSI54 alone or in
combination can be seen in Figure 5.3. Following the initial 4 hour treatment (Figure 5.3a), all
treatment groups displayed a single peak. The only treatments following 4 hours to have any
cells stain positive for γ-H2AX, and therefore DSBs, was etoposide alone or in combination with
either test inhibitor. The profile of these treated cells showed a single peak with a γ-H2AX
staining intensity significantly greater than that of the control. This single peak in the γ-H2AX
positive gate suggests that the majority of T47D cells in these treatment groups contained DSBs.
Following the 2 day recovery period (Figure 5.3b), the control, LTUSI116 alone and LTUSI54
alone treated cells once again showed a single peak in the gate negative for γ-H2AX. All three
treatment groups exposed to etoposide showed two peaks when allowed 2 days to recover from
the damage. One peak was within the DSB positive staining area and one was within the DSB
negative area, this indicates that the 2 day recovery time is enough for some repair of etoposide
induced DSB in T47D cells. It is not possible to define any differences between the raw profiles of
these treatment groups to suggest whether the presence of either test inhibitor had an effect on
the repair of DSBs.
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a)

Control

Etoposide

LTUSI116

LTUSI54

Etoposide + LTUSI116

Etoposide + LTUSI54
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b)

Control

Etoposide

LTUSI116

LTUSI54

Etoposide + LTUSI116

Etoposide + LTUSI54
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Figure 5.3. Flow cytometry results of T47D cells stained for γ-H2AX following a) 4 hour treatment with etoposide, 200nM LTUSI54 or 200nM LTUSI116 alone
and in combination or b) 4 hour treatment followed by 2 days recovery. Left hand gate indicates cells negative for γ-H2AX antibody, right hand gate
indicates cells positive for γ-H2AX antibody.

The results for the 4 hour treatment of T47D cells can be seen in Figure 5.4a. The basal level of
DSBs as indicated by the control cells positive for γ-H2AX was found to be 12.5%. Treatment of
T47D cells with 200nM of either LTUSI116 or LTUSI54 had no effect on the number of cells that
stained positive for γ-H2AX, with 9.8 and 18.1% respectively. The presence of etoposide in the 4
hour treatment resulted in a significant increase (p<0.0001) in cells that stained positive when
compared to the control with 86.6%. Combination treatment of etoposide and LTUSI116 over
the 4 hour treatment resulted in a slight increase in cells that stained positive for DSBs with
90.7%. However, combination treatment of etoposide in the presence of 200nM LTUSI54
showed no variation from the etoposide alone treatment with 86.8% staining positive for γH2AX.

When T47D cells were allowed 2 days to recover (Figure 5.4b) from treatment with 25μM
etoposide, there was still a significant number, 33.2%, that stained positive for γ-H2AX when
compared to the basal level, 2.1% (p =0.0017). Treatment of T47D with 200nM of either
LTUSI116 or LTUSI54 alone for the initial 4 hours treatment and the 2 day recovery period
resulted in a significant increase in T47D cells staining positive for γ-H2AX when compared to the
control treatment, both with 4.2% and p values of 0.0035 and 0.0359, respectively. Combination
treatment of etoposide and LTUSI116, followed by 2 days recovery in the presence of 200nM
LTUSI116, resulted in a insignificant increase of DSBs, 38.8%, when compared to the etoposide
alone treated cells. Similarly, the combination treatment of etoposide and LTUSI54 followed by 2
day recovery in the presence of 200nM LTUSI54, had no significant increase of cells that stained
positive for γ-H2AX with only 34.4%.
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Figure 5.4. T47D cells that have stained positive for γ-H2AX as determined by flow cytometry
following a) 4 hour treatment alone with etoposide, 200nM LTUSI116 or 200nM LTUSI54 alone
and in combination or b) 4 hour treatment followed by 2 days recovery. Graphs indicate mean of
three replicates ± SEM. * indicates treatments that significantly differ to control, ^ indicates
combination treatments that differ significantly to chemotherapeutic alone treatment.
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HeLa
The histograms of HeLa cells treated with etoposide, LTUSI116 or LTUSI54 alone or in
combination can be seen in Figure 5.5. Following the initial 4 hour treatment (Figure 5.5a), all
treatment groups displayed a single peak with the profile of the control and LTUSI54 alone
treated cells having a slight shoulder to the right. The only treatments following 4 hours to have
any cells stain positive for γ-H2AX, and therefore DSBs, were etoposide alone or in combination
with either test inhibitor. The profile of HeLa cells treated with etoposide alone or in
combination with LTUSI54 showed a single peak with a γ-H2AX staining intensity significantly
greater than that of the control. The treatment of HeLa cells with etoposide in the presence of
LTUSI116 showed two peaks with the majority of cells falling in the γ-H2AX positive gate. The γH2AX staining of all three treatments that included etoposide showed the majority of cells in the
positive gate, suggesting that the majority of HeLa cells in these treatment groups contained
DSBs. Following the 2 day recovery period (Figure 5.5b), the control, LTUSI116 and LTUSI54
alone treated cells once again showed a single peak in the gate negative for γ-H2AX. Both
combination treatment groups showed two peaks when allowed 2 days to recover from the
damage. However, there was not as much distinction between a positive and negative γ-H2AX
peak as observed with the other two cell lines, but this does indicate that the 2 day recovery
time is enough for some repair of etoposide induced DSB in HeLa cells.
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a)

Control

Etoposide

LTUSI116

LTUSI54

Etoposide + LTUSI116

Etoposide + LTUSI54
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b)
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Etoposide
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LTUSI54

Etoposide + LTUSI116
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Figure 5.5. Flow cytometry results of HeLa cells stained for γ-H2AX following a) 4 hour treatment with etoposide, 200nM LTUSI116 or 200nM LTUSI54 alone
and in combination or b) 4 hour treatment followed by 2 days recovery. Left hand gate indicates cells negative for γ-H2AX antibody, right hand gate
indicates cells positive for γ-H2AX antibody.

The basal level of DSBs in HeLa cells following the 4 hour treatment (Figure 5.6a) was found to
be 5.3%. The presence of 200nM LTUSI116 or LTUSI54 during the 4 hour period had no
significant effect on the number of HeLa cells that stained positive for γ-H2AX, with 3.8 and 7.2%
respectively. Exposure of HeLa cells to 25μM etoposide alone for 4 hours resulted in a significant
(p<0.0001) increase in DSBs with 79.8% of cells staining positive for γ-H2AX. The presence of
200nM LTUSI54 during treatment with etoposide had no significant effect on γ-H2AX expression
when compared to the etoposide alone treatment group, with 79.8% of cells staining positive for
DSBs. Similarly, the combination treatment of etoposide and 200nM LTUSI116 for 4 hours
resulted in no significant difference in cells that stained positive for DSBs (80.6%) when
compared to the etoposide alone treatment.

When HeLa cells were allowed to recover for 2 days (Figure 5.6b), following the initial 4 hour
treatment with 25μM etoposide there was still a significant (p<0.0001) number of cells that
stained positive for γ-H2AX (15.4%) when compared to the basal levels of 3.2%. LTUSI116 alone
treated cells had a significant increase in γ-H2AX positive cells, 22.2%, when compared to the
control group with a p value <0.0001. The combination of 25μM etoposide and 200nM LTUSI116
resulted in a significant increase of HeLa cells that stained positive for DSBs, 74.5%, when
compared to the etoposide alone treated cells, p<0.0001. The presence of 200nM LTUSI54
during the initial treatment of HeLa cells with etoposide and during the 2 day recovery period
had no significant difference when compared to the etoposide alone treated cells. Similarly, the
treatment of HeLa cells with 200nM LTUSI54 alone for the initial 4 hour treatment and additional
2 day recovery time had no significant change in the number of cells that stained positive for γH2AX, 7.3%, when compared to the basal control levels.
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Figure 5.6. HeLa cells that have stained positive for γ-H2AX as determined by flow cytometry
following a) 4 hour treatment alone with etoposide, bleomycin, 200nM LTUSI54 or 200nM
LTUSI116 alone and in combination or b) 4 hour treatment followed by 2 days recovery. Graphs
indicate mean of three replicates ± SEM. * indicates treatments that significantly differ to
control, ^ indicates combination treatments that differ significantly to chemotherapeutic alone
treatment.
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5.3.2

Flow Cytometric Analysis of γ-H2AX Foci in Cells Treated with Other

Chemotherapeutic Agents
HCT116
The histograms of HCT116 cells treated with bleomycin, doxorubicin or LTUSI54 alone or in
combination can be seen in Figure 5.7. Following the initial 4 hour treatment (Figure 5.5a), all
treatment groups displayed a single peak. The only treatments which resulted in cells staining
positive for DSBs were those that contained either bleomycin or doxorubicin, both alone and in
combination with LTUSI54, however, HCT116 cells treated with bleomycin showed a much
clearer positive staining for DSBs than those cells treated with doxorubicin, suggesting that
doxorubicin does not induce as many DSBs as bleomycin in the 4 hour treatment time. Following
the 2 day recovery period (Figure 5.7b), the control and LTUSI54 alone treated cells once again
showed a single peak in the gate negative for γ-H2AX. Cells exposed to bleomycin either alone or
in combination with LTUSI54 showed a marked return to basal levels with a single peak.
Conversely, cells exposed to doxorubicin both alone and in combination with LTUSI54 showed a
profile containing two peaks, one in the DSB positive gate and one in the DSB negative gate.

181

a)

Control

LTUSI54

Bleomycin
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Figure 5.7. Flow cytometry results of HCT116 cells stained for γ-H2AX following a) 4 hour treatment alone with, doxorubicin, bleomycin, 200nM LTUSI54 or
200nM LTUSI116 alone and in combination or b) 4 hour treatment followed by 2 days recovery. Left hand gate indicates cells negative for γ-H2AX antibody,
right hand gate indicates cells positive for γ-H2AX antibody.

Treatment of HCT116 cells with doxorubicin or bleomycin for 4 hours (Figure 5.8a) also resulted
in a significant increase in the number of cells that stained positive for γ-H2AX when compared
to the untreated control with 54.4 and 96.3% of cells staining positive for γ-H2Ax respectively,
both with p<0.0001. The presence of LTUSI54 during the 4 hour treatment of HCT116 cells with
doxorubicin resulted in no significant change in the number of DSBs with 49.4% of cells staining
positive for γ-H2AX (p=0.3159) . On the other hand, combination treatment of bleomycin and
LTUSI54 for 4 hours, resulting in 97.7% cells staining positive, had a significantly different effect
than the treatment with bleomycin alone with a p value of 0.0274.

Treatment of HCT116 cells with doxorubicin alone for 4 hours and allowed to recover for 2 days
(Figure 5.8b) resulted in 47.4% of cells staining positive for DSBs, significantly greater than that
of the control group (p<0.0001). The presence of 200nM LTUSI54 during this period showed no
significant difference to doxorubicin alone treatment with 45.6% of cells staining positive for γH2AX. Similarly, treatment of HCT116 cells with bleomycin for 4 hours and allowed 2 days
recovery resulted in 52.5% of cells staining positive for DSBs, a significant increase when
compared to the control group (p=0.0295). Again, the presence of LTUSI54 during this treatment
had no significant effect on the results of bleomycin alone with the combination treatment
resulting in 51.2% of cells staining positive for γ-H2AX.
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Figure 5.8. HCT116 cells that have stained positive for γ-H2AX as determined by flow cytometry
following a) 4 hour treatment alone with doxorubicin, bleomycin or 200nM LTUSI54 alone and in
combination or b) 4 hour treatment followed by 2 days recovery. Graphs indicate mean of three
replicates ± SEM. * indicate treatments significantly different to control, ^ indicates when
combination treatment significantly differs to chemotherapeutic alone treatment.
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HeLa
The histograms of HeLa cells treated with either bleomycin or LTUSI116 alone or in combination
can be seen in Figure 5.9. Following the initial 4 hour treatment (Figure 5.9a), all treatment
groups displayed a single peak with the profile of the control and LTUSI116 alone treated cells
contained within the DSB negative staining gate. The treatment of HeLa cells with bleomycin,
either alone or in combination with LTUSI116 showed a single peak with a γ-H2AX, and therefore
DSB, staining intensity significantly greater than that of the control.
Following the 2 day recovery period (Figure 5.9b), the control and LTUSI116 alone treated cells
once again showed a single peak in the gate negative for γ-H2AX. Both combination treatment
groups showed a less defined single peak that had started to shift back towards the negative DSB
staining gate, with some cells observed within each gate, indicating that some DSB repair has
taken place during the 2 day recovery time.

Figure 5.9. Flow cytometry results of HeLa cells stained with γ-H2AX following a) 4 hour
treatment with bleomycin and 200nM LTUSI54 alone and in combination or b) 4 hour treatment
followed by 2 days recovery. Left hand gate indicates cells negative for γ-H2AX antibody, right
hand gate indicates cells positive for γ-H2AX antibody.
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As can be seen in Figure 5.10a exposure of HeLa cells to 3μg/ml bleomycin alone for 4 hours
resulted in a significant increase in the number of cells that stained positive for γ-H2AX with
96.5% when compared to the basal level of 5.3% (p<0.0001). The presence of 200nM LTUSI116
during treatment with bleomycin resulted in no significant change when compared to the
chemotherapeutic alone treatment with 96.2% of HeLa cells staining positive for γ-H2AX.
Following 2 days recovery (Figure 5.10b) from the initial treatment of 3μg/ml bleomycin there
were still 77.1% of HeLa cells that stained positive for γ-H2AX. That is a significant increase when
compared to the basal level of 3.2% in the control group. The presence of 200nM LTUSI116
during the initial treatment of HeLa cells with bleomycin followed by the 2 day recovery time
had no significant effect when compared to bleomycin alone. Treatment of HeLa cells with
200nM LTUSI116 alone for the initial 4 hour treatment and additional 2 day recovery time
resulted in a significant increase in cells staining positive for DSBs when compared to the control
with 22.16% (p<0.0001).
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Figure 5.10. HeLa cells that have stained positive for γ-H2AX as determined by flow cytometry
following a) 4 hour treatment alone with bleomycin or 200nM LTUSI116 alone and in
combination or b) 4 hour treatment followed by 2 days recovery. Graphs indicate mean of three
replicates ± SEM. * indicates treatments that significantly differ to control, ^ indicates
combination treatments that differ significantly to chemotherapeutic alone treatment.
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5.3.3

Summary of Results
DSB Results Following Treatment with Etoposide in Presence and
Absence of either LTUSI116 or LTUSI54

A summary of the results for each cell line following treatment with etoposide in the presence
and absence of LTUSI116 or LTUSI54 for 4 hour treatment as well as when given 2 days recovery
is given in Table 5.1. Table 5.1 also shows the fold difference between the two treatment times
indicating how much DSB repair occurs in the 2 day recovery time. Fold difference is calculated
by dividing the mean percent cells stained positive for γ-H2AX following initial 4 hour treatment
divided by mean percent cells stained positive for γ-H2AX following 2 day recovery time.
It can be seen that treatment of either cell line with etoposide resulted in a significant increase
in DSBs when compared to the control groups. Similarly, each cell line had fewer cells staining
positive for DSBs when given the 2 days to recover from etoposide treatment. However, they all
had a significant number of DSBs remaining when compared to the control group.
LTUSI116 was shown to prolong the repair of DSBs induced by etoposide in both HCT116 and
HeLa cell lines, with a significant increase of γ-H2AX staining still present following the 2 day
recovery time when compared with the etoposide alone treatment. On the other hand, LTUSI54
was found to have no effect on the rate at which DSBs were repaired, as combination
treatments of etoposide plus LTUSI54 had no significant difference to etoposide alone
treatments on any cell line.
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HCT116

T47D

HeLa
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4 hour

2 day
recovery

F.D

4 hour

2 day
recovery

F.D

4 hour

2 day
recovery

F.D

Etoposide

87.6

40.8

2.1

86.6

33.2

2.6

79.8

15.4

5.1

LTUSI116

7.1

3.7

1.9

9.8

4.2

2.3

3.8

22.2

0.2

LTUSI54

10.5

3.1

3.4

18.1

4.2

4.3

7.2

2.7

2.7

Etoposide + LTUSI116

81.8

52.2

1.6

90.7

38.8

2.3

80.6

74.5

1.1

Etoposide + LTUSI54

86.3

39.1

2.2

86.8

34.4

2.5

79.8

16.3

4.9

Table 5.1 Cells staining positive for DSBs as indicated by γ-H2AX staining following 4 hour treatment alone or 4 hour treatment with 25μM etoposide in the
presence and absence of either 200nM LTUSI116 or LTUSI54 with 2 days recovery. F.D = fold difference between 4 hour treatment and 2 day recovery
(mean γ-H2AX positive following 4 hour treatment/ mean γ-H2AX positive following 2 day recovery time). Values in green indicate means combination
treatments that had significantly more number DSBs when compared to etoposide alone treatment. Values in yellow indicate test inhibitors treatment that
resulted in significant increase of DSB expression when compared to control group. Values given in blue indicate combination treatments that result in
significant decrease in DSB staining when compared to etoposide alone treatment.

DSB Results Following Treatment with Other Combinations of Interest
A summary of the DSBs in each cell line is given in Table 5.2 following treatment with either
bleomycin or doxorubicin in the presence and absence of LTUSI116 or LTUSI54 for 4 hour
treatment as well as when given 2 days recovery time. Table 5.2 also shows the fold difference
between the two treatment times indicating how much DSB repair occurs in the 2 day recovery
time. Fold difference is calculated by dividing the mean percent cells stained positive for γ-H2AX
following initial 4 hour treatment divided by mean percent cells stained positive for γ-H2AX
following 2 day recovery time.
It can be seen that treatment of either cell line with bleomycin resulted in a significant increase
in DSBs when compared to the control groups. Similarly, each cell line had fewer cells staining
positive for DSBs when given the 2 days to recover from bleomycin treatment. However, they all
had a significant number of DSBs remaining when compared to the control group. HCT116 cells
treated with doxorubicin showed a marked increase in DSB positive cells and once again the 2
day recovery period showed some reduction in DSBs though there were still significantly more
cells that stained positive for DSBs when compared to the control.
Neither LTUSI116 nor LTUSI54 showed marked effect on the repair of DSBs on either cell line
alone or in combination with the chemotherapeutic agents. LTUSI54 did however show a
significant increase in DSB formation when used in combination with bleomycin on HCT116 cells
following the initial 4 hour treatment.
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HCT116
4 hour
Bleomycin

HeLa

2 day
F.D
recovery

4 hour

2 day
recovery

F.D

96.3

52.5

1.8

96.5

77.1

1.3

-

-

-

96.2

71.0

1.4

97.7

51.2

1.9

-

-

-

Doxorubicin

54.4

47.4

1.1

-

-

-

Doxorubicin +
LTUSI54

49.4

45.6

1.1

-

-

-

Bleomycin +
LTUSI116
Bleomycin +
LTUSI54

Table 5.2 Cells staining positive for DSBs as indicated by γ-H2AX staining following 4 hour
treatment alone or 4 hour treatment with 2 day recovery time. F.D = fold difference between 4
hour treatment and 2 day recovery (mean γ-H2AX positive following 4 hour treatment/ mean γH2AX positive following 2 day recovery time). Values in green indicate means combination
treatments that had significantly more DSBs when compared to chemotherapeutic treatment
alone. Values in yellow indicate treatment that resulted in significant increase of DSB expression
when compared to control group.
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5.4

Discussion

To determine if the chemosensitisation effects of LTUSI116 and LTUSI54 were due to an effect
on DSB repair, the kinetics of γ-H2AX foci formation and dissolution following treatment with
various chemotherapy agents, etoposide of most interest, were investigated. Results showed
that all three chemotherapeutics, etoposide, bleomycin and doxorubicin induced detectable
DSBs in all cell lines within 4 hours. Cells were allowed 2 days to recover and initiate repair
mechanisms, which resulted in a reduction of detectable γ-H2AX and thus DSBs. The presence of
LTUSI116, shown to inhibit DNA-PK activity, during this recovery time was found to prolong the
expression of γ-H2AX and therefore DSB repair. LTUSI54, found to have no effect on DNA-PK
activity, was found to have no effect on γ-H2AX expression and DSB repair. These effects were
found to be cell line specific and dependent on the chemotherapeutic used to initiate DSB
formation.
Confirmation that Etoposide Induces DSBs
Treatment of all cell lines with etoposide resulted in an increase in γ-H2AX staining which
supports previous studies that show etoposide causes DSBs [135, 137, 139, 156, 157]. This indicates that 4
hour treatment with etoposide is long enough for the formation of DSBs; previous studies have
shown that γ-H2AX foci formation can occur within minutes of exposure to DSB inducing
treatments, such as etoposide [269, 297]. When allowed to recover for 2 days, the number of DSBs
in every cell line reduced following etoposide alone treatment, however, there was still a greater
percentage of DSBs than the basal level. This indicates that there is a proportion of DSBs
repaired during the 2 day recovery period though clearly not all DBSs induced are repaired
during this time, as indicated by the double peaks in the histograms of each cell line. This
incomplete repair of DSBs during the 2 day period provides a possible target for
chemosensitisation by inhibiting the repair of DSBs and hence increasing the number of DSBs
that are present following the recovery time, ideally this prolonged repair of damage would
result in an increased amount of cell death.
LTUSI116, a DNA-PK Inhibitor, Inhibits Repair of DSBs
Previous results (Section 1.5.1) indicate that LTUSI116 has inhibitory activity against DNA-PK and
these γ-H2AX results support those findings. As mentioned previously, etoposide induces DSBs
[135, 137, 139, 156, 157]
298]

which are quantifiable by staining the γ-H2AX foci that flank each DSB [49, 54, 55, 239,

. The repair of DSBs induced by etoposide involves NHEJ [134], DNA-PK is an essential enzyme

involved in the NHEJ pathway

[48, 193]

and the γ-H2AX results indicate that during the 2 day
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recovery time the majority of DSBs induced by etoposide are repaired in both HCT116 and HeLa
cell lines. For repair to occur via NHEJ phosphorylation of H2AX to γ-H2AX signals the
recruitment of Ku 70 and 80 which recruits DNA-PKcs followed by Artemis, PNKP, DNA
polymerases, MRN, XRCC4 and DNA ligase IV [193, 296] as outlined in Section 1.3.3. When DNA-PK
inhibition occurs, in the presence of LTUSI116, the repair process of DSBs induced by etoposide
is halted at the introduction of DNA-PK into the repair pathway. This means that the recruitment
of subsequent proteins such as Artemis, PNKP, XRCC4 and DNA ligase IV will not take place and
ligation of the DSB does not occur.
Previous studies have found that the structurally similar DNA-PK inhibitor, NU7026 which is now
in clinical trials, had the same effect on prolonged DSB repair as indicated by prolonged
expression of phosphorylated H2AX in a variety of cell lines [187, 299]. Amrein et. al. [187] found that
the prolonged phosphorylation of H2AX induced by 10μM NU7026 following chlorambucil
induced DSBs had a cell cycle phase specific response in relation to time, with enhanced γ-H2AX
observed at a peak in S phase following 24 hours and a peak observed in the G2/M phase after
48 hours. Other studies have shown that pre-treatment of cells with NU7026 results in a
reduction in H2AX phosphorylation as formation of γ-H2AX foci is somewhat dependent on DNAPK activity

[300-302]

. Hence, pre-treatment with NU7026 results in DNA-PK inhibition upstream of

normal γ-H2AX foci formation, reducing the phosphorylation of H2AX and still prolonging the
repair of damage by halting the repair cycle at an earlier stage. A similar mechanism for the
action of LTUSI116 may explain the initial 4 hour treatment results. Initially there was a
significant reduction in DSBs in the HCT116 cells exposed to combination treatment of etoposide
in the presence of LTUSI116 when compared to the etoposide alone treatment; there was also a
reduction in the LTUSI116 alone treated cells when compared to the basal levels of DSBs,
although not significant (p=0.137). These results suggest that in the HCT116 cells, LTUSI116
works similarly to NU7441 by inhibiting the action of DNA-PK both upstream and downstream of
γ-H2AX. This has two observable results: 1) reduced rate of γ-H2AX foci formation. This occurs by
knocking out the role of DNA-PK in the recruitment of γ-H2AX at the sites of DSBs, leaving the
foci formation dependent upon ATM and ATR alone. Kao et. al.[295] found that inhibition of DNAPKcs alone is inadequate to completely block the phosphorylation of H2AX following IR, it is
therefore reasonable to assume it is equally inefficient in combination with chemotherapeutic
treatment. 2) Prolonged expression of γ-H2AX once phosphorylated – this occurs as DNA-PK
activity is inhibited by the presence of LTUSI116, resulting in the inhibition of repair by NHEJ and
HR resulting in unrepaired DSBs which remain flanked by γ-H2AX. Once again, it should be noted,
some of the statistically significant changes in the combination treatment compared to the
194

etoposide alone treatment may not eventuate to a significant observation in the clinical setting
due to the small change in absolute terms.
LTUSI54 has no Effect on DSB Repair
The presence of 200nM LTUSI54 alone had no effect on the basal level of DSBs for any cell line
following 4 hours treatment. The only exception to this was seen in T47D cells following the 2
day recovery time, which resulted in an increase of DSBs when compared to the basal level. As
LTUSI54 has been shown to have no activity against DNA-PK it is expected that it would not delay
the repair of DSBs induced by etoposide, which is repaired by multiple repair pathways including
NHEJ and HR pathways which, as mentioned above, require DNA-PK to be completed [48, 296]. As
expected the presence of 200nM LTUSI54 during the initial 4 hour treatment with etoposide and
then again during the 2 day recovery time, where targeted inhibition of DNA-PK would reduce
the number of DSBs repaired, was not significantly different to the etoposide alone treatment.
Again, there was one exception to this common trend, where combination treatment of HCT116
cells with etoposide and 200nM LTUSI54 resulted in a significant decrease in cells that stained
positive for DSBs when compared to etoposide alone treatment. This indicates that LTUSI54 is
promoting the repair of DSBs which result from etoposide treatment, however the sensitisation
results (Chapter 3) showed that this combination over the same period of time resulted in a
decrease of overall cell number when compared to etoposide alone treatment. This could
indicate that rather than enhancing the repair of DSBs as indicated by the γ-H2AX analysis,
LTUSI54 may be increasing the rate at which cell fate, in particular cell death, is being completed.
This would mean that there are fewer DSBs present following combination treatment and
recovery time due to the fact that the cells containing the initial damage have completed cell
death at a quicker rate than when LTUSI54 is not present.
Kinetics of DSB Repair is Cell Line Specific
It has been found that the basal levels of γ-H2AX foci differ between cell lines. Travacchio et. al.
[193]

found that M059J cells expressed high levels of γ-H2AX in the absence of DNA damage, it

was suggested that those results were due to the activity of alternative kinases as described
previously [303, 304]. Similarly, the kinetics of γ-H2AX foci dissolution have also been shown to be
cell line dependent

[193]

. The results obtained support this finding; HeLa cells were found to

recover much quicker following etoposide insult having more than a 5 fold decrease in γ-H2AX
expression when allowed 2 days recovery when compared to the initial 4 hour treatment, in
contrast HCT116 and T47D cells had only a 2.1 and 2.6 fold reduction in γ-H2AX expression.
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Efficacy of Test Inhibitors Dependent on Chemotherapeutic Used
The other combinations of interest showed similar results, both chemotherapeutic agents used
resulted in a significant increase in DSB formation. When allowed to recover from the initial
treatment there were a great number of DSBs repaired though the process was incomplete. The
presence of LTUSI116 when HeLa cells were treated with bleomycin had no significant effect on
DSB formation and repair when compared to bleomycin alone. As LTUSI116 was found to
prolong the DSB repair when used in combination with etoposide on both HCT116 and HeLa
cells, the lack of DSB repair inhibition seen with bleomycin on HeLa cells would suggest that for
LTUSI116 to carry out its sensitising effects, the initial DSB damage must be initiated in a
particular manner. etoposide induces its DSB predominately by inhibiting the activity of topo II
[137-139]

, while bleomycin induces DSBs by production of free radicals [151]. It may be this difference

in DSB induction that accounts for the inconsistent efficacy of LTUSI116 due to the other
pathways triggered during each mechanism of DSB formation. Consistent with etoposide results,
treatment of HCT116 cells with either doxorubicin or bleomycin induced DSB formation which
again was not completely repaired following the 2 days recovery time. Combination treatment of
HCT116 cells with doxorubicin in the presence of LTUSI54 showed no significant difference when
compared to doxorubicin alone treatment. Similarly, combination treatment of HCT116 cells
with bleomycin in the presence of LTUSI54 showed no prolonged (as seen by the 2 day recovery
results) effect on repair of DSBs induced by bleomycin, when compared to bleomycin alone
treatment, even though following the initial 4 hour treatment there was an increase of DSBs in
the combination group when compared to the bleomycin alone treated cells. This again supports
the notion that LTUSI54 has no DNA-PK inhibitory activity as DNA-PK would be implemented in
the DSB repair needed following bleomycin treatment, through NHEJ.
As γ-H2AX results showed LTUSI116 to prolong the repair of DSB induced by etoposide yet
survival results (Chapter 3) showed no overall effect on cell number when used in combination
with etoposide, it appears that the prolonged repair of DSBs alone is not enough to sensitise any
of the cell lines to etoposide. This along with the possibility that LTUSI116 lacks specificity could
throw the balance of pro-survival versus pro-apoptosis in favour of pro-survival. Conversely,
LTUSI54 was found to have no effect on the repair of DSBs induced by etoposide, yet survival
studies showed that the presence of LTUSI54 in combination with etoposide resulted in a
decrease in the overall number of HeLa cells. Therefore, it was of great interest to investigate
the effect of each inhibitor on the cell cycle both in the presence and absence of etoposide.
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Chapter Six
The Effect of LTUSI116 and LTUSI54
on Cell Cycle Progression
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6.1

Introduction

The function of many chemotherapy treatments is to cause sufficient DNA damage that the cell
is unable to repair the damage and goes into apoptosis. etoposide has been shown to cause
DSBs, ATM activation and apoptosis in all phases of the cell cycle [139]. In order for this to occur,
mechanisms within the cell must first detect the DNA damage, institute cell cycle arrest and
initiate DNA repair pathways. Aside from inhibiting DNA repair another mechanism to enhance
the cytotoxic effect of chemotherapy agents is through disrupting cell cycle progression
200-202]

[1, 15, 36,

. As the cell moves through the cell cycle, there are several cell cycle checkpoints that

monitor DNA integrity and inhibit cell cycle progression if damage is detected. These check
points have been identified between each phase: between G1 and S phase, S phase and the G2
phase and before cells enter the M phase

[15, 305]

. Until recently it was thought that checkpoint

pathways only regulated cell cycle transition, however, it is now recognised that signal
transduction cascades link DNA damage signalling, checkpoints and repair

[306, 307]

.Once the

detection of damage occurs, the cell cycle is arrested before one of three possible outcomes is
determined; damage can either be repaired in which case the cell continues to cycle, the cell can
enter senescence and progresses no further or ideally the cell will be unable to repair the
damage and cell death will result by apoptosis [120].

6.2

Research Objectives

The progression and disruption of tumour cells through the cell cycle is an area of great interest
when investigating therapeutics for efficacy and mechanism of action. As LTUSI54 has shown a
beneficial therapeutic effect when used in combination with etoposide, in the absence of DNAPK inhibition, increased apoptosis and prolonged DSB repair, it is of great interest to investigate
how the presence of LTUSI54 affects the progression of the three cell lines through the cell cycle
as this could shed light on the mechanism by which LTUSI54 is inhibiting proliferation in the
presence of etoposide. Similarly, investigation into the effects of LTUSI116 on the cell cycle
progression is also of great interest. As LTUSI116 has been found to inhibit the activity of DNA-PK
and its corresponding effects on DSB repair, it is of interest to investigate its effects on cell cycle
progression, as DNA-PK has also been shown to play a role in different stages of this process.
Once the effects of each compound on cell cycle progression were observed, further
investigation into the kinases involved in specific checkpoints were assessed in the hope of
shedding more light on the molecular mechanism by which these compounds work.
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6.3

Results
6.3.1

Cell Cycle Analysis

Each cell line was treated with 25μM etoposide both in the presence and absence of either
200nM LTUSI116 or LTUSI54 for 4 hours alone, or allowed a 2 day recovery time in recovery
media. Following each treatment cells were harvested, stained and cell cycle profiles were
obtained using flow cytometry as outlined in Section 2.8.1.

HCT116
Figure 6.1 shows the cell cycle profiles of cycling HCT116 cells treated with etoposide or
LTUSI116 alone or in combination with each other for either 4 hours or following 2 days recovery
time. Treatment of HCT116 cells with LTUSI116 alone shows a very similar cell cycle distribution
to that of control cells following each treatment time. The profiles of cell populations treated
with etoposide either alone or in combination with LTUSI116 show great disruption to normal
distribution following the 4 hour treatment. When allowed 2 days to recover, cells exposed to
etoposide appear to have a greater proportion of cells in the G2/M phase of the cycle when
compared to the G1 phase.

Figure 6.1. Flow cytometry cell cycle profiles of HCT116 cells treated with etoposide or LTUSI116
alone and in combination for a) 4 hours alone and b) following 2 days recovery in the presence
of recovery media.
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Following 4 hour incubation in control medium, the percentage of HCT116 cells in G1 phase was
29.86% (Figure 6.2a), the presence of 200nM LTUSI116 alone had no significant effect on the
number of HCT116 cells in G1 phase with 30.71% (p=0.3088). The presence of 25μM etoposide
during the 4 hour treatment resulted in a significant increase of cells in the G1 phase with
32.96% when compared to the control group (p=0.0348). Conversely, LTUSI116 in combination
with etoposide resulted in a significant decrease of HCT116 cells in the G1 phase (24.34%) when
compared to both the control and etoposide alone treatment groups (p= 0.0303 and 0.0116,
respectively).
Following the 4 hour incubation in control media the percentage of HCT116 cells in the S phase
of the cell cycle was 18.05% (Figure 6.2a), the presence of 200nM LTUSI116 alone resulted in no
significant change of HCT116 cells in the S phase with 19.11% (p=0.5372). Conversely, the
presence of 25μM etoposide during the 4 hour treatment resulted in a significant increase of
HCT116 cells in the S phase, with 23.58% (p=0.0259). The combination treatment of etoposide
and LTUSI116 resulted in a significant increase of cells in the S phase (30.50%) when compared
to the control (p=0.0002), as well as the etoposide alone treatment group (p=0.0386).
Following 4 hour incubation in control media the percentage of HCT116 cells in G2/M phase of
the cell cycle was 36.65% (Figure 6.2a), the presence of 200nM LTUSI116 during this time had no
significant effect on the number of HCT116 cells in the G2/M phase (42.51%, p=0.1025).
Treatment of HCT116 cells with 25μM etoposide alone resulted in a significant decrease in the
number of cells in the G2/M phase of the cell cycle when compared to the control with 31.12%
(p=0.0302). Combination treatment of HCT116 cells with etoposide in the presence of LTUSI116
resulted in no significant change when compared with the control (p=0.3773). However when
compared to the etoposide alone treatment there was a significant increase of cells in the G2/M
phase, from 31.12% for the etoposide alone treatment to 39.72% for the combination
(p=0.0002).
Following 4 hour initial incubation and a 2 day recovery time the percentage of HCT116 cells in
G1 phase was 37.242% (Figure 6.2b), again the presence of 200nM LTUSI116 alone had no
significant effect on the number of HCT116 cells in G1 phase with 40.30% (p=0.1509). When
compared to the control group, both the etoposide alone and etoposide in the presence of
LTUSI116 resulted in a significant reduction of HCT116 cells in the G1 phase of the cell cycle
following the 2 day recovery (11.61% and 10.53%, respectively; p<0.0001). The enhanced
reduction observed by the combination treatment was significant when compared to the
etoposide alone treatment group (p=0.0402).
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There was a significant reduction in HCT116 cells in the S phase following 2 days recovery when
compared to the 4 hour treatment (Figure 6.2b). The control group showed 10.22% of HCT116
cells in the S phase of the cell cycle following 2 days recovery, none of the treatment groups
showed a significant difference in HCT116 cells with 10.39%, 10.18% and 9.26% of cells in the S
phase following 2 days recovery from LTUSI116 alone, etoposide alone and etoposide plus
LTUSI116, respectively.
Following 4 hour initial incubation and a 2 day recovery time the mean number of HCT116
control cells in G2/M phase was 28.34% (Figure 6.2b), again, the presence of 200nM LTUSI116
during this time resulted in no significant change with 27.44% HCT116 cells in the G2/M phase
(p=0.3318). Conversely, both etoposide alone and the combination treatment of etoposide plus
LTUSI116, resulted in a significant increase in HCT116 cells in the G2/M phase following 2 days
recovery when compared to the control, with 49.49% and 63.04%, respectively (p<0.0001 for
both). When comparing etoposide alone treatment to the combination treatment, there was a
significant increase of cells in the G2/M phase when LTUSI116 was present, with a p value of
0.0246.
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Figure 6.2. Cell cycle analysis of HCT116 cells following a) 4 hour treatment alone and b) 4 hour
treatment followed by 2 days recovery time in recovery media. Graphs indicate mean ±SEM of
three independent experiments. * Indicates treatments significantly different to control and #
Indicates combination treatment significantly different to etoposide alone.
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Figure 6.3 shows the cell cycle profiles of cycling HCT116 cells treated with etoposide or LTUSI54
alone or in combination with each other for either 4 hours or following 2 days recovery time.
Treatment of HCT116 cells with LTUSI54 alone shows a very similar cell cycle distribution to that
of control cells following each treatment time. The profiles of cell populations treated with
etoposide either alone or in combination with LTUSI54 show great disruption to normal
distribution following the 4 hour treatment. When allowed 2 days to recover, cells exposed to
etoposide appear to have lost the ratio of G1:G2/M cells observed in the control cells.

Figure 6.3. Flow cytometry cell cycle profiles of HCT116 cells treated with etoposide or LTUSI54
alone and in combination for a) 4 hours alone and b) following 2 days recovery in the presence
of recovery media.
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When investigating the effects of LTUSI54 on HCT116 cell cycle progression, the control G1
phase population was found to be 29.86% (Figure 6.4a), the presence of 200nM during the 4
hour incubation had no significant effect on this with 30.13% HCT116 cells in the G1 phase
(p=0.8082). Treatment of HCT116 cells with etoposide alone resulted in a significant increase of
G1 cells when compared to the control group (32.96%, p=0.0348). The combination treatment of
etoposide in the presence of LTUSI54 resulted in 30.07% of HCT116 cells in G1 phase this was
not a significant change when compared to either the control or the etoposide alone treatment
(p=0.8323 and 0.1508, respectively).
Unlike LTUSI116, the presence of 200nM LTUSI54 during the 4 hour incubation did not
significantly alter the number of HCT116 cells in the S phase of the cell cycle (15.53%) from the
control group which had 18.05% (p=0.1997, Figure 6.4a). While the presence of etoposide alone
showed a significant increase in cells in the S phase of the cell cycle (23.58%, p=0.0259) the
combination treatment of etoposide with LTUSI54 (19.40%) showed no significant effect when
compared to either the control or etoposide alone treated groups, with p values of 0.4362 and
0.1575, respectively.
Similarly, the presence of LTUSI54 had no effect on the number of cells in the G2/M phase, with
32.83%, when compared to the control group which had 36.65% (p=0.2633, Figure 6.4a).
Treatment of HCT116 cells with etoposide alone (31.12%) resulted in a significant decrease of
cells in the G2/M phase (p=0.0302). Similarly, in the presence of LTUSI54 resulted in a significant
decrease in cells in the G2/M phase of the cell cycle when compared to the control, with 29.10%
(p=0.0462). The reduction observed in the combination treatment of etoposide plus LTUSI54 was
also significantly greater when compared to the etoposide alone treatment group (p=0.0491).

When investigating the effects of LTUSI54 on HCT116 cell cycle progression following 2 day
recovery, the control G1 phase population was found to be 37.24% (Figure 6.4b), the presence
of 200nM LTUSI54 during the initial 4 hour treatment and 2 day recovery had no significant
effect on this with 35.23% HCT116 cells in the G1 phase (p=0.2681). When HCT116 cells were
treated with etoposide alone for 4 hours and then given 2 days to recover in the absence of
etoposide, 12.67% of cells were found to be in the G1 phase of the cell cycle, a significant
reduction from the control group (p<0.0001). Similarly, the combination treatment of etoposide
in the presence of LTUSI54 for 4 hours and then allowed to recover for 2 days in the presence of
LTUSI54 only resulted in 11.53% of HCT116 cells in the G1 phase, again this was a significant
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reduction from the control group (p<0.0001). However, the combination treatment was not
significantly different to the etoposide alone treatment group (p=0.1744).
Similar to that of LTUSI116, Figure 6.4b shows treatment of HCT116 cells with LTUSI54 for 4
hours and 2 days recovery resulted in no significant change to the number of cells in the S phase
(10.73%) when compared to that of the control (10.22%, p=0.6744). Similarly, neither etoposide
alone nor in combination with LTUSI54 had any effect on cells in the S phase when compared to
the control group (9.79% and 12.57%, p=0.6464 and 0.2756 respectively). Again, no significant
difference was observed when comparing the combination treatment group to etoposide alone
treatment, p=0.1566.
Following the 2 day recovery period, treatment with LTUSI54 still showed no significant effect on
the number of HCT116 cells in the G2/M phase (27.63%) when compared to the control which
had 28.34% (p=0.4361, Figure 6.4b). Treatment of HCT116 cells with etoposide alone and then 2
days recovery resulted in 49.49% of HCT116 cells present in the G2/M phase of the cell cycle,
this was found to be a significant increase when compared to that of the control, p<0.0001.
Similarly, the combination treatment of etoposide in the presence of LTUSI54 also showed a
significant increase of HCT116 cells in the G2/M phase (44.90%, p=0.0020). Again, no significant
difference was observed when comparing the combination treatment group to etoposide alone
treatment, p=0.3829.
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Figure 6.4. Cell cycle analysis of HCT116 cells following a) 4 hour treatment alone and b) 4 hour
treatment followed by 2 days recovery time in recovery media. Graphs indicate mean ±SEM of
three independent experiments. * Indicates treatments significantly different to control and #
Indicates combination treatment significantly different to etoposide alone.
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T47D
Figure 6.5 shows the cell cycle profiles of cycling T47D cells treated with etoposide or LTUSI116
alone or in combination for either 4 hours or following 2 days recovery time. Treatment of T47D
cells with LTUSI116 alone shows a very similar cell cycle distribution to that of control cells
following each treatment time. The profiles of cell populations treated with etoposide either
alone or in combination with LTUSI116 show similar profiles to that of the control following 4
hour treatment. When allowed 2 days to recover, cells exposed to etoposide appear to have lost
the normal cell cycle distribution and have a much greater number of cells in the in the G2/M
phase of the cycle compared to the G1 phase.

Figure 6.5. Flow cytometry cell cycle profiles of T47D cells treated with etoposide or LTUSI116
alone and in combination for a) 4 hours alone and b) following 2 days recovery in the presence
of recovery media.
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Following incubation for 4 hours in control media, T47D cells were found to have 67.01% of cells
in the G1 phase of the cell cycle (Figure 6.6a). The presence of LTUSI116 during this time had no
significant effect on the number of T47D cells in the G1 phase with 71.15% (p=0.1559). Similarly,
treatment with etoposide alone or in combination with LTUSI116 had no significant change to
the number of cells in G1 phase when compared to the control group with 69.80% (p=0.2735)
and 68.53% (p=0.5778), respectively.
Following 4 hour incubation in control media the mean number of T47D cells in the S phase of
the cell cycle was 14.24% (Figure 6.6a), the presence of 200nM LTUSI116 during this time had no
significant effect on the number of cells in the S phase with 13.27% (p=0.5851). Similarly,
treatment with etoposide for 4 hours resulted in no significant change to the number of T47D
cells in the S phase when compared to the control group (16.52%, p=0.2141). Conversely,
combination treatment of T47D cells with etoposide in the presence of LTUSI116 for 4 hours
resulted in a significant increase of S phase cells, 18.51%, when compared to the control group
(p=0.0455), however, this was not significantly different to the etoposide alone treatment group
(p=0.0727).
Following 4 hour incubation in control media the mean number of T47D cells in the G2/M phase
of the cell cycle was 15.20% (Figure 6.6a). Neither the presence of LTUSI116 nor etoposide alone
during this time resulted in a significant change to the number of T47D cells in the G2/M phase
when compared to the control group (13.63%, p=0.3080 and 13.57%, p=0.1830 respectively).
Similarly, the combination treatment of T47D cells with etoposide in the presence of LTUSI116
for 4 hours had no significant change to the number of cells in G2/M phase, 14.25%, when
compared to either the control or etoposide alone treatment (p=0.4506 and 0.4854
respectively).

Following 4 hour initial incubation and a 2 day recovery time the mean number of T47D control
cells in G1 phase was 52.95% (Figure 6.6b), the presence of LTUSI116 during this period of time
resulted in a significant decrease of G1 phase cells, 44.10%, when compared to the control
group, p=0.0166. Treatment of T47D cells with etoposide alone for 4 hours and then allowed to
recover for 2 days in the absence of etoposide resulted in a greater reduction of cells in the G1
phase than that seen with LTUSI116 lone treatment with 17.46%, again this was a significant
reduction when compared to the control group (p<0.0001). The combination treatment of T47D
cells with etoposide in the presence of LTUSI116 for four hours, followed by 2 days recovery in
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the presence of LTUSI116 resulted in the greatest reduction when compared to the control
(12.12%, p<0.0001), this was also a significant reduction when compared to etoposide alone
treatment (p=0.0301).
Following 4 hour initial incubation and a 2 day recovery time the mean number of T47D control
cells in S phase was 11.32% (Figure 6.6b), the presence of LTUSI116 during this incubation time
resulted in no significant change in the number of S phase T47D cells when compared to the
control group (13.70%, p=0.5206). Neither the etoposide alone treatment nor the combination
treatment of etoposide in the presence of LTUSI116 had a significant change on the number of
T47D cells in the S phase of the cell cycle when compared to the control group, with 19.64%
(p=0.1133) and 17.94% (p=0.2607), respectively. Similarly, the combination treatment of
etoposide in the presence of LTUSI116 for the initial 4 hour treatment and LTUSI116 alone
during the 2 day recovery time showed no significant changes to the S phase distribution of
T47D cells when compared to the etoposide alone treatment group (p=0.2965).
Following 4 hour initial incubation and a 2 day recovery time the mean number of T47D control
cells in G2/M phase was 34.94% (Figure 6.6b), again the presence of LTUSI116 during this time
showed no significant change to G2/M distribution of T47D cells when compared to the control
group (37.23%, p=0.4031). The treatment of T47D cells with etoposide alone and in combination
with LTUSI116 both resulted in an increase of cells in the G2/M phase when compared to the
control with 45.88 (p=0.0121) and 51.58% (p=0.0102), respectively. There was no significant
change between the G2/M phase distribution of T47D cells treated with etoposide alone and in
the combination of etoposide in the presence of LTUSI116, p=0.2303.
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Figure 6.6. Cell cycle analysis of T47D cells following a) 4 hour treatment alone and b) 4 hour
treatment followed by 2 days recovery time in recovery media. Graphs indicate mean ±SEM of
three independent experiments. * Indicates treatments significantly different to control, #
Indicates combination treatment significantly different to etoposide alone.
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Figure 6.7 shows the cell cycle profiles of cycling T47D cells treated with etoposide or LTUSI54
alone or in combination with each other for either 4 hours or following 2 days recovery time.
Treatment of T47D cells with LTUSI54 alone shows a very similar cell cycle distribution to that of
control cells following each treatment time. The profiles of cell populations treated with
etoposide either alone or in combination with LTUSI54 show similar profiles to that of the
control following 4 hour treatment. When allowed 2 days to recover, cells exposed to etoposide
appear to have lost the normal cell cycle distribution, and have a greater proportion of cells in
the G2/M phase when compared to the G1 phase.

Figure 6.7. Flow cytometry cell cycle profiles of T47D cells treated with etoposide or LTUSI54
alone and in combination for a) 4 hours alone and b) following 2 days recovery in the presence
of recovery media.
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When investigating the effects of LTUSI54, the number of T47D cells present in the G1 phase of
the cell cycle was found to be 67.01% (Figure 6.8a), the presence of 200nM LTUSI54 during this
period showed no significant change to the control with 71.39% T47D cells present in the G1
phase (p=0.1375). Similarly, the presence of etoposide either alone or in combination with
LTUSI54 for the 4 hour period resulted in no significant difference to the G1 population of T47D
cells treated when compared to the control (69.80%, p=0.2735 and 61.40%, p=0.1013,
respectively). However, when etoposide treatment alone was compared to the combination
treatment, there was a significant decrease of G1 phase cells in the combination treatment
group, p=0.0135.
The number of T47D cells present in the S phase of the cell cycle following 4 hour incubation
with control media was observed to be 14.24% (Figure 6.8a), again the presence of LTUSI54
alone during this period had no effect on S phase distribution with 14.01% of T47D cells in the S
phase following treatment (p=0.9009). Similarly, the presence of etoposide alone during this
incubation resulted in no significant change to the number of T47D cells in the S phase (16.52%),
when compared to the control, p=0.2141. However, when LTUSI54 was present during
treatment with etoposide there was a significant increase in the number of T47D cells in the S
phase (20.56%) when compared to both the control (p=0.0152) and the etoposide alone
treatment (p=0.0124).
The number of T47D cells in the G2/M phase of the cell cycle following 4 hour incubation with
control media was found to be 15.20% (Figure 6.8a). Neither the presence of LTUSI54 nor
etoposide alone during this incubation had any effect on the number of T47D cells in the G2/M
phase with 13.53% (p=0.2907) and 13.57% (p=0.1830), respectively. Similarly, the combination
treatment of etoposide in the presence of LTUSI54 for 4 hours had no effect on the G2/M
distribution of T47D cells, 16.09%, when compared to either the control or the etoposide alone
treatment groups (p=0.5852 and 0.1280, respectively).

Following 4 hour initial incubation and a 2 day recovery time the mean number of T47D control
cells in G1 phase was 52.95% (Figure 6.8b), the presence of LTUSI54 during this period of time
resulted in no significant decrease of G1 phase cells, 41.49%, when compared to the control
group, p=0.0814. Treatment of T47D cells with etoposide alone for 4 hours and then allowed to
recover for 2 days in the absence of etoposide resulted in a significant reduction of cells in the
G1 phase with 17.46%, when compared to the control group (p<0.0001). The combination
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treatment of T47D cells with etoposide in the presence of LTUSI54 for four hours, followed by 2
days recovery in the presence of LTUSI116 resulted in the greatest reduction when compared to
the control (10.56%, p<0.0001), this was also a significant reduction when compared to
etoposide alone treatment (p=0.0131) and LTUSI54 alone treatment (p=0.0035).
Following 4 hour initial incubation and a 2 day recovery time the mean number of T47D control
cells in S phase was 11.32% (Figure 6.6b), the presence of LTUSI116 during this incubation time
resulted in no significant change in the number of S phase T47D cells when compared to the
control group (12.86%, p=0.7482). Neither the etoposide alone treatment nor the combination
treatment of etoposide in the presence of LTUSI54 had a significant change on the number of
T47D cells in the S phase of the cell cycle when compared to the control group, with 19.64%
(p=0.1133) and 14.77% (p=0.2778), respectively. Similarly, the combination treatment of
etoposide in the presence of LTUSI54 for the initial 4 hour treatment and LTUSI116 alone during
the 2 day recovery time showed no significant changes to the S phase distribution of T47D cells
when compared to the etoposide alone treatment group (p=0.3442) or to LTUSI54 alone
(p=0.7158).
Following 4 hour initial incubation and a 2 day recovery time the mean number of T47D control
cells in G2/M phase was 34.94% (Figure 6.6b), again the presence of LTUSI54 during this time
showed no significant change to G2/M distribution of T47D cells when compared to the control
group (37.89%, p=0.2412). The treatment of T47D cells with etoposide alone and in combination
with LTUSI54 both resulted in an increase of cells in the G2/M phase when compared to the
control with 45.88% (p=0.0121) and 41.93% (p=0.0181), respectively. There was no significant
change between the G2/M phase distribution of T47D cells treated with etoposide alone and in
the combination of etoposide in the presence of LTUSI54, p=0.1904.
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Figure 6.8 Cell cycle analysis of T47D cells following a) 4 hour treatment alone and b) 4 hour
treatment followed by 2 days recovery time in recovery media. Graphs indicate mean ±SEM of
three independent experiments. * Indicates treatments significantly different to control and #
Indicates combination treatment significantly different to etoposide alone.
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HeLa
Figure 6.9 shows the cell cycle profiles of cycling HeLa cells treated with etoposide or LTUSI116
alone or in combination with each other for either 4 hours or following 2 days recovery time.
Treatment of HeLa cells with LTUSI116 alone shows a very similar cell cycle distribution to that of
control cells following each treatment time. The profiles of cell populations treated with
etoposide either alone or in combination with LTUSI116 show similar profiles to that of the
control following 4 hour treatment. When allowed 2 days to recover, cells exposed to etoposide
appear to have lost the normal cell cycle distribution, and have a greater proportion of cells in
the G2/M phase when compared to the G1 phase.

Figure 6.9. Flow cytometry cell cycle profiles of HeLa cells treated with etoposide or LTUSI116
alone and in combination for a) 4 hours alone and b) following 2 days recovery in the presence
of recovery media.
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Following incubation for 4 hours in control media, HeLa cells were found to have 51.10% of cells
in the G1 phase of the cell cycle(Figure 6.10a), the presence of LTUSI116 during this period had
no significant effect on the number of cells in the G1 phase when compared to the control group
with 51.47% (p=0.92029). Similarly, the treatment of HeLa cells with etoposide alone and in the
presence of LTUSI116 resulted in no significant change in the number

of G1 cells when

compared to the control group with 47.80 (p=0.1640) and 50.90% (p=0.9459). It was found that
the presence of LTUSI116 during the 4 hour treatment of HeLa cells with etoposide had no
significant change to the G1 population when compared to the etoposide alone treatment group
(p=0.1059).
Following incubation for 4 hours in control media, HeLa cells were found to have 14.31% of their
population in the S phase of the cell cycle (Figure 6.10a). Again, the presence of LTUSI116 alone
during the 4 hour incubation showed no effect when compared to the control with 16.44% of
HeLa cell population in the S phase of the cell cycle (p=0.0648). Similarly, the presence of
etoposide alone resulted in no significant changes of the number of HeLa cells in the S phase
with 17.08%, when compared to the control. Conversely, etoposide in combination with
LTUSI116 during the 4 hour incubation resulted in a significant increase of S phase population
when compared to the control group, with 19.88% (p=0.0007). Again, it was found that the
combination treatment of HeLa cells with etoposide in the presence of LTUSI116 for 4 hour
showed no significant difference in S phase population when compared to the etoposide alone
treatment group (p=0.1309).
Following incubation for 4 hours in control media, HeLa cells were found to have 25.21% of the
cell population in the G2/M phase of the cell cycle (Figure 6.10a). The presence of LTUSI116
during this incubation resulted in a significant increase on G2/M population when compared to
the control group (29.52%, p=0.0181). Conversely, treatment of HeLa cells for 4 hours with
etoposide alone and in combination with LTUSI116 had no significant effect on the G2/M
population when compared to the control with 23.64 (p=0.3189) and 25.49% (p=0.8292),
respectively.

Following 4 hour initial incubation and a 2 day recovery time the mean number of HeLa control
cells in G1 phase was 47.43% (Figure 6.10b), the presence of LTUSI116 during the whole time
showed no significant effect on G1 distribution when compared to the control group with
64.40% of cells in the G1 phase (p=0.1645). Conversely, treatment of HeLa cells with etoposide
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alone for 4 hours followed by 2 days recovery, resulted in a significant decrease of cells in the G1
phase when compared to the control group (15.62%, p=0.0017). Similarly, treatment with
etoposide in combination with LTUSI116 for the initial 4 hour treatment followed by 2 days
recovery in the presence of LTUSI116 resulted in a significant decrease of HeLa cells in the G1
phase when compared to the control with 16.29% (p=0.0249). However, it was found that the
presence of LTUSI116 during the initial treatment with etoposide and its continued presence
during the 2 day recovery time showed no significant change to the etoposide alone treatment
with a p value of 0.6924.
Following 4 hour initial incubation and a 2 day recovery time the mean number of HeLa control
cells in S phase was 11.09% (Figure 6.10b). Neither the presence of LTUSI116 nor etoposide
alone showed a significant change to the control S phase distribution with 11.34% (p=0.6297)
and 13.48% (p=0.1890), respectively. Similarly the presence of LTUSI116 during treatment with
etoposide and again during the recovery time had no significant effect on the S phase population
of HeLa cells (9.94%) when compared to either the control or etoposide alone treatment with p
values of 0.0986 and 0.1981, respectively.
Following 4 hour initial incubation and a 2 day recovery time the mean number of HeLa control
cells in G2/M phase was 20.70% (Figure 6.10b), the presence of LTSUI116 during this had no
significant effect on this with 18.64% of HeLa cells in the G2/M phase (p=0.1369). Conversely,
treatment with etoposide for the initial 4 hours followed by 2 days recovery in the absence of
etoposide resulted in a significant increase of HeLa cells in the G2/M phase of the cell cycle when
compared to the control group with 41.88% (p<0.0001). This was also evident in the
combination treatment for the initial 4 hours followed by 2 days recovery in the presence of
LTUSI116 alone with 47.49% of HeLa cells in the G2/M phase (p<0.0001 when compared to
control). However, the presence of LTUSI116 in the combination treatment showed no
significant difference to G2/M distribution when compared to etoposide alone treatment,
p=0.1014.
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Figure 6.10 Cell cycle analysis of HeLa cells following a) 4 hour treatment alone and b) 4 hour
treatment followed by 2 days recovery time in recovery media. Graphs indicate mean ±SEM of
three independent experiments. * Indicates treatments significantly different to control.
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Figure 6.11 shows the cell cycle profiles of cycling HeLa cells treated with etoposide or LTUSI54
alone or in combination with each other for either 4 hours or following 2 days recovery time.
Treatment of HeLa cells with LTUSI54 alone shows a very similar cell cycle distribution to that of
control cells following each treatment time. The profiles of cell populations treated with
etoposide either alone or in combination with LTUSI54 show similar profiles to that of the
control following 4 hour treatment. When allowed 2 days to recover, cells exposed to etoposide
appear to have lost the normal cell cycle distribution, and have a more equal ratio of G1:G2/M
phase peaks.

Figure 6.11. Flow cytometry cell cycle profiles of HeLa cells treated with etoposide or LTUSI54
alone and in combination for a) 4 hours alone and b) following 2 days recovery in the presence
of recovery media.
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When investigating the effects of LTUSI54, the number of HeLa cells present in the G1 phase of
the cell cycle was found to be 51.10% (Figure 6.12a), the presence of LTUSI54 during this period
resulted in no significant change to this with 46.73% (p=0.7901). Similarly, the presence of
etoposide either alone or in combination with LTUSI54 for the 4 hour incubation had no effect
on the G1 distribution of HeLa cells with 47.80% and 45.82% respectively when compared to the
control group (p=0.2192 and 0.3686 respectively). It was observed that the combination
treatment of HeLa cells with etoposide in the presence of LTUSI54 resulted in no significant
change as compared to the etoposide alone treated cells (p=0.8183).
The number of HeLa cells present in the S phase of the cell cycle following 4 hour incubation
with control media was observed to be 14.31% (Figure 6.12a). The presence of LTUSI54 alone
had no significant effect in the number of HeLa cells in the S phase with 16.75% (p= 0.0596) The
presence of etoposide alone and in combination during this incubation both resulted in a
significant increase of S phase cells when compared to the control with 17.08% (p=0.0059) and
18.76% (p<0.0001), respectively. Furthermore, the combination treatment of HeLa cells with
etoposide in the presence of LTUSI54 during the 4 hour incubation time resulted in a significantly
higher number of HeLa cells in the S phase when compared to the etoposide alone treatment
group, p=0.0006.
The number of HeLa cells present in the G2/M phase following 4 hour incubation with control
media was observed to be 25.21% (Figure 6.12a). Similarly to the effects seen with the S phase,
the presence of either LTUSI54 or etoposide alone during this period resulted in a significant
change to the control. This time however there was an observed decrease in the G2/M phase
with 18.82% and 23.64% of HeLa cells present in this phase for each respective treatment
(p=0.0036 and 0.0383 respectively). The combination treatment of HeLa cells with etoposide in
the presence of LTUSI54 for 4 hours resulted in a significant decrease in the G2/M population,
with 17.58%, when compared to both the control (p=0.0007) and the etoposide alone treatment
(p=0.0265).

Following 4 hour initial incubation and a 2 day recovery time the mean number of HeLa control
cells in G1 phase was 47.43% (Figure 6.12b). The presence of LTUSI54 during this time had no
effect on the number of G1 cells when compared to the control with 37.13% (p=0.3096). The
presence of etoposide during the initial 4 hour treatment followed by 2 day recovery time
resulted in a significant decrease in G1 cells when compared to the control group with 15.62%
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(p=0.0220). Similarly, the combination treatment of HeLa cells with etoposide in the presence of
LTUSI54 for the initial 4 hour treatment followed by 2 day recovery in the presence of LTUSI54
alone also resulted in a significant decrease in G1 cells when compared to the control with
12.23% (p=0.0142). However, the combination treatment had no significant difference observed
when compared to the etoposide alone treatment group, p=0.2647.
Following 4 hour initial incubation and a 2 day recovery time the mean number of HeLa control
cells in S phase was 11.09% (Figure 6.12b), the presence of LTUSI54 alone during this time had
no effect on the number of HeLa cells in the S phase, 10.07%, when compared to the control
group (p=0.3221). Similarly, treatment of HeLa cells with etoposide for 4 hours followed by 2 day
recovery in the absence of etoposide resulted in no significant change in the number of S phase
cells, 13.48%, when compared to the control (p=0.0619). However, the combination treatment
of etoposide in the presence of LTUSI54 followed by 2 day recovery in the presence of LTUSI54
alone resulted in a significant increase of cells in the S phase (21.73%) when compared to the
control, p=0.0038. However, this change was not significantly different to the etoposide alone
treatment group, p=0.1344.
Following 4 hour initial incubation and a 2 day recovery time the mean number of HeLa control
cells in G2/M phase was 20.70% (Figure 6.12b), the presence of LTUSI54 during this whole
period resulted in no significant change of G2/M cells when compared to the control (23.70%,
p=0.2523). On the other hand, treatment with etoposide alone during the initial 4 hour
treatment resulted in an increase to 41.88% of HeLa cells in the G2/M phase. This is significantly
different when compared to the control group, p=0.0003. Conversely, the combination
treatment of etoposide in the presence of LTUSI54 during the initial 4 hour treatment and
followed by the 2 day recovery in the presence of LTUSI54 alone resulted in no significant change
in HeLa cells in the G2/M phase, 22.03%, when compared to the control group (p=0.9746).
However, this observation was significantly different when compared to the etoposide alone
treatment group, p=0.0145.
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Figure 6.12 Cell cycle analysis of HeLa cells following a) 4 hour treatment alone and b) 4 hour
treatment followed by 2 days recovery time in recovery media. Graphs indicate mean ±SEM of
three independent experiments. * Indicates treatments significantly different to control and #
indicates combination treatments significantly different to etoposide alone treatment.
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6.3.2

Human Phospho-Kinase Array to Analyse the Molecular Mechanisms

for LTUSI54
The Human Phospho-kinase array was used to further investigate the possible mechanism of
action for LTUSI54 on its disruption of cell cycle progression. To do this HeLa cells were treated
with either etoposide or LTUSI54 alone or in combination for 4 hours before cell lysate
(preparation outlined in Section 2.9.2) was analysed for selected kinase phosphorylation levels.
Each membrane contained duplicate ‘dots’ representing antibodies to each phosphorylated
kinase. Two membranes were incubated with the different treatment combinations, giving
quadruplicates. Similar trends were observed in similarly treated membranes, analysed on two
different machines. However software incompatibility made it difficult to combine the data and
thus conduct statistical analysis thus, the illustration presented is a representative membrane.

HeLa
Following 4 hours treatment of HeLa cells with either LTUSI54 and etoposide alone or in
combination the phosphokinase array showed three kinases of interest; these being p38α,
ERK1/2 and p53 (Figure 6.13). The presence of LTUSI54 during the 4 hour incubation showed an
increase in p38α level when compared to the control group with luminescence of 79.33 and
23.33% of the membrane control spot, respectively. Similarly, treatment of HeLa cells with
etoposide alone or in the presence of LTUSI54 for the 4 hour incubation also enhanced the level
of p38α with luminescence of 57.33 and 69.17, respectively. The level of p38α in the
combination treatment was markedly increased from the etoposide alone treatment group,
however, it was still below the levels observed for the LTUSI54 alone treated group.
Control levels of ERK1/2 were observed to have a luminescence of 43.67%, this was increased for
each treatment group to 83.67, 85.00 and 85.00 for LTUSI54 alone, etoposide alone and
combination treatment, respectively. This showed that the presence of any of the treatments
enhanced ERK1/2 level from the control but had little difference when compared to each other.
Finally, p53 level in the control had an observed luminescence of 11.17%, treatment with
LTUSI54 alone increased this to a luminescence of 16.67. Furthermore, treatment with etoposide
resulted in a luminescence of 27.10, showing etoposide treatment resulted in the greatest level
of p53, as the combination treatment was slightly lower with a luminescence of 25.00 (although
still higher than LTUSI54 alone treatment). The membrane arrays for one of the duplicate
measurements are shown in Figure 6.14 together with the membrane template and list of the
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different kinases, antibody coordinates and corresponding phosphorylation sites accessed by the
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Figure 6.13. Example results of Human phospho-kinase of HeLa cells following 4 hour treatment
alone with 25μM etoposide, 200nM LTUSI54 or in combination. Normalised against positive
membrane control spot. Experiment was repeated with both runs containing duplicate antibody
spots, a similar trend as shown was observed in each run.
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Membrane A

Membrane B

Etoposide + LTUSI54

LTUSI54 alone

Etoposide Alone

Control

Membrane template

a)

Figure 6.14 a) Chemiluminescence detection of one set of duplicate array membranes following
treatment of HeLa cell lysate of cells treated with either Control media, 25μM etoposide or
200nM LTUSI54 alone or in combination for 4 hours. b) Antibody coordinates on membranes and
corresponding phosphorylation sites.
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b)
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6.3.3

Summary of Results
Cell Cycle Progression

Cell cycle distribution for each cell line when treated with LTUSI116 alone or in combination with
etoposide are summarised in Table 6.1. LTUSI116 alone was found to have no effect of cell cycle
distribution, with the exceptions of HCT116 cells following 4 hour treatment and T47D cells
following the 2 day recovery time. Etoposide was found to have a cell line dependent effect on
cell cycle distribution. It was found to have no effect on T47D cells following the initial 4 hour
treatment. However, when given the 2 day recovery period, all three cell lines were found to
have an increase of cells in the G2/M phase due to etoposide treatment. This also resulted in a
corresponding decrease of G1 phase cells. LTUSI116 was found to enhance the G2/M arrest
observed in HCT116 cells following both incubation times. It was also found to enhance the
decrease of G1 phase cells when T47D cells were treated with the combination. There was a
corresponding increase in G2/M phase cells, although it was found to be insignificant to
etoposide alone treatment. Note, the percentages given do not total 100% as they only include
actively cycling cells (does not include non-cycling cells such as those in sub G1).
Cell
line
HCT116

Treatment

4 hour treatment
G1%
S%
G2/M%

2 day recovery
G1%
S%
G2/M%

29.86
18.05
36.65
37.24
Control
30.71
19.11
42.51
40.30
LTUSI116
32.96
23.58
31.12
11.61
Etoposide
Etoposide
24.34
30.50
39.72
10.53
+ LTUSI116
T47D
67.01
14.24
15.20
52.95
Control
71.15
13.27
13.63
44.10
LTUSI116
69.80
16.52
13.57
17.46
Etoposide
Etoposide
68.53
18.51
14.25
12.12
+ LTUSI116
HeLa
51.10
14.31
25.21
47.43
Control
51.47
16.44
29.52
64.40
LTUSI116
47.80
17.08
23.64
15.62
Etoposide
Etoposide
50.90
19.88
25.49
16.29
+ LTUSI116
Table 6.1. Cell cycle distribution following treatment with either 200nM

10.22

28.34

10.39

27.44

10.18

49.49

9.26

63.04

11.32

34.94

13.70

37.23

19.64

45.88

17.94

51.58

11.09

20.70

11.34

18.64

13.48

41.88

9.94

47.49

LTUSI116 or 25μM

etoposide alone or in combination both initial 4 hour treatment and after 2 day recovery time.
Fraction of cells marked in yellow indicate treatments significantly different to control cells while
those marked green indicate combination treatment which resulted in significant difference to
etoposide alone treated cells.
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Cell cycle distribution for each cell line when treated with LTUSI54 alone or in combination with
etoposide are summarised in Table 6.2. LTUSI54 alone was only found to effect the distribution
of HeLa cells with an increase of cells present in the S phase and a decrease in the G2/M phase
following the initial 4 hour treatment, when compared to the control. The effect LTUSI54 had on
G2/M cell distribution was not found to be persistent with a significant difference observed
between LTUSI54 alone treated cells and the control group at the 4 hour treatment time
however not following the 2 day recovery period. Etoposide was found to increase the percent
of cells in both the S and G2/M phases of the cell cycle in HCT116 and HeLa treated cells
following initial treatment. The arrest of cells by etoposide at the G2/M checkpoint was
observed in all three cell lines following the 2 day recovery period. This was also accompanied by
a corresponding decrease in G1 phase cells. Combination treatment of etoposide in the presence
of LTUSI54 was found to differ significantly to etoposide alone treated cells in both T47D cells
and HeLa cell lines at both treatment times measured. The enhancement of etoposide-induced
arrest of HeLa cells at the S checkpoint was only observed following the initial 4 hour treatment.
It was not observed following the 2 day recovery period.

Cell
line
HCT116

Treatment

4 hour treatment
G1%
S%
G2/M%

2 day recovery
G1%
S%
G2/M%

29.86
18.05
36.65
37.24
Control
30.13
15.53
32.83
35.23
LTUSI54
32.96
23.58
31.12
12.67
Etoposide
Etoposide
30.07
19.40
29.10
11.53
+ LTUSI54
T47D
67.01
14.24
15.2
52.95
Control
71.39
14.01
13.53
41.49
LTUSI54
69.80
16.52
13.57
17.46
Etoposide
Etoposide
61.40
20.56
16.09
10.59
+ LTUSI54
HeLa
51.10
14.31
25.21
47.43
Control
46.73
16.75
18.82
37.13
LTUSI54
47.80
17.08
23.64
15.62
Etoposide
Etoposide
45.82
18.76
17.58
12.23
+ LTUSI54
Table 6.2. Cell cycle distribution following treatment with either 200nM

10.22

28.34

10.73

27.63

9.79

49.49

12.57

44.90

11.32

34.94

12.86

37.89

19.64

45.88

14.77

41.93

11.09

20.70

10.07

23.70

13.48

41.88

21.73

22.03

LTUSI54 or 25μM

etoposide alone or in combination both initial 4 hour treatment and after 2 day recovery time.
Fraction of cells marked in yellow indicate treatments significantly different to control cells while
those marked green indicate combination treatment which resulted in significant difference to
etoposide alone treated cells.
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Human Phospho-Kinase Array
Following 4 hour treatment with either 200nM LTUSI54 or etoposide alone and in combination
lead to an increase in kinase phosphorylation of p38α, ERK1/2 and p53. Kinase phosphorylation
of ERK1/2 was up-regulated equally by each treatment group. The kinase phosphorylation of
p38α was highest in the LTUSI54 alone treated cells followed by the combination treatment and
finally etoposide alone treatment, although this was greater than the basal p38α level. Similarly,
p53 kinase phosphorylation was up-regulated to different extents by each treatment. Etoposide
alone treatment showed the greatest phosphorylation of p53 followed by combination
treatment, LTUSI54 alone treatment and finally the control group.
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6.4

Discussion

Treatment of cells with etoposide was found to inhibit cell cycle progression through the S and
G2 phases of the cell cycle, this arrest was found to be further enhanced by the presence of
LTUSI54 during treatment with etoposide. LTUSI116 was found to have a cell line dependent
effect on cell cycle progression both alone and in combination with etoposide. Combination
treatment of etoposide and LTUSI54 on HeLa cells was found to affect two kinases involved in
cell cycle progression, ERK1/2 and p38α, as well as the p53 protein which may shed light on the
mechanism by which LTUSI54 enhances the cytotoxic effects of etoposide.
Effect of Etoposide on Cell Cycle Progression
The consistent trend across the three cell lines examined in the presence of etoposide was a
significant increase in cells in both the S and G2/M phases of the cell cycle with a corresponding
G1 phase decrease. This is consistent with previous studies

[308, 309]

in which treatment with

etoposide resulted in an S and/or G2 arrest, indicating that cells are stopped at either of these
checkpoints within the cell cycle, inhibiting their progression into the next phase of the cell cycle.
Under normal circumstances the arrested cells would remain arrested until the damage was
repaired, or failing repair, cells would undergo cell death by either apoptotic or necrotic
pathways [139]. Although no information may be gleaned from the cell cycle profile in regards to
the mechanism by which etoposide up-regulates the S and G2/M checkpoints, previous studies
[14, 308-312]

have investigated and uncovered some of the mechanisms by which this occurs which

will be discussed later in this chapter.
Effects of LTUSI116 on Cell Cycle Progression are Cell Line Dependent
The effect on progression through the cell cycle in the presence of LTUSI116 was cell line
dependent. Firstly, HCT116 cells showed an initial decrease in the S phase population following 4
hour treatment with LTUSI116 when compared to the control group, treatment with the
combination of LTUSI116 and etoposide resulted in a decrease of cells in the G1 and a
corresponding increase of both S and G2/M population when compared to the etoposide alone
treatment group. When allowed to recover from the initial damage, LTUSI116 alone showed no
significant difference in cell cycle profile to the control. However, the combination treatment
showed a statistically significant increase in G2/M phase cells when compared to the etoposide
alone treatment, this slight increase may not amount to a significant change in the clinical
setting. The similar results observed between the combination treatment and etoposide alone
after the two different treatment times would suggest that LTUSI116 may have a rapid effect on
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the S and G2/M checkpoints. However over time this effect is diminished. The short lived nature
of LTUSI116s effect could be due to the stability of the compound in a cellular environment. The
half-life of LTUSI116 in a cellular environment is unknown and could very well be less than 48
hours the length of the recovery treatment. If this is the case, it could be possible that LTUSI116
only exhibits a short lived, reversible effect on DNA-PK activity or on other enzymes involved in
cell cycle checkpoints or enzymes upstream of cell cycle checkpoint protein activation.
Structurally similar compounds NU7026 and NU7441, currently in clinical trials, have been found
to enhance the etoposide induced cell cycle arrest at the G2/M transition

[189, 192]

. Thus, it could

be possible LTUSI116 is working by similar, yet to be identified mechanisms, as NU7026 and
NU7441.
Conversely to the effects seen on HCT116 cells, treatment of T47D cells with LTUSI116 showed
no immediate alteration to cell cycle progression. However, after the 2 days recovery, there was
a significant decrease in cells in G1 phase when comparing LTUSI116 alone treatment to the
control. Furthermore, there was a significant decrease observed in G1 phase cells when the
combination treatment was compared to etoposide alone treated T47D cells. The trend of the
profile suggests that there was an increase of cells in the G2/M phase of the cell cycle for
combination treated cells following 2 days recovery when compared to the etoposide alone
treated cells (although insignificant with a p value of 0.2965). An arrest like that in G2/M phase
would explain the decrease of cells within the G1 phase, since cells that arrest at the G2/M
checkpoint, can no longer proliferate and restart the cycle at G1.
When investigating the effects of LTUSI116 alone on HeLa cell progression through the cell cycle
it was evident LTUSI116 had no effect following either the initial 4 hour exposure or prolonged
exposure with the additional 2 day recovery. It was also evident that presence of LTUSI116
during treatment with etoposide neither enhanced nor inhibited the cell cycle affects that
etoposide alone induced.
While LTUSI116 has been shown to inhibit the activity of DNA-PK, previous results suggest that it
lacks specificity and these cell cycle results give weight to that hypothesis. Cell cycle analysis
indicates that LTUSI116 has some disruptive effects which can be assumed to be the result of
LTUSI116 interacting with checkpoint progression enzymes, such as the Cdc’s, ATM, MAPK’s
amongst others, either directly or upstream, thereby resulting in the observed cell cycle arrests.
Structurally similar compounds NU7026 and NU7441, have also been found o effect cell cycle
progress ion

[189, 192]

. The lack of specificity of LTUSI116 could also account for the cell line

dependent results observed. As mentioned in Section 5.4, different cell lines have different basal
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levels of different proteins. Hence, if LTUSI116 interacts with multiple targets, if one cell line has
higher basal levels of one or more of these targets when compared to another, that cell line
potentially has less LTUSI116-DNA-PK interaction, resulting in a diminished DNA-PK inhibition,
and can account for other unexpected DNA-PK independent observations, such as disruption to
cell cycle progression. It should be noted that while some of the enhanced effects of LTUSI116
were statistically significant, they are only small changes when looking at the absolute numbers.
Thus, these slight changes may not produce a significant change in a clinical trial.
Effects of LTUSI54 on Cell Cycle Progression Showed Cell Line Dependent Enhancement of Arrest
in Presence of Etoposide induced DSBs
Similar to that of LTUSI116, the effects of LTUSI54 on cell cycle regulation was found to be cell
line dependent. The presence of LTUSI54 alone during initial treatment or prolonged exposure
had no effect on HCT116 cells, nor did it have an effect on the deregulation of HCT116 cell cycle
when used in combination with etoposide.
Investigation into the effects of LTUSI54 on T47D cell cycle regulation showed different results to
its effects on HCT116 cells. When exposed to LTUSI54 alone for 4 hours there was no significant
differences observed in cell cycle profiles when compared to the control group. However, in the
presence of etoposide, LTUSI54 further enhanced the reduction of cells in the G1 phase and a
corresponding increase of cells in the S phase when compared to the etoposide alone treatment.
However, the cell cycle profile following the 2 day recovery time showed alternative results,
LTUSI54 alone showed no significant effect on cell cycle distribution however the trend suggests
a decrease in G1 phase with a corresponding increase in G2 cells. Similarly, the combination
treatment showed a significant decrease in G1 cells when compared to the etoposide alone
treated cells following the recovery time in the presence of the test inhibitor, although this time
the trend doesn’t suggest a corresponding enhanced increase in the G2/M phase.
Treatment of HeLa cells with LTUSI54 alone for 4 hours was found to cause cell cycle arrest at
the S and G2 checkpoint. In combination, the arrest of cells in the S phase of the cell cycle
induced by etoposide was found to be enhanced by the presence of LTUSI54, which resulted in a
corresponding decrease of cells in the G2/M phase. Following 2 days recovery, LTUSI54 alone
treated cells showed a similar cell cycle profile to that of the control group. Similarly,
combination treatment showed no significant difference to etoposide alone treated cells, with
the exception of a statistically significant decrease in the number of cells in the G2/M phase. This
may be due to the stability of LTUS154 in the cellular environment, whereby the degradation of
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LTUS154 (possibly catalysed by CYP450 enzymes) eliminates the possibility of it exerting any
effect on the cell cycle.
These results suggest that the enhanced reduction in cell numbers seen with the treatment of
etoposide and LTUSI54, which was found to be independent of an increase in apoptosis and
persistent ɣ-H2AX foci, is due to early disruption of cell progression through the cell cycle. In
recent years cell cycle progression has become a major target for improving anticancer therapy.
The majority of these studies looked at eliminating the cell cycle checkpoints
others have found benefit in inducing and enhancing cell cycle arrest

[201, 202]

[1, 15, 36, 200]

while

and many current

chemotherapeutic agents elicit their therapeutic benefit by halting the cell cycle. Once again, it
should be noted that the small but statistically significant changes observed may not translate to
a significant observation in the clinical setting.
LTUSI54 Enhances Effect of Etoposide Cell Cycle Arrest by Promoting p53 Independent Cell Cycle
Arrest
To determine the pathway, and possible target molecules for LTUSI54, the effects on cellular
kinases were assessed in both treated and untreated cells. The kinase array results indicated a
change in phosphorylation levels of p53 and two key kinases, p38α and ERK1/2. p53 is a wellknown tumour suppressor, commonly up-regulated during chemotherapy treatment of cancers
[313]

. Treatment with etoposide resulted in increased phosphorylation of p53, and increased

levels of apoptosis, suggesting etoposide is stimulating apoptosis through a p53-dependant
mechanism, as has been previously demonstrated

[139]

. In response to DNA damage, activated

ATM family kinases phosphorylate p53 at Ser 15, phosphorylation at this site disrupts the
interaction of p53 with HDM2 (the human homolog of the murine double minute 2 oncogene),
leading to the stabilization of p53 protein

[314, 315]

. p53 is normally rapidly degraded by HDM2-

mediated ubiquitin-dependent proteolysis [311, 316, 317]. p53 has two functional roles, it can induce
cell cycle arrest, through the transactivation of the CDK inhibitor p21, or apoptotic cell death
through transcription-dependent and -independent mechanisms

[318]

. p53 mediated cell cycle

arrest at the transition of cells from S/G2 and G2/M phase involves up-regulation of cell cycle
inhibitors such as the CDK inhibitor p21, GADD45a (growth arrest and DNA-damage-inducible 45
alpha) as well as 14-3-3 sigma proteins [14]. These factors all play a key role for cells to progress
through both the S and G2/M checkpoint of the cell cycle by inhibiting the activation of
CDK2/Cyclin B complex by Cdc25 that is needed for entry into mitosis, hence resulting in either a
S or G2 arrest [311, 312].
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p53 mediated apoptosis occurs through the intrinsic pathway, which is regulated by the pro- and
anti-apoptotic Bcl-2 family of proteins that directly affect mitochondrial outer-membrane
permeabilisation (MOMP)

[316, 317]

. The two main Bcl-2 family members that influence p53

mediated MOMP are Bax and Bak. Oligomerization of these proteins occurs by the direct or
indirect activation of Bcl-2-homology domain-3 (BH3)-only pro-apoptotic Bcl-2 family members
[316, 317, 319]

. Bax and Bak p53-induced activation triggers the release of mitochondrial cytochrome

c and APAF which activate the caspase cascade of apoptosis leading to cell death [316, 317].
Combination treatment of etoposide with LTUSI54, showed an inhibitory effect on p53
phosphorylation when compared to etoposide alone treated cells. However, LTUSI54 alone only
showed a 1.5 fold increase in p53 phosphorylation much less than etoposide alone, with no
corresponding increase in apoptosis, suggesting that LTUSI54 has an inhibitory effect on the p53
dependent role in cell cycle arrest rather than signalling apoptosis.
In response to DSBs, such as those caused by etoposide, activation of p38α occurs and leads to
the establishment of a G2/M cell cycle arrest[308]. p38α is a member of the mitogen activated
protein kinases (MAPK)[308]. It is a stress activated protein kinase that inhibits cell cycle
progression at both the G1/S and the G2/M checkpoints

[309]

. Treatment of HeLa cells with

LTUSI54 alone showed a much greater increase in p38α phosphorylation than etoposide alone
treatment when compared to the control group (3.645 and 2.64 fold increase respectively).
Treatment with etoposide alone resulted in phosphorylation of p38α and cell cycle arrest at the
G2/M checkpoint, consistent with the role of p38α in G2/M cell cycle arrest [310, 311]. DNA damage
is detected by ATM and ATR kinases, ATM indirectly phosphorylates p38α via activation of the
Thousand and one (Tao) kinases

[308]

. Once activated p38α can induce cell cycle arrest via 2

pathways, one involving p53 as previously described, the other through activation of MAPK
activated kinase 2 (MK2) [311, 312]. MK2 in turn phosphorylates Cdc25B and Cdc25C, which induces
their binding to 14-3-3 proteins, resulting in the prevention of Cdc25 activating the CDK2/Cyclin
B complex that is needed for entry into mitosis

[311, 312]

. Similarly, MK2 activation has previously

been found to initiate the S phase checkpoint via phosphorylation-dependent depletion of
Cdc25A [311], which could explain the observed increase in cells in the S phase following LTUSI54
treatment.
HeLa cells treated with LTUSI54 alone resulted in a significantly higher p38α phosphorylation but
lower p53 activation, compared to etoposide alone treatment. This can be attributed to the
actions of p38α and MK2 in destabilizing p53. Initially, activation of both p38α and MK2
stabilises and activates p53, however activation of MK2 also leads to the phosphorylation of
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HDM2

[320]

. Activation of HDM2 leads to a reduction in p53 stability and may play a role in

moderating the extent and duration of a stress induced p53 response. Previous studies have
shown that phosphorylation of HDM2 at Ser 157 and 166 reduces the stabilisation of p53 and
promotes its degradation [320].
Consistent with previous studies

[321, 322]

treatment of HeLa cells with etoposide resulted in

increased ERK1/2 level. ERK1/2 has been found to play a role in the progression through the cell
cycle, mainly the transition of cells from G1 phase into S phase

[322]

. ERK1/2 is phosphorylated

downstream of MEKs in the RAF-MEK-ERK1/2 pathway, it promotes G1 progression by
interactions with D-type cyclins, Cdk4, stabilisation of c-Myc, regulation of p21 and p27 as well
as down-regulating anti-proliferative genes such as Tob1, Ddit3 and JunD

[322-324]

. All three

treatment groups up-regulated ERK1/2 indicating that they all activate the RAF-MEK-ERK
pathway. As the main role for ERK phosphorylation is understood to be the progression of cells
through G1 into S phase, it is no surprise that the observed results showed no arrest of cells in
the G1 phase.
From our results we hypothesize that LTUSI54 is promoting the MK2 pathway of cell cycle arrest
over that of p53 dependent mechanisms (summarised in Figure 6.16). However, as the
phosphorylation of p53 increased in the presence of LTUSI54 it appears that the p53 dependent
pathway of cell cycle arrest is still activated. As the MK2 pathway is up regulated,
phosphorylation of HDM2 occurs at Ser 157 and 166, promoting degradation of p53

[320]

. Such

degradation of p53 would account for the reduction in p53 levels observed when LTUSI54 was
present in combination with etoposide when compared to the etoposide alone treated HeLa
cells. Similarly, p53 mediated apoptosis would be affected by the presence of LTUSI54 and its
corresponding HDM2 phosphorylation. This would account for the lack of increased apoptosis
observed when LTUSI54 was present in combination with etoposide. LTUSI54 could possibly be
promoting the MK2 dependent pathway of cell cycle arrest and hence p53 degradation by
activating proteins downstream of p38α. Possible targets for LTUSI54 include p38α itself, MK2 or
even HDM2, possibly at the Ser 157 and 166 sites that promote the degradation of p53 and
reduce p53 dependent apoptotic pathways. Once again, due to the small changes observed
when looking at the absolute numbers obtained, this hypothesis may not correspond to the
observations observed in a clinical setting. Similarly, the hypothesis put forward is based off only
a small number of replicates, a greater understanding of the mechanism would benefit from a
greater number of repeat experiments.
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Figure 6.16. Proposed mechanism of action for etoposide and LTUSI54. LTUSI54 appears to
promote the MK2 dependent (p53 independent) pathway of cell cycle arrest over p53
dependent mechanisms. As MK2 is phosphorylated, it in turn phosphorylates HDM2, which
destabilises p53, thereby inhibiting the p53-mediated apoptosis pathways. Dotted arrows
indicate reduced activity while red lines with blunt ends indicate inhibition.
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Chapter Seven
Conclusion
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7.1.

Conclusion

The aim of this study was to investigate the ability of the novel small molecule inhibitors;
LTUK36, LTUSI116, LTUSI118 and LTUSI54 to enhance the efficacy of different DSB inducing
chemotherapeutic agents, as well as the mechanism by which the sensitisation is achieved. The
proposed target for these small molecular inhibitors was the DNA-PK enzyme, required for the
NHEJ pathway of DSB repair. Each of the test inhibitors was found to sensitise in both a cell line
and chemotherapeutic dependent manner. Both LTUSI116 and LTUSI54 were found to enhance
the toxic effects of DSB inducing etoposide on HCT116 and HeLa cell lines and as such their
mechanism of action was further investigated.
The three test inhibitors found to previously have inhibitor activity against DNA-PK all showed
inhibition of cell growth when used alone. LTUSI116 and LTUK36 were found to inhibit cell
growth at 1μM while LTUSI118 was found to be less toxic when used alone with inhibition of cell
growth not being observed until 10μM. These results do not concur exactly with their DNA-PK
inhibitory activities where LTUSI116 was found to have most inhibitory effect with an IC50 of
96nM; LTUSI118 with 280nM and LTUK36 with 500nM. All three of these compounds were able
to sensitise various cell lines to differing DSB inducing agents as was demonstrated in Chapter 3.
This study further supported the ability of LTUSI116 to inhibit DNA-PK activity in a cellular
environment. This was demonstrated by its ability to prolong the repair of etoposide-induced
DSBs as well as inhibit repair of basal DSBs when used alone as determined by γ-H2AX foci
analysis (Chapter 5). Furthermore, LTUSI116 demonstrated that it can enhance the etoposideinduced arrest of cells at the G2/M checkpoint in HCT116 cells (Chapter 6). Both of these
mechanisms are characteristic of previously developed DNA-PK inhibitors such as NU7441 and
NU7026

[189, 192] [192, 193]

. This enhancement of arrest and accompanying inhibition of DSB repair

resulted in a corresponding increase in overall cell death as measured by sub G1 analysis in
Chapter 4. Thus, the sensitisation effects of LTUSI116 were as expected due to its DNA-PK
inhibitory activity.
LTUSI54 was found to have no effect on the repair of either basal or etoposide-induced DSBs as
determined by γ-H2AX foci analysis (Chapter 5). The results in Chapter 6 indicated that LTUSI54
induced an S and G2/M cell cycle arrest in HeLa cells when administered alone. Furthermore, it
enhanced the etoposide-induced cell cycle arrest of cells at the S and G2/M checkpoints.
LTSUI54’s enhanced cell cycle arrest was not accompanied by an increase in overall cell death as
determined by sub G1 analysis (Chapter 4). Thus, while LTUSI54 was found to sensitise cells to
the toxic effects of etoposide the lack of corresponding increase in cell death further
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demonstrated that LTUSI54 was working via a distinctively different mechanism to that of the
DNA-PK inhibitor LTUSI116.
From results obtained it is proposed that LTUSI54 enhances the cytotoxic effects of etoposide by
enhancing cell cycle arrest. LTUSI54 promotes the p38α pathways of cell cycle arrest over the
p53-dependent pathway. The p38α pathway includes up-regulation of MK2 which consequently
increases the expression of HDM2. HDM2 has been found to inhibit the stabilisation of p53
316, 317]

[311,

. Thus this could explain why level of p53 was observed to be down-regulated in the

combination treatment when compared to the etoposide alone treatment. Additionally,
inhibition of p53 stabilisation would result in less p53-dependent apoptosis. This would account
for the lack of an accompanying increase in cell death following combination treatment.
Furthermore, combination treatment resulted in an increase in the anti-apoptotic proteins HO-1
and livin (Chapter 4). Hence, it is proposed that the lack of increase cell death due to
combination treatment is a result of the inhibition of p53 stabilisation and up-regulation of antiapoptotic proteins HO-1 and livin. This study proposes that the reason combination treatment
resulted in a reduction of cell number over a 2 day period is due to an increase of senescence.
Combination treatment with etoposide and LTUSI54 not only up-regulated anti-apoptotic
proteins it also up-regulated pro-apoptotic proteins in both the intrinsic and extrinsic pathways
of apoptosis (Chapter 4). When DNA damage is induced and cell death is not carried out it can
result in cells entering senescence

[325]

. Senescence results in the loss of proliferative potential

which would account for the decrease in total cell number observed over a prolonged period of
time in the combination treatment when compared to both the control and the etoposide alone
treated cells. Furthermore, senescent cells are characteristically resistant to apoptosis [127]. Thus,
this further supports the observed lack of increase cell death in the combination treated cells.
While the results obtained are statistically significant, when looking at the absolute values some
of these changes are relatively small. For this reason the effects observed may not be carried
through to a significant clinical observation. However, clinically, LTUSI54 may add to the armory
of chemosensitisers, particularly in cancers that are currently treated with etoposide i.e lung
cancer, testicular cancer, stomach cancer and non-Hodgkin lymphoma

[326-330]

. Some cancerous

cell lines have increased expression of DNA-PK and thus, the clinical doses of DNA-PK inhibitors
are not enough to completely inhibit the repair pathways of DNA damage. As LTUSI54 appears to
act through up regulation of cell cycle checkpoints and inhibition of apoptosis rather than
inhibiting the repair pathways of DNA damage may be a more effective chemosensitiser than
that of those which inhibit DNA-PK activity. Similarly, it has been discovered that DNA-PK
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dependent NHEJ is not the only form of DSB repair in mammalian cells

[44, 331, 332]

. Hence, the

inhibition of one repair pathway, by DNA-PK inhibition, may not be enough to achieve
chemosensitisation. However, a plausible clinical approach may be to administer a DNA-PK
inhibitor (such as NU7026) in combination with LTUSI54, with the aim that a multi target
approach (inhibition of DNA-PK dependent repair pathways as well as cell cycle checkpoint
activation and corresponding dormancy of growth) will increase the efficacy of the
chemosensitisation.’
Structurally similar compounds to LTUSI54 have been found to either inhibit the process of
angiogenesis

[333, 334]

, platelet aggregation

[198]

as well as DNA repair proteins such as DNA-PK,

ATM and ATR. For this reason it would be of great interest to investigate how LTUSI54 would act
in a tissue or animal model to evaluate its effect on the microenvironment before entering
clinical trials. Similarly, further investigation to elucidate the mechanism by which LTUSI54
sensitises cancer cells to DSB inducing chemotherapeutics is of great interest. Future work could
include investigation to both upstream and downstream targets of p38α, including that of ATM
and ATR, as results suggest LTUSI54 is promoting activation of this pathway of cell cycle arrest
over the p53-dependent pathway. This could be achieved by performing western blot analysis to
assess protein level of both p38α activators and downstream targets. Furthermore, we proposed
that the activation of the p38α pathway of cell cycle arrest inhibited both the stabilisation and
apoptotic functions of p53 through activation of HDM2. Further investigation to determine the
validity to this hypothesis could be achieved through the silencing of HDM2 with siRNA and
assessing the effect this has on cell killing by etoposide in the presence of LTUSI54. Similarly,
investigation into the effects LTUSI54 has on the function of p53 could be achieved by comparing
p53 proficient and deficient cell lines. Further investigation into the effects LTUSI54 has on DSB
repair may be achieved through molecular assays such as reporter constructs[335]. Further
investigation into the effect LTUSI54 has on apoptotic pathways would also be of benefit to
determining its mechanism of action. Once again this could be achieved through investigating
the expression of apoptotic related proteins through western blots or micro arrays. The most
interesting observation when investigating the chemosensitisation LTUSI54 caused was the lack
of increased cell death. It was hypothesised that this was due to an increase of senescence. To
prove this hypothesis markers of senescence such as Sen-β-Gal and SAHFs should be assayed in
cells following treatment with LTUSI54 and etoposide [336].
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