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Abstract
A pre-clinical investigation of the anti-cancer effects of the frankincense constituent

AKBA on ovarian cancer cells

This study examines the biologically active component of frankincense, 3-O-acetyl-11-
keto-B-boswellic acid (AKBA), in ovarian cancer cells to evaluate its potential
cytotoxicity towards high grade serous ovarian cancer and its potential ability to address
the cancer’s known resistance to cisplatin.

Ovarian cancer causes significant mortality, the five-year survival rate being very low
compared to other cancers as most of the cases are diagnosed late, typically at stages Illa-
I1ic and IV. Most of these cases relapse and develop resistance to first line chemotherapy;
therefore, new strategies are urgently needed to overcome resistance. Extracts from
Boswellia sp., used for centuries as herbal medicine in Asia, have known anti-
inflammatory properties and anti-cancer potential alone or in combination with other
chemotherapies. The active ingredients of Boswellia sp., boswellic acids, have many
effects on various cancer cells including induction of apoptosis.

In this study, several approaches and analyses were performed in examining the effect of
AKBA on four ovarian cancer cell lines, including a cisplatin resistant line. These
investigations included analysis of cell proliferation and viability, cell cycle distribution,
apoptosis, DNA damage formation, production of reactive oxygen species and gene
expression. The results obtained from this work suggest that AKBA induces apoptosis in
ovarian cancer cell lines either directly through extrinsic and intrinsic pathways, or
indirectly by affecting other cellular mechanisms such as inhibiting cell
proliferation/viability, inducing DNA damage and decreasing production of reactive
oxygen species. Furthermore, AKBA exposure alters the expression of multiple genes,
potentially impacting on several cellular processes.

The key findings of this project are that AKBA is cytotoxic to ovarian cancer cells, at
pharmacologically achievable concentrations. AKBA exposure also induces multiple
gene expression changes that would impact on many different biological pathways in
ovarian cancer cells including genes related to DNA damage and repair, cell cycle, cell
metabolism, and cell adhesion and metastasis. Consequently, AKBA may form the basis
of a novel anticancer treatment for ovarian cancer potentially alongside conventional

therapy.
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1.1 Frankincense

Frankincense is the gum resin produced by trees of the Boswellia species. The genus
Boswellia comprises at least 25 species, including B. serrata, B. carterii, B. frereana, B.
papyrifera and B. socotrana (Frank and Unger, 2006, Henkel, 2011). Trees of the
Boswellia species are typically 5-10 meters in height and have small dark leaves (Fig 1.1).
Boswellia trees vary in size, shape and type, depending on the pH of growing soil (with
the optimal pH being between 7.9& 8.5) and climate, and start producing frankincense at
the age of 5-10 years. These trees require a high temperature to grow with specific
humidity (80 to 90 %) in order to produce good quality frankincense. Oman has been
known for many years as a major producer of high grade frankincense (Al-Salmi, 2006).
Frankincense was one of the most important commercial products of Middle Eastern
countries and it has been used in different cultures and religions for different purposes
but the highest grade of frankincense is produced in southern Oman (Dhofar) and in

Yemen.

Figure 1. 1 Boswellia trees producing Omani Frankincense. Photograph taken by
the candidate in the Dhofar region, Oman.
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The earliest use of frankincense dates back to the Egyptian Queen Hathsepsut from the
15" century BC who favoured the use of the aromatic extract for her personal care
(Badria, 2015). Early Egyptian uses of frankincense also range from use in incense for
religious rituals and ceremonies, embalming, mummification and for beautification.
(Dharmananda, 2003, Grieve, 2014, Badria, 2015). The use of frankincense spread
throughout the Middle East and was used by the Assyrians, Romans, Babylonians and the
Greeks (Badria, 2015). Frankincense was so prized for many years that it was considered
a gift worthy of Kings. According to academic researchers, frankincense was originally
grown in the Arabian Peninsula (Evershed et al., 1997, Dharmananda, 2003, Cotton,
2014) as documented by Herodotus in the 5th century BC, however the Old Testament
includes a scripture reference to frankincense in Exodus 30:34, written in approximately
1440 BC (DeCanio, 2012).

Frankincense is harvested 2 to 3 times/year, from May through to September, via
incisions made in the tree trunk following a specific procedure using a specific knife.
Firstly, the hard cover of the trunk is cut to allow the milky, sticky fluid to follow out of
the trunk of the tree (Al-Salmi, 2006). Secondly, after three to five days, the accumulated
frankincense is collected and new cuts created in the trunk. Next, 2 weeks after the second
step, the farmers create deeper cuts which allows the gum resin to bleed out of the trunk
till the harvesting ends (Al-Salmi, 2006). The frankincense is categorized according to
colour and purity (Fig 1.2); Grade 1 is white with a mild greenish colour and is considered
the highest quality; it is known as ‘luban thaker’and is used mostly for treatments (Al-
Salmi, 2006). Grade 2 is yellow/white and highly aromatic and is called ‘Al hogery’; it is
also considered a high quality. Grade 3,called ‘Al-najdi’, is a yellow/slightly brownish
colour and may contain some tree bark and is considered to be of a good quality (Al-
Salmi, 2006). Finally grade 4, which is more of a yellow/dark brown colour contains a lot
of tree bark and this used primarily for fumigation including the killing of mosquitos and
flies (Badria, 2015, Gebrehiwot et al., 2003). The poorer quality of Grade 3 frankincense,
coupled with its finer texture and low price means this grade is used predominantly to

make highly volatile frankincense oil (Badria, 2015).

17



Omani Frankincense Omanl Frankincense
Grade 1 Grade 2

Omani Frankincense Omani Frankincense
Grade 3 Grade 4

Figure 1. 2 Different grads of Omani frankincense compared with Indian and

Somalian frankincense.

1.1.1 Boswellic acids

Frankincense has been used for centuries to treat a variety of chronic inflammatory
diseases (Frank et al., 2009). The major constituents of the gum resin are a volatile oil,
mucous and a lipophilic fraction containing triterpenes compounds present as di-, tetra-
and pentacyclic triterpenes (Blichele and Simmet, 2003). Boswellic acids in the gum resin
are the most active components and it have the molecular formulaCsz Hsz O4. Theymake
up the majority of pentacyclic triterpenes (Biichele et al., 2003), although the relative
concentrations of individual boswellic acids vary depending on the species of Boswellia.
Boswellic acids can exist in either acetyl-alpha-boswellic acid or acetyl-beta-boswellic
acid depending on the position of the C-19 and C-20 methyl groups. Most boswellic acids
are present in the B-configurations (e.g. B-boswellic acid (B-BA), 11-keto-B-boswellic
acid (KBA), 3-O-acetyl-B-boswellic acid (ABA) and 3-O-acetyl-11-keto-p-boswellicacid
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(AKBA) and further classification can be performed based on the presence or absence of
a ketone group (RCOR’) on C-11 and an acetoxy group on C-3 (Fig 1.3).

Figure 1. 3 Chemical structures of 3-O-acetyl-11-keto-p-boswellic acid (AKBA).

Table 1. 1 Chemical structures of the major boswellic acids:

Ry R MName

H B-boswellic acid (B-BA)

=0 -OH 11-keto-p-boswellic acid
(KBA)

-H 3-O-acetyl-p-boswelli acid

o (ABA)

=0 /lLo"; 3-O-acetyl-11-keto-p-hoswellic

acid (AKBA)

Boswellic acid types are classified by their R1 and R2 groups, Boswellic acids exist in a-
and B-configurations, depending on the position of two methyl groups on C-19 and C-20
the B-configuration,as described in the table (1.1).

Boswellic acids are thought to be responsible for the anti-inflammatory effects of
Boswellia extracts (Safayhi and Sailer, 1997), an effect demonstrated by Singh and Atal
(1986) in rat and mouse models. These important experiments revealed that a mixture of
boswellic acids led to a 25-46% inhibition of paw oedema in rodents and a 45-67%
decrease in arthritic effect. Furthermore, oral Boswellic acids did not manifest any toxic
effects in mice and rats (LD50 greater than 2 g/kg) and did not cause the formation of
ulcers (Singh and Atal, 1986). Boswellic acids are the primary bioactive compounds in
frankincense which block leukotriene biosynthesis via inhibition of 5-lipoxygenase and
exert potent anti-inflammatory effects in various pathologies (Sailer et al., 1996). Apart
from the immunosuppressive activity of boswellic acids, several studies have reported

that boswellic acids activate pro-apoptotic as well as anti-proliferative activity
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againstmalignant cells (Glaser et al., 1999). The anti-proliferative action of different
pentacyclic triterpenes has been previously demonstrated and some lipoxygenase (LO)
inhibitors have been shown to induce cell death in various cell types (Hoernlein et al.,
1999a).

1.1.2 Medicinal uses of Frankincense

Whilst many herbs have contraindications, Badria reports that frankincense is one of the
safest herbs with only negligible toxicity when used in large amounts (400 mg)(Badria.,
2015). The earliest medicinal uses of frankincense date back to ancient texts as recorded
by Pliny the Elder in the 1% century AD as an effective antidote for hemlock poisoning
and as recorded by the 10th century physician Avicenna as a cure for tumours,
gastrointestinal distress and fever (Badria, 2015). Historically, frankincense derived from
B. carterii was used extensively throughout China for virtually all illnesses and in
traditional Indian (Ayurvedic) medicine frankincense is documented as effective for the
treatment of illnesses including but not limited to: chronic lung diseases, diarrhoea,
dysentery, pulmonary diseases, menorrhea, dysmenorrhea, syphilis, piles, liver disorders,
gonorrhoea and ulcers (Badria, 2015). Cotton (2014) highlights frankincense as
possessing a psychoactive molecule, incensole acetate, which behaves as a TRPV3
channel agonist, which suggests frankincense may be beneficial in the treatment of
depression, whereas Grieve (2014) suggests frankincense is a stimulant.

More recently, boswellic acids have proven themselves to be effective treatment options
for a variety of illnesses and diseases. For example, in 2003 Badria and co-workers
demonstrated hepato-protective effects of boswellic acids from B. caterii when coupled
with glycyrrhizin in rats presenting with liver injury (Badria et al., 2003a). Another study
demonstrated reduced herpes activity in using purified compounds of boswellic acid
(Badria et al., 2003b) whereas another group demonstrated boswellic acids strong
effectivities as an immune system modulator (Mikhaeil et al., 2003). Similarly, boswellic
acids extracted from gum resin have demonstrated efficacy in studies of inflammatory
bowel disease (Badria, 2015, Sayed and El Sayed, 2016), demonstrating enhanced
benefits with significantly less risk to the patient than the prescription drug mesalazine
(Gerhardt et al., 2001). In a randomised trial of 44 patients with brain cancer receiving
radiation treatment, AKBA demonstrated a reduction of greater than 75% in cerebral
oedema in upwards of 60% of the intervention group suggesting AKBA is a safe

alternative to steroid pharmaceuticals (Kirste et al., 2011). Further, Huan et al (2000)
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reports 3-boswellic acids as being effective as both anti-hyperlipidemic and anti-tumour
agents, whereas Mikhaeil et al (2003) determined boswellic acids in frankincense oil to
foster upwards of 90% lymphocyte transformation to lymphoblast’s, thus suggesting
boswellic acid offers enhanced immunological protection through the oil’s immune
stimulant properties.

The primary anti-inflammatory effect is due to the 5-lipoxygenase (5-LO) inhibitory
activity of the boswellic acids (Frank et al., 2006), with AKBA being the most effective
inhibitor, with an IC50 value of 1.2 uM; Lalithakumari et al. also suggest a similar value
of 1.5 pM (Lalithakumari et al., 2006). Further, research usingliquid chromatography-
electrospray ionisation-mass spectrometry/mass spectrometry (LC-ESI-MS/MS)
identified AKBA as an inhibitory agent of several CYP enzymes (1LA2, 2C8, 2C9, 2C19,
2D6 and 3A4) (Frank et al., 2006) whilst Siemoneit and co-workers determined the anti-
inflammatory properties of boswellic acids and their ability to inhibit microsomal
prostaglandin E2 synthase-1 (Siemoneit et al., 2011).

When boswellic acids were combined with curcumin, significant improvements (reduced
oedema, musculoskeletal pain and tenderness) was found in 50 patients with osteoarthritis
of the knee, this study also demonstrated superior efficacy in treating osteoarthritic
symptoms with both boswellic acid and curcumin compared to 50 mg of diclofenac when
followed up at three to seven weeks post-treatment (F. et al., 2004). Additionally, the
boswellic acid/curcumin combination negated the negative side effects evidenced in the
control group treated with diclofenace. Another study also conducted a randomised
controlled trial on the effectiveness of boswellic acid on osteoarthritis of the knee and
determined that the use of this combination significantly reduced joint swelling and pain,
whilst increasing flexibility and the ability to walk; however, radiographic imaging
demonstrated no change in disease progression (Kimmatkar, 2003).

Boswellic acid has also been demonstrated as being effective against bronchial asthma.
For instance, in a double-blind study, the incidence of asthmatic attacks was reduced
during the six-week trial to 0.3 attacks/week in the intervention group compared to an
average 1.2 attacks/week in the control group (Gupta et al., 1998). Furthermore, when
examining the leukotriene inhibitory effect of boswellic acids, Badria et al (2004)
identified increases in both total lung capacity using forced expiratory volume in 1 second
(FEV1), and performance compared to those receiving a placebo, leading researchers to
believe that the anti-inflammatory effect of boswellic acids is a result of additional

mechanisms of action, not solely isolated to the inhibition of leukotriene synthesis.
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In a randomised controlled trial by Madisch et al (2007), 26 patients diagnosed with
collagenous colitis were treated either with a placebo (control group) or with a B. serrata
extract (which contains boswellic acids and other boswellia compounds). Following a six-
week treatment protocol, those in the B. serrata intervention group were more likely to
achieve complete remission of their disorder (Madisch et al., 2007). This is consistent
with findings from Kiela et al (2005) who conducted similar research on chemically-
induced colitis in mice. However, additional assessments, including quality of life and
histo-pathological examination of collagen thickness, showed that there were no
statistically significant differences in either of these factors between the placebo and the
B. serrata extract intervention group (Madisch et al., 2007). Anthoni et al (2006) also
determined that a semi-synthetic version of AKBA, AKBA, is also an effective anti-
inflammatory agent for successfully mitigating the inflammatory effects of colitis.
Although there is significant literature identifying the medicinal benefits of boswellic
acids, and in particular AKBA, a systematic review conducted by Ernst (2008) of the
seven randomised controlled trials from India using oral administration of bosewllic
extracts for treating asthma, osteoarthritis, rheumatoid arthritis, Crohn’s disease and
collagenous colitis yielded only “suggestive” rather than “compelling” results, probably
due to the limitations of sample size (the largest trail of the seven had a maximum sample
size of 102 patients).

Although frankincense offers a wide variety of health benefits, less commonly known is
the effective pest control properties of frankincense. For example, when the oil is ignited
a variety of flying insects, including mosquitoes, are naturally repelled, thereby reducing
the threat of malaria (Richardson and Dorr, 2015). Additionally, in medieval times,
frankincense was used as a fumigant in religious ceremonies and churches (Hamidpour
etal., 2013, Crow, 2004).

1.1.3 Acetyl-11-keto-beta-boswellic acid (AKBA):

Acetyl-11-keto-B-boswellic acid (AKBA) is a pentacyclic triterpene that inhibits 5-LO
and its potential antitumor effects have been studied in detail. Importantly, AKBA has
been investigated in models of gastrointestinal (gastric and colorectal), prostate and
pancreatic cancers, leukaemia cell lines and brain tumours. One recent study conducted a
small prospective, randomized, placebo-controlled, double-blind clinical trial of
boswellia supplementation in patients with primary or secondary malignant cerebral

tumours treated with radiotherapy plus either boswellia supplementation (4.2 g/day) or
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placebo. Boswellia supplementation significantly reduced cerebral oedema measured by
MRI in the patient cohort. Different authors speculate that this could be due to the anti-
inflammatory effect of boswellic acids and/or an additional anti-tumour effect (Kirste et
al., 2011, Sayed et al., 2016). Importantly for the work in this dissertation, the role of
AKBA or any other boswellic acid derivatives in ovarian cancer has not been reported in
peer-reviewed scientific literature thus far, but the study of other cancers can offer useful

insights as to the potential relevance of AKBA treatment in ovarian cancer.

1.1.4 Cytotoxic properties of Boswellic acid and mainly AKBA:

Several researchers have reported the benefits of frankincense (Bone, 2006)and most
specifically Boswellia serrata in treating brain cancer patients, as the herb demonstrates
efficacy in reducing oedema surrounding the brain in cancer patients. However, Bone
(2006) continued to report on the cytotoxic properties, highlighting the role of AKBA as
a cancer cell growth inhibitor, as a promoter of apoptosis in many cell lines, and as an
inhibitor of DNA synthesis.

There are numerous positive findings of AKBA’s anti-cancer effects in vitro using
various cell-model systems (Bone, 2006, Hostanska et al., 2002), ranging from myeloid
leukaemia, melanomas, and colon cancer cells to liver and brain cancer cells. Park et al.
(2002a; 2002c) also evidenced AKBA as being effective in the treatment of meningioma
cells at low concentrations (2 — 8 uM). Park et al (2002a) determined that AKBA
inhibited phosphorylation of Erk-1/2 whilst impairing cancer cell motility, as mediated
through the Erk pathway. These two studies demonstrate the effectiveness of AKBA
treatment in cell culture. The following section will highlight the various cell lines studied

and published studies evidencing the cytotoxic effectiveness of AKBA.

1.1.5 Cell line studies and cytotoxicity

Pang et al (2009) conducted research on the use of AKBA to suppress angiogenesis,
specifically as it relates to prostate cancer. Xenograft mouse assays were used, with five
mice being injected with PC-3 cells (Pang et al., 2009). When the tumours were ~10 mm?,
treatment in the AKBA intervention group commenced for a period of one month (Pang
et al., 2009). The mice were then sacrificed, and a variety of processes were performed,
including histological staining, a Matrigel plug assay, rat aortic ring assay, cell viability
assay, endothelial cell migration assay, endothelial cell Transwell migration assay,
endothelial cell capillary-like tube formation assay, western blot analysis and in vitro

vascular endothelial growth factor receptor 2 (VEGFR2) kinase inhibition assay (Pang et
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al., 2009). Results concluded that AKBA administered at a dosage of 10 mg/kg/d was
effective at suppressing the weight and volume of tumours (Pang et al., 2009). Further,
anti-angiogenesis was evident when comparing blood vessel numbers from treated
ratsmicroscope [high-power field (HPF)] (2.83 £ 1.17 blood vessels/HPF) to the control
group (13.50 +/- 2.43 blood vessels/HPF) (Pang et al., 2009). The same anti-angiogenic
effect was also found for AKBA when treating tumour endothelial cells (Pang et al.,
2009).
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Figure 1. 4 Apoptotic pathways (intrinsic and extrinsic)

Finally, AKBA demonstrated apoptosis in both tumour and endothelial cells, highlighting
the positive impact of AKBA on both the VEGFR2 and mTOR pathways (Pang et al.,
2009). Lu et al. also investigated the impact of AKBA on prostate cancer in cell lines,
specifically comparing AKBA’s action on the androgen-dependent (LNCaP) and
androgen-independent (PC-3) prostate cell lines (Lu et al., 2008). A variety of assays
were performed on the cell lines before and after treatment with AKBA, including an
MMT assay and an apoptosis assay (fragmented DNA) (Lu et al., 2008). Twenty-four
hours prior to AKBA treatment, a mitochondrial membrane potential assay was
performed (Lu et al., 2008). Finally, cells were either treated with 10 ug/mL AKBA or
left untreated, followed by a luciferase assay and reverse transcription-PCR analysis to
analyse death receptor DR5 expressions (Lu et al., 2008). The results determined that
AKBA promotes apoptosis (Fig 1.4) and, is also a cell-growth inhibitor for androgen-
independent cell lines (Lu et al., 2008). Additionally, it was demonstrated that caspase-8

and caspase-3 pathways are activated by AKBA, whilst AKBA also activates DR5 levels
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and promoters via the CHOP-mediated pathway (Lu et al., 2008).

Park et al. (2011a) conducted research on the cytotoxic properties of AKBA in relation
to pancreatic cancer, however, a wider variety of cancer cell lines were investigated,
including pancreatic cancer cells, human leukemic cell lines, myeloma and human breast
cancer cells. Cell lines were then subject to western blotting, electrophoretic mobility
shift assay, RNA analysis and reverse transcription-PCR, quantitative real-time
polymerase chain reaction, chromatin immune-precipitation assay and an invasion assay
following treatment with AKBA (Park et al., 2011a). After that, cells were implanted
orthotopically in nude mice (Park et al., 2011a). Following tumour growth and excision,
the tumours were processed for histological analysis (Park et al., 2011a). Results
determined that AKBA suppresses chemokine receptor (CXCR4) signalling in pancreatic
cancer cells (PANC-28), down-modulates CXCR4 inhuman leukemic cells (KBM-5),
kidney cancer cells(A293), myeloma cells(U266), breast cell lines (MDA-MB-231,
MCF7/Neo, MCF7/HER2, and SKBR3), and four pancreatic cell lines (AsPC-1, BxPC-
3, MIA PaCa-2, and PANC-28)(Park et al., 2011a). It was interesting to note the down-
regulation of CXCR4 due to AKBA was not mediated by degradation of CXCR4 protein
but actually occurs at the transcription level, involving the NF-xB pathway (Park et al.,
2011a). These results were corroborated by additional research conducted by Park et al,
which further showed the effectiveness of AKBA treatment as matching that found with
the traditional chemotherapy pharmaceutical gemcitabine (Park et al., 2011a). Ni and co-
workers also researched the role of AKBA in pancreatic cell lines, including PaCA-2,
Panc-28, and MIA but they included the additional pancreatic cell lines BXPC-3 and
DANG in their investigation. The cells were treated with frankincense essential oils of
different dilutions ranging from 1:200 — 1:2,700 dilutions(Ni et al., 2012). A cell
cytotoxicity assay was performed to identify the percentage of damaged cells due to
frankincense essential oil, as was a cell viability assay (Ni et al., 2012). Other assessments
included genomic DNA fragmentation to measure apoptosis from pancreatic cancer cells
seeded in culture plates and then treated with an AKBA dilution of 1:1,200 (Ni et al.,
2012). Western blot analysis was also performed to assess the effect of AKBA in
impacting the caspase signalling pathway (Ni et al., 2012). Xenografts were performed
on mice using MIA PaCa-2 cancer cells; seven days later the mice were randomly
assigned to a control or treatment group, with the treatment group receiving 3 injections
of frankincense essential oil spaced four days apart (Ni et al., 2012). Tumours were

removed from euthanised mice and then analysed via immune-histo-chemistry to assess
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cytostatic activity, ultimately yielding the numbers of immuno-reactive cells from control
mice compared to treated mice (Ni et al., 2012). Results demonstrated frankincense
essential oil as being effective at supressing pancreatic cancer cell growth and viability
in the cell lines studied, and leading to tumour cell apoptosis via the caspase pathway (Ni
et al., 2012). Ni et al. also determined that AKBA acts as a cell cycle modulator in the
pancreatic cell lines studied (Ni et al., 2012). When tumour sizes were compared in
control versus AKBA treated mice, tumour growth was significantly retarded in the mice
treated with AKBA (Ni et al., 2012). Finally, immuno-histochemical analysis determined
that PHH3 stained cells were fewer in number in tumours excised from AKBA treated
mice compared to those from control mice, with terminal deoxy-nucleotidyl transferase
dUTP nick end labelling (TUNEL) guantitative analysis determining that AKBA causes
apoptosis (Ni et al., 2012).

Two studies were performed using colon cancer cell lines. Lui, and co-authors in 2006
built upon the known anti-inflammatory and anticancer benefits associated with AKBA
in their investigation of the cellular growth inhibitory capabilities for HCT-116, HT-29,
and LS174T cell lines. In a prior study, Liu, and co-authors in 2002 had already
determined AKBA as effective in engaging the capsese-8 pathway to induce colon cancer
cell apoptosis; notably, the study reported in this thesis investigates a similar set of
parameters, however utilises a lower AKBA dosage. Similar to the above studies by Ni
and his group and Park and co-authors, different assessment protocols were performed on
cancer cells treated with AKBA including, DNA synthesis, cell viability testing and cell
cycle assessment (Park et al., 2011a, Liu et al., 2006, Ni et al., 2012). Additionally,
tumour cells were assayed to identify apoptosis by staining with annexin V (Liu et al.,
2006). Results confirmed increased dosage levels enhanced the extent to which AKBA
inhibited the growth of HCT-116 cancer cells (Liu et al., 2006). The same result was
found for HCT-116 cell viability, which demonstrated a reduction in viability to a level
half of the untreated control group with a dosage of 5 uM of AKBA, whilst cell growth
decreased to 45% of that of the untreated control with a dosage of 20 uM of AKBA (Liu
et al., 2006). When cell lines HT-29 and LS174T were tested, reductions and inhibitory
responses were also identified at levels ranging from 40 — 50% compared with those of
untreated controls for dosages between 20 — 30 uM of AKBA (Liu et al., 2006). Further,
results confirmed that at doses lower than 20 uM AKBA, inhibited cell growth, with little
evidence of apoptosis; however, when the dosage was increased to 50 uM of AKBA,

evidence of apoptosis increased from 2% to 30% in a dose dependent manner (Liu et al.,
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2006). Further, p21 pathway regulators were shown to be altered due to AKBA. For
example, a 4-5 fold up regulation of p21, which inhibits cyclin-dependent kinases
required for cell cycle progression, is seen following AKBA treatment, but there were no
direct effect on p53 pathway mediated growth inhibition (Liu et al., 2006).

Following on from the studies by Liu and co-workers (Liu et al., 2006) on the HCT116
cell line, Yadav et al. conducted research on the same cell line investigating the effect of
AKBA on cancer cell growth, proliferation, angiogenesis and metastasis using both
colorectal cancer cell lines and xenographs (Yadav et al., 2012). HCT116 cancer cells
were transferred to six four-week old athymic mice, who were then randomly assigned to
a control group, or one of three AKBA treatment groups who received varying oral dose
levels of AKBA: 50 mg/kg, 100 mg/kg, or 200 mg/kg (Yadav et al., 2012). Mice were
euthanized at 28 days following treatment, at which time tumours were excised and
assayed (Yadav et al., 2012). Results of the xenograft demonstrated significantly reduced
cell tumour volume in all three of the treatment groups compared to the untreated control,
with the reduction in tumour volume correlating the level of AKBA received (Yadav et
al., 2012). Similarly, metastasis was inhibited on a dose-dependent basis in those mice
treated with AKBA (Yadav et al., 2012). Those mice treated with 100 mg/kg presented
with minimal metastasis, whereas those receiving 200 kg/mg presented with even lower
levels of metastatic disease (Yadav et al., 2012). Additionally, Yadav et al. (2012)
determined that metastasis to other organs was prevented with AKBA administration
when compared to controls. AKBA also evidenced a decrease in angiogenesis as
measured by CD31 micro-vessel density analysis, most notably at a dosage of 200 mg/kg
(Yadav et al., 2012). Finally, Yadav et al. determined that the major signalling pathway
affected in their AKBA trial was the NF-kB pathway, known to be responsible for cell
growth and metastatic activity; this pathway was inhibited in a dose dependent manner,
with a treatment dose of 200 mg/kg providing the greatest inhibitory effect.

Examining the effect of AKBA on breast cell lines, Suhail et al. (2011) conducted
research on T47D, MCF7, MDA-MB-231, and MCF10-2A. A key feature of the study
was the multifaceted use of both oestrogen-receptive and non-oestrogen-receptive cell
lines (Suhail et al., 2011). Whilst the studies conducted by Liu et al. (2006) and Yadav et
al. (2012) used xenografts, Suhail et al. (2011) conducted all research using cell culture.
Various assays, including the XTT assay to assess cell proliferation and western blot
analysis to determine protein expression, demonstrated a variety of pathway expressions,

including: Caspase-3, 8 and 9, phosphor Akt, PARP, cyclin D1, phosphor-ERK1/2, B-
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actin and cdk4. The various breast cancer cell lines responded with different levels of
sensitivity to AKBA; however, all cell lines exhibited a suppression of viability, increased
apoptosis and an effect on gene expression proteins based upon pathway expression
(Suhail et al., 2011). Suhail et al (2011) also demonstrated anti-angiogenesis properties
of AKBA.

Zhao et al (2003) used the MTT assay to investigate the cell growth inhibitory properties
of boswellic acid in the mouse melanoma cell line B16F10 and upon HT-1080, a human
fibro-sacrcoma cell line. Results determined AKBA to be effective in inhibiting cell
growth of the mouse melanoma cells in a dose dependent fashion; this was particularly
evident in cells with an increased melanin content treated with 50 uM AKBA (Zhao et
al., 2003). Results also determined that boswellic acids could effectively induce apoptosis
in HT-1080 cells, with results similar to those for mouse melanoma cells, being time and
dose dependent (Zhao et al., 2003). Many of the above studies have concluded that the
safety associated with boswellic acids, makes these compounds a potentially effective
cancer treatment. Whilst these studies are preliminary, if the results were replicated, this
would strongly suggest the AKBA as an effective intervention to promote apoptosis in
cancer cells (Zhao et al., 2003).

More recently, (Burlando et al., 2008)investigated the effectiveness of AKBA on skin
normal cell lines HaCaT, NCTC 2544, and HFFF2. The cell lines were treated and
examined in vitro by both DNA and MTT assays with the cancer cells being exposed to
increasing concentrations of AKBA (Burlando et al., 2008). Results demonstrated
aggressive cytotoxic activity on cancer cell membranes for all the cell lines, as evidenced
by NRU assay (Burlando et al., 2008). The same results were found for HaCaT cells,
however the observation was more pronounced for the HFFF2 and NCTC 2544 cells
(Burlando et al., 2008). HaCaT’s has a unique highly differentiated phenotype which
could be responsible for the lower rates of cytotoxicity noted (Burlando et al., 2008).

In investigating the cytotoxic role of frankincense on bladder cancer cell lines, researchers
examined the effect of frankincense oil on J82 and UROtsa cell lines (normal)in vitro
using the XTT cell viability assay, trypan blue exclusion and TUNEL analysis (Frank et
al., 2009). Results determined that frankincense oil inhibited cancer cell line viability and
fostered apoptosis (Frank et al., 2009). Imaging demonstrated that J82 cancer cells shrank
following treatment with frankincense oil, whereas UROtsa cells did not exhibit the same
behaviour, despite treatment with increasing concentrations of frankincense oil (Frank et

al., 2009). Results of TUNEL analysis also revealed apoptosis in J82 cancer cells treated
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with frankincense oil. Researchers provided a detailed genetic analysis of up- and down-
regulator genetic profiling in J82 bladder cancer cell line modulated by frankincense oil,
suggesting that the DDIT3, ATF3 pathways are most likely responsible for induction of
apoptosis and inhibitory responses (Frank et al., 2009).

Table 1. 2 Published anti-tumour activity of AKBA:

Author Cancer Cell line/Mouse | Type of BA & Anti-tumour Pathway
/year investigat model Con effect affected
ed
Catanzaro Colon LoVoand HT29 BSE & AKBA | Cell viability & NF-xB
et al 2015 cancer cell lines (0.1-10 pg/ml NO ROS phosphoryl
BSE & 0.27 generation ation
pg/mi
Zhangetal, | Gastric/ SGC-7901/MN- | AKBA (2.5, 5, Apoptosis& WNT, p21,
2013 Colonic 45 xenograft 10, 20, & 40 Reduced polyp p53&
cells& Polyplasia HM) formation NFxB
(APC mice)
Al Salmani | Ovarian UWB1.298, AKBA (5, 10, Apoptosis DNA
etal., 2013 A2780, A2780cis 15, 25, &50 damage
(cell lines) UM)
Takahashi | Colorectal Primary lines AKBA Inhibits cancer | Let-7, mrR-
etal., 2012 (cell lines)& mice | (5,10,15,20, 25, growth 200
40, 50, 60 pM)
& (50, 100, 200
mg/ kg/ day)
Shenetal., | Colorectal | RKO, SW48 and | AKBA (20 & 40 Activate SAMD14,
2012 SW480 cell lines | pM) Tumour SMPD3
suppressor&
demethylation
Yadav et | Colorectal | HCT116 (mouse | AKBA (50, 100 Inhibition NF-kB,
al., 2012 model) & 200 mg/ kg) growth, apoptosis
invasive,
angiogenic &
metastasis
Nietal., | Pancreatic MIA, PaCa-2, BA in oil (19.6 Apoptosis, Caspase,
2012 Panc-28, BXPC-3 | & 30.1 mg/ml) Proliferation Erkl/ 2,
cell lines AKt
Park etal | Pancreatic | AsPC-1, PANC- | AKBA (10, 25 Growth NF-xB
2011 (a & 28 cell lines and & 50 pM) inhibition and
b) MIA PaCa-2 mice | 100 mg/kg/ day apoptosis
Suhail et Breast T47D, MCF7, BA in oil (19.6 Apoptosis Caspase-3-
al., 2011 MDA-MB-231, & 30.1 mg/ml) independen
MCF10-2A cell t
lines & PARP
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Pang et al Prostate HUVEC, PC-3 AKBA Anti-angiogenic | VEGFR2,
2009 cells and (0.5,1,5,10,20, VEGF and
Xenograft 50, 100, 200 mTOR
uM) & (10
mg/kg/d)
Frank etal., | Bladder | J82, UROtsa cells 1:1000 Cell growth DDIT3,
2009 frankincense oil inhibition, ATF3
apoptosis
Luetal., Prostate LNCaP, PC-3 AKBA (5, 10, Apoptosis DR-5,
2008 cells 15 & 20 uM) CHOP-
mediated
Burlando et Skin Normal cell lines | AKBA rang of No toxicity NOT
al, 2008 (HaCaT, high conc. (0.5 — IDENTIFI
NCYTC2544, 500 uM) ED
HFFF2 cells)
Singh et al - plug assay (mice) AKBA (10 Anti-angiogenic | AKT/mTO
2007 mg/kg/d) R
TNFa
Liuetal., Colon HCT-116, HT-29, | AKBA (5,15, | Apoptosis& cell P21
2006 LS174T cells 20, 25, 30 & 50 cycle
HM)
Takada et Bone Osteoclasts AKBA (10, 20, Inhibited NFx«B,
al., 2006 (RAW264.7 cells 30, 40 & 50 survival and MAPK
UM) invation
Zhao etal., | Melanom | B16F10 (mouse - AKBA (12.5, Apoptosis, DNA
2003 a, Fibro- | melanoma) cells; 25,50 & 75 invasion topological
sarcoma | HT-1080 (human- UM) isomerizati
fibro-sarcoma) on
cells &cell cycle
Park etal, | Meningio Primary cells AKBA (2-8 Growth arrest Erk1/2
2002 ma pHM)
Hoernlein | Leukaemi HL-60/CCRF AKBA (10, 20, Growth Topoisome
et al., 1999 a cells 30, 40, & 50 inhibition/G1 rase 1
HM) arrest

1.1.6 Metabolic activity of Boswellic acids and AKBA

According to Sharma (2010), one of the primary metabolic actions that lead to cell death

is aerobic glucose oxidation that yields increased oxidative phosphorylation of

mitochondrial membranes, which has effects both anti-proliferation and apoptotic

proteins when oxygen is present. This leads to increased levels of CO> that leads to cell

death, which when combined with anaerobic glucose oxidation serves to significantly

decrease mitochondrial levels of energy and energy production.

Sharma (2010) explains how this impacts cancer cells by highlighting the profile of cancer

cells as presenting with “high glucose consumption, high glycolytic rate, rapid cell
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proliferation, lactic acid accumulation, extracellular acidic low pH, low glucose
availability and oxygen deprivation.” Although the mechanism of action of boswellic
acids, and more specifically AKBA, is unknown (Liu et al., 2006), this suggests that
cancer cell lines are starved when anaerobic glucose utility blocks cell aerobic metabolic
activity and leads to cell apoptosis(Sharma, 2010).

Other researchers suggest that AKBA leads to cell apoptosis via the NF-xB pathway in a
similar manner to chemotherapy, by inhibiting TNF and inhibited receptor activation of
NF-kB ligand-induced apoptosis. AKBA leads to apoptosis through inhibiting NF-xB
signalling and inhibiting invasion(Takada et al., 2006). There are a number of cancer cell
lines which have been studied specifically with AKBA (detailed more in the
sectionl1.1.5).

1.2 Ovarian Cancer

Ovarian cancer is the 5th most common malignancy in women and despite intensive
efforts to improve diagnosis and treatment, most diagnosed women eventually die from
their disease. The vast majority of ovarian cancers are actually tubal in origin not
ovarian(Mills and Fuh, 2017). Consequently, it is now being referred to as pelvic serous
cancer because it is not possible to differentiate between the sites of origin and not only
does it arise in the epithelial layer (Moss et al., 2015). The symptoms of this cancer
include frequent urination, difficulty eating, an abdominal mass, tiredness and pelvic pain
(Coleman et al., 2011a). Ovarian cancer is the leading cause of death amongst the
gynaecological cancers (Jemal A et al., 2010). The vast majority of patients (>80%) have
high grade serous but <15% are mucinous ovarian tumours (60-80%) and present with
stage Ill and IV disease (Cannistra, 2004). The relative five-year survival for invasive
epithelial ovarian cancer decreases dramatically with the stage of disease at diagnosis;
with 92.0% survival outcome reported for stage | cancers; this is because mucinous
tumours, which have a good prognosis, typically present with stage | disease. But as the
stage increases, survival decreases: stage Il (55.1%), stage 11l (21.9%) and stage IV
(5.6%) (Cancer Research UK., 2012). Despite the high mortality rate, the incidence of
ovarian cancer is low, making up around two percent of total cancers in the UK(Cancer
Research UK., 2013).
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Figure 1. 5 Ovarian cancer statistics by age in Females 2012.

Taken from Cancer Research UK (http://www.cancerresearchuk.org/health-
professional/cancer-statistics/statistics-by-cancer-type/ovarian-
cancer/incidence#heading-One).

According to the most recent statistics from Cancer Research UK, over 7,100 women

were diagnosed with ovarian cancer in 2012 resulting in 4,300 deaths (Cancer Research
UK., 2013). In Europe ~65,500 new cases were reported in 2012 and ~239,000 new cases
reported worldwide with an average prevalence of 12 in 100,000 of women.
The disease becomes more common with increasing age and most frequently diagnosed
women are between 55 to 64 years of age (Cancer Research UK., 2012). Nonetheless,
ovarian cancer is the 6™ most common female cancer in Arab countries and so is regarded
as moderately frequent in the Middle East. According to Arab Cancer Epidemiology
2010, presented by Salim and co-authors, 6.2% of all gynaecological cancers in Oman
are ovarian cancer, which makes it the 2" highest gynaecological cancer in the Arab
world (Salim E et al., 2009). Furthermore, a report by the Omani Ministry of Health
concerning the incidence of cancer in Oman for 2010, states that ovarian cancer is present
as one of the highest cancer types amongst all types of cancer in females, accounting for
15% of all gynaecological cancers.
Chemotherapy represents the standard treatment for patients with ovarian cancer. The
chemotherapy that has been shown to be the most active in ovarian cancer are the
platinum based drugs cisplatin and carboplatin. These drugs are typically used in
combination with another cytotoxic agent in order to improve the outcome of the patients.
In the UK carboplatin is used because it is less toxic than cisplatin and has the same
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efficacy as cisplatin. Many trials have been conducted over the past 20 years trying to
improve on the standard regimen of intravenous carboplatin and paclitaxel however, to
date, the results have been disappointing. However, advances have been made in the
delivery route of chemotherapy with administration intraperitoneally rather than
intravenously. This has been shown to increase survival in patients with stage 11IC
epithelial ovarian adenocarcinomas (Armstrong et al., 2006) and this treatment regime
was being further evaluated in international clinical trials in order to determine the
optimum protocol (Armstrong et al., 2006).

The majority of ovarian cancer patients relapse and develop resistance to first line
chemotherapy (Ledermann, 2010). Cisplatin resistance significantly reduces the
effectiveness of the treatments and the cellular mechanisms which determine resistance
are not well-understood (Zhu et al., 2005). Therefore, an urgent need to understand
mechanisms of chemo-resistance in ovarian cancer and the design of strategies to

overcome this resistance are required.

1.2.1 Ovarian cancer subtype

Ovarian, fallopian, and peritoneal cancers are all been presented as ovarian cancer, which
is mostly epithelial origin cancers, and the most common OC is the high grade serous
(HGSC), then the endometrioid and followed by mucinous (Mills et al., 2017, Koshiyama
etal., 2017).

They are divided into 2 sub types; Type | which is originally from endometrioid,
mucinous (benign serous cystadenoma) commonly present the low grade serous cancer
with mutation in BRAF and KRAS. Type Il which commonly includes the High Grade
Serous and these patients progress very badly, and mostly present with mutation in
BRCAL, BRCAL, TP53, BARD1, BRIP1, CHEK2, NBN, PALB2, RAD50 family, and
NF1 which mostly found to be resistant to the first line chemotherapy (Mills et al., 2017,
Koshiyama et al., 2017).

1.2.2 Aetiology and Pathophysiology of Ovarian Cancer

The exact etiology of ovarian cancer is not well understood mainly because the disease
only becomes symptomatic at an advanced stage. As a result, the initiating and
progressing biological mechanisms of carcinogenesis in the ovarian epithelium, which
accounts for ~90% of cases, are unclear (Menon et al., 2014). The most popular
hypothesis is that carcinogenesis takes place in ovarian epithelium cell-lined inclusion

cysts (Hunn and Rodriguez, 2012). Cells are entrapped in the tissue stroma and receive
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constant stimulation from stromal growth factors eventually leading to neoplasia. This
hypothesis has been supported by previous pathological findings describing ovarian
intraepithelial neoplasia with demonstrable histological cellular and atypical nuclei in
stage | ovarian cancer (Plaxe et al., 1990). In addition, premalignant dysplastic alterations
in the ovarian epithelium, as well as an association between neoplastic changes and an
up-regulation of cyclooxygenase-2 and down regulation of tumor suppressor activity in
epithelial cells, also indicate epithelial involvement in ovarian cancer (Yang et al., 2002).
More recently, it has been suggested that ovarian carcinogenesis may involve cells from
the fallopian tube. Indeed, ovarian cancer has a similar histopathological appearance to
the fallopian tube, while classic pathological evidence of premalignant dysplasia has been
identified in the fimbriated end of the fallopian tube in subjects undergoing prophylactic
oophorectomy. Studies of serous pelvic carcinoma have shown involvement of tubal
carcinomas with similar changes in p53 expression and activity in pelvic and fallopian
tumors, indicating a common molecular origin (Chivukula et al., 2011). Family history
of the disease is clearly an important risk factor. It appears that 10-12% of affected women
carry germline mutations in the BRCAL1/2 genes and a 20% - 40% lifetime risk of
developing tubal cancer (King et al., 2003), while an additional fraction comes from a
genetic background of other mutations in DNA repair genes which may confer an
additional 10% risk of developing ovarian cancer (Yi et al., 2014).

Carcinogenesis is a very complex multifactorial process and different molecular
mechanisms including hereditary, biological or environmental parameters participate in
the neoplastic transformation of healthy tissues. In ovarian cancer the established dogma
proposes that ovulation, characterized by repeated tissue disruption and repair of the
ovarian epithelium, predisposes the epithelial cells to cellular DNA damage and
neoplastic transformation in susceptible individuals (Schildkraut et al., 1997). This
process has been termed “incessant ovulation” and is supported by extensive evidence in
animals and human epidemiological studies linking ovulation cycles with ovarian cancer
risk (Fleming et al., 2006). At the molecular level, it has been suggested that ovulation
can cause mutations in the p53 tumor suppressor and as a result predispose to defective
DNA repair. Indeed, in humans and chickens p53 mutations are common in ovarian
carcinomas and correlate with the number of ovulation cycles (Hakim et al., 2009).
Indeed, women who have been on the contraceptive pill and therefore have switched off

their cycles, have a significantly reduced risk of ovarian cancer (Hannaford et al., 2007).

34



Figure 1. 6 Ovarian cancer.
(http://www.mdguidelines.com/cancer-ovary)

Importantly, due to the epithelial pathophysiological basis of the disease, which relies on
hormonal patterns and may also have an inflammatory component, as well as the intra-
abdominal location of the organ, ovarian cancer is difficult to diagnose at an early stage
where most symptoms are mild and non-specific. For instance, pain and distension are
often encountered in postmenopausal women and most commonly mistaken for irritable
bowel syndrome (Jayson et al., 2014). With regards to the specific pathological
classification of most ovarian cancers, high-grade serous (HGS) cancers represent over
80% of cases and are defined by mutations in p53 and low expression of BRCAL, defects
in homologous recombination (~50%), CCNE1 amplification and genomic instability
(Berns and Bowtell, 2012). By contrast, low-grade serous carcinomas are p53 wild-type
and frequently show activating RAS pathway mutations (Landen et al., 2008, Weberpals
etal., 2011a).

1.2.3 Current treatment of ovarian cancer.

According to Shelize and Banerjee (2015), for newly diagnosed ovarian cancers, primary
surgical debulking, with removal of the uterus, tubes and ovaries, the omentum and any
metastatic disease is ideally undertaken. This may not always be possible due to the
patient’s performance status or site and extent of disease. If it is felt that surgery would
carry too high a risk of peri-operative mortality/morbidity or if complete tumor cyto-
reduction is not going to be possible then neo-adjuvant chemotherapy (NACT) is
undertaken. Following primary surgery, a course of chemotherapy is then undertaken in
order to treat any remaining microscopic disease and reduce the risk of recurrence. In the

case of NACT the aim is typically to perform interval debulking surgery after 3 cycles of
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chemotherapy (Khakoo and Banerjee, 2015). During the past 20 years a large number of
trials have established the combination of systemic delivery of carboplatin (alkylating
agent) and paclitaxel (microtubule stabilization agent) as the standard of care in advanced
hospitals and treatment centers (Ozols et al., 2003). In contrast, paclitaxel has lower side
effects on hearing, the nervous system and kidneys, but the addition of cisplatin induces
neurotoxicity, weakness and alopecia in most patients, but these are generally acceptable.
Most of patients develop resistance to all of these treatments which drive the doctors to
give aggressive courses of chemotherapy which made of combinations of all of these in
order to save the patient’s life.

Recent biological treatment trials that are still under clinical scrutiny are using various
modifications of this treatment regime, including intraperitoneal (localised) delivery of
chemotherapeutics, high dose paclitaxel regimes, addition of anti-angiogenic substances
such as anti-VEGF antibodies (bevacizumab) or inhibition of the tyrosine kinase VEGF
receptor (pazopanib)(Du Bois et al., 2014, Sapiezynski et al., 2016) recived FDA
approval on 2014. Anti-VEGF treatment is mostly considered for maintenance
therapy(Monk et al., 2016). Recent therapeutic developments are focusing on the poly-
ADP ribose polymerase (PARP) single-strand repair pathway. PARP inhibitors (such as
olaparib and Niraparib) can cause significant cell death and reduction in tumor size
because cells are unable to repair damaged DNA, especially in women with germline
mutations to BRCA1/2 (Fong et al., 2009, Mass, 2017, Mirza et al., 2016) and received
FDA approvel 2014. This type of treatment is mainly used for patients who developed
resistance to first line platinum based chemotherapy and in combination topotecan or
pegylated liposomal doxorubicin and paclitaxel. Other recent efforts include drugs that
target the PI3K/Akt and mTOR signaling pathways (Behbakht et al., 2011) as well the
MAP kinases (Farley et al., 2012).

Typically, responses are expected in over 80% of women who receive standard platinum-
and paclitaxel-based treatment (Markman and Bookman, 2000). Nevertheless, the
majority of women with advanced ovarian cancer relapse and develop drug-resistant
disease (Vasey, 2003). The median progression-free survival of advanced ovarian cancer
is about 18 months and unfortunately, most recurrent disease is platinum resistant.
Consequently, the long-term 5-year survival for patients with advanced-stage disease
does not exceed 30% (Selvakumaran et al., 2003Db).
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1.2.4 Ovarian cancer cell-lines for in vitro studies

As mentioned above, recent evidence suggests that ovarian cancer could derive from
different pelvic tissues with distinct histological and epidemiological features. Therefore,
it is important to utilize appropriate cell line-based in vitro models to represent the
different pathological subtypes and test different treatment options as well as to
investigate the likely mechanisms of drug resistance. Currently, there are more than 100
different ovarian-specific cell lines with various characteristics (Barretina et al., 2012).
From these there are over 23 ovarian cell lines that can be used to examine the genetic
processes underpinning ovarian cancer and to test novel anticancer therapeutic drugs
(Lambros et al., 2005). To elucidate mechanisms of cell cycle control in ovarian cancer,
the cell line UWB1.289 has been developed, incorporating the breast and ovarian cancer
susceptibility gene BRCA1 within exon 11 of the genome. The cell line also has an
acquired somatic mutation in the cell-cycle regulator, p53, which prevents apoptosis in
response to DNA damage, allowing the type of unregulated replication observed in
ovarian tumours (DelloRusso et al., 2007).

In an effort to uncover the mechanisms of cisplatin resistance in ovarian cancer, the
A2780cis cell line has been developed by chronic exposure of the sensitive A2780 ovarian
cancer cell line to cisplatin. A2780cis was demonstrated to have a 6.7 fold resistance to
cisplatin (ECs0=23.4uM), compared with the sensitive cell-line. The exact mechanism of
this resistance still remains to be elucidated, however it has been shown that A2780cis
exhibits a higher cisplatin efflux rate (Kalayda and Jaehde, 2008). An OVCARA4 cell line
which represents the high grade serious cell lines will be discussed in more detail below

section 2.4.2.

1.2.4.1 A2780 and A2780cis

These cells were not given a histological subtype at origin (Louie et al., 1985). Other than
SKOV3 cells, A2780 cells are the most common in vitro model of ovarian cancer. They
are p53 and RAS wild-type (Vaskivuo et al., 2006) and from gene expression analysis
they appear to have little profile similarity to actual ovarian tumors. Together with other
commonly used cell types (SKOV3 and IGROV1), A2780 are clearly not representative
of the major high-grade serous subtype of ovarian cancers but are more like the
endometriosis histological subtype (Beaufort et al., 2014). An increased ability to repair
DNA damage after cisplatin treatment has been observed in the original studies that

established cisplatin resistance in these cells (Masuda et al., 1988). A more recent study
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suggested that alterations in the mitochondrial apoptosis pathways are critical for cisplatin
resistance in A2780 cisplatin-resistant cells. The authors showed that p73 and Bax, but
not p53, are involved in drug resistance. More specifically, resistance to apoptosis was
dependent on reduced Bax and p73 expression after cisplatin treatments, mitochondrial
membrane depolarization, cytochrome c release and activation of caspase-3 (Muscolini
et al., 2008). Careful analysis of the biological properties of cisplatin-resistant cells,
revealed the acquisition of several chromosomal abnormalities generated by exposure to
increasing cisplatin concentrations, including monosomy of chromosome 13, DNA copy
number changes and cryptic genomic aberrations associated with changes in gene
expression. High-throughput gene expression profiling, identified 17 genes as being
significantly different between parental A2780 and cisplatin-resistant cell lines (Prasad et
al., 2008). In another study, A2780 cisplatin-resistant cells were characterized by reduced
proliferation rates and more efficient degradation of basement membrane, indicating a
higher invasive potential. Moreover, resistant cells showed up regulation of functional
insulin-like growth factor receptor (IGF-IR) and hyper-activation of the receptor, as well
as increased phosphorylation of the AKT1 and AKT2 signaling intermediaries (Eckstein
et al., 2009).

1.2.4.2 OVCAR-4

These cells were also not given a histological subtype at origin. They have mutations in
p53, they show negligible BRCA1 expression (Weberpals et al., 2011c) and low AKT
activity (Mabuchi et al., 2007). Although not as frequently used as other cells, their
genomic features indicate high-grade serous origin (Barretina et al., 2012). When the line
was established the patient was previously treated with cyclophosphamide, cisplatin and
doxorubicin and was refractory to treatment, but interestingly the cells have shown varied
levels of cisplatin resistance (Henkels and Turchi, 1997). In a study investigating cisplatin
resistance and the function of the nucleotide excision repair (NER) pathway, OVCAR-4
cells showed higher ERCC1 protein expression in comparison to cisplatin-sensitive
A2780 cells. Expression of ERCC1, a key component of the NER pathway, has been
correlated with cisplatin resistance, however, in this study the increased expression of
ERCC1 in OVCAR-4 was not associated with enhanced DNA repair capacity
(Selvakumaran et al., 2003b). Another study investigating the role of CCNE1 (Cyclin E)
as the target of 19912 gene amplification, which is associated with primary treatment

failure and poor outcome in high-grade serous ovarian cancer (Etemadmoghadam et al.,
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2009), found that OVCAR-4 had 19912 amplification and high CCNE1 expression and
this was required for survival and clonogenicity after cisplatin treatment
(Etemadmoghadam et al., 2009). Interestingly, previous work investigating the role of
intracellular thiols such as metallothionein in cisplatin resistance, found that OVCAR-4
cells showed a slight increase in metallothionein expression after exposure to cisplatin
and generally exhibited low cisplatin resistance (Schilder et al., 1990). OVCAR-4 cells
in culture have been found to express the classic pluripotency stem cell markers CXCR4
and CD133. OVCAR-4 cells that were specifically selected (FACS-sorting) for these
markers and were subsequently implanted in nude mice formed higher numbers of
tumours in comparison to other cell lines that expressed low levels of CXCR4 and CD133.
The authors propose that these cells could represent an ovarian cancer cell population
with stem cell-like properties and that they might be useful in studying aggressive tumour
development and chemotherapy resistance (Cioffi et al., 2015). IGF-IR is a potential new
molecular target in ovarian cancer. A study examining the anti-neoplastic effect of an
IGF-IR kinase inhibitor found that OVCAR-4 cells produce IGF-1 and IGF-1I, and
express IGF-IR at the protein level. Activation of the receptor was important for OVCAR-
4 survival because treatment of cells with the receptor kinase inhibitor, induced
replication inhibition and apoptosis while the cells became more sensitive to cisplatin
(Agarwal et al., 2010). Finally, in a study investigating mechanisms of angiogenesis and
metastasis, OVCAR-4 cells showed high paracrine angiogenic potential (Agarwal et al.,
2010).

1.2.4.3 UWB1.289

These cells were derived from a tumor of papillary serous histology. The cells carry
germline BRCA1 mutation within exon 11 with a deletion of the wild-type allele.
UWB1.289 cells are estrogen and progesterone receptor negative and have a somatic
mutation in p53. The importance of these cells in ovarian cancer research lies in their
functional deficiency of BRCAL (DelloRusso et al., 2007). BRCA genes are necessary
for repair of double-stranded DNA damage via homologous recombination. In a recent
study comparing different ovarian cancer cell lines, UWB1.289 was not able to form
tumors when xenografted in nude mice (Mitraet al., 2015). The cells are sensitive to DNA
damage induced by ionizing radiation, with a related lack of S-phase arrest. Restoration
of wild-type BRCA1 by transfection improved DNA repair responses and increased

survival. Gene expression profiling revealed a clear association between BRCAL levels
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and down-regulation of multiple IFN-inducible genes (IFI16, IF144, IFI27) while claudin
6 (implicated in cancer invasion and metastasis) was upregulated in cells transfected with
functional BRCAL (DelloRusso et al., 2007).

1.3 DNA damage & repair

DNA damage and repair mechanisms play a dual role in ovarian cancer. Defects in DNA
repair via homologous recombination, which is deficient in ~50% of high-grade serous
cancers due to BRCAL gene mutations, epigenetic silencing or other mutations affecting
homologous recombination independent of BRCAL, predispose to genetic instability and
eventually could drive neoplastic transformation (Liu et al., 2012, Bell, 2011). On the
other hand, the most successful therapeutic paradigm for the treatment of ovarian cancer
is based on DNA damage induced by platinum chemotherapeutics like
cisplatin/carboplatin. As mentioned above, defects in DNA repair as in BRCA1-defective
cells (UWB1.289) and ovarian tumours increase sensitivity to treatment. The cytotoxic
action of platinum-based drugs is exerted by DNA binding and development of DNA
damage manifest as intrastrand and interstrand cross-links, with the latter being the most
toxic (Payet et al., 1993). Interstrand cross-link formation and repair processes can lead
to the formation of DNA double-strand breaks (DSBs) that represent the most lethal form
of DNA damage (Deans and West, 2011).

Oxidative stress via the production of reactive oxygen species (ROS) represents another
mechanism of DNA damage in cells and could play an important role in carcinogenesis,
including that of the ovarian epithelium. For instance, there is an increase in metabolites
associated with oxidative stress in human ovarian cancer specimens (Fong et al.,
2011)while markers of oxidative stress-induced DNA damage have been found to
correlate with poor outcomes in ovarian cancers (Karihtala et al., 2009). Generally, cancer
cells produce higher levels of ROS, which can contribute to cancer formation by altering
signalling or causing DNA mutations. On the other hand, excessive ROS could create
substantial cytotoxicity and can be harmful even to neoplastic cells, although cancers
generally possess potent antioxidant mechanisms. Interestingly, the key drugs used for
ovarian cancer management such as taxol and platinum-based agents have been shown to
induce avid generation of ROS (Marullo et al., 2013, Kampan et al., 2015)and it has been
suggested that drug resistance to these agents might be correlated with increased tumour
antioxidant capacity. Interestingly, a recent study of A2780 cells overcomes platinum

activity by disrupting the metabolism of the cells leading to the generation of high levels
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of ROS (Hearn et al., 2015). Another study showed that OVCAR-3 and A2780 cells were
characterised by elevated ROS production through over expression of NOX4 NADPH
oxidase (Xia et al., 2007). A recent study showed that UWB1.289 BRCA1-null cells
produced large amounts of hydrogen peroxide; this caused oxidative stress and metabolic
changes via NF-kB activation both to cancer cells and other cells present in the tumour
stroma. Importantly, oxidative stress could be abolished either by administration of
antioxidants or by transfection of wild-type BRCA1 to the UWB1.289 cells. Thus,
BRCAL might suppress tumour growth by functioning as an antioxidant (Martinez-
Outschoorn et al., 2012b).

1.4 The Cell Cycle.

The cell cycle is divided into four phases: G1, S, G2, and M. This cycle is normally
monitored by safety mechanisms known as cell cycle checkpoints. Their function is to
slow down or stop DNA replication (S phase) and progression to mitosis (M phase) if
damage in the DNA is detected, so that DNA damage is either repaired prior to
progression or dysfunctional cells eliminated by apoptosis. Abnormal control of cell
proliferation and lack of appropriate genetic error checkpoints are typical features of
neoplasia (Hanahan and Weinberg, 2000). Normal cell division is carefully controlled by
a family of serine/threonine kinases, the cyclin-dependent kinases (CDKSs) and their
inhibitors (CDKIs) that form active heterodimeric complexes with different cyclins, the
regulatory subunits. In ovarian cancer there are abnormalities in most cell cycle
regulatory genes that control the transition of cancer cells to the different phases of cell
division. Alteration of these mechanisms results in uncontrolled cell expansion; cells
might accumulate genetic errors eventually leading to carcinogenesis. It is important to
note that apart from the well-documented mutations in p53 in most ovarian tumours, most
other cell cycle regulators are variably affected. This is presumably related to the inherent
heterogeneity of ovarian tumours and the complicated biological mechanisms involved
in cell cycle regulation in cancer cells. One comprehensive review highlights the high
expression of pl16, p53, and p27, contrasted by low expression of p21 and cyclin E in
serous ovarian cancers (Nam and Kim, 2008), while a previous and very extensive review
thoroughly discusses the involvement of the entire cell cycle regulatory machinery in
ovarian tumours (D'andrilli et al., 2004).

Understanding the mechanistic insights of the cell cycle in ovarian cancer is important

given that the most commonly used drugs aim to induce DNA damage and cell cycle
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arrest, eventually leading to apoptosis. More specifically, platinum-based drugs
(cisplatin/carboplatin) cause DNA alterations, which can induce cell cycle arrest at G1-S
or G2-M checkpoints while taxol stabilizes microtubule polymerization, arresting the cell
cycle at mitosis. To this end, in vitro studies using ovarian cancer cell lines including high
grade serous OVCAR-4, cisplatin sensitive and resistance A2780 and BRCA1 mutant
UWB1.289 which were used in this study will shed some light into these processes.

1.5 Aims and objectives

Epithelial ovarian cancer (EOC) is the leading cause of death amongst the gynaecological
cancers. The vast majority of patients are diagnosed as stage 111/1V disease. Despite the
currently available evidence-based management, the 5-year survival rates are still dismal
with the median survival being 36 months for stage 111 and 24 months for stage IV disease.
The majority of patient’s relapse and develop resistance to first line chemotherapy(Moss
et al., 2015). Therefore, new strategies are urgently needed to understand mechanisms of
resistance and develop novel therapies to eradicate ovarian cancers including drug
resistant types. Accumulating evidence on anti-neoplastic properties of frankincense and
its putative action through cell signalling pathways, known to be altered in EOC, has
recently emerged. However, no such activity has been reported in EOC. Furthermore,
there are no reports to suggest that Frankincense extracts might work synergistically, or
overcome the resistance to several conventional frontline cytotoxic agents. Thus, we
propose to study whether the boswellic acids derived from B, sacra, grown in southern
Oman, and the cytotoxic effect of AKBA minimize or overcome resistance phenotype.
Of the various cell lines implicated in EOC, one of the mostly used serous and the best
model of high-grade cancer is the OVCAR-4 cell line, which is known to engage the
mTOR pathway via VEGF receptors (Lau M., 2013). Lau and co-authors in 2013 have
already demonstrated that an AKBA dose of 50 uM leads to a loss of cell viability
affecting the VEGFR complex by dismantling the epithelial cell structure. As noted in the
literature, and evidenced above, various cancer cell lines have been investigated and
AKBA has demonstrated a strong cytotoxic effect on these cell lines through a variety of
pathways and disruptive actions leading to apoptosis. However, no research has been
published related to the effectiveness of AKBA associated with ovarian cancer.
Therefore, as AKBA has successfully been demonstrated to disrupt apoptotic pathways
(Pang, 2009, Kurman, 2010), one of the objectives of the current research is to investigate

the role of AKBA as a successful mediating agent to cause apoptosis in 4 ovarian cancer
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cell lines: OVCAR-4, A2780, A2780cis, and UWB1.289. With the expanse of
pharmacological chemotherapeutic agents used throughout the world that inherently
destroy healthy cells and cause a vast number of negative side effect ranging from hair
loss to death due to weakened immune systems and complications, it is important to
investigate the role of natural and relatively safe alternative treatments for cancer, and in
particular, for ovarian cancer. Yuan et al (2006) highlights, those natural remedies have
been successfully used since ancient times for a variety of illnesses ranging from
inflammation to cancer. Therefore, another objective of the research is to add to the
limited body of research on resistant ovarian cancer cell lines and the effectiveness of
AKBA.

1.5.1 Hypothesis
AKBA is a potent anticancer molecule in the ovarian cancer setting (mainly the resistant
cancer type), with a mechanism of action via apoptotic pathways as established by
different phenotypic assays like cell growth inhibition, DNA damage, cell cycle arrest,
apoptosis, protein expression and gene expression.
In this project we propose to examine the cytotoxic effect of AKBA towards various
Ovarian Cancer Cell lines, since frankincense had not been investigated in this context.
The second aim was to examine if there was a difference in response to AKBA depending
on whether the cells were resistant to selected chemotherapeutic drugs commonly used to
treat ovarian cancer. In this project we will also study the potential of AKBA to address
resistance to cisplatin in A2780cis ovarian cancer cell lines. The other part of the project
was to examine the mechanistic role of DNA damage/repair and oxidative stress in the
anti-cancer actions of AKBA. Furthermore, to identify mechanisms of action and the
genes involved with AKBA treatment in cancer ovarian cell lines. The ultimate goal is to
provide evidence to support the use of AKBA in the treatment of ovarian cancer. Research
objectives
e To examine the effect of AKBA in different ovarian cancer cell lines, including
an investigation of the ability of using AKBA against cisplatin resistant cells in
ovarian cancer cell lines, and the effect of ABA in cell cycle and apoptosis.
e To examine the mechanistic role of DNA damage/repair and oxidative stress in
the anti-cancer actions of AKBA.
e To conduct a preliminary examination of the mechanisms of action and the genes

involved in the actions of AKBA in ovarian cancer cell lines.
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2. Materials and Methods:

2.1 Cell-lines for in vitro studies

There are over 23 ovarian cell lines that can be used to examine genetic processes
underpinning ovarian cancer and to test novel anticancer therapeutic drugs (Lambros et
al., 2005). To elucidate mechanisms of cell cycle control in ovarian cancer, the cell line
UWBL1.289 has been developed, incorporating the breast and ovarian cancer susceptibility
gene BRCA1 within exon 11 of the genome. The cell line also has an acquired somatic
mutation in the cell-cycle regulator, p53, which prevents apoptosis in response to DNA
damage, allowing the type of unregulated replication observed in ovarian tumours
(DelloRusso et al., 2007).

In an effort to uncover the mechanisms of cisplatin resistance in ovarian cancer, the
A2780cis cell line was developed by chronic exposure of the sensitive A2780 ovarian
cancer cell line to cisplatin. A2780cis was demonstrated to have a 6.7-fold resistance to
cisplatin (1Cs0=23.4uM), compared with the sensitive cell-line (IC50 = 3.5 uM). The
exact mechanism of this resistance still remains to be elucidated, however it has been
shown that A2780cis exhibits a higher cisplatin efflux rate (Kalayda et al., 2008).
OVCAR4 cell line is one of the best model of high grad serious cancer available, because

it is closely resemble the original ovarian tumour (Domcke et al., 2013).

2.2 Cell lines used in this research

UWB1.289 (BRCAL mutant) (ATCC® CRL-2945™), were purchased from American
type culture collection-(ATCC), LGC standards, USA. Cisplatin-sensitive (A2780) and
the cisplatin resistant counterpart (A2780cis) cell lines were obtained from European
collection of cell cultures, ECACC, UK. Whilst the high grade serous OVCAR-4 cell line
was a kind gift from Professor lain McNeish, Beatson Institute of Cancer Sciences,
University of Glasgow, UK. All cell lines were tested for mycoplasma contaminations
every 5-10 passages and all were present as mycoplasma negative. A2780 cisplatin
resistant cell line used in this project were tested for cisplatin resistant by Dr Mark Evans
at De Montfort University (DMU Leicester) labs and found to be resistances 4-6 folds.

2.3 3 O-acetyl-11-keto-p-boswellic acid (AKBA) Molecular weight 512.72
At the start of the project AKBA was supplied by sigma Aldrich, and after one year of

the work this compound was extracted from the Omani frankincense at Nizwa University
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by Dr Ahmed Al Harassi, which then compared with sigma product and found to have
similar effect, which then was supplied for the project for free.

2.4 Summary of the techniques/approach

Cisplatin sensitive (CSCL) and resistant (CRCL), BRCA1 mutated (BMCL) and
OVCARA4 cell line were all treated with different concentrations of AKBA for different
periods of times.

Effects on cell viability/proliferation, and cell death by AKBA were investigated in all
the cell lines using the Alamarblue assay, and the Coulter cell counter to assess cell
number. DNA damage was assessed using comet assay, and cell cycle status and
apoptosis examined using flow cytometry (PI staining and Annexin V/PI). Temporal
regulation of AKBA-modulated gene expression was undertaken by microarray analysis
and subsequent validation using quantitative reverse transcriptase PCR (QPCR) to further

examine the effect of AKBA on apoptotic pathways.

2.5 Cell culture medium and supplements

Dulbecco-modified essential Medium (DMEM) (high glucose, pyruvate, no glutamine),
RPMI 1640, Geneticin 10131 were Supplied by Fisher Scientific, UK. Mammary
Epithelium Basal Medium (MEBM), MEGM medium (50:50 MEBM + RPM1 1640 High
Glucose) supplied as a MEGM media plus supplements kit), which contains [Insulin
0.5ml, Bovine Pituitary Extract (BPE) 2ml, Gentamicin Sulfate (GA) Amphotericin-3
0.5ml, Hydrocortisone 0.5ml, Epidermal growth factor (rhEGF) 0.5ml] all were supplied
from Lonza, Blackley, UK. RPMI 1640 medium with high glucose was purchased from
ATCC; Sodium pyruvate, L-glutamine (GlutaMAX-I) and fetal bovine serum, were all
purchased from Fisher Scientific (Loughborough, UK).

2.6 Chemicals and Reagents

3-O-acetyl-11-keto-p-boswellic acid (AKBA) was supplied by Prof AL-Harassi, from
University of Nizwa, Sultanate of Oman. All other materials were purchased from Sigma
Aldrich (Poole, Dorset, UK) or Thermo Fisher Scientific (Loughborough, UK) unless
indicated otherwise. Sodium dodecyl sulphate (SDS), tween-20, glycerol, ethanol,
methanol, ponceau S. red, acetic acid, glycine, N,N,N,N-tetramethylethylenediamine
(TEMED), ammonium per sulphate, 1-butanol, 2-mercaptoethanol, bromophenol blue,
dimethyl sulphoxide Hybrid-Max DMSO), phosphate buffer saline (PBS) tablets, normal

melting point agarose, ethylenediaminetetraacetic acid disodium salt dehydrate
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(Na2EDTA), sodium chloride (NaCl), sodium hydroxide (NaOH), Trizma-base,
propidium iodide solution stock-1mg/mL, ethidium bromide, etoposide, free DNase and
RNase free water, hydrogen peroxide (30% v/v) and isopropanol, RNase A, Trypsin
EDTA, 04% trypan blue stain, low melting point agarose, 2, 7'-
dichlorodihydrofluorescein diacetate (H2DCFDA). Proteinase K and Triton X-100, were
supplied from Calbiochem. 100 bp DNA ladder, all were purchased from New England
Biolabs Ltd, (Hitchin, UK). Gold antifade/DAPI-Slow Fade purchased from Life
Technologies (Paisley, UK). Additional Reagents for gene expression technology:
[Superscript 111 Reverse Transcriptase (Life Technologies), RNeasy® MinElute® Clean
up Kit (Qiagen) or RNeasy Mini Kit (Qiagen)], were all supplied by Thermo Fisher
Scientific, (Loughborough, UK).

2.7 Kits and antibodies

Annexin V-FITC kits for apoptosis detection were purchased from eBioscience, Ltd
(Hatfield, UK). Genomic DNA (Blood & Tissue) extraction kits, were purchased from
QIAGEN, (Manchester, UK). Anti-phospho-histone H2A.X (ser139) and secondary
antibodyA21121 Alexa Fluor 488 (Goat Anti-mouse 1gG) were purchased from Life
Technologies (Paisley, UK). Apoptosis Western Blot Cocktail (pro/pl7- caspase 3,
cleaved-PARP, muscle actin) Human kit was purchased from Abcam (Cambridge UK).
Pierce® ECL Western Blotting Substrate, Qubit® dsDNA HS Assay Kit,plus Qubit®
Assay Tubes, and the AlamarBlue® Cell Viability Assay, were all purchased from
Thermo Fisher Scientific, (Loughborough, UK).TagMan® Gene Expression Cells-to-
CT™ Kit, TagMan Array Human Apoptosis Plat (Fast), TagMan® Gene Expression
Master Mix, all was supplied by Life technology. Finally all microarray reagents and kits
were supplied through the Department of Genetics, University ofLeicester, UK.
TargetAmp™- Nano Labelling Kit for lllumina® and Expression Bead Chip® (24

Reactions) were all supplied by illumines, Cambridge, UK.
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Table 2. 1 The TargetAmp™- Nano Labeling Kit for Illumina® Expression
BeadChip kit content:

Kit has been developed for use with Aglient 2100 bioanalyser microarray to provide
optimal results with SuperScript® Il Reverse Transcriptase (Life Technologies).

Component Name Tube Label Volume (24 | Cap
samples) Colour

TargetAmp™-Nano T7-Oligo T7-Oligo (dT) Primer | 30 uL Red

(dT) Primer

TargetAmp™-Nano 1st-Strand | 1st-Strand 50 uL Red

cDNAPreMix cDNAPreMix

TargetAmp™-Nano 2nd-Strand | 2nd-Strand 125 uL Red

cDNAPreMix cDNAPreMix

TargetAmp™-Nano 2nd-Strand | 2nd-Strand DNA 18 uL Red

DNA Polymerase Polymerase

TargetAmp™-Nano T7 RNA T7 RNA Polymerase | 60 uL Blue

Polymerase

TargetAmp™-Nano T7 T7 Transcription 60 uL Blue

Transcription Buffer Buffer

TargetAmp™-Nano NTP NTP PreMix 270 uL Blue

PreMix

TargetAmp™-Nano UTP / UTP / Biotin-UTP 90 uL Blue

Biotin-UTP

RNase-Free DNase | RNase-Free DNase | | 60 pL Clear

100 mMDithiothreitol (DTT) DTT 100 uL. Clear

HeLa Total RNA Control (40 HeLa Total RNA 10 uL Clear

ng/ul) Control

RNase-Free Water RNase-Free Water 500 uL Clear

2.8 Preparation of buffers and working reagents
All buffers and working reagents were prepared according to the protocols supplied by
the company and lab Standard Operating Procedures. All reagents were stored at the
designated temperature. The preparations of the buffers and working reagents required
for the methods and techniques used described accordingly.
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All protocols used in this project were optimised, cell numbers and sample quantifications
were optimised accordingly. All experiments were conducted in triplicates with the cells
being cultured in medium only and 0.5% v/v DMSO was used as negative or vehicle

control.

2.8.1 The test compound AKBA

5 mg of AKBA as supplied was dissolved in ImL DMSO to give a 9.74mM stock
solution. 100ul aliquots were stored at -20°C. Dilution of working AKBA in medium
was prepared to achieve the AKBA final concentrations (5uM, 10uM, 15uM, 25uM, &
50puM) to treat the cells. All AKBA working solutions were freshly prepared
immediately prior to use under sterile conditions.

N.B: In this study, calculations of material concentrations and molarities/concentrations
of substances and compounds were undertaken using an automatic mathematical
formula provided by the GraphPad prism website:

http://www.graphpad.com/quickcalcs/Molarityform.cfm

2.9 Cell culture
2.9.1 Medium preparation:

2.9.1.1 RPMI 1640 medium:
50 ml of media were removed from a 500 ml bottle and 50ml of foetal calf serum (FCS)
was added to the bottle to give 10% v/v FCS final concentration. After that 1% v/v of

GlutaMAX™ | was added and mixed, then stored at 4°C until use.

2.9.1.2 MEGM medium (MEBM (Mammary Epithelium Basal Medium) + RPM1
1640 High Glucose 50:50):

All MEGM media supplements were added to the 500ml MEGM medium, then 250ml of
MEGM removed and 250ml of RPM1 1640 high glucose was added. After mixing, fetal
calf serum (FCS) was added to a final concentration of 3% v/v. The prepared solution

was then stored at 4°Cuntil use.

2.9.1.3 DMEM (high glucose, pyruvate, no glutamine):

50 mL of medium was removed from the 500 ml bottle of DMEM media, and 50 mL of
FCS added to give 10% final concentration of FCS. After that 1%v/v (5ml) of sodium
pyruvate were added and mixed well. Finally the prepared solution was then stored at

4°C until use.
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2.10 Cell Culture:

2.10.1 Cell line freezing:

In order to have a backup of the cell lines used cell freezing was undertaken according to
the relevant ATCC protocol. Cells were trypsinized and the cells pellet re-suspended in
freezing medium, which were contained 10% dimethyl sulfoxide (DMSO) for A2780 &
A2780cis and 5% dimethyl sulfoxide for UWB1.289 and OVCAR-4 cell lines. Then 1
mL with total number of 1 X 108 cell of cells suspension was aliquoted into cryogenic
vials, which were then placed in a polystyrene box at -80 °C for overnight. The next day,

all vials were stored in liquid nitrogen.

2.10.2 Cell revival:

The vials were removed from liquid nitrogen and immediately defrosted at 37 °C in a
water bath for 1-5 minutes. Following this, all the contents of the vial was transferred to
a 15ml centrifuge tube which contained pre-warmed cultured medium. Then the
suspension was centrifuged at 400 x g for 4 minutes, and the Supernatant discarded. The
cell pellet was re-suspended in pre-warmed culture medium and transferred to a T75
culture flask. Finally, cells were incubated at 37 °C with 5% CO.. The next day the
medium was changed and incubation continued at 37 °C in 5% CO: for 3-4 days
depending on the cell type. For the cisplatin resistant cell line chronic exposure to 1uM

cisplatin was undertaken every 4 passages.

2.10.3 Cell line subculture

All cell lines were cultured using different media; OVCAR-4 was cultured in DMEM
medium supplemented with 1 mM pyruvate and 10% FCS. The A2780 and A2780cis cell
lines were cultured in RPMI1640 supplemented with 1 % Glutamax and 10% FCS and
the UWB 1.289 cell line was cultured in MEGEMmedium supplemented with {Insulin
0.5ml, Bovine Pituitary Extract (BPE) 2ml, Gentamicin Sulfate (GA) Amphotericin-3
0.5ml, Hydrocortisone 0.5ml, Epidermal growth factor (rhEGF) 0.5ml}. T25, T75, and
T175 culture flasks were used for culturing. Cells were grown at 37 °C in 5% CO:
incubator for 3-4 days depending on the cell line type and been used after 60% to 70%
confluent. For harvesting the growth medium was removed and the cells rinsed twice
with phosphate buffered saline (PBS). After that, 1X Trypsin/EDTA solution was added
and the flask incubated at 37 °C for 10 min to detach the cells. When the cells were

detached completely, 4 x the volume of TE, mediumwas added to stop the trypsin’s
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action. Then the cell suspension was centrifuged at 400 x g for 4 min. Supernatant was
discarded, and then the tube gently tapped to disperse the cell pellet and 1-2 mL of fresh
medium added. Finally, the cells were split into new culture flasks by taking 1 mL of
harvested cells and adding 10 mL medium in each 75 mL flask. Cells were used when

70-80 confluent for all experiments.

2.10.4 Cell Counting:

To count the cells, the cells were harvested as described above and the cell pellet re-
suspend in 1 mL of medium and a 1:10 dilution of cells made using Trypan blue. Then
the Trypan blue diluted cells suspension was loaded into a haemocytometer slides. Cell

number per 1 ml was calculated using the equation below:

Number of viable cells/ mL = (sum of all viable cells counted/number of counted
areas) x dilution factor x 10*

Equation 2. 1 Cell counting formula

2.11 Methods

2.11.1. Cell morphology examination
In order to examine the effect of AKBA on cell morphology and cell growth images were
taken of the cells treated with different concentrations of AKBA at different time points

using a Nikon Eclipse light microscope TE 200-4.

2.11.2 Cell growth and proliferation analysis
Cell growth was assessed using different techniques including cell count using Coulter
counter and cell viability using AlamarBlue® Assay. These techniques were undertaken

in triplicate and the results were obtained from at least three independent experiments.

2.11.2.1 AlamarBlue® Assay

This is a colorimetric assay for measuring cell viability and proliferation. This is
measured quantitatively by cell metabolically reducing the power of the cell and
continuously conversion of resazurin (blue) to resorufin (red) in living cells (Fig. 2.1).
This leads to an overall increase in the fluorescence and color of the media (Rampersad,
2012). This assay can also be used to measure cytotoxicity (loss of viable cells) in

response to external factors.
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Figure 2. 1 The principle of the AlamarBlue® Assay (Rampersad, 2012).

2.11.2.1.1 Optimizing the cell number for AlamarBlue

Following the protocol supplied by Thermo Fisher Scientific, different cell concentrations
(1x 10*- 1 x 10°) in triplicate were suspended 200ul of medium and cultured in 96 well
plates for 24 h at 37°C, 5% CO. atmosphere. Next day 20 pL of Alamar Blue was added
(10 % v/v/ AlamarBlue final concentration) to each well and incubated for 3 h at 37°C.
Following incubation the absorbance values were read at 570 nm, using 600 nm as a
reference wavelength. Higher absorbance indicates higher number of metabolically active
(viable) cells.

2.11.2.1.2 Testing Cell Viability after AKBA treatment

After optimisation 4-6 x 10%cells in triplicate were cultured in each well of 96 wells plate
for 24 hours, to allow the cells to recover and start growing. Different concentrations of
AKBA (5uM, 10uM, 15uM, 25uM & 50uM) were added for different time point (0 min,
6 hrs, 16 hrs, 24 hrs & 48 hrs), plus 2 controls (cells in medium only and cells treated
with 0.1% v/v DMSO). Three hours before the end of the treatment incubation time, 20
pL of AlamarBlue were added to each well and incubated for the remaining 3 hours at

37°C. After that, readings were taken using the plate reader at 570 nm.

2.11.2.2 Determination of cell number using the Coulter counter

The cells were cultured in a 6 well plates to 70-80 % confluence (~1 million cells), then
cells were treated with different concentrations of AKBA (5uM, 10uM, 15uM, 25uM &
50uM) and incubated at 37 °C for different times in duplicate with vehicle control
(DMSO) and growth control. At the end of each time point, the medium was removed
and the cells were washed with 2 mL of PBS. After that cell were trypsinised as described
in section (2.10.2.3), 2 mL medium was added to each well and the total cell number per
mL was counted by suspending 100 pL of control and treated cells in 9.9ml of isoton
buffer. The cell counts were under taken and recorded in triplicate using the Coulter

counter (Z™ Series Coulter counter® Cell and Particle Counter, Beckman Coulter), and
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the results were obtained from three independent experiments. Each cell line has it is won
sitting in the coulter depends in the size of each cell line type.

2.11.3 Assessment of DNA damage using Alkaline Comet assay (ACA)

In order to examine the DNA damage in each individual cell without extracting the DNA
the comet assay was used following a protocol based on that of Singh et al.(Singh et al.,
1988). This technique is a sensitive method to measure DNA strand breaks by measuring
the migration of DNA from individual lysed nuclei (nucleoids) upon alkaline
electrophoresis (Collins, 2002b). Then the comet tail length (DNA migration) and relative
fluorescence of comet tail intensity of DNA represents the number of strand breaks
present in the DNA of each cell (Collins, 2004).

Slide preparation: 30 x 102 cells were cultured in each well of the 12 well plates for 24
hours, to allow cells to attach and recover from manipulation. Then different
concentrations of AKBA (5uM, 10uM, 15uM, 25uM, 50uM) were added for different
times (Immediately, 6 hours, 16 hours, 24 hours and 48 hours). Three controls were
included (untreated cells, 0.5% v/v/ DMSO treated cells, and 50 uM H20O»-treated cells
as a positive control, depending on the cell type) treated in the same manner as the other
tested samples. At the end of the treatment all the cells in each well of the plate were
harvested (in the dark) for Comet assay. Cells were centrifuged at 11,000 x g for 10
minutes. Then, the cells were re-suspended in 200 pL of 0.6% wi/v low melting agarose
(LMP) in PBS, and 80 uL of the LMP agarose cell suspension was transferred onto a slide
pre-coated with 1% w/v normal melting agarose. Immediately, the cover slip was placed
on top of the gel, which was left to set on a metal plate on ice for 20 mints and then the

coverslip was carefully removed (Fig 2.2).
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Figure 2. 2 Comet Assay procedure

Finally, the slides were placed in lysis buffer (2.5 M NaCl, 100 mM Na;EDTA, pH
adjusted 10 with 10 M NaOH and 1% v/v Triton X-100) in a coupling jar and incubated
at 4 °C overnight.

Electrophoresis: Slides were carefully removed from the lysis buffer and washed with
ice-cold ddH2O (Fig 2.2). Then slides were placed in an ice-cold electrophoresis tank
filled with 1 L ice-cold alkaline electrophoresis buffer (10 M NaOH, 200 mM Na;EDTA,
pH 13.0) for 20 min to allow DNA unwinding. Then, the electrophoresis was run at 27 V
and 300 mA for 20 min. After the electrophoresis, the slides were removed from the
electrophoresis tank and placed on a clean tray (fig 2.2). After that, the slides were
covered with 1 mL neutralization buffer (0.4 M Trizma base, pH 7.5) for 20 min. Finally,
the slides were washed with ice-cold ddH>O, moved to a clean tray and left to dry in an
incubator at 37°C, overnight.

Staining: The slides were rehydrated with ice-cold ddH.O for 30 min, then they were
moved to a clean tray and each slide was flooded with 1mL of 2.5 pg/mL propidium
iodide solution for 20 min (Fig 2.2). Afterwards, the slides were washed with ice-cold
double distilled water for 20 min and transferred to a clean tray to dry at 37°Covernight.
Analysis: The slides were scored and comets visualised (Fig 2.2) using fluorescence
microscopy at magnification of 20 x, equipped with a green excitation filter. Images were
taken by an on-line charge-coupled device (CCD) camera, and then the comets images

analysed by Comet Assay IV software 4.2 (Andor Technology). Fifty comets per gel, 2
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gels were scored for each individual treatment and time points and each experiment
repeated 3 times. Percentage tail DNA (%TD) was selected as the parameter that best
reflected DNA damage (Collins, 2002a); %TD is considered to best correlate with the
dose of genotoxic agents (Kumaravel. and Jha., 2006, Kumaravel and Jha, 2006). The

percentage of tail DNA is calculated using the following equation (Equation 2.2).

Tail DNA intensity
Tail DNA (%) = x 100%
Total intensity of whole comet

Equation 2. 2 The mathematical formula for the calculation of % tail DNA damage using the
comet assay scoring software.

2.11.4 Examination of double strand breaks using y-H2AX-immunoassay

In order to assess the extent of any double strand breaks (DSB) created by AKBA
treatment in ovarian cancer cell lines the y-H2AX assay was performed. In response to
DSB formation Serine-139 residues of the histone variant H2AX in the chromatin
undergo rapid phosphorylation to form y-H2AX (Mah et al., 2010). A y-H2AX phosphor-
specific antibody can be used to detect the foci created by this phosphorylationas a tool
to assess the amount of DSB resulting from the effects of genotoxic agents, such as
chemicals. Cells were seeded and grown on sterile cover slips attached to the bottom of
wells of 6-well plates at approximately 2 x 10* cells per well and left overnight incubated
at 37°C with 5% CO». Next day, the cells were treated with different concentrations of
AKBA (5uM, 10uM, 15uM, 25uM, 50uM) and incubated for different times
(immediately, 6 hours, 16 hours, 24 hours, & 48 hours). Following drug treatment, the
cell specific medium was removed from each well and cells were washed with ice cold
PBS and fixed in 100% methanol for 24 hours at -20 °C. Next day, the methanol in each
well was removed, followed by 15 minutes incubation with fresh 1 x KCM blocking
buffer[10ml of 10x KCM buffer{1.2M KCI (8.946g), 200mM NaCl (1.1688g), 100mM
Tris-HCl and 10mM EDTA (0.372g) in 60ml of ddH20}, 100l Triton X-100 and 89.9ml
ddH20]. Next day methanol was removed and the fixed cells were washed and rehydrated
twice with 1ml of PBS for 20 minutes (10 minutes per each wash). The PBS was then
aspirated and the cells were permeabilised with 150 pl of blocking buffer for 15 minutes.
The blocking buffer was then removed, and 150 ul of primary anti-phosphohistone H2AX
(Ser139) antibody (clone JBW301, mouse monoclonal antibody; Upstate, Millipore
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Crop)at a dilution of 1:200 with blocking buffer, was added and incubated at room
temperature for 2 hours on a shaker. Afterwards, cells were washed four times with KCM
washing buffer, and then the secondary antibody (A21121 Alexa Fluor 488 Goat Anti-
mouse 1gG), (at a dilution of 1:200 blocking buffer) was added to the cells and incubated
at room temperature for one hour, on a shaker. Then the cells were washed four more
times with KCM washing buffer. After the washing step a drop of SlowFade® Gold
antifade reagent with DAPI (10ul) was dispensed on to each labelled slide. Finally, the
cells on the cover slip were mounted upside down on the labelled slides; the treated cells
being between the cover slip and the slide surface. After the slides had been dried at room
temperature, they were stored at 4°C for 24 hours ready for image analysis.

2.11.4.1 y-H2AX foci visualisation and analysis

The foci number per cell were counted, and images of the treated cells were taken at 40x
magnification and captured using velocity software together with Olympus Cytological
imaging system which made up of two different types of filters;{(Narrow-band Blue
filters (GFP, Alexa 488, FITC and Cy2): exciter filter BP 470-490, beam splitter DM 500,
barrier filter BA 515), and the Narrow-band Green filters (Alexa 546, TRITC and Cy3):
exciter filter BP 530-550, beam splitter DM 570, barrier filter BA 590, Sky filter
set}which all supplied by Applied Spectral Imaging. Automated meta-system was used
to assess 6 slides each time and from each sample, 15 fields of view (scoring up to 400
cells) were randomly chosen for analysis by the Fiji software (WCIF Image J version
1.42, available from research services branch NIH) 15 fields captured images from each
cover slip and two different filters were used to display y-H2AX foci and the cell’s
nucleus. Images of clear y-H2AX foci were captured using a 485uM filter, whereas the
number of DAPI stained nuclei images were captured using a DAPI filter. As a part of
the Fiji software’s functioning, y-H2AX foci and nuclei numbers were counted
automatically. After exclusion of cells with more than one nucleus, the actual numbers of
v-H2AX foci per cell (DAPI nuclei) were obtained by dividing the total number of vy-
H2AX foci by the total number of cells per field. The procedure for foci counting is
depicted in (Figure 2.3).
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Figure 2.3 The Olympus meta-system microscope.

Analysis of y-H2AX foci per field of treated sample using image J software, which was
done in triplicate. The lower immune-cytochemistry image shows H2AX
phosphorylation (H2AX Foci) (green) which represents DSBs and the upper image the
nuclear dye DAPI for measuring cell number per examined field.

2.11.5 Reactive Oxygen Species (ROS) measurement by flow cytometry

The non-fluorescent probe, H.DCF is produced intra-cellularly when H>DCFDA is
cleaved by intracellular esterases. The non-fluorescent molecule becomes fluorescent
when oxidised by intracellular ROS, This fluorescence at 530nm can be detected and
measured by flow cytometry (Eruslanov and Kusmartsev, 2010).

In order to examine the effect of AKBA on ROS production after AKBA treatments, 5 x
10° cells were seeded in each well of the 6-well plate and kept incubated for 24 hours at
37 °C/5% CO». Next day, the cells were treated with different concentrations of AKBA
(5uM, 10uM, 15uM, 25uM and 50uM) for different times (immediately, 6 hours, 16
hours, 24 hours, & 48 hours). Cells were then harvested normally using 1 X trypsin EDTA.
After that cells were transferred to FACS tubes, protected from light and washed with
1mL PBS. After removing all the PBS, fresh 500uLPBS with DCFA staining solution
(0.5 pL of diluted H.DCFDA per 1ml of PBS) was added and incubated at 37°C for 30
minutes. 50uM H»O> (oxidant) was used as positive control and added 20 minutes prior
analysis (Fig 2.4). The fluorescence was measured immediately using a BD

FACSCantoTM Il Flow Cytometer and the decrease or increases fluorescence evident
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from the shift in the in mean fluorescence intensity (MFI) quantified (%) = [(MFItreated
— MFluntreated)/MFI untreated] X 100 calculated according to (Kaminski et al., 2007).
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Figure 2. 4 ROS production measured by BD FACSCantoTM Il Flow Cytometer
shows the shift in FITC gating in the + positive control.

Decreases or increase in the ROS levels is indicated as a shift in the histograms showing

frequency distribution of values of DCF fluorescence versus number of events or cells.
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2.11.6 Assessment of AKBA effect on cell cycle phase distribution

The effect of AKBA on cell cycle phase distribution was assessed by measuring the DNA
content (PI staining) of each cell passing through a fluidic stream (flow), which contains
a stationary set of fluorescent detectors. Four distinct phases could be recognized in a
proliferating cell population: the G1, S (DNA synthesis phase), G2 and M (mitosis) phase
(Fig 2.5).Normally the cell DNA is protected by the cell membrane and it cannot be
stained with P1 stain without permeabilisation of the cell membrane by fixation in order
to enable the dye enter the cell to stain the DNA. PI usually stains both DNA and RNA.
8 x10° to 1x10° Cells were counted and cultured in 25 ml flask for 24h for cell recovery
using serum free medium. The next day medium was removed and growth medium
containing the AKBA at the required concentrations for treatment was added to each
flask. After each time point all the medium from each flask was removed and transferred
to a specific tube labelled with the specific treatment and time point. The cells were rinsed
with PBS and the PBS washes transferred to the same tube containing the medium. The
cells were harvested normally as described in section 2.9.2.3. Then the cell suspension
with the medium and trypsin were transferred to the same tube containing the old medium
and PBS washes. All tubes were centrifuged at 600 x g for 6 minutes. After that the
supernatant was discarded, each tub was then gently tabbed. Cells were then washed twice
with PBS and centrifuged at 600xg for 6 mints. Then the cells were fixed gently with 70%
v/v ice cold ethanol and stored at -20 °C until staining for analysis. On the day of staining,
the cells were washed twice with PBS and after the last wash, 500 uL of PBS was added
to the cells and the tube gently tapped. Then cells were treated with ribonuclease A
(RNase A) (2.5 pL of 10 mg/mL). This ensures that only DNA, not RNA, is stained. Then
25 pL of 1mg/mL propidium iodide was added to each tube and mixed gently. Tubes
were incubated at 37 °C for 30 mints in the dark. Finally, all the contents of the sample
tube were transferred to FACS tubes and placed on ice immediately, then taken for flow
cytometry. The relative DNA content of these cells and its distribution across the cell
cycle was analysed within an hour using FACSDiva software on a FACSCalibur flow
cytometer (Becton Dickinson Coulter) based on red PI fluorescence. A total of 10,000 of
cells were acquired for each sample. Results were obtained in duplicate from three

independent experiments.
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Figure 2. 5 An illustration of the gating of each phase of the cell cycle.

There are 4 phases of the cell cycle and three checkpoints which the cell has to pass then
to continue the process of the cell cycle: two gap phases (G1 and G2); an S phase for
DNA synthesis and genetics materials are duplicated, and an M phase, mitosis phase
where the genetics materials divided to two individual cells. This was observed using Pl
staining analysis by flow cytometry.

2.11.7 Examination of apoptosis using the Annexin V/PI assay

The Annexin V/PI assay was used to assess the extent of early and late apoptosis,
including necrotic cells induced by AKBA in a population of cells exposed to AKBA.
This method has been used to detect early apoptotic cells using a flow cytometer.
Normally the cell membrane contains phosphatidylserine (PS) solely located in the inner
side of the cell membrane lipid bilayer. During apoptosis PS is translocated to the outer
surface of the membrane. Annexin V, a 35-36kDa protein, is a very sensitive
Ca2*dependent probe with a high affinity for PS and its binding to PS can monitored by
fluorescence. In response to apoptosis cells shrink and their membrane loses integrity, so
first Annexin V staining becomes detectable (early apoptosis) and then during late
apoptosis cells become permeable to a DNA-binding stain such as Pl (Fig 2.6). Pl is
nucleic acid-specific and intercalates into the DNA (Rieger et al., 2011).
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Figure 2. 6 The plotted 4-quadrant gate.

The plotted 4-quadrant gate presents the four populations (non-apoptotic, early apoptotic,
late apoptotic and debris) (from this thesis’s results data).
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B T T T

FITC-A

Figure 2. 7 Annexin V/PI apoptosis assay.

Example cytogram (left), gates are shown on left hand image to quantify viable cells
(unstained); early apoptotic cells [Annexin V labelled (FITC fluorescence)], late
apoptotic cells (Annexin V and PI stained) and ‘cellular debris’ (PI stained only).
Histogram of cell counts on right shows gate above which cells are considered positively
stained and counted by the instrument (from the thesis results data).

The work was done following the kit manufacturer’s instructions and each experiment
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had up of 5 controls as follows: The negative control (NO stain, Pl stained, Annexin V
stained cells and Annexin V/PI stained) and a positive control for Annexin V/PI staining
only. These controls are very important to gate each specific cell population in order to

be able to run an accurate apoptosis assay.

2-5 x10° cells were counted and cultured in a T25 flask, and incubated at 37 °C in 5%
CO2 for 24 h for cell recovery. Next, the old media was removed and new media with
different concentrations of AKBA (5uM, 10uM, 15uM, 25uM & 50uM) was added. All
flasks were incubated for different times (Immediately, 6 hours, 16 hours, 24 hours, & 48
hours). After each time point all the medium from each flask was removed and transferred
to a specific tube labelled with the specific treatment and time point. Then all flasks
containing the treated cells were harvested as described in section 2.9.2.3 and added to
the above tubes containing the washing step products. In the last step of harvesting the
supernatant was discarded, then each tube was gently tapped to disburse the cells and 5
mL of medium was added. All tubes containing the cell suspension were incubated at 37
°C in 5% CO> incubator for 30 minutes for cell recovery. All tubes were centrifuged and
cells washed with 1x PBS once, then the cells washed with 500 pL of 1x Annexin V
binding buffer (50 mM HEPES, 700 mM NacCl, 12.5 mM CaCl2, PH 7.4). Supernatant
was removed completely, with the excess liquid being drained off onto a tissue. The cells
were re-suspend in 195 pL 1x Annexin V binding buffer, and then 5uL of Annexin V
Stain was added to the cells, mixed gently and incubated at room temperature for 10
mints. Cells were then washed with 1x Annexin V binding buffer and re-suspended in
190 pL of 1x Annexin V binding buffer. Finally 10 pL of PI (20 pg/mL) was added to
each tube and the cells were diluted in 300 pL of binding buffer and analysed immediately
using the BD FACS CantoTM Il flow cytometer.A total of 10,000 of cells were acquired
for each time. Results were obtained from at least three independent experiments (Fig
2.7). Next, the data were analysed using FACS software and plotted in graphs using prism
software. The fraction of the cell population in different quadrants was analysed using

quadrant statistics.

2.11.8 Western Blotting
Western blotting was used to assess a mixture of proteins modulated by AKBA treatment,
by separating these proteins using SDS-polyacrylamide gel electrophoresis (SDS-

PAGE).This allows the proteins to migrate according to their molecular weight. After this
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the separated proteins are transferred from the gel to a nitrocellulose membrane by the
application of electric current, then incubated with a blocking solution like milk to block
the nonspecific binding sites. Next the membrane is incubated with a specific primary
antibody for the protein of interest. Finally secondary conjugated antibodies (Conjugated
with horseradish peroxidise (HRP) are applied and immediately ECL is used to visualize
the protein of interest (Mahmood T. and P-C., 2012).

2.11.8.1 Protein extraction and quantification

The cells were seeded at approximately 5 x 10° cells per mL in a T75 flask and incubated
overnight. Next day old media removed and new media with different concentrations of
AKBA (5uM, 10uM, 15uM, 25uM, 50uM) was added. All flasks were incubated for
different times (immediately, 6 hours, 16 hours, 24 hours, & 48 hours). Laemmli buffer
(2 % w/V SDS, 10 % v/v Glycerol and 50 mM Tris-HCI, pH6.8) was heated to 95°C on
a hot shaker (Grant-Bio Thermo-Shaker). At the specific time point after treatment cells
were washed twice with PBS at room temperature. Proteins were extracted by suspending
the cells in 500ul of hot Laemmli buffer followed by incubation at 95°C for 5 minutes on
a hot shaker. After that the cell lysates were cooled to room temperature, samples were
sheared using MSE Soniprep 150 Ultrasonic Disintegrator for 15 seconds at amplitude
14 KHZ and centrifuged briefly for a minute at 16,000 x g. The resulting supernatant
(protein lysate) was collected into pre-labelled 1.5 mL Eppendorf tubes and stored at -

20°C until used for protein quantification.

2.11.8.2 Quantification of extracted protein by bicinchoninic acid assay (BCA
assay)

Protein concentration was determined by using a Pierce™ BCA Protein Assay kit. Bovine
serum albumin (BSA, 2 mg/mL) was used as a stock solution for preparing a series of
protein standard solutions by diluting in PBS (Table 2.2). A 15uL aliquot of protein lysate
was diluted in 135uL of PBS (1:10). 25ul of each protein lysate and standard solution
were transferred into 96-well plate, followed by 200pL of Working Reagent (provided in
kit) into each loaded well. The volume of the working reagent was calculated and
prepared according to the following formula: (# standards + # unknowns) x (# replicates)
x (volume of working reagent per sample). After the well contents were mixed thoroughly
on shaker for 30 seconds, the 96 well plates was incubated at 37 °C for 30 minutes and
allowed to cool at room temperature. The absorbance of protein standard and samples

were measured using a FLUOstar OPTIMA Multi-detection microplate reader (BMG
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Labtech) at a single wavelength of 562nm. Thus, the concentrations of the protein lysates
(mg/mL) were determined by plotting standard curves and corrected for the dilution factor
using GraphPad Prism 6 software.

Table 2. 2 Standard dilution scheme:

Vial | Volume of BSA (uL) | Volume of Diluents Final BSA Concentration

(L) (ug/mL)

A 100 of stock 0 2,000

B 150 of stock 150 1,000

C | 200 of vial Bdilution 200 500

D | 200 of vial C dilution 200 250

E | 200 of vial D dilution 200 125

F 200 of vial E dilution 300 50

G | 200 of vial F dilution 200 25

H | 100 of vial G dilution 400 5

| 0 100 (Blank)

2.11.8.3 Preparation of protein lysates

The frozen protein lysates were thawed to room temperature. The volumes of each protein
lysate were calculated to achieve a concentration of 20 pg in a loading buffer containing
bromophenol blue (0.005% w/V), Laemmli buffer (2% w/v SDS, 10% v/v glycerol and
50mM Tris-HCL pH 6.8) and 2-mercaptoethanol (1% v/v) to a final volume of 200pL.
The protein samples were denatured at 99°C in a hot block for 5 minutes, followed by a
brief centrifugation and stored on ice before electrophoresis.

2.11.8.4 Western Blotting technique

For further confirmation of AKBA’s effects on ovarian cancer cell lines (A2780,
A2780cis, UWB1.289 & OVCARA4 cells), proteins involved in apoptosis were analysed
by the western blotting technique using a BioRad mini-Protean gel electrophoresis
system. To prepare the gels, a 1.50 mm gel-casting apparatus was used and a SDS
(resolving) gel was prepared according to the molecular weight of the protein of interest
(12 % SDS gel is suitable to separate proteins in the range 20—100 kDa and 5% stacking
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gels) (see Table 2.3 for composition of gels), and allowed to set for 5 to 10 minutes. A
10-well comb was inserted immediately into the stacking gel before the gel solidified. A
20pL aliquot of prepared protein (20 pg protein) and 4 pL of pre-stained protein
molecular weight standard marker was loaded into the wells. The gel was then
electrophoresed in running buffer (0.3% wi/v Tris-HCI, 1.4% w/v glycine and 0.1% w/v
SDS) and proteins were separated at 160V for 1 hour. After electrophoresis, the SDS-
PAGE gel was soaked in a cold transfer buffer (0.3% wi/v Tris-HCI, 1.4% w/v glycine
and 20% v/v methanol) and proteins were electro transferred onto a PVDF membrane at
25 V overnight or 100 V for 1 hour.

To determine the successful transfer of protein, the membrane was stained with Ponceau
S red dye to visualize the protein bands that had been separated and then washed with
ultrapure water twice to remove excess dye. After washing with TBST (50 mMTris-base
pH 7.65, 150 mM sodium chloride and 0.1% v/v Tween-20) once, membrane was blocked
with TBST-milk (1g of dried, skimmed milk in 20 mL TBST) for 1 hour at room
temperature with shaking (20 rpm) and this was followed by washing again for 5 minutes
in TBST twice.

Table 2. 3 Summary of the composition of 12% SDS-PAGE gels:

Compositions: Volume of compositions per gel (ml).

Resolving | 5 % Stacking
Ultrapure water 3.3 1.4
30% acrylamide 4.0 0.33
Tris-Cl (1.5M, pH 8.8) 2.5 0.25
10% SDS 0.1 0.02
10% ammonium persulphate | 0.1 0.02
TEMED 0.004 0.002

The membrane was then incubated in a cocktail of primary antibodies (pro- and cleaved
caspase 3, cleaved-PARP and muscle actin) at a dilution of 1:8000 (according to the kit
manufacturer’s instruction) in TBST-5% w/v BSA for 1 hour at room temperature on a
rotator at 6 rpm or overnight at 4°C on shaker. p16 and p21 antibodies were tested

individually as they had been ordered separately. Next, the membrane was washed 5 times
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in TBST with agitation. Then the membrane was incubated with secondary antibody
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (dilute of 1:5 in
TBST-milk) for 1 hour with shaking at room temperature. Any unbound antibodies were
removed by applying a further 5 washes with TBST, allowing 5 minutes for each wash.
The immune reactivity of antibodies that bound to proteins on the membrane was detected
by using HRP chemiluminescent (ECL) substrate reagent for 1 min at room temperature.
Subsequently the membrane was wrapped in Saran Wrap, placed in a cassette, exposed
to X-ray film and the latter developed using an X-ray film processor (Agfa Curix-60). All
western blotting materials were cleaned with 70% v/v IMS before use to prevent
unnecessary background signal. Protein band intensities were calculated as absorbance
units/mm? by densitometry using SyngeneGeneSnap software (Syngene, UK). The
protein band intensities were normalized to actin. Each protein was assessed from at least

three independent experiments.
2.11.9 Gene expression

2.11.9.1 Analysis using Micro-Array

Firstly, the cells were seeded at approximately 5 x 10° cells/mL in a T25 flask and
incubated overnight. The next day the old medium was removed and new medium with
different concentrations of AKBA (10uM, 15uM, 25uM & 50uM) added. All flasks were
incubated for different times (6 hours, 16 hours and 24 hours). After each treatment time
cells were washed with PBS and trypsinised using 1X trypsin EDTA. Cells were then
washed with cold medium and the cell pellet stored at -80°C.

Whole-transcriptome profiling was performed using the Illumina HumanHT-12 v4
Expression BeadChip which allows parallel quantification of 48,000 transcripts. Total
RNA was extracted using on a Promega Maxwell® 16 System using the Maxwell® 16
LEV simplyRNA Purification Kit according to manufacturer’s protocol. RNA quality
was assessed on an Agilent Bioanalyzer and the samples with an RNA integrity Number
(RIN) < 7 were excluded (Fig 2.10).
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Figure 2. 8 The cDNA synthetisationusing TargetAmp™-Nano Labeling Kit for
IHlumina® Expression BeadChip steps.

Secondly, cRNA was then prepared using the TargetAmp™- Nano Labeling Kit for
llumina® Expression BeadChip (Epicentre) according to manufacturer instructions.
Briefly, first-strand cDNA was synthesised from total RNA using oligo(dT)-primers
containing a phage T7 RNA Polymerase promoter sequence at its 5" end. The reaction
was performed at 50°C for 30 minutes using the SuperScript Il reverse transcriptase
(Invitrogen). Second strand cDNA was then synthesized from the obtained cDNA at 65°C
for 10 minutes using a 2nd strand DNA polymerase. Lastly, anti-sense RNA was
synthesized and Biotin-labelled in a single reaction that utilises the 2nd strand cDNA as
a template. The reaction was catalysed by a T7 RNA polymerase and the biotin-labelling
was enabled by the use of biotin-UTP in the reaction (Fig 2.8). The size and concentration

of each library was quantified using the Agilent Bioanalyzer (Fig 2.10).
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Figure 2. 9 The total RNA analysis in ng using Aglient 2100 bioanalyser. Nanoseries
.

Thirdly, each library was then hybridized on the Illumina Beadchips. Hybridization was
conducted at 58°C overnight. The Beadchips were then subjected to a series of washing
steps (10 minutes at 55°C in lllumina High temperature wash buffer, 10 minutes at room
temperature in 100% ethanol, 2 minutes at room temperature in Illumina wash buffer)

before being scanned using an Illumina Scan (Fig 2.11). The raw microarray data were
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normalized by quantile normalization using the Illumina Genome Studio V2011.1. No
background correction was applied. The probes with a signal intensity below the
background level were considered as not confidently detected and were excluded from
the downstream analysis. This profiling was performed in the Genomic Core Facility of
the University of Leicester which is run by Dr. Nicolas Sylvius.
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Hybridize Strand to BeadChip

oL

BeadChips are removed from the
overnight hvbridization and then washed

- ) l (BRNA)

Imaging BeadChip

Figure 2. 10 Direct Hybridization Assay Workflow from ILLUMINA Whole-

Genome Gene Expression Direct Hybridization Assay Guide.

The above sections describe the overall Direct Hybridization Assay workflow for
Twelve-sample BeadChips. Detailed descriptions of each step are described in the
Illumina Whole-Genome Gene Expression Direct Hybridization Assay workflow.

The BeadChip™ platform offers twelve-sample whole-genome formats:
Each array in the matrix holds tens of thousands of different oligonucleotide probe
sequences. These are attached to 3-micron beads that are assembled into the micro-wells

of the BeadChip substrate. Because the micro-wells outnumber probe sequences, multiple
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copies of each bead type are present in the array. This built-in redundancy improves
robustness and measurement precision. The BeadChip manufacturing process includes
hybridization-based quality control of each array feature, allowing consistent production

of high-quality, reproducible arrays (cCRNA).

2.11.9.2 Microarray data analysis:
Results were analysed using Array-Track Microarray Data Analysis software from

http://www.fda.gov/ScienceResearch/BioinformaticsTools/Arraytrack/

The filtered data (normalised by taking logio of the results) was provided by Nicolas
Sylvius in Excel spreadsheet. Data were subsequently analysed using the Array Track
programme using t-test and filtered by p value <0.001 and fold change of 1.8 or greater.
More details will be described in the results chapter (5).

2.11.10 Quantitative-PCR (Q-PCR)
2.11.10.1 Sample preparations for Q-PCR

2.11.9.1.1 RNA extraction: TagMan® Gene Expression Cells-to-CT™ Kit:

Cell number was optimised following the TagMan® Gene Expression Cells-to-CT™ Kit
protocol with slight variation depending in the cell type.

The cells were seeded at approximately 20 x 10° cells/mL in a T25 flask and incubated
overnight. Next day old medium was removed and new medium with different
concentrations of AKBA (5uM, 10uM, 15uM, 25uM, 50uM) was added. All flasks were
incubated for 6 hours and 16 hours. After each time point cells were washed with PBS
and trypsinised using 1X trypsin EDTA. Cells were then washed with cold medium and
centrifuged, and then the supernatant discarded. After that cell were again washed, and
after centrifugation re-suspend again with 2 ml of ice cold PBS and transferred to 2 pre-
labelled Eppendorf tubes (each tube contains around 10x 10° cells). This experiment was
done in parallel with the micro-array sample preparations. Then cells were centrifuged
and kept on ice ready for extraction. Immediately RNA extraction was started using cells
in the CT kit as described in figure 2.12 and stored at -20°C.

2.11.9.1.2 DNA quantification
The cDNA was quantified using a Qubit™Fluorometer according to the manufacturer’s

protocol. The Qubit™ working solution was prepared by diluting the Qubit™ dsDNA
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HS reagent 1:200 in Qubit™ dsDNA HS buffer, and the standards (0 ng and 10 ng
dsDNA) were prepared by adding 190 pL. of Qubit™ working solution and 10 pL of each
Qubit™ standard to a Qubit® Assay Tube and mixed using vortex for 2—-3 seconds.After
that, the cDNA sample was prepared by adding 195 pL of Qubit™ working solution and
5 uL of the sample to a tube and vortexed for 2-3 seconds. All tubes were incubated at
room temperature for two minutes. Following the incubation, the standards were run
using a Qubit® Fluorometer for instrument calibration, next the sample was measured.
Then, the cDNA concentration was calculated using the following equation 2.3:
Concentration of sample = QF value X (200/ X)
Where: QF value = the value given by the Qubit X 2.0 Fluorometer

X = the number of microliters of samples added to the assay tube

Equation 2. 3 Formula for calculating DNA concentration.
(Optional) To include an

Optimal Dilute DNase I into endogenous control using the .
Lysis Solution at 1:100 X TagMan Cells-to-CT Control Kit.
i 1 T S 3. Incubate the T [
y —_— —> lysis reactions for
J T TV 5 min at room
L Grow 1x 10°Cellsin T25 (oo vy temperature | B |
flask and treat with different 2. Add 50 pL, Lysis 4. prepare Stop Solution containing
concentrations of AKBA for Solution (with or XenoRNA™ Control for the samples
6and 16 h without DNaseI) to in the experiment at hand. Add 1 pL
each tube XenoRNA Control per 5 pL Stop
Solution.

5. Pipet 5 pl, of Stop Solution alone or
6 pl, of Stop Solution with
XenoRNA, Control directly into each

1h OOm OOS 5m 003 lysis reaction.

Reverse Transcription (RT)

p g 6. Mix the lysis reaction by pipetting
=32 37° IEZA (=== J9soc up and down 5 times. £
- T 7. Incubate for 2 min at room temp. .4
) v 8. Program the thermal cycler for the
g /_\______/- 3 mRNA
4 35 RT primer RT.

9. Assemble an RT master mix and

distribute to reaction tubes.

10. Add lysate and mix thoroughly.

11. Run the thermal cycler program.
12. cDNA quantification was done

using Qubit™ Fluorometer

Figure 2. 11 TagMan® Gene Expression Cells-to-CT™ Procedure Overview

2.11.10.2 Quantitative RT-PCR analysis
Quantitative RT-PCR analysis was undertaken in order to confirm the apoptotic genes

affected by AKBA as assessed by Microarray analysis. A QPCR Applied Biosystems®
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TagMan® Array Human Apoptosis, which made up of a96-well Plate contains 92 assays
for apoptosis associated genes (along with 4 assays as a candidate endogenous control
genes)was used. These TagMan® Array 96 well Plates are made up of a single TagMan®
Assay for each well (single primer for each gene). This plate is specific and pre-
configured for the most appropriate TagMan® Gene Expression Assays involved in
apoptosis. The plate contains most genes involved in apoptosis pathway, and four
endogenous controls. Each gene primer is dried-down in separate wells, ready for
accurate assessment of an entire gene signature in one experiment. The apoptosis pathway
panel targets genes from the death receptor regulated pathway and the BCL-2 family
pathway. In this study, apoptosis pathway assessment was considered a confirmation of
the apoptosis genes expressed by microarray.
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Figure 2. 12 TagMan® Gene Expression Array plate work flow.

After preparing the cDNA sample using the cells to CT kit, samples were processed for
QPCR using the QPCR TagMan Array Human Apoptosis Plate for confirmation of the
microarray results focusing on apoptosis pathways. Analysis allowed quantification of
the extent of gene expression up- or down-regulation in the apoptosis pathway (Fig 2.12).
Samples stored at -20 °C and allowed to thaw on ice; at the same time QPCR 7300
machine was switched on and allowed to warm up, and the gene expression Master Mix

X2 was kept on ice as well. While samples were thawing the QPCR TagMan Array
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Human Apoptosis Plate was centrifuged at2000 rpm for 5 minutes to make sure that all
the lyophilised primers were on the bottom of the 96 well plates to avoid cross
contaminations. 10 ng of cDNA was prepared and diluted with a volume of 1.5 ml from
each treatment. The plastic cover on the top of the plate was removed carefully and
precisely. In a separate 1.5 mL eppendorf tube 550 p of TagMan® Gene Expression
Master Mix (2X) (ready to use) was added to 550 puL of cDNA sample in the same tube,
which then mixed together. Immediatelyl0 pL of the cDNA and the master mix
suspension were added carefully to each well of the 96 QPCR TagMan Array Human
Apoptosis Plate. After that, the plate was carefully covered and sealed using the
MicroAmp® Optical Adhesive Film. The plate was then centrifuged at 2000 rpm for 2
minutes. Finally, the plate was loaded in the QPCR 7300 according to specific thermal
cycling conditions profile supplied by the plate manufacturer. The PCR parameters
included firstly a 2 min denaturation step at 50 °C, and then 95 °C for 10 min, followed
by 40 cycles of 15 s at 95 °C, and 10 min at 60 °C (Fig 2.12).

In this experiment: all preparations were done on ice and TagMan® Array Fast Plates

were run using standard run thermal cycling parameters and TagMan® Fast Universal

PCR Master Mix (2X). Each treatment was done twice and run in duplicate.

Table 2. 4 QPCR conditions for TagMan® Array Plates run on QPCR 7300:
Holdt Hold} | PCR (40 cycles)

Melt Anneal/Extend
Temp 50 °C 95°C 95 °C 60 °C
Time 2:00 10:00 0:15 1:00

The data were then analysed by observing the amplification plots for the entire plate.
After setting the baseline and threshold values the comparative CT method was used to
analyse the data.

2.11.11 Statistical Analysis

All statistical analyses were performed using GraphPad Prism. The statistical differences
between control and treated cells were determined using a two-way ANOVA test. Data
were presented as mean + standard error of the mean (SEM). A p value less than 0.05 was

considered statistically significant.
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Chapter 3

Investigations for the ability of AKBA to
address cisplatin resistance in ovarian

cancer cell lines
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3.1 Introduction

3.1.1 Ovarian Cancer:

The vast majority (around 90%) of ovarian cancers originate in the epithelial layer of the
ovaries and symptoms include frequent urination, difficulty in eating due to an abdominal
mass, tiredness and pelvic pain (Coleman et al., 2011b). At the cellular level, there are
two distinct subtypes of ovarian epithelial cell tumour, Type I and Type Il. Whereas Type
I tumours are localised to the ovary, Type Il tumours are aggressive and consist of
undifferentiated cells that have the capability to spread or to metastasise and so
disseminate cancer cells around the body (Kurman and Shih le, 2010).

Advances have been made in chemotherapeutic treatments; for example administering
chemotherapeutic drugs intraperitoneally has been shown to increase survival in patients
with stage I11C epithelial ovarian adenocarcinomas (Armstrong et al., 2006), even though
the majority of these patients relapse, and ultimately develop resistance to first line
chemotherapy. Therefore, there is an urgent need to understand mechanisms of chemo-
resistance in ovarian cancer and to design strategies to overcome this resistance.
Combination chemotherapy represents a standard treatment for patients with ovarian
cancer. The drugs are generally platinum-based. However, treatments result in resistance
in approximately one-third of cases (Stewart et al., 2006). Cisplatin resistance
significantly reduces the effectiveness of the treatments and the cellular mechanisms that
determine resistance are not well understood(Zhu et al., 2005). Researchers performed a
proteomic analysis to elucidate the proteins expressed in cisplatin-resistant ovarian cancer
cells but not in sensitive cell lines (Stewart et al., 2006). The authors reported 58 proteins
with a five-fold or higher expression compared with sensitive cells. These proteins
included the recognition molecule CASPR3, S100 protein family members, junction
adhesion molecule Claudin 4 and CDC42-binding protein kinase B (Stewart et al., 2006).
In an effort to uncover the mechanisms of cisplatin resistance in ovarian cancer, the
A2780cis cell line was developed by chronic exposure of the sensitive A2780 ovarian
cancer cell line to cisplatin. A2780cis was demonstrated to have a 6.7-fold resistance to
cisplatin (IC50 = 23.4uM), compared with the sensitive cell-line (IC50 = 3.5 uM) (Pan
B. etal., 2002). The exact mechanism of this resistance is as yet to be identified, however
it has been shown that A2780cis exhibits a higher cisplatin efflux rate (Kalayda et al.,
2008).
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3.1.2 AKBA therapeutic effect in cisplatin resistant cell line

Recently, many research studies have focused on the use of AKBA as anticancer
therapeutic agent in different types of cancers. AKBA has been known to reduce
inflammation and boswellic acids are known to cause cell death by promoting apoptosis
in various tissues (Glaser et al., 1999, Liu et al.,, 2002b, Syrovets et al., 2005),
accompanied by increased caspase activity (Liu et al., 2002b, Riedl and Shi, 2004).
Therefore, the possibility exists that boswellic acids could form the basis for novel
anticancer therapies. Apoptosis induction has been observed in human promyelocytic
leukemia (HL-60) cells, where boswellic acid led to decreased cell proliferation and
increased cell differentiation (Jing et al., 1992). Jing et al. (1992) reported that HL-60
cells underwent morphological changes and DNA damage occurred and these cytotoxic
effects were replicated separately in HL-60 cells treated with AKBA (Hoernlein et al.,
1999b). Boswellic acids also inhibit DNA and RNA replication and protein-synthesis
(Shao et al., 1998) in a mechanism of that is not associated with free radical scavenging
(Upaganlawar and Ghule, 2009). Additionally, in vitro cell culture studies have
determined a mechanism for AKBA-induced apoptosis by causing interruption to the cell
cycle at G1, leading to a marked decrease in concentrations of cyclin D1, cyclin- E, CDK-
2, CDK-4 and pRb and an associated increase in p21 levels which is marker of cell cycle

arrest and cell senescence (Liu et al., 2006).

The availability of a range of cell lines has allowed the cytotoxic effect of boswellic acids
to be elucidated in many cancer cell culture systems. Several studies have identified
boswellic acid-induced apoptosis in a range of cancer types including: glioblastoma,
leukaemia (Hostanska et al., 2002), human leukemic lymphoblast(Hoernlein et al.,
1999b), human myeloid leukaemia(Xia et al., 2005), liver cancer (Liu et al., 2002a), brain
tumours (Hostanska et al., 2002) , colon cancer (Liu et al., 2006, Liu et al., 2002b),
prostate cancer (Syrovets et al., 2005) and fibro-sarcoma (Zhao et al., 2003). However,

no such activity has been reported to date in ovarian cancer.
Aim

The aim of this Section of the thesis is to investigate the ability of AKBA to be an effective

agent in addressing cisplatin resistance ovarian cancer cell lines.

76



Summary of the techniques/approach

Cisplatin sensitive and resistant ovarian cells were treated with AKBA at different
concentrations and for different times.

Modulation of cell viability/proliferation and cell death by AKBA was investigated in all
ovarian cell lines using a light microscope at 40X magnification to analyse the changes
in cell growth and identify any morphological changes in the cells. In addition, cell
viability was examined by the Almar Blue assay, a Beckman Coulter Counter was used
to assess cell number. Damage to DNA was assessed using the comet assay, whilst cell
cycle status and apoptosis were tested using flow cytometry (PI staining and Annexin
V/PI staining). The temporal association and regulation of AKBA modulated protein
expression was identified by western blotting. All the materials and methods used for this

chapter have been described in Chapter 2.
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3.2 Results
3.2.1 The effect of AKBA on cell growth and proliferation

3.2.1.1 Effect of AKBA on cell structure and morphology using light microscopy

In order to examine the effect of AKBA on the morphology of exposed cells, images were
taken of the cultured cell lines after treatment at different times and different
concentrations of AKBA, using an Nikon Eclipse microscope TE 200-4 with 40X
magnifications (Figure 3.1.1).

After 48 hours exposure to AKBA, cells of the cisplatin-sensitive human ovarian
carcinoma cell line, A2780 were morphologically distinct from cells cultured in medium
(+/- DMSO) (Fig 3.1.1). The most considerable effect was observed at AKBA
concentrations starting at 15 uM and becoming more apparent as the concentration of
AKBA increased at 16 h of exposure (Fig 3.1.1 & Fig 3.1.2). At the highest AKBA
concentration (50 uM), microscopic visualisation revealed considerably smaller, floating
and more fragmented cells than at lower concentrations or in the control samples. The
cisplatin-resistant form of A2780 (A2780cis) had a distinctive elongated morphology
when grown in culture medium (Fig 3.1.1), which became smaller and more rounded as
after the addition of AKBA at higher concentrations (25 pM -50 puM). These changes in
morphology were accompanied by growth inhibition in A2780cis cells at the same

concentrations after 6 -16 hours.

Immediately 48 hours
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Immediately 48 hours Immediately 48 hours

Figure 3.1. 1 Microscopic images of A2780 cell line cells exposed to AKBA.

Negative control samples (A) consist of cell culture medium, and 0.5% (v/v) DMSO.
Cells challenged with AKBA (B) were grown for 24 hours in cell culture medium to
recover before AKBA was added at various concentrations (UM) and examined
immediately, 6 h, 16 h, 24 h and 48 h (dead cells shown using the black arrows).
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Figure 3.1. 2 AKBA-induced cell growth inhibition in A2780 & A2780cis

Cells were treated with a range of concentrations and cell growth (cell number) compared
with negative controls: culture medium (media), 0.5%DMSO. The number of cells was
analysed using a cell counter. Results were expressed as mean £ SEM and are the mean
of three separate experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001
compared to control.

3.1.2.1.2 Effect of AKBA on the inhibition of cell growth

In order to test the hypothesis that AKBA causes cell growth inhibition in ovarian cancer
cell lines, A2780 cells were exposed to a range of concentrations of AKBA (5 uM-50
puM). Cell growth inhibition was tested and recorded using different techniques; cell
counting and proliferation using a cell counter and cell viability assessed by the Almar
Blue assay at various time points over 48 hours (Fig. 3.1.2- 3.1.3). In each experiment,
the effects of AKBA were compared with negative control cells grown in media only and

using 0.5% v/v DMSO as vehicle control.

The effect of high concentrations of AKBA was even more pronounced in A2780cis cells,
which decreased cell numbers to below detectable limits after 24 hours. After 24 hours,
exposure to the 25 puM concentration there was a significant decrease in cell growth
(P<0.0001) a trend that continued after 48 hours exposure. In contrast, by 48 hours an
effective dose of 15 uM AKBA was sufficient to cause a significant inhibition of growth
of A2780cis cells (Fig 3.1.1- Fig 3.1.3) (P<0.0001).
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Figure 3.1. 3 AKBA induced cell growth inhibition inA2780 & A2780cis cells.

A2780 with IC50 0f21.78 uM and A2780cis with 1C50 of 18.58 uM at a range of concentrations, compared with negative controls: culture medium
(media), 0.5%DMSO. The inhibition of cells growth was analysed using Almar blue with the plate reader at wavelength of 562-600 nm. Results
are expressed as mean £ SEM and are representative of 3 independent experiments,(*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001).
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In both cell lines, lower concentrations of AKBA, (<10 uM) did not have a significant
impact on cell growth and there was a less dramatic overall morphological effect on the
cells although small populations of cells did show distinctive apoptotic-like morphology
upon exposure to AKBA at concentrations of 10 uM. Overall, the effect on cell
morphology appeared less pronounced in A2780cis than its cisplatin-sensitive
counterpart. However, the effective lethal dose was lower in A2780cis cells than in A2780
(IC50 A2780cis = 18.6 uM; IC50 A2780 = 21.8 uM) using Almar Blue assay (P<0.01),
indicating that A2780cis cells were less able to survive exposure to AKBA (Fig 3.1.3).

3.2.2 The effect of AKBA on the cell cycle

It was found that the highest AKBA concentration triggered an immediate cell cycle arrest
of A2780 and A2780cis cells, causing a significantly increased population of cells to be
held at the sub-G1 stage of cell death, and a significant decrease of cells in the G1 phase.
Over a longer exposure time (48 hours), sub-G1/G1 in A2780cis cell was evident at
concentrations as low as 10 uM AKBA (Fig 3.2.3). More than 80 % of cells exposed to
the highest concentration of AKBA for 48 hours remained in the sub-G1 stage, which
represent the dead cells or the cells in the apoptotic process, with approximately 5 % of

both cell line populations presented in other stages of the cell cycle (Fig 3.2.1 &Fig 3.2.2).

The effect of AKBA on the cisplatin-sensitive A2780 cell line was broadly similar to the
cisplatin-resistant version. Addition of 50 uM AKBA immediately increased the number
of cells in the sub-G1 phase (Fig 3.2.1) in A2780cis, resulting in approximately 7-fold
increase in the proportion of cells in this dormant state of the cell cycle, compared with
the control samples. After 48 hours, addition of AKBA at concentrations as low as 10 uM
were sufficient to cause a significant increase in the number of cells in sub-G1. However
the most dramatic effect was seen after 48 hours, when exposure to 50 UM AKBA resulted
in nearly three-quarters of the population being in the G1 phase (Fig 3.2.1 &Fig 3.2.2).
The subG1/G1 effect of AKBA was almost twice as potent as the topoisomerase inhibitor
chemical, etoposide (used at 50puM) included in the experiment as a positive control.
Based on the results of the experiments studying apoptosis, it is clear that the G1 and
other phases of the cell cycle arrest stages were followed by programmed cell death in
both A2780 and A2780cis. Which means that the cells in G1, G2/M and S phase have

already entered cell cycle arrest and did not pass the check points, so they are well
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progressed in terms of programmed cells death and that were evident by the increases in
cell shifted to subG1 cell populations with all the different concentrations and with the
progress in the AKBA exposure time. Both early and late apoptotic cells were observed
at highest AKBA concentrations in A2780 cells after 48 hours (Fig 3.3.2), with exposure
to a minimum concentration of 15 pM resulting in a significant increase in apoptotic cells,
and a decrease in viable cells compared with control samples. This effect was more
significantly seen with the cisplatin resistance cell line (A2780cis) mainly with 15 uM to

50 uM AKBA even with lower time of exposure 16 h, 24 h and 48 h (Fig 3.2.1).
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Figure 3.2. 1 Immediate exposure with AKBA to assess cell cycle arrest in A2780
and A2780cis cells.

Cells were exposed to arrange of concentrations and compared with negative controls:
culture medium (media), 0.5%DMSO. Results were expressed as Mean + SEM and are
representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and
****pP<(.0001 compared to control.
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Figure 3.2. 2 AKBA exposure for different time points, to assess cell cycle arrest in A2780 cells at a range of concentrations.
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expressed as Mean £ SEM and representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001
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Figure 3.2. 3 AKBA exposure for different time points, to assess cell cycle arrest in A2780cis cells at a range of concentrations.

Cells were exposed to a range of concentrations and compared with negative controls: culture medium (media), 0.5% DMSO. Results are
expressed as Mean £ SEM and are representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<(0.0001

compared to control.
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3.2.3 AKBA induces apoptosis
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Figure 3.3. 1 Immediate exposure with AKBA to assess cell death in A2780 and A2780cis cells.

Cells were exposed to a range of concentrations and compared with negative controls: culture medium (media), 0.5% DMSO. Results were
expressed as Mean £ SEM and are representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared
to control.
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Based on the cell cycle arrest data it appears that AKBA has the potential to cause an
early effect on cell cycle, as cells were noted to immediately (within 30 mins) enter
SubG1 after 50uM treatment (P<0.001). After exposure to high levels of AKBA there
were a high proportion of cells did not progress to G1 (cell growth), remain instead either
in a non-active state (GO0), or undergoing cell death by presenting at the Sub G1 stage.
This immediate effect was particularly evident in the cisplatin resistant A2780cis line (fig
3.2.3), which showed a cell death, resulting in a significantly decreased population of
cells in the G1 stage of growth, even at relatively low AKBA concentrations (15 uM)
(P<0.001) within 16 h of incubation with AKBA. After prolonged exposure (48 hours) to
the highest concentration of AKBA, both cell lines exhibited significant decreases in cells
at all later stages of the cell cycle (G1, S and G2/M) (fig 3.2.1 & 3.2.2) (P<0.0001).
ForA2780cis it was clear that AKBA effect was significant even with 5uM compare to
cisplatin sensitive cell line (A2780). This was evident with results in early and late
apoptotic (Fig 3.3.1- Fig 3.3.3) where A2780cis shows significant increase in apoptotic
cells immediately with 25uM and 50 uM, followed with continues significant increases

in dose and time dependent manner.
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Figure 3.3. 2 AKBA exposure for different time points (6 h, 16 h, 24 h & 48 h) to assess cell death in A2780 cells at a range of
concentrations.

Cells were exposed to a range of concentrations and compared with negative controls: culture medium (media), 0.5% DMSO Results were
expressed as Mean + SEM and are representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001
compared to control.
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Figure 3.3. 3 AKBA exposure for different time points (6 h, 16 h, 24 h & 48 h) to assess cell death in A2780cis cells at a range of

Cells were exposed to arrange of concentrations compared with negative controls: culture medium (media), 0.5% DMSO. Results were
expressed as Mean £ SEM and are representative of three independent experiments, (*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001).
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3.2.4 AKBA induces DNA damage and ROS generation

The ovarian cancer cell line, A2780cis exhibited signs of significant DNA damage, as
determined by the comet assay, at AKBA concentrations above 15 puM and at exposure
times from 6 hours up to 24 hours. In A2780 and A2780cis cells, the 50 UM concentration
of AKBA resulted in immediate significantly detectable DNA damage (P<0.001). In the
cisplatin-sensitive variant, 6 hours exposure resulted in DNA damage at concentrations
>25 uM 6% (P<0.001) and after 48 hours exposure, the lowest effective dose was 10 uM
which results in 7% tail DNA and there was no cells detected with 50uM as all cells were
dead. A2780cis cells were slightly more sensitive to AKBA-induced DNA damage over
prolonged periods; after 48 hours exposure, even the lowest concentration (5 uM) showed
a significant amount 6% of tail DNA damage in these cells. Once again the DNA was
shown to consist largely of SSB and DSB (fig 3.4.1& 3.4.2), and the degree of this
molecular damage positively correlated with the concentration of AKBA and the
exposure time. In A2780cis cells, the damage caused by 50 uM AKBA was severe enough
to decrease the number of cells by 24 hours and, by the end of the experiment (48 hours)
the cell number was below detectable levels (Fig 3.4.1). The increase in the number of
foci per cells present the level of DSB which was evident that A2780cis shows more
sensitivity to the higher concentration of AKBA after 24 h and 48 h in parallel with the
SSB presented by comet assay.

The impact of DNA damage by AKBA and the generation of apoptotic proteins such as
cleaved caspase-3 coincided with a decrease in the production of reactive oxygen species
(ROS) across the cell lines, which might be due to the reduction in the metabolic activity
of the cells as the cells were dead/dying in both cell lines. A2780cis cells showed a
significant decrease (P<0.001) in the production of ROS compared with control samples
immediately after exposure to 50 M, the highest concentration of AKBA. By the end of
the experiment a minimum concentration of 15 pM AKBA resulted in a significant
(P<0.001) reduction in ROS production in A2780cis. Whereas A2780 cells required a
higher concentration of AKBA (25 pM) AKBA over the same period to cause a
significant effect (Fig 3.4.1).
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Figure 3.4. 1 AKBA-induced DNA damage in A2780 andA2780cis cells for different

time and at a range of concentrations.

Cells were exposed to different concentrations and compared with negative controls:
culture medium (media), 0.5% DMSO, and 50uM H2O> as positive control. Error bars
show the mean = SEM of 3 independent experiments (300 comets scored per treatment).
Note the level of DNA damage with 50 pM was highly affected with the tail being
disconnected from the head to the tail (hedgehogs) which gives us false negative results
as the comet software was not able to give us the proper level of the damage in fact it

delivers a no damage.
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Figure 3.4. 2 AKBA-induced ROS generation in A2780 andA2780cis cells for
different time and at a range of concentrations.

Cells were exposed to different concentrations and compared with negative controls:
culture medium (media), 0.5%DMSO, and 50uM H2O:> as positive control. Error bars
show the mean £ SEM of 3 independent experiments. Note the level of ROS with 50 uM
was highly affected where the cells mostly lost their viability (cells are dying) and level
of ROS dramatically decreases.
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Figure 3.4.2 AKBA-induced Double strand DNA damage using Gamma-H2AX
Assay in A2780 and A2780cis cells.

Cells were exposed to a range of concentrations and compared with negative controls:
culture medium (media), 0.5% v/v DMSO. Results were expressed as Mean + SEM and
are representative of three independent experiments (45 image fields scored per
treatment). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control.
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3.2.5 Proteins expression analysis by western blotting

At the same time points, western blot visualisation of cellular protein production revealed
an increased concentration of cleaved caspase-3 in response to AKBA exposure across
the both cell lines investigated in the study. Production of this apoptotic marker was
observed maximally at the highest concentrations of AKBA, suggesting that upstream
caspase signalling occurred as a consequence of AKBA affecting cellular processes and
triggered programmed cell death (Fig 3.5.1- Fig 3.5.4).

The production of cell cycle regulating proteins p16 and p21 signalled the arrest of the
cell cycle at the G1/S checkpoint, highlighting that normal cell growth had been perturbed
which was not clear by flow cytometry (PI staining), which might be the case that the
cells were dying at the same time. After 48 hours exposure to the highest AKBA dose,
both cell lines showed at least the same proportion of dead cells in the sub-G1 phase
compared to negative control samples (45-55%) (P<0.0001). For both cell lines (A2780
and A2780cis), the sub-G1 proportion was up to 50% significantly (P<0.0001) higher
than that of the cells in Gl-phase for the negative controls. A mechanistic
outcome/confirmation of cell cycle arrest and the production of apoptotic proteins at the
same time was provided by the presence of early and late apoptotic cells (Fig 3.3.1),
which occurred immediately across the cell lines at the highest AKBA concentrations
(P<0.001) and after prolonged exposure at lower concentrations. For example, after 48
hours the cell line A2780cis (Fig 3.3.3) demonstrated a significant increase in early and
late apoptotic cells at AKBA concentrations as low as 10 M, which correlated with an
accumulation of DNA damage and restriction of cell cycle progression to the sub-G1. In
both cell lines, the production of pro-apoptotic cleaved caspase-3 was higher than
production of p16, p21 and PARP (Fig 3.5.1 — Fig 3.5.4), all of which were induced to
modest, but significant, with levels in an AKBA concentration-dependent manner. There
was a considerable increase in cleaved caspase-3 levels in the cisplatin resistance ovarian
cancer line, A2780cis exposed to an AKBA concentration of 5 uM to 25 puM, which was
accompanied by a marked increase in the concentration of p21, but a less obvious increase
in p16 and cleaved PARP (Fig 3.5.3 &Fig 3.5.4). There were significant increases in
cleaved PARP which was significant for the level of DNA damage observed earlier in

both cell lines in dose and time dependent manner.
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Figure 3.5. 1 Quantification of apoptotic protein expression in A2780 cells.

Cells were exposed to different concentrations of AKBA {5 uM - 25 uM & and 50 puM
(6 h only)} for different time points (6 h, 16 h). A) Shows the pro-caspase 3, cleaved
caspase 3, cleaved PARP, p21, and p16 band intensities, B) is the relative intensity bands
refers to the absorbance (normalized to actin) analysed using SyngeneGeneSnap software
(Syngene, UK). Results are expressed as Mean = SEM of 3 independent experiments, and
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples (cells
in cell culture medium plus 0.5% v/v DMSO).
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Figure 3.5. 2 Quantification of apoptotic protein expression in
A2780 cells.

Cells were exposed to different concentrations of AKBA {5 uM, 10
UM, 15 uM, 25 uM & and 50 uM} for different time points (24 h
and 48 h). A) Shows the pro-caspase 3, cleaved caspase 3, cleaved
PARP, p21, and p16 band intensities, B) is the relative intensity
bands refers to the absorbance (normalized to actin) analysed using
Syngene GeneSnap software (Syngene, UK). Results are expressed
as Mean £ SEM of 3 independent experiments, and *P<0.05,
**pP<0.01, ***P<0.001 and ****P<0.0001 compared to control
samples (cells in cell culture medium plus 0.5% v/v DMSO).
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Figure 3.5. 3 Quantification of apoptotic protein expression in A2780cis.

Cells were exposed to different concentrations of AKBA {5 puM, 10 uM, 15 puM, 25 uM & and 50 uM (6 h only)} for different time points (6
h and 16 h). A) Shows the pro-caspase 3, cleaved caspase 3, cleaved PARP, p21, and p16 band intensities, B) is the relative intensity bands
refers to the absorbance (normalized to actin) analysed using Syngene GeneSnap software (Syngene, UK). Results are expressed as Mean *
SEM of 3 independent experiments, and *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples (cells in cell culture

medium plus 0.5% v/v DMSO). 97
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Figure 3.5. 4 Quantification of apoptotic protein expression in A2780cis.

Cells were exposed to different concentrations of AKBA (5 uM, 10 pM, 15 uM, 25 uM) for different time points (24 h and 48 h). A) Shows the
pro-caspase 3, cleaved caspase 3, cleaved PARP, p21, and p16 band intensities, B) is the relative intensity bands refers to the absorbance
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experiments, and *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples (cells in cell culture medium plus 0.5% v/v
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3.3 Discussion

3.3.1 The effect of AKBA in A2780 and A2780cis

The cisplatin-resistant cell line A2780cis was developed by chronic exposure of A2780
to cisplatin; A2780cis has a 6.7-fold resistance to cisplatin (IC50 = 23.4 uM), compared
with A2780 cells (IC50 = 3.7 uM)(Pan B. et al., 2002). It has been suggested that the
mechanism underpinning this resistance is an increased activity of general efflux
mechanisms, which decrease the intracellular impact of the chemotherapeutic drug
(Kalayda et al., 2008). In particular, the intracellular copper ion transporters ATP7A and
ATP7B have been implicated in cisplatin removal (Samimi G. et al., 2004), and a different
distribution of these transporters has been noted between A2780 and A2780cis cells, with
a mechanism suggested whereby A2780cis is able to sequester and traffic bound cisplatin
to cellular lysosomes, away from genomic DNA (Kalayda et al., 2008). Protein profiling
comparisons between cisplatin-sensitive parent strains and their resistant counterparts
found similar proteomes between A2780 and A2780cis, (Zhu et al., 2005), suggesting the

mechanism for cisplatin resistance occurs as part of post-translational modifications.

In the present study, the cisplatin-resistant line demonstrated less susceptibility to
morphological changes than A2780 after exposure to moderate concentrations of AKBA.
However, it should be noted that the microscopy images of cell morphology showed only
a broad overview of the physical impact of AKBA, and the calculation of the 1C50
concentrations in both lines indicated that the effect of AKBA was more pronounced in
the cisplatin-resistant line. In both cell lines, the efficacy of AKBA in halting cell death
progression was clearly demonstrated by the approximate seven-fold increase in the
proportion of cells that were in the sub-G1 phase compared with control samples. These
data, coupled with the presence of early and late apoptotic cells at higher AKBA exposure
concentrations, demonstrated the impact of this compound in triggering cancer cell death.
There was a significant increase in the number of early and late apoptotic cells in both of
these lines, but it was interesting to note that the cisplatin resistance strain underwent
apoptosis after 6 h of exposure to AKBA compared to the cisplatin sensitive which was
evident only after 16 h (P<0.0001). The cell viability data also indicated that A2780cis
cells were marginally more sensitive to AKBA at concentrations of 25 UM, requiring just
6 hours exposure to lose viability and 24 hours at 15 uM, compared with 24 hours for
A2780 cells.
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The impact of AKBA on non-cancer cells was not investigated in the present study, nor
was any toxicology data presented; however, it is promising that the effective doses of
AKBA noted for both these cell lines were relatively low (10-25 uM) (P<0.001). Previous
research , revealed that extracts of Boswellia serrata had little effect on chemically-
induced colitis in mouse models, therefore the impact on normal epithelial cells may be
low (Kiela et al., 2005). Based on the data presented in the current study in the effect of
AKBA on A2780cis cells, it is tempting to speculate that AKBA could be used as a novel
therapeutic for chemotherapy-resistant cancers, especially as the cisplatin-resistant cell
line was generally more susceptible/sensitive to AKBA than the sensitive A2780 cell line.

It should be noted that the impact of AKBA on the viability of both versions of A2780
was significant, therefore the possibility remains that AKBA could be used as an
anticancer treatment, if applied in conjunction with existing chemotherapeutic
approaches. The mechanism of cisplatin-induced cell death is similar, but distinct to the
cytotoxic effect of AKBA; cisplatin binds to DNA causing inter and intra-strand
crosslinks to cause cell division cessation and apoptosis whereas AKBA is thought to
induce DNA damage through a separate mechanism, possibly involving inhibition of
topoisomerases (Chashoo et al., 2011b). These different mechanisms could be crucial to
explain A2780cis resistance to cisplatin but sensitivity to AKBA, and may decrease the
chance of cross-resistance, as reported between other chemicals in ovarian cancer lines
(Gore et al., 1989).

A2780cis cells were more susceptible to DNA damage after prolonged AKBA exposure
(24 hrs to 48 hrs) (P<0.0001) than A2780 cells. The lowest (10uM) concentration of
AKBA was sufficient to cause significant SSB and DSB DNA damage in A2780cis (Fig.
3.4.1&Fig. 3.4.2), resulting in the PARP cleavage, production of apoptosis-inducing
proteins and caspase 3 cleavage (Fig. 3.5.3 &Fig. 3.5.4). The exact cause of AKBA higher

sensitivity with A2780cis was not deeply investigated further by the current research.

3.3.2 Protein expression in the ovarian cancer cell lines following AKBA treatment
Boswellic acids in general have been shown to trigger cell death by promoting apoptosis
in several cancer cell types (Liu et al., 2002b, Syrovets et al., 2005). In each of these cases

apoptosis was accompanied by an increase in caspases (Liu et al., 2002b, Liu et al., 2002a,
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Riedl et al., 2004), providing evidence that caspase production is a key marker for AKBA-
induced cell death. Disruption of the cell cycle, in response to DNA damage, caused
progression from G1 phase to S phase to be blocked by the production of the cell regulator
proteins, p16 and p21(Yasmeen et al., 2011). In the present study, production of these cell
cycle regulating proteins should result in an accumulation of cells in the G1 phase.
However, it is clear from the cell cycle data that the vast majority of these cells were in
fact present in the sub-G1 phase, suggesting that cells were dying and entering sub-G1
without cell cycle arrest seen using PI staining with the evident of cell cycle proteins were
expressed using western blotting. It might be other regulating proteins were having an
effect in this mechanism which is not clear for us at this level. The results outlined here
confirmed in a recent study, which looked at the effect of the terpanoid compound torreyol
(6-cadinene) on the viability of a well-established ovarian cancer cell line (OVCAR-3).
The authors identified that 6-cadinene was able to arrest the growth of these cells in sub-
G1 phase after 48 hours exposure and induced caspase-mediated apoptosis (Hui LM. et
al., 2015). In the present study, the induction of active caspase-3, cleaved from the
inactive pro-enzyme indicated that apoptotic pathways had been initiated. Caspase-3, the
executor enzyme for apoptosis and the production of cleaved form is highly indicative of
apoptosis occurring in the cell. Caspase-3 is a known inhibitor of p21 (Riedl et al., 2004),
therefore it is curious that increased production of cleaved capase-3 did not result in
decreased cellular concentrations of p21 which can be referred that even though some of
the cells were promoted to apoptotic at the same time there might be some other cells
gown through cell cycle arrest. Indeed, in A2780cis cells, addition of 25 uM induced a
substantial increase in p21 levels. It has been shown previously that as part of its role in
negative regulating the G1-S cell cycle progression, p21 binds to and inhibits cyclin-
dependent kinases (CDK-) 4 and 6 from binding and forming a complex with cyclin D.
The AKBA-induced interruption of the cell cycle at G1 is known to lead to a marked
decrease in concentrations of cyclin D1, cyclin- E, CDK-2, CDK-4, and pRb and an
increase in p21 levels (Liu et al., 2006), in line with the data presented here. Cyclin-CDKs
form part of the phosphorylation cascade that ultimately releases transcription factors to
promote G1-S cell cycle progression. The concentration of p16 is important in regulating
the level of p21 in the cell, explaining why there is apparent co-production of these two
cell cycle proteins. Increased cellular levels of p16 are known to inhibit the formation of
cyclin D-CDK4/6 complexes, which in turn frees up bound p21, enabling this protein to

take part in further pro-apoptosis pathways, including the binding and inhibition of
101



CDK1/2 complexes (Piccolo and Crispi, 2012). It has been reported that the role of p21
in apoptosis is highly complex, with the protein playing a dual activating and inhibiting
role in the regulation of cell death (Piccolo et al., 2012). Nonetheless, from the present
study, it was apparent that levels of p16, p21 and cleaved caspase-3 all correlate with
increased AKBA concentrations and with apoptosis in the both cell lines studied here.
The concentration of PARP remained relatively low in the present study across the both
cancer cell lines; activation of PARP is known to be triggered in response to DNA damage
(Los et al., 2002). PARP helps to mediate the SSB repair pathways. Its cleavage by
caspase-3 is a major signal for the cell to cease DNA repair and to activate programmed
cell death pathways. The cell lines which have increased in sensitivity to DNA damaging
agents have increased level in PARP expression and inhibition in the strand break re-
joining mechanism in the damaged DNA (Herceg, 2001). This might be the case with
A2780 and A2780cis cell lines where it leads to apoptosis.

3.3.3 The anti-ovarian cancer potential of AKBA

Extracts from the gum of Boswellia spp. have been reported for thousands of years as
exhibiting medical properties, mostly reported as anti-inflammatory and analgesic effects
(Hamidpour et al., 2013). However, more recently the putative medicinal effect of certain
boswellic acids in treating a broad range of cancers has been investigated. In one, study
a broad range of boswellic acids were investigated and found to have anti-tumour
properties, involving DNA, RNA and protein synthesis inhibition, which occurred in a
dose-dependent manner. AKBA was identified as the compound with the most potent
anti-tumour activity, preventing cellular growth of human promyelocytic leukaemia (HL-
60) cells, but not impacting cell viability in vitro (Alam et al., 2012). AKBA has been
studied, to prevent the spread of tumours by suppressing the production of vascular
endothelial growth factor receptor 2, thereby inhibiting angiogenesis and cancer
metastasis (Pang et al., 2009) In addition to HL-60 cells, the anticancer properties of
boswellic acids, such as AKBA, have been demonstrated in other leukaemia cell lines
(NB4, HL-60, SKNO-1, ML-1, U937, and K562) (Xia et al., 2005) , liver cancer cells
(HepG2) (Liu et al., 2002a), colon cancer cells (HT-29) (Liu et al., 2002b), brain cancer
lines (LN-18, LN-229)(Hostanska et al., 2002)and prostate cancer (PC-3).The range of
cell lines in which AKBA and other boswellic acids have been tested in vitro, provides
growing evidence that these compounds can exhibit a broad and non-tissue-specific anti-

cancer effect in future clinical trial.
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However, despite a large number of studies having evaluated the specific use of AKBA,
the exact mechanism whereby the compound causes DNA damage and induces apoptosis
as still not been elucidated. Although the function of AKBA as a topoisomerase inhibitor
has been demonstrated (Hoernlein et al., 1999b, Syrovets et al., 2000), other studies have
pointed to the function of AKBA as a potent inhibitor of 5-lipoxygenase (5-LO) (Safayhi
et al., 1992, Safayhi et al., 1996, Sailer et al., 1996). Under normal conditions, 5-LO is
required to convert essential fatty acids into leukotriene signalling molecules (Funk et al.,
1989) and inhibition by AKBA would result in a build-up of hydroxyl free radicals with
the potential to cause DNA damage and induce apoptosis which was not the case in our
study. The level of ROS in cancer cells is permanently high due to the cellular activities
inside, the concentration of AKBA achieved in vivo is not sufficient to inhibit 5-LO, so
anti-inflammatory properties are probably due to some other effect. Researchers
demonstrated that a class of boswellic acid was able to induce the accumulation of ROS
instead(Wang and Yi, 2014), as reported in the present study there was a reduction in
metabolic activity of the cell, which result reduction in ROS level, which might be due to
cell death (Altmann et al., 2004). However, the present study did not further examine the
AKBA mechanism for DNA damage in detail and it is clear that further confirmatory
experiments are required to elucidate whether a single or combined mechanism is
employed by AKBA in killing cells. Like the current investigation, another study found
that treatment of human multiple myeloma cells with AKBA negatively affected cell
proliferation, through inhibition of cyclin D1 and arrested cell cycle progression (at sub-
G1 and G2/M points) (Kunnumakkara et al., 2009). In addition, the authors found that
inhibition of the signal transducer and activators of transcription (STAT)-3 family of
transcription factors by AKBA resulted in decreased chemo-resistance and angiogenesis
in tumours, suggesting that AKBA may have a therapeutic role to play in decreasing the
size and metastatic capabilities of existing tumours and functioning alongside
conventional chemotherapeutic treatments (Kunnumakkara et al., 2009).

There is a lot of research going on to prove the metabolic activity of AKBA in vivo, and
0.2- 0.4 uM of AKBA was found in plasma after oral administration of 240 mg/kg of B.
serrata extract, and 0.3 uM was found in the brain (Kruger et al., 2008). The present study
was among the first to investigate the use of AKBA at pharmacologically relevant
concentrations to determine its impact on ovarian cancer lines. AKBA was shown to
effect the cell replication and viability potential of the ovarian cancer cell lines studied at

concentrations between 10 uM and 25 puM. At these levels, AKBA caused significant
103



DNA damage, resulting in early cell cycle arrest and apoptosis 24-48 hours after initial
treatment. Prolonged exposure to AKBA concentrations at around 15 uM caused cell
death in the ovarian cancer cells included in the present study. These concentrations were
relatively high compared with AKBA concentration used to treat other cancer types;
meningioma cells from a brain tumour had an IC50 concentration of 2-8 uM (Park et al.,
2002a). Nonetheless, boswellic acids in general and AKBA in particular have been
reported as non- or low-toxicity compounds and so are suitable for use as therapeutic
agents. For example, food supplementation with more than 5g per kg (0.5 % w/w) was
required before a lethal dose was reached in Sprague-Dawley rats (Lalithakumari et al.,
2006). Boswellic acid does not have a toxic effect on either mice or rats (LD50 >2 g/kg)
and did not cause the formation of ulcers (Singh et al., 1986). Clinical experiments have
shown that extracts of B. serrata do not have any severe side effects when administered
to patients suffering from grade 2 ulcerative colitis at a dose of 350 mg, taken orally three
times daily, over a period of 6 weeks (Gupta et al., 1997). AKBA in particular has
received approval as a safe substance to be administered to patients(Gupta et al., 1997)
and oral preparations of the compound have shown no toxicity (Raja et al., 2011).

This study has demonstrated the potential of AKBA as a putative novel anticancer
therapeutic in two clinically relevant cell lines, revealing similar cytotoxic responses in
each of them. However, it should be noted that there are more than 23 cell lines that have
been developed to investigate the effect therapeutic of chemotherapeutic drugs on ovarian
cancer alone (Lambros et al., 2005). At this stage, it is unclear whether the cytotoxic effect
at low doses of AKBA, has been maintained in the both cell lines. Further work should
focus on the exact mechanism for AKBA-induced cell death, by testing lower
concentrations. As has been proposed previously, this may be due to inhibition of
topoisomerases, leading to elevated rates of DNA supercoiling and DNA strand breaks,
or AKBA may induce DNA damage and inhibit the DNA repair mechanisms. In
particular, differences in the cell killing mechanism between A2780 and A2780cis
observed in this study may help to overcome chemotherapy resistance induced by
repeated exposures during treatment. Nonetheless the fact that AKBA showed a greater
effect on cell viability and cell cycle arrest in the cisplatin-resistant cell line A2780cis
compared with the A2780, suggests that AKBA may be a promising anticancer

therapeutic to tackle chemo-resistance.
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3.3.4 Concluding remarks

The results outlined in this study clearly demonstrate that AKBA has the ability to prevent
the growth of ovarian cancer cells though a mechanism that involves the formation DNA
damage in the form of single strand and double strand breaks. Together, this DNA damage
triggers cell apoptosis by presenting the cell populations at the sub-G1 stage, in a process
mediated by p16 and p21, likely through regulation by p53 independent pathway. The
level of DNA damage in each of the cancer cell lines was considerable, resulting in
apoptosis with the evidence from cell cycle, cell apoptosis and western blotting results.
Importantly, the study has demonstrated that AKBA has a significant impact on both
cisplatin-sensitive and cisplatin-resistant cell lines in vitro, with no indication of relative
AKBA-resistance apparent in these experiments. The findings of this research adds to the
existing scientific literature regarding the anticancer properties of boswellic acids, and
provides compelling evidence that AKBA may be used in anticancer strategies, to
supplement existing chemotherapeutic approaches mainly in instances of resistance to
treatment, notably cisplatin. At this stage, further pre-clinical studies (animal and human)
are required to confirm the results presented here and to evaluate the compatibility of this
compound with conventional Platinum-based treatment.

By gathering both cell line results we thought to examine the cell lines which present with

the most common mutations like BRCAL and TP53 in the next chapter.
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Chapter 4

Effect of AKBA on a known BRCA1
mutated ovarian cancer cell line and a

high grade serous ovarian cancer cell line
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4.1 Introduction

Ovarian cancer is a highly lethal cancer (Fong et al., 2010), with an average of only 30%
of patients achieving five-year survival. It is believed that BRCA mutations in ovarian
cancer cells, as highlighted by some researchers (Petrillo et al., 2016, Al-Salmani et al.,
2013), present with the “germline mutation-associated cancers”, due to the defect in DNA
repair mechanisms, which present with PARP inhibition (Fong et al., 2010). Genetic
variations are particularly important in ovarian cancer, with researchers reporting that
there are 54 genes implicated in the expression of ovarian cancer (Cheung et al., 2011);
although the Cancer Genome Atlas (TGCA) identified upwards of 500 high grade serous
ovarian cancer genomes. Cheung reported that unique feature of ovarian cancers are the
frequent recurrent genomic events manifest in most cases (Cheung et al., 2011).
Therefore, the role of agents that disrupt the various deduced pathways, inhibit cell
growth or lead to apoptosis are particularly important, as the majority of ovarian cancer
cases are diagnosed when ovarian cancer is well advanced (Cheung et al., 2011).Whilst
AKBA has previously been shown to reduce proliferation in a number of different cancer
cell lines (Pang et al., 2009, Park et al., 20114, Lu et al., 2008, Liu et al., 2006, Suhail et
al., 2011, Zhao et al., 2003, Yadav et al., 2012, Ni et al., 2012, Burlando et al., 2008 ,
Frank et al., 2009)and this study by our group investigated the role of AKBA on ovarian
cancer cell lines for the first time. Whilst each of these studies used various cancer cell
lines, AKBA treatment was an effective cytotoxic/growth inhibitory agent and various
pathways were implicated. Therefore, given the varied pathways associated with ovarian
cancer, only the main pathways will be briefly detailed.

Ovarian cancer cell lines are derived from patients with ovarian cancer. Of the various
cell lines implicated in EOC, one of the most important of the high-grade cancer cell lines
is OVCAR-4, which is known to engage the mTOR pathway via VEGF receptors (Lau et
al., 2013). The OVCAR-4 cell line was established from a patient with ovarian cancer
and subsequently found to have a ‘genetic profile’ that was representative of high grade
serous ovarian cancer, thus making it a reasonable in vitro model of such cancers
(Domcke et al., 2013).As has been reported in the literature, various cancer cell lines have
been investigated and have demonstrated that AKBA has a strong cytotoxic effect,
mediated by a variety of pathways and through a variety of disruptive actions, ultimately

leading to apoptosis. To date there is no research published related to the effectiveness of
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AKBA on ovarian cancer cells except in preliminary form by our group at University of
Leicester(Al-Salmani et al., 2013). Therefore, as AKBA has successful demonstrated the
ability to disrupt VEGF receptors along the mTOR pathway (Pang et al., 2009, Kurman
et al., 2010), one of the objectives of the current research is to investigate the role of
AKBA as a successful mediating agent to cause apoptosis in the high grad serous ovarian
cancer cell line OVCARA4.

UWBL1.289 cells carry germline BRCA1 mutation within exon 11 (2594delC) with a
deletion of the wild-type allele. UWB1.289 is estrogen and progesterone receptor
negative and have a somatic mutation in p53. The importance of these cells in ovarian
cancer research lies in their functional deficiency of BRCAL (DelloRusso et al., 2007).
BRCA genes are necessary for repair of double-strand break DNA damage via
homologous recombination. In a recent study comparing different ovarian cancer cell
lines, UWB1.289 were not able to form tumours when xenografted in nude mice (Mitra
et al., 2015). The cells are sensitive to DNA damage induced by ionizing radiation, with
a related lack of S-phase arrest. Restoration of wild-type BRCAL by transfection
improved DNA repair responses and increased survival. Gene expression profiling
revealed a clear association between BRCAL1 levels and down-regulation of multiple IFN-
inducible genes (IF116, IF144, IFI27) while claudin 6 (implicated in cancer invasion and
metastasis) was upregulated in cells transfected with functional BRCA1 (DelloRusso et
al.,, 2007). Recent findings have indicated that UWB1.289 cells show increased
expression of Ubc9 (SUMO-conjugating enzyme), which is essential for nuclear
architecture and chromosome segregation. In a proposed molecular mechanism, BRCA1
deficiency may increase Ubc9 expression and in turn promote ovarian carcinogenesis
(Qin et al., 2012).Many chemotherapeutic agents inherently destroy healthy cells and
cause a vast number of negative side effects ranging from hair loss to death, due to
weakened immune systems and complications. It is important to investigate the role of
natural and safe alternative treatments for cancers, and in particular for the low survival
rate cancers to improve their survival rate e.g. ovarian cancer. Yuan and co-workers
highlighted natural remedies that have been successfully used since ancient times for a
variety of illnesses ranging from inflammation to cancer (Yuan et al., 2006). Another
objective of this research is to add to the limited body of research on high-grade serious
ovarian cancer cell lines and the effectiveness of AKBA.

Aim: Examine the mechanistic role of DNA damage/repair and oxidative stress in the

anti-cancer actions of AKBA in a known BRCA1 mutated ovarian cancer cell lines.
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Summary of the techniques/approach

BRC1 and high grade serous ovarian cancer cells were treated with AKBA at different
concentrations and for different times.

Modulation of cell viability/proliferation and cell death by AKBA was investigated in all
ovarian cell lines using a light microscope at 40X magnification to analyse the changes
in cell growth and identify any morphological changes in the cells. In addition, cell
viability was examined by the AlmarBlue assay, a Beckman CoulterCounter was used to
assess cell number. Damage to DNA was assessed using the comet assay, whilst cell cycle
status and apoptosis were tested using flow cytometry (PI staining and Annexin V/PI
staining). The temporal association and regulation of AKBA-modulated protein
expression was identified by western blotting. All the materials and methods used for this

chapter have been described in Chapter 2.
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4.2 Results
4.2.1 AKBA effect in BRCA1 mutant ovarian cancer cells and OVCARA4 cells.
4.2.2 The effect of AKBA on cell growth and proliferations

4.2.2.1 Examination of cell morphology using light microscopy

In order to examine the effect of AKBA on the morphology of exposed cells, microscopy
images were taken of the cultured cell lines after treatment with different concentrations
of AKBA for different times.

Cell morphology of UWB 1.289 cells

Immediately 48 hours
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Figure 4.2. 1 Microscopic images of UWB1.289 cells exposed to AKBA.

Negative control samples (A) consist of cell culture medium and 0.5% (v/v) DMSO. Cells
challenged with AKBA (B) were grown for 24 hours in cell culture medium to attach and
recover before AKBA was added at various concentrations (UM) and left for 6 or 48
hours. Morphological changes of treated cells were observed with apoptotic features such
as small and large blebs pinching off the cells and residual apoptotic bodies (black arrow).

In the cell line, UWB1.289, AKBA has a discernible effect on cell morphology mostly at
the highest concentration. It appeared that there were fewer cells surviving after 48 hours’
exposure to >15 pM AKBA than in either the lower AKBA concentrations or the control
samples. The significant decrease in visible intact cells was most evident at the highest
AKBA concentrations (25 pM and 50 uM) (Fig. 4.2.1). Use of 15-50 uM AKBA gave
rise to increased cell death compared with control samples. 5 uM of AKBA exposure
shows that the majority of the cell lines remained healthy and proliferated (about 70%),
where is10 uM of AKBA is slightly decreased UWB1.289 cell number after being treated
for 48 hours, no cell proliferation indicated. However, 50 pM induced an acute lethal

effect whereby many cells died after treatment, as indicated by the black arrows in fig.
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4.2.1. From the microscopy observations, evidence of cells rounding up and detaching
and also cell debris evident dead cells.

Cell morphology of OVCARA4 cells

Immediately 48 hours

Medium
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Immediately 48 hours

Figure 4.2. 2 Microscopic images of OVCAR-4 cells exposed to AKBA.

Negative control samples (A) consist of cell culture medium and 0.5% (v/v) DMSO. Cells
challenged with AKBA (B) were grown for 24 hours in cell culture medium to attach and
recover before AKBA was added at various concentrations (UM) and left for 6 or 48
hours. Morphological changes of treated cells were observed with apoptotic features such
as small and large blebs pinching off the cells and residual apoptotic bodies (black arrow).

Similarly, OVCAR4 cells grown in either standard cell culture medium or medium
supplemented with 0.5% (v/v) DMSO exhibited a mixture of circular, oval and slightly
elongated morphologies that that continue in proliferations and did not change between
the 6 hour and 48 hour time points. Cell morphology was largely maintained in the cells
treated with AKBA at relatively low concentrations (5-10 uM). However, at AKBA
concentrations of 15 uM or higher there were some discernible effects on the overall cell
shape and structural integrity as highlighted by black arrows in the figure. After 6 hours
exposure to 15, 25 and 50 uM AKBA, microscopy images showed the presence of small
round-shaped cells with condensed chromatin, in contrast to the control samples (culture
medium and the medium with DMSO) with evidence of cellular debris. After 48 hours,
the OVCARA4 cell morphology change was even more marked, with indications of cell
lysis occurring in the samples exposed to concentrations of 15 uM AKBA or higher, with

a lot of fragments which might be due to cell lysis (Fig 4.2.2).
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4.2.2.2 Effect of AKBA on the inhibition of cell growth:

In order to confirm the hypothesis of AKBA causing cell growth inhibition in ovarian
cancer cell lines, UWB1.289 and OVCAR4 cells were exposed to a range of
concentrations of AKBA (5uM-50uM) for different time points (0 h, 6 h, 16 h, 24 h, 48
h) and cell growth inhibition was tested and recorded using both cell counting and the
Almar Blue assay at various time points over 48 hours (Fig. 4.2.3&Fig. 4.2.5) In each
experiment the effect of AKBA was compared with the negative control containing 0.5%
(v/v) DMSO as the vehicle control.

The apparent decrease in UWB1.289 and OVCAR 4 cells was confirmed quantifiably by
measuring the cell number over time, which showed that concentrations of at least 15 uM
AKBA were sufficient to cause a statistically significant decrease (P<0.001) in cell
number after 48 hours in UWB1.289 (Fig 4.2.3). The loss of cells occurred more
extensively when exposed to higher concentrations of AKBA,; at 25 pM exposure, the
number of cells was significantly less than the control samples after 24 hours, and at the
highest AKBA concentration (50 uM)(P< 0.0001) cell growth was inhibited from as early
as 6 hours. This experiment showed the growth inhibition effect of AKBA on UWB1.289
and similarly in OVCARA4 cell lines; however, to determine the metabolic activity of the
surviving cells, an additional experiment was performed using the Alamar Blue assay
(Fig. 4.2.4). This experiment, revealed a correlation between AKBA concentration and
time-dependent inhibition of metabolic function that mirrored the results of cell counting.
Together these experiments highlighted the potency of AKBA at concentrations of 15 uM
or higher in inhibiting metabolic activity, with the addition of 50 puM causing a
statistically significant decrease (P<0.001) in the metabolic activity of both UWB1.289
and OVCAR4 cell lines within minutes. The assay demonstrated that a minimum
concentration of 15 uM AKBA was required to significantly impact the metabolic activity
of UWB1.289 cells within 48 hours. At the concentrations of AKBA tested, the chemical
caused a halving of growth (IC50) at a concentration of approximately 20 uM, with the
rate of inhibition of viability increasing at concentrations greater than 10 uM (Fig.4.2.5).
Interestingly the high grad serous OVCARA4 cell lines shows cell growth inhibition (IC50)
at a concentration of approximately 17.8 uM, which is lower than UWB1.289 (Fig.4.2.5).
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Figure 4.2. 3 AKBA-induced cell growth inhibition in UWB 1.289 and OVCAR 4
cells at different concentrations over time.

Negative controls consist of culture medium (media) plus 0.5%DMSO.Cell number was
analysed using a cell counter. Results are expressed as Mean = SEM and are
representative of three separate experiments. *P<0.05, **P<0.01, ***P<0.001 and
****pP<(.0001 compared to control.
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Figure 4.2. 4 AKBA-induced cell growth inhibition in UWB 1.289 and OVCAR4
cells using different concentrations over time.

Negative controls consist of culture medium (media) plus 0.5%DMSO.The inhibition of
cells growth was analysed using the Almar Blue assay. Results are expressed as Mean +
SEM and are representative of 3 independent experiments. *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001 compared to control.
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Figure 4.2. 5 AKBA-induced cell growth inhibition after 24 hours in UWB 1.289
(IC50 = 20.07) and OVCAR4 (1C50 = 17.80).

Using different concentrations (5 uM, 10 uM, 15 uM, 25 uM & 50 uM) for 24 h. the
inhibition of cells growth was analysed using Almar Blue assay. Results are
representative of 3 independent experiments.

From chapter 3 and chapter 4 1C50 results for all 4 cell lines were almost similar (Table
4.1) (Fig 4.2.6) which shows that AKBA has a similar effect in all the type of ovarian
cancer cell lines whatever mutations the have and cisplatin treatment response they have.

Table 4. 1 cell growth inhibition 1C50 after 24 hours of treatment.

Ovarian cancer | A2780 | A2780cis | UWB1.289 | OVCAR4
Cell line

IC50 21.78 18.58 20.07 17.80
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Figure 4.2.6 AKBA-induced cell growth inhibition after 24 hours in A2780 (IC50=
21.78), A2780cis (1C50= 18.58), UWB 1.289 (IC50 = 20.07) and OVCAR4 (IC50 =
17.80).

Using different concentrations (5 uM, 10 uM, 15 pM, 25 pM & 50 uM) for 24 h. the
inhibition of cells growth was analysed using Almar Blue assay. Results are
representative of 3 independent experiments.

4.2.3 AKBA effect on cell cycle and apoptosis in UWB1.289 and OVCARA4 cell lines

4.2.3.1 AKBA-induced cell cycle arrest and apoptosis in UWB1.289 cells

4.2.3.1.1 Cell cycle arrest

Cell cycle arrest is one of the mechanisms which were examined following treatment with
AKBA for both cell lines, using PI staining and assessed by flow cytometry. Consistent
with the AKBA effect on cell growth suppression, high levels of cell death (increased
percentage of cells in sub-G1 phase) were observed after exposing cells to increasing
concentrations of AKBA (Fig. 4.3.1.1 &Fig. 4.3.2.1). The DNA histogram showed cells
were shifted towards and accumulated significantly at sub-G: with increasing

concentrations of AKBA treatment compared to control cells.
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Figure 4.3. 1 Effect of AKBA on cell cycle of UWB1.289 cells.

Effect of AKBA on cell cycle of UWB1.289 cells using different concentrations over
time (A) Immediately (< 30 mints), (B) 6 h, (C) 16 h, (D) 24 h and (E) 48 h after exposure
to AKBA. Controls consisted of culture medium (media) plus either 0.5% v/v DMSO
(negative control) or Etoposide (positive control) after 24 h of exposure. The results are
representative of at least 4 independent experiments. Cells were seeded using serum free
medium; then after 18 hrs the medium was changed for culture medium containing 5%
serum and the AKBA treatment. Results are expressed as Mean = SEM.
*P<0.05,**P<0.01,***P<0.001 and ****P<0.0001.

Cell cycle analysis shows that at the highest concentration investigated, AKBA induced
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immediate cell death in UWB1.289 cells, resulting in approximately a 10 % response for
cells in the sub-G; stage (dead cells) (P<0.01), compared with less than 5 % for the
medium-only control sample. As exposure time increased, lower AKBA concentrations
had the same effect as the initial high dose treatment, causing the cell to go into sub
G1phase of the cell cycle; resulting in a high proportion of the cells remaining in SubG1
phase. As exposure times increased, the proportion of replicating cells decreased
dramatically in all the cell cycle phases which might be possibly due to all the cells being
blocked in all the different phases of the cycle till death; so that by the end of the
experiment (48 hours) 50 uM AKBA treatment resulted in approximately 50 % of cells
in UWB1.289 (Fig 4.3.1.1) and 80 % of OVCARA4 cells (Fig. 4.3.1.3) in sub-G1 (dead)
(P<0.0001), and one quarter completing G1 phase (compared with almost half the cell
population of the control samples) 11 % in S phase and G2/M phases (compared to 23 %
and 24 %, respectively, in the control samples). OVCAR4 shows slightly lower
population at G1 phase which is around 20 % and around 10 % with S phase and G2/M.
It is also possible that UWB1.289 and OVCARA4 cells entered a quiescence phase and
then move to the sub-G1 stage and died. Interestingly OVCARA4 cell lines were notably
more sensitive to AKBA than UWB1.289. The proportion of cells in each phase of the
cell cycle is the same at all doses and times of exposure to AKBA, the only difference is
that AKBA Kkills the cells with more cells being in the subG: phase. Treatment with 50
UM had an immediate effect, 25uM takes 6h to affect cells (P<0.001) whilst 15uM had a
significant effect at 24 h (P<0.001).

4.3.1.2 AKBA induces apoptosis in UWB1.289

To confirm the sub Gy results and the likely apoptotic effects reported in section (4.3.1.1)
Annexin V/PI staining was used to more directly assess apoptosis. Based on this data, it
was clear that the arrest in the cell cycle was coupled with programmed cell death, with
a decrease in viable cells demonstrated at AKBA concentrations of 10 uM, coupled with
increase in the proportion (5-25% in early apoptotic and 10- 65% late apoptotic,
depending on AKBA concentration) of apoptotic cells by the end of the experiment.
Interestingly, exposure to the two highest concentrations of AKBA resulted in an
immediate formation of early apoptotic cells, correlating with the initial increase in cells
in sub-G:. With 50 uM of AKBA there were 15 % of early and late apoptotic cells
immediately after exposure, which increased with time to 24% early and 30% late after
24h and 25% early and 65% late apoptotic cells after 48 h of treatment. Similar scenario

was with lower concentrations >10 uM and the level of early and late apoptotic depends
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on AKBA concentrations and time of exposure. 25 uM gives 18% early and 25 late

apoptotic cells after 48 h of exposure which all are significantly higher than controls
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Figure 4.3. 2 Effect of AKBA on cell death of UWB1.289 cells using Annexin V/PI.
Effect of AKBA

Effect of AKBA on cell death of UWB1.289 cells using Annexin V/PI(A) immediately
(<30 mints), (B) 6 h, (C) 16 h, (D) 24 hand (E) 48 h after exposure to AKBA. UWB1.289
cells were treated at a range of concentrations, compared with negative controls
consisting of 0.5% v/v DMSO, and positive control (Etoposide) after 24 h of exposure.
The results are representative of at three independent experiments and expressed as mean
+ SEM. *P<0.05,**P<0.01, ***P<0.001 and ****P<0.000.
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4.2.3.2 AKBA induce cell cycle arrest and apoptosis in OVCAR4
4.2.3.2.1 Cell cycle arrest
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Figure 4.3. 3Effect of AKBA on cell cycle of OVCARA4 cells.

Effect of AKBA on cell death of UWB1.289 cells using Annexin V/PI (A) immediately
(<30 mints), (B)6 h, (C) 16 h, (D) 24 h and (E) 48 h of exposure to AKBA. OVCARA4cells
were treated at a range of concentrations and compared with controls consisting of culture
medium (media), 0.5% v/v . DMSO (negative) and Etoposide (positive) control
(Etoposide) after 24 h of exposure. The results are representative of 4 independent
experiments, and expressed as Mean + SEM. *P<0.05, **P<0.01, ***P<0.001 and
****P<0.0001 compared to control samples. Cells were seeded using serum free medium
then after 18 hrs medium changed with culture medium containing 5% serum and the
AKBA treatment.

OVCAR4 is a cell line derived from an ovarian adenocarcinoma and represents a useful
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cell line to assess the anticancer potential of AKBA, since OVCAR4 cells have a gene
expression profile closely resembling that of cancer cells found in high grade serous
ovarian cancer tumours. From the results of experiments performed in this study it is clear
that AKBA is able to inhibit cell growth, initiate apoptosis-causing DNA fragmentations
in OVCARA4 cells and induce DNA damage that then induces apoptosis. Cell growth
inhibition was dose-dependent with low concentrations of AKBA (15 uM) (P<0.001)
having an effect after prolonged exposure (48 hours) (fig 4.2.1.3.1 — 4.2.1.3.2). Similar to
the UWB1.289 cell lines included in this study, higher AKBA doses showed cytotoxicity
and DNA damaging effects with shorter exposure times. For example, treatment with 25
MM AKBA showed a growth inhibition effect within 16 hours, whereas 50 pM gave the
same effect within just 6 hours. OVCAR4 growth inhibition was coupled with evidence
of loss of viability immediately after exposure to AKBA when treated with the highest
concentrations of AKBA, while prolonged exposure over 48 hours caused a loss in cell
viability at concentrations as low as 10 pM. The IC50 concentration for AKBA was
calculated at 17.8 uM, however, at a concentration lower than the IC50 (15 uM) the

morphology of OVCARA4 cells became discernibly altered after 6 hours exposure.

4.2.3.2.2 AKBA induces apoptosis in OVCAR4

In order to confirm the sub Gy results obtained from the cell cycle analysis and the
apoptosis evaluations caused by AKBA, after treatment, the apoptotic response was
examined by flow cytometric analysis using Annexin V-FITC and PI staining (Fig.
4.3.2.2) Viable OVCARA4 cells were significantly decreased upon AKBA treatment at 15
UM (P<0.001), 25 puM and 50uM (P<0.0001) after 6 hours incubation respectively
compared to control cells. In parallel, the percentage of early and late apoptosis increased
significantly with the increase in AKBA concentrations and with increasing time of
exposure. A gradual increase was observed in the apoptotic population with higher
concentration of AKBA 15 uM — 50 uM (Fig. 4.3.2.2). After 48 hours incubation, the
percentage of early apoptotic was 15% and late apoptotic cells increased dramatically to
75% after treatment with 50 M. The level of late apoptotic was significantly increased
at the concentrations of 10 —25 uM while late apoptotic cells only were seen with 5 uM
AKBA exposure when compared with control cells. In OVCARA4 cells with 25 uM around
55% of cells were in early and late apoptotic after 48 h of exposure compared to 40% in
UWBL1.289. The number of apoptotic cells increased with 50 uM where in BOTH cell

lines to 90% with respect to early and late apoptotic deference’s.
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Figure 4.3. 4 Effect of AKBA on cell death of OVCAR4 using Annexin V/PI.

Effect of AKBA on cell cycle of OVCARA4. (A) Immediately (< 30 mins), (B) 6 h, (C) 16
h, (D) 24 h and (E) 48 h exposure to AKBA. OVCARA4 cells were treated at a range of
concentrations, compared with negative controls consisting of 0.5% v/v DMSO, and
positive control (Etoposide) after 24 h of exposure. The results representative of at 3
independent experiments. Results are expressed as Mean + SEM. *P<0.05,**P<0.01,
***P<(.001 and ****P<0.0001.

129



4.2.4 AKBA induces DNA damage and reduces ROS generation in UWB1.289 and
OVCARA4 cell lines

4.2.4.1 AKBA induces DNA damage in both cell lines

48—
46
44 -
42
40+
384
35 -
34
32

% Tail DNA
?

T T T T T T T T 1
1] 5 10 15 20 25 30 35 40 45 50 55
AKBA (uM) different concentrations

26 =~ OVCAR 4

244 m=3 A e

% Tail DNA

0 T L] T L] T L T I L]
0 5 10 15 20 25 30 35 40 45 50 55
AKRBA (ulM) different concentrations

Figure 4.4. 1 AKBA-induced DNA damage in UWB1.289 and OVCARA4.

AKBA induced DNA damage in UWB1.289 and OVCAR4 cells by Comet assay. Cells
were treated with different concentrations of AKBA for different time. Negative controls
consisted of culture medium (media), 0.5%DMSO, with 50uM H>0- as positive a control.
Results are expressed as Mean + SEM of 3 independent experiments (50 comets scored
per treatment). *P<0.05,**P<0.01, ***P<0.001 and ****P<0.0001.

Comet assay measured damage arising from AKBA. The DNA damage is significantly
greater in UWB1.289 compare to OVCAR4 cells for all the time points assessed at the
50 uM concentration. Whilst 15 pM and 25 pM with OVCAR4 show a significant
increase at 6 h and greater, the amount of apoptotic cells is about the same (30% early +

late apoptotic) (P<0.001).
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4.2.4.2 AKBA induced double strand DNA break damage as assessed using the y-
H2AX Assay in UWB1.289 cells and OVCAR 4
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Figure 4.4. 2 AKBA-induced DNA double strand breaks presented by the number

of foci per cell in Both UWB1.289 and OVCAR4 cells.

DNA double strand breaks were analysed using yH2AX assay at different time points and
concentrations of AKBA. Results are expressed as Mean + SEMof 3 independent
experiments (45 image fields scored per treatment). *P<0.05,**P<0.01, ***P<0.001 and

****pP<0.0001 compared to control samples.
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4.2.4.3 AKBA diminishes ROS generations in both cell lines
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Figure 4.4. 3 ROS generation in UWB1.289 and OVCARA4 cell lines after treatment
with AKBA.

ROS generation in UWB1.289 and OVCAR4 after treatment with different
concentrations of AKBA for different periods. Negative controls consisting of culture
medium, 0.5% v/v DMSO, and 50uM H20: as the positive control. Results are expressed
as Mean = SEM of 3 independent experiments (45 image fields scored per treatment).
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples.
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The morphological and cell viability data correlated with a build-up of DNA damage,
which occurred immediately at the highest dose of AKBA (Fig. 4.4.1). AKBA treatment
after 48 hours exposure, showed an effect at concentrations as low as 15 puM. This damage
to the DNA was evident by the number of foci present using yH2AX assay, indicating
histone phosphorylation caused by DSB (Fig. 4.4.2). For both cell lines DNA damage
resulted in increased proportion of cells in sub-Go/G:1 phase which was matched by
increased early and late apoptotic populations. This was observed immediately upon
exposure to 50 UM AKBA, causing a significant increase in the relative abundance of
sub-G1 cells compared to negative control P<0.001, along with a decrease in the
proportion of cells at other cell cycle stages (Fig.4.3.2.1). After prolonged exposure at the
highest concentration, approximately 75 % of the cell population was non-viable (sub-
G1). Conversely, concentrations of AKBA below 10 pM did not significantly affect cell
cycle progression in OVCARA4 cells, even after 48 hours exposure, with only a fraction
of the cell population in the sub-G1 stage (~5%). Cell cycle arrest after 48 hours exposure
correlated with a significant increase in apoptotic cells. In OVCARA4 cell lines, apoptosis
was induced by relatively low concentrations of AKBA; a significant increase in late
apoptotic cells was evident from concentration as low as 5 uM which were not easily
detected in cell cycle using Pl staining. Exposure to concentrations of AKBA greater than
10 uM resulted in the presence of both early and late apoptotic cells (Fig.4.3.2.2),
accompanied by significantly decreased cell viability as determined by the Almar blue
and cell counting assays. Apoptosis was confirmed by western blot analysis, which
revealed increases in the cellular production of cleaved caspase-3, cleaved poly ADP
ribose polymerase (PARP), as well as cell cycle-regulating proteins p21 and pl6
(Fig.4.4.4.1 &Fig.4.4.4.2). With the possibility that the arrested cells have disappeared
by proceeding to the apoptotic process directly, and in that case it was missed by cell
cycle, but this was evident by protein expression of P16 and P21. Taken together, these
data provide evidence of AKBA-induced DNA damage, resulting in cell cycle arrest and
programme cell death in this clinically relevant cell line.

4.2.4.4 Protein expression to confirm the apoptotic effects of AKBA

Further validation of the effect of AKBA treatment on induction of apoptosis was
investigated by analysis of relevant proteins by western blotting at different time points
(0 h,6h,16 h, 24 h and 48 h) and for different AKBA concentrations (5 uM, 10 uM, 15
UM, and 25uM).
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Figure 4.4. 4 Quantification of apoptotic protein expression in UWB 1.289 cells.

Cells were exposed to different concentrations of AKBA {5 uM, 10 uM, 15 pM, 25 yM&
(50 uM for 6 h only)} for different time points (6 h & 16 h). A) Shows the pro-caspase 3,
cleaved caspase 3, p21, p16 and cleaved PARPband intensities, B) is the relative intensity
bands refers to the absorbance (normalized to actin) analysed using SyngeneGeneSnap
software (Syngene, UK). Results are expressed as Mean + SEM of 3 independent
experiments, and *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to
control samples (cells in cell culture medium plus 0.5% v/v DMSO).
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Figure 4.4. 5 Quantification of apoptotic protein expression in UWB 1.289 cells.

Cells exposed to different concentrations of AKBA (5 uM, 10 uM, 15 uM&25 uM) for
different time points (24 h and 48 h). A) Shows the pro-caspase 3, cleaved caspase 3,
cleaved PARP, p21, and p16 band intensities, B) is the relative intensity bands refers to
the absorbance (normalized to actin) analysed using SyngeneGeneSnap software
(Syngene, UK).Results are expressed as Mean £ SEM of 3 independent experiments, and
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples (cells
in cell culture medium plus 0.5% v/v DMSO).

The expression of procaspase-3 and cleaved caspase-3, involved in apoptotic

mechanisms, with higher concentrations of AKBA, started significantly within 16 h. The

precursor procaspase-3 was highly expressed and was relatively similar in control and
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treated cells for all time points for both cell lines. Meanwhile, the active cleavage
fragment of caspase-3 was increased with increasing doses for all AKBA treatment
concentrations. However, cleaved PARP was significantly increased within 24 h (P<0.01)
gradually with the increase in concentrations. Western blot analysis of P16 and p21,
which were taken as a marker for cell cycle arrest and apoptosis and related to intrinsic
pathway activation, was increased with the increase in time points and concentrations of
AKBA. With UWB1.289 cells the activation of P21 started earlier than OVCARA4 cells
at 6 h of treatment, whereas OVCAR4 cell lines started expressing P21 and P16 at 16 h
with higher significance (P<0.01) compare to UWB1.289 mainly with 50 uM, which
might be the case of OVCAR4 being more sensitive to AKBA than UWB1.289 upon

longer exposure.
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Figure 4.4.6 Quantification of apoptotic protein expression in OVCARA4 cells.

Cells were exposed to different concentrations of AKBA (5 puM, 10 pM, 15 uM, & 25
M) for different time points (6 h & 16 h). A) Shows the pro-caspase 3, cleaved caspase
3, cleaved PARP, p21, and p16 band intensities, B) is the relative intensity bands refers
to the absorbance (normalized to actin) analysed using SyngeneGeneSnap software
(Syngene, UK). Results are expressed as Mean £ SEM of 3 independent experiments, and
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples (cells
in cell culture medium plus 0.5% v/v DMSO).
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Figure 4.4.7 Quantification of apoptotic protein expression in OVCARA4 cells.

Cells exposed to different concentrations of AKBA (5 uM, 10 uM, 15 uM&25 uM), for
different time points (24 h and 48 h). A) Shows the pro-caspase 3, cleaved caspase 3,
cleaved PARP, p21, and p16 band intensities, B) is the relative intensity bands refers to
the absorbance (normalized to actin) analysed using SyngeneGeneSnap software
(Syngene, UK). Results are expressed as Mean = SEM of 3 independent experiments, and
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to control samples (cells
in cell culture medium plus 0.5% v/v DMSO).
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4.3 Discussion

4.3.1 AKBA induces DNA damage in UWB1.289 cells

Mutations in the BRCA1 tumour suppressor gene are associated with cases of hereditary
breast cancer(Buchholz et al., 1999). As part of the present study, the UWB1.289 cell line
was investigated; these cells contain a mutation in BRCA1 within exon 11 of the gene,
leading to loss of functional BRCA1, as well as a crucial somatic mutation in the cell-
cycle regulator, p53. Together, these mutations make the UWB1.289 cell line highly
susceptible to uncontrolled cell division and decreased apoptosis in response to DNA
damage (DelloRusso et al., 2007). The impact of various concentrations of AKBA on
UWBL1.289 cells was investigated in this study, which found that there was a negative
effect by AKBA on cell proliferation, cell cycle progression and viability, which might
be through a p53 independent pathway. AKBA also induced a significant amount of DNA
damage, as determined by comet assay, which is likely to have contributed to the observed
decrease in cell viability. As part of the response to DNA damage, cells can initiate DNA
repair pathways, lesion bypass mechanisms or, in the case of severe damage, cell cycle
arrest and apoptosis (Nur et al., 2003, Huang et al., 1996, Elmore, 2007). Although each
of these types of DNA aberration has the potential to induce the cytotoxic effects
described in the present study, one of the most potent forms of damage are single strand
and double strand breaks (SSB and DSB, respectively). DSB were inferred by the
presence of foci, appearing as the accumulation of DNA damage-responsive proteins,
which aggregate at sites of damage and can be visualised via microscopic imaging after
histo-chemical staining or protein-specific tagging (Rothkamm et al., 2015). In the
present study, the protein used to infer DSB was yH2AX, the C-terminal phosphorylated
form of the histone variant HoAX (Stiff et al., 2004). It was significantly clear that
UWB1.289 cell line has a higher level of DSB, which was evident by the level of foci
presents compared to the control.

One mechanism of AKBA has been suggested that may explain the high level of DSB
after treatment with this compound. Boswellic acids have been shown to inhibit
topoisomerases responsible for controlling DNA topology and regulating DNA
replication. This might be due to y-H2AX activated by DSB induction. For example, 3-
O-acetyl-B-boswellic acid (ABA) has been shown to inhibit topoisomerase 1 and 2-alpha
at a higher potency than the respective inhibitors camptothecin and etoposide (Syrovets

et al., 2000). Etoposide, which itself has been used previously as an anti-cancer
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therapeutic (Hande, 1998), was used in the present study as a control inhibitor for cell
cycle progression, resulting in a marked increase in the proportion of cell to exhibit GO
(the quiescent phase of the cell cycle) and sub-G1/G1 phase. By inhibiting the function
of topoisomerase enzymes, excess supercoiling occurs during DNA replication (S phase)
resulting in DSB and apoptosis (Chashoo et al., 2011b). UWB1.289 cell lines carry the
defect in DNA repair mechanism which increases the ability for apoptosis to take place

more predominantly (Yi et al., 2014).

The current study examined total DNA damage (as assessed by comet assay) and DSB
formation (as assessed by y-H2AX foci formation).The addition of AKBA causes DNA
damage, resulting in SSB and DSB that arrest the cell cycle and cause fatal DNA damage
without ROS generation (Driessens et al., 2009). Alkali-labile sites can be detected by the
comet assay after DNA unwinding occurs and, under alkaline conditions, will degrade
further to form strand breaks (Garaj-Vrhovac and Kopjar, 2003). This suggests that part
of the mechanism of action for boswellic acids, including AKBA, does not involves the
formation of free radicals that may account for the damage to DNA, identified in the
current study (Altmann et al., 2004). In vitro studies of epithelial breast cancer cells and
stromal fibroblasts highlighted that loss of BRCA1 function results in the build-up of
intracellular hydrogen peroxide and associated oxidative stress (Martinez-Outschoorn et
al., 2012a, Martinez-Outschoorn et al., 2012b). Previous research has implicated the
BRCAL1 gene in conferring antioxidant activity through control of a series of antioxidant
response elements that regulate redox flux and repair mechanism of oxidative damage
within the cell (Bae et al., 2004, Marks, 2013). Interestingly, despite the number of in
vitro studies implicating BRCA1 in oxidative stress resistance, a study by the
Kotsopoulos et al (Kotsopoulos et al., 2008) concluded that heterozygous BRCA1
mutations in non-affected breast cancer carrier patients did not lead to increased oxidative
stress, as measured by three clinical biomarkers. In the present study, exposure to
increasing concentrations of AKBA does not correlate with increased ROS production in
both cell lines, even with the addition of the highest concentration (50 puM); in fact it lead
to a significant decrease in ROS level which might be due to the reduction in cell
metabolism which leads to cell death. The lack of a pro-oxidative effect by AKBA was
confirmed in both cell lines; pro-oxidative effect have been the mechanism of several
therapeutics to induce apoptosis in a range cancer cells (Gorrini et al., 2013). The

expected mechanism which AKBA might work through it is function as inhibitor of
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lipoxygenase and topoisomerase I and Il which was been reported earlier. AKBA induces
DNA damage by the inhibition of lipoxygenase and topoisomerase which leads to
inhibition of DNA unwinding, and might have leads to apoptosis (Syrovets et al., 2000).
This was the same scenario for irinotecan which is also a topoisomerase | inhibitor,
causing DNA damage single strand breaks (SSBs), which then leads to the formation of
double strand breaks (DSBs) and leads to apoptosis (Wood et al., 2015).

4.3.2 The effect of AKBA in OVCAR 4 cells

OVCAR4 is acell line derived from an ovarian adenocarcinoma previously isolated from
a 42-year-old female patient(Hamilton et al., 1984), which was used in the current study
as a cell line model of high grade serous ovarian cancer (Mitra et al., 2015) for the
assessment of AKBA, along with the UWB1.289 ovarian cancer cell line. In a study
comparing the genomes of forty-seven ovarian cancer cell lines, another researcher
demonstrated that OVCARA4 cells contain 4.63 mutations per million bases with 70% of
the genome showing some degree of alteration (Domcke et al., 2013). Although OVCAR
is not classified as a hyper-mutated cell line, it is more mutated than the A2780 line (4.59
mutations per million bases; 7% genomic alterations) which is one of the most common
cell lines used in cancer research. Previous studies have shown that OVCAR4 exhibits
high cisplatin resistance, compared with the A2780 line (Selvakumaran et al., 2003a,
Godwin et al., 1992), and so was an interesting model with which to study the putative
anti-cancer effect of AKBA. This section will discuss the results of AKBA exposure on
OVCAR4 cells and therefore highlights the potential for AKBA to be used in the
treatment of cancers that have demonstrated resistance to conventional chemotherapies.
Based on the data from the present study, it is apparent that AKBA has the potential to
effect the cell growth in OVCAR4 cells by killing cells as it is seen in the sub-G1 stage.
The data from the Comet assay indicated that cell cycle arrest was triggered by significant
levels of DNA damage, which occurred after 24 hours at low AKBA concentrations (10
puM). Higher AKBA concentrations induced DNA damage after shorter exposure times,
and triggered both a decrease in cell growth and loss of viability. The presence of early
and late apoptotic cells, along with western blot visualisation of apoptotic proteins
provided evidence that OVCAR4 cells initiated programmed cell death through the
production of the effector enzyme, caspase-3. OVCARA4 cells exhibited dose-dependent
growth inhibition at AKBA concentrations as low as 15 pM after an exposure time of
48hours.
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OVCAR4 showed more susceptibility to AKBA (IC50 = 17.8 uM) than UWB1.289 (IC50
=20.07 pM), suggesting that BRCA1 mutation did not confer cross-protection to AKBA
in the case of the low ability for DNA repair. BRCA1 mutation results in the
accumulations of DNA damage which leads to cell apoptosis(Deng, 2003). Relatively
low AKBA concentrations (15 pM) effective in causing significant DNA damage after
16 hours exposure and western blot analysis showed this DNA damage, as well as the
associated cell cycle arrest had induced the production of cleaved caspase-3, p16 and
cleaved PARP proteins. Interestingly, low concentrations of AKBA (<15 uM) did not
induce cell death even after 48 hours exposure. This was likely to be due to a deletion of
the TP53 gene in the OVCARA4, which encodes the cell cycle regulator p53 (Domcke et
al., 2013). The absence of p53 prevented the early cell cycle arrest, although the
proportion of late apoptotic cells after >15 uM AKBA exposure increased and the
decreased cell viability indicates that programmed cell death continued in the absence of
p53.

OVCAR4 (and the related OVCARB3) cell lines have been used previously to evaluate the
effect of the anti-diabetes drug, metformin on ovarian cancer cells. These studies had
implicated metformin as having a direct effect on a wide range of cancer cell types
including ovarian cancer (Malek et al., 2013, Ben Sahra et al., 2010). Similar to the effect
of AKBA on OVCAR4, the metformin study demonstrated that OVCAR4 cells
underwent apoptosis, triggered by an increase in caspase-3 and caspase-7 (Yasmeen et
al., 2011).

4.3.3 Anti-ovarian cancer potential of AKBA

Impetus to utilise the anti-tumorigenic properties of the Boswellia Serrata Extract (BSE)
derived compound AKBA is driven by an increasing weight of literature showing it to be
an effective inducer of apoptosis in an increasingly large range of cancer cells. This is
supported by numerous animal studies showing an effective reduction in tumours upon
AKBA treatment and a low toxicity even at high doses (Pang et al., 2009, Liu et al.,
2002b).

Here we employedUWB1.289 and OVCARA4 cell lines to investigate the effect of AKBA
for the first time, on ovarian cancer cells. Both cell lines presented as a good examples of
ovarian cancer cells for pharmacological research and both cell lines has the BRCAL
mutations (Stordal et al., 2013, Weberpals et al., 2011b). Our initial results using a simple
visual growth assay, suggested that AKBA was efficacious in inhibiting the growth of

141



both cell lines in a dose dependent manner. Indeed, at the highest concentration of 50 uM,
AKBA treatment effectively prevented any proliferation from taking place over the 48 h
period whereupon the cells appeared non-viable in all techniques performed. There have
been numerous studies suggesting that AKBA can induce G phase arrest. Our data
however, suggested, there were no cell cycle arrest in fact there was cell death at different
stages of the cell cycle that’s why there was reduction in the cells in all the cell cycle
phases by the end of the 48 h of incubation. However, at 50 uM cells began to undergo
apoptosis immediately (P<0.001), and a high proportion of sub-G; cells were observed,
this was seen in both cell types.

A clear dose-dependent and time dependent increase in DNA strand break damage was
seen following treatment with AKBA as assessed by Comet assay. This was again
observed for both cell lines tested and suggests that AKBA is a consistent and potent
inducer of DNA fragmentation, a phenotype associated with the induction of apoptosis.
Taken together with the cell cycle studies, this strongly suggested that AKBA treatment
was causing UWB1.289 and OVCAR4 cells to undergo cell death. Given the dramatically
increased fragmentation of DNA observed using Pl staining and comet assay techniques
upon treatment of cells with 15-50 uM AKBA, Annexin V\PI was performed in parallel
to directly observe apoptosis.

It was known that AKBA is a topoisomerase I/Il inhibitor (Syrovets et al., 2000) this
increase its cytotoxic effect by inducing DNA damage. AKBA induces SSBs DNA
damage with the defect in topoisomerase | increases the effect in forming the DSBs, with

cell growth inhibition and ultimately leads to apoptosis.

Following staining for Annexin V, it was again observed a high level of apoptosis in
OVCARA4 cells that had been treated with 10-50 uM AKBA, an effect which increased
over time. Similarly with UWB1.289 cells, when flow cytometric analysis was used to
differentiate between early and late apoptosis, it was clear that 10-50 uM AKBA
treatment induced the cells to progress through the process of apoptosis. Confusingly
however, very little induction of early or late apoptosis was observed in cells treated with
any dose less than 10uM, despite earlier observations which suggest an AKBA dose
dependent decrease in proliferation in both cell lines (Fig 4.2.3 - Fig 4.2.4) and an AKBA
dose dependent increase in cell apoptosis in both cell lines (Fig 4.3.1.1 - Fig 4.3.2.2). We
observed in both the apoptosis and the cell cycle assays that with the low concentration

of AKBA there appeared to be very low response.
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As noted, the effects of AKBA on apoptosis were observed only at the highest
concentration of >10uM. This concentration range is in contrast to previous studies where
potent growth inhibitory effects have been observed at concentrations 1-log lower than
this (Park et al., 2002a, Park, 2002b), between 2 and 8uM. Another study supported this
data, showing that topoisomerase | from calf thymus was inhibited by AKBA at a
concentration of 10 uM. Which might be due to the different apoptosis mechanisms for
each type of cell line?

By Going back to chapter 3 and 4 results of IC50, it was evident that all the four cell lines
(A2780, A2780cis, UWB1.289 and OVCAR4 has similar IC50 with slightly increase (not
significant) in sensitivity with cisplatin resistance cell line and high grade serous.
Importantly AKBA shows evident of sensitivity to those cell line with cisplatin resistance
and the most aggressive cancer cell lines like OVCAR 4, which may give an efficacious
and important addition to the management and treatment of cisplatin resistant ovarian

cancers.

4.3.4 Conclusion

Herein, we have shown for the first time using standard in-vitro assays to assess cellular
proliferation and apoptosis, that AKBA is an agent capable of potently inducing apoptosis
in all the four ovarian cancer cell types which make AKBA an interested agent to be
studded clinically for future anticancer drug developments and the treatment of HGSC
and cisplatin resistant patients. AKBA works by unknown mechanism and effect different
cellular process including DNA damage and repair mechanisms, cell growth inhibition,
cell cycle, and activating apoptosis pathways. These all together are the major important
hallmarks, which are required in cancer treatments. Putting all the results we had from
chapter 3 and 4 together we precede with chapter 5 to study the mechanism of action for
AKBA on OVCAR4 cell lines as it represent all the other 3 cell lines (A2780, A2780cis,
and UWB1.289). OVCAR4 cell lines carry the mutation on p53, has low expression of
BRCA genes and it represent the HGSC cell lines with cisplatin resistance.
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Chapter 5

A preliminary examination for
mechanisms of action and the genes
Involved in the actions of AKBA iIn

ovarian cancer cell lines
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5.1 Introduction:

One of the most severe forms of ovarian cancer are those with of EOC, and one of the
most typical of the cancer cell lines is OVCAR-4, which is known to engage the mTOR
pathway via VEGF receptors (Lau et al. 2013). Due to the ambiguous symptoms of
ovarian cancer, which often leads to late diagnosis, most of the cases with ovarian cancer
appear with late stage, and most of them developed resistance to the first line
chemotherapy, e.g. platinum drugs such as carboplatin. TheOVCARA4 cell line was one
of the cell lines which was considered as a good model for example for research into
ovarian cancer treatment (Moss et al., 2015). High grade serous ovarian cancer account
for the majority of metastatic ovarian cancer and relapse cases, and requires more
attention in researching anticancer therapy (Moss et al., 2015). From preliminary results
with AKBA treatment, which were described in chapter three and four, the decision was

made to pursue gene expression work using the OVCARA4 cell line.

There have been several studies into the anti-tumour effects of boswellic acids, which is
reportedly due to interference with intrinsic cancer cell growth processes including
modulation of Ca?" influx (Poeckel et al., 2006), actions of mitogen-activated protein
kinases (MAPK) and Akt (Takada et al., 2006). The precise effect depends on the
structure of the specific boswellic acid and cancer type. For example, growth of colon
cancers is known to be interrupted by boswellic acid through a p21-dependent pathway
(Liu et al., 2006) and keto-boswellic acids are thought to target different molecules
compared with their non-keto counterparts.

Considering all these studies together, we conclude that AKBA is one of the primary
bioactive ingredients of the boswellic acids in frankincense, which has very promising
results in treating inflammatory disease and has emerged as a potential treatment for
different type of cancers (Ammon P., 2006). Clinical trials using AKBA are very rare due
to the lack of any supporting evidence of the direct and indirect toxicity of this compound
(Moussaieff A. and Mechoulam R., 2009). Therefore, more studies are urgently needed
to understand mechanisms of action of AKBA in cancer cell lines to be able to develop

novel therapies to treat cancers including high-grade serous ovarian cancers.
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Aim:

The mechanism of action for AKBA effect in all the different cell types which have been
studied before is unknown; therefore this study was undertaken with the aim of assessing
the mechanism of action for AKBA which leads to cell growth inhibition and apoptosis

of the cancer cell lines.

5.2 Gene expression results

The microarray samples were prepared and taken to the Genomic Core Facility of the
University of Leicester, which then were undertaken and run by Dr Nicolas Sylvius, who
ultimately provided us with the results data. These results were filtered and analysed using
thehttp://www.fda.gov/ScienceResearch/BioinformaticsTools/Arraytrack/ website.

First, we compared shared gene expression patterns between control cells (non-treated)
with the cells treated with different AKBA concentrations (10 uM, 15 uM, 25 uM and 50
HUM (for 6 h only)) for different times (6 h, 16 h & 24 h), to find the most common markers
and/or molecular mechanisms involved in AKBA action and treatment response. A total
of 47,000 genes transcripts were interrogate on the microarray chips and the microarray
data analysed, and a subset of 215 genes, was found significantly changed based on the
filtering criteria used. These genes were selected by initial filtering at a confidence of p-
value < 0.05, followed by filtering using an expression level change of >1.8-fold. Using
these selection criteria, 110 genes were found to commonly have gene expression changes
up-regulated and 105 genes to be down regulated for all the different time points and
different concentrations (Tables 5.2.3,5.2.4 & 5.2.5). Table 5.2.1 shows a list of selected
functionally related groups of genes that were differentially expressed (>1.8-fold) in all
selected concentrations and time points. As seen from Table 5.1, comparable numbers of
genes with suggested functions in apoptosis, cell adhesion, cell cycle control and stress
(defence) response were both up- and down-regulated; this was similar to the finding of
another researcher (Hongmei, 2012). Genes, functionally associated with DNA repair,
DNA replication and cell cycle arrest were exclusively over expressed (Table 5.2.6(a)).
Genes implicated in cell growth and maintenance, transcription regulation, signal
transduction and transport were predominantly down regulated, while genes linked to
immune and inflammatory response, metabolism (especially lipid metabolism), protein
biosynthesis, protein modification and RNA processing, were uniquely suppressed
following all treatments (Table 5.2.6(b)). The genes involved in apoptosis pathways and

DNA degradations have been up regulated.
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5.2.1 Gene functions and pathways:
Gene functions were determined and analysed using the Genecards website e.g.

(http://www.genecards.org) by selecting each gene individually and the genecards

summaries were used to assess the function of each gene.

A total number of 215 genes in different pathways were analysed by genecards after
filtering (table 5.2.1).Around 57 genes were apoptosis related genes, 63 were genes
related to cell cycle, 41 were genes related to DNA damage and repair, 2 gene was related
to DNA synthesis, 19 genes were related to cell metabolism, 4 were genes related to stress
response, 15 were genes related intracellular signalling, 2 genes were related to cellular
transport mechanism and finally 5 genes were related to cell adhesion & metastasis (table
5.2.5).

5.2.2 Gene percentage of OVCAR 4 gene affected after AKBA treatments

A number of genes expressed were increased with the increase in AKBA treatment
concentrations and time periods. It was evident that the number of genes significantly and
differentially expressed at 25 pM. This was notably increased from 7 % to 88% after 16
h of treatment, whereas 15 uM took a longer time, 24 h to express 23 % of genes. After
6 h of treatment with AKBA, the total number of significant gene expression changes out
of all the transcripts interrogated on the chips.84 % of the genes show significant change
in expression at 50 uM AKBA, 7 % at 25 uM, 7 % 15uM and 2% at 10 uM.

A) 6h
u10uM
u15uM
25uM
= 50uM
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Figure 5.2. 1 Affected genes percentage of OVCAR4 cell lines gene expression
(described in table 5.2.3).

Following AKBA treatment at various concentrations, Gene expression was assessed
using microarray gene expression technology following exposure to different
concentration of AKBA (10 uM, 15 pM, 25 puM and 50 pM for 6 h only) for different
time points (a- 6 h, b-16h & c-24h). The normalised data was analysed using Array Track
data analysis software using P < 0.05 and >1.8 fold-change cut-offs (five independent
experiments were pooled together and run on microarray chips in duplicate).

From figure 5.2.1a, it can be seen that the number of genes expressed following 50 uM
treatment was high within 6 h of exposure (84 %) and it was not possible to detect any
living cells after this time point using 50 UM concentrations. In figure 5.2.1 b, the number
of genes expressed with 25 uM increased after 16 h to 88 %, whereas 15 UM shows 7 %
gene expression at this time point. After 24 h the 15 pM treatments showed an increase
in the number of genes expressed to 23 % in parallel with 25 uM which shows 73 % (fig
5.2.1 c) indicating that AKBA effects at lower concentrations increases with the

increasing in time.
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5.2.3 The Molecular function and the biological mechanism of the genes expression
changes affected by AKBA exposure of OVCAR 4 cells
Table 5.2. 1Number of genes affected by 50 uM of AKBA in different molecular

functions and biological process of OVCAR 4 cells after 6 h of exposure.

Molecular function Geneno | %
1 transporter activity (GO:0005215) 1 0.80%
2 translation regulator activity (GO:0045182) 2 1.60%
3 protein binding transcription factor activity 1 0.80%
(G0O:0000988)
4 | enzyme regulator activity (GO:0030234) 10 7.90%
5 | catalytic activity (GO:0003824) 47 37.00%
6 receptor activity (GO:0004872) 3 2.40%
7 nucleic acid binding transcription factor activity | 11 8.70%
(G0O:0001071)
Biological process Gene no %
1 cellular component organization or biogenesis 16 12.60%
(G0O:0071840)
2 cellular process (GO:0009987) 45 35.40%
3 localization (GO:0051179) 10 7.90%
4 apoptotic process (GO:0006915) 6 4.70%
5 reproduction (GO:0000003) 1 0.80%
6 biological regulation (GO:0065007) 24 18.90%
11 metabolic process (GO:0008152) 76 59.80%
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Figure 5.2.2 Molecular function classifications determined by gene ontology
analysis.

The percentage gene expression changes of molecular function of the genes affected and
expressed in OVCARA4 cell lines after exposure to different concentrations of AKBA for
different times using microarray gene expression technology. The normalised data were
analysed using Array Track data analysis software with P < 0.05 and a fold change of
>1.8; graphs were plotted using PANTHER GO Geneontology. (Five independent
experiments were pooled together and run in microarray chips in duplicate, to minimise
variation).

In total there were 215 genes determined to be significantly affected by AKBA, after
using >1.8 fold change and P value < 0.05 cut-offs. These genes were responsible for
different functions in the cells, which have direct or indirect effect in cell survival or
apoptosis (fig. 5.2.2 & fig. 5.2.3). Thirty three percent of genes were related to metabolic
process, 20 % were related to cellular processes and 11 % related to apoptotic processes.
The vast majority of these genes were expressed with the higher concentrations 25 pM
and 50 uM, and the most significant effect in number of gene expression for AKBA in
OVCAR4 cells was after 6 h treatment with 50 uM.
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Figure 5.2. 3 Biological processes classification as determined by gene ontology
analysis.

The pie charts sectors represent the percentage for the number of genes associated with
each biological processes expressed in OVCAR4 cell lines after exposure to different
concentrations of AKBA for different times using microarray gene expression
technology. The normalised data was analysed using array track data analysis software
using P < 0.05 and a fold change of >1.8; graphs were plotted using PANTHER GO
Geneontology. (Five independent experiments were pooled together and run on
microarray chips in duplicate, to minimise variation).

List of genes expressed using microarray gene expression:

Table 5.2. 2Total number of Genes up regulated and down regulated as
determined using array track.

Time point 6h 16 h 24h

AKBA 10 15 25 50 10 15 25 10 15 25
conc. uM uM uM uM uM uM pM pM uM Y

Total genes | 2 5 5 89 3 3 44 2 11 51

Total 100 50 64

Up 50 19 41
Down 51 31 23
Total 214 genes

(up 109 & down 105)
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Table 5.2. 3 6h treatments with AKBA using a cut off p value of <0.05 and fold
change of >1.8

Apoptosis Metabolism DNA damage &repair Cell Cycle and DNA Synthesis Signal Transduction

Medium vs 10 uM Mediumvs 50 uM

gene P value | Fold change | gene P value | Fold change
FKBP1A 0.0005 | (+)1.8447 C7orf40 0.0045 (-) 1.8292
FAM100A 0.0013 | (+)1.8779 STARD13 | 0.0046 (+) 1.9273
Mediumvs 15 pM C12orf47 0.0046 (-) 1.809
GGH 0.0002 | (-) 1.8059 DGCR2 0.0047 (+) 1.8303
LOC729978 0.0012 | (+) 1.9187 CEBPG 0.0048 (-) 2.1668
APPL?2 0.0064 | (+) 1.8041 TUBE1 0.0049 (-) 2.5398
NFKB2 0.0065 | (+)2.428 HSPA13 0.0052 (-) 1.8182
LOC100132394 | 0.0083 | (+) 2.3881 ASNS 0.0053 (-) 2.6821
Medium vs 25 uM UBA1 0.0012 (+) 1.7588
PLS1 0.0073 | (-) 1.8073 BRI3BP 0.0053 (+) 1.8259
DHRS2 0.0274 | (-) 2.3911 SLC3A2 0.0056 (-) 2.4422
HAS3 0.0296 | (-) 1.8733 EIF4G1 0.0057 (+) 1.8446
IER3 0.049 | (+)1.8351 UFM1 0.0057 | (-) 1.8984
SLC3A2 0.0497 | (+) 1.8324 SPIRE1 0.0058 (-) 1.84
MTHFD?2 0.005 (-) 2.0194 NFKB?2 0.0059 (+) 3.8234
GADD45A 0.0084 | (+) 3.6049 PRKAB1 0.0064 (-) 1.8453
Medium vs 50 uM ANP32C 0.0064 (+) 1.8363
C9orf6 0.0001 | (-) 1.8923 RIOK?2 0.0064 (-) 1.9102
DDIT3 0.0002 | (+) 8.0892 BOK 0.007 (+) 1.8174
TMEM39A 0.0003 | (-) 1.885 TNFAIP3 0.007 () 3.3005
Cl70rf48 0.0004 | (-) 1.9269 SNHG5 0.0071 (-) 1.8697
CCNE1 0.0004 | (+) 2.4431 TERF2IP 0.0074 (-) 1.8695
UHRF1BP1 0.0006 | (-) 1.8646 HAS3 0.0074 | (+) 1.8888
NFIL3 0.0007 | (-) 3.9388 HSPA5 0.0075 (-) 1.8007
STARD13 0.0007 | (+) 1.966 ZNF165 0.0078 | (-) 2.0248
TARS 0.0011 | (-)1.8163 XPOT 0.0083 (-) 1.8378
SYVN1 0.0013 | (+) 1.8257 DNASE?2 0.0087 (+) 1.8097
MTMR9 0.0014 | (-) 1.8372 BCL2 0.0091 (+) 1.8226
LOC643668 0.0014 | (+) 1.8482 TRAPPC6B | 0.0091 (-) 1.886
GADDA45A 0.0017 | (+) 4.2202 CDK6 0.0024 (+) 1.5139
TXNL4B 0.002 (-) 1.8624 SYVN1 0.0094 (-) 2.3176
EAF1 0.0022 | (-) 1.8352 MOCOS 0.0095 (-) 1.8357
XYLT2 0.0022 | (+)1.819 RAB33B 0.0097 (-) 1.8789
SCG2 0.0023 | (-)1.8071 CBX6 0.0099 (+) 1.8908
CERK 0.0023 | (+) 1.8768 MAPK12 0.01 (+) 1.8897
MAP1LC3B 0.0029 | (-)2.331 NACC1 0.003 (-) 2.1935
NFE2L2 0.0033 | (-) 1.8804 RERE 0.0145 (+) 2.2762
RABYA 0.0035 | (-) 1.8929 XRCC3 0.005 (+) 2.4016
FNBP1L 0.0037 | (-)1.815 BAX 0.0042 (+) 2.225
CEBPB 0.0039 | (-) 2.1696 TP53 0.0012 (+)1.9327
MTHFD?2 0.0044 | (-) 2.1641 ZNF616 0.0044 (-) 1.9166
BCL2A1l 0.0124 | (-)2.114 BAK 0.0082 (+) 1.934
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MAFF 0.0044 | (-) 1.8563 Casp9 0.0022 (+) 1.978
BOK 0.0014 | (+) 2.1.25 Caspl0 0.012 (+)1.94
PKN1 0.0213 | (+) 1.8123 Casp8 0.0089 (+) 1.847
PAK4 0.032 (-) 1.847 IER3 0.004 (+) 1.882
CTTN 0.0013 | (-)1.879 TRIB3 0.012 (-) 1.801
CERK 0.0321 | (+) 1.921 BIRC3 0.048 (-) 1.812
ATG4D 0.0432 | (+) 1.884 BAD 0.001 (+) 1.849
FAS 0.0497 | (+) 1.969 FASLG 0.0022 (+) 2.94
FADD 0.002 (+) 1.997 Casp7 0.0014 (+) 2.147
Casp3 0.0071 | (+) 1.879

Total = 100, 49 up & 51 down

Table 5.2. 4 16h treatments with AKBA using cut off p value of< 0.05 and fold
change of 1.8

Apoptosis metabolism DNA damage and repair Cell Cycle and DNA synthesis Signal transduction

Medium vs 10 uM

Medium vs25 uM

gene P value | Fold change | gene P value Fold change
FOSL1 0.0024 | (+) 1.8273 CDKN1A 0.0171 (+) 1.9154
PKMYT1 0.0032 | (+) 1.8768 TUBE1 0.0184 (-) 1.8318
MCM10 0.0067 | (-)1.81 ARHGAP23 | 0.0202 (+) 1.905
DHRS2 0.0456 | (-) 1.8898 LOC650215 | 0.0217 (-) 1.8399
Medium vs 15 uM BBS2 0.022 (-) 1.903
LOC729779 0.0007 | (-) 1.8626 LAMP?2 0.022 (-) 1.8157
LEMD1 0.0075 | (-)1.8176 Cdorf34 0.0223 (-) 1.8172
PCK2 0.0497 | (-) 1.8917 MYEQOV 0.024 (-) 1.8733
DHRS2 0.0293 | (-) 2.0629 HAS3 0.0269 (+) 1.8238
Medium vs 25 uM HINT3 0.0307 (+) 2.2238
P13 0.0014 | (+) 1.8533 ASNS 0.0325 (-) 2.7757
MCM10 0.0026 | (-)1.848 ZNF323 0.0359 (-) 1.8562
PSAT1 0.008 (-) 1.8097 PCK?2 0.0376 (-) 1.9204
CITED4 0.0086 | (+) 1.8752 PHLDA2 0.0387 (+) 1.8647
TMASF4 0.0102 | (+) 1.8225 UBA52 0.0404 (+) 1.9076
ATP7B 0.0104 | (+) 1.8922 HMOX1 0.0406 (-) 2.7078
MTHFD2 0.0105 | (-) 1.8342 TGM?2 0.0421 (+) 2.1037
DNASE?2 0.0113 | (+) 1.8525 UGT1AG6 0.0433 (-) 1.8726
ST6GALNAC3 | 0.0113 | (-) 1.9258 GARS 0.0462 (-) 1.9504
MTHFD?2 0.0114 | (-)1.8891 ATF4 0.0467 (-) 1.8687
SERPINI1 0.0123 | (-) 1.9325 HSPA9 0.0142 (+) 1.809
VNN1 0.0128 | (+) 1.9155 Casp9 0.0035 (+) 1.812
RRP15 0.0137 | (+) 1.9073 BCL2A1 0.0024 (-) 1.945
TMEML173 0.0166 | (-)1.8474 BRCA2 0.042 (-) 1.893
TXNL4B 0.006 (+) 1.934 PCTK3 0.042 (-) 1.80
DHRS2 0.0045 | (-) 2.2805 BRCAl 0.050 (-) 1.92

Total =50, 19 up & 31 down
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Table 5.2. 5 24h treatments with AKBA using cut off p value of <0.05 and fold
change of 1.8

Apoptosis metabolism DNA damage and repair Cell Cycle and DNA synthesis Signal transduction

Medium vs 10 uM Medium vs 25 uM

gene P value | Fold change | gene gene gene
CTNNB1 0.0197 | (-)1.818 PPFIBP1 0.019 (-) 1.8379
NCKAP1 0.0417 | (-) 1.8557 DNMT3B 0.0192 (-) 1.8223
Medium vs 15 uM IARS 0.0193 (-) 1.9249
MTHFD2 0.0004 | (-) 1.8075 SHPK 0.0208 (+) 1.8006
TMEM137 0.0008 | (+) 1.8017 CLIC4 0.0212 (-) 1.9371
XPOT 0.0069 | (-) 1.8942 IL13RA2 0.0219 (+) 1.8054
NAMPT 0.0078 | (-) 1.9321 SORBS1 0.0228 (+) 1.8036
BHLHB?2 0.0108 | (-) 1.9439 ZNF207 0.0236 (+) 1.863
UBE2E1 0.0113 | (+) 1.8166 IDH1 0.0248 (-) 1.8553
YWHAZ 0.0196 | (-) 1.9873 MARS 0.0252 (-) 1.8022
CTNNB1 0.0294 | (-) 1.9178 UBXN2B 0.0258 (-) 1.8075
SDCBP 0.0308 | (-) 1.8643 RRP7A 0.0268 (+) 1.8503
MYC 0.0414 | (-) 1.9378 SNRNP70 0.0271 (+) 1.8775
ASNS 0.0414 | (-) 1.8193 SARS 0.0289 (-) 1.9912
MTHFD?2 0.0449 | (-) 2.0077 CEP152 0.0297 (+) 1.9124
Medium vs 25 uM CLDN1 0.031 (-) 1.9864
TGFBR3 0.0017 | (+) 1.8628 NCKAP1 0.0314 (-) 1.8788
OSBPL9 0.0019 | (-) 1.8116 0.0331 | (+) 1.9369
MCM10 0.002 (+) 1.8925 TUBE1 0.0362 (-) 1.9478
CCNE1 0.0039 | (+)1.9212 SLC3Al 0.0368 (-) 1.8138
DNASE?2 0.0043 | (-) 1.8754 GRB10 0.0374 (+) 1.9394
YARS 0.0044 | (-) 1.9408 SDCBP 0.0387 (-) 1.8258
UPP1 0.0065 | (-) 1.9272 LAMP?2 0.0407 (-) 1.8923
LONP1 0.007 (-) 1.8136 EFHD?2 0.0432 (+) 1.8831
TUBA4A 0.0093 | (+) 1.8757 KLF2 0.0437 (-) 1.8726
IFRD1 0.0109 | (-) 1.8145 HIST1IH2BK | 0.0437 (-) 1.9945
ABCC5 0.0129 | (-) 1.8192 CYP4V2 0.0485 (-) 1.9298
MTHFD2 0.0158 | (-) 2.8238 WARS 0.0494 (-) 2.0435
ASNS 0.0163 | (-) 3.4201 Casp7 0.0327 (+) 2.014
STARDI13 0.0176 | (+) 1.8747 BAX 0.0057 (+) 2.211
Casp3 0.0026 | (+) 1.984 BAK 0.0082 (+) 2.114
BOK 0.0014 | (+) 1.958 RASSF7 0.0461 (-) 1.957
BCL2A1 0.0412 | (-) 1.946 BAD 0.0048 (+) 2.001

Total =64, 23 up &41 down
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Table 5.2. 6 The most common genes affected after filtering.

Selected from table (5.2.2 — 5.2.4) According A)up and B) down regulation effect in

different mechanisms.

A) All up regulated genes:

signalling (signal
transduction)

Apoptosis UBA52, TGM2, NFKB2, ANP32C, EFHD2, DNASEZ2, TP53, RERE,
MAPK12, GADD45A, BAX, Casp3, Casp7, CERK, ATG4D, FAS,
PKN1, FADD, Casp3,RERE, UBAL, Casp8, IER3, BAD, FASLG,
Casp7, Casp9, BOK, BAK,PKN1, STARD13

Cell cycle CCNEL, STARD13, CBX6, FOSL1, PKMYT1, MCM10, TM4SF4,
RRP15, CDKN1A, UBA52, UBE2E1, SHPK, ZNF207, SNRNP70,
CEP152, GRB10,CDK®6, TXNL4B, HSPA9, GADD45A

DNA damage and HINT3, RRP7A, BRI3BP, UBA1,GADD45A, MAPK12,DDIT3

Repair

DNA synthesis Non

Metabolism XYLT2, CERK, SORBS1

Response to stress MAPK12, GADD45A, ATG4D

Intracellular MAPK12, APPL2, IER3, ARHGAP23, IL13RA2, CITED4, ATP7B,

FKBP1A

Transport CERK
Cell adhesion & PKN1,STARD13,HAS3
metastasis

B) All down regulated genes:

Apoptosis

PCK2, DNASE2, DHRS2, MYEQV, LAMP2, HMOX1, TMEMB39A,
C9orf6, MAP1LC3B, WARS, MYC, TNFAIP3, SYVN1, NACC1,
PKN1, RASSF7, BCL2A1, DHRS2, PCTK3, ATF4,MAFF, PAKA4,
CTTN, NACC1, TRIB3, BIRC3

Cell cycle

MTMRY, TXNL4B, FNBP1L, CEBPB, ZNF616, TUBE1, HSPA13,
ASNS, EIF4G1, SPIRE1l, RIOK2, TERF2IP, HSPAS5, ZNF165,
XPOT, SERPINI1, TUBEL, BBS2, LAMP2, ASNS, ZNF323, PCK2,
ATF4F, BHLHB2, YWHAZ, CTNNB1, SDCBP, MYC, ASNS,
OSBPLY, IFRD1, PPFIBP1, MARS, UBXN2B, SARS, CLDN]1,
NCKAP1, TUBE1, SDCBP, LAMP2, HIST1H2BK, UHRF1BP1,
PAK4,

DNA damage and
Repair

LEMD1, ST6GALNAC3, C4orf34, GARS, NAMPT, LONPI1,
SLC3A2, NFIL3, TARS, EAF1, SCG2, NFE2L2, MAFF, C7orf40,
C120rf47, CEBPG, SNHG5, MOCOS, BRCA1, BRCA2,XRCC3

DNA synthesis

MCM10,YARS

Metabolism

GGH, MTHFD2, SLC3A2, RAB33B, PCK2, PSAT1, DNMT3B,
IARS, CLIC4, IDH1, CYP4Vv2, ABCC5, UPP1,
NAMPT,RAB9A NAMPT

Response to stress

RASSF7

Intracellular
signalling (signal
transduction)

PLS1, PRKABI1, TRAPPC6B, HMOX1, UGT1A6, XPOT, KLF2.

Transport PCTK3
Cell adhesion & PAK4, CTTN
metastasis
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After the analysis of each of these genes functions, using the gene card website, genes
were divided into 9 mechanisms, including apoptosis, cell cycle, DNA damage and repair,
DNA synthesis, metabolism, response to stress, intracellular signalling, transport and cell
adhesion and metastasis. These genes were either up or down regulated, and majority of

these pathways are directly or indirectly linked to apoptosis pathways.
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Figure 5.2. 4 Effect of AKBA on pathways impacting on apoptosis.

Either by directly effecting apoptotic pathway genes (either the extrinsic or the intrinsic
pathway) or indirectly by effecting other mechanism genes in cancer cells, AKBA
ultimately leads to apoptosis.

The cellular process of apoptosis is a pathway that has attracted much research due to its
pivotal role in the pathogenesis of many diseases like cancer, neurodegenerative and acute
injury (i.e. stroke) (Wong, 2011, Gerl and Vaux, 2005, Favaloro et al., 2012). From this
aspect, the apoptosis pathway was a major topic of study in this project, particularly after
the microarray results as it was evident that this pathway plays a major role of AKBA
effect in OVCARA4 cell lines. Simply, with cancer cells blocking cell death mechanisms,
it was found that AKBA can activate apoptosis by affecting different related pathways
such as aspects of cell metabolism, DNA damage and repair mechanisms (Low and Lin,
2000).

The global transcriptomic data provided by microarrays indicated that the global gene

expression of OVCAR-4 cells are impacted by AKBA in a concentration and time
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dependent manner, with eighty-four percent of the global transcriptome differentially-
expressed within six hours of exposure to 50 uM AKBA compared to just two percent of
the total gene expression after treatment with 10 uM AKBA (Figure 5.2.1). The data also
indicate that cellular metabolic processes and catalytic activities of OVCAR-4 cells are
most impacted by AKBA treatment (Figures 5.2.2 and 5.2.3). A large number of genes
characterised as being involved with cellular processes were either significantly up- or
down-regulated after treatment with 50 uM AKBA. Interestingly, just eleven percent of
the genes that were differentially-expressed in the microarray experiments were annotated
as being involved in apoptosis, despite the pro-apoptotic and cytotoxic effects of AKBA
that have been described in previous chapters and reported elsewhere (Suhail et al., 2011,
Noaman and Kandil, 2009, Takada et al., 2006, Xia et al., 2005). There were also 21
genes down regulated and 7 genes up regulated responsible for DNA damage and repair
and two of them were significantly highly expressed. GADD45A was up regulated with
fold change of 4.2 and DDIT3 with fold change of 8.1. GADDA45A is known to have
increased expression in situations of stressful growth arrest and with treatment with DNA
damaging agents (Zhan, 2005) whereas DDIT3 is activated by endoplasmic reticulum
stress and promotes apoptosis and arrest cell growth (Oyadomari and Mori, 2004).
Nonetheless, the apoptotic genes affected by AKBA represent key components of the cell
signalling and the apoptotic pathways. According to the gene expression data from the
microarray experiments, programmed cell death progresses through both the intrinsic and
extrinsic apoptotic pathways culminating with the increased expression of the genes
encoding the executioner caspases-3 and -7 (Mcllwain et al., 2013). After six hours post
treatment with the highest concentration of AKBA (50 uM), the gene encoding the type-
Il trans-membrane protein, FAS and its receptor were both up regulated. These proteins
bind to the so-called Fas-Associated protein with Death Domain (FADD), which is
involved in the binding and cleaving of procaspase-8 to its activated form as part of the
extrinsic apoptotic pathway (Ashkenazi, 2008). The microarray data indicated that this
pathway was activated by 50 uM AKBA addition after 6 hours, with an up-regulation of
FAS (+1.97-fold), FASLG (+2.94-fold), FADD (+2.00-fold) and the activator caspase-
encoding gene CASP8 (+1.85-fold). As part of the apoptotic response, caspase-8 is
known to interact with and activate the executor of apoptosis, caspases-3 and 7 (Cullen
and Martin, 2009, Lakhani et al., 2006). The microarray data presented in this study
demonstrated up-regulation of critical executor caspase-encoding genes CASP3 (+1.88-

fold) and CASP7 (+2.15-fold).
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Figure 5.2. 5 Apoptotic genes affected by AKBA treatments from the microarray analysis.

Apoptotic genes affected by AKBA treatments using different concentrations (10 uM, 15 puM, 25 uM and 50 uM (only 6 h) and different
time points (6 h, 16 h and 24 h).
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5.2.4 Apoptosis Pathway confirmation:

Although the global analysis provided by microarrays allows a lot of data to be generated,
the quality of the data is known to vary considerably according to the methods and
technology employed (Morey et al., 2006). Therefore, the microarray data were validated
using quantitative PCR (qPCR) of specific genes. There was a general agreement between
the gPCR and the microarray data for AKBA-dependent gene expression, with increases
in the level of transcripts identified after six hours exposure to AKBA for the genes
involved in apoptosis, such as caspases- 3, 7, 8 and 9. The effect was found to be AKBA
concentration-dependent with the highest expression of these genes observed at the
maximum dose (50 uM). The gPCR provided additional information on the expression
of other critical parts of the apoptotic pathway including the up-regulation of CASP2 and
the apoptotic protease activating factor 1 (APAF1), which had been shown previously to
bind to the initiator caspase-9 (Bratton and Salvesen, 2010).

Based on the transcriptomic data gathered in the present study, a mechanism of AKBA
induction of apoptosis can be postulated, wherein AKBA is recognised extracellularly by
the FAS ligand as part of the extrinsic apoptosis pathway activation, resulting in the
internalisation of FAS and subsequent binding by FADD. This results in an intracellular
signalling cascade involving the cleavage of pro-caspase-8 and the activation by caspase-
8 of the intrinsic apoptotic pathway through caspase-9. The activated extrinsic pathway
is also activated by caspases 7 and 3 resulting in programmed cell death.

Apoptotic gene expression was examined using a QPCR plate panel provided by TagMan
life technologies. The plate was constructed of a manufacturing control (MC), 18S rRNA,
with other Candidate Endogenous Control Genes (EC) [GAPDH (EC1), HPRT1 (EC2),
GUSB (EC3)] and 92 inventoried genes related to apoptosis. This assay was run using
different concentrations of AKBA (10 puM, 15 uM, 25 pM & 50 pM) but only one time

point (6 h) was selected because of the assay cost.
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5.3 QPCR analysis

Table 5.3. 1 QPCR Assay plate.
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Figure 5.3.1 Quantitative real time PCR Amplification Plot results using the Applied

Biosystems 7300 Q PCR System.

A plot of PCR cycle number against PCR amplified product after gqPCR for all the

apoptotic genes on the plate.
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5.3.1 QPCR results analysis

Analysis was undertaken by first deriving the average of the 4 controls, then the Delta Ct
was calculated by subtracting the Ct results of each gene from the controls average. Then
the delta Ct. was subtracted and finally the results were plotted using Microsoft Excel.

This experiment was conducted in triplicate then the mean was calculated and plotted.
20

10

A
15 “
it all A

BIRC2 APAF1 II 1 II”( BID

(6]

o

-5
-10
® Media m5yM ®=10pM m15uM ®m25uM = 50uM
20
15
10
> il ||| | I ||| I|||
. I [ I i II
BCL2 BCL2A1 BCL2L10 BIRC3 NOD1
-5
® Media ®m5pM =10pM ®15uM ®25uM = 50uM
20
C
15
10
NOD2 CASP2 CASP3 CASP7 CASP8 CASP9
-5

®Media ®5uM ®=10uM ®15uM ®25pM = 50uM

161



20

15
10
| . ol TR _ .II
CASP10 CASP14 CHUK DAPK1 FADD
-5
® Media ®m5pM = 10pM ®15uM ®m25uM = 50uM
20
15
10
5 I | I
. -Illl wlll gl -lllll
FASLG NFKBl NFKB2 NFKBIA NFKBIB
-5
® Media ®5uM =10pM = 15uM ®m25uM = 50uM
20
F
15
10
5 |I||II Ml I| ||
. ||| o
" >
e Q§ ‘lf& Q-@
é S N N &
& S8

® Media ®m5pM =10pM ®m15uM ®m25uM = 50uM

Figure 5.3. 2(A-F) Apoptotic genes expression in OVCARA4 cell lines.

Apoptosis was assessed using the TagMan® Array Fast Plates for the apoptosis gene
panel following exposure to different concentration of AKBA (10 uM, 15 uM, 25 uM &
50 uM) for 6 hours. The data was analysed from three independent experiments then the
mean was plotted after calculating and subtracting the Delta Ct.
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Apoptotic genes expresion with 50 UM AKBA after 6 hours using microarray analysis
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Figure 5.3.3 The most common apoptotic genes affected in OVCARA4 cells.

The most common apoptotic genes affected in OVCARA4 cells treated with50 uM AKBA
for 6 hours and analysed using microarray gene expression technology and QPCR
TagMan® Array Fast Plates. The data was analysed from 3 independent experiments then
the mean was plotted after calculating and subtracting the Delta Ct. These results used to
compare the expression of apoptotic genes between the two technologies.

From the QPCR results it was found that most of the apoptotic genes expressed by AKBA
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upon microarray analysis, were similarly expressed in the QPCR analysis (Fig 5.3.2 (A-
F)) plus or minus and with similar fold change to that seen by microarray. Specific genes
were selected to construct the expected apoptosis pathway that AKBA has significant
effect on; notably to activate intrinsic and extrinsic pathway of the OVCAR4 cell lines

within 6 h of exposure with 50 pM.
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Figure 5.3.4 Apoptotic pathways in OVCARA4 cell lines affected byAKBA.

50 uM of AKBA causes extrinsic pathway activation by increase in expression of Fas
which binds and interact to FAS ligands (FASLG), which results in the formation of the
death-inducing signalling complex (DISC), which contains FADD. This then activates
pro-caspase 8 and leads cleavage of caspase 8. This leads to cleavage of caspase 3 and 7
which leads to apoptosis. The intrinsic pathway was activated as well at the same time
through TP53 pathway, where BCL2 gene has been blocked. Then BAD and BAX genes
were activated and cause the release of cytochrome ¢ from the mitochondria which leads
to the activation of caspase 9, which then activates the downstream caspases 3 and 7,
which end up with a cell death.

164



5.4 Discussion

The gene expression results gathered from the microarray and gPCR experiments allowed
a potential mechanism for AKBA-induced apoptosis to be elucidated. The number of
apoptotic genes differentially expressed in the microarray experiments (P<0.05, fold
change >1.8), in response to treatment by AKBA was dependent on both the concentration
of AKBA and the exposure time. At the highest concentration (50 uM), 84% of the
OVCAR-4 genes were significantly differentially expressed within 6 hours, whereas at a
lower AKBA concentration (25 uM) an exposure of 16 hours was required to significantly
alter the expression profile of the transcriptome to the same extent. The microarray
technique enabled the global effect of AKBA on OVCAR-4 cells to be identified,
allowing the impact on the overall cellular functions to be revealed as well as the specific
impact on individual pathways, such as apoptosis. Apoptosis in human cells is a
complicated process involving several distinct, but partially interconnected pathways.
Programmed cell death may involve the detection of DNA damage from within the cell
and the subsequent triggering of the intrinsic apoptotic pathway, or the extracellular

detection of signalling molecules to initiate the extrinsic apoptotic pathway.

The gene expression data indicated that both of these pathways were activated by
exposure to AKBA. Up-regulation of genes in the extrinsic apoptotic pathway provided
evidence that AKBA is detected by OVCAR-4 cells extra cellular, through the increase
expression and activation of FAS ligand, which is internalised and triggers an intracellular
signalling cascade, resulting in the activation of caspase-8. This caspase activated the
effector caspases 3 and 7 resulting in the completion of apoptosis via the extrinsic
pathway. However, the gene expression data gathered also provided evidence for the
activation of the intrinsic apoptosis pathway, with its potential activation by caspase-8.
The transcriptional suppression of several genes encoding inhibitors of apoptosis revealed
by the gPCR data highlighted a likely scenario for this second apoptosis route. The
proteins BCL2, BCL2A1, and BCL2L10 are involved in the release of the apoptosis
activator APAF1 from the mitochondria (Youle and Strasser, 2008) and BIRC2 and
BIRC3 are involved in the inhibition of caspase activators, thereby preventing apoptosis
(Wang et al., 2012). In the model organism, Caenorhabditis elegans, the BCL family of
proteins directly inhibit the APAF1 homolog, ced-4 thereby enabling apoptosis to proceed
(Yan et al., 2005). The results obtained in the present study reveal a marked down-
regulation of the BCL2 and BIRC2/3 genes as well as an up-regulation of BAX and BAK
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that encode proteins involved in the release of cytochrome ¢ from the mitochondria and
the subsequent activation of APAF1 (Shankar and Srivastava, 2007). The release of
cytochrome c also results in the activation of caspase 9, one of the critical initiator
caspases for apoptosis, which carried out by caspases 3 and 7. The microarray data for
the highest dose of AKBA showed a significant up-regulation in CASP3, CASP7 and
CASP9, strongly indicating that this apoptotic pathway was utilised by the OVCAR-4

cells.

As well as identifying specific activated pathways, the data gathered from the
transcriptomic experiments provided evidence of broader transcriptional control of
apoptosis through control of DNA binding proteins. Data from the gPCR approach
revealed that the inhibitor of nuclear factor kappa-B kinase subunit alpha-encoding gene,
CHUK, was down-regulated by AKBA in a concentration-dependent manner. The
inhibitory function of CHUK on the transcription factor, NF-xB (encoded by NFKB
genes) is critical to apoptosis, as NF-kB functions in the cell nucleus to regulate anti-
apoptotic genes such as TRAF1 and TRAF2 (Oeckinghaus et al., 2011). This mechanism
is different to the one previously proposed by Syrovets et al. (2005) in prostate cancer
cells; the authors observed that acetyl-boswellic acids promoted apoptosis through
inhibition of NF-kB.

Finally, the up-regulation of TP53, encoding the critical cell cycle regulator p53 is
intriguing. Under normal conditions in response to DNA damage, p53 induces cell cycle
arrest and apoptosis via the release of mitochondrial cytochrome ¢ and the subsequent
activation of effector caspases (Vakifahmetoglu et al., 2006). It has also been reported
previously that boswellic acid induces apoptosis and cell cycle arrest in the hepatocellular
carcinoma cell line, HEP-G2 and this is mediated through accumulation of p53 (Noaman
et al., 2009). However, the study by Cui et al. (2007) determined that p53 was induced
along with the subsequent apoptotic signal cascade in the MCF-7 human breast cancer
cell line in response to treatment with oridonin, a diterpenoid from Rabdosiarubescens,
or Chinese sage. The similar structure between oridonin and AKBA indicates a possible
similar anticancer mechanism and it is interesting that Cui et al. (2007) concluded that
apoptosis occurred via a mechanism that was independent of caspase-3 but that was
dependent on caspase-9. Further research is required to determine whether AKBA-

induced apoptosis occurs in a caspase-3-dependent or independent manner.
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5.4.1 Potential clinical applications from this research

Previous studies have shown a link between boswellic acids, such as AKBA, with
programmed cell death, suggesting a potential anticancer treatment (Takahashi et al.,
2012). The results presented here confirmed much of the existing scientific literature and
supported the hypothesis that AKBA may form the basis of a novel anticancer therapeutic
agent. The results of the present study have also demonstrated a possible mechanism
whereby AKBA is detected extracellular by cancer cells and triggers an apoptotic
response within the cells. Although it has been suggested from the data presented in this
study that AKBA is recognised by the FAS ligand as the first step in the extrinsic pathway,
the exact mechanism for apoptosis initiation through FAS has been explained in through
fig 5.3.4. Nonetheless, the impact of AKBA on the induction of programmed cell death
appears to be well supported by the gene expression data outlined in this study. There are
a number of reports of activation of apoptosis through FASL when bound to the
membrane of one cell. Which could then interact with FAS on another cell, it is in contact
with (without the FASL being released) and engage FADD, and so lead to apoptosis (LA
et al.,, 2009, Bush et al., 2001, Delmas et al., 2003, Shao et al., 2001, Wajant,
2002).Another researcher reported that the Fas pathway during apoptosis can be activated
independently of FasL, via topoisomerase I-mediated DNA damage-induced apoptosis
which involves activation of the Fas pathway. without Fas-ligand activation in CPT-
treated cells (Shao et al., 2001).

One area for concern with all conventional and novel anticancer therapeutics is the
potential for drug resistance. AKBA treatment may overcome this issue through its
mechanism of triggering cancer cell apoptosis. It is also promising that after exposure to
AKBA, the OVCAR-4 cells exhibited two apoptotic pathways: extrinsic and intrinsic.
The two forms of apoptosis help to decrease the likelihood of cancer cell resistance to
AKBA, however it is possible that the apoptotic cascade may be blocked through the
inhibition of caspase-8, which has an important role in both the intrinsic and extrinsic
signalling pathway. However, the transcriptomic data presented here raises the possibility
of an alternative apoptotic control mechanism through inhibition of CHUK and the
release of NF-kB to prevent inhibition of apoptosis. Despite the promising results
gathered from this transcriptomic study, it is important to note that much of the caspase
signalling cascade is dependent on post-translational control by regulator proteins,
highlighting that further investigation is required to elucidate the exact mechanism of

AKBA-induced apoptosis before any anticancer properties can be exploited in vivo.
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One additional concern of this approach as the basis of a novel therapeutic is the potential
for the induction of apoptosis in healthy cells, primarily through the extrinsic signalling
cascade. As AKBA does not target a cancer specific molecule or receptor, the apoptotic
effect is likely to impact neighbouring cells in affected tissues. To mitigate this potentially
adverse effect, the cancer cell targeting treatment dose and exposure time will have to be
carefully considered. A first step towards this has been made in this study with a range of
AKBA concentrations having been investigated (10-50 uM), and a dose- and treatment

duration-dependent mechanism having been established.

5.4.2 Conclusion

From the gene expression results we concluded that AKBA affected different major
pathways in ovarian cancer cells (DNA damage and repair, cell metabolism, cell adhesion
and metastasis, cell cycle and cell proliferation) which leads to cell growth inhibition and
apoptosis. Both extrinsic and intrinsic pathways (fig 5.3.4) were activated as confirmed
by QPCR.
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Chapter 6

General Discussion and Thesis Summary
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6.1 Discussion

The Impetus to utilise the anti-tumorigenic properties of the BSE derived compound
AKBA is driven by an increasing weight of literature showing it to be an effective inducer
of apoptosis in an increasingly large range of cancer cells (Abdel-Tawab et al., 2011,
Abou-Nassar and Brown, 2010, Ali and Mansour, 2011, Andotra et al., 2012, Bone,
2006). This is supported by a number of animal studies showing an effective reduction in
tumours upon AKBA treatment and a low toxicity even at high doses (Singh et al., 2007,
Park et al., 2011a, Yadav et al., 2012, Zhang et al., 2013).

Here we employed OVCAR-4, UWBL1.289, A2780 and A2780cis cell lines to investigate
the effect of AKBA for the first time, on ovarian cancer cells. Our initial results using a
simple visual growth assay, suggested that AKBA was effective in inhibiting the growth
of all the four cell lines in a dose dependent manner. Indeed, at the highest concentration
of 50uM, AKBA treatment effectively prevented any proliferation from taking place over
the 48h periods where upon the cells appeared unviable. Cell cycle analysis was then
performed to assess the effect of AKBA treatment on the cell cycle. There have been
numerous studies suggesting that AKBA can induce G1 phase arrest. Our data however,
suggested, contrary to this, that very little G1 arrest had taken place. Indeed, between 0-
25uM AKBA there was minimal difference between cell cycle phasing and different
time-points. However, at 50uM cells quickly began to undergo apoptosis within 30 mints,
and a high proportion of sub-G1 cells were observed. This was seen in all cell types.

Given the dramatically increased fragmentation of DNA observed using Pl staining
techniques upon treatment of cells with 50uM AKBA, comet assays was performed in
parallel and directly observe DNA fragmentation. Despite the failure of AKBA to observe
the DNA fragmentary phenotype observed in the cell-cycle analysis experiments using
lower concentrations, a clear dose and time dependent increase in DNA fragmentation
was seen following treatment with AKBA. This was again observed for all cell lines tested
and suggests that AKBA is a consistent and potent inducer of DNA damage which was
detected by comet assay, DNA fragmentation which was evident in SubG1, a phenotype
associated with the induction of apoptosis. Taken together with the cell cycle studies, this
strongly suggested that AKBA treatment was causingOVCAR-4, UWB1.289, A2780 and
A2780cis cells to undergo cell death.
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Following staining for Annexin V, again it was observed high levels of apoptosis in
OVCAR-4 and A2780cis cells that had been treated with 15-50uM AKBA, an effect
which increased over time compare to the other two cell lines. Similarly, when FACS
analysis was used to differentiate between early and late apoptosis, it was clear that S0uM
AKBA treatment induced the cells to progress through the process of apoptosis
immediately. Confusingly however, very little induction of early or late apoptosis was
observed in cells treated with any dose equal to or less than 15uM at the same time
point(fig 3.3.1, fig 3.3.2, fig 4.3.1.2 and fig 4.3.2.2) and the AKBA dose and time
dependent increase in cell toxicity and leads to cell death(fig 3.4.1, fig 4.4.1). It was
observed in both the apoptosis and the cell cycle assays that with the low concentration
of AKBA there appeared to be responded more clearly after 24 h at this level of analysis.

As noted, the effects of AKBA on apoptosis were observed only at the highest
concentration of 25 - 50uM or in some instances at 15uM. This concentration range is in
contrast to previous studies where potent growth inhibitory effects have been observed at
concentrations 1-log lower than this(Park et al., 2002a, Park, 2002b), between 2 and 8uM.
Another study supported this data, showing that topoisomerase | from calf thymus was
inhibited by AKBA at a concentration of 10uM. The discrepancy between the AKBA
concentrations required for functional induction of apoptosis in our study, and the lower
concentrations identified in previous studies may be due to numerous reasons; i) the
mechanism of apoptosis induction may differ between cell types, therefore requiring
different concentrations of AKBA to initiate or inhibit the relevant cell machinery; ii)
differing levels of expression of downstream cellular effector molecules, such as

signalling pathway proteins.

The DNA damage results obtained by comet assay and the Gamma-H2AX Assay reflects
a similar hypothesis as a significant level of DNA damage has been obtained at this
concentration with all the four cell lines. AKBA is DNA damage inducer, causing PARP
cleavage, topoisomerases inhibition and from the gene expression results it inhibits the
DNA repair mechanisms by inhibiting genes such as BRCA1, BRCA2 and NFIL3; on the
other hand up regulation of genes like GADD45A, DDIT3, MAPK12 and XRCC3. The
majority of genes affected related to cell cycle arrest, check points and apoptosis even
though the flow cytometry P1 staining did not indicate any cell cycle arrest; but from the
gene level examination a number of genes have been affected including the up regulation

of CCNE1, STARD13, MCM10, CDK6, STARD13 and FOSL1, with down regulation
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of MYC and MTMRYSY, in parallel with the protein expression of P21 and P16. These
results can be linked to the apoptosis pathway over expression which leads to the death
of the majority of cells and the correct time and concentration might have been missed to

detect the cell cycle arrest.

6.1.1 AKBA as anticancer Therapy

Various forms of boswellic acid are known to cause extensive cellular and DNA damage,
resulting in cell-cycle arrest and apoptosis (Suhail et al., 2011). This study investigated
whether the cytotoxic, apoptosis-inducing effect of one of these forms of boswellic acid
(BA) is 3-O-acetyl-11-keto-B-boswellic acid (AKBA), could have therapeutic potential
in the treatment of ovarian cancer. Four ovarian cancer cell lines were utilised for these
in vitro experiments, (OVCAR4, UWB1.289, A2780 and A2780cis) to determine the
concentration of AKBA and the duration of exposure to generate a significant cytotoxic
effect. As a result of these experiments, a dose-dependent effect was identified across the
cell lines, with changes in cell morphology, associated with an overall decreased cell
viability. Further investigations involving y-H2AX and comet assays revealed
considerable DNA damage in the form of single and double-strand breaks, seemingly
without the accumulation of reactive oxygen species in all the four cell line. Further
analysis revealed that the DNA damage did not appear to result in cell cycle arrest in all
the four cell lines with a large proportion of cells dead and shifted to sub-G1 stage of the
cell cycle after treatment with AKBA. Western blotting revealed the production of the
cell cycle regulating proteins p16 and p21 (Roy et al., 2016), signalling cell cycle arrest
at the G1/S checkpoint; similar in vitro finding have been published by another researcher
(Liu et al., 2006), that showed that an AKBA-mediated G1/S arrest resulting from a
decrease in the concentration of the cell cycle biomarkers, cyclin D1, cyclin- E, CDK-2,
CDK-4 and pRb in colon cancer cells (Roy et al., 2016, Khan et al., 2016). From the flow
cytometry data there was no cell cycle arrest even though with the protein expression in
all cell lines there were significant increases in expression for P21 and P16 proteins,
which are Cyclin-dependent kinase inhibitors, the regulators of the cell cycle. These genes
were also noted to be expressed by microarray (El-Deiry, 2016).The gene expression
changes suggest that arrest might be occurring at G1 phase or according to previous

literature at G1/S (Liu et al., 2006), but for some reason it is not visible by flow cytometry.

In the present study, apoptosis analysis followed the cell cycle analysis using annexin
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V/Pi staining (Rieger et al., 2011), along with the accumulation of the apoptotic marker
caspase-3 (Lakhani et al., 2006), as well as cleaved poly ADP ribose polymerase (PARP)
(Qurishi et al., 2013, Bhushan et al., 2013), which has a role in inducing programmed cell
death (Chaitanya et al., 2010). At the highest AKBA concentration tested (50 puM)
immediate cell death was observed across all cell lines in concordance with a previously
published study showing similar effects in a hepatocellular carcinoma cell line subjected
to various boswellic acids (Noaman et al., 2009). 50 uM concentrations gives cell death
in just less than 30 minutes in A2780cis, UWB1.289 and OVCAR 4 cells. This supported
by other researchers who pointed that apoptosis can occurs withinl0 mins (Green,
2005).The findings presented here describe a mechanism in which cellular damage,
cellular arrest and programmed cell death follow from treatment with AKBA at
concentrations (=15 uM). These results support previously published scientific studies
that have described perturbations to the physiology of cancer cells by boswellic acid (Park
et al., 2011b) and implicated AKBA as a particularly favourable candidate as an
anticancer therapeutic agent (Pang et al., 2009, Mullard, 2016). Microscopy assessment
revealed that low concentrations of AKBA (10 pM) resulted in the generation of
structures that resembled apoptotic bodies — a clear physical marker of programmed cell
death (Elmore, 2007, Tewary et al., 2016). These same structures were described in one
of the studies (Chashoo et al., 2011b), which identified the formation of apoptotic bodies
upon exposure to a closely related compound of AKBA, propionyloxy derivative of 11-
keto-beta-boswellic acid. The presence of the active form caspase-3, known to be an
apoptosis executor (Lakhani et al., 2006), confirms that the mechanism of controlled cell
death rather than necrosis was responsible for the decrease in cell viability (Elmore,
2007).

Although the cytotoxic response was generally replicated across the ovarian cancer cell
lines tested in this study, it was interesting to note that some lines were particularly
sensitive to the effects of AKBA. For example, the cisplatin-resistance cell line A2780cis
was more susceptible to AKBA at lower concentrations (<15 pM) compared to other cell
lines. This finding highlights the possibility of a shared cytotoxic mechanism of action
between cisplatin and AKBA, likely through the formation of DNA damage (Wang et al.,
2010).

UWBL1.289 cells contain a BRCAL deletion mutation (2594delC) within exon 11 and also
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have a mutation in p53 (625del AG) which makes them more chemo-sensitive and patients
have better outcomes. These mutations result in decreased apoptosis and Sub-G1
populations in response to DNA damage (DelloRusso et al., 2007), allowing this cancer
cell line to divide rapidly, making UWB1.289 cells more resistant to therapeutics that
target cell cycle arrest through p53 and BRCAL. In the present study, UWB1.289 cells
showed a high reduction in the reactive oxygen species after treatment with AKBA.
Despite extensive DNA damage caused by this process, UWB1.289 DNA synthesis have
been shown previously to continue without the cells entering into apoptosis (DelloRusso
et al., 2007). Therefore, it was interesting to observe that the addition of AKBA to the
cell culture medium resulted in a significant increase in the sub-G1 population, with twice
as many cells present in sub-G1 than for the control sample. This result suggested that
AKBA might be able to induce cell death through different pathways including p53
independent, caspase dependent pathways or DNA damage and repair (BRCAL-
independent mechanism), which may represent a promising novel approach to treat
cancerous cells that are resistant to compounds that target these mechanisms (Wang et
al., 2010).

6.1.2 Gene expression data

The gene expression data gathered from microarray and qPCR experiments allowed the
physiological effects of AKBA on OVCAR4 cells to be elucidated at the transcriptomic
level. The differential expression of genes in response to the addition of AKBA was
concentration and time dependent, with 85 genes significantly affected after 6 h of
exposure with 50puM. This includes genes from apoptosis pathways being up regulated
(UBA52, TGM2, NFKB2, ANP32C, EFHD2, DNASE2, TP53, RERE, MAPK12,
GADDA45A, BAX, Casp3, Casp7, CERK, ATG4D, FAS, PKN1, FADD, Casp3, RERE,
UBAL, XRCC3, Casp8, IER3, BAD, FASLG, Casp7, Casp9, BOK and BAK), and down
regulated (PCK2, , DHRS2, MYEQOV, LAMP2, HMOX1, TMEMB39A, C9orf6,
MAP1LC3B, WARS, MYC, TNFAIP3, SYVN1, NACC1, PAK4, PKN1, RASSF7,
BCL2A1, DHRS2, PCTK3, ATF4, MAFF, CTTN, NACC1, TRIB3 and BIRC3); some
of these genes have been reported by other researchers to be effected by Boswellic acid
specifically AKBA at certain concentrations but most of them have been presented for
the first time in this thesis. (Roy et al., 2016, Xue et al., 2016). The transcription of genes
involved in critical physiological processes, such as cell proliferation (table 5.2.5)

byinhibiting the 5 lipoxgenases which inhibit cell proliferation and leads to apoptosis
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(Hamidpour et al., 2016). DNA damage and repair up regulated genes included P13,
CITED4, ATP7B, HINT3, RRP7A, FKBP1A, FAM100A, STARD13, BRI3BP, UBA1,
XRCC3 and MAPK12 whilst and down regulated genes includes LEMD1,
ST6GALNACS, C4orf34, GARS, NAMPT, LONP1, SLC3A2, DDIT3, UHRF1BP1,
NFIL3, TARS, EAF1, SCG2, NFE2L2, RAB9A, MAFF, C7orf40, C120rf47, CEBPG,
SNHG5, MOCOS, BRCAL, BRCAZ2; again some of these genes already been reported
(Rajabian et al., 2016, Khan et al., 2016). In addition to this, cell metabolism and other
pathways were altered in response to the AKBA treatment. AKBA was tested for the first
time on ovarian cancer cell lines and the gene expression for OVCAR 4 cell line was
presented here for the first time.

6.1.3 Cell proliferation
The transcriptomic data confirmed the cell cycle arrest identified by the in vitro

experimental data in the four ovarian cancer cell lines. Overall, there were 22 significantly
up-regulated (CCNE1, CERK, STARD13, DGCR2, HAS3, CBX6, FOSL1, PKMYTL,
MCM10, TM4SF4, RRP15, CDKN1A, UBA52, UBE2E1, SHPK, ZNF207, SNRNP70,
CEP152, GRB10,CDK6, TXNL4B, HSPA9 and GADDA45A) and 40 down-regulated
genes (HAS3, MTMRY, TXNL4B, FNBP1L, CEBPB, ZNF616, TUBE1, HSPA13,
ASNS, EIF4G1, SPIRE1, RIOK2, TERF2IP, HSPA5, ZNF165, XPOT, SERPINIL,
TUBEL, BBS2, LAMP2, ASNS, ZNF323, PCK2, ATF4, CTNNB1, NAMPT, BHLHB2,
YWHAZ, SDCBP, MYC, ASNS, OSBPL9, YARS, IFRD1, PPFIBP1, MARS,
UBXN2B, SARS, CLDN1, NCKAP1, TUBE1, SDCBP, LAMP2, HIST1H2BK,
UHRF1BP1 and PAK4) after AKBA treatment highlighting the generally negative
regulation of the cell cycle and of cell proliferation induced by AKBA. One notable
exception was the CDK6 gene, encoding a protein that allows the passage through the
G1/S cell cycle checkpoint, which was up-regulated after 6 hours’ exposure to AKBA.
The up-regulation of this gene would normally allow cell cycle to progress (Fiaschi-
Taesch et al., 2010), however it is interesting to note that at higher AKBA concentrations,
cdk6 is not significantly up-regulated. The up-regulation at lower AKBA concentrations
may be due to a decrease in the intracellular concentration of the cdk6 regulator, Cyclin
D (Liu et al., 2006). The GO/G1 cell cycle regulator p21, encoded by the gene CDKN1A
(Dutto et al., 2015), was up-regulated by exposure to AKBA, supporting the in vitro
results showing that OVCAR4 (and other cell lines) shifted in a sub-G1 as the cells are

daying. Many of the other up-regulated genes are annotated as having a positive
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involvement in chromatin organisation and large-scale DNA transcription regulation,

indicative of reduced cellular activity after AKBA treatment.

6.1.4 DNA damage and repair

The in vitro cell culture experiments provided compelling evidence of accumulated DNA
damage through double-strand breaks that were the likely trigger for cell cycle apoptosis
through either the defect in BRCAL gene as in UWB1.289 cell lines or by the inhibition
of topoisomerase | and Il. However, at the transcriptomic level more genes were
annotated as having a role in DNA damage and repair were down-regulated than induced
by AKBA which leads to the accumulation of DNA damage and leads to cell death. It has
been stated previously that AKBA induces apoptosis through the formation of DNA
damage (Takada et al., 2006), and the up-regulation of genes such as UBAL1 (DNA repair)
and GADDA45A (induced by DNA damage) confirmed this hypothesis. Interestingly, two
significantly down-regulated genes were BRCA1 and BRCAZ2, which have been
implicated previously as having a role in combating oxidative stress (Marks, 2013, Yi et
al., 2014). As the cell culture experiments outlined in the present study have hypothesised
that DNA damage in the cell did not result from a build-up of reactive oxygen species but
through some other mechanisms, which was evident by both BRCA genes not being up-

regulated as part of the DNA repair pathway.

6.1.5 Cell metabolism and DNA damage
In general, cellular metabolism was down-regulated in response to AKBA. This finding

corroborates the experimental data that showed the OVCARA4 cells entering a period of
quiescence or cell death, in which lower metabolic output would be expected. The
accumulation of reactive oxygen species was expected in the cancer cells as per previous
studies (Khan et al., 2014). Although the transcriptional data presented here indicated a
general stress response in the DNA damage level in OVCAR 4 cells, there are few major
genes involved in the DNA damage and repair mechanisms which includes up regulation
of CCNE1, CERK, STARD13, DGCR2, HAS3, CBX6, FOSL1, PKMYT1, MCM10,
TMA4SF4, RRP15, CDKN1A, UBA52, UBE2E1, SHPK, ZNF207, SNRNP70, CEP152,
GRB10,CDK6, TXNL4B, HSPA9 and GADD45A and down regulation of LEMD1,
ST6GALNACS, C4orf34, GARS, NAMPT, LONP1, SLC3A2, DDIT3, UHRF1BP1,
NFIL3, TARS, EAF1, SCG2, NFE2L2, RAB9A, MAFF, C7orf40, C120rf47, CEBPG,
SNHG5, MOCOS, BRCA1 and BRCA2 which been presented for the first time. There
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were no genes up or down regulated that have been identified as being involved in the
formation or in the sequestering of endogenously-produced reactive oxygen species
which might be the case that the DNA damage occurred through other mechanisms not
via ROS production.

On the other hand Audeh et al (2010) determined that Poly(ADP-ribose) polymerase
(PARP) is a critical signaling pathway for repairing single-strand breaks in DNA. When
PARRP is inhibited, single-strand DNA breaks accumulate, yielding double-stranded DNA
breaks, Inhibition of PARP leads to accumulation of single-strand DNA breaks, and
ultimately derailing replication forks (Audeh et al., 2010), which can cause formation of
double-strand DNA breaks. Without PARP inhibition, double-stranded DNA is typically
subject to repair by BRCA1 and BRCA2 (Audeh et al., 2010). BRCA1 and BRCA2 were
the same cell line mutations identified as responsible for the ovarian cancer. They are
considered the primary constructs of the homologous recombination repair pathway, and
with the inhibition of topoisomerase and PARP cells proceed to apoptosis (Chashoo et
al., 2011a). Audeh et al (2010) highlight that BRCA1 and BRCA2 mutations are
particularly sensitive to repair interference via PARP inhibition, as it achieved via AKBA

treatment in Chapter 4.

6.1.6 Apoptosis

Two major pathways have been described in the apoptosis induction mechanism: the
extrinsic or the death-receptor pathway and the intrinsic or the mitochondrial pathway
that is associated with activation of Bax, from the Bcl2 family, which causes disruption
in the mitochondrial function and releases of the pro-apoptotic proteins like cytochrome
¢, which activate caspase 9 and caspase 3 and leads to cell death. The extrinsic pathway
is normally defined by caspase-8 activation. This cysteinyl-aspartate protease is recruited
by the adapter molecule FADD, which is associated with the death domain of death
receptors such as FAS, TNF-R1 or TRAIL, upon ligand binding which then cleave
caspase 8 and caspase 3 leading to cell death(Reyes-Zurita et al., 2016).

The gene expression data provided compelling evidence for caspase-induced apoptosis in
the OVCAR4 cells. For example, the microarray data reveal that exposure to 50 uM
AKBA for six hours resulted in a significant up-regulation of CASP3 and CASP7,
encoding executor caspases directly involved in apoptosis (Lakhani et al., 2006). In
addition, the initiator caspases CASP2, CASP8, CASP9 and CASP10 were all significantly

up-regulated after exposure to AKBA, indicating apoptosis was occurring. As well as the
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involvement of caspases in apoptosis there was an up-regulation in genes encoding
proteins known to have a role in the recruitment of caspases for apoptosis, such as NOD1
and NOD2(Caruso et al., 2014). The caspase-dependent Death-associated protein kinase
gene DAPK1 was up-regulated at concentrations of 10 uM AKBA after six hours,
indicating that the process of apoptosis signalling occurs even at low concentrations.
Three genes within the TNF receptor super family (TNFRSF21, TNFRSF25 and
TNFRSF1B) were also up-regulated; these encoded proteins are known to have a role in
inducing apoptosis through the interaction with the TRADD protein, which sequesters

and inactivates the apoptosis inhibitor TRAF2 (Jackson-Bernitsas et al., 2006).

Although involving a complex series of cell signalling pathways, the gene expression data
allow a potential mechanism for AKBA-induced apoptosis to be elucidated. The DNA
damage identified through the y-H2AX and comet in vitro assays causes the activation of
the intrinsic apoptotic pathway via caspase-8. This hypothesis confirms an earlier study,
which described boswellic acid-induced apoptosis being mediated through caspase-8 (Lu
et al., 2008). A second apoptotic signalling route may occur through the so-called
extrinsic pathway through which AKBA is detected in the cell culture medium by the Fas
ligand, encoded by the AKBA-induced FasL gene. After internalisation into the cell, the
Fas proteins bind the Fas-Associated protein with Death Domain (FADD), which is
involved in the activation of caspase-8. Although the gene expression data in the current
study supported the involvement of the extrinsic pathway, with FADD, FasLG and Fas
all up-regulated by six hours exposure to AKBA, it should be noted that a previous study
has determined that AKBA-mediated apoptosis occurred in a variety of cell lines (but not
ovarian cancer cells) by a mechanism that was independent of Fas/FasL interaction
(Takada et al., 2006). If this were the case in OVCARA4 cells, the possibility exists for the
extrinsic apoptosis pathway to proceed through other receptors, such as the TNF super
family, which would activate caspase-8 through the TRADD and FADD proteins
(Ashkenazi, 2008).Previous researchers suggested that soluble Fas does not have to be
produced to induce cell killing via extrinsic pathway, both intrinsic and extrinsic
processes might have induced apoptosis. It is been reported that AKBA suppressed
tumour metastases and cell adhesion in colorectal cancer (CRC) (Yadav et al., 2011, Park
et al., 2011b) by down regulation of (PAK4 and CTTN) and up regulation of PKNL1 in
OVCAR4 cells as reported in Chapter 5.
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6.1.7 AKBA as potential anti-cancer agent

The present study has shown that AKBA has the potential to kill ovarian cancer cells
through several mechanisms. Firstly, AKBA induces DNA damage, originally
hypothesised to be caused by a build-up of reactive oxygen species; but this was not the
case in this project data and there is no data been published reporting that AKBA induces
DNA damage by increasing ROS production up-to-date. On the other hand the results
from the cell-cycle population at the sub-G1 stage and gene expression evident that
AKBA induces apoptosis through the intrinsic pathway. Secondly, the transcriptomic data
suggested a possible mechanism of apoptosis through the extrinsic pathway after
detection, binding and internalisation of AKBA by cell-surface receptors. The multiple
modes of action of AKBA against these cancer cells is a promising therapeutic trait.
Additionally, the suggestion that AKBA may also be able to address cisplatin resistance
to some extent is promising, for example in chemotherapy-resistant cancers (Shen et al.,
2012). It might be necessary to modify the AKBA compound in a way to increase the
metabolic activity of AKBA inside the human body or to increase the absorption of
AKBA compound either via fat diet or direct injection to the tumour site (Kruger et al.,
2008).

Despite the promising in vitro results, it should be noted that AKBA may not be cancer-
cell specific and the cytotoxic effects of the compound might result in the death of healthy
cells in vivo if it is been taken excessively (Xia et al., 2016). Even though this compound
is been used for many years in herbal medicine, nobody knows the exact concentrations
which may cause side effects in human body. Further pre-clinical studies in ovarian
cancer patients should be implemented. Furthermore, the mechanism of causing DNA
damage without the production of reactive oxygen species and the effect in cell
metabolism instead may have some effect in health tissues (Liou and Storz, 2010). The
present study tested the effect of a range of AKBA concentrations, finding that different
cell lines had a different susceptibility to AKBA, as indicated by the sensitivity of
A2780cis line to AKBA at low (10 pM) concentrations.

The in vitro experiments performed in this study indicated that AKBA might have a
cytotoxic effect in cell culture medium. Therefore, a therapeutic drug would likely be
most effective if administered to the tissue surrounding a solid ovarian tumour. Because

of the non-cell-specific nature of the compound, cytotoxic side effects affecting healthy
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tissue are likely to be encountered if the therapy was administered orally or via injection
into the bloodstream. The in vivo half-life of AKBA would also need to be determined

before this compound could be considered for further testing in clinical trials.

6.2 Summary of the results obtained in all cell lines

6.2.1 Method of choice to assess the effect of AKBA in ovarian cancer cell line
There is a grown body of research in the different neutral products, which has been used
for many years as herbal medicine, and prove its effect as either a therapeutic effect or
prevention for different type of diseases including cancer (Sporn MB. and N., 2000).
Triterpenes are one of the biological active compounds in this field where it’s been
reported as major active used ingredients in traditional medicine (Fernandez-Navarro et
al., 2006).

This project was carried out using four cell lines, with different characteristics. Time
constraints and access to material did not permit however the testing of a suitable non-
transformed cell line as a model of normal tissue.

From this project’s results, the important evident clearly indicated that AKBA at certain
concentrations and times effectively induces apoptosis. The work was started by testing
the effect of AKBA in cell morphology using light microscope and cell growth, and cell
proliferation, using a cell counter and Almar blue staining. It was concluded that AKBA
was toxic to the cell and cases cell growth inhibition in a dose and time dependent manner;
similar results was obtained in colorectal cancer (CRC) (Takahashi et al., 2012,
Kunnumakkara et al., 2009). The study was extended to determine if this cell growth
inhibition correlated with any cell cycle arrest which examined using flow cytometry
using PI staining. It was evident that AKBA leads to the majority of cells to enter sub-G
without noticeable cell cycle arrest, and this increased with both time points and
concentrations which was similarly reported before (Noaman et al., 2009). This referred
could be to the effect of AKBA in apoptosis pathway where all cells are dying. Since
AKBA has been shown to inhibit topoisomerase activity (Hoernlein et al., 1999b), this
may be one mechanism by which AKBA inhibits cell growth and induces apoptosis in a
similar way to other anticancer therapies (Nitiss, 2009). Assessment of apoptosis from
the sub-G1 cell population results was carried out using Annexin V/PI, and significantly
showed that AKBA leads to early and late apoptotic in dose and time dependent manner
(Toden et al., 2015). It was reported earlier that AKBA effect the mobilization of Ca?
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inside the cell, which decreases it basal intracellular level (Poeckel et al., 2006).
Following these findings, it was decided to study potential DNA damage formation using
comet assay (Collins, 2004), to see if it has any role in AKBA-induced ovarian cancer
cell death, DCFDA for ROS detection and the y-H2AX assay as it been demonstrated
(Kinner et al., 2008) to assess any DSBs. Interestingly it was evident that AKBA causes
DNA damage in dose and time dependent manner, but without ROS production at any
time point of the treatment in fact there was a reduction in ROS, which was possibly
linked to the loss of the cell metabolism and DNA damage. This leads to cell death due
to topoisomerase inhibition which points to the defect in DNA unwinding and repair, and
end with cell apoptosis (Hoernlein et al., 1999a, Roy et al., 2016). Apoptotic, cell cycle
arrest and DNA damage protein expressions were tested using western blotting and found
that cleaved caspase-3, cleaved PARP, P21 and P16 were expressed at certain time points
and concentrations of AKBA. Finally, to examine in more details the mechanism of action

by which AKBA leads to apoptosis, microarray gene expression technology was used.

In summary, the key points of this study are:

e AKBA address resistance in cisplatin resistance cell line (A2780cis)

Chapter 3, concluded that AKBA address the resistance of an established cisplatin
resistant cell line. AKBA affected both the cisplatin sensitive and resistant cell line in
similar way with slightly higher in sensitivity towards the cisplatin resistance cell line
leading to cell death with an IC50 of 21.78 uM in A2780, compare to 1C50 of 18.58uM
in A2780cis cells (fig 3.1.3). There was a significant increase in the level of DNA damage

and cell apoptosis in the cisplatin resistant cell line (fig 3.4.1).

e AKBA is cytotoxic towards both a BRCA1 mutated UWB1.289 ovarian cancer
cell lines and high grade serous, OVCAR4 cell lines

From chapter 4 it was notably significant that AKBA affected both cell lines similarly,

with significant increase in the level of DNA damage and the total number of y-H2AX

foci. This may be due to the defect in the DNA repair mechanisms, which might causes

the accumulations of high level of DNA damage which, leading to cell death and

apoptosis through unknown mechanisms.
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e AKBA is cytotoxic towards the OVCARA4 cell line, a model cell line for high
grade serous ovarian cancer

Chapter 5, illustrates that AKBA has a major role in different pathways within the cancer

cells which leads to apoptosis. From the list of genes obtained by microarray and QPCR

it was very clear that AKBA has a role in DNA damage, cell cycle, metabolism and

apoptosis. The possible explanation of the mechanism by which AKBA exposure leads

to apoptosis may be by both the intrinsic and extrinsic pathways.

6.3 Conclusion

This project demonstrates, as with other tumour types that AKBA is worth investigating
as a therapeutic agent alongside commonly used therapies for ovarian cancer and offers
a proof of principle data that should be taken forward into mouse models of ovarian cancer
and further translational studies in human should be consider. Despite a lot of
pharmacological companies funding clinical trials research in novel anticancer agents,
AKBA has not yet been assessed in human clinical trials. This lack of activity might be
due to the lack of understanding in mechanistic effects of AKBA. On the other hand
AKBA is an herbal medicine and consequently not patentable, which made its ability to
be commercially exploited is limited. The experiments performed here add to a growing
body of research into the use of naturally-produced compounds as anticancer treatments.
The low toxicity and fast acting nature of AKBA suggests this compound may form the
basis of a therapeutic drug to be used alongside conventional chemotherapy, although
further clinical studies are required to determine compatibility with platinum-based
treatments and to evaluate whether cancer cells can be resistant AKBA-mediated cell
death.

6.4 Future work

Frankincense is available in the market in different forms and the correct method of
administration of AKBA treatments is not been established and the most effective
concentrations for different type of disease are not well known. The common ways
people taken frankincense as herbal medicine and supplements is either by chew the gum
resin or soak it in water over night and drink the water next day. Boswellia AKBA
capsules have been available in the USA markets since 2005, as dietary supplements.

Therefore, future work should serve to address three key questions:
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To address the mechanistic explanation behind the 1-5 uM and 10-15uM
threshold whereby AKBA seems to have an all or nothing induction of apoptosis.
Key to this will be better understanding of the stability of the AKBA molecule in
cell culture conditions. Similarly, covering a greater range of time points
including 36hrs, 60hrs and 72hrs may provide a clearer picture of what is going
on.

To study in details the mechanism and the genes affected by which DNA damage
Is induced cell cycle arrest and cell metabolism inhibition by using full assay panel
for QPCR.

To determine whether AKBA works synergistically with other chemotherapeutic
agents, to induce cell death and tumour size reduction. Most commonly utilized
chemotherapeutic agents ultimately activate apoptotic pathways and cause cell
death, but with unfortunate side effects and toxicities. Utilisation of optimised in-
vitro methods, such as those herein presented will be an important part of
addressing whether addition of AKBA to a therapeutic regimen will a) increase
the efficacy of the treatment, or b) allow a lower, less toxic dose of the standard
therapeutic agent(s) to be administered. It would be therefore worthwhile
extending the present study to test therapeutics commonly utilized in the clinical
treatment of ovarian cancer in combination with AKBA. However, the use of mice
models of ovarian cancer would provide a more physiological understanding of
the potential synergy between AKBA and other, commonly utilized apoptosis
inducing chemotherapeutics(Ricci et al., 2013).

Test in an ovarian cancer animal model.

Establish preclinical in vivo ADME and PK studies. This is a vital first step prior
to phase I clinical trial in human.

Study the possible ways to increase the bioavailability of AKBA inside the human
body.
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Appendix
Microarray RNA quantifications sample examples results:

Electropherogram Summary Continued ...
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RNA Area: 519.6 RNA Integrity Number (RIN): 99 (B.02.07)
RNA Concentration: 200 ng/ul Result Flagging Color:
rRNA Ratio [28s / 18s]: 12 Result Flagging Label: RIN: 9.90
Fragment table for sample 1 : Kamla 6H m1
Name Start Size [nt] End Size [nt] Area %% of total Area
185 1,665 2,071 154.5 29.7
285 3,519 4,390 189.6 36.5
Electropherogram Summary Continued ...
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RNA Area: 1,2833 RNA Integrity Number (RIN): 10 (B.02.07)
RNA Concentration: 495 ng/ul Result Flagging Color:
rRNA Ratio [28s / 18s]: 18 Result Flagging Label: RIN:10
Fragment table for ple2 :  Kamla 6h m2
Name Start Size [nt] End Size [nt] Area %% of total Area
18S 1,601 1,977 278.4 21.7
285 3,455 4,250 495.2 38.6

Figure 7. 1 RNA concentrations and purity for the control samples 1&?2 using

Nano DE 72901367
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Electropherogram Summary Continued ...
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rRNA Ratio [28s / 18s]: 24 Resuit Flagging Label: RIN:10

Fragment table for sample 8 : Kamla 6h 25 1

Name Start Size [nt] End Size [nt] Area % of total Area

i8S 1,578 1,927 328.4 213

285 3,327 4,104 771.8 S0.1
Electropherogram Summary Continued ...
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Overall Results for sample 7 : Kamla 6h 25 1
RNA Area: 1.540.0 RNA Integrity Number (RIN): 10 (B.02.07)
RNA Concentration: 597 nghul Result Flagging Color:
rRNA Ratio [28s / 18s]: 22 Resuit Flagging Label: RIN:10
Fragment table for sample 7 : Kamla 6h 25 1

MName Start Size [nt] End Size [nt] Area % of total Area
185 1581 1,554 335.2 21.6
285 3,407 4,155 733.2 47.3

Figure 7. 2 RNA concentrations and purity for the 6 h treatment with 25 pM samples
1&2 using Nano DE 72901367
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Figure 7. 3 Gel image with Total RNA concentrations using Nano DE 72901367
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