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Abstract

Ovarian cancer is the second most common gynaecological malignancy and was
diagnosed in over 7000 women in 2011 in the UK. There are currently no reliable
biomarkers available for use in a regular screening assay for ovarian cancer and due
to characteristic late presentation (78% in stages Il and V) ovarian cancer suffers
from a low survival rate (35% after 10 years). The mTOR pathway is a central
regulator of growth, proliferation, apoptosis and angiogenesis; providing balance
between available resources such as amino acids and growth factors, and stresses
such as hypoxia, to control cellular behaviour accordingly. Emerging data links
mTOR with the aetiopathogenesis of ovarian cancer. We hypothesised that mTOR
inhibitors could play a therapeutic role in ovarian cancer treatment.

In this study we began by validating the expression of four main mTOR pathway
components, mTOR, DEPTOR, rictor and raptor, at gene and protein level in in vitro
models of endometrioid (MDAH-2774) and clear cell (SKOV3) ovarian cancer using
gPCR and ImageStream technology. We demonstrate that MDAH-2774 cells have
higher proliferative capacity than SKOV3 cells, suggesting different inherent
signalling capacities. Using a wound healing assay we show that inhibition of the
mTOR pathway using Rapamycin, rapalogues, Resveratrol and NVP BEZ-235 induces
a cytostatic and not cytotoxic response up to 18 hours in these cell lines. We
extended these findings up to 72 hours with a proliferation assay and show that the
effects of inhibition of the mTOR pathway are primarily mediated by the
dephosphorylation of p70S6 kinase. We show that mTOR inhibition does not
involve alteration of mTOR pathway components or induce caspase 9 or 3 cleavage.
Preclinical studies including ovarian tissue of ovarian cancer patients, unaffected
controls and patients with unrelated gynaecological conditions show that DEPTOR is
reliably upregulated in ovarian cancer. We also show that increased DEPTOR is a
positive prognostic predictor in ovarian cancer and is decreased in later stage
disease. Finally, we demonstrate that DEPTOR upregulation is mirrored in RNA
extracted from whole blood of ovarian cancer patients. This in conjunction with the
development of ultra-fast gPCR instrumentation can provide a valuable point of
care testing platform for non-invasive diagnostics. A screening method that could
provide early detection of ovarian cancer would represent a sea change in the
diagnosis and treatment of this commonly lethal disease.
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Aims and Objectives

e To validate gene and protein expression of four key mTOR complex
components (MTOR, DEPTOR, rictor and raptor) in two ovarian cancer cell
lines as in vitro models of ovarian cancer.

e Toinvestigate the effects of differential mTOR pathway inhibition on the
wound healing capability, proliferative capacity, and markers of cell death
and mTOR pathway activity to assess suitability as an ovarian cancer
treatment.

e Toinvestigate changes in gene and protein expression of key mTOR pathway
components (mTOR, DEPTOR, rictor, raptor and phosphorylated p70S6
kinase) with a view to assessing their suitability as a biomarker of ovarian
cancer disease.

e To assess the prognostic effects of mTOR pathway component expression
using in silico Kaplan-Meier analysis.

e To assess four commercially available thermal cyclers for efficiency,

correlation coefficient, speed and usability to evaluate their suitability as a
point of care testing device.
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Chapter 1

Prolegomenon

Despite the many medical advances made in the past 40 years, cancer still remains
the most distressing diagnosis to receive. This is particularly true for ovarian
cancer, where the 5 year survival rate remains alarmingly low at 46% and whose
death rate has scarcely improved since the 1970s (Figure 1.8) (SEER, 2015c; CRUK,
2015h). Two main limitations of the treatment of all human disease are the time
taken for diagnosis and the lack of insight into the interpatient variability that
modulates response to therapeutics; to remedy this, much interest is now being
taken in point of care (PoC) diagnostics. Point of Care Testing (PoCT), where a full
diagnostic test is carried out in a single visit to a healthcare provider, is able to
reduce the delay in central laboratory based assessment and improve patient
outcomes through earlier and more appropriate commencement of treatment.
PoCT is not currently a reality for ovarian cancer due to the lack of reliable
biomarkers of disease. This is worsened by the mild and ambiguous symptoms
associated with ovarian cancer which often go unnoticed or misdiagnosed. Here we
discuss PoCT by quantitative polymerase chain reaction (qPCR), ovarian cancer and
its strongly related risk factor, endometriosis, and how the mTOR (mechanistic
target of Rapamycin) signaling pathway may be a useful bridge to connect ovarian

cancer to a reliable PoCT.
1.1 Ovarian Cancer
1.1.1 The Ovaries

The ovaries are female reproductive organs which sit bilateral to the uterus and
superior to the vagina in the pelvic cavity. They are responsible for the
development and release of ova, or female germ cells, into the fallopian tubes

during ovulation and the release of the sex hormones oestrogens and
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progesterone. Mammals have two ovaries which are encapsulated in an epithelial
layer and alternate the release of an ova with each ~28 day menstrual cycle.
Follicular cells in the ovary form a follicle containing a single germ cell in a process
called folliculogenesis. As the germ cell matures, the follicular cells increase in
number and develop into granulosa cells which nourish the germ cell. When the
follicle has matured, it ruptures and releases the germ cell to the fallopian tube in a
process called ovulation. This leaves an empty follicle known as a corpus luteum
which continues to secrete sex hormones throughout the menstrual cycle (Tortora

and Derrickson, 2005) (Figure 1.1).

Follicular Cells

Secondary Follicle Granulosa Qocyte

Primary Follicles Ovarian Ligament

Primordial Follicles

Corpus Albicans

Corona Radiata

Figure 1.1 - Diagram of the ovary showing the stages of follicular development
(image adapted from Servier Medical Art, with permission).

Oestrogen and progesterone levels change throughout the menstrual cycle with
oestrogen peaking just before ovulation and progesterone steadily increasing after
ovulation has occurred. If fertilisation does not take place, oestrogen and

progesterone return to basal levels and menstruation occurs. The ovaries cease to
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produce oestrogen and progesterone at menopause, at which time menstruation

and fertility terminates (Tortora and Derrickson, 2005).

1.1.2 Incidence of Ovarian Cancer

Ovarian cancer is the fifth most common female cancer and is diagnosed in more
than 7,000 people in the UK every year (NHS Choices, 2013). Risk of ovarian cancer
is increased when a first degree relative is affected, particularly in cases of serous
disease and if presentation occurs under 50 years of age (Jervis et al., 2014). Most
commonly, ovarian cancer is epithelial in origin with other types accounting for only
10% of cases (CRUK, 2014b). Ovarian cancer is primarily a post-menopausal disease

with the majority of cases occurring in patients over 60 years of age (Figure 1.2).

==Female Rates Female Cases
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Figure 1.2 - The average number of ovarian cancer cases diagnosed and the rate per
100,000 people in the UK in relation to age at diagnosis (CRUK, 2012, with
permission). Ovarian cancer is primarily a post-menopausal condition with the
majority of cases diagnosed in patients over 60 years of age.
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1.1.3 Severity and Advancement of Ovarian Cancer

The severity of ovarian cancer metastasis is currently assessed using the

International Federation of Gynecology and Obstetrics (FIGO) staging system

detailed below (Table 1.1, Figure 1.3):

Stage
|

v

Substage Description

la

lla
b

llla

b

lllic

IVa
IVb

The tumour is confined to one ovary with no signs of tumour on the
surface.

As la but involving both ovaries.

The tumour is confined to one or both ovaries with either or all of the
following: signs of the tumour on the surface of the ovary, rupture of
tumour capsule before or during surgery, malignant cells found in
ascites.

Metastasis outside the ovaries in the uterus or fallopian tubes.
Metastasis to pelvic cavity organs for example the bladder.

Metastasis to retroperitoneal lymph nodes or microscopic malignancy
found outside the pelvis.

Tumour smaller than or equal to 2cm found outside the pelvic cavity
including surface of liver and/or spleen.

Tumour bigger than 2cm found outside the pelvic cavity including
surface of liver and/or spleen.

Pleural effusion (fluid around the lungs) positive for malignant cells.
Metastasis to distant sites including extra-abdominal and

parenchymal liver or spleen involvement.

Table 1.1 - Ovarian cancer staging parameters as defined by FIGO (Society for

Gynecologic Oncology, 2014).
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Figure 1.3 - The location and metastasis of ovarian cancer and the corresponding
stage. (A) Stage | ovarian cancer is confined to the ovaries. (B) Stage Il ovarian
cancer has metastasised to near locations within the pelvic cavity such as the
fallopian tubes or bladder, (C) Stage Ill ovarian cancer has metastasised to the
retroperitoneal lymph nodes or outside of the pelvic cavity, (D) Stage IV ovarian
cancer involves malignant cells in pleural effusion and metastasis to distant sites.
Diagram adapted from Cancer Research UK (CRUK, 2014a, with permission).

In addition to stage, a patient can also be given a grade defining the level of

differentiation of the tumour cells. Grades are defined as follows (Table 1.2):

Grade | Description

Well differentiated

Moderately differentiated

Poorly differentiated

Table 1.2 - Ovarian cancer grading parameters (Table adapted from CRUK, 2014a,
with permission).
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Figure 1.4 - Haematoxylin and eosin stained examples of low grade (A [100X], B
[200X]) and high grade (C [100X], D [200X]) serous ovarian carcinoma. High grade
carcinomas show higher nuclear atypia and loss of papillary structure in comparison
to low grade tumours (Image adapted from Smolle et al., with permission).

High grade tumours show a higher rate of nuclear atypia and proliferative rate in
comparison to low grade tumours (Figure 1.4) (Smolle et al., 2013). Applying a
stage and grade to a patient’s cancer is a method of assessing prognosis and
appropriate treatment type. Stage and grade cannot usually be confirmed prior to
surgery and so this component of diagnosis is often combined with the first phase
of treatment (NHS, 2015b). Common sites of ovarian cancer metastasis include the

bowel, bladder, peritoneum and lymph nodes (Rose et al., 1989; CRUK, 2014a).

1.1.4 Ovarian Cancer Survival

Ovarian cancer survival rates are comparatively very low and ovarian cancer is the

most common cause of death by gynaecological cancer in the UK (CRUK, 2015g).



The five and ten year survival rates are 46.2 and 34.5% respectively (Figure 1.5).
This compares unfavourably to the five year survival rate of breast cancer (86.6%),
prostate cancer (84.8%), bowel cancer (59.2%), cervical cancer (67.4%) and uterine

cancer (79%) (CRUK, 2015c; CRUK, 2015i; CRUK, 2015b; CRUK, 2015d; CRUK,

2015k).
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Figure 1.5 - The net survival (years after diagnosis) of patients with ovarian cancer
in the UK. One, five and ten year survival rates for ovarian cancer are 72.4, 46.2 and
34.5% respectively in the UK (CRUK, 2015h)

Ovarian cancer survival depends greatly upon the stage at which it is diagnosed.
Survival for cancers diagnosed in stage | is 90% but only 4% for stage IV cancers in
the UK (Figure 1.6) (CRUK, 2015h). Due to lack of overt symptoms, the majority of
ovarian cancers (up to 78%) are diagnosed at stage Ill or IV (Buys et al., 2011).
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Figure 1.6 - The ovarian cancer survival rates depending on the stage of disease at
diagnosis. Survival is greatly reduced in patients diagnosed in later stages of
disease (CRUK, 2015h).

1.1.5 Ovarian Cancer Subtypes

ot
P
S

Figure 1.7 - Histological preparations of haematoxylin and eosin stained ovarian
cancer subtypes (A) serous carcinoma (B) mucinous carcinoma (C) endometrioid
carcinoma (D) clear cell carcinoma (Cho, 2009, with permission).



Ovarian cancer is a highly heterogenous disease originating from either epithelial,
germ or stromal cells. Epithelial ovarian cancers account for up to 90% of all
ovarian cancers (Weiss et al., 1977; Rose et al., 1989) and are subcategorised into
four main types: serous, endometrioid, clear cell and mucinous (Figure 1.7, Table
1.3) (Lalwani et al., 2011). The incidence of epithelial ovarian cancers increases
with age; however, the same effect is not seen in non-epithelial ovarian cancers
(Weiss et al., 1977). Serous types are the most common among epithelial cancers,
accounting for around 53-78% of cases and the majority of BRCA (breast cancer
(1/2), early onset) gene related tumours are serous (Seidman et al., 2004; Callahan
et al., 2007). Serous tumours are further categorised as high or low grade based on
appearance of nuclei (nuclear atypia) and proliferative rate with high grade serous
carcinomas (HGSCs) being more common than low grade serous carcinomas (LGSCs)
(Malpica et al., 2004; Plaxe, 2008). Serous ovarian cancer cells resemble surface
epithelium of the fallopian tube and there is evidence that this category of tumour
arises from the implantation of fallopian tube cells to the ovary (Vang et al., 2009;
Reade et al., 2014; Malcolm Coppleson and C. Paul Morrow, 1992). HGSCs often
involve tumour protein 53 (TP53) mutations that are not seen in LGSCs and LGSCs
show a better survival than HGSCs (average 99 months and 57 months respectively)
which is not related to stage of disease or metastasis (Salani et al., 2008; Plaxe,
2008). LGSCs are more likely to show mitogen-activated protein (MAP) kinase
pathway activation, commonly show mutation in Kirsten rat sarcoma viral
oncogene homologue (KRAS) and B-Raf proto-oncogene, serine threonine kinase
(BRAF) genes (Hsu et al.,, 2004) and are less responsive to platinum based

chemotherapies than HGSCs (Schmeler et al., 2008; Santillan et al., 2007).

Endometrioid and clear cell carcinomas (CCCs) are associated with endometriosis
with up to 29-50% and 23-49% arising from endometriosis respectively (Machado-
Linde et al., 2015; Orezzoli et al., 2008; Acién et al., 2015). Endometrioid carcinoma
tissue resembles that of the endometrium (Malcolm Coppleson and C. Paul
Morrow, 1992). TP53, AT rich interactive domain 1A (ARID1A),
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA),
catenin beta 1 (CTNNB1), cyclin D1 (CCND1) and phosphatase and tensin
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homologue on chromosome ten (PTEN) gene deregulations are frequently
associated with endometrioid carcinomas (Stewart et al., 2013; McConechy et al.,
2014; Forbes et al., 2015; COSMIC, 2015). CCCs account for around 10% of
epithelial ovarian cancers and can be further categorised into cystic- and
adenofibromata-associated types with cystic CCCs being more frequently associated
with endometriosis (91% versus 44%) (Seidman et al., 2004; Veras et al., 2009). CCC
tumours contain large, glycogen filled cells and are often present as mixed-cell
tumours containing other cell types (Malcolm Coppleson and C. Paul Morrow,
1992). CCCs commonly show mutations in ARID1A, PIK3CA, telomerase reverse
transcriptase (TERT), TP53 and KRAS genes (Forbes et al., 2015; COSMIC, 2015).
CCC is an aggressive form of ovarian cancer with only a 73% 5 year survival rate for
cases presenting at stage | (Kennedy et al., 1999) compared to 90% for all types of
ovarian cancer (CRUK, 2015h). Five year survival differs between cystic- and
adenofibromata-associated CCCs (77% and 37% respectively) (Veras et al., 2009).
However, although endometriosis patients are more likely to develop CCC,
endometriosis associated CCCs present 10 years earlier, are more likely to present
at an earlier stage and show a better overall prognosis than de novo CCCs (Orezzoli

et al., 2008).

Mucinous carcinomas account for 10-15% of all epithelial ovarian cancers (Seidman
et al., 2004) and are characterised by TP53, KRAS, ring finger protein 43 (RNF43),
cyclin-dependent kinase inhibitor 2A (CDKN2A) and BRAF gene mutations and may
also show gastrointestinal markers (Forbes et al., 2015; COSMIC, 2015; Tenti et al.,
1992). Cells of mucinous tumours resemble those of the endocervix but may also
contain goblet cells similar to those found in the gastrointestinal tract (Malcolm

Coppleson and C. Paul Morrow, 1992).
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Cell of Origin

Epithelial
(90-95%)

Germ (2.6%)
Stromal

(1.2%)

Type

Serous (40-60%)

Endometrioid

(10-20%)

Clear Cell (4-10%)

Mucinous (10-
15%)

Subtype

High grade
(90%)

Low grade (10%)

Cystic

Adenofibroma

Associated Genes

BRCA1, BRCA2, TP53

BRCA1, BRCA2, KRAS, BRAF
TP53, ARID1A, PIK3CA,
CTNNB1, CCND1, PTEN
ARID1A, PIK3CA, TERT, TP53,
KRAS

TP53, KRAS, RNF43, CDKN2A,
BRAF

KIT, KRAS, CDKN2A

FOXL2, DICER1, TP53

Endometriosis

Associated?

No

No

Yes

Yes
No

No

Not available

Not available

Age at
presentation
(years)

56

45-63
40-60

58

40-50

15-19
30-59

Response to
platinum based
therapies

Good

Bad
Good

Bad

Bad

Not available

Not available

Five year

survival

71%

62%

77%

37%

84%
88%

Table 1.3 - Clinical details of the subtypes of ovarian cancer (Table adapted from Forbes et al., 2015; COSMIC, 2015; Zwart et al., 1998; Lalwani
etal., 2011; Guseh et al., 2014; Plaxe, 2008; Schmeler et al., 2008; Santillan et al., 2007; Kennedy et al., 1999; Seidman et al., 2004; Hsu et al.,
2004; Machado-Linde et al., 2015; Orezzoli et al., 2008; Acién et al., 2015; Nakayama et al., 2008; Quirk and Natarajan, 2005; Smith et al.,
2006; Sarwar et al., 2014; Alexandre et al., 2010).
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1.1.6 Diagnosis of Ovarian Cancer

Ovarian cancer often presents with mild and ambiguous symptoms. NICE guidelines
advise primary care providers to consider abdominal mass, distension or pain,
ascites, early satiety or loss of appetite, urinary urgency or increased urinary
frequency, change in bowel habits including apparent onset of irritable bowel
syndrome, weight loss and fatigue as potential indications of ovarian cancer (NICE,
2011). Ovarian cancer can readily be mistaken for other, less serious conditions
such irritable bowel syndrome. It is for this reason that ovarian cancer is often not
diagnosed until it has reached stage Ill or IV, resulting in a poor prognosis (Buys et
al., 2011). The mortality rate has remained almost unchanged in the past 40 years
with ovarian cancer deaths decreasing by only 2.4 persons per 100,000 in
comparison to 10.1, 13.4 and 11.4 persons in breast, colon and prostate cancer
respectively in the USA (Figure 1.8) (SEER, 2015c; SEER, 2015d; SEER, 2015b; SEER,
2015a). Despite this, there is currently no ovarian cancer screening programme

available on the NHS.

201 -

104

Per 100,000

54

New Cases
Deaths

15 M

Figure 1.8 - Graph plotted from SEER data (SEER, 2015c) of new cases and deaths
per 100,000 persons associated with ovarian cancer from the SEER 9 registry
(Atlanta, Connecticut, Detroit, Hawaii, lowa, New Mexico, San Francisco-Oakland,
Seattle-Puget Sound and Utah in the United States of America). Ovarian cancer 5
year survival has improved by 2.4 persons per 100,000 since 1975.

The lack of an ovarian cancer screening programme in the UK is, in part, due to an
absence of known, reliable biomarkers for the disease. Cancer Antigen 125
(CA125), a membrane associated glycoprotein involved in cell adhesion, migration
and metastasis, is commonly used to monitor disease progression in patients being

treated for ovarian cancer and has been proposed as a good candidate for a
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screening assay (Menon et al., 2015; Giannakouros et al., 2014; Reinartz et al.,
2012; Rump et al., 2004; Gaetje et al., 1999; Gaetje et al., 2002). The efficacy of
CA125, however, is a subject of debate as the propensity for false positives is high.
Other conditions, such as heart failure, endometriosis and breast cancer, and
demographic and lifestyle factors such as ethnicity, obesity and tobacco use, also
raise CA125 levels (Folga et al., 2012; Mol et al., 1998; Johnson et al., 2008).
Greater than or equal to 35 units per mL of CA125 is considered to be abnormally
high but Johnson et al., found this to be the case in 1.6% of non-cancer individuals
(Johnson et al., 2008). An investigation into the benefits of ovarian cancer
screening involving 68,557 patients showed that annual screening by CA125 and
transvaginal ultrasound caused no reduction in mortality from ovarian cancer but
substantially increased screening related harm (for example, 1080 patients
underwent surgery based on false positive results) (Buys et al., 2011). Recently, the
development of a risk algorithm to determine abnormal CA125 levels in individual
patients after annual measurement has been shown to double ovarian cancer
detection, indicating that a universal CA125 threshold is not useful as an ovarian
cancer screen (Menon et al., 2015). Despite this, CA125 measurement is still
recommended as the first-line diagnostic test for ovarian cancer with a universal

threshold of 35U/mL by NICE (NICE, 2011).

In addition to CA125 measurement, NICE guidelines also recommend pelvic
ultrasound for assessment of ovarian abnormalities. If CA125 measurement
suggests pathology but ultrasound does not or vice versa, medics are advised to
recommend the patient returns if symptoms persist or worsen (NICE, 2011). The
use of non-specific testing with a high threshold for further investigation may

contribute to the late diagnosis and low survival of ovarian cancer in the UK.

1.1.7 Ovarian Cancer Risk Factors

As previously discussed, the risk of ovarian cancer increases with age (Figure 1.2).
Ovarian cancer has a familial aspect and risk is increased when first degree relatives

have been diagnosed with ovarian, breast or prostate cancer (Jervis et al., 2014;
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Hemminki et al., 2011). Inherited mutations in the BRCA1 and BRCA2 genes have
been shown to confer a 17-50 fold increased risk of ovarian cancer (Ingham et al.,
2013; Mavaddat et al., 2013). Endometriosis is also an important risk factor for
ovarian cancer, discussed in section 1.3. In addition to this, a number of lifestyle
related factors are also known to increase or decrease the likelihood of developing

ovarian cancer (Figure 1.9).

Diabetes Mellitus

Increased meat intake

Increased BMI

4

Genital talcum powder

use Increased parity

Tobacco use Increased lactation

Use of oral

Familial ovarian, breast _
contraceptives

or prostate cancer

Increased Risk

Increased fish intake

)SIY pasealda(

BRCA mutation

Increased age
HRT use

Increased menstrual
cycles

Figure 1.9 - The lifestyle and health related factors which can increase or decrease
ovarian cancer risk (CRUK, 2015f; Beral et al., 2007; Collaborative Group on
Epidemiological Studies of Ovarian Cancer, 2012; Terry et al., 2013; Faber et al.,
2013; Starup-Linde et al., 2013; CRUK, 2012; Ingham et al., 2013; Mavaddat et al.,
2013; Jervis et al., 2014; Hemminki et al., 2011; Risch et al., 1996; Tung et al., 2003;
Kurian et al., 2005; Chiaffarino et al., 2007; Beral et al., 2007).

Some risk factors for ovarian cancer are subtype specific. For example, genital
talcum powder use is more related to serous, clear cell and endometrioid types
(Terry et al., 2013), current and former tobacco use are related more to mucinous
and serous subtypes (Faber et al., 2013; Kurian et al., 2005), the risk of serous

ovarian cancer is greater than any other subtype with HRT (Beral et al., 2007), and
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pregnancy, use of oral contraceptives, increased breastfeeding and decreased
menstrual cycles reduce the risk of all types of epithelial ovarian cancer except

mucinous (Risch et al., 1996; Tung et al., 2003; Chiaffarino et al., 2007).

1.1.8 Treating Ovarian Cancer

In the UK, ovarian cancer is treated with a combination of surgery, chemotherapy
and radiotherapy depending on the type and stage of cancer at diagnosis. Most
patients will undergo primary debulking surgery to remove malignant tissue before
further treatment (NHS, 2015b). As stage often cannot be determined without
surgery, staging and debulking may be performed in the same operation (NHS,
2015b). Debulking surgery may include lateral or bilateral salpingo-oophorectomy
(removal of one or both ovaries and fallopian tubes), total abdominal hysterectomy
(removal of the uterus and cervix), omentectomy (removal of the fatty layer that
lines the peritoneal cavity) and removal of the retroperitoneal lymph nodes (NHS,
2015b; NHS Choices, 2013). Early stage cancers may be treated with surgery only or
surgery and adjuvant chemotherapy (Trimbos et al., 2003; NICE, 2011). Late stage
ovarian cancers may be treated with a combination of neoadjuvant chemotherapy,
debulking surgery, adjuvant chemotherapy and interval debulking surgery (where
debulking surgery is performed during a course of chemotherapy) (CRUK, 2015j;
NHS, 2015b). If the ovarian cancer is too advanced or the patient is unable to
undergo surgery due to extraneous risk factors, radiotherapy may be used as a form

of palliative care (CRUK, 2015j).

1.1.8.1 Chemotherapy

Chemotherapy is used in the treatment of almost all ovarian cancers. Platinum
based chemotherapeutic drugs are most commonly used including Carboplatin, a
platinum containing analogue of Cisplatin (Figure 1.10, A) (CRUK, 2015e) which
induces DNA damage and causes apoptosis through the formation of adducts
between DNA bases (Reed et al., 1987; Unger et al., 2009; Hamada et al., 1998;

Siemer et al., 1999). In addition to Carboplatin, Paclitaxel is also used as a
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combination chemotherapy (Figure 1.10, B) (CRUK, 2015e). Paclitaxel is the active
compound in Taxol, an extract of the bark of the Pacific Yew tree, Taxus brevifolia.
Paclitaxel promotes the assembly and inhibits the depolymerisation of microtubules
in the cell (De Brabander et al., 1981; Schiff and Horwitz, 1980; Parness and
Horwitz, 1981; Kumar, 1981). Treatment with Paclitaxel results in cell cycle arrest
at G,/M phase and ultimately apoptosis (Schiff and Horwitz, 1980; Havrilesky et al.,
1995; Ireland and Pittman, 1995). Paclitaxel was first approved for use by the
European Medicines Agency (EMA) in 1999 under the brand name Paxene and now

marketed as Abraxane (European Medicines Agency, 2015a).

Figure 1.10 - Chemical structures of Carboplatin (A) and Paclitaxel (B). Images
adapted with permission from selleckchem.com.

Bevacizumab (Avastin) may be used as a combination treatment for ovarian cancer
(CRUK, 2015e; CRUK, 2015j). Bevacizumab is a monoclonal antibody vascular
endothelial growth factor (VEGF) inhibitor which is administered intravenously in

three weekly cycles (CRUK, 2015a). VEGF is a growth factor responsible for the
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initiation of angiogenesis, an important feature of tumour development, via VEGF
receptors (Claffey and Robinson, 1996; Pecorino, 2008). Inhibiting VEGF suppresses
tumour growth by blocking cell survival, endothelial permeability and cellular
migration (Presta et al., 1997, Wang et al., 2004). Bevacizumab has shown
moderate improvement in progression free survival (the cessation of disease
progression brought about by treatment) in ovarian cancer patients (Petrillo et al.,
2015) and NICE (National Institute for Health and Care Excellence) currently
recommends the use of bevacizumab in the treatment of early stage ovarian cancer

(NICE, 2013).

1.2 Endometriosis

The endometrium is the lining of the uterus which proliferates during the menstrual
cycle in anticipation of zygote implantation and pregnancy. Endometrium consists
of a basal layer (stratum basalis) which gives rise to a new functional layer (stratum
functionalis) which proliferates in response to oestrogens and progesterone with
each menstrual cycle. If fertilisation does not occur, oestrogen and progesterone
return to basal levels due to the degeneration of the corpus luteum, stimulating the
release of prostaglandins and causing a reduction in blood supply to the stratum
functionalis. This results in endometrial cell death and the stratum functionalis of
the endometrium is discharged via the vagina (Figure 1.11) (Tortora and Derrickson,

2005).
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Figure 1.11 - The stages of endometrium development throughout the menstrual
cycle. The menstrual cycle begins with the menstrual phase, during which the
stratum functionalis is shed and discharged via the vagina. The preovulatory

(follicular) phase follows menstruation during which oestrogen stimulates
proliferation of the stratum basalis to form a new stratum functionalis including
endometrial glands and arterioles. Ovulation occurs at approximately 14 days and
signifies movement into the postovulatory (Luteal) phase. At this time, the
endometrium further proliferates and vascularises in preparation of ovum
implantation. If fertilisation has not occurred, the menstrual phase begins once
again (Tortora and Derrickson, 2005) (image adapted from Servier Medical Art, with
permission) (Servier, 2014).

Endometriosis is a non-malignant condition characterised by the ectopic
implantation and growth of endometrial tissue in locations within the abdominal
cavity such as the fallopian tubes, ovaries, peritoneum, vagina, bladder, bowel and
rectum (Figure 1.12). Ectopic endometrium responds to hormonal changes in the
same way as eutopic endometrium, by proliferating and shedding with the
menstrual cycle causing pain and inflammation in the affected areas. Symptoms of
endometriosis include dysmenorrhea (pain during menstruation), dyspareunia (pain
during sexual intercourse), dysuria (pain during urination), dyschezia (pain during

defecation), infertility and chronic pelvic pain as well as an increased risk of
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allergies, asthma, fibromyalgia, autoimmune disease, hypothyroidism, multiple
sclerosis and chronic fatigue syndrome (Sinaii et al., 2002). Endometriosis is

estimated to affect around 2 million people in the UK (NHS Choices, 2015).

Small bowel

Ureter

Umbilicus \I—a W
&

\
Pelvic peritoncum

Fallopian tube
Ovary

Sigmoid colon

Cecum —

Uterus \‘

Laparotomy scar

Myometrium

Round ligament

Inguinal ring

Cervix

Perineum
Vulva and vestibular gland

Figure 1.12 - The common sites of ectopic endometrium implantation in cases of
endometriosis (Berek, 2007, with permission).

1.2.1 Diagnosing Endometriosis

Diagnosis of endometriosis can only be confirmed surgically by laparoscopy.
Endometriosis is currently assessed and classified into one of four stages using
guidelines set out by the American Society for Reproductive Medicine (American

Society for Reproductive Medicine, 1997) as follows (Table 1.4):
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Stage Description

I (1-5 points) Minimal: superficial lesions of less than 1cm in the ovary or 1-3cm in
the peritoneum.

Il (6-15 points) Mild: deeper implantation and lesions of greater than 3cm.

Il (16-40 points) | Moderate: implication of the larger pelvic area.

IV (>40 points) Severe: deep, dense and infiltrating lesions.

Table 1.4 - Endometriosis staging parameters as defined by ASRM (American
Society for Reproductive Medicine, 1997). Stage is given according to a points
based system which relate to the location and infiltration of adhesions.

1.2.2 Pathogenesis of Endometriosis

Many theories have been proposed as the cause of endometriosis. The most
accepted theory on the mechanism of development, proposed in 1927 by Sampson,
is retrograde menstruation where shed endometrium travels into the pelvic cavity
via the fallopian tubes and explants on neighbouring organs and structures (Figure
1.13) (Sampson, 1927). The endometriotic lesions can then amplify the symptoms
by releasing additional endometrium into the pelvic cavity which can then create
further lesions (Burney and Lathi, 2009). This theory is supported by the viable
proliferative capacity noted in shed endometrium (Koks et al., 1999; Koks et al.,
1997; Groothuis et al., 1999) and the observation that patients with obstructive
anomalies of the reproductive tract which do not allow for effective discharge of
the endometrium are more likely to develop endometriosis (D’'Hooghe and
Debrock, 2002). However, it is not clear if retrograde menstruation happens more
frequently in patients with endometriosis or if there are other factors which
predispose to a higher likelihood of ectopic endometrium explantation (D’Hooghe

and Debrock, 2002).
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Retrograde
menstruation

Retrograde
menstrual effluent
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Figure 1.13 - Retrograde menstruation is the most accepted theory of the
pathogenesis of endometriosis. Typical menstruation occurs when the stratum
functionalis of the endometrium is discharged via the vagina. Retrograde
menstruation involves menstrual effluent travelling into the pelvic cavity via the
fallopian tubes and implanting on nearby organs such as the ovaries (image
adapted from Servier Medical Art, with permission) (Servier, 2014).

The peritoneum is the lining of the abdominal cavity and often the site of
endometrial implantation in endometriosis. It consists of a basement support of
areolar connective tissue covered by a single layer of squamous epithelial cells
known as the mesothelium (Tortora and Derrickson, 2005). It has been shown that
endometrium adheres to the peritoneum only in places where there is damage (i.e.
absence of the mesothelial layer) (Koks et al., 1999; Groothuis et al., 1999)
indicating that the endometrium cannot adhere to epithelial cells and this layer
may provide protection from retrograde menstrual effluent. In support of this, it
has also been shown that conditioned media from menstrual effluent changes the
morphology of mesothelial cells in culture from a confluent polygonal monolayer to
spindle-like cells which do not necessarily adhere to one another and expose the
culture flask underneath (Demir Weusten et al., 2000). This suggests an interesting
relationship between retrograde menstrual effluent and site of implantation
whereby endometrial cells are able to create damage in order to adhere and

proliferate.
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The genetic profile that characterises endometriosis is poorly understood; there is a
familial element with up to a 6 fold increase in risk for first degree relatives of
endometriosis patients but inheritance patterns are complex and it is likely that
environmental factors also play a role (Dun et al., 2010). Whole exome sequencing
of the eutopic and ectopic endometrium of 16 cases of ovarian endometriosis could
identify no significant mutations in either sample set (Li et al., 2014). However,
gene expression studies in baboons have found significant alterations in the EGF
(epidermal growth factor), PI3 kinase/Akt, and MAP kinase pathways in eutopic
endometrium upon the onset of endometriosis (Afshar et al., 2013). Dinulescu et
al., found that inducing K-Ras activation in the ovarian surface epithelial cells of
mice induced an endometriosis-like condition which was benign and never fatal
(Dinulescu et al., 2005). K-Ras is an oncogenic protein which is upstream of mTOR

and part of the MAP kinase pathway.

1.2.3 Treating Endometriosis

Treatment of endometriosis centres around management of pain and treatment of
infertility as there is no cure. Suppression of oestrogen, which induces proliferation
of the endometrium, is a common first-line treatment as it can be easily achieved
through the oral contraceptive which suppresses ovulation (Morotti et al., 2014;
Zito et al., 2014). In addition, gonadotrophin releasing hormone (GnRH) analogues
may be used for a short period of time to alleviate symptoms by imitating
menopause (NHS Choices, 2015; Ferrero et al., 2015). Analgesics such as
paracetamol or non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen
may be used to relieve pain and discomfort (NHS Choices, 2014; Zito et al., 2014).
Laparoscopic excision of endometriotic lesions or endometriomas (endometriosis
related cysts) is a common second-line treatment for the reduction of pain if non-
surgical interventions are not effective (NHS Choices, 2014; Kodaman, 2015). In
rare cases, hysterectomy (removal of the uterus) may be used to relieve symptoms
(NHS Choices, 2014; Magrina et al., 2015); however, this doesn’t necessarily result

in the dissipation of symptoms (Rizk et al., 2014).
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1.3 Endometriosis and Ovarian Cancer: The Connection

Endometriosis is now becoming a well documented risk factor for ovarian cancer
with endometriosis occurring in up to 28% of patients with ovarian cancer (Sainz de
la Cuesta et al., 1996; Stewart et al., 2013; Pearce et al., 2012; Wu et al., 2009;
Merritt et al., 2008; Melin et al., 2006; Borgfeldt and Andolf, 2004; Brinton et al.,
1997; Brinton et al., 2004; Rossing et al., 2008; Brinton et al., 2005). A 20 year
study by Stewart et al., of more than 21,000 patients seeking fertility treatment in
Western Australia has shown that endometriosis is particularly associated with an
increased rate of ovarian cancer in patients who remained childless after fertility
treatment (Stewart et al.,, 2013). The study did not classify invasive epithelial
ovarian cancer any further however, a similarly large pooled analysis of 13 ovarian
cancer risk factor studies looked at the relationship between endometriosis and the
four major subtypes of epithelial ovarian cancer: clear cell, endometrioid, mucinous
and serous (high and low grade). They found that the association between
endometriosis and ovarian cancer differed between subtypes. Patients with low
grade serous (9.2%), endometrioid (13.9%) and clear cell (20.2%) subtypes were
more likely to have endometriosis (compared to 6.2% of control cases). Mucinous
epithelial ovarian cancer was not at all associated with endometriosis (Pearce et al.,
2012). In these studies no increased risk of ovarian cancer has been found in
patients with pelvic inflammatory disorder, ovarian cysts, fibroids, breastfeeding,
weight, height, body-mass index and tubal ligation highlighting the unique
relationship between endometriosis and ovarian cancer (Stewart et al., 2013;

Pearce et al., 2012; Borgfeldt and Andolf, 2004).

1.4 The mTOR Pathway

The mTOR signalling pathway is an integral mediator of growth and proliferation in
the cell; evolving to regulate anabolic and catabolic cellular processes based on the
resources available. The mTOR pathway is able to sense external energy and
oxygen status, nutrients and growth factors, amino acids and stress signals and

modulate protein and lipid synthesis, proliferation, growth, autophagy and
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apoptosis accordingly (Laplante and Sabatini, 2012). In recent research,
components of the pathway have been implicated in a vast range of diseases and
conditions from Epilepsy (Russo et al., 2012) to intellectual disability (Troca-Marin
et al., 2012) to a range of malignancies and predispositions to them (Peterson et al.,

2009; Lu et al., 2015; Philp et al., 2001; Levine et al., 2005; Wataya-Kaneda, 2015).

1.4.1 mTOR Complexes

Activities of the mTOR pathway are mediated via two large complexes: mTOR
Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2). mTORC1 and mTORC2 have
distinct functions, sensitivities and associated proteins that differentiate them from
one another and regulate their function under different contexts within the cell.
MTORC1 contains mTOR, raptor, DEPTOR, GBL and PRAS40. mTORC2 contains
mTOR, rictor, DEPTOR, GBL, mSIN1 and protor. mTORC1 modulates autophagy,
angiogenesis and protein and lipid synthesis in response to growth factors, amino
acids, genotoxicity, energy stress and hypoxia (Laplante and Sabatini, 2012).
MTORC2 is less well understood but it is known to regulate the actin cytoskeleton,
cell survival and apoptosis (Figure 1.14) (Jacinto et al., 2004; Dudek et al., 1997;
Peterson et al., 2009; Garcia-Martinez and Alessi, 2008; Sarbassov et al., 2004;
Masri et al., 2007). mTORC1 is nutrient and Rapamycin sensitive whereas mTORC2
is not nutrient sensitive and is only secondarily sensitive to Rapamycin due to
Rapamycin’s binding to mTOR and removing it as an available component for
mTORC2 assembly (Jacinto et al., 2004; Jacinto et al., 2006; Kim et al., 2003; Kim et
al., 2002; Sarbassov et al., 2006). Below is a summary of the components of each

mMTOR complex.

1.4.1.1 mTOR

mTOR (also known as FRAP), a 289kDa highly conserved serine/threonine kinase, is

the central catalytic component of mTORC1 and mTORC2. mTOR was first

identified in 1994 as the target of its inhibitor, Rapamycin (Sabers et al., 1995;
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Brown et al.,, 1994) and in relation to the yeast homologues, DRR1 and DRR2

(Cafferkey et al., 1993) and is a member of the PIK-related kinase family.

1.4.1.2 DEPTOR

DEPTOR (also known as DEPDC6) is a 48kDa component of the mTOR pathway
which inhibits the activities of both mTORC1 and mTORC2 via direct interaction
with mTOR. Knockdown of DEPTOR causes an increase in phosphorylation of
downstream targets p70S6 kinase, 4EBP1 and Akt; in addition DEPTOR protein
expression is increased in reponse to serum starvation (Peterson et al., 2009).
Despite DEPTOR being an inhibitor of both mTORC1 and mTORC2, overexpression
of DEPTOR causes a decrease in mTORC1 signalling but an increase in mTORC2
signalling. This is because inhibition of mMTORC1 relieves the feedback loop directed
at PI3 kinase, an upstream positive regulator of the mTORCs. PI3 kinase signalling is
then able to overcome DEPTOR inhibition of mTORC2, shown by Akt phophorylation
at threonine 308 (PI3 kinase associated) and serine 473 (mTORC2 associated)

(Peterson et al., 2009).

1.4.1.3 GBL

GBL (g protein beta subunit-like, also known as mLST8) is a 37kDa component of
both mTORC1 and mTORC2. GBL binds directly to the kinase domain of mTOR and
stabilises the mTOR-Raptor interaction; however, Raptor is not required for mTOR-
GPBL interaction. It is a necessary component of mTORC1 and mTORC2 and
knockdown of GBL decreases the phosphorylation of downstream effectors p70S6
kinase and Akt and the nutrient sensitivity of mTORC1 (Kim et al., 2003; Guertin et
al., 2006). GBL is also necessary for the inhibition of mTORC1 by Rapamycin (Kim et
al., 2003).
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1.4.1.4 Raptor

Raptor (regulatory associated protein of TOR, also known as KIAA1303) is a 150kDa
protein component of mTORC1 only (Hara et al., 2002). Raptor binds to mTOR
directly and at multiple contact points and is responsible for controlling mTOR'’s
kinase activity, phosphorylation of downstream effectors p70S6 kinase and 4EBP1
and cell size (Kim et al., 2002; Hara et al., 2002). The mTOR-Raptor interaction is
sensitive to Rapamycin which interacts with FKBP12 to inhibit mTOR kinase activity

(Kim et al., 2002; Sedrani et al., 1998; Brown et al., 1995).

1.4.1.5 PRAS40

PRAS40 (proline rich Akt substrate of 40kDa) is a 40kDa raptor interacting, mTORC1
only component. PRAS40 inhibits mTOR kinase activity in an insulin sensitive
manner via phosphorylation by Akt at threonine 246 and decreases cell size when
overexpressed in HEK293 cells (Kovacina et al., 2003; Sancak et al., 2007; Thedieck
et al., 2007). Insulin stimulation causes PRAS40 phosphorylation and a decrease in
the amount bound to mTORC1 (Sancak et al.,, 2007). PRAS40 also appears to

protect from apoptosis in an mTORC1 independent fashion (Thedieck et al., 2007).

1.4.1.6 Rictor

Rictor (Rapamycin insensitive companion of mTOR) is a 192kDa mTORC2 only
component whose interaction with mTOR is not rapamycin sensitive (Sarbassov et
al., 2004). Rictor is an essential mMTORC2 component for the phosphorylation of
PKCa, a downstream target of mTORC2, and for maintaining cell morphology

(Sarbassov et al., 2004).

1.4.1.7 mSIN1

mSIN1 (mammalian stress-activated MAP kinase-interacting protein 1, also known

as MAPKAP1) is a 78kDA mTORC2 protein component which mediates the mTORC2
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specific Akt phosphorylation at serine 473 (Jacinto et al., 2006). mSIN1 and rictor
stabilise one another; knockdown of mSIN1 decreases rictor and vice versa (Jacinto
et al., 2006; Thedieck et al., 2007) (Pearce et al., 2007). mSIN1 interacts directly
with mTORC2 downstream target Akt (Jacinto et al., 2006).

1.4.1.8 Protor

Protor (protein observed with rictor, also known as PR55L) is an mTORC2 only
interacting protein via mSIN1 and/or rictor but is not required for mTORC2 complex
stability or kinase activity. Rictor knockout decreases protor expression suggesting
that rictor regulates protor (Pearce et al., 2007). Knockdown of protor causes an
increase in apoptosis in Hela cells and cells with protor released from mTORC2
show increased apoptosis indicating that protor functions as a pro-apoptotic
protein when not bound to mTORC2 (Thedieck et al., 2007). This is further
supported by evidence that the pro-apoptotic function of protor is not diminished

when mTORC2 assembly is disrupted (Thedieck et al., 2007).
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Figure 1.14 - Diagram of the main components of the mTOR pathway including upstream inputs and downstream effects. Image created based
on the research of (Laplante and Sabatini, 2012; Jacinto et al., 2004; Dudek et al., 1997; Peterson et al., 2009; Garcia-Martinez and Alessi, 2008;
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Sarbassov et al., 2004; Sarbassov et al., 2005; Sarbassov et al., 2006; Masri et al., 2007; Jacinto et al., 2006; Kim et al., 2002; Kim et al., 2003;
Sabers et al., 1995; Brown et al., 1995; Brown et al., 1994; Guertin et al., 2006; Hara et al., 2002; Sedrani et al., 1998; Kovacina et al., 2003;
Sancak et al., 2007; Thedieck et al., 2007; Pearce et al., 2007; Ma and Blenis, 2009; Isotani et al., 1999; Burnett et al., 1998; Holz et al., 2005;
Fingar et al., 2004; Gebauer and Hentze, 2004; A Pause et al., 1994; Dowling et al., 2010; Wang et al., 2004; Wang et al., 1995; Zhong et al.,
2000; Phillips et al., 2005; Hudson et al., 2002; Presta et al., 1997; Li et al., 2011; Peterson et al., 2011; Li et al., 2010; Porstmann et al., 2008;
Zhang et al., 2005; Kim and Chen, 2004; Liang et al., 1999; Yue et al., 2003; Qu et al., 2003; Hosokawa et al., 2009; Ganley et al., 2009; Jung et
al., 2009; Baskin and Sayeski, 2012; Amato et al., 2007; Aoyama et al., 2005; Lunhua Liu et al., 2010; Prevot et al., 2015; Jianquan Chen et al.,
2015; Potter et al., 2002; Misra and Pizzo, 2014, Stokoe et al., 1997; Hsu et al., 2011; Tzatsos and Kandror, 2006; Carracedo et al., 2008; Um et
al., 2004; Harrington et al., 2004; Young and Povey, 1998; Carpenter et al., 1990; Thorpe et al., 2015; Franke et al., 1995; Datta et al., 1996;
Alessi et al., 1997; Stambolic et al., 2001; Weng et al., 1999; Leslie et al., 2000; Sun et al., 1999; Manning et al., 2002; Inoki et al., 2002; Inoki et
al., 2003; Gwinn et al., 2008; Tee et al., 2003; Kenerson et al., 2002; Kastan et al., 1991; Sablina et al., 2005; Feng et al., 2005; Shaw et al.,
2004; Maxwell et al., 1997; Yoon et al., 2006; Sudhagar et al., 2011; Treins et al., 2002; Brugarolas et al., 2004; DeYoung et al., 2008;
Blommaart et al., 1995; Fox et al., 1998; Hara et al., 1998; Sancak et al., 2010; Kim et al., 2008; Zinzalla et al., 2011; Smith et al., 2005)
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1.4.2 Downstream of mTOR Complexes

mMTOR is known to induce or inhibit many cellular processes including protein
synthesis, angiogenesis, cell cycle progression, cell growth, lipid synthesis,
autophagy, cytoskeletal organisation, apoptosis and cell survival. The majority of
mTOR signalling occurs via mTORC1 and is involved in the initiation of translation

through the activation of translation machinery (Ma and Blenis, 2009).

1.4.2.1 mTORC1

mTORC1 acts via five main downstream effectors: p70S6 kinase, 4EBP1 (4E binding
protein 1, also known as EIF-4EBP1), HIF-1 (hypoxia inducible factor 1), PPARy
(peroxisome proliferator-activated receptor gamma) and the ULK1 complex.
MTORC1 phosphorylates and activates p70S6 kinase at threonines 389 and 412
(Isotani et al., 1999; Burnett et al., 1998). p70S6 kinase stimulates cell cycle
progression and protein synthesis (Holz et al., 2005; Fingar et al., 2004). mTORC1
also directly phosphorylates 4EBP1 to initiate translation. Translation initiation is
the first stage of protein synthesis which involves the binding of the 40S ribosomal
subunit to the 5’ end of mMRNA and ‘scanning’ until it reaches the start codon (AUG)
followed by the recruitment of the 60S ribosomal subunit to make a complete
ribosome (Gebauer and Hentze, 2004). When hypophosphorylated, 4EBP1 binds to
the 5" mRNA cap binding protein elF-4E (eukaryotic translation initiation factor 4E)
and removes it as an available component in the binding of the ribosome to mRNA
and therefore cap dependent translation (A Pause et al., 1994; Gebauer and
Hentze, 2004). mTORC1 phosphorylates 4EBP1 at threonines 36 and 45 which
prevents its association with elF-4E and allows elF-4E to act within the translation
initiation complex (Burnett et al., 1998). This results in protein synthesis which

promotes proliferation and cell cycle progression (Dowling et al., 2010).

The HIF-1 transcription factor and VEGF pathway are known to control angiogenesis
via mTORC1. The HIF-1a subunit of HIF-1 accumulates under hypoxic conditions

allowing for its association with HIF-1B (Wang et al., 1995). HIF-1a expression is
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controlled by mTORC1 signalling (Zhong et al., 2000; Phillips et al., 2005; Hudson et
al., 2002) and HIF-1 induces the VEGF pathway which increases endothelial
permeability and cellular migration (Presta et al., 1997; Wang et al., 2004). In
support of its role in inducing proliferation, mTOR signalling is also able to initiate
lipid synthesis for cellular membranes and cell growth. mTORC1 induces lipid
synthesis via the transcription factor SREBP (sterol regulatory element-binding
protein) which is regulated by p70S6 kinase (Li et al., 2011; Peterson et al., 2011; Li
et al.,, 2010; Porstmann et al., 2008). mMmTORC1 also plays a role in adipocyte
differentiation via the transcription factor PPARy (Zhang et al., 2005; Kim and Chen,
2004).

Autophagy is the lysosomic degradation and recycling of damaged or unneeded
cellular components and is a tumour suppressor function as it rids cells of damaged
organelles and decreases proliferation and tumourigenesis (Liang et al., 1999; Yue
etal., 2003; Qu et al., 2003). mTORC1 signalling suppresses autophagy via the ULK1
complex. The ULK1 complex is comprised of ULK1 (unc-51 like autophagy activating
kinase 1), Atgl3 (autophagy related 13) and FIP200 (FAK family kinase-interacting
protein of 200 kDa) (Hosokawa et al., 2009; Ganley et al.,, 2009). mTORC1
phosphorylates ULK1 and Atgl3 which inhibits the ULK1 complex and therefore
autophagy (Ganley et al., 2009; Jung et al., 2009).

1.4.2.2 mTORC2

mMTORC2 acts independently of p70S6 kinase and the TSC1/TSC2 complex and is not
involved in some of the mTORC1 downstream effects such as regulation of cell size
(Sarbassov et al., 2004; Guertin et al., 2006). The Rictor-mTOR complex is
responsible for the phosphorylation of PKCa (protein kinase C alpha) which is in
turn, at least partially, responsible for organisation of the actin cytoskeleton and
maintenance of cell morphology (Sarbassov et al., 2004; Masri et al., 2007).
mTORC2 but not mTORC1 is responsible for control of apoptosis via SGK1 (serum
and glucocorticoid-inducible kinase 1) (Dudek et al.,, 1997; Garcia-Martinez and

Alessi, 2008; Peterson et al., 2009). SGK1 is inhibitory of apoptosis via its target
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NDRG1 (N-myc downstream regulated 1) (Garcia-Martinez and Alessi, 2008; Baskin
and Sayeski, 2012; Amato et al., 2007; Aoyama et al., 2005). mTORC2 has also been
shown to play a role in anchorage dependent growth and motility, development of
immune cells, neutrophil chemotaxis and skeletal development (Masri et al., 2007,

Lunhua Liu et al., 2010; Prevot et al., 2015; Jianquan Chen et al., 2015).

Akt is both upstream of mTORC1 and downstream of mTORC2 and is differentially
phosphorylated with a dual role in mTOR pathway signalling. Akt is phosphorylated
on threonine 308 by PDK-1 after activation by PIP3 and is involved in disrupting the
TSC1/TSC2 complex upstream of mTORC1, affecting p70S6 kinase and 4EBP1
phosphorylation (Jacinto et al., 2006; Potter et al., 2002; Misra and Pizzo, 2014;
Stokoe et al., 1997). mTORC2 phosphorylates Akt on serine 473 which affects only
MTORC2 related functions such as phosphorylation of the FOXO1 and FOXO3a
transcription factors (Sarbassov et al., 2005; Jacinto et al., 2006). Phosphorylation
of Akt at serine 473 promotes cell survival and dephosphorylation at this site can

induce apoptosis (Jacinto et al., 2006).

The mTOR pathway is stabilised by a number of negative feedback loops. mTOR
mediates inhibition of PI3 kinase via adapter protein Grb10 (growth factor receptor-
bound protein 10), insulin receptor substrate (IRS) via raptor and the MAP kinase
pathway (Hsu et al., 2011; Tzatsos and Kandror, 2006; Carracedo et al., 2008).
Downstream of mTORC1, there is also evidence of IRS inhibition by p70S6 kinase
(Um et al., 2004; Harrington et al., 2004).
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1.4.3 Upstream of mTOR Complexes

1.4.3.1 mTORC1

1.4.3.1.1 TSC1/TSC2

The TSC1 (tuberous sclerosis complex 1, also known as hamartin) and TSC2
(tuberous sclerosis complex 2, also known as tuberin) heterodimeric complex is
responsible for mediating the majority of upstream signals to mTORC1 (Laplante
and Sabatini, 2012). The components of the TSC complex are named for their
involvement in the condition tuberous sclerosis which is characterised by benign

growths affecting the whole body (Young and Povey, 1998).

1.4.3.1.2 The PI3 Kinase/Akt/mTOR Axis

The majority of mTOR signalling to TSC1/TSC2 is via the multifunctional PI3
kinase/Akt axis. PI3 kinase is a heterodimeric signalling protein composed of an
85kDa regulatory subunit and a 110kDa catalytic subunit of the class IA family of PI3
kinases (Carpenter et al., 1990; Thorpe et al., 2015). The kinase activity of PI3
kinase is inhibited by its regulatory subunit until receptor activation after which it is
able to phosphorylate phosphatidylinositide (Ptdins) 4,5-bisphosphate (PIP,) to
Ptdins 3,4,5-bisphosphate (PIP3) (Thorpe et al., 2015). Activation of PI3 kinase
signalling activates Akt via PIP; dependent protein kinase 1 (PDK1) (Misra and Pizzo,
2014; Franke et al., 1995; Datta et al., 1996; Stokoe et al., 1997; Alessi et al., 1997).
The tumour suppressor PTEN (phosphatase and tensin homologue on chromosome
ten) acts to downregulate PI3 kinase signalling by dephosphorylating PIP; to PIP,
and is controlled by p53 (Stambolic et al., 2001; Weng et al., 1999; Leslie et al.,
2000; Sun et al., 1999).

Activated Akt by phosphorylation of threonine 308 prevents the colocalisation of
TSC1 with TSC2 and therefore the formation of the TSC1/TSC2 complex by
phosphorylating TSC2 at serines 939, 1086 and 1088 and threonines 1462 and 1422
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(Misra and Pizzo, 2014; Potter et al., 2002; Manning et al., 2002; Inoki et al., 2002).
The TSC1/TSC2 complex is differentially regulated by alternative phosphorylation
sites. Phosphorylation of threonine 1227 and serine 1345 can cause inhibition of
downstream mTOR signalling (Inoki et al., 2003; Gwinn et al., 2008). When in
complex with TSC1, TSC2 shows GAP (GTPase activating protein) activity toward
Rheb (rat homologue enriched in brain), converting Rheb-GTP to Rheb-GDP and
preventing its phosphorylation of mTOR at serine 2448 and therefore the
phosphorylation of downstream effectors of the mTOR pathway p70S6 kinase, S6,
4EBP1 and EIF-4G (eukaryotic translation initiation factor 4G) (Inoki et al., 2003;
Inoki et al., 2002; Tee et al., 2003; Kenerson et al., 2002).

1.4.3.1.3 The Ras/MAP Kinase pathway

In addition to PI3 kinase and Akt, TSC1/TSC2 is also downstream of the Ras/MAP
kinase pathway. MAP kinase (Erk) acts in a similar way to Akt on the TSC1/TSC2
complex by phosphorylating TSC2 and inducing its dissociation from TSC1; thereby
inactivating its inhibitory effect on mTOR. However, MAPK phosphorylates serine
664 on TSC2, which is different to the two phosphorylation sites targeted by Akt
(Ma and Blenis, 2009).

1.4.3.1.4 Stress Signals: Energy, Hypoxia and DNA Damage

It is critical that the cell is able to sense stress signals and respond accordingly, by
downregulating the positive growth effects of the mTOR pathway. Most stress-
mediated inhibition of mTOR signalling acts via the TSC1/TSC2 complex and
mMTORC1. Many cellular indicators of stress cause mTOR pathway downregulation
(Figure 1.15) by the activation of tumour suppressor gene p53. p53 is activated in
cases of DNA damage and oxidative stress (Kastan et al., 1991; Sablina et al., 2005)
and acts via both the PI3 kinase/Akt pathway and in a PI3 kinase independent
manner. p53 causes the upregulation of PTEN protein expression by directly
binding to the PTEN gene promoter (Stambolic et al., 2001). PTEN

dephosphorylates PIP3 to form PIP, in order to inhibit PI3 kinase signalling and is
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therefore a tumour suppressor gene (Weng et al., 1999; Leslie et al., 2000; Sun et
al., 1999; Thorpe et al., 2015). DNA damage, therefore, is able to inhibit the mTOR
pathway to halt growth in the case of aberant genetic mutation by inducing PTEN
expression (Feng et al., 2005). p53 also acts by upregulating the expression of
Sestrinl and Sestrin2 which act via AMP-responsive protein kinase (AMPK) to inhibit
mTORC1 pathway signalling by alternative phosphorylation of TSC2 (Budanov and
Karin, 2008). AMPK is also activated by LKB1 (liver kinase B1) by activating
phosphorylation at threonine 172 (Shaw et al., 2004). In contrast to the TSC1/TSC2
complex dissociating phosphorylation described above, AMPK phosphorylation at
threonine 1227 and serine 1345 does not activate mTOR pathway signalling but
inhibits it through an as yet unknown mechanism (Inoki et al., 2003; Gwinn et al.,
2008). In addition to involvement in the response to DNA damage, AMPK is also
important in sensing and responding to cellular energy levels. Cellular energy is
measured by ATP (adenosine triphosphate), the phosphate group donor molecule
used in signal transduction pathways which is critical in cell signalling. Protein
synthesis is a high energy consuming process and the cell must be able to respond
to ATP levels accordingly. AMPK also phosphorylates raptor to inhibit mTORC1
signalling (Gwinn et al., 2008).

Hypoxia, the state of having lower than optimal levels of available oxygen, is a
major indicator of cellular stress. Oxygen is used in cellular respiration to create
energy and is critical in normal cellular metabolism. The expression of hypoxia
inducible factor 1 alpha (HIF-1a), a subunit of the HIF-1 transcription factor which
induces the upregulation of genes involved in angiogenesis and erythropoiesis
(Maxwell et al., 1997; Yoon et al., 2006) is mediated via the mTOR signalling
pathway (Sudhagar et al., 2011; Treins et al., 2002). Hypoxia also upregulates
REDD1 which induces mTOR inhibition via the TSC1/TSC2 complex (Brugarolas et
al., 2004; DeYoung et al., 2008).
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1.4.3.1.5 Growth Signals: Nutrients and Amino Acids

Amino acids are a major cellular cue for the induction of protein synthesis and
inhibition of autophagy (Blommaart et al., 1995). Amino acids, particularly leucine,
phenylalanine and tyrosine, stimulate the mTOR pathway and cause the
phosphorylation of p70S6 kinase and 4EBP1 but do not act via the PI3 kinase or
MAP kinase pathways (Fox et al., 1998; Hara et al., 1998; Blommaart et al., 1995).
Instead amino acids directly activate Rag GTPases and promote the interaction of
Rag GTPases with mTORC1. This alters the cellular localisation of mTOR to Rheb
containing cellular compartments (Sancak et al., 2010; Kim et al., 2008; Smith et al.,
2005). Active Rheb induces mTORC1 signalling by phosphorylating mTOR at serine
2448 (Tee et al., 2003; Tee and Blenis, 2005; Inoki et al., 2003). In addition, glucose
starvation in cells activates p53 which in turn upregulates PTEN protein expression
and therefore downregulates the mTOR pathway (Feng et al., 2005) and insulin
stimulation disrupts TSC1/TSC1 complex formation via activated Akt (Potter et al.,

2002).

Amino Acids | Genotoxic Stress | ‘ Hypoxia ‘

Growth Factors \‘\.‘ / Low Energy

mTORC1

Autophagy
Protein Synthesis
Lipid Synthesis
Adipocyte Differentiation
Angiogenesis

Figure 1.15 - The cellular and extracellular cues that activate and inhibit mTORC1
signalling and the resulting downstream effects of mTORC1 activation (Ma and
Blenis, 2009; Isotani et al., 1999; Burnett et al., 1998; Holz et al., 2005; Fingar et al.,
2004; Gebauer and Hentze, 2004; A Pause et al., 1994; A. Pause et al., 1994;
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Dowling et al., 2010; Wang et al., 1995; Zhong et al., 2000; Phillips et al., 2005;
Presta et al., 1997; Wang et al., 2004; Li et al., 2011; Peterson et al., 2011; Li et al.,
2010; Porstmann et al., 2008; Zhang et al., 2005; Kim and Chen, 2004, Liang et al.,
1999; Yue et al., 2003; Qu et al., 2003; Hosokawa et al., 2009; Ganley et al., 2009;

Jung et al., 2009; Sarbassov et al., 2004; Guertin et al., 2006; Sarbassov et al., 2004;
Masri et al., 2007; Dudek et al., 1997; Garcia-Martinez and Alessi, 2008; Baskin and

Sayeski, 2012; Amato et al., 2007; Aoyama et al., 2005; Lunhua Liu et al., 2010;

Prevot et al., 2015; Jianquan Chen et al., 2015; Jacinto et al., 2006; Potter et al.,
2002; Misra and Pizzo, 2014; Stokoe et al., 1997; Sarbassov et al., 2005; Hsu et al.,

2011; Tzatsos and Kandror, 2006; Carracedo et al., 2008; Um et al., 2004;
Harrington et al., 2004; Laplante and Sabatini, 2012; Young and Povey, 1998;
Carpenter et al., 1990; Thorpe et al., 2015; Franke et al., 1995; Datta et al., 1996;
Stokoe et al., 1997; Alessi et al., 1997; Stambolic et al., 2001; Weng et al., 1999;
Leslie et al., 2000; Sun et al., 1999; Potter et al., 2002; Manning et al., 2002; Inoki et
al., 2002; Inoki et al., 2003; Gwinn et al., 2008; Tee et al., 2003; Kenerson et al.,

2002; Kastan et al., 1991; Sablina et al., 2005; Stambolic et al., 2001; Feng et al.,

2005; Budanov and Karin, 2008; Shaw et al., 2004; Maxwell et al., 1997; Yoon et al.,
2006; Sudhagar et al., 2011; Treins et al., 2002; Brugarolas et al., 2004; DeYoung et
al., 2008; Blommaart et al., 1995; Fox et al., 1998; Hara et al., 1998; Sancak et al.,

2010; Kim et al., 2008; Smith et al., 2005; Tee and Blenis, 2005; Tee et al., 2003;

Feng et al., 2005).

1.4.3.2 mTORC2

Less is understood of the upstream effectors of mTORC2 signalling. Zinzalla et al.,
demonstrated that the ribosome is required for mTORC2 signalling and that active
MTORC2 interacts with the ribosome directly, an association which is promoted by
PI3 kinase signalling. Although mTORC2 signalling requires the ribosome, it is

independent of protein synthesis (Zinzalla et al., 2011).

1.5 Ovarian Cancer, Endometriosis and the mTOR pathway

Due to its involvement in growth factor and energy sensing and its effects on
protein synthesis and cell cycle progression, the mTOR pathway is highly relevant in

disorders involving loss of growth restriction such as cancer. The mTOR pathway

has been shown to be implicated in a range of malignancies (Figure 1.16).
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Figure 1.16 - The mTOR pathway has been shown to be implicated in breast cancer,
colorectal cancer, prostate cancer, glioma, lung cancer, melanoma, osteosarcoma,
renal cell carcinoma, lymphomas, thyroid cancers, endometrial cancer, pituitary
cancer and bladder cancer (Karthik et al., 2015; Lu et al., 2015; Majumder et al.,
2004; Masri et al., 2007; Guertin et al., 2009; Jiang et al., 2009; Jiang et al., 2015;
Shin et al., 2015; Shao et al., 2015; Song et al., 2015; Kawada et al., 2014; Moraitis
et al., 2014; Schrauwen et al., 2015; Lee et al., 2015; Shu et al., 2015; Arumugam et
al., 2012; Campbell et al., 2004; Campbell et al., 2008).

The mTOR pathway has been implicated in ovarian cancer in a number of ways.
Phosphorylated 4EBP1 and p70S6 kinase show high expression in comparison to
non-malignant tissues (Castellvi et al., 2006) and phosphorylated 4EBP1 specifically
shows correlation with advanced stage and grade, greater chemoresistance and
shorter disease free survival (No et al., 2011). In addition to this, Akt, PTEN, the
catalytic and regulatory subunits of PI3 kinase, PPARy and VEGF have also been
shown to be mutated or upregulated in ovarian cancer (Zhang et al., 2005;
Masoumi-Moghaddam et al., 2015; De Marco et al., 2013; Philp et al., 2001; Levine
et al., 2005; Carpten et al., 2007; Yang et al., 2006; Obata et al., 1998).
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Upregulation of the mTOR pathway in ovarian cancer has also been associated in
vitro with increased invasion and migration including upregulation of matrix
metalloproteinase (MMP) 9, epithelial-mesenchymal transition (EMT),
angiogenesis, metastasis, increased proliferation and chemoresistance (Zhou and
Wong, 2006; Meng et al., 2006; Pon et al., 2008; Bian et al., 2010; Ip et al., 2014;
Im-aram et al., 2013; Foster et al., 2010). However, little is known about the actual
expression of mTORC components in ovarian cancer. Preliminary studies have
shown that both mTORC1 and mTORC2 via raptor and rictor are important for
ovarian cancer proliferation (Montero et al., 2012) and that mTORC2 is more
frequently active in clear cell carcinoma than serous adenocarcinoma (Hisamatsu et

al., 2013).

The genetic changes that characterise endometriosis are poorly understood;
however, the mTOR pathway has been implicated in a number of ways. Leconte et
al., found that protein expression of both Akt and p70S6K was increased in both the
eutopic endometrium and endometriotic lesions of patients with deep infiltrating
endometriosis (DIE) in comparison to control endometrium. Interestingly, there
was minimal or no difference in expression between eutopic and lesion
endometrium in patients with DIE (Leconte et al., 2011). Afshar et al., showed
changes in 23 PI3 kinase/Akt pathway related genes and 26 MAP kinase pathway
related genes in the eutopic endometrium of baboons with endometriosis (Afshar
et al.,, 2013). Both the PI3 kinase and MAP kinase pathways can inactivate the
TSC1/TSC2 complex causing a release of its inhibitory effect on mTOR kinase activity
(Potter et al., 2002; Manning et al., 2002; Ma and Blenis, 2009). Guo et al., noted
higher phosphorylated mTOR in ectopic endometrium than in eutopic or control

endometrium (Guo et al., 2015).

An interesting study by Dinulescu et al., found that inducing K-ras activation caused
an endometriosis-like condition in mice that was benign. The addition of deletion
of PTEN, a tumour suppressor gene upstream of mTOR and involved in the PI3
kinase/Akt/mTOR axis, in mice induced ovarian endometrioid adenocarcinoma.

PTEN deletion alone did not induce pathology in the same time-span. In addition,
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the study found that the combination of K-ras phosphorylation and PTEN deletion
induced the phosphorylation of Akt, mTOR and p70S6 kinase indicating that the
mTOR pathway, either by P13 kinase/Akt or Ras/MAP kinase activation is implicated
in the transformation of endometriosis to ovarian cancer (Dinulescu et al., 2005).
This is further supported by the frequent downregulation of PTEN found in ovarian
cancers (Laudanski et al.,, 2011; De Marco et al., 2013) and increased K-ras

activation in endometriosis (Shahrabi-Farahani et al., 2014; Amemiya et al., 2004).

1.6 mTOR Pathway Inhibitors

1.6.1 Rapamycin and the Rapalogues

Rapamycin (also known as Sirolimus), the first known inhibitor of mTOR kinase, was
first described in 1975 in two papers by Vezina et al., and Sehgal et al.,. Isolated
from the bacteria Streptomyces hygroscopicus found in a soil sample from Chilean
Easter Island and named for the Polynesian name for the island, Rapa Nui,
Rapamycin is a potent inhibitor of yeast and filamentous fungi but not bacteria
(Vézina et al., 1975; Sehgal et al., 1975). In 1991 the first target of Rapamycin, the
yeast equivalent of the kinase we now call mechanistic target of rapamycin (mTOR),
was identified by Heitman et al., (Heitman et al., 1991). The mammalian TOR was
discovered in 1994 and 1995 by Brown et al., and Sabers et al., respectively (Brown
et al., 1994; Sabers et al., 1995). Rapamycin’s anti-fungal properties were quickly
overshadowed when it was found to be a potent immunosuppressant and a useful
compound in preventing the rejection of transplanted organs by inhibiting the
proliferation and activation of T- and B-lymphocytes (Kay et al., 1991; Dumont et
al., 1990; Morelon et al., 2001). Rapamycin, under the brand name Rapamune
(Pfizer), was licenced for use in renal transplantation in the EU in 2001 (European

Medicines Agency, 2015c).

Since the discovery of Rapamycin, a host of semi-synthetic Rapamycin-related
MTOR inhibitors, known as Rapalogues, have been developed by modifying the C40

hydroxyl group to improve the aqueous solubility and pharmacokinetics of
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Rapamycin. These include Everolimus (Novartis), Deforolimus (Merck/ARIAD
Pharmaceuticals) and Temsirolimus (Pfizer), among others. Everolimus (also known
as RADO01) was developed by chemical modification of Rapamycin to introduce a 2-
hydroxylethyl group to the hydroxyl in position 40 (Sedrani et al., 1998). The
resulting derivative has improved pharmacokinetics for oral administration without
loss of immunosuppressive properties (Sedrani et al., 1998; Benjamin et al., 2011)
and Everolimus was approved for the treatment of renal cell carcinoma and
pancreatic and breast neoplasms by the EMA in 2009. Deforolimus (also known as
Ridaforolimus, AP23573 and MK-8669) is a non-Rapamycin prodrug derivative of
Rapamycin where the second alcohol moiety of carbon 43 has been replaced with a
phosphate group to improve solubility for oral administration (Benjamin et al.,
2011). Although Deforolimus is considered a non-Rapamycin prodrug, its
mechanism of action is the same as Rapamycin and the other rapalogues.
Deforolimus is not yet approved for use by the EMA but is currently being evaluated
in clinical trials for patients with advanced solid tumours (Di Cosimo et al., 2015;
Brana et al., 2014; Tsoref et al., 2014). Temsirolimus (also known as CCI-779) is an
ester derivative of Rapamycin. Temsirolimus was licenced in 2007 by the EMA for

treatment of renal cell carcinoma and mantle cell lymphoma (Table 1.5).

1.6.1.1 Rapamycin: Mechanism of Action

Rapamycin and the rapalogues are primarily mTORC1 inhibitors due to their effect
on raptor. They act by binding the intracellular protein FK-506 binding protein 12
(FKBP12) (Sedrani et al., 1998; Brown et al., 1994) and acting in complex to inhibit
MTOR activity by causing the dissociation of mTOR and raptor (Figure 1.17)
(Beuvink et al., 2005; Kim et al., 2002; Yip et al., 2010). The Rapamycin/FKBP12
complex binds to a domain within mTOR known as the FRB (FKBP12 Rapamycin
binding) domain and identified as amino acids 2025-2114 (Chen et al., 1995).
Rapamycin and rapalogues have been shown to have a wide range of effects both in
vitro and in vivo including G; cell cycle arrest, inhibition of proliferation, tumour
growth, angiogenesis and ascites production, improved survival, enhancement of

cytotoxic agents, suppression of T-cell proliferation and T- and B-cell activation
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(Brown et al., 1994; Beuvink et al., 2005; Treeck et al., 2006; Hahn et al., 2005;
Dumont et al., 1990; Kay et al., 1991; Mabuchi, Deborah A Altomare, et al., 2007;
Mabuchi, Deborah A. Altomare, et al., 2007; Fagone et al., 2013).

Rapamycin

Rapamycin
FKBP12

Raptor = mTOR
PRAS40 - PRAS40

Figure 1.17 - The mechanism of action of Rapamycin and the rapalogues.
Rapamycin complexes with FKBP12 and disrupts the interaction of mTOR and raptor
via the FRB domain of mTOR (Sedrani et al., 1998; Brown et al., 1994; Beuvink et al.,

2005; Kim et al., 2002; Yip et al., 2010; Chen et al., 1995).

It has recently been suggested that Rapamycin may have a secondary inhibitory
effect on mTORC2. Although Rapamycin doesn’t target mTORC2 directly, it does
bind to free mTOR (Brown et al., 1994; Sabers et al., 1995) which removes it as an
available complex component and thereupon disrupts mMTORC2 assembly
(Sarbassov et al., 2006). Although the effect of Rapamycin on mTORC1 is potent
and immediate (30 minutes) the effect on mTORC2 is less so (24 hours) (Sarbassov
et al., 2006). However, this phenomenon has only been detected in HelLa and PC3
cell lines. This may be a cell type specific response and further studies are required

to determine if this effect can be detected in other cells.

1.6.2 Dual mTOR and PI3 Kinase Inhibitors

Rapalogues are not the only method of mTOR pathway inhibition and recent
interests have turned to single compounds with dual inhibitory properties.
Targeting both mTOR and PI3 kinase is advantageous as mTOR inhibition can relieve
negative feedback loops directed at the PI3 kinase and MAP kinase pathways which

in turn activate mTORC2 signalling (Zitzmann et al., 2010; Carracedo et al., 2008).
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Resveratrol is a natural polyphenol found in some fruits, most notably in the skin of
grapes, which is a dual mTOR and PI3 kinase inhibitor. Resveratrol inhibits mTOR by
enhancing its interaction with native inhibitor DEPTOR (Meilian Liu et al., 2010) and
PI3 kinase directly via its ATP binding site (Fr6jdo et al., 2007). Resveratrol is not
currently licenced for use in any conditions but has been the subject of a number of
clinical trials focussing on nonalcoholic fatty liver disease, metabolic syndrome and
insulin sensitivity with mixed outcomes (Faghihzadeh et al., 2014; Kjaer et al., 2015;
Liu et al., 2014). NVP BEZ-235 (Novartis) is a synthetic dual mTOR and PI3 kinase
inhibitor which acts by binding to the ATP binding sites of both proteins (Maira et
al.,, 2008). NVP BEZ-235 inhibits the mTOR pathway and lessens the negative
feedback induced upregulation of mTORC2 signalling by mTORC1 inhibition by also
targeting P13 kinase (Serra et al., 2008; Briinner-Kubath et al., 2011). NVP BEZ-235
has shown more potent antiproliferative effects than rapalogues and suppresses

tumour growth in mice (Serra et al., 2008).
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Inhibitor

Rapamycin

(Sirolimus)

Everolimus

(RAD001)

Deforolimus
(Ridaforolimus,
AP23573, MK-
8669)

Mechanism of Action

Forms a complex with
FKBP12 to allosterically
inhibit mTOR

Prodrug form of

Rapamycin

Non-Rapamycin

prodrug

Molecular Structure

Chemical
Formula

C51H79N013

Cs3Hg3sNO14

Cs3HgaNO14P

Licenced Uses

Pfizer

Rapamune: prophylaxis for organ rejection

Novartis
Afinitor/Zortress: Advanced kidney cancer, post-
menopausal breast cancer, neuroendocrine

pancreatic cancer

Merck/ARIAD Pharmaceuticals

None
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Temsirolimus

(cC1-779)

Resveratrol

NVP BEZ-235
(Dactolisib)

Prodrug form of

Rapamycin

Inhibits mTOR by
promoting interaction
with native inhibitor
DEPTOR. Binds directly
to ATP binding site of
P13 kinase.

Binds to ATP binding
sites of both mTOR and
P13 kinase.

v Cs6Hg7NO16

(N\’Yj o M on
Hg 0 \o"Kf”
o \9 Q
C14H1,03
OH
HO l . O
OH
C30H23Ns0
Vi
N7

Pfizer

Torisel: Renal cell carcinoma

None

None

Table 1.5 - Molecular structures, chemical formulas and licenced uses of six mTOR or mTOR/PI3 kinase inhibitors. Table made using the
following sources (Vézina et al., 1975; Sehgal et al., 1975; Heitman et al., 1991; Brown et al., 1994; Sabers et al., 1995; Kay et al., 1991; Dumont
et al., 1990; Morelon et al., 2001; Sedrani et al., 1998; Benjamin et al., 2011; Di Cosimo et al., 2015; Brana et al., 2014; Tsoref et al., 2014;
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Beuvink et al., 2005; Kim et al., 2002; Yip et al., 2010, p.2010; Chen et al., 1995; Treeck et al., 2006; Hahn et al., 2005; Dumont et al., 1990; Kay
et al., 1991; Mabuchi, Deborah A Altomare, et al., 2007; Mabuchi, Deborah A. Altomare, et al., 2007; Fagone et al., 2013; Zitzmann et al., 2010;
Carracedo et al., 2008; Frojdo et al., 2007; Maira et al., 2008; Serra et al., 2008; Briinner-Kubath et al., 2011). Molecular structure diagrams
adapted from selleckchem.com with permission
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1.7 Point of Care Diagnostics

PoCT is becoming the gold standard of diagnostics in medical fields. PoCT allows a
test to be carried out and results obtained in a single visit to a primary or secondary
care health provider, dramatically reducing the wait time between doctor
consultation and diagnosis. This allows for immediate commencement of
treatment, increasing the likelihood of a favourable patient outcome, reducing the
chance of transmission in the case of communicable conditions, eliminating the rate
of specimen loss in transit and increasing the potential for personalised medicine.
In developing countries and low-resource settings, PoCT is perhaps even more
effective; the need for expensive central laboratories, highly trained technicians
and a reliable method of data storage can all be removed with the implementation
of a well-designed multifunctional PoCT system. Bringing the test into the clinic in
areas of high displacement reduces the likelihood of losing patient contact before
the condition has been effectively treated. With over 15,000 NHS patients waiting
longer than 6 weeks for the implementation of a diagnostic test in England in May
2015 (NHS, 2015a), PoC diagnostics is not yet a reality in the UK and is even less so

in the developing world.

1.7.1 qgPCR

gPCR, the method by which a nucleotide sequence can be exponentially amplified
and quantitatively measured in real-time, is now a mainstay in research and
medical laboratories alike. The polymerase chain reaction (PCR) was first described
by Har Gobind Khorana and Kjell Kleppe in the early 1960s but was not fully
appreciated until development by Kary Mullis in 1983, for which he won a Nobel
Prize. The method uses cycling temperatures and short nucleotide primers to
induce the amplification of deoxyribonucleic acid (DNA) with a DNA polymerase.
Significant improvements have now been made to the technique, including the
development of thermally stable DNA polymerases from the thermophilic bacteria
Thermus aquaticus (Taqg) which was originally found in the hot springs of

Yellowstone National Park (Brock and Freeze, 1969). PCR was able to become
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quantitative with the addition of SYBR® Green, a fluorophore which selectively
binds to double stranded DNA (Zipper et al., 2004) and allows amplification to be

measured in real-time by fluorescence measurement.

Full details of the development and mechanism of gPCR can be found in Appendix

1.

1.7.2 Thermal Cyclers

The three stages of the qPCR process, dissociation, primer annealing and extension,
are temperature dependent. gPCR assays are carried out on thermal cyclers;
instruments which serve to incubate the sample at appropriate temperatures and
measure fluorescence change over time. The PCR process cycles samples through a
temperature profile; typically 95°C, 60°C, and 72°C, forty times or more. The time
taken to increase or decrease the temperature between these levels, known as the
ramp rate, varies from instrument to instrument and can lengthen a gPCR
experiment to a greater or lesser degree beyond the incubation times. A typical
gPCR experiment can take more than 2 hours to complete; a time which is not

compatible with PoCT and limits the potential benefits of gPCR diagnostics.

Thermal uniformity in gPCR is the degree to which there is a temperature gradient
over the sample area and is in opposition with test speed. The absence of thermal
uniformity can cause divergence in the cycling conditions experienced by different
samples in the same assay. gPCR instruments typically connect a heat source to
sample tray via a conductive metal block. The nature of the block allows heat to
distribute evenly, after a period of equilibration. It is the time taken to even out the
applied temperature that can constrain the speed at which thermal cycling can
proceed. In addition to this, the so called ‘edge effect’ by which heat loss is greater
at the edges of the block means that thermal uniformity is difficult to maintain
without active control over the sample area. A fast gPCR instrument is only useful if

experimental integrity can be maintained (Tania Nolan, 2013).
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1.7.3 Point of Care Testing

The use of gPCR as a diagnostic method is not new but, in recent years, efforts to
improve the technique have increased and gPCR diagnostics is an ever rapidly
developing field. As the process has evolved, the applications for it have increased,
and now range from infectious diseases to paternity identification and from

forensic analysis to food processing.

gPCR diagnostic tests have been developed for many infectious conditions;
Cepheid, who specialise in clinical diagnostic testing, have cartridge based
diagnostic tests for a range of clinically relevant conditions such as MRSA and
Norovirus to accompany their GeneXpert system (Cepheid, 2015). In the cases of
infectious diseases, gPCR can be carried out for nucleic acid sequences specific to
the pathogen, for example the Zaire Ebola virus nucleoprotein gene in Ebola
haemorrhagic fever (Liu et al., 2015). However, the diagnosis of cancer by gPCR can
be challenging as it requires a comparison of ‘self with self’ and not ‘self with other’
as with infectious diseases. In the case of cancer, there is rarely a gene expressed
solely in disease states that is not also expressed to some degree in normal tissue
and so research must be used to assess the threshold for increase or decrease in
expression which can be reliably correlated with malignancy. This would require
large, multifactorial studies into cancer expression profiles which take into account
all variables which may affect gene expression including cancer type, severity, age,
race, gender, diet and lifestyle (Wu et al., 2015; Samaan et al., 2015; Knappskog et
al., 2014; Saeed et al., 2015; Liedtke et al., 2015). Due to this, the potential for false
positives or false negatives in cancer diagnosis by gene expression is high. Some
genetic biomarkers of cancer have been established, and proof of principle cancer
diagnostics by gPCR have been demonstrated. For example Dong et al., identified
the ST13 (suppression of tumorigenicity 13) gene as being expressed in lesser
guantities in colorectal mucosal carcinoma tissue in comparison to normal adjacent
intestinal mucosa in 50 patients (Dong et al., 2005). Zhou et al., showed by qPCR
that the microRNAs (miRNAs) miR-652 and miR-660 were upregulated in non-small

cell lung cancer (NSCLC) in 300 patients (Zhou et al., 2015). lJia et al., also showed
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the predictive value of miRNAs, specifically miR-21, miR-29a, miR-200a, miR-25 and
miR-486-5p, in 371 cervical cancer patients (Jia et al., 2015). Fan et al., showed that
the engulfment and cell motility 3 (ELMO3) gene is significantly upregulated in 125
non-small cell lung carcinoma (NSCLC) patients in comparison to unaffected
adjacent tissue and 89 control patients (Fan et al., 2015). However, none of these
studies is sufficiently extensive to be able to conclude that these changes could be
applied to general populations and therefore form the basis of a robust diagnostic

test.

Although a number of cancer biomarkers have been determined, limitations to
their use in PoCT exist. Consideration must be given to the source of sample for
testing by qPCR. Less invasive techniques such as blood extraction are preferable;
however, this requires that the biomarker is present in high enough quantity for
detection, if present at all, in the blood. In addition to this, haem compounds found
in blood inhibit the PCR reaction (Akane et al., 1994) which can contribute to false
negative results and eliminates whole blood from being a suitable candidate for
gPCR before processing. More invasive methods of sample collection, such as

tissue biopsy, preclude true PoCT as they require surgery.

In addition to diagnostic uses, gPCR testing can be used to assess clinically relevant
biomarkers for determining appropriate treatment approaches. Response to
certain therapeutic approaches can be highly diverse even within one cancer type
(Lalwani et al., 2011). Assessing a patient prior to treatment to establish the most
effective therapeutic path is an example of personalised medicine and would
represent a significant improvement to current methods. For example, melanoma
patients with Raf-1 proto-oncogene, serine/threonine kinase (RAF1), KRAS and
CCND1 gene copy number increases show an improved response to the addition of
Sorafenib therapy to Carboplatin and Paclitaxel treatment and low grade serous
ovarian cancer patients do not respond as well to conventional chemotherapies
(Carboplatin and Paclitaxel) as they do to alternative therapies such as Etoposide,

Doxorubicin and Topotecan (Wilson et al., 2015; Santillan et al., 2007).
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Chapter 2
Methodology

2.1 Tissue Culture
2.1.1 Cell Lines

SKOV3 and MDAH-2774 cell lines were used as models for epithelial ovarian cancer.
SKOV3 human ovarian clear cell adenocarcinoma cells were purchased from ATCC
and were derived in 1973 from the ascites of a Caucasian female patient aged 64
years. MDAH-2774 cells were purchased from ATCC and are human ovarian
endometrioid adenocarcinoma derived. They were isolated from the ascites of an
untreated female patient in 1972. MDAH-2774 cells show a trend towards triploidy,
particularly trisomy of chromosomes 1, 2, 3, 6, 11, 12, 16 and X and monosomy of
chromosomes 17 and 21; the modal number of chromosomes being 66-68
(Freedman et al., 1978). Characteristics of both cell lines are summarised in Table

2.1.

SKOV3 and MDAH-2774 cells were grown in DMEM (Dulbecco’s Modified Eagle’s
Medium, Gibco) supplemented with 10% FBS (fetal bovine serum, Gibco), 1%
penicillin/streptomycin (Gibco) and 1% L-glutamine (Gibco). Both cell lines were
cultured at 37°C/5% carbon dioxide (CO;) and subcultured when approaching 80%

confluency, approximately three times a week.
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Cell Line Origin | Grade | Key Gene Mutations | Chemotherapeutic

Sensitivities

SKOV3 Ascites | 1/2 TP53 Docetaxel
PIK3CA Paclitaxel

Carboplatin

Doxorubicin

MDAH-2774 @ Ascites | 2 TP53 Docetaxel
PIK3CA Paclitaxel

KRAS Oxaliplatin

BRCA1 (silent) Fluorouracil

BRCA2 (silent) Doxorubicin

Table 2.1 - Characteristics of two epithelial ovarian cancer cell lines, SKOV3 and
MDAH-2774. Table adapted from Beaufort et al., (Beaufort et al., 2014).

2.1.2 Tissue Culture Practice

An aseptic environment was maintained with the use of a HERAsafe laminar flow
cabinet (Heraeus), and generous and repeated applications of TriGene Advance
(Medimark Scientific) and 70% industrial methylated spirits (IMS) in dH,0 to all
surfaces and equipment used. Where possible, commercial pre-packed and pre-

sterilised items were used. Plasticware was sterilised by autoclave.

2.1.3 Thawing Cryopreserved Cells

When growing cells up from stocks frozen in liquid nitrogen, 20mL of media was
first stored in a T-75 cell culture flask in the incubator for at least one hour to allow
the media to equilibrate to the temperature and CO, conditions. After this period,
the cells were moved with speed from liquid nitrogen, defrosted in a water bath at
37°C and immediately transferred to the pre-warmed media which was then left
undisturbed in the incubator for 12 hours. At 12 hours the media was replaced
with fresh media that had been warmed to 37°C, removing the high concentration

of DMSO remaining from the freezing medium and replenishing the nutrients.
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2.1.4 Subculturing Cells

Cells were subcultured at around 80% confluency by aspirating the media,
incubating with 2.5ml TrypLE™ Express (Invitrogen) per ~75c> growth surface area
and manually disturbing the flask to detach adherent cells. The detached cells were
then suspended in 17.5mL of their appropriate media and 5mL transferred to each
of four new T-75 cell culture flasks already containing 15mL of media. All media
used in the subculturing process was first warmed to 37°C. MDAH-2774 and SKOV3

cell lines required a 1 in 4 split approximately three times per week.

2.1.5 Cryopreserving Cells

When no longer needed, stocks of each cell line were stored in liquid nitrogen. This
was achieved by aspirating the media and detaching the cells by incubating them
for two minutes with 2.5mL TrypLE™ Express (Invitrogen) per ~75cm? surface area
and manually disturbing the flask to detach adherent cells. The cells were
resuspended in 4mL of media, the suspension moved to a 50mL centrifuge tube and
centrifuged for five minutes at 12,000 RPM to form a cell pellet. The supernatant
was removed and 0.5mL of FBS and 0.4mL of media was used to resuspended the
cells. The cell suspension with 100l DMSO was added to a cryovial and cooled
slowly, first to -80°C in a Mr. Frosty freezing container (Nalgene) and then in liquid

nitrogen 24 hours later.

2.2 Cell treatments

2.2.1 Seeding Cells

Cells were seeded in 6-well plates (~10cm? surface area per well) at a specific
seeding density (100,000 cells per well except for wound healing assays where cells

were cultured to a confluent monolayer) with 2mL of appropriate media. Cell

counts to determine seeding requirements were performed with a Countess®
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Automated Cell Counter (Invitrogen) using an equal volume of Trypan Blue (0.4%)

stain to cell suspension for cell viability. Seeding volume was calculated as follows:

Total number of cells

=Viable cells per mL x Volume (in mL) of suspension

Number of cells per uL

=Total number of cells/Volume (in uL) of suspension

Volume of suspension to add to well

=Seeding density required/Number of cells per uL

Cells were allowed to proliferate for 24 hours before processing.

2.2.2 Treating Cells

Compound Concentrations ‘
Rapamycin 20nM

100nM
Everolimus 20nM

100nM

Deforolimus 100nM

1000nM

Temsirolimus 10nM

100nM

Resveratrol 25uM

50uM

NVP BEZ-235 10nM

100nM

Table 2.2 - Details of treatment compounds and concentrations used in cell
treatments.
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Cells treatment compounds were dissolved in a dimethyl sulfoxide (DMSO) carrier.
As DMSO can be cytotoxic, dilutions were calculated such that equal amounts
(0.5%) of carrier were exposed to each well despite the concentration of the
treatment. Cells treated with only carrier were used as a control. Treatment

compounds were stored at -20°C. Cell treatments used are detailed in Table 2.2.

Treatments were first mixed into prewarmed media before being applied to the
cells to ensure full homogenisation and avoid cells experiencing toxically high

concentrations of carrier or inhibitor.

2.3 Proliferation Assay

Proliferation, death and viability of the cells were assessed after treatment using a
Countess® Automated Cell Counter (Invitrogen) and trypan blue stain. Media was
aspirated from the cells which were then incubated with 200uL of TrypLE™ Express
(Life Technologies) per well and manually agitated to detach the cells. The cells
were resuspended in 800uL of appropriate media to make 1mL of cell suspension in
total. An equal volume of cell suspension was mixed thoroughly with trypan blue
stain (0.4%, trypan blue is selectively absorbed by dead cells) and applied to a
Countess® cell counting chamber slide (Invitrogen). Three readings were taken per

sample and an average value calculated.

2.4 Wound Healing Assay

Cells were assessed for their ability to close a created gap in cell growth area. One
confluent T-75 cell culture flask was seeded per three 6-well plates with 2mL
appropriate media per well and grown until there was a confluent monolayer. A
20ulL pipette tip was used create a ‘scratch’ in growth area perpendicular to a line
drawn on the underside of the well in marker pen. The media was then aspirated
and replaced with treated media. The scratch was then monitored and an image
taken after 0, 6, 12 and 18 hours. The perpendicular line of marker was used as a

landmark to ensure that an image of the same area was taken at each time point.
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2.5 Clinical Samples

2.5.1 Fresh Ovarian Tissues

Ovarian clinical tissue samples from patients with ovarian cancer, endometrial
cancer, endometriosis and fibroids as well as unaffected controls were obtained
from the University of Thessanoliki, Greece (ethical approval obtained by the local
hospital authority and by Brunel University ethics committee, Table 2.3). Samples

were shipped on dry ice in RNAlater® (Life Technologies) to preserve RNA integrity.

Pathology Total | Age <30 Age >30 Unknown Age
Control 34 12 9 13

Endometriosis | Total | Grade score <50 | Grade Score  Unknown grade

>50 score
24 12 9 3
Age <30 Age >30 Unknown age
12 9 3

Ovarian Cancer | 13

Fibroids 4
Endometrial 4
Cancer

Table 2.3 - Table detailing clinical sample details including pathology and, where
available, stage and grade of disease and age of patient at time of surgery.

2.5.2 Paraffin Embedded Ovarian Tissues

Clinical tissue arrays containing paraffin embedded ovarian samples from 20 or 70

malignancies were purchased from US Biomax (Tables 2.4 and 2.5 respectively).
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Position | Age | Diagnosis Grade

Al 40 Endometrioid adenocarcinoma I
A2 40 Necrosis tissue =

A3 57 Serous papillary cystadenocarcinoma | I
A4 57 Serous papillary cystadenocarcinoma | I
A5 48 | Clear cell carcinoma -

A6 48 | Clear cell carcinoma -

Bl 57 Serous papillary cystadenocarcinoma | I
B2 57 Serous papillary cystadenocarcinoma | I
B3 46 Fibrofatty tissue -

B4 46 Serous papillary cystadenocarcinoma | Il
B5 42 Endometrioid adenocarcinoma I

B6 42 Endometrioid adenocarcinoma I

C1 66 Serous papillary cystadenocarcinoma | Il
Cc2 66 Serous papillary cystadenocarcinoma | llI
c3 53 Serous papillary cystadenocarcinoma | llI
(o} 53 Serous papillary cystadenocarcinoma | llI
c5 35 Serous papillary cystadenocarcinoma | I
C6 35 Serous papillary cystadenocarcinoma | I
D1 52 Serous papillary cystadenocarcinoma | Il
D2 52 Serous papillary cystadenocarcinoma | llI

Table 2.4 - Details of paraffin embedded tissue on 20 sample slide.

Position | Age | Diagnosis Grade Stage
Al 40 | Clear cell carcinoma - I

A2 57 | Serous papillary carcinoma Il Ic

A3 48 | Clear cell carcinoma - I

A4 57 | Serous papillary carcinoma [ lllc
A5 43 | Serous papillary carcinoma Il lllc
A6 54 | Serous papillary carcinoma I Ic
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A7
A8
A9
Al10
Bl
B2
B3
B4
B5
B6
B7
B8
B9
B10
C1
C2
Cc3
c4
C5
Cé6
Cc7
Cc8
c9
c10
D1
D2
D3
D4
D5
D6

63
46
54
56
44
49
18
15
38
39
24
42
50
49
62
53
38
43
26
47
62
35
41
47
42
39
66
48
51
33

Serous papillary carcinoma
Serous papillary carcinoma
Serous papillary carcinoma
Hyperplastic fibrous tissue
Granular cell tumor

Serous papillary carcinoma
Immature teratoma
Endodermal sinus carcinoma
Metastatic adenocarcinoma
Serous papillary carcinoma
Endodermal sinus carcinoma
Serous papillary carcinoma
Serous papillary carcinoma
Serous papillary carcinoma
Serous papillary carcinoma
Mucinous papillary carcinoma
Metastatic adenocarcinoma
Clear cell carcinoma

Serous papillary carcinoma
Serous papillary carcinoma
Squamous cell carcinoma
Dysgerminoma
Dysgerminoma

Serous papillary carcinoma
Clear cell carcinoma
Metastatic adenocarcinoma
Metastatic adenocarcinoma
Malignant follicular theca cytoma
Serous papillary carcinoma

Metastatic signet-ring cell carcinoma

lllc

lllc

lllc
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D7
D8
D9
D10
E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
G1
G2
G3
G4
G5
G6

18
40
43
55
46
57
75
69
30
42
48
22
50
32
48
50
65
38
31
55
51
65
26
55
49
48
46
63
37
35

Mixed germ cell tumor

Metastatic signet-ring cell carcinoma
Granular cell tumor

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma (sparse)
Serous papillary carcinoma

Serous papillary carcinoma

Clear cell carcinoma

Serous papillary carcinoma

Clear cell carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma
Metastatic adenocarcinoma
Metastatic adenocarcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma
Metastatic signet-ring cell carcinoma
Serous papillary carcinoma

Serous papillary carcinoma

Serous papillary carcinoma

Malignant tumor (sparse)
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G7 12 Dysgerminoma =
G8 55 | Serous papillary carcinoma Il
G9 20 | Malignant tumor cell (sparse) -
G10 55 | Serous papillary carcinoma Il

Table 2.5 - Details of paraffin embedded tissue on 70 sample slide.

2.5.3 Whole Blood

Whole blood from 7 ovarian cancer patients and 6 unaffected controls were
obtained from the Department of Obstetrics and Gynaecology at University
Hospital, University of Crete, Greece (ethical approval obtained by the local hospital
authority and by Brunel University ethics committee). Samples were extracted into

EDTA vacuum tubes and shipped on dry ice.

2.6 RNA Extraction

mRNA was extracted from cells to examine gene expression transcripts. All surfaces
and equipment were cleaned thoroughly with 70% IMS before and throughout any
RNA work. RNA was stored at -80°C when not in use and kept on ice at all other

times to prevent degradation.

2.6.1 From Cultured Cells

2.6.1.1 GenElute™ (Sigma Aldrich)

GenElute™ Mammalian Total RNA MiniPrep Kit is a commercially available silica
membrane, spin column based RNA extraction system. Media was removed from
the cells, collected in pre-labelled sample tubes and stored at -80°C for later use.
The cells were briefly washed in phosphate buffered saline (PBS, Gibco) and 250uL
of lysis buffer per 10cm? cell growth area containing 1% B-mercaptoethanol per

well was applied directly to the cells to lyse cell membranes and inactivate RNases.
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The plate was then gently rocked to ensure all cells were covered and incubated at
room temperature for 60 seconds to ensure complete cell lysis. The bottom of each
well was scraped with a pipette tip and the lysate was transferred into a blue
filtration column contained within a collection tube and centrifuged for 2 minutes
at 12,000 x g to remove cellular debris and shear DNA. The filtered lysate was then
mixed with 250uL of 70% ethanol to enhance binding of nucleic acids to the silica
membrane and loaded into a red silica column contained within a collection tube.
*The column was centrifuged for 15 seconds at 12,000 x g; the flow-through was
discarded as the RNA was now bound to the membrane. The RNA was washed
three times, once with Wash Solution | and twice with Wash Solution Il (supplied in
kit) by centrifuging for 15 seconds at 12,000 x g to remove impurities including
proteins, cellular debris and salts. A final centrifugation of 12,000 x g for 2 minutes
was carried out to ensure that the ethanol was completely removed from the
membrane. RNA was eluted by placing the membrane column in a fresh collection
tube, applying 50uL of pure water (elution solution) to the membrane and

centrifuging at 12,000 x g for 60 seconds. RNA was stored at -80°C until further use.

2.6.1.2 NucleoSpin® (Macherey-Nagel)

NucleoSpin® RNA/Protein is a commercially available silica membrane, spin column
based dual RNA and protein extraction system. Media was removed from the cells,
collected in pre-labelled sample tubes and stored at -80°C for later use. The cells
were briefly washed in PBS (Gibco) and lysis buffer (350ul per 10cm? of cells) was
added directly to the adherent cells to lyse cell membranes and inactivate RNases.
The bottom of each well was scraped with a pipette tip and the lysates were
collected in sample tubes and stored on ice before processing. Each tube was
vortexed for at least ten seconds to ensure complete lysis of the cells. Each lysate
was passed through a clearing membrane to reduce viscosity and remove cellular
debris. 350ul of 70% ethanol was added to each of the lysates to enhance the RNA
binding efficiency to the silica membrane. The lysates were then passed through a

silica membrane by centrifugation for 30 seconds at 11,000 x g. The protein, now
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contained within the flow through, was stored at +4°C for later processing. Salt was
removed from the membrane and bound RNA with 350ul Membrane Desalting
Buffer (centrifuged for one minute at 11,000 x g) to enhance the subsequent
rDNase digest where 95ul of rDNase reaction mixture was incubated on the silica
membrane for 15 minutes at room temperature to remove any DNA. The rDNase
was inactivated and residual protein, salts and contaminants removed by one wash
with 200l of Buffer RA2 (centrifuged for 30 seconds at 11,000 x g), one wash with
600ul of Buffer RA3 (centrifuge for 30 seconds at 11,000 x g) and one wash with
250ul of Buffer RA3 (centrifuge for 2 minutes at 11,000 x g). The membrane bound
RNA was rehydrated and eluted with 60ul of RNase-free water and stored at -80°C

until further use.

2.6.2 From Tissue Samples (from GenElute™ kit by Sigma Aldrich, above)

Tissue samples were removed from RNAlater® (Life Technologies) and 40mg of
tissue was placed in a sterile 2mL sample tube with 500puL of lysis buffer containing
1% B-Mercaptoethanol and a 2mm ball bearing. The tissue was then homogenised,
membranes lysed and RNases inactivated with a TissueLyser Il (Qiagen) tissue lyser
for 2 minutes. The homogenised tissue was transferred into a blue filtration
column contained within a collection tube and centrifuged for 2 minutes at 12,000 x
g to remove cellular debris and shear DNA. The filtered lysate was then mixed with
500uL of 70% ethanol to enhance binding of nucleic acids to the silica membrane
and loaded into a red silica column contained within a collection tube. GenElute”

protocol was then continued as above from *.

2.6.3 From Whole Blood

RNA was extracted from whole blood using the QlAamp® RNA Blood Mini Kit
(Qiagen). 1mL of whole blood was mixed with 1mL of Buffer EL and incubated on
ice for 15 minutes to lyse erythrocytes. Samples were centrifuged for 10 minutes at

400 x g to form a cell pellet and the supernatant was discarded. 2mL of Buffer EL
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was vortexed with the pellet which was centrifuged for a further 10 minutes at 400
X g to ensure complete removal of erthythrocytes and supernatant was discarded.
600uL of Buffer RLT was added to the pellet and vortexed to remove clumps. The
cell mixture was then transferred to a QlAshredder spin column and centrifuged for
2 minutes at 13,000 x g to lyse cells and remove debris. 600uL of 70% ethanol was
mixed into the lysate to enhance RNA binding efficiency and was then transferred
into a QlJAamp® spin column. The QlAamp® spin column was centrifuged for 15
seconds at 8000 x g to bind RNA to the silica membrane. Flow through was
discarded and the spin column was transferred to a fresh collection tube. The
membrane was washed in 700uL Buffer RW1 followed by 500uL of Buffer RPE by
centrifuging for 15 seconds at 8000 x g. A further wash in 500uL of Buffer RPE was
followed by centrifugation for 3 minutes at 20,000 x g to dry the membrane before
RNA elution. The QlAamp® spin column was transferred to a fresh collection tube
and 30uL of RNase-free water was applied directly to the membrane. Samples
were centrifuged for 1 minute at 8000 x g and eluted RNA was stored at -80°C until

further processing.

2.6.4 RNA Quantification

1uL of extracted RNA per sample was analysed spectrophotometrically for
concentration and purity using a NanoDrop 2000C (Thermo Fisher Scientific).
Concentration was calculated from absorbance at 280nm and purity was calculated

by A,e0/Azs0 ratio with an acceptable range of 1.7-2.0.

2.7 cDNA Synthesis

Complementary DNA (cDNA) was synthesised from extracted RNA for use in gPCR
experiments. All surfaces and equipment were cleaned thoroughly with 70% IMS
before and throughout cDNA synthesis work. Random primers were chosen over
oligo-dT in order to avoid 3’ poly-A tail weighting. RNA volume input was calculated

by the following:
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RNA input

=desired cDNA concentration/RNA concentration (ng/ulL)

2.7.1 SuperScript® Il (Life Technologies)

RNA input was calculated and the appropriate amount, made up to 10uL with pure
H,0, was mixed in one 0.6mL, thin walled sample tube for each sample. 2uL of
primer/dNTP mix (Table 2.6) was added each tube which was then heated to 65°C
for 5 minutes in a heat block to denature RNA secondary structure. Samples were

cooled on ice immediately after incubation to stop the reaction.

Reagent Volume per sample
Random Hexamer Primers (3ug/uLl) | 1uL
dNTPs (10mM) 1lul

Table 2.6 - Reagent volumes for primer/dNTP mix for one sample for use in
the SuperScript@|l Reverse Transcriptase cDNA synthesis kit (Life
Technologies)

Each tube was briefly centrifuged to collect contents. 7uL of First Strand Buffer mix
(Table 2.7) was added to each sample to maintain appropriate pH and incubated at
room temperature for 2 minutes before 1pL Superscript® Il enzyme was added.
The samples were then incubated at room temperature for 10 minutes to anneal
the primers, 42°C for 50 minutes to extend the synthesis and 70°C for 10 minutes to

inactivate the enzyme. cDNA was stored at -20°C until further processing.

Reagent Volume per sample
First Strand Buffer | 4ulL
0.1M DTT 2uL
Pure H,O 1uL

Table 2.7 - Reagent volumes for First Strand Buffer mix for one sample for use in the
SuperScript® |l Reverse Transcriptase cDNA synthesis kit (Life Technologies).
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2.7.2 nanoScript’ 2 (Primerdesign)

RNA input was calculated and the appropriate amount, made up to 9uL with pure
H,0, was mixed in one 0.6mL, thin walled sample tube for each sample. 1ulL of
random nonamer primers were added to each sample which were then incubated
at 65°C for 5 minutes to denature RNA secondary structure. The samples were

cooled on ice and 10uL of extension buffer (Table 2.8) was added to each sample.

Reagent Volume per sample
nanoScript™ 2 4X Buffer | 5uL
dNTP mix (10nM) 1l
Pure H,O 3ulL
nanoScript™ 2 enzyme 1uL

Table 2.8 - Reagent volumes for extension buffer for one sample for use in the
nanoScript” 2 Reverse Transcription kit (Primerdesign).

Tubes were vortexed and briefly centrifuged to collect reagents. The samples were
incubated at room temperature for five minutes to allow primer annealing, 42°C for
20 minutes to extend the reaction and 75°C for 10 minutes to inactivate the

reaction. cDNA was stored at -20°C until further processing.

2.8 Protein Extraction

Protein was extracted from cultured cells in 6-well plates in order to examine

expression patterns of phosphorylated p70S6 kinase, caspase 3 and caspase 9.
2.8.1 Laemmli Buffer
Media was aspirated and cells were washed briefly in PBS (Gibco). 100uL of

Laemmli buffer (Table 2.9) was added per 10cm? cell growth area and the plate

gently rocked to cover all cells. Cells were scraped with a pipette tip and lysate was
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transferred into a sterile 1.5mL sample tube. Lysates were denatured by boiling for

10 minutes at 95°C in a heat block before storage at -20°C until further use.

Reagent Volume
Tris (pH 6.8) 1mL
10% SDS 4mL
Glycerol 2mL

B-mercaptoethanol | 0.5mL
deO 2.5mL
Bromophenol blue | Small amount to achieve desired colour to aid visualisation

Table 2.9 — Volume of components of 10mL Laemmli buffer.

2.9 Reference Gene Assessment

Gene Name @ Gene

ACTB* Actin, beta (mRNA)

GAPDH* Glyceraldehyde-3-phosphate dehydrogenase (mRNA)
UBC* Ubiquitin C (mRNA)

B2M* Beta-2-microglobulin (mRNA)

YWHAZ* Phospholipase A2 (mRNA)

RPL13A* Ribosomal protein L13A (mRNA)

18S 185 RNA (rRNA)

cyc1 Cytochrome C-1 (mRNA)

EIF4A2 Eukaryotic translation initiation factor 4A isoform 2 (mRNA)
SDHA Succinate dehydrogenase complex (mRNA)

TOP1 Topoisomerase (DNA) 1 (mRNA)

ATP5B ATP synthase subunit (mRNA)

Table 2.10 - Clinical samples were assessed for the most stably expressed reference
gene using the geNorm” human 12 gene kit from Primerdesign. The above table
details the 12 genes included in the kit. Genes included in the 6 gene kit are denoted
with an asterisk.
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According to MIQE guidelines (minimum information for the publication of qPCR
experiments), an assessment of the most appropriate reference genes specific to
the samples used must be carried out prior to any qPCR experiment. In light of this,
a selection of samples representing the whole cohort in each experiment were
assessed using the either the geNormm human 12 gene kit or geNormm human 6

gene kit (Primerdesign). The genes assessed are detailed in Table 2.10.

2.9.1 geNorm™ with PrecisionPLUS" Mastermix (Primerdesign)

geNorm™ experiments were prepared in a qPCR exclusive area and all equipment
used was sterilised using TriGene Advance (Medimark Scientific) and 70% IMS
(industrial methylated spirits) initially and repeatedly throughout the preparation.
All reagents were defrosted and stored on ice when in use to preserve their
integrity and SYBR® Green containing reagents were kept in a light proof bag
whenever possible. geNorm™ experiments were carried out on a 7900HT Fast
thermal cycler (Life Technologies). PrecisionPLUS " Mastermix by Primerdesign was
used for geNorm™ experiments as per manufacturer’s instructions. PrecisionPlus”
Mastermix is pre-prepared master mix containing a hot start Tag polymerase
enzyme, SYBR" Green | dye and deoxynucleoside triphosphates (dNTPs). Primers in
the geNorm™ kit were supplied lyophilised and so tubes were briefly centrifuged to
collect dry components at the bottom of the tubes which were then rehydrated
with 220uL of pure H,0. Forward and reverse primers were contained within the
same tube. Samples were run in duplicate and so small mixes were made up for

each primer for (n x 2)+1 containing the following (Table 2.11):
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Reagent Volume (pL) for n=1
Primer Mixture 1

PrecisionPLUS Mastermix @ 10

Pure H,0 4
cDNA (5ng/uL) 5
Total 20

Table 2.11 - Volume of components for primer mixes in geNorm™ experiment.

cDNAs for representative samples were diluted to be 5ng/uL. 15uL of the primer
mix was pipetted into each well (two reactions for each sample) of a MicroAmp®
Fast Optical 96-Well Reaction Plate (Life Technologies) followed by 5uL of
appropriate cDNA. The wells were sealed hermetically with a transparent, contact
adhesive sealing film and the plate centrifuged to ensure all the reagents had
collected. The reagents were then subject to the following thermal protocol (Table

2.12):

Temperature Time Cycles
95°C 2 minutes 1
95°C 15 seconds | 40
60°C 60 seconds

Fluorescence Measurement | -
Dissociation Curve 60-95°C 1

Table 2.12 - The thermal protocol of a geNorm™ experiment on a 7900HT Fast
thermal cycler (Life Technologies).

Following the amplification protocol, the dissociation temperature of the PCR
products generated were assessed by a dissociation protocol. In this protocol the
temperature was increased by 1°C from 60-95°C and a fluorescence measurement
taken at each increase. The differential fluorescence was plotted against the
temperature (°C) to determine the temperature at which the product strands

dissociated.
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2.9.2 geNorm™ Analysis

geNorm™ was analysed using qBase+ software (Biogazelle). gPCR data was
uploaded and gBase+ calculated an M and V value for expressional stability and

optimum number of reference genes to use respectively.

2.10 qPCR

gPCR (quantitative polymerase chain reaction) was used to assess relative gene
expression in a number of different experiments. qPCR experiments were prepared
in an exclusive area and all equipment used was sterilised using TriGene Advance
(Medimark Scientific) and 70% IMS (industrial methylated spirits) initially and
repeatedly throughout the preparation. All reagents were defrosted and stored on
ice when in use to preserve their integrity and SYBR® Green containing reagents

were kept in a light proof bag whenever possible.

2.10.1 Primers

The primer sequences for mTOR, DEPTOR, rictor, raptor and 18S RNA were taken
from Foster et al., (Foster et al.,, 2010). Primer Design does not disclose the
sequence of the primers used in their geNorm™ kit. As it is a MIQE requirement to
publish primer sequences, alternative primers were designed for the selected
reference genes, YWHAZ and RPL13A, using the OligoPerfect” Designer (Life
Technologies), keeping the T, and product size (base pairs, bp) as similar as
possible to the Primer Design primers. Below is a summary of the primers (Table

2.13):
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Name Amplicon Strand Size Sequence (5’-3’)

Size (bps) (bases)
mTOR 135 Forward | 20 tgccaactaccttcggaacc
Reverse @ 20 gctcgcttcacctcaaattc
DEPTOR | 202 Forward | 20 caccatgtgtgtgatgagca
Reverse | 20 tgaaggtgcgctcatacttg
Rictor 117 Forward | 20 ggaagcctgttgatggtgat
Reverse | 20 ggcagcctgttttatggtgt
Raptor 170 Forward | 20 actgatggagtccgaaatgc
Reverse | 20 tcatccgatccttcatcctc
YWHAZ 127 Forward | 20 agacggaaggtgctgagaaa
Reverse | 20 gaagcattggggatcaagaa
RPL13A 144 Forward | 20 cctggtctgagcccaataaa
Reverse | 20 cttgctcccagcttcctatg
18S RNA | 155 Forward | 20 aaacggctaccacatccaag
Reverse | 20 cctccaatggatcctcgtta

Table 2.13 - The primer sequences for the mTOR, Deptor, Rictor and Raptor, YWHAZ
and RPL13A genes. mTOR, DEPTOR, rictor, raptor and 185 RNA were taken from
Foster et al., (Foster et al., 2010). YWHAZ and RPL13A primers were designed by

Oligo Perfect Designer (Invitrogen). All primers were synthesised by Sigma-Aldrich.

None of the primers used showed evidence of primer dimer formation.

Primers were supplied lyophilised and so were briefly centrifuged to collect dry
components at the bottom of the tubes. Primers were then rehydrated according

to manufacturer’s direction.

2.10.2 Gel Electrophoresis

Primers were validated by running PCR products on a 2% agarose gel. 2g of agarose
(Fisher Scientific) was added to 100mL of 1 X tris borate EDTA (TBE, 89mM Tris-
borate, 2mM EDTA, pH 8.3) buffer and microwaved for 2 minutes or until the

agarose has dissolved and the mixture was clear. The mixture was cooled to
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approximately 50°C and 5uL ethidium bromide was added and mixed well. The gel
was poured into a prepared casting tray on a level surface and a 20 well comb
inserted at one end. The gel was left to set for approximately 25 minutes and
transferred into a tank containing 1 X TBE buffer. 2uL of DNA loading buffer was
added to 20uL gPCR product and mixed well to aid loading and visualisation of
migration through the gel. 15uL of this mixture was added to each well. In a
separate well 5pL of 1kb Plus DNA Ladder” (Life Technologies) was added as a
measure of product size. The gel was run at 100V and 400mA for approximately 45
minutes until the product had migrated a satisfactory distance. The gel was
visualised using a Gel Doc™ XR+ Imaging System (Bio-Rad) and analysed visually for
consistency of product size to predicted product size and the presence of extra

products which may represent contamination or primer dimers.

2.10.3 Power SYBR® Master Mix (Life Technologies)

Power SYBR" Master Mix (Life Technologies) was used with a 7900HT Fast thermal
cycler (Life Technologies). Power SYBR® Master Mix is pre-prepared master mix
containing AmpliTag Gold DNA Polymerase, SYBR® Green | dye and dNTPs (with a
blend of dUTP and dTTP). Reactions were formulated as follows (Table 2.14):

Reagent Volume (uL) for n=1

Power SYBR® Master Mix (2x) | 10

Pure H,0 7
Forward Primer (10puM) 1
Reverse Primer (10pM) 1
cDNA (100ng/uL) 1
Total 20

Table 2.14 - Volume of components for primer mixes in gqPCR experiment with
Power SYBR® Master Mix (Life Technologies).
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A different mix was prepared for each primer set. 19uL of the appropriate mix and
1uL of cDNA was dispensed into a MicroAmp® Fast Optical 96-Well Reaction Plate
(Life Technologies) according to a pre-designed well plan. NTCs (non-template
controls), where water was substituted for cDNA, were included for each of the
primer mixes as a negative control. According to MIQE guidelines and geNorm™
analysis completed previously, 2 reference genes, RPL13A and YWHAZ, were
expressionally stable and thus were included as an endogenous controls. The wells
were sealed hermetically with a transparent, contact adhesive sealing film and the
plate centrifuged to ensure all the reagents had collected. The sample plate was

subjected to a temperature protocol consisting of the following (Table 2.15):

Step Temperature | Time Cycles

Hot Start 95°C 10 minutes | 1

Amplification 95°C 15 seconds | 40
60°C 60 seconds

Fluorescence Measurement | 60°C -
Dissociation Curve 60-95°C 1 1

Table 2.15 - The thermal protocol of a gPCR experiment using Power SYBR® Master
Mix on a 7900HT Fast thermal cycler (both Life Technologies).

Following the amplification protocol, the dissociation temperature of the PCR

products generated were assessed by a dissociation protocol as described above.

2.10.4 Kapa SYBR® Fast Universal Master Mix (Kapa Biosystems)

Kapa SYBR® Fast Universal Master Mix (Kapa Biosystems) was used with an xxpress”
thermal cycler (BJS Biotechnologies). Kapa SYBR® Fast Universal Master Mix is pre-
prepared master mix containing a DNA Polymerase, SYBR® Green | dye and dNTPs.

Reactions were formulated as follows (Table 2.16):

72



Reagent Volume (uL) for n=1

Kapa SYBR® Fast Universal Master Mix (2x) | 2

Forward Primer (2.5uM) 1
Reverse Primer (2.5uM) 1
cDNA (25ng/uL) 1
Total 5

Table 2.16 - Volume of components for primer mixes in gPCR experiment with Kapa
SYBR® Fast Master Mix (Kapa Biosystems).

A different mix was prepared for each primer and cDNA set. 5ul of the appropriate
mix was dispensed into a 96-Well xxplatem (BJS Biotechnologies) according to a pre-
designed well plan. NTCs (non-template controls), where water was substituted for
cDNA, were included for each of the primer mixes as a negative control. The wells
were sealed hermetically with a transparent, heat adhesive sealing film using an
xxsealer (BJS Biotechnologies). The sample plate was subjected to a temperature

protocol consisting of the following (Table 2.17):

Step Temperature | Time Cycles

Hot Start 95°C 3 minutes 1

Amplification 95°C 15 seconds | 40
60°C 60 seconds

Fluorescence Measurement | 60°C -
Dissociation Curve 50-95°C - 1

Table 2.17 - The thermal protocol of a qPCR experiment using Kapa SYBR® Master

Mix (Kapa Biosystems) on an xxpress’ thermal cycler (BJS Biotechnologies).

Following the amplification protocol, the dissociation temperature of the PCR

products generated were assessed by a dissociation protocol as shown in Table

2.17.
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2.10.5 gPCR Analysis

Amplicon load can be measured in two ways, by absolute or relative quantification.
Absolute quantification measures amplification in relation to a known standard to
provide an absolute copy number. Relative quantification measures amplification
in relation to a reference gene or genes which are stably expressed under the
conditions of the experiment (for example after treatment of cultured cells with a
drug compound). The most common way to analyse relative quantification gPCR

data is the A or AAC,; method detailed below:

=C,4 (gene of interest) - C, (reference gene)

(Normalises GOI expression to the reference gene)

AAC,
=ACq (sample) - AC, (calibrator)
(Normalises GOl expression in a sample to that of a calibrator, for example

untreated cells)

For AC, method: RQ = 2
For AAC, method: RQ = 2%

(Inverts value to show change whilst assuming 100% efficiency)

The AAC; method demonstrates fold change in expression in comparison to a
calibrator and is only appropriate when a valid calibrator is available; for example in
the case of cultured cells treated with a drug compound the calibrator would be the
same cells under basal conditions. In the case of gene expression in clinical
samples, unless each sample is matched to non-affected adjacent tissue and the
assumption is made that the tissue is ‘normal’, it is not acceptable to match the AC,
value from one patient to that of a different patient as natural individual

differences will mean that gene expression will differ from person to person. If this
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is the case, the AC4 method can be used to provide a comparison between samples

and calibrators.

2.11 Western Blotting

Protein expression of caspases 3 and 9 and phosphorylated p70S6 kinase in cell
lysates was analysed by western blot. Proteins were separated by mass by SDS-
PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis). A 12%

resolving and 5% stacking gel were used and were prepared as follows (Table 2.18):

Reagent Resolving Gel (mL) | Stacking Gel (mL)
dH,0 1.6 3.4
30% Acrylamide/Bisacrylamide (Sigma- | 2 0.83
Aldrich)

1.5M Tris (pH 8.8) 1.3 N/A
1M Tris (pH 6.8) N/A 0.63
10% SDS (sodium dodecyl sulphate) 0.05 0.05
10% Ammonium Persulphate (APS) in 0.05 0.05
dH,0

TEMED (tetramethylethylenediamine) 0.002 0.005
Total 5 5

Table 2.18 - Formulations of resolving and stacking gels.

The gels were poured at a thickness of Imm between glass plates according to the
recipes in Table 2.18. Resolving gel was topped with 100% methanol to level and
allowed to set for 20-30 minutes at room temperature. Once the resolving gel had
set the methanol was poured away, the gel was washed with distilled H,O and
excess water removed with filter paper. The stacking gel was poured on top of the
resolving gel at an approximate height of 2cm, and a comb placed between the
glass plates to form wells. The stacking gel was left to set for a further 20-30

minutes at room temperature.
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Cell lysates were incubated at 95-100°C for at least 10 minutes to linearise the
protein, break down disulphide bonds and remove tertiary structure. SDS in the
protein buffer and gel serves to coat the protein in a consistent negative charge to
avoid the varying charges on amino acids to affect migration of the protein through
the gel. 10ul of each sample was loaded into each well according to a predesigned
well plan. 5ul of PageRuler” Prestained Protein Ladder (Life Technologies) was used
as a reference of mass. The gels were run in 1X Running Buffer (Table 2.19) at 100V
and 40mA per gel until the visible blue band of Laemmli buffer was close to the
bottom of the gel and the ladder was fully separated out. When the samples move
through the stacking gel they are concentrated between a chloride and glycine
front and so enter the resolving gel simultaneously. The proteins are then able to
separate based on their mass by their differential rate of movement through the

resolving gel.

Reagent Quantity
Tris Base 30g
Glycine 44g

10% SDS 100mL
dH,0 Up to 1L

Table 2.19 - Formulation of 10X Running Buffer.

The separated proteins were then electrophoretically transferred onto a
nitrocellulose membrane (Thermo Scientific) in Wet-Transfer Buffer (Table 2.20).
The transfer apparatus were assembled while immersed in Wet-Transfer Buffer to
avoid the gel and membrane drying out. The membrane and gel were sandwiched
between sponges and filter paper and placed in a cassette before being placed in a

tank of Wet-Transfer buffer and run at 100V and 300mA for 2 hours.
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Reagent Quantity

Tris Base 2.41g
Glycine 11.25g

dH,0 Up to 800mL
Methanol 200mL

Table 2.20 - Formulation of 1X Wet-Transfer Buffer.

After successful transfer the protein ladder was visible on the nitrocellulose
membrane. The membrane was then rinsed briefly in 1X TBS Tween (Tables 2.21
and 2.22) and incubated in 50mL of 5% cow’s milk (Marvel milk powder in TBS

Tween) for one hour at room temperature on a shaker.

Reagent Quantity
Tris Base 24.2g
NaCl 80g
dH,0 Upto 1L
Table 2.21 - Formulation of 10X TBS.

Reagent Quantity
10X TBS 100mL
dH,0 899mL

Tween 20 ImL

Table 2.22 - Formulation of 1X TBS Tween.

After blocking, the membrane was washed four times for ten minutes each in TBS
Tween to remove any unbound milk proteins. A primary antibody (Table 2.23)
diluted in 5% bovine serum albumin/TBS Tween was applied to the membrane and
incubated overnight at 4°C on a shaker. The membrane was then washed a further
four times for ten minutes each in TBS Tween to remove any unbound primary

antibody. The secondary antibody (Table 2.23) was diluted in 5% bovine serum
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albumin/TBS Tween and incubated with the membrane for one hour at room

temperature.

After a further four ten minute washes in TBS Tween to remove any unbound
secondary antibody, the membrane was stored in TBS Tween while reagents are
prepared for visualisation of the proteins by enhanced chemiluminescence (ECL).
Development of the membranes was carried out in a dark room so as not to spoil
the light-sensitive x-ray films. Solution A and B were prepared (Table 2.24)
beforehand, mixed and applied to the drained membranes in the dark room. The
membranes were incubated for five minutes, blotted on filter paper and exposed to
x-ray film within a light impermeable cassette for a range of times (usually 30
seconds to 5 minutes). The films were developed on a Curix60 (AGFA) automatic

developing machine.
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Primary Antibody

Anti-Caspase 3 (full length and
large cleaved fragment)
Anti-Caspase 9 (full length and
large cleaved fragment)
Phosphorylated p70S6 kinase
(Thr 3%

GAPDH

Dilution | Species

1:1000 Rabbit

1:1000 Rabbit

1:750 Rabbit

1:1000 Rabbit

Molecular

Weight (kDa)

17,19 & 35

35,37 & 47

70

37

Supplier

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Secondary Antibody

Anti-rabbit, HRP-conjugated

Anti-rabbit, HRP-conjugated

Anti-rabbit, HRP-conjugated

Anti-rabbit, HRP-conjugated

Table 2.23 - Details of antibodies used in western blotting experiments

Solution A
Reagent

100mM TRIS (pH 8)
Luminol

Coumaric Acid

Quantity
5mL
50uL
22l

Solution B

Reagent

100mM TRIS (pH 8)

Quantity
5mL

Hydrogen Peroxide (30%) @ 3ulL

Table 2.24 - Formulation of solutions A and B for enhanced chemiluminescence.

Dilution

1:2000

1:2000

1:2000

1:2000

Supplier

Sigma

Sigma

Sigma

Sigma
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2.11.1 Western Blot Analysis

Western blots for caspase 9 were analysed densitometrically using ImageJ software
(National Institutes of Health). Optical density (OD) of the bands representing total
and cleaved fragment caspase 9 was measured and a ratio calculated by dividing

the cleaved fragment OD by the total OD.

2.12 ImageStream

Protein expression and localisation was investigated using ImageStream (Amnis)
high resolution flow cytometry. Expression and cellular location of mTOR, DEPTOR,
rictor and raptor was assessed using ImageStreamm (Amnis) imaging flow

cytometry.

2.12.1 Fixing Cells

Cells were cultured in T-75 tissue culture flasks until 80-90% confluent. Media was
aspirated and the cells were washed briefly in PBS (Gibco). The cells were
incubated with 2.5mL of TrypLE™ Express (Invitrogen) per ~75¢° growth surface
area and the flask was manually disturbed to detach adherent cells which were
resuspended in 2.5mL of prewarmed PBS (Gibco). Cell suspension was transferred
into a 50mL centrifuge tube and centrifuged for 5 minutes at 1200 RPM to form a
pellet. Supernatant was removed and cells were resuspended in 5mL of
prewarmed PBS (Gibco) a further two times to remove debris. The pellet was then
resuspended in 1mL of prewarmed PBS (Gibco), transferred to a 1.5mL
microcentrifuge tube and centrifuged for 5 minutes at 1200 RPM. The supernatant
was removed and the cells were resuspended and incubated in 4%
paraformaldehyde (PFA, Sigma) for 7 minutes to crosslink proteins in the cells. The
sell suspension was centrifuged for 2 minutes at 3600 RPM and the PFA removed.
The cells were washed in prewarmed PBS a further three times, centrifuging for 2
minutes at 3600 RPM between each wash. The cells were then resuspended in ice-

cold methanol-acetone (1:1) and stored at -20°C until further use.
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2.12.2 Staining Cells

The cells were incubated in blocking buffer (5% bovine serum in PBS) for 30 minutes
with gentle agitation. Cells were centrifuged for 3 minutes at 2000 RPM and the
blocking buffer was removed. The cells were then incubated in the appropriate
primary antibody (Table 2.25) diluted in blocking buffer overnight at 4°C with gentle
agitation. Following primary antibody incubation, cells were centrifuged for 3
minutes at 2000 RPM and the antibody removed. The cells were resuspended in
PBS (Gibco) to remove any remaining antibody and centrifuged again for 3 minutes
at 2000 RPM. From this step onwards the cell were protected from light as the
fluorphore conjugated to the secondary antibody is light sensitive. The PBS was
removed and the cells incubated in secondary antibody (Table 2.25) diluted in
blocking buffer for 30 minutes with gentle agitation. After secondary antibody
incubation the cells were centrifuged for 3 minutes at 2000 RPM and the secondary
antibody removed. The cells were resuspended in PBS (Gibco) to remove any
remaining antibody and and centrifuged for 3 minutes at 2000 RPM. PBS was
removed and the cells were resuspended in 100uL Accumax (Innovative Cell
Technologies) to dissociate any cellular aggregates. 1uL of Drag5 nuclear stain was

added before visualisation on ImageStream.
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Primary
Antibody
Anti-mTOR
Anti-DEPTOR
Anti-Rictor

Anti-Raptor

Dilution

1:200
1:200
1:200
1:200

Species

Rabbit
Rabbit
Mouse

Rabbit

Table 2.25 - Details of antibodies used in ImageStream experiments.

Supplier

Cell Signaling
Cell Signaling
AbCam

Cell Signaling

Secondary Antibody

Anti-rabbit, alexafluor conjugated
Anti-rabbit, alexafluor conjugated
Anti-mouse, alexafluor conjugated

Anti-rabbit, alexafluor conjugated

Dilution

1:1000
1:1000
1:1000
1:1000

Supplier

Molecular Probes
Molecular Probes
Molecular Probes

Molecular Probes
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2.13 Immunohistochemistry

Immunohistochemistry and DAB (3,3’-Diaminobenzidine) staining was used to
visualise mTOR, DEPTOR, rictor, raptor and phosphorylated p70S6 kinase protein
expression in paraffin embedded ovarian cancer tissue samples. Tissue was
deparaffinised and rehydrated by incubation in Histo-Clear (National Diagnostics)

and decreasing concentrations of ethanol as follows (Table 2.26):

Solution Time
Histoclear 3 x 5 minutes

Histoclear:ethanol (1:1) | 3 minutes

100% ethanol 3 minutes
95% ethanol 3 minutes
70% ethanol 3 minutes
50% ethanol 3 minutes
Running tap water 3 minutes

Table 2.26 - Incubations to depardffinise and rehydrate paraffin embedded tissue
samples.

Antigen retrieval was achieved by boiling slides in sodium citrate (pH6, Table 2.27)
for 20 minutes. Additional sodium citrate was added every 5 minutes to avoid the

slides boiling dry.

Reagent Volume
Sodium citrate | 2.94g
dH,0 1L
Tween 20 500uL

Table 2.27 - Formulation of antigen retrieval solution.

The slides were then washed in running tap water for 10 minutes and TBS 0.025%

Triton X 2 times for 5 minutes to remove sodium citrate. Endogenous hydrogen
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peroxidase activity was blocked by incubation with 0.3% hydrogen peroxide for 30
minutes. The slides were then washed in TBS 0.025% Triton X 3 times for 5 minutes
each on a shaker. A humidity chamber was created by placing dH,0 soaked tissue
in a tray and covering with cling film; slides were placed in the humidity chamber
for subsequent incubations to avoid evaporation. The tissue was blocked in 1%
donkey serum in TBS for 1 hour at room temperature by dispensing 200uL onto the
tissue area of the slide and using a small square of parafilm to ensure the blocking
buffer spreads over the tissue. Blocking buffer was carefully removed from the
slides with tissue and the primary antibody (diluted blocking buffer) was applied to
to tissue in the same way as the blocking buffer and incubated over two nights at
4°C. After primary antibody incubation, the slides were washed 3 times for 5
minutes each time in TBS 0.025% Triton X on a shaker to remove any unbound
primary antibody. The tissue was then incubated in horseradish peroxidase (HRP)
conjugated secondary antibody (diluted in blocking buffer) at room temperature for
1 hour in the same way as blocking buffer. The slides were then washed 3 times for
5 minutes in TBS 0.025% Triton X on a shaker to remove any unbound secondary
antibody. DAB solution (VectorLabs) was prepared in 5mL dH,0 as follows: 2 drops
of buffer stock solution, 4 drops of DAB stock solution, 2 drops of hydrogen
peroxide solution. 200uL of DAB solution was applied to the tissue and incubated
at room temperature for 2-10 minutes until a brown colour develops. DAB solution
was washed off the slide by incubation in dH,O for 5 minutes on a shaker.
Haematoxylin (Fisher Scientific) was used to stain nuclei blue to provide contrast to
the brown DAB staining. The tissue was incubated in haematoxylin for 1 minute
and rinsed off with running tap water followed by incubation in 0.1% sodium
bicarbonate for 1 minute and a second wash in running tap water. Tissue was

dehydrated prior to coverslip mounting as follows (Table 2.28):
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Solution Time

50% ethanol 3 minutes
70% ethanol 3 minutes
95% ethanol 3 minutes
100% ethanol 3 minutes

Histoclear:ethanol (1:1) | 3 minutes
Histoclear 3 minutes

Table 2.28 - Incubations to dehydrate stained tissue samples.

Coverslips were mounted with di-N-butyl phthalate in xylene (DPX) to protect the

tissue. DPX was dried overnight at 4°C before observation.

2.14 Statistical Analysis

Changes observed in experiments were assessed for statistical significance using
the Student’s t-test. An assessment for homoscedasticity of data from each
category was made using the F-test. If homoscedasticity was proven, an unpaired,
two-tailed Student’s t-test was performed to assess significance in all cases as no
matched pairs of samples were used. If data were not homoscedastic, an unpaired,
two-tailed Student’s t-test with Welch’s correction was performed to account for
variance. All statistical tests were performed using GraphPad Prism® Software

(GraphPad Software). p values were denoted on graphs as follows (Table 2.29):

p value Denotation
0.01-0.05 *
0.001-0.009 | **

<0.0009 kK

Table 2.29 - The asterisk denotations of p values on graphs.
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Chapter 3

mTOR, DEPTOR, rictor and raptor expression in
ovarian cancer models and in response to mTOR

pathway inhibition

3.1 Introduction

SKOV3 (clear cell adenocarcinoma) and MDAH-2774 (endometrioid
adenocarcinoma) human adherent epithelial cell lines were used as in vitro models
of human ovarian cancer. SKOV3 cells were obtained from the ascites of a 64 year
old caucasian female patient in 1973 and are hypodiploid, containing a number of
chromosome derivatives and deletions (ATCC, 2014). They are designated as grade
1-2 for well to moderately differentiated cells (CRUK, 2014a; Beaufort et al., 2014).
SKOV3 cells are p53 null and show mutation in the PIK3CA gene for the catalytic
subunit of PI3 kinase but are wildtype for PTEN, BRCA1, BRCA2 and KRAS and
sensitive to Docetaxel, Paclitaxel, Carboplatin and Doxorubicin (Mabuchi, Deborah
A. Altomare, et al., 2007; Beaufort et al., 2014). MDAH-2774 cells were obtained
from the ascites of a female patient of unknown age in 1972 and shows triploidy of
many chromosomes and monosomy of chromosomes 17 and 21 (AddexBio, 2015;
Beaufort et al., 2014). They are designated as grade 2 for moderately differentiated
cells. MDAH-2774 cells show mutations in TP53, PIK3CA, KRAS and silent mutations
in BRCA1 and BRCA2. They are sensitive to the effects of Docetaxel, Paclitaxel,

Oxaliplatin, Fluorouracil and Doxorubicin (Beaufort et al., 2014).

Rapamycin (Rap, Cs1H79NO13) was first discovered in 1975 from a soil sample taken
from Rapa Nui (Easter Island) and was originally shown to be an anti-fungal agent
produced by streptomyces hygroscopicus (Vézina et al., 1975; Sehgal et al., 1975).
It was not until 1994 that interacting partners of Rap were found. Rapamycin and

FK-506 Binding Protein 12 (FKBP12) were found to interact with one another and,
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as a complex, with mechanistic (formerly mammalian) target of rapamycin (mTOR)
to inhibit cell growth (Sabers et al., 1995; Brown et al., 1994). The mTOR pathway
is now known to control proliferation, cell growth, protein and lipid synthesis,
metabolism, survival, autophagy and apoptosis in response to stress, growth

factors, amino acids, energy and oxygen status (Laplante and Sabatini, 2012).

Rap is now accompanied by a range of semi synthetic analogues known as
rapalogues: Everolimus (Eve, Cs3HgsNOy4), Deforolimus (Def, CssHgsNO14P) and
Temsirolimus (Tem, CsgHgsNOq¢), like Rap, are allosteric mTORC1 inhibitors
(Benjamin et al., 2011). mTORC2 was previously thought to be entirely unaffected
by Rap and is Rap insensitive in the short-term (Jacinto et al., 2004; Sarbassov et al.,
2006) but long term treatment (100nM for 24 hours) may prevent mTORC2
assembly by removing mTOR as an available component (Sarbassov et al., 2006).
The rapalogues possess the same basic structure as Rap with small functional group
modifications. Eve and Tem are prodrug forms of Rap and Def a non-Rap prodrug
designed to improve aqueous solubility and oral pharmacokinetics (Benjamin et al.,
2011; Grunt and Mariani, 2013; Neuhaus et al., 2001). Resveratrol (Res, C14H1,053)
and NVP BEZ-235 (BEZ, C3H»3NsO) differ from the rapalogues as they are dual
mTOR and phosphoinositide-3-kinase (P13 kinase) inhibitors. PI3 kinase is an
upstream activator of Akt and, in turn, mTOR. Res is a natural phenol produced in
the skin of red grapes among other fruits. Res inhibits both PI3 kinase, by direct
ATP-binding site interaction (Frojdo et al., 2007) and mTOR indirectly, by promoting
its association with inhibitor DEPTOR (Meilian Liu et al., 2010). NVP BEZ-235
(C30H23Ns0) is a synthetically developed inhibitor by Novartis which directly targets
the ATP binding sites of both PI3 kinase and mTOR (Maira et al., 2008).

3.2 Objectives

-To validate the gene and protein expression of four main mTOR complex

components, mTOR, DEPTOR, rictor and raptor in SKOV3 and MDAH-2774 cell lines.
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-To map the gene expression of mTOR signalling components mTOR, DEPTOR, rictor

and raptor in cell treated with mTOR pathway inhibitors and untreated controls.

3.3 Results

3.3.1 Confirmation of mTOR pathway component expression in SKOV3 and

MDAH-2774 ovarian cancer cell lines

We first sought to confirm the expression of four main mTOR pathway components
at gene and protein level in two ovarian cancer cell lines. gqPCR experiments were
carried out to assess gene expression of mTOR, DEPTOR, rictor and raptor in SKOV3
and MDAH-2774 cells grown under basal conditions. Cells were seeded in 6-well
plates at a density of 100,000 per well (~10cm? growth area). RNA was purified at
48 and 72 hours with the NucleoSpin® RNA/Protein extraction kit and cDNA
synthesised using the nanoScript” 2 Reverse Transcription kit (Primerdesign) as
previously described (Sections 2.6.1.2 and 2.7.2). gqPCR on cDNA was performed as
previously described on an xxpress® (BJS Biotechnologies) thermal cycler using Kapa
SYBR® Fast Master Mix (Kapa Biosystems) (Section 2.10.4) using primers for mTOR,
Deptor, Rictor, Raptor and reference gene YWHAZ. Biological and technical

triplicates were performed for each condition.
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Figure 3.1 - Relative mTOR, DEPTOR, rictor and raptor expression was measured by
gPCR in SKOV3 (A) and MDAH (B) cells under basal conditions. cDNA was
synthesised from extracted RNA from 3 biological replicates for each condition.
Three technical replicates were performed per biological replicate. Data were
analysed using the AC, method and an RQ value calculated by 2% Error bars
depict standard deviation. Expression of mTOR, DEPTOR, rictor and raptor can be
detected in both SKOV3 and MIDAH-2774 cells. Significantly more expression of
mTOR and raptor was detected in MDAH-2774 cells than in SKOV3 cells (p=0.0085
and 0.0116 respectively).

Expression of mTOR, DEPTOR, rictor and raptor was detected in both SKOV3 (A) and
MDAH-2774 (B) cell lines cultured under basal conditions. Both cell lines show a
similar pattern of expression, with raptor being more highly expressed than rictor.

DEPTOR shows relatively low levels of expression in comparison to other
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components. The MDAH-2774 cell line showed higher relative expression of mTOR

and raptor than the SKOV3 cell line (p=0.0085 and 0.0116 respectively).

ImageStream flow cytometry was used to confirm protein expression of mTOR,
DEPTOR, rictor and raptor in SKOV3 and MDAH-2774 cell lines. Cells were grown
under basal conditions and fixed with 4% PFA before being stained with primary
antibodies for mTOR, DEPTOR, rictor or raptor and a secondary alexafluor 488

conjugated antibody. Nuclei were stained using Draq5 (described in 2.12).

SKOV3 MDAH-2774
A L
: Protein of ¥ Protein of !
Brightfield Interest Draqg5 Brightfield Interest Drag5

21205
o
S) o \
i A

DEPTOR

Raptor Rictor
.g‘“‘.‘ @

Figure 3.2 - Images of individual SKOV3 and MDAH-2774 cells after mTOR, DEPTOR,
rictor and raptor in brightfield, with alexafluor (protein of interest) and Draq5
(nuclei) staining. Images show that mTOR, DEPTOR, rictor and raptor are present in
the cytoplasm of SKOV3 and MIDAH-2774 cells.

Staining for mTOR, DEPTOR, rictor and raptor was detected in both SKOV3 and
MDAH-2774 cells confirming that protein expression of these components is

present at basal levels in both cell lines (Figure 3.2).

3.3.2 Gene Expression of mTOR pathway components and mTOR pathway

inhibition
We next sought to investigate the effects of mTOR pathway inhibition on the gene

expression of mTOR, DEPTOR, rictor and raptor in SKOV3 and MDAH-2774 cells.

The effect of mTOR pathway inhibition was investigated using 6 different inhibitory
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agents: Rap, Eve, Def, Tem, Res and BEZ. mTOR inhibitors were applied in
concentrations and for times proven to be effective in the literature (Table 3.1).
Bohm et al., showed a decrease in cell viability of primary acute myeloid leukaemia
cells after treatment with 20 and 100nM Rap, Eve and Tem (Bohm et al., 2009).
Squillace et al., treated a range of metastatic sarcoma and endometrial carcinoma
cell lines with up to 1000nM Def and demonstrated decreased proliferation as a
result (Squillace et al., 2011). Resveratrol treatment was shown to be effective at
inhibiting proliferation in medullary thyroid cancer cell lines at 50uM by Truong et
al., (Truong et al., 2011). To the best of our knowledge, no in vitro experiments
using BEZ were published at the time this study was devised and so we chose 10

and 100nM as initial exploratory concentrations.

Inhibitor | MoA Concentrations Times (hours)
Rap Allosteric mTOR inhibitor. 20nM 100nM 48 72
Eve 20nM 100nM

Def 100nM | 1000nM

Tem 10nM 100nM

Res Dual mTOR (via DEPTOR) & PI3 25uM 50uM

kinase (via ATP binding site)
inhibitor.
BEZ Dual mTOR and PI3 kinase 10nM 100nM
inhibitor via ATP binding sites of
both.

Table 3.1 - Details of the mTOR pathway inhibitory agent used in this study.
Inhibitor concentrations were chosen to reflect the range of which other studies had
found effective. Treatments were conducted for 48 and 72 hours.

gPCR experiments were performed in order to map the gene expression of mTOR,
DEPTOR, rictor and raptor in treated and control SKOV3 and MDAH-2774 cells.
Cells were seeded in 6-well plates at a density of 100,000 per well (~10cm? growth
area) and allowed to proliferate for 24 hours before treatment with Rap (20 and

100nM), Eve (20 and 100nM), Def (100 and 1000nM), Tem (10 and 100nM), Res (25
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and 50), BEZ (10 and 100nM) or carrier (DMSO) (Section 2.2). RNA was purified at
48 and 72 hours after treatment with the NucleoSpin® RNA/Protein extraction kit
and cDNA synthesised using the nanoScriptm 2 Reverse Transcription kit
(Primerdesign) as previously described (Sections 2.6.1.2 and 2.7.2). qPCR on cDNA
from treated and control cells was performed as previously described on an
xxpress® (BJS Biotechnologies) thermal cycler using Kapa SYBR® Fast Master Mix
(Kapa Biosystems) (Section 2.10.4). Primers for mTOR, Deptor, rictor, raptor and
reference gene YWHAZ were used. Biological and technical triplicates were
performed for each condition. Analysis was performed using the AC4 method as

described previously (Section 2.10.5).
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3.3.2.1 mTOR Expression in SKOV3 Cells
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Figure 3.3 - Relative mTOR expression was measured by qPCR in SKOV3 cells treated
with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and carrier
(DMSO) only control for 48 and 72 hours. cDNA was synthesised from extracted
RNA from 3 biological replicates for each condition. Three technical replicates were
performed per biological replicate. Data were analysed using the AC, method and
an RQ value calculated by 2% An F-test was performed to assess variance
between groups and two-tailed, unpaired Student’s t-tests with Welch’s correction
for unequal variance were performed to assess significance. Error bars depict
standard deviation and asterisks denote significance. Results show no change in
expression resulting from Rap or Eve treatment (A and B respectively). An increase
was detected after 72 hours treatment with 100nM Def (C, p=0.0301).
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Figure 3.4 - Relative mTOR expression was measured by gPCR in SKOV3 cells treated
with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and carrier
(DMSO) only control for 48 and 72 hours. cDNA was synthesised from extracted
RNA from 3 biological replicates for each condition. Three technical replicates were
performed per biological replicate. Data were analysed using the AC4; method and
an RQ value calculated by 2. An F-test was performed to assess variance
between groups and two-tailed, unpaired Student’s t-tests with Welch’s correction
for unequal variance were performed to assess significance. Error bars depict
standard deviation and asterisks denote significance. Results show no change in
expression resulting from Tem or BEZ treatment (A and C respectively). An increase
was detected after 72 hours treatment with 25uM Res (B, p=0.0107).
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3.3.2.2 mTOR Expression in MDAH-2774 Cells
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Figure 3.5 - Relative mTOR expression was measured by qPCR in MDAH-2774 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. Results show no
change in expression resulting from Rap or Eve (A and B respectively). 100nM
treatment with Def induced an increase after 48 hours (C, p=0.0251).
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Figure 3.6 - Relative mTOR expression was measured by gPCR in MDAH-2774 cells
treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC,; method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. Results show no
change in expression resulting from BEZ treatment (C). 100nM Tem treatment
induced an increase in mTOR expression after 72 hours (A, p=0.0366). 50uM Res
treatment showed an increase after 48 hours (B, p=0.0017).
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MTOR expression was generally unchanged in SKOV3 and MDAH-2774 cells. There
was no change in SKOV3 cells at 48 or 72 hours induced by Rap, Eve, Tem, or BEZ at
low or high concentrations (Figure 3.3, A and B, Figure 3.4 A and C). A significant
increase was detected after treatment with 100nM Def after 72 hours (Figure 3.3,
C, p=0.0301) and 72 hours after 25uM Res treatments in comparison to controls
(Figure 3.4, B, p=0.0107). MDAH-2774 cells showed no change in mTOR expression
at 48 and 72 hours after treatment with Rap, Eve or BEZ at high or low
concentration (Figure 3.5, A and B, Figure 3.6, C). A significant increase was
detected in mTOR expression in MDAH-2774 cells after 100nM Def treatment at 48
hours in comparison to controls (Figure 3.5, C, p=0.0251). A significant increase in
MTOR expression was detected after 100nM Tem treatment at 72 hours (Figure 3.6,
A, p=0.0366) and after 50uM Res treatment at 48 hours (Figure 3.6, B, p=0.0017) in

comparison to controls.
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3.3.2.3 DEPTOR Expression in SKOV3 Cells

0.0204

A Control
Rap 20nM
0.015- @8 Rap 20n
Rap 100nM
s}
££0.010 :[
0.005-
0.000-
$° AV
0.020+
I Control
Eve 20nM
0.0157 Eve 100nM
(a]
0.010- ]: T :[ ]:
0.005]
0.000- T T
s Av
0.0201
@ Control
0.015 Def 100nM
R Def 1000nM
(]
0.010- :I: ]: :[ :[
0.005
0.000- ; 1
R AV

Figure 3.7 - Relative DEPTOR expression was measured by gPCR in SKOV3 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. No change in
expression was detected as a result of Rap, Eve or Def treatment (A, B and C
respectively).
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Figure 3.8 - Relative DEPTOR expression was measured by gPCR in SKOV3 cells
treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. A decrease was
detected in DEPTOR expression dafter 48 hour 10nM Tem treatment (A, p=0.0463).
25uM Res treatment induced an increase in DEPTOR expression at 48 hours but a
decrease in DEPTOR expression at 72 hours (B, p=0.0203 and 0.0493 respectively).
50uM Res treatment induced a decrease in DEPTOR expression at 72 hours (B,
p=0.0173). An increase in DEPTOR expression was detected after 48 hour treatment
with 100nM BEZ (C, p=0.003).
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3.3.2.4 DEPTOR Expression in MDAH-2774 Cells
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Figure 3.9 - Relative DEPTOR expression was measured by gPCR in MDAH-2774 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. An increase in DEPTOR
expression was detected after 48 and 72 hour treatment with 20nM Rap (A,
p=0.0125 and 0.0189 respectively). 100nM Eve treatment induced an increase in
DEPTOR expression after 48 hours (B, p=0.0175) and 20nM Eve treatment induced
an increase in DEPTOR expression after 48 and 72 hours (B, p=0.0114 and 0.004
respectively). 1000nM Def treatment resulted in an increase in DEPTOR at 48 and
72 hours (C, p=0.0184 and 0.0021 respectively). 100nM treatment with Def also
induced a DEPTOR increase after 48 hours (C, p=0.0018).
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Figure 3.10 - Relative DEPTOR expression was measured by gPCR in MDAH-2774
cells treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM)
and carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. 100nM Tem treatment
induced an increase in DEPTOR expression after 48 and 72 hours (A, p=0.0377 and
0.0026 respectively). 10nM Tem treatment induced an increase in DEPTOR after 48
hours (A, p=0.0043). 25uM treatment with Res induced an increase in DEPTOR
expression at 48 and 72 hours (B, p=0.0001 and 0.0007 respectively) and 50uM
treatment with Res induced an increase in DEPTOR expression after 48 and 72 hours
(B, p=0.0449 and 0.0007 respectively). 100nM BEZ treatment resulted in an
increase in DEPTOR expression after 48 and 72 hours (C, p=0.0072 and 0.0266
respectively) and 10nM BEZ treatment also induced an increase at 48 hours (C,
p=0.0146).

101



DEPTOR was generally increased in response to mTOR pathway inhibition
particularly in MDAH-2774 cells. SKOV3 cells showed no change in DEPTOR
expression at 48 and 72 hours after Rap, Eve and Def treatment at high or low
concentrations (Figure 3.7, A, B and C). A significant decrease was detected in
SKOV3 cells at 48 hours after 10nM Tem treatment in comparison to controls but
no other change was detected as a result of Tem treatment (Figure 3.8, A,
p=0.0463). A significant increase in DEPTOR expression was detected in SKOV3 cells
at 48 hours after 25uM Res treatment in comparison to controls (Figure 3.8, B,
p=0.0203). At 72 hours after treatment, Res induced a dose dependent decrease in
DEPTOR expression in comparison to controls (Figure 3.8, B, p=0.0493 [25uM] and
p=0.0173 [50uM]). BEZ treatment induced an increase in DEPTOR expression at 48
hours after 100nM BEZ treatment (Figure 3.8, C, p=0.0030) in comparison to
controls. MDAH-2774 cells showed an increase in DEPTOR expression induced by
all inhibitors in comparison to controls. 20nM Rap treatment induced a significant
increase in DEPTOR expression after 48 and 72 hours (Figure 3.9, A, p=0.0125 and
0.0189 respectively). 20nM Eve treatment induced an increase in DEPTOR after 48
and 72 hours in comparison to controls (Figure 3.9, B, p=0.0114 and 0.004
respectively). 100nM Eve treatment induced an increase in DEPTOR after 72 hours
in comparison to controls (Figure 3.9, B, p=0.0175). Def treatment induced an
increase in DEPTOR expression after 48 hours treatment at 100nM (Figure 3.9, C,
p=0.0018) and after 48 and 72 hours treatment at 1000nM (Figure 3.9, C, p=0.0184
and 0.0021 respectively). 10nM Tem treatment induced an increase in DEPTOR
expression after 48 hours in comparison to controls (Figure 3.10, A, p=0.0043).
100nM Tem treatment induced an increase in DEPTOR expression after 48 and 72
hours in comparison to controls (Figure 3.10, A, p=0.0377 and 0.0026 respectively).
25uM Res treatment induced an increase in DEPTOR expression after 48 and 72
hours in comparison to controls (Figure 3.9, B, p=0.0001 and 0.0194 respectively).
50uM Res treatment induced an increase in DEPTOR expression after 48 and 72
hours in comparison to controls (Figure 3.9, B, p=0.0449, 0.0007 respectively). An
increase in DEPTOR expression was detected in comparison to controls after 10nM
BEZ treatment for 48 hours (Figure 3.9, C, p=0.0146) and after 100nM BEZ
treatment for 48 and 72 hours (Figure 3.9, C, p=0.0072 and 0.0266 respectively).
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3.3.2.5 Rictor Expression in SKOV3 Cells
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Figure 3.11 - Relative rictor expression was measured by qPCR in SKOV3 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. No change in rictor
expression was detected as a result of treatment with Rap, Eve or Def (A, B and C
respectively).
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Figure 3.12 - Relative rictor expression was measured by gPCR in SKOV3 cells
treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. Error bars
depict standard deviation and asterisks denote significance. No change in rictor
expression was detected as a result of treatment with Tem, Res or BEZ (A, B and C
respectively).
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3.3.2.6 Rictor Expression in MDAH-2774 Cells
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Figure 3.13 - Relative rictor expression was measured by gPCR in MDAH-2774 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC,; method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. No change
in rictor expression was detected in response to Eve treatment (B). 20nM Rap
treatment induced an increase in rictor expression after 48 hours treatment (A,
p=0.006). 100nM Rap treatment also induced an increase in rictor expression after
48 hours (A, p=0.0302). An increase was detected in rictor expression after 48 hours

of 100nM Def treatment (C, p=0.0227).
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Figure 3.14 - Relative rictor expression was measured by gPCR in MDAH-2774 cells
treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. No change
in rictor expression was detected in response to Tem or BEZ treatment (A and C
respectively). 50uM Res treatment induced a significant increase in rictor
expression after 48 and 72 hours (B, p=0.0210 and 0.0213 respectively).
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No change was detected in rictor expression in SKOV3 cells in response to mTOR
pathway inhibition (Figures 3.11 and 3.12). 20nM Rap treatment induced a
significant increase in rictor expression after 48 hours in MDAH-2774 cells in
comparison to controls (Figure 3.13, A, p=0.006). 100nM Rap treatment induced an
increase in rictor expression after 48 hours (Figure 3.13, A, p=0.0302). An increase
in rictor expression was detected at 48 hours after 100nM Def treatment in
comparison to controls (Figure 3.13, C, p=0.0227). Res treatment at 50uM induced
an increase in rictor expression after 48 and 72 hours in comparison to controls
(Figure 3.13, B, p=0.021 and 0.0213 respectively). No significant change was
detected in rictor expression in response to Tem or BEZ treatment at high or low

concentration in MDAH-2774 cells at any time point (Figure 3.14, A and C).
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3.3.2.7 Raptor Expression in SKOV3 Cells
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Figure 3.15 - Relative raptor expression was measured by gPCR in SKOV3 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. No change
in raptor expression was detected after treatment with Rap, Eve or Def (A, B and C
respectively).

108



0.25+

I Control
0.20- B Tem10nM
Tem 100nM
0.15+ E 3
(s} —t—
0.104 I
0.05+ I
0.00-
$° A¥
0.25-
B Control
0.204 Res 25uM
Res 50uM
0.15-
g
0.10- I I :[
0.05 . I
0.00- T T
g &
0.25-
Il Control
0.20- [ BEZ 10nM
BEZ 100nM
0.15-
(e}
v’
0.104
0.05- - =
0.00-
#° ol

Figure 3.16 - Relative raptor expression was measured by gPCR in SKOV3 cells
treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. No change
in raptor expression was detected after treatment with Res or BEZ (B and C
respectively). 10nM Tem treatment induced an increase in rictor expression after 72
hours (A, p=0.0144).
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3.3.2.8 Raptor Expression in MDAH-2774 Cells
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Figure 3.17 - Relative raptor expression was measured by gPCR in MDAH-2774 cells
treated with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. No change
in expression was detected as a result of Rap or Eve treatment (A and B
respectively). 1000nM Def treatment induced a decrease in rictor expression after
48 hours (C, p=0.0067).
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Figure 3.18 - Relative raptor expression was measured by gPCR in MDAH-2774 cells
treated with Tem (10nM and 100nM), Res (25 and 50uM), BEZ (10 and 100nM) and
carrier (DMSO) only control for 48 and 72 hours. cDNA was synthesised from
extracted RNA from 3 biological replicates for each condition. Three technical
replicates were performed per biological replicate. Data were analysed using the
AC, method and an RQ value calculated by 2% An F-test was performed to assess
variance between groups and two-tailed, unpaired Student’s t-tests with Welch’s
correction for unequal variance were performed to assess significance. 10nM Tem
treatment showed a decrease in raptor expression after 48 and 72 hours (A,
p=0.0457 and 0.0101 respectively). 100nM Tem treatment also decreased rictor
expression at 48 hours (A, p=0.0115). 25uM Res treatment caused a decrease in
rictor expression after 72 hours (B, p=0.0412) and 50uM Res treatment showed a
decrease after 48 hours (B, p=0.0318). BEZ treatment induced a decrease in raptor
expression after 48 hour 10nM treatment (C, p=0.0120) and after 72 hour 100nM
treatment (C, p=0.0298).
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Little change in raptor expression was detected in SKOV3 cells. No change was
detected in raptor expression in comparison to controls in response to Rap, Eve,
Def, Res or BEZ treatment at high or low concentrations and at any time point
(Figure 3.15, A, B and C, Figure 3.16 B and C). An increase in raptor expression was
detected after 72 hours of 10nM Tem treatment (Figure 3.16, A, p=0.0144). MDAH-
2774 cells showed an overall trend towards decreasing raptor expression in
response to mTOR pathway inhibition. Rap and Eve treatment induced no change
in expression at any time point or in response to high or low concentrations in
MDAH-2774 cells (Figure 3.17, A and B respectively). 1000nM Def treatment
induced a decrease in raptor expression after 48 hours of treatment in comparison
to controls (Figure 3.17, C, p=0.0067). 10nM Tem treatment induced a decrease in
raptor expression after 48 and 72 hours of treatment in MDAH-2774 cells in
comparison to controls (Figure 3.18, A, p=0.0457 and 0.0101 respectively). In
addition, 100nM Tem treatment also induced a decrease in raptor expression after
48 hours of treatment (Figure 3.18, A, p=0.0115). 25uM Res treatment resulted in
decreased raptor expression after 72 hours in comparison to controls and 50uM
Res treatment had the same effect after 48 hours treatment (Figure 3.18, B,
p=0.0412 and 0.0318 respectively). 10nM BEZ treatement induced a decrease in
raptor expression after 48 hours of treatment and 100nM BEZ treatment resulted in
decreased raptor expression after 72 hours in comparison to controls (Figure 3.18,

C, p=0.012 and 0.0298 respectively).
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3.3.3 Summary

MDAH-2774

Expressional Change

mTOR X X
DEPTOR X Increase
Rictor X X

Raptor X Decrease

Table 3.2 - Summary of gene expression changes of mTOR components in SKOV2
and MDAH-2774 cells following treatment with mTOR pathway inhibitors.
Expressional change was included when observed in greater than five instances.

3.4 Discussion

This study validated the expression of four core mTOR complex components, mTOR,
DEPTOR, rictor and raptor in two in vitro models of ovarian cancer. Both gene and
protein expression of mTOR, DEPTOR, rictor and raptor was confirmed. In
agreement with previous studies, we showed that these components are primarily
located in the cytoplasm (Roos et al., 2007; Foster et al., 2010; Zhang et al., 2002).
We detected a significant increase in mTOR and raptor gene expression in MDAH-
2774 cells in comparison to SKOV3 cells. Raptor is an mTORC1 component (Hara et
al., 2002) and the detected upregulation may suggest increased mTORC1 assembly
and signalling in this cell line. We also examined the gene expression changes that
occurred in mTOR, DEPTOR, rictor and raptor in SKOV3 and MDAH-2774 ovarian
cancer cell lines after treatment with single mTOR and dual mTOR and PI3 kinase
inhibitors. There are few reports on the effect of mTOR pathway inhibition on
expression of mTOR pathway components. Differential effects were detected in
response to mTOR pathway inhibition in SKOV3 and MDAH-2774 cells. In
agreement with previous data, mTOR showed little change in expression in SKOV3
or MDAH-2774 cells after treatment with rapalogues, Res or BEZ. No consistent

change in DEPTOR expression was detected with rapalogue treatment in SKOV3
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cells. In contrast to SKOV3 cells DEPTOR expression was increased in response to all

treatments in MDAH-2774 cells.

SKOV3 and MDAH-2774 cells also showed a differential effect in rictor and raptor
expression in response to mTOR pathway inhibition. Rictor and raptor expression
was unaffected by Rap, rapalogues, Res and BEZ in SKOV3 cells; however, MDAH
cells showed a general increase in rictor expression and a general decrease in
raptor expression. mTOR pathway inhibitors have been shown to increase mTORC2
signalling through the inactivation of a negative feedback loop to PI3 kinase as a
result of mTOR inhibition (Peterson et al., 2009). Rictor is an mTORC2 component
(Sarbassov et al., 2004) and an increase may suggest increased mTORC2 assembly
and signalling. SKOV3 and MDAH-2774 cells differ in their origins; SKOV3 cells were
derived from a clear cell adenocarcinoma and MDAH-2774 cells were derived from
an endometrioid adenocarcinoma. As discussed previously, these cell lines differ
substantially in the types of genetic aberrations they carry (Beaufort et al., 2014)
and this may contribute to the differential effects on DEPTOR, rictor and raptor

expression detected after mTOR pathway inhibition.

Res treatment of SKOV3 cells showed an increase in expression after 48 hours and a
decrease after 72 hours, suggesting that the effects of Res treatment on DEPTOR
expression are biphasic. Res inhibits mTOR by enhancing its interaction with
DEPTOR (Meilian Liu et al., 2010) and in this cell type, DEPTOR expression at RNA
level may be regulated by the amount of unbound DEPTOR protein. There is limited
research into the transcriptional and translational control of DEPTOR but recent
research has shown that mTOR activation is able to induce the degradation of
DEPTOR protein (Gao et al., 2011). DEPTOR expression at both RNA and protein
level is decreased in response to TGFB (Das et al., 2013) which activates mTORC1
signalling (Lamouille et al., 2012; Rozen-Zvi et al., 2013). Collectively, these data
show that mTOR component expression at gene level are differentially regulated
dependent on cell type and that phenotypic responses to mTOR pathway inhibition

may vary.
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Chapter 4

The effects of mTOR pathway inhibition in in

vitro models of ovarian cancer

4.1 Introduction

The mTOR pathway is a key regulator of growth and proliferation and responds to
stimuli such as growth factors, amino acids, DNA damage, energy and oxygen status
to mediate proliferation, cell growth and autophagy among other processes.
mTOR, DEPTOR, rictor and raptor are four main components of mTORC1 and
mTORC2, the central complexes of the mTOR pathway, and it is evident that a
majority of the pathway’s actions are mediated by mTORC1 (Laplante and Sabatini,
2012).

MTOR inhibitor Rap was first approved for clinical use throughout the european
union (EU) in 2001 under the brand name Rapamune in patients who had
undergone kidney transplantation to prevent rejection due to Rap’s potent
immuno-inhibitory effects (European Medicines Agency, 2015c; Kay et al., 1991;
Dumont et al., 1990; Morelon et al., 2001). Since this time, Eve (Afinitor, Novartis)
and Tem (Torisel, Pfizer) have also been approved for renal cell carcinoma,
pancreatic and breast cancers and mantle cell lymphomas (European Medicines
Agency, 2015b; European Medicines Agency, 2015d; Benjamin et al.,, 2011).
Multiple clinical trials are currently underway involving the rapalogues, Res and BEZ
for the treatment of autoimmune disease, epilepsy, organ transplant rejection and
a range of cancers (clinicaltrials.gov). Although mTOR inhibitors are a much studied
source of cancer treatment, the effects of mTOR inhibition have not yet been fully
realised. mTOR inhibition is likely to be most effective in subsets of malignancies
with mTOR aberrations and more work must be done to define the conditions in

which these inhibitors are likely to be most effective. We sought to elucidate the
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effect that mTOR pathway inhibition has on cell growth, proliferation, apoptosis

and mTOR pathway activation in SKOV3 and MDAH-2774 cell lines.

4.2 Objectives

-To elucidate the effect that mTOR pathway inhibition has on migration and

proliferation of SKOV3 and MDAH-2774 cells.

-To assess the proliferative capacity of SKOV3 and MDAH-2774 cells after mTOR

inhibition.

-To investigate the effects that mTOR pathway inhibition has on mTOR pathway
activation (phosphorylation of p70S6 kinase) and cell death (cleavage of caspases 3

and 9).

4.3 Results

mTOR pathway inhibitors were used according to section 3.3.2.

4.3.1 Proliferation and migration of SKOV3 and MDAH-2774 cells in a wound

healing scenario

We initially investigated the proliferative and migratory capacity of SKOV3 and
MDAH-2774 cells after treatment with mTOR pathway inhibitors. As this was a
preliminary investigation, we used Rap to represent rapalogues, Res and BEZ.
Wound healing assays can give a visual indication of cells’ proliferative and
migratory capacity spatially in vitro. Wound healing assays were completed as
described previously (Section 2.4). Briefly, cells were seeded in 6-well plates
(~10cm? growth area) and grown into a confluent monolayer. Three ‘wounds’ were
created in the cells with a p200 pipette tip immediately before treatment with Rap

(20 and 100nM), Res (25 and 50uM) and BEZ (10nM and 100nM) and images taken
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at 0, 6, 12 and 18 hours after treatment. Three biological replicates were

performed per condition.

4.3.1.1 SKOV3

Rap 20nM DMSO

Rap 100nM

Res 25uM
Res 50uMm

BEZ 10nM
BEZ 100nM

J\ ,

Figure 4.1 - A ‘wound’ was created in a confluent monolayer of SKOV3 cells which
were then treated with Rap (20 and 100nM), Res (25 and 50uM) and BEZ (10 and
100nM). Images were taken up to 18 hours after treatment. Figure shows cells at 0
and 18 hours after treatment.
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4.3.1.2 MDAH-2774

DMSO
Rap 100nM

Rap 20nM

Res 25uM
Res 50uM

BEZ 10nM
BEZ 100nM

Figure 4.2 - A ‘wound’ was created in a confluent monolayer of MDAH-2774 cells
which were then treated with Rap (20 and 100nM), Res (25 and 50 uM) and BEZ (10
and 100nM). Images were taken up to 18 hours after treatment. Figure shows cells

at 0 and 18 hours after treatment.

Untreated SKOV3 cells showed a marked growth into the wound (Figure 4.1, Al and
A2) which was not shared by any of the inhibitor treated cells. Rap and Res treated
cells showed little growth at both concentrations (Figure 4.1, B1-4 and C1-4) 10nM
BEZ treatment showed a moderate change which was not shared by 100nM

treatment (Figure 4.1, D1-4). MDAH-2774 showed little proliferation under all
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conditions; limited differences between control and treated cells were detected
(Figure 4.2). No decrease in cell number was visually detected, indicating that these

inhibitory treatments do not exert a cytotoxic effect.

4.3.2 Proliferative capacity of SKOV3 and MDAH-2774 cells after mTOR pathway

inhibition

To expand the investigation of the effects of mTOR pathway inhibition on cell
viability, a proliferation assay was performed using trypan blue staining to make an
assessment of the proliferative capacity of the SKOV3 and MDAH-2774 cells up to
72 hours after treatment with mTOR pathway inhibitors including the rapalogues
Eve, Def and Tem. Proliferation assays were performed as described previously
(Section 2.3). Briefly, cells were seeded in 6-well plates at a density of 100,000 cells
per well (~10cm? growth area) and allowed to proliferate for 24 hours before
treatment with Rap (20 and 100nM), Eve (20 and 100nM), Def (100 and 1000nM),
Tem (10 and 100nM), Res (25 and 50), BEZ (10 and 100nM) or carrier (DMSO). Cells
were detached from the wells at 24, 48 and 72 hours by TrypLe" Express (Life
Technologies) and resuspended in media. An equal volume of cell suspension was
mixed thoroughly with trypan blue stain (0.4%, Invitrogen) and viable and dead cells
were counted using a Countess® Automated Cell Counter (Life Technologies).

Biological and technical triplicates were performed for each condition.
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4.3.2.1 SKOV3
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Figure 4.3 - SKOV3 cells were treated with mTOR pathway inhibitors and carrier
(DMSO). Cell counts were performed 24, 48 and 72 hours after treatment. An F-
Test was performed to assess variance and two-tailed, unpaired Student’s t-tests
were performed with Welch’s correction for unequal variance to assess significance.
Error bars depict standard deviation and asterisks denote significant changes
between control and higher concentration treatments. Rap treatment induced a
non-dose dependent decrease in viable cells after 24, 48 and 72 hours (A, p=0.0081,
0.0067 and 0.0355 respectively). Eve treatment induced a non-dose dependent
decrease in viable cells after 48 and 72 hours (B, p=0.012 and 0.0047 respectively).
Def treatment induced a non-dose dependent decrease in viable cells after 48 hours
(C, p=0.005).
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Figure 4.4 - SKOV3 cells were treated with mTOR pathway inhibitors and carrier

(DMSO). Cell counts were performed 24, 48 and 72 hours after treatment. An F-

Test was performed to assess variance and two-tailed, unpaired Student’s t-tests
were performed with Welch’s correction for unequal variance to assess significance.

Error bars depict standard deviation and asterisks denote significant changes

between control and higher concentration treatments. Tem showed a non-dose
dependent decrease in viable cells after 48 and 72 hours (A, p=0.0013 and 0.0446
respectively) whereas the decrease in Res and BEZ treated cells was dose dependent

and significant at 48 and 72 hours (B & C, p<0.0001 in all cases).
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4.3.2.2 MDAH-2774
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Figure 4.5 - MDAH-2774 cells were treated with mTOR pathway inhibitors and
carrier (DMSO). Cell counts were performed 24, 48 and 72 hours after treatment.
An F-Test was performed to assess variance and two-tailed, unpaired Student’s t-

tests were performed with Welch’s correction for unequal variance to assess
significance. Error bars depict standard deviation and asterisks denote significant
changes between control and higher concentration treatments. Rap and Def
showed a significant decrease in viable cells after 48 hours (A & C, p=0.0013 and
0.0004 respectively). No effect on viable cells was detected after Eve treatment (B).
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Figure 4.6 - MDAH-2774 cells were treated with mTOR pathway inhibitors and
carrier (DMSO). Cell counts were performed 24, 48 and 72 hours after treatment.
An F-Test was performed to assess variance and two-tailed, unpaired Student’s t-

tests were performed with Welch’s correction for unequal variance to assess
significance. Error bars depict standard deviation and asterisks denote significant
changes between control and higher concentration treatments. Tem treatment
induced a non-dose dependent decrease in viable cells after 72 hours (A, p=0.0065).
BEZ treatment at 10nM showed no effect; however, 100nM treatment completely
halted proliferation (C, p=<0.0001 at both 48 and 72 hours).
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Figure 4.7 - SKOV3 and MDAH-2774 cells were seeded at 100,000 cells per well and
treated with 5% DMSO for 72 hours. An F-Test was performed to assess variance
and an unpaired, two-tailed Student’s t-test with Welch’s correction for unequal
variance performed to assess significance. Error bars depict standard deviation and
asterisks denote significance. The average increase in control cell number was
significantly greater for MDAH-2774 cells than SKOV3 cells (p<0.0001).

MDAH-2774 cells have a greater proliferative capacity than SKOV3 cells, showing an
average increase in viable cells of 1,600,000 in comparison to 400,000 (Figure 4.7,
p<0.0001). Treatment of the SKOV3 cell line with Rap and the rapalogues showed a
non dose-dependent decrease in viable cells (Figure 4.3 A, B and C, Figure 4.4, A,
Rap 100nM: p=0.0355 at 72 hours, Eve 100nM: p=0.0047 at 72 hours, Tem 100nM:
p=0.0446 at 72 hours, Def 1000nM did not reach statistical significance: p=0.0597).
The decrease in viable cells shown by Res and BEZ was dose dependent (Figure 4.4,
B and C, Res 50uM: p<0.0001 at 72 hours, BEZ 100nM: p<0.0001 at 72 hours).
Viable cell count in MDAH-2774 cells was little affected by Rap, rapalogue or Res
treatment (Figure 4.5 A, B and C, Figure 4.6, A and B, Rap 100nM: p=0.0013 at 48
hours, Def 1000nM: p=0.0004 at 48 hours, Tem 100nM: p=0.0065 at 72 hours). BEZ
treatment at 10nM concentration also did not have an effect on viable cell count
but at 100nM, proliferation was almost entirely eliminated (Figure 4.6 C, p<0.0001
at 48 and 72 hours). Number of dead cells counted over the course of the
experiment did not change significantly (Figures 4.3, 4.4, 4.5 and 4.6), further
indicating that mTOR pathway inhibition induces a cytostatic and not cytotoxic

response.
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4.3.3 Activity of mTOR and caspase pathways after mTOR pathway inhibition

To further elucidate the cytostatic effects that mTOR pathway inhibition has on
SKOV3 and MDAH-2774 cells, we investigated the activity of the mTOR and caspase
pathways. p70S6 kinase is a terminal kinase in the mTOR pathway responsible for
promoting protein synthesis (Laplante and Sabatini, 2012). It is active when
phosphorylated and can be used as evidence of an active mTOR pathway via the
mMTORC1 complex (Isotani et al., 1999; Burnett et al., 1998). Caspases (cysteine-
dependent aspartate-directed proteases) are cysteine proteases involved in
apoptosis (programmed cell death). Caspase 9 is an initiator caspase whereas
caspase 3 is an effector caspase. Initiator caspases activate effector caspases by

cleaving their inactive (pro) form (Hao Chen et al., 2015).

Western Blot experiments were performed in order to assess the activation status
of the mTOR and caspase pathways after treatment with mTOR pathway inhibitors.
Western blots were performed in triplicate as previously described (Section 2.11)
on proteins extracted from treated and control cells (SKOV3 and MDAH-2774) using
antibodies for endogenous full length (35kDa) and cleaved large fragment
(17/19kDa) caspase 3, endogenous full length (47kDa) and cleaved large fragment
(35/37kDa) caspase 9 and phosphorylated (Thr**®) p70S6 kinase. Analysis was
performed densitometrically using Imagel software (National Institutes of Health)

as described previously (Section 2.11.1).

4.3.3.1 Caspase 9
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Figure 4.8 - Western blots were performed on proteins extracted from SKOV3 and
MDAH-2774 cells treated with mTOR pathway inhibitors for 24, 48 and 72 hours.
Caspase 9 cleavage can be detected in all cases. Representative image shows
extractions after 72 hours.
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4.3.3.1.1 SKOV3

2.0-
A= Bl Control
g 15 I Rap 20nM
= Rap 100nM
: I
>
@ 1.0 I
[«F]
g x
S 0.5
[y}
o
0.0-
¥ S AV
2.0-
B — [ Control
g 15 Eve 20nM
E Y Eve 100nM
-8 I
>
sogbl giz
Q
o T
2 0.5
[1+]
i
0.0' T T T
D $° A
2.0-
C @ Control
Def 100nM
Def 1000nM

&
—
—

II T T

Ratio (Cleaved/Total)
& 5

e
=]
L

o $ a0
Figure 4.9 - Western blots were performed on proteins extracted from SKOV3 cells

treated with Rap (A, 20nM and 100nM), Eve (B, 20nM and 100nM) and Def (C,

100nM and 1000nM) for 24, 48 and 72 hours. Graphs show ratio of endogenous full

length and cleaved large fragment caspase 9 when analysed densitometrically using
Imagel software. The F-Test was performed to assess variance and two-tailed,
unpaired Student’s t-tests were performed with Welch’s correction for unequal

variance to assess significance. Error bars depict standard deviation. No significant

change in caspase 9 cleavage was detected in SKOV3 cells.
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Figure 4.10 - Western blots were performed on proteins extracted from SKOV3 cells
treated with Tem (A, 10nM and 100nM), Res (B, 25uM and 50uM) and BEZ (C, 10nM
and 100nM) for 24, 48 and 72 hours. Graphs show ratio of endogenous full length
and cleaved large fragment caspase 9 when analysed densitometrically using

Imagel software. The F-Test was performed to assess variance and two-tailed,
unpaired Student’s t-tests were performed with Welch’s correction for unequal
variance to assess significance. Error bars depict standard deviation. No significant
change in caspase 9 cleavage was detected in SKOV3 cells.
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4.3.3.1.2 MDAH-2774
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Figure 4.11 - Western blots were performed on proteins extracted from MDAH-2774
cells treated with Rap (A, 20nM and 100nM), Eve (B, 20nM and 100nM) and Def (C,
100nM and 1000nM) for 24, 48 and 72 hours. Graphs show ratio of endogenous full
length and cleaved large fragment caspase 9 when analysed densitometrically using
Imagel software. The F-Test was performed to assess variance and two-tailed,
unpaired Student’s t-tests were performed with Welch’s correction for unequal
variance to assess significance. Error bars depict standard deviation. No significant
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Figure 4.12 - Western blots were performed on proteins extracted from MDAH-2774
cells treated with Tem (A, 10nM and 100nM), Res (B, 25uM and 50uM) and BEZ (C,
10nM and 100nM) for 24, 48 and 72 hours. Graphs show ratio of endogenous full
length and cleaved large fragment caspase 9 when analysed densitometrically using
Imagel software. The F-Test was performed to assess variance and two-tailed,
unpaired Student’s t-tests were performed with Welch’s correction for unequal
variance to assess significance. Error bars depict standard deviation. No significant
change in caspase 9 cleavage was detected in MDAH-2774 cells.
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Cleavage of caspase 9 was detected following all treatments and time points (Figure
4.8). When analysed densitometrically, SKOV3 cells showed a trend of high caspase
9 cleavage at 24 hours, decreasing over time in each case. These changes did not
reach statistical significance in comparison to controls; however, significant
decreases were detected between time points in Rap 20nM (p=0.0069, 24h-72h),
Rap 100nM (p=0.00159, 24h-72h), Def 1000nM (p=0.0496, 24h-48h), Res 25uM
(p=0.0367, 24-48h and p=0.0353, 24-72h) and Res 50uM (p=0.0483, 24h-72h)

treatments, indicating that cleavage of caspase 9 does decrease significantly over

time in these cases.

4.3.3.2 Caspase 3
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Figure 4.13 - Western blots were performed on proteins extracted from SKOV3 and
MDAH-2774 cells treated with mTOR pathway inhibitors for 24, 48 and 72 hours.
No caspase 3 cleavage was seen under any condition. SKOV3 cells were treated

with staurosporine to validate the caspase 3 antibody. Representative image shows
extractions after 24 hours.

The antibody recognising both cleaved and full length caspase 3 was validated by
staurosporine treatment. The 19kDa cleaved fragment of caspase 3 was not

detected under any condition (Figure 4.13) indicating that caspase 3 was not

activated in response to mTOR pathway inhibition.
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4.3.3.3 p70S6 Kinase
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Figure 4.14 - Western blots were performed on proteins extracted from SKOV3 (A)
and MDAH-2774 (B) cells treated with mTOR pathway inhibitors for 24, 48 and 72
hours. Rap and the rapalogues completely eliminated p70S6 kinase phosphorylation
in both SKOV3 and MDAH-2774 cells at 24, 48 and 72 hours. In Res treated SKOV3
cells, phosphorylated p70S6 kinase was seen at 25uM at all time points, at 50uM
after 72 hours and in 10nM BEZ treated cells after 72 hours but not in 100nM BEZ
treated cells. In MDAH-2774 cells, Res treatment at both 25 and 50uM and BEZ
treatment at 10nM did not eliminate p70S6 kinase phosphorylation.

Phosphorylation status of p70S6 kinase was examined to better understand the
activity of the mTOR pathway after inhibition. At 24, 48 and 72 hours, p70S6 kinase
was dephosphorylated in both SKOV3 and MDAH-2774 cells treated with Rap and
all of the rapalogues. In SKOV3 cells treated with Res, phosphorylation p70S6
kinase was abolished at 50uM concentration at 24 and 48 hours but
phosphorylated p70S6 kinase was detected after 72 hours. 25 or 50uM Res
treatment did not dephosphorylate p70S6 kinase in MDAH-2774 cells. In both
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SKOV3 and MDAH-2774 cells, 100nM BEZ treatment dephophorylated p70S6 kinase
at all time points. No phosphorylated p70S6 kinase was detected after 24 and 48
hour treatment with 10nM BEZ but was detected after 72 hours in both cases

(Figure 4.14).

4.4 Discussion

This study investigated the effects of mTOR pathway inhibition on aspects of
cellular activity using two different ovarian cancer cell lines. SKOV3 (clear cell) and
MDAH-2774 (endometrioid) are models of the two types of ovarian cancer which
are most associated with endometriosis (Pearce et al., 2012; Brinton et al., 2005;
Merritt et al., 2008). Using a wound healing assay we were able to show that the

effects of mTOR pathway inhibition were cytostatic up to 18 hours.

When we investigated the effects of mTOR pathway inhibition up to 72 hours, we
were able to show that MDAH-2774 cells have an increased proliferative capacity in
comparison to SKOV3 cells under basal conditions and that mTOR pathway
inhibition was less effective in these cells. Previously we have shown that mTOR
and raptor are upregulated in MDAH-2774 cells in comparison to SKOV3 cells
suggesting higher levels of mTORC1 signalling in this cell line (Section 4.3.2). This
suggests that the effects of mTOR pathway inhibition may be diminished in cells
that are more readily able to undergo mitosis. Rap and rapalogue treatment
induced a non dose dependent decrease in viable cells in the SKOV3 cell line and
little to no decrease in the MDAH-2774 cell line. The non dose dependent effect
seen in SKOV3 cells is in agreement with previous work on Eve treatment on
neuroendocrine tumour cells (Zitzmann et al., 2010) and suggests that the effective
concentration range of these agents might be below the concentrations used for
this experiment. Res and BEZ treatment of SKOV3 cells showed a moderate dose
dependency and inhibitory effects were significantly greater for these dual
mTOR/PI3 kinase inhibitors than they were for sole mTOR inhibitors indicating that
additionally targeting PI3 kinase increases efficacy in these cells. In the more

proliferative MDAH-2774 cell line, Res treatment at 25 or 50uM or BEZ treatment at
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10nM had no effect on number of viable cells; however, 100nM BEZ treatment
profoundly decreased the number of viable cells to almost basal level. Previous
research has shown that BEZ has a cytostatic effect and these data suggest that the
concentration at which this occurs in MDAH-2774 cells is above 10nM (Montero et
al., 2012). In agreement with the previous chapter, the differences in responses to
MTOR inhibition, particularly dual mTOR and PI3 kinase inhibition, in these cell lines
highlights how individual differences can play a role in reaction to drug treatments

and specifically how effective doses may change from patient to patient.

We further investigated the effects of mTOR pathway inhibition on apoptotic and
mMTOR pathway activity. Western blot experiments demonstrated cleavage of
caspase 9 after 24 hour treatment which decreased by 48 and 72 hours in SKOV3
cells. This indicates that initial response to mTOR inhibitor treatment is to induce
apoptosis but this effect is rescued by 48 hours after treatment. No pattern of
change was seen in caspase 9 cleavage in MDAH-2774 cells and no caspase 3
cleavage was detected in either cell line. Caspase 9 is an initiator caspase which
cleaves the pro form of caspase 3 to induce apoptosis. That caspase 9 was
unaffected by treatment and no caspase 3 cleavage was detected indicates that the
effect of caspase 9 cleavage was not substantial enough to induce apoptosis in
these cells. Our findings are supported by proliferation assays showing no change
in dead cell number over 72 hours. These data further confirm that the effects of
mTOR pathway inhibition are cytostatic as opposed to cytotoxic. Previous reports
which show that Rapamycin and Temsirolimus cause cell cycle arrest at Go/G; phase
(Fagone et al., 2013) and that rapalogue treatment is not able to induce apoptosis,
including Eve treatment in SKOV3 cells (Treeck et al., 2006; Avellino et al., 2005;
Hahn et al., 2005; Beuvink et al., 2005) confirm this. Evidence shows that apoptosis
is inhibited by mTORC2 signalling via SGK1 (Dudek et al., 1997; Peterson et al.,
2009; Garcia-Martinez and Alessi, 2008) and the lack of an apoptotic effect induced
by the rapalogues may be explained by their ineffective inhibition of mTORC2. It
may be useful to study the effects of dual and single mTOR pathway inhibition on
SGK1 and NDRGY, downstream effectors of mTORC2 involved in the control of

apoptosis (Garcia-Martinez and Alessi, 2008).
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p70S6 kinase is a direct kinase target of mTORC1 signalling and modulates cellular
processes such as protein and lipid synthesis (Laplante and Sabatini, 2012).
Rapalogue treatment induced p70S6 kinase dephosphorylation at 24 hours, the
earliest time point measured, in agreement with previous data (Koo et al., 2015;
Leung et al., 2015; Xu et al., 2015). Although treatment with Res showed a dose
dependent decrease in viable cell count in SKOV3 cells and BEZ treatment inhibited
proliferation in both SKOV3 and MDAH-2774 cells, phosphorylated p70S6 kinase
was still detected in these cells by western blot. These data suggest that Res and
BEZ may not affect the phosphorylation status of p70S6 kinase to the same extent
as Rap and rapalogues and the inhibitory effects of these inhibitors may be

mediated through alternative pathways.

The non-apoptotic effects of the mTOR pathway inhibitors used in this study may
exclude them from being effective single agent therapies in the treatment of
malignancy. However, it has been shown that rapalogue treatment is able to
potentiate the apoptotic effects of Tamoxifen, Doxorubicin, UCN-01 and Cisplatin
treatment in vitro, indicating that mTOR pathway inhibitors may be useful in
combinatorial therapeutic approaches to cancer treatment (Treeck et al., 2006;
Avellino et al., 2005; Hahn et al., 2005; Beuvink et al., 2005). A mechanism by
which mTOR pathway inhibition enhances apoptosis whilst not inducing it as a
single agent treatment has been described by Beuvink et al.,. The authors have
shown Eve is a potent inhibitor of p21 protein expression, a protein that is activated
by p53 and causes cell cycle arrest and DNA damage repair. A reduction in p21
reduces cell cycle arrest and the potential for DNA damage repair therefore
initiating apoptosis in response to DNA damage (Beuvink et al., 2005). It would be
interesting to further elucidate the effects that mTOR pathway inhibitors have in
both p53-null and wild type p53 cell lines to fully understand the mechanisms by
which mTOR pathway inhibition enhances apoptosis whilst not inducing it.
Interestingly, Beuvink et al., also showed that Eve treatment was able to enhance
the effects of Cisplatin when at concentrations that would usually not induce a
decrease in cell viability, indicating that using mTOR pathway inhibitors may allow

for lower doses of cytotoxic chemotherapeutic agents in cancer treatment and
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therefore a reduction in the harmful side-effects brought about by these drugs

(Beuvink et al., 2005).

Inhibiting mTOR and PI3 kinase in parallel proved to be more effective at reducing
viable cell number in SKOV3 but not MDAH-2774 cells. This may be due to a
negative feedback loop directed to PI3 kinase that is relieved on mTORC1 inhibition
and can induce PI3 kinase signalling via Akt to cause an upregulation in mTORC2
signalling (Peterson et al., 2009). Dual mTOR and PI3 kinase, or mTORC1 and
mMTORC2 inhibitors are able to target both mTORC1 signalling and the aftereffect
mTORC2 signalling and therefore induce more effective repression of the mTOR
pathway (Zitzmann et al., 2010; Hisamatsu et al., 2013). Both SKOV3 and MDAH-
2774 cells carry mutation of the PIK3CA gene encoding the catalytic subunit of PI3
kinase; however, only MDAH-2774 cells have KRAS and BRAF mutations (Beaufort
et al., 2014; Nakayama et al., 2008). KRAS and BRAF are part of the MAP kinase
signalling pathway which has been shown to regulate the mTOR pathway by
inhibiting the TCS1/TSC2 complex (Ma and Blenis, 2009). Everolimus has been
shown to activate the MAP kinase pathway in breast and colon cancer and
melanoma, and cell lines with KRAS and BRAF mutation are particularly susceptible
to the growth inhibitory effects of MAP kinase inhibition (Carracedo and Pandolfi,
2008; Nakayama et al., 2008). This additional activation of the mTOR pathway in
MDAH-2774 cells which would not be affected by PI3 kinase inhibition by Res or BEZ
may contribute to the increased proliferative capacity and decreased response to
dual inhibitors seen in these cells. In support of this, inhibition of both the MAP
kinase and PI3 kinase pathways proved to be more effective than targeting solely

PI3 kinase in neuroendocrine tumour cell lines (Zitzmann et al., 2010).

mTORC2 was previously thought to be Rap insensitive but a more recent study has
shown that inhibition of mMTOR by Rap may remove it as a component of both
MTORC1 and mTORC2 and so longer term treatment with Rap interrupts mTORC2
assembly. mTORC2 inhibition was shown with 100nM Rap treatment after 24 hours
(Sarbassov et al., 2006). In this study, SKOV3 and MDAH-2774 cells were treated

with 20 and 100nM Rap for up to 72 hours. According to previous research, which
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showed a partial reduction in the mTOR association with rictor after 24 hour
treatment with 100nM Rap, the higher concentration of Rap used in this study
would have inhibited mTORC2 activity, at least in part. mTORC2 is known to
suppress apoptosis (Dudek et al., 1997; Peterson et al., 2009; Garcia-Martinez and
Alessi, 2008); however, no dose dependent apoptotic or proliferative effect was
detected following Rap treatment of SKOV3 or MDAH-2774 cells, indicating that, if
present, mTORC2 inhibition is not affecting these mechanisms. mTORC2 signalling
via Akt is known to play a role in cell survival (Jacinto et al., 2006) and so it would be
interesting to further elucidate the effects of all the rapalogues used in this study

on mTOR and rictor association and activation of the mTORC2 signalling pathway.

The survival rate for ovarian cancer is uncharacteristically low and advances in
ovarian cancer therapeutics have not kept pace with other cancer types. mTOR
pathway inhibition presents an as yet unexploited treatment method for ovarian
cancer. In agreement with the previous chapter, mTOR pathway inhibition shows
differential effects in SKOV3 and MDAH-2774 cells, highlighting the need for
tumour specific therapies. Dual mTOR and PI3 kinase inhibition proved to be more
effective that mTOR inhibition alone and further inhibition of the MAP kinase
pathway in addition to effective mTORC2 downregulation may prove to be the key

to effective mTOR pathway inhibition that has thus far remained elusive.
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Chapter 5

Mapping of mTOR, DEPTOR, rictor, raptor and
p70S6 kinase at gene and protein level in ovarian

cancer clinical samples

5.1 Introduction

Ovarian cancer, most often epithelial in origin (CRUK, 2014b), is the fifth most
common cancer to affect women in the UK and the most common cause of death
by gynaecological cancer, proving fatal for around 4300 women in 2012 (CRUK,
2015g). Ovarian cancer can be difficult to diagnose because symptoms are often
mild or ambiguous and it is often not identified until it has progressed into the
more advanced stages, at which chemotherapeutic treatment is less effective (Buys
et al., 2011). There is currently no reliable biomarker for ovarian cancer and no

general population screening programme available on the NHS.

Ovarian cancer has an increased incidence in patients with endometriosis (Stewart
et al., 2013; Pearce et al., 2012; Wu et al., 2009; Merritt et al., 2008; Borgfeldt and
Andolf, 2004; Brinton et al., 2005; Brinton et al., 2004) that has not been seen in
other gynaecological conditions such as pelvic inflammatory disease, borderline
ovarian cancers, fibroids and ovarian cysts (Stewart et al., 2013; Pearce et al., 2012;
Brinton et al., 2005; Borgfeldt and Andolf, 2004). It is particularly associated with
risk of clear cell and endometrioid ovarian cancers (Pearce et al., 2012; Brinton et
al., 2005; Merritt et al., 2008; Rossing et al., 2008). Endometriosis is a non-
malignant condition characterised by the explantation and growth of extraneous
endometrium in areas such as the ovaries, fallopian tubes, vagina, peritoneum and
bladder. Endometriosis is estimated to affect around 2 million women in the UK
(NHS Choices, 2015) causing dysmenorrhea, dyspareunia, dysuria, dyschezia,

infertility and chronic pelvic pain.
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The mTOR pathway, a central regulator of growth and proliferation, has been
shown to play a role in both ovarian cancer and endometriosis (Leconte et al., 2011;
Mabuchi, Deborah A Altomare, et al., 2007). However, the deregulations of this
pathway in both conditions are currently poorly categorised. Due to the unique
relationship between endometriosis and ovarian cancer, we hypothesised that
mTOR components may be implicated in the pathogenesis of ovarian cancer and

endometriosis.

5.2 Objectives

-To elucidate the most stable reference gene(s) for use in qPCR for a set of ovarian
tissue sample cDNAs using a geNorm™ 12 gene kit (Primerdesign) in order to

achieve accurate gPCR normalisation.

-To assess gene expression of mTOR, DEPTOR, rictor and raptor in a range of
ovarian tissue samples from patients with ovarian cancer, endometriosis,
endometrial cancer, fibroids and control patients with no known gynaecological

conditions.

-To compare gene expression of mMTOR components and survival using in silico

analyses of mRNA expression.

-To elucidate the expression of mTOR, DEPTOR, rictor, raptor and phosphorylated
p70S6 kinase in different stages, grades and pathologies of ovarian cancer at

protein level.

5.3 Results

Clinical samples were obtained from the University of Thessaloniki (Table 5.1,
detailed in 2.5.1); ethical approval was obtained by the local hospital authority and

by Brunel University ethics committee. Tissue samples were homogenised and RNA
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extracted using the GenElute™ Mammalian Total RNA MiniPrep Kit (Sigma Aldrich)
as previously described in 2.6.1.1. cDNA was synthesised using the SuperScript® I

Reverse Transcriptase kit (Life Technologies, described in 2.7.1).

Pathology Number
Control 34
Endometriosis 24
Ovarian Cancer 13
Fibroids 4

Endometrial Cancer | 4

Table 5.1 - A summary of the pathologies and numbers pertaining to the clinical
tissue samples used in this study.

5.3.1 Analysis of reference gene stability in ovarian clinical tissue samples using

the geNorm™ 12 gene kit

Commonly used reference genes for qPCR experiments can lack the expressional
stability that they were once thought to have (Gutierrez et al., 2008). A reference
gene’s stability is cell type and context dependent; it cannot be taken for granted
that interpatient variability will not affect expression. It is becoming more widely
accepted that an explorative test should be carried out for each set of samples to
determine a suitable reference gene in each case (Bustin et al., 2009; Jacob et al.,
2013). According to MIQE (Minimum Information for the Publication of
Quantitative Real-Time gPCR) guidelines, reference gene expression should be
stably and strongly correlated with total mRNA expression. As ovarian cancer is a
highly heterogeneous disease, it is particularly prudent to assess reference gene
stability in ovarian tumour tissue samples. geNorm™ (Primerdesign) is a
commercially available assessment kit for suitable reference genes within a sample
set. The geNorm™ human 12 gene kit assesses twelve different human reference
genes for average expression stability and the optimum number of reference genes

to use in gPCR experiments for each set of samples.
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Eight clinical samples were selected to represent the whole cohort and were tested
in triplicate using the geNorm™ 12 gene kit (Primerdesign). An equal number of
samples were used from each group to eliminate bias towards any variable. The kit
contains primers for ATB5P, SDHA, B2M, UBC, ACTB, 18S RNA, GAPDH, TOP1, CY(C1,
EIF4A2, YWHAZ and RPL13A (detailed in Section 2.9). 2X PrecisionPlus™ gPCR
MasterMix (Primerdesign) was used on a 7900HT Fast thermal cycler (Life
Technologies, described in Section 2.9). cDNA was used at a concentration of
5ng/uL as per manufacturer’s instruction. gPCR results were analysed using qBase+

software (Biogazelle).

Average expression stability of remaining reference targets
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Figure 5.1 - 12 genes from the geNorm™ 12 gene kit (Primerdesign) were assessed
for expressional stability in a selection of cDNAs from clinical samples representing
the whole cohort. Data were analysed with gBase+ software (Biogazelle). gBase+
provides a geNorm™ M value representing expressional stability; a low M value
indicates greater expressional stability. The graph shows genes in order of least
stable to most stable (left to right). The most stable genes were RPL13A and
YWHAZ.

geNorm™ M value (Figure 5.1) represents average gene expression stability within
the samples tested. A lower M value confers greater stability. The genes are
arranged on the graph in order of stability, the least stable being on the left and the

most stable on the right.
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Determination of the optimal number of reference targets
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Figure 5.2 - 12 genes from the geNorm™ 12 gene kit (Primerdesign) were assessed

N

8

for expressional stability in a selection of cDNAs from clinical samples representing
the whole cohort. Data were analysed with gBase+ software (Biogazelle). gBase+
provides a geNorm™ V graph showing cumulative variability of successive genes
indicating how many must be used in each qPCR experiment for optimum
normalisation. Working from left to right, the first column to achieve a value below
0.15 represents the optimum number of reference genes to use with these samples.
In this case, 2-3 reference genes is acceptable.

The geNorm™ V graph (Figure 5.2) shows the optimal number of reference genes to
use for the samples tested, measured by the average variation in stability between
each successive gene. A V value of less than 0.15 is considered acceptable
(Primerdesign, 2014). The first column on the graph shows the V value of the three
most stably expressed genes (RPL13A, YWHAZ and EIF4A2). Each additional column
to the right shows the V value of the previous column plus the next stable gene.
The first column to achieve a value below 0.15 shows the optimum number of
reference genes to use. In this case, gBase+ recommends two to three reference
genes (MIQE guidelines suggest that at least two reference genes are used). In this
case, the two most stable genes are RPL13A (ribosomal protein L13A; a gene that
encodes a component of the 60S ribosomal subunit) and YWHAZ (a gene that
encodes a 14-3-3 signal transduction protein). Going forward, these reference
genes will be used in gPCR experiments involving these clinical samples as they

have been proven stable enough to provide robust normalisation.
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5.3.2 Gene expression analysis of mTOR, DEPTOR, rictor and raptor in ovarian
tissue clinical samples from patients with ovarian cancer, endometrial cancer,

endometriosis and fibroids

We first sought to assess the gene expression of mTOR pathway components in
ovarian tumour tissue samples. gPCR was performed in triplicate on the ovarian
cDNAs for mTOR, DEPTOR, rictor and raptor using the reference genes RPL13A and
YWHAZ. Power SYBR® Master Mix (Life Technologies) was used on a 7900HT Fast

thermal cycler (Life Technologies, described in 2.10.3).
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Figure 5.3 - gPCR for mTOR, DEPTOR, rictor and raptor was carried out using the
reference genes RPL13A and YWHACZ in triplicate on cDNA synthesised from the
extracted RNA from ovarian tissue of ovarian cancer patients and non-affected

controls. Data were analysed using the AC, method and an RQ value calculated by
2% An F-test was performed to assess variance between groups and two-tailed,
unpaired Student’s t-tests were performed to assess significance. Error bars depict
standard error and asterisks denote significance. Results show a significant increase
in DEPTOR expression (p=0.0007) and a significant decrease in rictor expression
(p=0.0388) in comparison to control.
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Figure 5.4 - qPCR for mTOR, DEPTOR, rictor and raptor was carried out using the
reference genes RPL13A and YWHALZ in triplicate on cDNA synthesised from the
extracted RNA from ovarian tissue of Endometriosis patients and non-affected

controls. Data were analysed using the ACq method and an RQ value calculated by
2% An F-test was performed to assess variance between groups and two-tailed,
unpaired Student’s t-tests were performed to assess significance. Error bars depict
standard error and asterisks denote significance. mTOR and raptor showed a
significant increase in expression (A, p=<0.0001 for both groups). Rictor showed no
significant change over all but when segregated by age of patient (20-29 years and
30-39 years) and grade points (below 50 and above 50) significant changes were
seen. Rictor showed a significant increase in patients aged 20-29 years (p=0.0004)
but not in patients aged 30-39 years (B). There was also a significant increase in
rictor expression in patients with disease grade points above 50 (p=0.0004) but not
in those with a disease grade below 50 (C).
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Differing patterns of expressional change were seen between ovarian cancer and
endometriosis.  Ovarian cancer showed an increase in DEPTOR expression
(p=0.0007) and a decrease in rictor expression (p=0.0388). Raptor expression was
higher than that of mTOR, DEPTOR or rictor but there was no significant change
between control and affected patients (Figure 5.3). Endometriosis showed an
increase in both mTOR and raptor expression (p<0.0001 in both cases) with raptor
again showing greater expression levels than all other components studied (Figure
5.4, A). In the case of endometriosis, no change in rictor was seen over all.
However, when patients were separated based on their age or prescribed disease
grade, a significant change was seen in younger patients (20-29 years compared to
30-39 years, p=0.0004, Figure 5.4, B) and patients with a more severe disease (>50
compared to <50, p=0.0004, Figure 5.4, C). Similar comparisons were made of
mTOR, DEPTOR and raptor but no change was seen in relation to age and disease

grade score.
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Figure 5.5 - gPCR for mTOR, DEPTOR, rictor and raptor was carried out using the
reference genes RPL13A and YWHALZ in triplicate on cDNA synthesised from the
extracted RNA from ovarian tissue of Fibroids patients and non-affected controls.
Data were analysed using the ACq; method and an RQ value calculated by 2% An
F- test was performed to assess variance between groups and two-tailed, unpaired
Student’s t-tests were performed to assess significance. Error bars depict standard
error and asterisks denote significance. Rictor showed a significant increase in
expression in comparison to the control (p=0.0002).
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Figure 5.6 - gPCR for mTOR, DEPTOR, rictor and raptor was carried out using the
reference genes RPL13A and YWHACZ in triplicate on cDNA synthesised from the
extracted RNA from ovarian tissue of Endometrial Cancer patients and non-affected
controls. Data were analysed using the AC, method and an RQ value calculated by
2% An F-test was performed to assess variance between groups and two-tailed,
unpaired Student’s t-tests were performed to assess significance. Error bars depict
standard error and asterisks denote significance. Rictor showed a significant
increase in expression in comparison to the control (p<0.0001).

Fibroids and Endometrial cancer showed very similar expression profiles for mTOR,
DEPTOR, rictor and raptor. The only component they both showed a significant
change in was an increase in rictor compared to control (p=0.0002 and <0.0001
respectively). In both cases, a marked reduction in raptor can be seen but these

results did not reach statistical significance (Figures 5.5 and 5.6).

5.3.3 In silico analysis of mTOR pathway component gene expression levels in

normal and ovarian cancer patients

In order to assess mTOR pathway component gene expression in a large cohort of
patients, we utilised the in silico analysis method Oncomine”. Oncomine”
(oncomine.org) is an online resource combining large DNA microarray datasets
(Rhodes et al., 2004). We used Oncomine’ to perform ‘Cancer vs. Normal’ analysis
in datasets with greater than 50 samples. mTOR, DEPTOR and raptor expression

was analysed but due to low sample size, rictor data was not suitable for analysis.
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5.3.3.1 mTOR

1.5

1.0

0.5

0.0

log2 median-centered intensity

=10
1 2

Figure 5.7 - mTOR gene expression data from the Bonome et al., dataset plotted by
Oncomine showing the mean mTOR gene expression in control ovarian surface
epithelium (1, n=10) and ovarian carcinoma (2, n=185). Boxes represent the 25th-
75th percentile (with median line), bars show the 10th-90th percentile and dots
show the complete spread of data. A 1.166 fold increase in mTOR expression was
seen (p=0.002) (Bonome et al., 2008).
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Figure 5.8 - mTOR gene expression data from the TCGA dataset plotted by
Oncomine showing the mean mTOR gene expression in control ovary (1, n=8) and
ovarian serous cystadenocarcinoma (2, n=586). Boxes represent the 25th-75th
percentile (with median line), bars show the 10th-90th percentile and dots show the
complete spread of data. A 1.122 fold increase in mTOR expression was seen
(p=0.034) (The Cancer Genome Atlas, 2015).

Oncomine analysis supports the mTOR gene expression data in this study. A small
increase in mMTOR expression was seen in ovarian cancer in comparison to controls
(Figure 5.7, 1.166 fold increase, p=0.002 and Figure 5.8, 1.122 fold increase,
p=0.034)
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5.3.3.2 DEPTOR
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Figure 5.9 - DEPTOR gene expression data from the Yoshihara et al., dataset plotted
by Oncomine showing the mean DEPTOR gene expression in control peritoneum (1,
n=10) and ovarian serous adenocarcinoma (2, n=43). Boxes represent the 25th-75th
percentile (with median line), bars show the 10th-90th percentile and dots show the
complete spread of data. A 1.683 fold increase in DEPTOR expression was seen
(p=0.019) (Yoshihara et al., 2009).

Oncomine analysis supports the DEPTOR gene expression data in this study. A
significant increase in DEPTOR expression in comparison to control (Figure 5.9,

1.683 fold increase, p=0.019).

5.3.3.3 Raptor
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Figure 5.10 - Raptor gene expression data from the Yoshihara et al., dataset plotted
by Oncomine showing the mean raptor gene expression in control peritoneum (1,
n=10) and ovarian serous adenocarcinoma (2, n=43). Boxes represent the 25th-75th
percentile (with median line), bars show the 10th-90th percentile and dots show the
complete spread of data. A non-significant 1.410 fold decrease in raptor expression
was seen (p=0.998) (Yoshihara et al., 2009).
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In concurrence with the data in this study, a non-significant decrease in raptor
expression was seen in ovarian cancer in comparison to control (Figure 5.10, 1.410

fold decrease, p=0.998).

5.3.4 Protein expression analysis of mTOR, DEPTOR, rictor, raptor and p70S6
kinase in paraffin embedded ovarian tissue clinical samples from patients with

malignant cancer

We next sought to evaluate protein expression of mTOR pathway components in
different stages, grades and types of ovarian cancer. Tissue arrays (detailed in
Section 2.5.2) were probed for mTOR, DEPTOR, rictor, raptor and phosphorylated
p70S6 kinase by immunohistochemistry using the DAB method as described
previously (Section 2.13). Three areas of each tissue sample were selected at
random and total cells and total positive cells were counted in each area. An

average percentage of positive cells was calculated.
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5.3.4.1 mTOR
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Figure 5.11 - Immunohistochemistry for mTOR was performed on paraffin
embedded ovarian tissue clinical samples from epithelial and germ cell ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed

Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No significant change was detected
between epithelial and germ cell tumours (A). B and C show representative images

of clear cell carcinoma (epithelial) and dysgerminoma (germ) respectively.
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Figure 5.12 - Immunohistochemistry for mTOR was performed on paraffin
embedded ovarian tissue clinical samples from grade I, grade Il and grade Il ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed
Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No significant change was detected
between grade of tumour (A). B and C show representative images of grade Il and
grade lll serous papillary carcinoma respectively.
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Figure 5.13 - Immunohistochemistry for mTOR was performed on paraffin
embedded ovarian tissue clinical samples from stage |, stage Il, stage Il and stage
IV ovarian tumours. F-Tests were performed to assess variance and unpaired, two-
tailed Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No significant change was detected

between stage of disease (A). B and C show representative images of stage | and
stage IV serous papillary carcinoma respectively.
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5.3.4.2 DEPTOR
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Figure 5.14 - Immunohistochemistry for DEPTOR was performed on paraffin
embedded ovarian tissue clinical samples from epithelial and germ cell ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed

Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No significant change was seen

between epithelial and germ cell tumours (A). B and C show representative images
of serous papillary carcinoma (epithelial) and teratoma (germ) respectively.
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Figure 5.15 - Immunohistochemistry for DEPTOR was performed on paraffin
embedded ovarian tissue clinical samples from grade I, grade Il and grade Il ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed
Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. A significant decrease was seen
between grade Il and grade Ill (A). B and C show representative images of grade I
and grade Il serous papillary carcinoma respectively.
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Figure 5.16 - Immunohistochemistry for DEPTOR was performed on paraffin
embedded ovarian tissue clinical samples from stage |, stage Il, stage Il and stage
IV ovarian tumours. F-Tests were performed to assess variance and unpaired, two-
tailed Student’s t-tests with Welch’s correction for unequal variance used to assess

significance. Error bars depict standard error. No significant change was seen
between individual stage of disease; however a significant difference was detected
between early stage and late stage disease (p=0.0109, A). B and C show
representative images of stage | and stage IV serous papillary carcinoma
respectively.
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5.3.4.3 Rictor

40_
A 0 Grade |
301 B Grade |l
BB Grade lll
204

Ratio (Cleaved/Total)
=

o
1

Figure 5.17 - Inmunohistochemistry for rictor was performed on paraffin embedded
ovarian tissue clinical samples from grade I, grade Il and stage lll ovarian tumours.
F-Tests were performed to assess variance and unpaired, two-tailed Student’s t-
tests with Welch’s correction for unequal variance used to assess significance. Error
bars depict standard error. No significant change was seen between grade of
tumour (A). B and C show representative images of grade | and grade Il serous
papillary carcinoma respectively.
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5.3.4.4 Raptor
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Figure 5.18 - Inmunohistochemistry for raptor was performed on paraffin
embedded ovarian tissue clinical samples from epithelial and germ cell ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed

Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No staining was seen in germ cell
tumours (A). B and C show representative images of clear cell carcinoma (epithelial)
and a germ cell tumour respectively.
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Figure 5.19 - Inmunohistochemistry for raptor was performed on paraffin
embedded ovarian tissue clinical samples from grade I, grade Il, grade Ill and stage
I, stage Il, stage Ill and stage IV ovarian tumours. F-Tests were performed to assess

variance and unpaired, two-tailed Student’s t-tests with Welch’s correction for
unequal variance used to assess significance. Error bars depict standard error. No
significant change was seen between grade (A) or stage (B) of tumour. Cand D
show representative images of grade I/stage | and grade lll/stage lll serous papillary
carcinoma respectively.
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5.3.4.5 p70S6 Kinase
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Figure 5.20 - Immunohistochemistry for p70S6 kinase was performed on paraffin
embedded ovarian tissue clinical samples from epithelial and germ cell ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed

Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. A significant decrease was seen in
germ cell tumours in comparison to epithelial tumours (A). B and C show
representative images of serous papillary carcinoma (epithelial) and a germ cell
tumour respectively.
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Figure 5.21 - Immunohistochemistry for p70S6 kinase was performed on paraffin
embedded ovarian tissue clinical samples from grade I, grade Il and grade Il ovarian
tumours. F-Tests were performed to assess variance and unpaired, two-tailed
Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No significant change was seen
between grade of tumour (A). B and C show representative images of grade | and
grade Il serous papillary carcinoma respectively.
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Figure 5.22 - Immunohistochemistry for p70S6 kinase was performed on paraffin
embedded ovarian tissue clinical samples from stage |, stage Il, stage Il and stage
IV ovarian tumours. F-Tests were performed to assess variance and unpaired, two-
tailed Student’s t-tests with Welch’s correction for unequal variance used to assess
significance. Error bars depict standard error. No significant change was seen
between individual stage of disease; however a significant difference was detected
between early and late stage disease (p=0.0461, A). B and C show representative
images of stage | and stage IV serous papillary carcinoma respectively.
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mTOR and raptor showed no significant changes between epithelial or germ cell
tumours or when comparing grade or stage of tumour (Figures 5.11, 5.12, 5.13,
5.18 and 5.19). Although not significant, raptor did show a trend towards
increasing protein expression with deteriorating stage of ovarian cancer (Figure
5.19, B). DEPTOR also showed no significant difference in protein expression
between epithelial and germ tumours (Figure 5.14); however, a significant but
subtle decrease was noted between grade Il and grade IIl tumours (Figure 5.15,
p=0.05). A significant decrease in DEPTOR expression was detected in late stage
disease in comparison to early stage (Figure 5.16, p=0.0109). No significant change
in rictor expression was detected in different grades of disease (Figure 5.17). p70S6
kinase expression was significantly higher in epithelial tumours than in germ cell
tumours (Figure 5.20, p=0.0389) but showed no significant change between grades
(Figure 5.21, A). A significant increase in p70S6 kinase expression was detected in

late stage disease in comparison to early stage (Figure 5.22, p=0.0461).

5.3.5 In silico analysis of survival in relation to mTOR pathway component

biomarker expression

We used the Kaplan-Meier Plotter to assess how the expression of mTOR pathway
components mTOR and DEPTOR relate to patient survival. The Kaplan-Meier
Plotter (kmplot.com) is an online resource allowing for the assessment of biomarker
expression in relation to survival. The Kaplan-Meier Plotter combines Affymetrix
microarray data from the Gene Expression Omnibus (GEO), the European Genome-
phenome Archive (EGA) and The Cancer Genome Atlas (TCGA) to provide survival
data in relation to biomarkers in breast, ovarian, lung and gastric cancers (Gy6rffy
et al., 2013). Unfortunately rictor and raptor are not available for analysis on the

Kaplan-Meier Plotter.
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5.3.5.1 mTOR Overall Survival
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Figure 5.23 - Kaplan-Meier plot showing overall survival probability of ovarian
cancer patients. High (n=788) and low (n=794) expressors of mTOR are shown over
a 250 month (20 year) period. There is no significant difference in overall survival
between high and low expressors of mTOR (p=0.31).
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Figure 5.24 - Kaplan-Meier plot showing overall survival probability of ovarian
cancer patients. High (n=219) and low (n=220) expressors of mTOR with TP53
mutation are shown over a 250 month (20 year) period. There is greater overall
survival in low mTOR expressors when TP53 is mutated (p=0.0083).

No correlation between mTOR expression and overall survival is seen (Figure 5.20).
However, patients with low expression of mTOR have a significantly greater chance

of overall survival when the TP53 gene is mutated (Figure 5.21, p=0.0083).
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5.3.5.2 DEPTOR Overall Survival
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Figure 5.25 - Kaplan-Meier plot showing overall survival probability of ovarian
cancer patients. High (n=791) and low (n=791) expressors of DEPTOR are shown
over a 250 month (20 year) period. High DEPTOR expressors show a significant
improval in survival than low DEPTOR expressors (p=0.011).
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Figure 5.26 - Kaplan-Meier plot showing overall survival probability of stage Ill and
IV ovarian cancer patients. High (n=574) and low (n=574) expressors of DEPTOR are
shown over a 250 month (20 year) period. High DEPTOR expressors show a
significant improval in survival than low DEPTOR expressors (p=0.028).

Consistent with its role as an mTOR pathway inhibitor, high expression of DEPTOR
was related to greater overall survival (Figure 5.25, p=0.011). This was particularly

evident for stage Il and IV ovarian cancer patients (Figure 5.26, p=0.028).
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5.4 Discussion

In this chapter we studied the expression of mTOR components at gene and protein
level in clinical samples. No change was seen in mTOR expression in ovarian cancer,
fibroids or endometrial cancer by gPCR and Oncomine patient analysis showed a
small (1.122-1.166 fold) increase in mTOR expression in ovarian carcinoma in
comparison to normal ovarian surface epithelium. These data agree with previous
research which showed that mTOR gene expression levels did not change between
ovarian cancer, benign ovarian tumours and normal ovarian tissue (Laudanski et al.,
2011). In addition, it has been shown that expression of phosphorylated mTOR has
no bearing on prognosis in epithelial ovarian cancer tissue (No et al., 2011). Kaplan-
Meier plots revealed that mTOR does not affect survival except in ovarian cancers
with TP53 mutation, where patients with low mTOR expression showed greater
survival. The TP53 gene product, p53, is a tumour suppressor protein which
controls the expression of PTEN, a lipid phosphatase that dephosphorylates PIP; to
the inactive form PIP, and thereby downregulates mTOR signalling via PI3 kinase
(Weng et al., 1999; Leslie et al., 2000; Sun et al., 1999; Thorpe et al., 2015). In the
absence of p53, the attenuating effects of PTEN on mTOR signalling is lost and it
may follow that increased mTOR expression would augment mTOR signalling and
result in an unfavourable prognosis in these cases. This is further supported by
data showing that phosphorylated S6, a target of p70S6 kinase, is increased in p53

knockout mice (Leontieva et al., 2013).

Ovarian cancer is most often epithelial in origin (CRUK, 2014b) but can also develop
from germ and stromal cells. We were able to compare mTOR, DEPTOR, raptor and
phosphorylated p70S6 kinase protein expression in ovarian cancers of both
epithelial and germ cell origin. In the cases of mTOR, DEPTOR and raptor, no
significant difference was detected between epithelial and germ cell tumours but
phosphorylated p70S6 kinase was significantly decreased in germ cell tumours in
comparison to epithelial cell tumours.  Patients with germ cell tumours typically
have a better prognosis than those with epithelial tumours with five year survival

being up to 97.4% in comparison to 46% for epithelial ovarian cancer
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(Chatchotikawong et al., 2015; Neeyalavira and Suprasert, 2014; Saber et al., 2014;
CRUK, 2015h). These data support this in showing that mTORC1 signalling is
decreased in germ cell tumours suggesting that the growth and proliferative effects

of mTORC1 signalling are decreased in these cases.

Ovarian cancer patients expressed increased DEPTOR in comparison to unaffected
controls and these data were supported by Oncomine analysis. DEPTOR is an mTOR
interacting protein that is inhibitory to both mTORC1 and mTORC2. DEPTOR loss
increases both mTORC1 (p70S6 kinase/4EBP1) and mTORC2 (Akt) signalling
consistent with its role as an mTOR inhibitor; however, overexpression of DEPTOR
causes overactivation of mTORC2 signalling (Peterson et al., 2009; Kazi et al., 2011).
This may be because inhibition of mTORC1 relieves a negative feedback loop
directed towards the upstream PI3 kinase. This then overcomes mTORC2 inhibition
by DEPTOR which in turn hyperactivates mTORC2 signalling (Peterson et al., 2009)
and suggests that inhibition of mTORC2 by DEPTOR is not as robust as that of
MTORC1. DEPTOR has been shown to be underexpressed in many cancers including
that of the prostate, bladder and cervix but it is overexpressed in multiple
myelomas, thyroid cancers and taxol resistant ovarian cancer cell lines (Peterson et
al., 2009; Foster et al., 2010; Pei et al., 2011). An increase in DEPTOR expression
may represent a transformation in the balance of signalling from mTORC1 to
MTORC2. The mTORC2 complex activates Akt which is known to promote cell
survival (Dudek et al., 1997) and mTORC2 dependent phosphorylation of Akt has
been shown to be increased in ovarian cancer tissue in comparison to control tissue
(De Marco et al., 2013). If ovarian cancer progression is driven predominantly by
mTORC2, mTORCI1 targeting drug therapies would be ineffective in the treatment of
this disease. Indeed, rapalogues, which robustly inhibit mTORC1 signalling but have
little effect on mTORC2 signalling have not demonstrated the advance in cancer
treatment that was expected from them with only few licenced uses for malignancy

(Laplante and Sabatini, 2012).

An increase in phosphorylated p70S6 kinase expression was detected in later stages

of ovarian cancer. p70S6 kinase is a downstream effector of the mTOR pathway
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which is active when phosphorylated by mTORC1 (Isotani et al., 1999; Burnett et al.,
1998). Phosphorylation of p70S6 kinase leads to activation of translation initiation
factors which cause protein translation and cell growth (Ma and Blenis, 2009; Holz
et al., 2005). These data show that phosphorylation of p70S6 kinase and therefore
the downstream growth effects of mTORC1 signalling are more active as ovarian
cancer progresses and that increased mTORC1 signalling, which is responsible for
p70S6 kinase activation, confers an unfavourable prognosis. These data support
previous findings that p70S6 kinase overexpression is related to an increase in
recurrence and metastasis in breast cancer and metastasis in ovarian cancer (van
der Hage et al., 2004; Ip et al., 2014). In addition, DEPTOR protein expression was
shown to decrease in higher grade and later stage ovarian cancers. Ovarian cancer
grading and staging is a method of classifying ovarian cancer based on its
differentiation, location and metastasis; higher grade and later stage ovarian
cancers are considered more severe as the degree of differentiation of cells
decreases and metastasis increases (CRUK, 2014a). This may suggest a switch in
MTOR mediated responses in ovarian cancer; initial malignancy is mediated by
MTORC2 and mTORC1 signalling predominates in later stages. However, it should
be noted that ovarian cancer is not a homogenous disease, therefore these changes

in signalling pathways may be subtype, stage or grade related.

In endometriosis, there was no significant change in rictor expression over all;
however, when patients were compared based on age and disease grade, a
significant increase was seen in younger patients (20-29 years compared to 30-39
years) and patients with higher disease grade score (>50 compared to <50).
Differential expression of mTOR, DEPTOR and raptor was not seen based on age or
disease grade in endometriosis. Endometriosis grade represents severity of disease
based on location and infiltration of adhesions (American Society for Reproductive
Medicine, 1997). Endometriosis is primarily a pre-menopausal condition as
endometrium proliferates in response to oestrogen. As women age and enter a
menopausal state, oestrogen is no longer produced by the ovaries and the
endometrium no longer proliferates and sheds with menstrual cycles. This

translates to a decrease in severity of endometriosis symptoms with increasing age.
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A more pronounced expressional change seen in rictor in younger patients may be
related to the effect of oestrogen. Indeed, oestrogen has previously been shown to
interact with the mTOR pathway, with oestrogen treatment causing
phosphorylation of mTOR, p70S6 kinase and 4EBP1 (Sudhagar et al., 2011) and the
oestrogen receptor has been shown to bind to the P85a regulatory subunit of PI3
kinase in response to oestrogen stimulation (Simoncini et al., 2000). Because
oestrogen secretion decreases with menopause, higher rictor expression in younger
patients may be explained by increased levels of oestrogen in premenopausal
cases. Given that the influence of oestrogen on the development and progression
of ovarian cancer remains unclear, it will be of interest to study the impact of sex
hormones on mTOR signalling in ovarian cancer cells. Martin et al., found that
rictor expression was higher in oestrogen receptor positive breast cancers in
comparison to oestrogen receptor negative breast cancers (Martin et al., 2014). In
addition to this, mouse models of ovarian cancer which involve KRAS activation and
PTEN deletion and result in increased mTOR, Akt and p70S6 kinase phosphorylation
show high levels of oestrogen receptor expression (Dinulescu et al., 2005). There
was also an increase in raptor observed in endometriosis. An increase in mTOR
combined with raptor expression in endometriosis suggests that mTOR pathway
signalling is more heavily weighted to the mTORC1 complex in this condition as
raptor is a component unique to mTORC1 (Hara et al.,, 2002). An increase in
mTORC1 signalling has been observed in many conditions including intellectual
disability, tuberous sclerosis and diabetes (Troca-Marin et al., 2012; Wataya-

Kaneda, 2015; Nyman et al., 2014).

The data in this study present the differential regulation of mTOR signalling
components in malignancies and borderline conditions. Collectively, our data
suggests that a transformation from mTORC1 to mTORC2 signalling may occur in
the progression from endometriosis to ovarian cancer and that DEPTOR status may
be responsible for this. It may be useful to study the phosphorylation statuses of
Akt, NDRG1 or PKCa to determine if mTORC2 signalling is altered in different
disease states. More detailed analysis of mTORC1 and mTORC2 signalling must be

carried out to fully elucidate the extent to which each pathway is active in ovarian
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cancer and endometriosis and provide appropriate druggable targets. Interpatient
variation as well as the alleviation of the negative feedback loop to PI3 kinase which
occurs with mTORC1 inhibition and the paradoxical effects of DEPTOR expression
makes predicting changes in mTOR pathway signalling difficult and this must be
fully understood to effectively develop methods of diagnosing and treating these

conditions.
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Chapter 6

Development of a PoCT platform for ovarian
cancer

6.1 Introduction

PoCT is the implementation of a full suite of diagnostic procedures (obtaining a
sample, sample preparation, testing and diagnosis) in a single visit to a primary or
secondary health care provider (NHS, 2014). Many PoCTs are routinely used by the
National Health Service (NHS) in the UK. For example blood gas analysis, blood
glucose monitors and HIV tests (NHS, 2015c). Advantages of PoCT include
decreased wait time, improved and more rapid treatment, reduced visits to a
healthcare provider, reduced hospitalisation burden and decreased costs (NHS,
2015e). gPCR, a method of amplifying and quantifying genetic material, is a
fundamental procedure in both research and medical laboratories. gPCR allows for
accurate quantification of gene transcripts in real time and has eliminated the need
for end-point analysis with the addition of fluorescent probes or DNA binding dyes
(Tania Nolan, 2013; Stephen A. Bustin, 2014). gPCR is well established as a
diagnostic tool and a range of ‘off the shelf’ tests for pathogen detection are
available (Cepheid, 2015); however, a typical 40-cycle qPCR test can take up to two
hours to complete (Tania Nolan, 2013). In pathogen detection, for example, speed
is of critical importance, not only to isolate the pathogen but to ensure rapid
treatment, and could be the difference between life and death in some cases.
Historically, the limiting factors in the speed of gPCR experiments have been the
sample preparation time and the ‘ramping rate’ or time taken to move between the
required temperatures in a cycle (i.e. from 95°C to 60°C to 72°C). The length of a

gPCR test must be improved if it is to become a useful tool in PoCT.

gPCR machines, which function to cycle samples through temperatures 40 times or

more, have typically used a peltier and conductive block system; however, some
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more recently developed products have attempted to overcome the speed and
accuracy limitations by using alternative methods of heating. Namely, heated air
(Rotor-Gene® Q, Qiagen) and resistive heating (xxpress®, BJS Biotechnologies).
However, increasing speed has the potential to compromise thermal uniformity, an
important factor affecting the accuracy and reproducibility of a qPCR test (Tania
Nolan, 2013). xxpress® by BJS Biotechnologies is a prototype thermal cycler that
claims to be the fastest and most thermally active available. The xxpress®
technology employs a technique known as resistive heating to achieve active and
multizonal thermal control over the sample area. In conventional peltier based
thermal cyclers the sample plate is a separate unit to the conductive block which is
heated and cooled to apply temperature changes to the samples. The xxpress®
system combines the conductive component and sample plate into one consumable
item, allowing for close contact (approximately 10uM) (BJS Biotechnologies, 2015a)
between the reagents and the heating source and therefore allowing the sample to

closely mimic the desired temperature (Figure 6.1) (BJS Biotechnologies, 2015b).

Figure 6.1 - An image of the three xxplate well configurations available (24, 54 and
96 wells) showing the unique design of the xxpress® consumable. Image courtesy of
BJS Biotechnologies.
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The use of resistive heating as an alternative to peltiers translates to a significant
speed advantage for the xxpress® thermal cycler. Six electrical contact points allow
the passage of current through the element (Figure 6.2). The element is made of
very thin aluminium and so has reduced thermal mass in comparison to typical
blocks. Because of this, heat can be driven in at a much faster rate meaning a 40-
cycle gPCR experiment can be completed in less than 10 minutes (Tania Nolan,
2013). In addition to speed, accuracy is also important to provide reliable and
reproducible data. If the thermal uniformity across the sample plate is low,
samples will experience different thermal environments and, as important factors
such as primer binding are reliant on accuracy of temperature, the integrity of the
experiment is lost. The xxplate  is designed so that thermal control of the sample
area can be multizonal to adjust for greater heat loss at the edges (Figure 6.3). The
software algorithm uses 12 different routes for current to travel through the
conductive component (Figure 6.3) to deliver heat to specific areas meaning that
the thermal uniformity across the sampling area can be within 0.3°C. The
temperature of the sample area is measured 100 times a second by nine non-
contact infra-red sensors resulting in temperature that is under active control and

can be rapidly adjusted to maintain uniformity (Tania Nolan, 2013).
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Figure 6.2 - The xxplate ™design has six electrical contact points and allows for
multizonal thermal control of the sample are by modulating the route of current
through the conductive element. TR refers to toroidal transformer. Image courtesy
of BJS Biotechnologies.

Figure 6.3 - Infra-red images of multizonal heating of the xxplate ™under two
different current configurations. Image A shows a heatmap of the sample area on
an xxplate according to the circuit paths illustrated in diagram B and image C
shows the sample area on an xxplate™ according to the circuit path illustrated in
diagram D. Image generated in conjunction with BJS Biotechnologies.
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6.2 Objectives

-To compare speed, efficiency and variability of four current, commercially available
gPCR thermal cyclers, two of which use the industry standard peltier/block system
and two of which use novel heating systems.

-To assess how the xxpress® (BJS Biotechnologies) compares to industry standard
thermal cyclers and which, if any, are suitable for development into a platform for

rapid diagnostic clinical testing.

-To assess instrument usability in terms of level of training needed and adaptability

to a PoCT scenario.

-To develop a proof of principle assay to demonstrate PoC biomarker detection in

ovarian cancer for development on xxpress® technology.

6.3 Results

6.3.1 Reaction Efficiency and Time

Company gPCR Platform | Thermal System | Advertised Advertised
Fastest Ramp Thermal
Rate Uniformity

Bio-Rad CFX96™ Block/Peltier 2.5°C per second | £0.4°C

BJS Biotechnologies | xxpress® Resistive 10°C per second | £0.3°C

heating/active

control
Life Technologies 7900HT Fast Block Peltier 3°C per second 1+0.5°C
Qiagen Rotor-Gene® Q | Heated Air 15°C per second | #0.02°C

Table 6.1 - A summary of the gPCR thermal cyclers compared.
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We first sought to assess qPCR reaction efficiency across four different thermal
cycler platforms. 18S rRNA amplification in commercially available human DNA was
assessed and compared by gPCR using CFX96™ (Bio-Rad), xxpress® (BJS
Biotechnologies), 7900HT Fast (Life Technologies) and Rotor-Gene® Q (Qiagen)
thermal cyclers (Table 6.1).

A dilution series of hgDNA was created to include 100, 10, 1, 0.1 and 0.01ng/uL
(final concentrations: 5, 0.5, 0.05, 0.005 and 0.0005ng/uL) in order to generate a
standard curve. Previously validated eukaryotic 18S rRNA gene primers (Foster et
al., 2010) were used (detailed in Section 2.10.1). KAPA Biosystems’ SYBR® FAST
gPCR master mix was used across all thermal cyclers (as described in Section 2.10.4)

using the following thermal profile:

Temperature Time Cycles
95°C 20seconds |1
95°C 1 second 40
60°C 10 seconds

Table 6.2 - Thermal profile for gPCR experiments on hgDNA.

Ramping and cooling rates and all modifiable parameters were used at the
manufacturers’ pre-set levels. Each concentration of hgDNA was run in triplicate.
Speed of experiment was measured from the time the machine was initiated to the

time results were obtainable and rounded to the nearest minute.
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Figure 6.4 - A dilution series of hgDNA was used to create a standard curve of 18S
RNA expression on CFX96™, xxpress® 7900HT Fast and Rotor-Gene® Q thermal
cyclers. Correlation coefficient and efficiency were calculated in addition to protocol
run time. Correlation coefficient and efficiency varied between thermal cyclers. All
thermal cyclers were able to operate over the same linear dynamic range.

Figure 6.4 shows the amplification efficiency of each thermal cycler. In the A or AA
quantification cycle (Cy) gPCR analysis methods, amplification efficiency is assumed
to be equal across GOls and reference genes. An amplification efficiency of 100%
indicates that the PCR product is doubling with every cycle. Efficiency is calculated

as follows (Kennedy and Oswald, 2011):

E= 10(1—s/ope)—1

An efficiency in the range of of 90-110% is considered acceptable (Kennedy and
Oswald, 2011). The only thermal cycler to achieve an efficiency within the
acceptable range was the xxpress® (BJS Biotechnologies) at 95.81%. Correlation
coefficient (RZ), a measurement of linear correlation, depicts how well the
individual data points relate to their slope. An R? value of 0.975 or higher is

considered acceptable for qPCR experiments (Kennedy and Oswald, 2011). The
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only thermal cycler to not achieve an acceptable R’ value was the CFX96™ at 0.918.
The time to complete a 40-cycle experiment varied between machines. The fastest
machine by a marked amount was the xxpress® (BJS Biotechnologies) at 12
minutes. The rest of the cyclers ranged from 45 to 58 minutes (Table 6.3). Each

machine was able to operate over the same linear dynamic range.

Thermal Cycler | Time to complete 40 cycles | Acceptable Acceptable
(minutes) efficiency correlation
coefficient
CFX96™ 48 X X
Xxpress® 12 v v
7900HT 58 X 4
Rotor-Gene® Q | 45 X v

Table 6.3 - A summary of time, efficiency and correlation coefficients for 185 RNA
expression assay in human gDNA carried out on four thermal cyclers.

6.3.2 Reaction Uniformity

We next assessed the uniformity of gPCR reactions across the sample area of each
thermal cycler consumable. Reaction uniformity was assessed using qPCR by
measuring amplification of 18S rRNA in a selection of wells with covering all areas
of the sample plate on CFX96™ (Bio-Rad), xxpress® (BJS Biotechnologies), 7900HT
Fast (Life Technologies) and Rotor-Gene® Q (Qiagen) thermal cyclers. Human DNA
at 100ng/uL (final concentration of 5ng/uL) was used in all wells with the thermal

protocol detailed above.
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Figure 6.5 - gPCR with a fixed template concentration of 5ng/uL hgDNA was carried

out for 18S RNA in a selection of wells covering all areas of the sample plate on each

thermal cycler to investigate if the sample location on the plate affects fluorescence
and C,. Figure 6.5 demonstrates the fluorescence variability across the sampling

areas of the CFX96™ and 7900 HT Fast thermal cyclers at each cycle of the protocol.

The CFX96™ showed a doming effect over the well rows (A). The 7900HT Fast
appears to experience a substantial edge effect on the bottom row of the sample
plate (B).
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Figure 6.6 - gPCR with a fixed template concentration of 5ng/ulL hgDNA was carried
out for 18SRNA in a selection of wells covering all areas of the sample plate on each
thermal cycler to investigate if the sample location on the plate affects fluorescence
and C,. Figure 6.6 demonstrates the fluorescence variability across the sampling
areas of the xxpress®(A) and Rotor-Gene® Q (B) thermal cyclers at each cycle of the
protocol. All thermal cyclers demonstrated a level of variability but the xxpress @
showed the lowest deviation of C, value.
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Figure 6.7 - gPCR with a fixed template concentration of 5ng/uL hgDNA was carried
out for 18SRNA in a selection of wells covering all areas of the sample plate on each
thermal cycler to give an indication of how the sample location on the plate can
affect fluorescence and C,. Figure 6.7 shows the average C, value among technical
replicates for each of the thermal cyclers. Error bars depict standard deviation.

Figures 6.5 and 6.6 show the fluorescence uniformity across the sample area of
each sample plate. Each uniformity graph provides a visual representation of the
level of variation across each sample area. Figure 6.7 shows the average C, value
for each of the thermal cyclers with error bars depicting standard deviation (SD).
The SD of Cq values within identical reactions on a sample plate indicates the
repeatability of an assay. Without extraneous variables the fluorescence for
technical replicates would be identical at each cycle; however thermal and optical
variation can cause fluorescence outputs to fluctuate. This fluctuation can cause Cq
variation in what should otherwise be stable values. In this experiment, the
7900HT Fast (Life Technologies) showed the greatest C, variation with a value of
1.91 (Figure 6.7). xxpress® showed the least variation with a value of 0.29 (Figure
6.7). Although MIQE guidelines state that intra-assay variation as a measure of
repeatability should be reported for all gPCR experiments, no parameters of

acceptable variation have been described.
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6.3.3 Biomarker Detection in Whole Blood

PoC detection of biomarkers is not currently a routine procedure in primary or
secondary healthcare. As we have previously demonstrated DEPTOR upregulation
in ovarian cancer, we investigated if DEPTOR gene expression changes could be
detected in whole blood of ovarian cancer patients in comparison to unaffected
controls. RNA was extracted from whole blood of 7 ovarian cancer patients and 6
unaffected controls using the QlAamp® RNA Blood Mini Kit (Qiagen, Section 2.6.3).
cDNA was synthesised from extracted RNA using the nanoScriptm 2 cDNA synthesis
kit (Primerdesign). qPCR was performed on cDNA using primers for DEPTOR and
18S RNA (section 2.10.1). Power SYBR® Master Mix was used on a 7900HT Fast
thermal cycler (Life Technologies, described in Section 2.10.3). Three technical

replicates were performed for each sample.
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Figure 6.8 - Relative DEPTOR expression was measured by gPCR in the whole blood
of ovarian cancer patients and unaffected controls and ovarian tissue of ovarian
cancer patients and unaffected controls. cDNA was synthesised from extracted RNA
and data were analysed using the AC4 method. An RQ value calculated by 2% An
F-test was performed to assess variance between groups and a two-tailed, unpaired
Student’s t-tests was performed to assess significance. Error bars depict standard
error and asterisks denote significance. DEPTOR expression was increased in
ovarian cancer patients in comparison to controls; this change did not achieve
significance (p=0.0817). As previously shown, DEPTOR expression was also
increased in ovarian cancer patients in comparison to controls (p=0.0007).
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DEPTOR mRNA was detected in greater quantity in the whole blood of ovarian
cancer patients in comparison to unaffected controls although this change did not
reach statistical significance. These findings are in concordance with detection of
significantly greater levels of DEPTOR in ovarian tumour tissue in comparison to

unaffected controls (Figure 6.8).

6.4 Discussion

In this chapter we assessed the performance of gPCR instrumentation and
investigated if gene expression changes are detectable in whole blood by qPCR. As
rapid developments are made in PoCT, it is essential that the pitfalls and drawbacks
of this technigque are understood. It is often the case that machinery operators
have a disconnected relationship with the equipment they are using and may not
fully understand the restraints on the data they have generated. In a healthcare
setting, it is not only speed and accuracy of gPCR that are of consideration.
Thought must be given to the operator of the test who is unlikely to have
laboratory training (NHS, 2015d). Ideally, the machine would be intuitive, recognise
samples (i.e. through barcodes or other means that avoid user input) and guide the
user through the set-up process with little chance of error. Many commercially
available pieces of laboratory instrumentation are unusable without at least some

level of training which, in a low resource environment, is not always practical.

The 7900HT Fast by Life Technologies is an industry standard machine, the sample
tray is placed in a metal block which is heated and cooled using a peltier
(ThermoFisher Scientific, 2015). The CFX96™ by Bio-Rad has improved the block
design by reducing its thermal mass to allow faster heat transfer and an improved
ramp rate (Bio-Rad, 2015). In addition to being a relatively slow method of heating
and cooling, block/sample tray methods have an added disadvantage of creating a
large thermal barrier between sample and heat source (caused, in part, by the thick
plastic sample tray). This can result in a disparity between temperature of block

and temperature of sample and can lead to discrepency between the desired
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temperature and the actual temperature of the sample. Furthermore, block based
systems often experience what is known as the ‘edge effect’ in which the rate of
heat transfer is greatest around the edges of the block. This results in the lower
temperatures at the peripheral areas of the sample plate (Kennedy and Oswald,
2011). The Rotor-Gene® Q and xxpress® have made attempts to overcome these
issues with novel heating and cooling methods. The Rotor-Gene® Q by Qiagen uses
a centrifugal system by which samples are arranged in a ring formation and are
rotated through heated or cooled air (Qiagen, 2015). As samples are not fixed in
place, they are able to experience the same temperatures without variability arising
from the edge effect. xxpress® by BJS Biotechnologies employs a different heating
method again, resistive heating. The consumable in this case consists of both the
sample tray and the heat source with 10um of polymer separating the two (BJS
Biotechnologies, 2015a). Electricity is passed through the block component of the
PCR plate whose temperature is monitored in real-time and is therefore under
active control. With this technology, any thermal uniformity issues can be quickly
corrected by passing more or less current through specific sample areas (BJS
Biotechnologies, 2015a). Despite xxpress® technology having a fixed, block-based
sampling area, the lack of thermal uniformity usually noted in these models should
be eliminated due to active control heating. This has been confirmed in this study;

xxpress® had lowest standard deviation in Cq value of all four machines studied.

An acceptable reaction efficiency was achieved only by the xxpress® thermal cycler.
Common methods of qPCR analysis do not account for variations in efficiency
between reactions (Bustin et al.,, 2009). In research settings where gPCR
experiments are designed by the user, efficiency is not always assessed prior to the
commencement of data generation. This assessment has shown that efficiency
cannot be assumed to be within acceptable limits and that optimisation may be
required; this may include adjusting thermal or time parameters, and template and
primer concentration. For the purpose of comparison, experimental design,
template and primer concentrations and thermal protocol were kept constant

between each thermal cycler; however, with optimisation, it may be possible to
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achieve efficiency within acceptable parameters on each of the thermal cyclers

tested. This highlights the importance of instrument specific optimisation.

Variability in fluorescence may also be due to the optical system in place within the
thermal cycler (i.e. the excitation source and method of fluorescence detection). It
would be advantageous to design an experiment to distinguish between these two
variables. For example, a thermochromic material which will change colour at
different temperatures could be used to assess temperature variations across the
plate. In addition to this, measuring fluorescence from a fluorophore without

applying temperature will demonstrate optical fluctuations.

Despite using novel thermal techniques which stray from the industry standard, the
xxpress® and Rotor-Gene® Q thermal cyclers demonstrated that they can compete
with, and in some cases exceed, the CFX96™ and 7900HT Fast instruments. The
speed of the xxpress® instrument’s ramp rate, due to resistive heating, did not
compromise the efficiency of the reaction and the close contact between the
reaction and the heat source may have provided an improvement; making the
xxpress® thermal cycler a potential candidate for a PoCT system. Moreover, the
xxpress® user interface could be easily adapted to be operated by non-technical

users.

An accelerated gPCR test in the research lab is a useful improvement, but in
healthcare settings where an infectious pathogen may be present, the advantages
of a fast and reliable test can not be overstated. For example, in the case of sepsis,
a life threatening inflammatory condition caused by bacterial or fungal infection,
the time between onset of infection and serious illness can be short and over 50%
of sepsis patients die of their disease (Engel et al., 2007). Patients are often treated
for sepsis before a positive test result is returned; however, appropriate treatment
which covers the specific microbe can greatly improve survival in sepsis patients

(Hanon et al., 2002). A rapid diagnosis resulting in swift and appropriate treatment
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can mean the difference between life and death for some and could save costs in

preemptive and erroneous treatment before a confirmed diagnosis.

As previously mentioned, there is currently no effective screening method available
for ovarian cancer. Ovarian cancer biomarkers such as CA125 have been proven to
be ineffective for many reasons including low specificity (Buys et al., 2011; Menon
et al., 2015). Current diagnostic methods for ovarian cancer are time consuming
and invasive; with the emergence of circulating tumour cells (CTCs), readily
available in the blood, there is renewed hope of developing a tool that may serve as
a surrogate biomarker. CTCs are cells that have detached from a primary or
metastatic tumour and migrated into the circulatory system (Azevedo et al., 2015).
We hypothesised therefore, that if CTCs have entered circulation from the primary
tumour, their gene profile would resemble the one of the tissue they came from.
Since we have shown that DEPTOR is upregulated in the tissue of ovarian cancer
patients, we sought to investigate if the same readout could be detected in RNA
extracted from whole blood. Upregulation of DEPTOR gene expression was evident
in the blood of ovarian cancer patients compared to unaffected controls, mimicking
our previous data obtained from ovarian cancer tissue. Detection of CTCs by blood
extraction (known as a liquid biopsy) holds potential as a minimally invasive method
of screening for ovarian cancer which could improve prognosis by detecting

malignancy at an earlier stage and prompting earlier commencement of treatment.
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Chapter 7

General Discussion and Concluding Remarks

7.1 Why is this research important?

The advances made in cancer treatment have not mirrored other diseases;
chemotherapeutic treatments are often poorly tolerated and paradoxically
carcinogenic. Ovarian cancer is particularly lethal due to ambiguous symptoms and
lack of reliable biomarkers leading to late stage diagnosis and unfavourable
prognosis. To date, there is no discrete, non-invasive screening method to detect
ovarian cancer. Currently, CA125 and transvaginal ultrasound are used when
ovarian cancer is suspected, at which point the majority of cancers have reached
stages Ill or IV (Buys et al., 2011). In addition to this, using CA125 as a screening
marker has shown low specificity which increases the risk of screening related
harms such as unnecessary surgery and no improvement in survival (Buys et al.,
2011). Daily, nineteen women are diagnosed with ovarian cancer in the UK; more
than twelve of these are expected to have died of their disease after 10 years
(CRUK, 2015g). If improvements are to be made in the prognosis of ovarian cancer,
efforts must be focussed on the development of effective screening methods.
Disease detected at stage | benefits from a 98% survival rate (CRUK, 2015h) and an
effective and fast, single point screening assay would increase the amount of

ovarian cancers detected at this stage.
7.2 How is the mTOR pathway implicated in ovarian cancer?

The mTOR pathway is responsible for the control of growth and proliferation in
response to cellular and extracellular cues (Laplante and Sabatini, 2012). mTOR
pathway deregulation has been shown in patients as well as in vivo and in vitro
studies of ovarian cancer and the mTOR pathway represents a potential target in

the treatment of this disease (Castellvi et al., 2006; No et al., 2011; Zhang et al.,

185



2015; Masoumi-Moghaddam et al., 2015; De Marco et al., 2013; Zhou and Wong,
2006; Meng et al., 2006; Pon et al., 2008; Bian et al., 2010; Ip et al., 2014; Im-aram
et al., 2013; Foster et al., 2010). We showed that the mTOR pathway components
show differential patterns of expression in ovarian cancer and endometriosis. We
used fibroids and endometrial cancer as a benign and malignant comparison of
conditions unrelated to ovarian cancer and showed that neither condition
resembles ovarian cancer in terms of mTOR complex component expression profile.
We showed that mTOR complex inhibitor DEPTOR is increased in tumour tissue and
blood from ovarian cancer patients but decreased in later stage and higher grade
disease when phosphorylation of p70S6 kinase increases, indicating increased
mTORC1 signalling. In silico cancer survival analysis by Kaplan-Meier plot showed
that mTOR component expression plays a role in survival. High expression of
DEPTOR relates to improved overall survival. mTOR is not related to survival unless
the TP53 gene, encoding the p53 tumour suppressor gene is mutated. In these
cases, survival is improved for patients who express lower levels of mTOR.
Collectively, these data present strong evidence of DEPTOR modulation in the

progression of ovarian cancer.

7.3 What role does mTOR pathway inhibition play in the treatment of ovarian

cancer?

In this study we showed that SKOV3 and MDAH-2774 cells have no apoptotic
response to MTOR pathway inhibition by demonstrating no caspase pathway
activation and no increase in dead cell number in response to Rapamycin,
rapalogues, Resveratrol or NVP BEZ-235. However, we were able to show that
Rapamycin, rapalogues and dual inhibitors exert a cytostatic effect on these cells.
Previous studies have shown that rapalogues can potentiate the cytotoxic effects of
DNA damaging agents such as Tamoxifen, Doxorubicin, UCN-01 and Cisplatin, even
at levels below their usual efficacy (Treeck et al., 2006; Avellino et al., 2005; Hahn et
al., 2005; Beuvink et al., 2005), providing evidence that mTOR pathway inhibition is
an effective combinatorial approach to the treatment of ovarian cancer. At the

time of writing, a vast number of clinical trials investigating the use of combinatorial
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mTOR pathway inhibitors in ovarian cancer are underway; a number of these are

detailed in Table 7.1.

mTOR Pathway | Title of Study

Inhibitor(s)

Rapamycin Vaccine Therapy With or Without Sirolimus in Treating
Patients With NY-ESO-1 Expressing Solid Tumors

Everolimus Single Arm Trial With Combination of Everolimus and
Letrozole in Treatment of Platinum Resistant Relapse or
Refractory or Persistent Ovarian Cancer/Endometrial
Cancer

Deforolimus Carboplatin/Taxol/Ridaforolimus in Endometrial, Ovarian
and Solids

Temsirolimus Temsirolimus, Carboplatin, and Paclitaxel as First-Line

Therapy in Treating Patients With Newly Diagnosed Stage

I11-1V Clear Cell Ovarian Cancer

Table 7.1 - Examples of currently active clinical trials using rapalogues in the
treatment of ovarian cancer (Table adapted from clinicaltrials.gov).

Despite the vast heterogeneity detected in ovarian cancers, there is no divergence
in therapeutic techniques. In demonstrating that MDAH-2774 cells are more
resistant to mTOR pathway inhibition, we have highlighted the need for
personalised medicine in the treatment of different ovarian cancer subtypes.

Tumour heterogeneity must be accounted for in ovarian cancer therapeutics.

7.4 How could CTCs form the basis of a PoCT for ovarian cancer?

CTCs are tumour cells which have dissociated from a primary or metastatic tumour
and are present in the circulatory system (Azevedo et al., 2015). CTCs have been
detected in many cancers including breast, ovarian and prostate (Engel et al., 1999;
Lowes et al., 2015). CTCs are thought to be a major cause of metastasis although

little is known of the mechanism by which they enter the bloodstream or colonise
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new locations (Azevedo et al., 2015). Despite this, CTCs represent a useful,
minimally invasive source of cancer RNA, known as a liquid biopsy, for biomarker
detection by qPCR. We have demonstrated a preliminary proof of principle assay
showing that DEPTOR RNA is upregulated in the blood of ovarian cancer patients
and can be detected by gPCR. Genetic analysis by liquid biopsy could provide a
window into a PoC diagnostic test for ovarian cancer. Further work needs to

expand this study with a larger cohort of patients in order to confirm our findings.

7.5 What are the limitations of this research?

Interpatient variation is likely to mask trends in gene and protein changes,
particularly if they are subtle, that may be seen in respective cancer types. In this
study, cDNA synthesised from clinical samples was used to assess the expressional
change of mTOR signalling component genes; paraffin embedded tissue samples
were used to visualise protein expression of these components. Samples were
taken from individual patient tumours (or unaffected tissue) and specific gene
aberrations are unlikely to be identical to any other patient in the cohort; ovarian
cancer is recognised as a strikingly heterogenous condition. The higher standard
deviation of RQ values and percentage of positively stained cells seen in this study
may be due to interpatient variation and may translate to a lack of statistical
significance in some of the changes seen. For example, in the cases of fibroids and
endometrial cancer, a marked decrease in raptor gene expression can be seen;
however, no statistical significance can be garnered from the change. High
interpatient variation in ovarian cancer, due to individual differences, provides an
additional hurdle in the quest for a suitable method of early diagnosis and

prognostic prediction (Jordan et al., 2003; Prado et al., 2014).

Tumour composition can also be highly heterogenous and recent developments in
single-cell analytics have shown that cells from the same tumour may be geno- and
phenotypically different from one another. Single cells taken from tumour tissue
have shown modulations in oncogenic, proliferative and immune signalling,

differential response to UVB irradiation and chemotherapeutics, differences in PI3
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kinase mutation and gene expression of multiple transcripts including ERBBZ2,
growth factor receptors and KRAS (Miwa et al., 2015; Kim et al., 2015; Janiszewska
et al., 2015; Shalek et al., 2014; Patel et al., 2014). This type of heterogeneity has
also been noted in cultured cells (Shalek et al., 2013; Bai et al., 2015) and the
SKOV3 cell line has been shown to contain cells with high and low invasive and
migratory potential (Bai et al., 2015). SKOV3 cells with increased and decreased
invasive potential differ in their proliferative rate (higher in highly invasive cells),
apoptotic rate (lower in highly invasive cells), response to cisplatin and taxol (lower
in highly invasive cells) and tumourigenicity in nude mice (higher in highly invasive
cells) (Bai et al., 2015). SKOV3 cells also showed differential expression of mTOR
pathway components including higher gene and protein expression of PIK3CA and
mTOR and lower gene and protein expression of PTEN in highly invasive cells (Bai et
al., 2015). These data present evidence of previously uncharacterised diversity
between cells within the same culture. This may provide an explanation of the high

level of variability seen in experiments involving SKOV3 and MDAH-2774 cell lines.

In addition to inter-patient variation, another cause for increased variability in
immunohistochemical analysis is the variable nature of the analysis method. As
mentioned, ovarian tumours can be highly heterogenous and different cell types
within a tumour may express mTOR pathway components to different extents.
Each tissue sample was taken from an unspecified area of a tumour and may have
contained multiple tissue types that were phenotypically different. Three areas of
each tissue sample were selected at random and total and positive number of cells
were counted. The amount of positively stained cells may have varied from area to
area depending on the area of tumour being observed. Immunohistochemistry by
DAB staining is a semi-quantitative method of analysis; number of cells showing
expression are counted but expression levels cannot be determined using this
method as DAB does not follow Beer-Lambert’s law (there is not a direct
relationship between staining intensity and protein expression) (van der Loos,
2008). This may account for discrepancies between gene and protein expression.
RNA was extracted from a large tissue sample which was likely to contain multiple

tumour cell types; however, only three small areas of tissue were samples for
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protein expression. It is less likely that analysis of protein expression would have
taken into account as many areas of the tumour as RNA expression analysis did and
therefore may have excluded areas containing cells expressing high or low levels of
mTOR, DEPTOR, rictor, raptor and phosphorylated p70S6 kinase, masking any

significant increases or decreases in expression.

On a wider scale, tumour heterogeneity may present a barrier to effective
treatment. Ovarian cancer has a low survival rate in part due to a high rate of
chemotherapy resistance. A tumour which appears primarily responsive to
chemotherapy often develops resistance and recurrence rate is high. This may be
due to a subpopulation of resistant cells which remain and continue to proliferate

after treatment.

7.6 What are the future directions of this work?

7.6.1 Increase sample size

We have investigated expression of mTOR pathway components in ovarian tumour
tissue samples (n=13) and whole blood (n=7) from ovarian cancer patients. In
future, these results must be expanded to include a larger clinical cohort in order to
confirm the changes seen in this study. The differences seen between stages,
grades and types of ovarian cancer should be further characterised in a larger
population of patients as this could be used to better understand prognostic
factors. As aspects such as ethnicity can affect gene expression (Knappskog et al.,
2014), patients from a wide range of backgrounds should be included. In addition
to this, immunohistochemical staining should also be performed on unaffected
control tissues in order to further dissect the changes that occur in mTOR, DEPTOR,

rictor, raptor and p70S6 kinase expression in ovarian cancer patients.
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7.6.2 Optimise PoC blood assay

We were able to demonstrate an increase in DEPTOR mRNA in the blood of ovarian
cancer patients by qPCR. This assay should be optimised for use on a fast thermal
cycler such as xxpress® for development for use as a PoCT. Below is a flow diagram
depicting a proposed screening method for ovarian cancer patients. The majority
of ovarian cancers present over the age of 50 years (CRUK, 2012) however, patients
with familial BRCA mutation are at high risk of ovarian cancer under this age
(Ingham et al., 2013; Mavaddat et al., 2013). We propose that patients over 50 and
high risk patients are screened annually. A negative result should be accompanied
by information on the symptoms of ovarian cancer (i.e. abdominal distension, early
satiety, irritable bowel syndrome-like symptoms) for self-monitoring. A positive
result can initiate further testing such as transvaginal ultrasound to confirm

diagnosis and more prompt commencement of treatment (Figure 7.1).
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Figure 7.1 - Suggested patient screening stream. Patients over 50 years of age and
high risk patients should be screened annually for ovarian cancer biomarkers such
as DEPTOR. A positive result prompts further confirmation such as transvaginal
ultrasound and earlier commencement of treatment.

7.6.3 Further elucidate the cytostatic effects of mTOR pathway inhibition

We observed cytostatic effects exerted by mTOR pathway inhibitors in SKOV3 and

MDAH-2774 cell lines. Future work should look at cell cycle progression markers
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such as the expression of cyclin B1 and phosphorylation of cyclin dependent kinase
1 (CDK1) which are increased at G,/M transition (Porter and Donoghue, 2003) and
proliferating cell nuclear antigen (PCNA) which increases at the G1/S transition
(Stewart and Dell’orco, 1992) by gPCR and western blot in order to further examine
cell cycle arrest in these cells. Further understanding of how mTOR pathway

inhibitors cause cytostatic effects will allow greater exploitation of their benefits.

7.6.4 Use additional in vitro models to study the effects of mTOR pathway

inhibition

This study used two epithelial ovarian adenocarcinoma cell lines as in vitro models
of ovarian cancer. The cell lines differed in their cells of origin, SKOV3 cells are clear
cell derived and MDAH-2774 are endometrioid. Using these cell lines we were able
to study the two forms of malignancy most associated with endometriosis (Pearce
etal., 2012; Brinton et al., 2005; Merritt et al., 2008). However, a useful addition to
this comparison may have been a non-malignant ovarian surface epithelial cell line
such as the IOSE (immortalised ovarian surface epithelial) cell line or TIOSE
(telomerase immortalised ovarian surface epithelial) cell line (Lanitis et al., 2012;
Zorn et al., 2003). In addition to non-malignant ovarian surface epithelial cells, a
human endometriosis cell line such as FOEM-1 cell line (Bouquet de Joliniere et al.,
1997) would have provided a useful insight into how proliferation, mTOR pathway
activation, apoptosis and wound healing differ in endometriosis, a strong ovarian

cancer risk factor.

7.6.5 Investigate the role of MAP kinase signalling in ovarian cancer

We demonstrated that MDAH-2774 cells have a higher proliferative capacity,
increased mTOR and raptor expression and are less responsive to mTOR pathway
inhibition than SKOV3 cells and suggest that this may be due to MAP kinase
pathway upregulation. The MAP kinase pathway is an upstream regulator of mTOR
signalling (Ma and Blenis, 2009) and additional inhibition of this pathway may

provide a supplementary source of mTOR inhibition and anticancer therapy in the
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subset of ovarian cancer patients with KRAS and BRAF mutation. The effects of
inhibitors such as UO126 (MEK1/2 inhibitor), 6HO5 (K-Ras inhibitor) and AZ 628 (B-
Raf inhibitor) on proliferation should be studied in combination with mTOR and PI3
kinase inhibitors in cell lines both with and without MAP kinase pathway mutation
to determine if this is pathway does indeed play a role in increasing mTOR signalling

and if it could provide a target for anticancer therapy.

7.6.6 Elucidate the subcellular localisation of mTOR complexes

Currently, little is known of the location of mTOR complexes within cells and reports
have located it in mitochondria of mouse embryonic fibroblasts (3T3) (Desai et al.,
2002), at the cellular membranes of cervical cancer cells (Hela) (Sabatini et al.,
1999), in the nuclei of rhabdomyosarcoma cell lines (Rh1, Rh30 and Rh41), colon
carcinoma cell lines (HCT8, HCT29 and HCT116) and normal human fibroblasts
(IMR90) and in the cytoplasm of human embryonic kidney (HEK293) and ovarian
cancer (SKOV3) cells (Zhang et al., 2002; Foster et al., 2010). One report has
suggested that mTOR may migrate between the cytoplasm and nucleus and that
this shuttling is required for activation of mTOR downstream effectors p70S6 kinase
and 4EBP1 (Kim and Chen, 2000). Given the wide functional range of the mTOR
pathway, it is unsurprising that the subcellular localisation of mTOR complexes
varies. The localisation of mTOR is likely to be cell and context specific and may
have implications in therapeutic targeting of the mTOR pathway. Future work
should focus on clarifying mTOR location in ovarian cancer cell lines in order to
further understand how this affects mTOR pathway function. It would also be
interesting to investigate if mTOR localisation or shuttling behaviour is changed in
response to treatment with pathway inhibitors. Further understanding of this may

allow us to fully discern how mTOR inhibition exerts downstream effects.

7.6.7 Investigate the stoichiometry of the DEPTOR/mTOR interaction

DEPTOR interacts with mTOR and is an mTORC1 and mTORC2 inhibitor which can

be down or upregulated in cancer. We have shown that DEPTOR expression is a
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positive prognostic marker in ovarian cancer and is increased in response to mTOR
pathway inhibition, indicating that it functions as a tumour suppressor gene.
Conversely, we have also shown that DEPTOR expression is upregulated in the
tumour tissue and blood of ovarian cancer patients and decreased in higher grade
disease, suggesting oncogenic properties. As described previously, DEPTOR
depletion activates both mTORC1 and mTORC2 activity but paradoxically, DEPTOR
overexpression can upregulate mTORC2 activity in a range of cell lines (Peterson et
al., 2009). This suggests that inhibition of mTORC2 by DEPTOR is not as robust as
that of mTORC1 and indicates that DEPTOR does not interact with each mTOR
complex identically. By modifying DEPTOR expression in ovarian cancer cell lines
and assessing activation of mTORC1 (p70S6 kinase Thr®®, 4EBP1 Thr’”/*) or
mTORC2 (Akt Ser*”) specific downstream effectors, the specific effects of DEPTOR
in ovarian cancer cells can be studied. In addition, performing colocalisation
experiments on DEPTOR with mTORC1 and mTORC2 components under basal
conditions and in the presence of mTOR inhibitors will allow us to further

understand the stoichiometry of DEPTOR within the mTOR complexes.

The mTOR complexes differ in their accessory components and there is evidence
MTORC1 and mTORC2 signalling is in competition (Martin et al., 2014). We have
demonstrated evidence that components specific to each complex are deregulated
in gynaecological disease. It would be useful to further elucidate the process by
which the cell selects for mTOR complexes to increase understanding of the balance
of MTORC1 and mTORC2 signalling in order to discern how these pathways are

affected in disease states.

7.7 Concluding Remarks

The exact causes of both ovarian cancer and endometriosis remains elusive with
often conflicting data. The mTOR pathway represents a potential connection
between endometriosis and ovarian cancer and a possible indication as to the high
incidence of ovarian cancer in endometriosis patients. In addition, the mTOR

pathway may represent a druggable target in the treatment of ovarian cancer and
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endometriosis. Efficacy of mTOR pathway inhibition has thus far been low, in part
due to lack of knowledge of the feedback mechanisms present within the mTOR
pathway which serve to overcome inhibition. More work must be done to elucidate
the activity of the mTOR pathway within ovarian cancer and endometriosis and to
understand in full the effects of mTOR pathway component inhibition on overall

activity.

PoCT is the ultimate goal in the development of diagnostics. Due to the
inefficacious diagnosis of ovarian cancer resulting from a lack of early physical
symptoms, and the invasive procedures currently used to diagnose endometriosis,
it is crucial to determine detectable biomarkers in both conditions with a view to
better detecting and treating them. Both conditions would benefit greatly from

PoCT.
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Chapter 9
Appendix

9.1 qPCR

gPCR (quantitative polymerase chain reaction) is a method of amplifying and
quantifying genetic material in real-time using gene-specific primers, DNA
polymerase and fluorescent reporter dyes. The following section describes qPCR
methods and chemistry including experimental design and post-amplification

controls.
9.2 Experimental Design

Prior to a qPCR experiment, a number of preliminary procedures are required.
Sources of amplicon, the template DNA used in a qPCR experiment, are wide and
varied, whether it be animal or plant, from tissue, blood or cultured cells, the
nucleic acid must be prepared before it is suitable for use in a qPCR experiment.
The nucleic acid must first be extracted from its source. There are a number of
ways to do this including phenol-chloroform extraction by TRI reagent and silica
membrane extraction by spin column. The method chosen will depend on type and

amount of starting material.

One of the most common applications of gPCR is examining gene expression by the
amount of messenger ribonucleic acid (mRNA) transcript. mRNA is transcribed
from a specific gene and is responsible for providing a template by which to make
proteins. mRNA may be extracted under basal conditions or following different
treatment variables. As RNA is single stranded, it is not possible to use it directly in
a gPCR reaction. Due to this, mRNA is converted into cDNA using a process called
reverse transcription. Reverse transcription creates a DNA molecule copy of the

mRNA sequence which can be directly used in a gPCR reaction.
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gPCR primers are short (~20 base pairs) sequences of nucleotides designed to be
complementary to the 5’ end of the gene of interest (GOI) on the sense (forward)
and antisense (reverse) strands of DNA. Primers provide a base from which the
polymerase enzyme can begin synthesising the complementary strand of DNA.
gPCR experiments may utilise probes or SYBR® Green as methods of reporting DNA
amplification by fluorescence. Non-probe based gPCR includes the addition of
SYBR® Green ([2-[N-(3-dimethylaminopropyl)-N-propylamino]-4-[2,3-dihydro-3-
methyl-(benzo-1,3-thiazol-2-yl)-methylidene]-1-phenyl-quinolinium]®) cyanine
reporter dye, an intercalating DNA dye which fluoresces when bound to double
stranded DNA (Zipper et al., 2004; Schneeberger et al., 1995). gPCR probes are
short (~20 base pairs) sequences of nucleic acids designed to be complementary to
an area between the primer and the end of the GOl and which are conjugated to a
fluorophore. The probe also usually contains a quencher which absorbs emitted
fluorescence when in close contact with the fluorophore. Probe based qPCR can
use a number of methods to dissociate the fluorophore from the quencher,
allowing it to fluoresce. Some probes, known as TagMan probes, take advantage of
the nucleolytic activity of DNA polymerase which cleaves and disassembles
nucleotides as it is creating a new strand. The probe is cleaved in the process of the
reaction, separating the fluorophore from the quencher and allowing its emitted

fluorescence to be detected (Lee et al., 1993; Livak et al., 1995).

SYBR® Green will bind to all double stranded DNA, whether or not it is the amplified
GOl and so is less specific than using probe based chemistries which can only
fluoresce when bound to the sequence they were designed for. Probes, however,
are costly and a number of methods designed to ensure that SYBR® Green
fluorescence measured is as a result of GOl amplification will be described later. In
addition to SYBR® Green or probes, qPCR experiments involve three main reagents:
target genetic material to be amplified (amplicon), the enzyme, usually a derivative
of Taqg polymerase, and dNTPs. Commercially available reagent master mixes such

as Power SYBR® Master Mix (Life Technologies) or KAPA SYBR® FAST Master Mix
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(KAPA) usually contains ready optimised concentrations of polymerase enzyme,
Mg”* to maintain efficient enzyme activity and dNTPs. In addition to this, master
mixes may also contain a passive ROX™ dye for fluorescence normalisation. Master
mixes designed for primer, as opposed to probe, based qPCR experiments will also
contain the reporter dye SYBR® Green. qPCR reactions are formulated to contain
the optimal concentrations of reagents and should be developed to account for the
specific conditions of the experiment; however a typical formulation for one 20uL

reaction may be as follows (Table 8.1):

Reagent Volume
2X qPCR master mix 10pL

Primer (forward and reverse) | 2uL

Template lul
Pure H,O 7uL
Total 20uL

Table 9.1 - An example of a typical gPCR reaction formulation.

9.3 Amplification

In recent years, Tag polymerase derivatives have been modified to improve
stability. Enzymes are usually conjugated to an inhibitor, such as an antibody,
which blocks activity until heated. This type of enzyme developed the ‘hot start’
method of qPCR which requires an extended incubation of around 95°C before
thermal cycling begins. Enzyme inactivity at low temperatures allows for ambient

set up of qPCR experiments and greater specificity of results.

After a hot start incubation for a time and temperature specific to the enzyme
within the master mix, gPCR reactions are subjected to rounds of thermal cycling.
Each cycle is completed in three steps: dissociation of amplicon strands, primer
annealing and extension (Figure 8.1). Dissociation happens at around 95°C and

separates the double stranded amplicon into single strands. This makes way for
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primer binding which is optimised for the specific primers or probes in use (usually
55-60°C). dNTPs then build onwards from the primers, adding complementary
nucleosides and creating two new double stranded copies of the gene, each copy

containing one strand of the original template (Figure 8.2).

The efficiency of a qPCR reaction is an important determinant when comparing
results. An efficiency of 100% implies that the amplicon is doubled with each
thermal cycle. If the efficiencies of two reactions are dissimilar, results cannot be
compared. Efficiency is assessed by creating a standard curve graph using a dilution
series of the nucleic acid input and plotting log concentration against Cq. The
gradient of the trend line can be used to calculate efficiency. The correlation
coefficient (RZ) of the data points must also be taken into account with an R? value
of 20.975 considered acceptable (Kennedy and Oswald, 2011). The commonly used
A (delta) and AAC; methods of qPCR analysis make an assumption of 100%
efficiency within their calculations (i.e. generated amplicon is 2n when cycle
number is n). However, without optimisation, efficiency may fall below acceptable
levels (90-110%) and concentration of reagents or thermal protocol may need to be

modified to improve it.

Although gPCR reactions occur in three stages, thermal cycling itself may have two
or three steps. As enzyme activity is improving, it is becoming more common to
combine primer binding and extension into one temperature incubation step.
Typical two or three step thermal protocols are shown in Table 8.2 and 8.3

respectively.

Step Temperature | Time Repeats
Hot Start 95°C 10 minutes | 1X
Denaturation 95°C 15 seconds | 40 X
Annealing/Extension 60°C 60 seconds

Fluorescence Measurement

Table 9.2 - A typical two step qPCR thermal protocol where annealing and extension
have been combined into one step.
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Step Temperature
Hot Start 95°C
Denaturation 95°C
Annealing 60°C
Extension 72°C

Fluorescence Measurement

Time

10 minutes
15 seconds
30 seconds

30 seconds

Repeats

1X
40 X

Table 9.3 - A typical three step qPCR thermal protocol.
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Figure 9.1 - The thermal profile of a typical three-step qPCR reaction. The 95°C hot
start step dissociates the enzyme from its inhibitor. 40 cycles of 95°C-60°C-72°C
follow the hot start. A fluorescence measurement is taken at the end of each cycle.
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Figure 9.2 - The process of one DNA strand during one thermal cycle of a gPCR
reaction using primers and SYBR® Green. (1) Double stranded DNA with fluorescing

SYBR®Green bound to the minor groove. (2) Denaturation: The denaturation stage
(95°C) causes the two strands of DNA to dissociate, in turn causing the dissociation
and cessation of fluorescence of SYBR® Green. (3) Annealing: The annealing stage
(60°C) allows the primers to bind to their complementary sequences but does not
allow dissociated DNA strands to reassociate. (4) Extension: DNA polymerase
catalyses the addition of dNTPs to their complementary bases to create a new
strand of DNA. (5) Two double stranded DNA molecules have been created from
one starting template. SYBR®Green is able to bind and double the amount of
fluorescence is emitted than at the beginning of the cycle.

As each thermal cycle is completed, a fluorescence image is captured. Fluorescence
increases when the GOI is amplified as more probe conjugated fluorophores are
ungquenched or as more double stranded DNA is created for SYBR® Green to bind
to. Fluorescence readings are plotted against cycle number on a graph to create a
sigmoidal amplification curve (Figure 8.3). A quantification cycle (Cy) value can be
obtained by creating a fluorescence threshold above background fluorescence and
determining at which cycle or cycle fraction the threshold was reached. An increase
in amplicon translates to a higher level of fluorescence and therefore a lower C,

value.
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Figure 9.3 - An example of three technical replicate amplification curves. Curves
show a sigmoidal shape with a lag, exponential and plateau stage. Cq value is
calculated from a defined threshold.

9.4 Post-Amplification Controls

As SYBR® Green is a non-specific double stranded DNA dye, a number of post-
amplification methods can be taken to ensure that the fluorescence measured is as
a result of amplification of the GOI. A dissociation curve, also referred to as a melt
curve, is a thermal protocol often programmed to begin immediately after
amplification. The gPCR reaction is heated and a fluorescence measurement taken
stepwise, either by degree or fraction of degree Celsius, usually from 60 to 95°C. As
the amplified product strands dissociate from one another, SYBR® Green dissociates
and ceases to fluoresce. The temperature at which the strands dissociate is
dependent on the amount of base pairs in the product; a longer amplicon will
dissociate at a higher temperature due to a higher number of hydrogen bonds
present between the bases in each strand. By plotting the rate of change in
fluorescence against temperature (Figure 8.4) and knowing the expected melt

temperature (T,,) of the amplicon, one is able to check if the product is at least the
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expected size and if any nucleic acid contaminants of different T,,s have been
amplified. The size of qPCR products can also be validated by agarose gel
electrophoresis. Separating PCR products in a gel with a DNA ladder reference is
able to show the size of all amplified nucleic acids and can serve as a method of
assessing specificity of fluorescence. Although neither of these methods can verify
with certainty that measured fluorescence is as a result of specific GOI

amplification, they go some way to demonstrating that it is likely.
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Figure 9.4 - An example of three technical replicate dissociation curves. Replicates
mimic each other well and only one peak is observed, indicating that the T, is 79°C
and there are no products of other sizes present.

Contamination can present a major problem in gPCR experiments. The inherent
nature of an amplification experiment means that even the smallest amount of
nucleic acid contamination can be represented in the data to a similar degree as the
amplicon. For this reason, non-template controls (NTCs), where template is
replaced with sterile water, should be included with every experiment to validate

that amplification is a result of the template and not reagent contamination.
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