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Abstract

Radiotherapy is an essential treatment modality in the clinical management
of breast cancers, with an established role to reduce the risk of local
recurrences. However, the repair of radiotherapy-induced DNA damage by
cancer cells and the presence of tumour hypoxia reduces the efficacy of
radiotherapy as a treatment modality. The present study aimed to assess
how agents targeting DNA repair and hypoxia can modulate radioresponse
in breast cancer. The aim of the current thesis was to investigate the single
agent and radiosensitising efficacy of the FEN-1 inhibitor PTPD, and novel
hypoxia-activated prodrug (HAP) KP167, in luminal and triple negative

breast cancer models.

The efficacy of PTPD and KP167 were evaluated in two luminal (MCF-7 and
T47D) and three triple negative (MDAMB-231, MDAMB-468 and BRCA-1
deficient MDAMB-436) breast cancer cell lines. The well-established DNA
repair inhibitors such as the ATM inhibitor, KU-55933 and PARP-1/2
inhibitor, olaparib were used as controls against the FEN-1 inhibitor, PTPD
in 2D normoxia cultures. The hypoxia activated prodrug, AQ4N was used
as a comparator against its novel analogue KP167 in 3D spheroids, 2D
normoxia and 2D hypoxia (1% O) cultures. The single agent and
radiosensitising efficacy of PTPD and KP167 were assessed by clonogenic
survival assays. The expression of cytochrome P450 enzymes, CYP2S1 and
CYP2W1, involved in the bio-reductive activation of the HAPs were
assessed in breast cancer cells by Western blot and in a large cohort of

breast cancer patients (n=1426) by immunohistochemistry.

In vitro results show that PTPD was cytotoxic only in the BRCA-1 deficient
MDAMB-436 cells and resulted in a 60% reduction in clonogenic survival,
compared to 20-40% and 40-80% reduction across all breast cancer cells
with KU-55933 and olaparib. KU-55933 and olaparib induced significant
radiosensitisation across all phenotypes of breast cancer cells with
sensitiser enhancement ratio’s (SERo.01) ranging between 1.61-3.42 and
1.60-2.35 respectively. PTPD was effective in radiosensitising only the
triple negative cell lines, especially the BRCA-1 deficient MDAMB-436 with
SER.01 of 1.50 compared to MDAMB-231 (SERo.0: 1.31) and MDAMB-468



(SERo.01 1.13) cells. PTPD did not induce any radiosensitisation in the
luminal MCF-7 or T47D cells (SERo.01 1.00). The radiosensitisation observed
in MDAMB-436 cells may be due, in part, to increased DNA double strand
breaks, as assessed by the yH2AX assay, due to PTPD inhibition of single
strand repair, along with its inherent double strand break repair deficiency.
Such data indicate that PTPD is effective, particularly in the context of
BRCA-1 deficiency. PTPD was able to induce some levels of
radiosensitisation in the TNBC cell lines, this was however, lower compared

to the control DNA repair inhibitors.

In vitro results suggest that AQ4N and KP167 may undergo hypoxia-
specific activation as shown by increases in single agent cytotoxicity in 3D
spheroid and 2D hypoxia models of breast cancer compared to response
obtained in 2D normoxia cultures. KP167 was 2-100 fold more effective in
reducing survival with ICso values of (0.14-12.8) uM compared to AQ4N
ICso of (0.2-22.8) UM in breast cancer 3D cultures. The luminal MCF-7 and
T47D cells were more sensitive to single agent AQ4N and KP167 across all
3 culture conditions and this may be due to the higher expression of
CYP2W1 (assessed by Western blot), essential for both estrogen

metabolism and HAP activation.

The radiosensitivity induced by HAPs were greater in 3D spheroid and 2D
hypoxia models of breast cancer compared to normoxia -cultures.
Compared to AQ4N SERgo: of 1.30-3.33, a 100-fold increase in
radiosensitisation was seen in KP167 treated cells with SERg.o1 of 1.46-4.55
in 3D spheroid cultures. Greater levels of radiosensitisation with KP167 was
also seen in 2D normoxia (SERg.01 of 1.21-1.93) and 2D hypoxia (SERo.01
of 1.56-2.37) cultures compared to AQ4N SERgo; of 1.11-1.64 and 1.13-
1.94 respectively. Such data indicate that KP167 is a potent radiosensitiser
across both luminal and triple negative breast cancer cells and may hold

promising potential in the treatment of hypoxic breast cancers.

Immunohistochemical studies show that high cytoplasmic CYP2S1 and
nuclear CYP2W1 were able to identify a sub-group of ER-positive, HER-2
negative patients, above the age of 50 that may potentially benefit from
HAP treatment. Low cytoplasmic CYP2S1 (P=0.034) and nuclear CYP2W1

(P=0.012) were significantly associated with adverse breast cancer specific



survival in the total patient cohort, which retained its significance in
multivariate analysis (P=0.002 and P=0.007 respectively). Low
cytoplasmic CYP2S1 and nuclear CYP2W1 were also associated with
adverse survival in ER-positive (P=0.031) and ER-negative patients
(P=0.020) respectively. The association of low CYP2S1 and CYP2W1 with
adverse survival may suggest involvement of these enzymes in the
metabolism of anti-cancer agents such as tamoxifen and taxanes used in
breast cancer treatment. Such data establishes the prognostic significance
of CYP2S1 and CYP2W1 in breast cancer.

Collectively, although further confirmation is needed, KP167 appears to be
a promising agent, either single or combined with radiation, to target
hypoxic breast cancer cells and improve patient outcomes. CYP2S1 and

CYP2W1 may be of prognostic significance in breast cancer.
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1.1 Introduction to Breast Cancer
1.1.1 Epidemiology

Breast cancer is the most commonly diagnosed cancer in women in the UK
and worldwide. An estimated 2.1 million new cases were diagnosed
worldwide in 2018, accounting for 11.6% of all new cancer cases.
According to Global Cancer Statistics (GLOBOCAN), about 600,000 (6.6%)
women are estimated to have died from breast cancer in 2018 (Bray et al.,
2018). In the UK, breast cancer accounts for 15% of all new cancer cases.
The latest statistics from Cancer Research United Kingdom (CRUK), report
55,213 new cases and 11,399 deaths, making breast cancer the second
leading cause of cancer-related deaths (CRUK, 2019). CRUK estimates that
1in 8 women and 1 in 870 men in the UK have a lifetime risk of developing
breast cancer (CRUK, 2019).

The worldwide incidence of female breast cancer has been estimated to
reach approximately 3.2 million new cases/year by 2050 (Hortobagyi et
al., 2005). In the UK, breast cancer incidence rates are predicted to rise
by 2% between 2014 and 2035 with an estimated 210 cases per 100,000
women (Smittenaar et al., 2016). The incidence of breast cancer is more
prevalent in developed countries (71.7 per 100,000) compared to
developing countries (29.3 per 100,000), although the corresponding
mortality rates are higher in developing countries. Globally, the five-year
relative survival ranges from 12% in Africa to 90% in America, Australia
and Canada (Abdulrahman and Rahman, 2012, Youlden et al., 2012, Rojas
and Stuckey, 2016). Since the early 1970s, breast cancer mortality rates
have decreased by almost 39% in the UK (CRUK, 2019). This decrease in
breast cancer mortality can be attributed to increased public awareness,
better access to population based mammographic screening and improved
treatments (Youlden et al., 2012, Rojas and Stuckey, 2016). Early
detection (smaller tumours with lower lymph node involvement) through
implementation of mammography screening has resulted in higher rates of
surgery, ensuring more successful treatment outcomes (Zabicki et al.,
2006, Son et al., 2006).
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1.1.2 Risk factors

A number of genetic and non-genetic factors contribute to the risk of
developing breast cancer. These include age, genetic predisposition (e.g.
sporadic/familial mutations in BRCA-1 and BRCA-2 (breast cancer
susceptibility genes 1 and 2)), endogenous (early menarche, late
menopause) and exogenous (hormone replacement therapy (HRT), oral
contraception (OC)) exposure to hormones, high breast density, history of
atypical hyperplasia and lifestyle factors (obesity, alcohol and smoking)
(Reeves et al., 2012). Some of the important breast cancer risk factors are

discussed below.

1.1.2.1 Age

Age is one of the most important risk factors for breast cancer development
(Thakur et al., 2017). The American Cancer Society estimates that 1 in 43
women over the age of 50 will develop breast cancer (DeSantis et al.,
2019). According to CRUK, breast cancer incidence are highest in women
above 90 years of age, and 48% of all breast cancers are diagnosed in
women over the age of 50 (CRUK, 2019). However, breast cancer when
diagnosed in younger pre-menopausal women are often associated with an
aggressive disease and a higher risk of relapse and death (Partridge et al.,
2016).

1.1.2.2 Genetic predisposition and family history

Mutations in a number of genes have been shown to be associated with a
predisposition to breast cancer. However mutation in one of the two breast
cancer susceptibility genes, BRCA-1 and BRCA-2, is the greatest risk factor
for breast cancer development (Hawsawi et al., 2019). BRCA-1/2 genes
are involved in genome protection and work in different stages of DNA
damage response (DDR) and DNA repair (Roy et al., 2011). Germline
mutations in the BRCA-1 and BRCA-2 tumour suppressor genes account
for 10% of all newly diagnosed breast cancers (Rebbeck et al., 1996).
Early-onset breast cancer in immediate relatives is a risk factor for the
occurrence of breast cancer in BRCA-1 and BRCA-2 carriers (Narod et al.,

2014). Based on a prospective study, the cumulative risk of developing
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breast cancer by 80 years of age was 72% for BRCA-1 carriers and 69%
for BRCA-2 carriers (Kuchenbaecker et al., 2017). An individual who carries
a BRCA-1/2 mutation has a 50-80% lifetime risk of developing breast
cancer and 30-50% risk of developing ovarian cancer (Mehrgou and
Akouchekian, 2016).

1.1.2.3 Endogenous exposure - Reproductive factors

Reproductive factors that influence hormonal status such as early age at
menarche, late menopause, late age at first pregnancy and nulliparity are
linked to an increase in the incidence of breast cancer (Kelsey and
Bernstein, 1996). Lengthening the reproductive life of a woman, either by
an earlier menarche or later menopause, increases the risk of breast cancer
suggesting that the overall duration of the exposure to estrogen is the
underlying risk factor (Korenman, 1980, Li et al., 2017). Studies by the
Collaborative Group on Hormonal Factors show that early age at menarche
(<11 years) increases the risk of breast cancer, while a later age at
menarche (>14 years) reduces the risk by 18%. Late age at first pregnancy
(>35 years) is associated with the risk of developing estrogen receptor
(ER)-positive breast cancer compared to women who give birth at a
younger age (<19 years) (Ritte et al., 2013). Previous studies have
reported that parity provides a life-long protection against breast cancer
by up to 50% (MacMahon et al., 1970); however a recent meta-analysis
revealed that this protection may only be limited to women with an ER-

positive disease (Ursin et al., 2005).

1.1.2.4 Exogenous exposure - Hormone related factors

The use of HRT to reduce menopausal symptoms and the consumption of
OC are risk factors (Cogliano et al., 2005), as the estrogens and progestins
present in HRT and OC contribute to promotion and acceleration of breast
cancer, especially in those tumours that are hormone-dependent (Dall and
Britt, 2017). Studies conducted on 16,928 women report that combined
use of estrogen and progestin (EP-HRT) preparations increased the risk of
breast cancer compared to users of estrogen-only regimens (E-only HRT)
(Thorbjarnardottir et al., 2014). However, other studies have found no

such associations (Dumeaux et al., 2005).
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1.1.2.5 High breast density

Studies have shown that women with high breast density have a four- to
six-fold increased risk of developing breast cancer (Vachon et al., 2007,
Duffy et al., 2018). A greater amount of epithelial tissue in the breast
indicates a greater chance of cancer arising in the epithelial cells (Boyd et
al., 2011). Having dense breast tissues also results in false negatives
during screening, leading to a higher incidence of breast cancer even in
those who were previously screened as being negative (van Gils et al.,
1998).

1.1.2.6 Atypical hyperplasia

Atypical hyperplasia (AH) is the accumulation of abnormal epithelial cells
in the breast and is a high-risk benign lesion, found in ~10% of patient
biopsies (Simpson, 2009). AH lies between a benign and a malignant state
because it contains some of the required features for cancer initiation and
therefore is considered to be a pre-malignant lesion (Dupont and Page,
1985, Allred et al., 2001). Studies have reported that the incidence of
breast cancer after diagnosis of atypical ductal hyperplasia was 29% over
25 years. Increased frequency of mammograms is advised in patients who
are diagnosed with AH and a family history of breast cancer (Hartmann et
al., 2015).

1.1.2.7 Lifestyle

A strong association exists between lifestyle choices such as obesity,
alcohol consumption, and smoking to the risk of developing breast cancer
(La Vecchia et al., 2011). Obesity (body mass index (BMI)> 30/kg.m?) is
strongly associated with higher breast cancer risk in post-menopausal
women, and a worse disease outcome for women regardless of age (Picon-
Ruiz et al., 2017). Data from 12 prospective cohort studies comprising
22,728,674 women reported that every 5 kg/m? increase in BMI
corresponds to a 2% increased risk in the incidence of breast cancer (Liu
et al., 2018). This association between higher BMI and breast cancer risk
is related to estrogen production since women with higher amount of body
fat have higher levels of circulating estrogens (Cleary and Grossmann,

2009). Epidemiological data show that almost 4% of breast cancer cases

5
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in developed countries can be attributed to alcohol consumption
(Hamajima et al., 2002). A prospective study with 105,986 women
followed from 1980-2008, reported a 10% increased risk of breast cancer
for every 10g of alcohol consumed daily (Smith-Warner et al., 1998,
Hamajima et al., 2002, Zhang et al., 2007). Several studies have found a
positive association between smoking and breast cancer, especially in
women who started smoking at an early age (<17 years) (McTiernan,
2003, Jones et al., 2017).

1.1.3 Breast cancer classification

1.1.3.1 Histological subtypes

Breast cancer can be classified into histological subtypes based on
morphological and cytological growth patterns that are consistently
associated with distinct clinical presentation and response to therapy
(Walker, 2005, Weigelt and Reis-Filho, 2009, Weigelt et al., 2010). Breast
cancers arising from the ducts of breast tissues are termed as ductal
carcinomas and those that arise from the lobules of the breast are called
lobular carcinomas (Malhotra et al., 2010). Ductal and lobular breast
cancers can be classified further into non-invasive (in situ), locally
advanced primary (LAPC) (discussed subsequently) or invasive carcinomas
(Ellis et al., 1992). Non-invasive breast carcinomas are a heterogeneous
group of tumours which although cancerous, are confined to the ducts and
lobules (Allred, 2010). They can be ductal carcinoma in situ (DCIS) (20-
30%) or lobular carcinoma in situ (LCIS) (2%) (Weigelt et al., 2010), and
are considered to be immediate precursors of invasive cancers (Wellings
and Jensen, 1973, Allred, 2010). Invasive breast cancers occur more
frequently, invade surrounding tissue and have the ability to metastasize
to different sites (Malhotra et al., 2010). The major invasive tumour types
include infiltrating ductal (IDC), invasive lobular, (ILC), mucinous, tubular,
medullary and papillary carcinomas (Weigelt and Reis-Filho, 2009, Weigelt
et al., 2010). Of these, IDC is the most common (70-80%), followed by
ILC which accounts for 10% of all breast cancers (Li et al., 2005, Sinn and
Kreipe, 2013). Compared to IDC, patients with ILC have a better 5-year

recurrence-free (66% v 87%) and overall survival (70% v 93%)
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(Cristofanilli et al., 2005). Tubular, mucinous, and papillary carcinomas
usually have excellent clinical outcome compared to IDC and ILC (Ellis et
al., 1992, Rosen et al., 1993).

Breast cancers can be classified clinically as early-stage invasive (EBC),
locally advanced primary (LAPC) or metastatic (MBC) breast cancer
according to the clinical and pathological parameters such as tumour size,
tumour type, histological grade, nodal involvement and lymphovascular
invasion (LVI). Early-stage invasive breast cancer refers to stage I and
stage II breast cancer that have spread beyond the ducts and lobes of the
breast and invaded into normal neighbouring tissues (Edge and Compton,
2010). LAPC refers to all stage III non-metastatic breast cancers
(Franceschini et al., 2007). LAPC includes disease which is extensive within
the breast or in ispilateral nodal areas. LAPC includes: (1) large tumours
(>5 cm in diameter); (2) tumours that have spread into the skin or
muscles of the chest; (3) tumours with positive lymph nodes and (4)
inflammatory breast cancer (IBC) (Garg and Prakash, 2015). IBC is an
uncommon and aggressive form of LAPC accounting for 2.5% of all invasive
breast cancers (Gordon, 2001, Li et al., 2005, Robertson et al., 2010). IBC
is associated with early age at diagnosis, poor nuclear grade, ER-negative
tumours and poor prognosis (Hance et al., 2005, Rea et al., 2015). IBC is
characterized by rapid progression and visceral metastasis due to a rapid

and aggressive hematogenous spread (Gordon, 2001, Lepori, 2015).

Breast cancer metastasis (stage IV) refers to cancer that have spread
beyond the breast to distant sites in the body through the blood and
lymphatic system. The metastatic lesions colonize vital organs forming
multiple foci that subsequently develop resistance to available systemic
therapies (Jin and Mu, 2015). Approximately 5-8% of patients present with
metastasis at the time of diagnosis, and the 5-year survival of these
patients range from only 24% to 39% (DeSantis et al., 2016). The common
sites of breast cancer metastasis are bone, liver, lungs and brain
(Kennecke et al., 2010). Studies have found a strong association between
breast cancer subtypes and sites of metastasis, with influence on the
prognosis of patients, which is discussed in section 1.1.3.2 (Gong et al.,
2017).
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With the onset of mammographic screening the demographics of breast
cancer has changed with the majority (83%) of cases comprising EBC
(Ward et al., 2015). LAPC comprise 20% of cases (Wang et al., 2017), with
stage IV or metastatic cases comprising 5-10% of cases (Cardoso et al.,
2012, Kimbung et al., 2015). The 5-year overall survival is 98% for EBC,
85% for LAPC and 24% for MBC (Lord et al., 2012, DeSantis et al., 2016).
As discussed below in section 1.1.3.2 and 1.1.4, survival of breast cancer
patients decreases with increasing clinical presentation and varies
according to subtype (Voduc et al., 2010, DeSantis et al., 2014, Xiao et
al., 2018).

1.1.3.2 Breast cancer subtypes

In 2000, genomic analysis (Perou et al., 2000) identified the 4 main
molecular subtypes of breast cancer - luminal A, luminal B, human
epidermal growth factor receptor-2 (HER-2) enriched and basal-like breast
cancers (BLBC) (Perou et al., 2000, Sorlie et al., 2001, Prat and Perou,
2011). In 2011 and 2013, the St. Gallen International Expert Consensus
proposed the criteria to identify clinical breast cancer subtypes, based on
immunohistochemical detection of 3 protein bio-markers - estrogen and
progesterone receptor (ER and PgR), and the tyrosine kinase trans-
membrane receptor, HER-2 (Goldhirsch et al., 2011, Goldhirsch et al.,
2013). According to this classification, ER status groups breast cancer into
ER-positive (luminal), or ER-negative tumours (Perou et al., 2000). ER-
positive tumours consist of luminal A and luminal B tumours, HER-2 over-
expressing tumours are classified as HER-2 enriched/positive and those
absent for ER/PgR/HER-2 are classified as triple negative breast cancers
(TNBC). Proliferative activity as determined by Ki-67 index is taken into
consideration in the classification and treatment of breast cancer
(Goldhirsch et al., 2013). A high Ki-67 index (=20%) is known to correlate
with higher metastatic grade, poorer prognosis and early recurrence (<2
years) (Nishimura et al., 2010). The subtypes of breast cancer, receptor

status and prognosis are summarised in Table 1.1.
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Table 1.1 Subtypes of breast cancer and receptor profile.

Molecular Clinical Receptor profile Treatment Prognosis
subtype subtype
Luminal A Luminal A ER + Endocrine Good
PgR +/- therapy alone
HER-2 -
Ki-67 low (=20)
Luminal B Luminal B ER + Endocrine Good
PgR +/- therapy
HER-2 +/- +/- Cytotoxic
Ki-67 high (=20) chemotherapy
HER-2 HER-2 HER-2 overexpressed/ HER-2 therapy Intermediate
enriched enriched amplified + Cytotoxic /poor
ER - chemotherapy
PgR -
Ki-67 any
Basal-like Triple ER - Cytotoxic Poor
negative PgR - chemotherapy
HER-2 -

Abbreviations: ER-estrogen receptor; PgR-progesterone receptor; HER-2-human
epidermal growth factor receptor-2.

Luminal A tumours account for 50-60% of all breast cancers (Habashy et
al., 2012). They are ER- and/or PgR-positive tumours with negative HER-
2 and low Ki-67 (<20) index as assessed by immunohistochemistry. They
express ER responsive genes or genes characteristic of the Iluminal
epithelium (Sorlie et al., 2001, Yersal and Barutca, 2014). Luminal A
tumours respond to endocrine therapy and are considered as a low-risk
group since they are associated with better prognosis, low histological
grade, and low mitotic index (Inic et al., 2014). Luminal B tumours
comprise 15-20% of all breast cancers and are ER or PgR-positive, with a
high Ki-67 index (Creighton, 2012). Approximately 30% of HER-2
enriched tumours, defined by immunohistochemistry, are assigned to
the luminal B subtype (luminal HER-2) (Loi et al., 2009). Luminal B
tumours are associated with higher grade, greater percentage of lymph
node positivity, higher mitotic index and higher rates of relapse (Ellis et
al., 2008, Creighton, 2012, TCGA, 2012). They have poorer response to
endocrine therapy but respond better to neoadjuvant chemotherapy (Paik
et al., 2004).
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HER-2 enriched breast cancers comprise 15% of all invasive breast
carcinomas and are detected clinically by the over-expression of the HER-
2 protein assessed by immunohistochemistry and/or HER-2 gene
amplification by fluorescent in situ hybridisation (FISH) (Prat et al., 2014,
Mustacchi et al., 2015). HER-2 enriched tumours are characterized by high
expression of genes associated with the HER-2 pathway and/or HER-2
amplicon located in the 17912 chromosome (Sorlie et al., 2001). The
tumours are characterized by a high proliferative index with high grade,
p53 mutations, higher rate of recurrence and poor survival (Ross and
Fletcher, 1998, Swede et al., 2001). In women with HER-2 positive
disease, the addition of trastuzumab to cytotoxic chemotherapy, as
discussed in section 1.1.5, increases response rate, time to progression

and survival (Slamon et al., 2011).

TNBCs account for 10-15% of all breast cancers and are characterized by
the absence of ER, PgR and HER-2 by immunohistochemistry (Cheang et
al., 2008). TNBC is a heterogeneous disease which includes basal/non-
basal tumours and sub-groups such as claudin-low, molecular apocrine,
histological subtypes (medullary, metaplastic, adenoid cystic, squamous-
cell), and tumours that demonstrate sporadic BRCAness (BRCA-1/2
mutation) (Diaz et al., 2007, Lehmann et al., 2011, Perou, 2011). TNBCs
have the worst prognosis and are associated with younger pre-menopausal
women, higher grade, large tumour size, higher risk of local and/or
regional relapse and increased mortality (Fulford et al., 2007). Cytotoxic
chemotherapy is used in the treatment of patients with TNBCs, along with
PARP-inhibitors for the treatment of BRCA-1/2 deficient tumours (Fulford
et al., 2007, Tutt et al., 2010). The molecularly defined basal like breast
cancers demonstrate an 80% overlap with the clinically defined TNBCs
(TCGA, 2012). In addition to the triple negative status, basal-like breast
cancers also express high levels of basal cytokeratins such as cytokeratin
4, cytokeratin 14 and cytokeratin 17 (Cheang et al., 2008).

Figure 1.1 shows the association between breast cancer subtypes and
survival. The 5-year overall survival for the different subtypes is reported
to be 92.6% for luminal A, 88.4%, for luminal B, 83.6%, for HER-2 positive
and 82.9% for TNBCs (Zuo et al., 2017).

10
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Figure 1.1 Kaplan Meir survival curves of breast cancer subtypes. Luminal
A tumours have the best prognosis followed by luminal B, HER-2 enriched and
TNBCs. Reproduced from (Fallahpour et al., 2017). Copyright® 2017 by Canadian
Medical Association with permission conveyed through Access Copyright.

Luminal A tumours are associated with a lower risk of local or regional
recurrence compared to the other subtypes (Voduc et al., 2010). The 15-
year rate of distant relapse is 27.8% in luminal A, 42.9% in luminal B,
47.9% in luminal HER-2, 51.4% in HER-2 positive, 43.1% in basal-like and
35.1% in TN non-basal tumours (Kennecke et al., 2010). Breast cancer
subtypes are also associated with distinct metastatic patterns which are
associated with different prognostic outcomes (Xiao et al., 2018). Patients
with ER/PgR-positive tumours have higher incidence of bone metastasis
whereas HER-2 enriched tumours demonstrate increased rate of liver
metastasis. Higher rates of brain metastasis are commonly seen in HR and
HER-2 negative patients and less frequently in luminal tumours (Kennecke
et al., 2010, Gong et al., 2017). HER-2 positive and basal like breast
cancers are also associated with bone and lung metastases (Kennecke et
al., 2010). Metastatic patients with HR and HER-2 positive disease have a
better overall survival of 44 months compared to only 13 months in
patients with TNBCs (Gong et al., 2017).

11
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1.1.4 Predictive and prognostic factors

Predictive and prognostic factors are used in the clinic to establish
associations between clinicopathological parameters and clinical outcome.
A predictive factor is one that is capable of providing the likelihood of
response or lack of response to a given treatment. A prognostic factor
provides information on the outcome of the patient at the time of diagnosis,
regardless of treatment (Clark, 2008). In breast cancer, clinical and
morphological parameters such as axillary lymph node status, age, tumour
size, tumour grade, and LVI are prognostic factors (Cianfrocca and
Goldstein, 2004, Schmidt et al., 2010). Status of the hormone receptors -
ER/PgR and HER-2 are considered as both predictive and prognostic factors
since they determine treatment as well as response of breast cancer
patients (Bundred, 2001). Some of the predictive and prognostic factors

are discussed below.

1.1.4.1 Axillary lymph node status

Axillary lymph node status has been established as a single most important
predictor for disease-free and overall survival (Fisher et al., 1993). Studies
have found a direct correlation between the presence of positive lymph
nodes and distant metastasis (Cianfrocca and Goldstein, 2004).
Approximately, 70% of patients with a node-positive disease develop
recurrence within 10 years compared to only 30-40% of patients with a
node-negative disease (Fitzgibbons et al., 2000). The 5-year survival is
82.8% for patients with negative lymph nodes compared with 73% in
patients with 1-3 positive nodes, 45.7% for 4-12 positive nodes, and
28.4% for =13 positive nodes (Fisher et al., 1983). Patients who have a
lymph node-positive disease are administered systemic adjuvant therapy

to reduce the risk of distant metastasis (Esbah and Oksuzoglu, 2017).

1.1.4.2 Age

Age is a prognostic factor in breast cancer with multiple studies
demonstrating a worse prognosis for patients below 35 years of age (Nixon
et al., 1994, Albain et al., 1994). Studies conducted by Bonnier et al., 1995

demonstrated higher frequency of undifferentiated grade 3 tumours, lymph
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node positivity and negative hormone-receptor status in patients under 35
years of age (Bonnier et al., 1995). The 5-year disease-free survival for
patients below 35 years of age is 40% compared to 80% in patients above
35 years of age (Yildirim et al., 2000).

1.1.4.3 Tumour size

Studies show that breast cancer patients with increasing tumour size have
a poorer overall survival compared to patients with smaller tumours
(Carter et al., 1989). Tumour size correlates with the number of axillary
lymph node involvement and is an independent prognostic factor, with the
probability of distant recurrence rates increasing with larger tumour size
(Cianfrocca and Goldstein, 2004). Data on 24,740 cases recorded in the
Surveillance, Epidemiology, and End Results (SEER) show that patients
with larger tumour size (>5 cm) with axillary node involvement have a
survival rate of only 45.5% compared to 96.3% in patients with smaller

tumour size (<2cm) (Carter et al., 1989).

1.1.4.4 Tumour grade

Grading of tumours involves the morphological assessment of tumour
biological characteristics which correlates directly to clinical behaviour and
patient prognosis (Rakha et al., 2010). The widely accepted method of
tumour grading is the Nottingham Grading System (NGS), which is the
Nottingham (Elston-Ellis) modification of the Scarff-Bloom Richardson
(SBR) classification (Bloom and Richardson, 1957, Elston and Ellis, 1991).
NGS is recommended by various professional bodies internationally such
as the World Health Organization (WHO), American Joint Committee on
Cancer (AJCC), European Union (EU), and the Royal College of Pathologists
(UK RCPath) (Walker, 2005, Rakha et al., 2010). Tumour grade is scored
based on the mitotic index, nuclear pleomorphism and tubule formation.
Using these factors, tumours are scored as grade 1-well differentiated
(good prognosis), grade 2-moderately differentiated (intermediate
prognosis) and grade 3-poorly differentiated (poor prognosis) tumours
(Bloom and Richardson, 1957, Elston and Ellis, 1991). Le Doussal et al.,
1989 carried out multivariate analysis on 1262 patients with operable,

invasive ductal breast carcinoma and reported that patients with grade 3
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tumours were found to have a higher recurrence risk of 4.4 times compared

to patients with grade 1 tumours (Le Doussal et al., 1989).
1.1.4.5 Lymphovascular invasion (LVI)

Vascular invasion (VI), consisting of both lymph vessel invasion and blood
vessel invasion refers to the invasion of tumour cells into the endothelial
lined space of the lymphatic and blood vessels respectively. VI refers to
the invasion of tumour emboli into the lymphatic vessels, blood vessels or
both, is considered as a prerequisite step in the occurrence of metastasis
(Ejlertsen et al., 2009, Song et al., 2011). The recurrence rate for women
with LVI-positive stage I disease is 38% compared to only 22% in women
with a LVI-negative cancer (Cianfrocca and Goldstein, 2004). Women
positive for LVI have a higher rate of mastectomy and higher disease
burden compared to LVI-negative patients (Ryu et al., 2018). Studies
conducted by our group have shown that the presence of IHC detected LVI
is associated with adverse disease-free and poor overall survival
(Mohammed et al., 2011). Therefore, patients positive for LVI receive a
more intense therapeutic intervention compared to tumours with no LVI.
The LVI status can also be used to assist making treatment decisions
especially for those patients with lymph node-negative disease (Neville et
al., 1992, Lee et al., 2006).

1.1.4.6 ER/PgR and HER-2 status

As discussed in section 1.1.3.2, the hormone receptors, ER and PgR, are
routinely used in the clinic to stratify patients into ER-positive or negative
breast cancers (Goldhirsch et al., 2013). The presence of ER and PgR can
predict response to adjuvant hormonal therapy (Harvey et al., 1999,
Dowsett et al., 2010). Its prognostic significance stems from the finding
that patients positive for ER and PgR have a 60-70% response rate
compared to only 10% in ER/PgR-negative breast cancers (Ravdin et al.,
1992). Similar to the hormone receptor status, HER-2 is also used as a
prognostic and predictive marker (Ross and Fletcher, 1998, Fitzgibbons et
al., 2000). Retrospective analysis conducted on 47 studies, with 15000
women indicated that HER-2 over-expression was an independent

predictor of poor prognosis in multivariate analysis (Ross and Fletcher,
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1998). Patients with a HER-2 positive disease generally have a lower
response to endocrine therapy (Muss et al., 1994, Dowsett et al., 2010)
and chemotherapeutic agents like cyclophosphamide, methotrexate, and
fluorouracil (CMF) (Gusterson et al., 1992). They respond better to
anthracycline based chemotherapy regimen (Paik et al., 1998) and anti-
HER-2 treatments (Slamon et al., 2011).

1.1.4.7 Breast cancer staging

The TNM staging as recommended by the American Joint Committee on
Cancer (AJCC) divides breast cancer into 5 stages, based on the size of the
primary tumour (T), axillary lymph node status (N) and presence or
absence of distant metastasis (M) (Edge and Compton, 2010, Cserni et al.,
2018). Based on these 3 clinical parameters breast cancer is divided into
the following stages - stage 0 comprises of early-stage breast cancers that
are non-invasive or localized; stage I and stage II are tumours that have
spread beyond the ducts and lobules and invaded into neighbouring
tissues; stage III consists of locally advanced cancer and stage IV tumours
are those that have already metastasized into distant sites (Edge and
Compton, 2010). The 5-year survival in breast cancer patients decreases
from stage 0 (100%) to stage I-II (90%) to stage III (72%) and stage IV
(26%) (Office for national statistics)(ONS, 2019). In 2018, the AJCC
staging system was updated to make breast cancer staging more accurate
by adding other characteristics such as ER/PgR and HER-2 status, tumour
grade and Oncotype DX (Koh and Kim, 2019).

The Nottingham Prognostic Index (NPI) is a widely used, sensitive and
reliable tool for evaluating patient outcome and to support clinical decision
making in breast cancer treatment (Kollias et al., 1999). The NPI combines
nodal status, tumour size and histological grade at diagnosis to assign
patients into one of the six prognostic groups (Galea et al., 1992). NPI is
calculated by assembling these 3 parameters in a prognostic index
formula: NPI = (lymph node stage (1-3) + histological grade (1-3) +
(tumour size (cm) x 0.2) (Haybittle et al., 1982). Using this formula,
patient outcomes can be categorised into the following 6 prognostic
groups-excellent (2.02 < NPI < 2.4); good (2.41 < NPI < 3.4); moderate
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1 (3.41 < NPI < 4.4); moderate 2 (4.41 < NPI < 5.4); poor (5.41 < NPI
< 6.4) and very poor (6.41 < NPI < 6.8) (Blamey et al., 2007). Patients
who fall into the intermediate or high-risk of relapse categories (>3.41)
may be offered treatment with cytotoxic chemotherapy to reduce the risk
of recurrence (Kollias et al., 1999, Lee and Ellis, 2008). More recently,
NPI+ has been introduced through the addition of more variables to

improve prognostic index (Rakha et al., 2014).

1.1.4.8 Adjuvant! Online and NHS PREDICT

Adjuvant! Online and NHS PREDICT are web based tools that help to
determine the prognostic benefit of adjuvant therapy which aids clinicians
to decide the best course of therapy for patients (Olivotto et al., 2005,
Wishart et al., 2010). These tools use computational and mathematical
algorithms, developed using clinical outcome data from cancer registries
(Wazir et al., 2017). Adjuvant! Online predicts 10-year breast cancer
outcomes in patients treated with or without adjuvant systemic therapy
(Olivotto et al., 2005). PREDICT is a UK based tool developed to predict
overall and breast cancer specific survival in women treated for early-
breast cancer in the UK (Wishart et al., 2010, Predict, 2011).

1.1.4.9 Genomic predictors

Multigene-expression based assays that measure a variety of prognostic
biomarkers aid in treatment decisions when the commonly used clinical
parameters are insufficient to determine prognosis. These assays are
useful in cases where patients develop systemic toxicity or fail to respond
to treatments (NICE, 2018). Oncotype Dx and Mammaprint have been
included in the latest edition of AJCC’s prognostic staging system (Byrd
and Greene, 2018). Oncotype Dx is a 21 gene based assay that measures
the expression of 16 tumour related genes and 5 reference genes by
quantitative real time PCR (gqRT-PCR), to assess the risk of distant
recurrence within 10 years (Cronin et al., 2004, Paik et al., 2004).
Mammaprint is a 70-gene signature assay which helps to stratify ER-
positive and ER-negative patients below 61 years of age into the high- and
low-risk groups (Cardoso et al., 2016). The gene-expression panel

assesses 70 genes involved in tumour invasion, metastasis, and
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angiogenesis (van de Vijver et al., 2002, Zanotti et al., 2014, Xin et al.,
2017).

1.1.5 Treatment options for breast cancer

In the UK, mammography is offered by the NHS breast screening
programme to all asymptomatic women between the ages of 47-73. For
those with symptoms, specialised units are available for rapid clinical
assessment with mammogram, ultrasound and biopsy (Yeo et al., 2014,
NICE, 2018). After diagnosis, breast cancer is classified into EBC, LAPC and
MBC. The treatment of the three categories of breast cancer can vary
between patients and are dependent on clinical and pathological
parameters such as tumour size, tumour type, histological grade, nodal
involvement and LVI status upon presentation (Shah et al., 2014, NICE,
2018).

1.1.5.1 Early-stage invasive breast cancer

The main treatment for early-stage invasive breast cancer is surgical
excision (breast conservation surgery (BCS) or mastectomy) to remove the
primary tumour followed by adjuvant chemotherapy or radiotherapy
(Fisher et al., 2002). BCS involves excision of the breast tissue that
contains the tumour and a small part of the healthy tissues around the
tumour (Jatoi and Proschan, 2005), whereas mastectomy involves excision
of the whole breast including nearby breast tissues, skin and nipple (Fisher
et al., 2002). Lymph nodes are assessed by a sentinel lymph node biopsy
(SLNB) or an axillary lymph node dissection (ALND) (Goldhirsch et al.,
2011). This procedure clears additional disease and helps maintain local
control, in addition to assessing nodal involvement to determine prognosis
and plan adjuvant therapies (Yeo et al., 2014). Following surgery, adjuvant
therapy is planned only after assessment of prognostic and predictive
factors in the pathology report. Based on treatment guidelines for the
management of breast cancer by NHS England, adjuvant therapy should
start within 31 days post-surgery (Breast Cancer Expert Advisory Group,
2016). The adjuvant therapy options for breast cancer include

chemotherapy, radiotherapy, endocrine and/or targeted therapy.
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Adjuvant radiotherapy, used either as a single agent or in combination with
chemotherapeutics, is prescribed in early-stage breast cancer following
BCS to achieve local tumour control and improve breast cancer specific and
overall survival (Fisher et al., 2002, Delaney et al., 2003, Delaney et al.,
2005, NICE, 2018). Administering post-surgical radiotherapy after
mastectomy is not routine clinical practice, but is recommended in patients
with higher risk of local recurrence (tumour size >5cm in diameter, axillary
lymph nodes >4, positive LVI and positive surgical margins) (Cardoso et
al., 2019). The Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
report that radiotherapy after BCS leads to significant clinical benefits, with
an overall 16% absolute decrease (19% v 35%) in the risk of any breast
cancer recurrence (loregional or distant) and a 4% absolute decrease (21%
v 25%) in the risk of dying from breast cancer (Darby et al., 2011). These
results confirm that radiation is effective in eliminating microscopic disease
that may be still present after surgery. Response to radiotherapy, varies
according to patient age and also breast cancer subtype, with young
women and patients with HER-2 enriched and TNBCs having the highest
recurrence rates (Kyndi et al., 2008, He et al., 2019). More recently,
studies report that radiotherapy when administered pre-operatively,
improves visibility of primary tumour resulting in smaller target volume
and minimizing geographical error (van der Leij et al., 2015). The current
norm is adjuvant radiotherapy, however surgery conducted after
radiotherapy removes the area of irradiated breast leading to decreased
fibrosis and improved cosmetic result (Corradini et al., 2019). Clinical trials
are currently ongoing (NCT02941835, NCT03359954, NCT03863301) to
evaluate the role of pre-operative radiotherapy in breast cancer patients
(ClinicalTrials, 2019).

Early-stage invasive breast cancer patients, positive for ER and PgR
expression receive treatment with endocrine or hormonal therapy to inhibit
the effect of estrogens on ER and/or blocks their synthesis (Ellis et al.,
2008, Chang and Fan, 2013). Endocrine therapy can be categorized into
selective ER modulators (SERM-e.g. tamoxifen and raloxifene), selective
ER down-regulators (SERD-e.g. fulvestrant), aromatase inhibitors (Al-e.g.

anastrozole, letrozole and exemestane) and luteinizing hormone-releasing
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hormone analogues (LHRH analogues) (Dunbier et al., 2011, Chang and
Fan, 2013). In pre and post-menopausal women, treatment with tamoxifen
or aromatase inhibitor for 5 years post-surgery remains standard care
(Goldhirsch et al., 2005, Dowsett et al., 2010). Several trials (ATLAS and
NCIC CTG MA.17) have shown that extended adjuvant endocrine therapy
for 10 years instead of 5 years results in improved overall and disease-free
survival (Jin et al., 2012, Davies et al., 2013).

Anti-HER-2 therapy with the monoclonal antibody, trastuzumab
(Herceptin®) is the standard adjuvant therapy for the treatment for HER-2
positive early-stage breast cancer (Slamon et al., 2011). Studies have
reported that administering trastuzumab every 3 weeks for 12 months
improves disease-free (218 v 321 recurrence events) and overall survival
(59 v 90 deaths) (Piccart-Gebhart et al., 2005, Smith et al., 2007). In
patients with tumour size larger than 3 cms in diameter, neoadjuvant
chemotherapy with docetaxel and carboplatin is advised before surgery,
following which adjuvant trastuzumab is administered for a year (Witherby
et al., 2016). T-DMI (KADCYCLA®) is recommended after surgery in HER-
2 enriched early-stage breast cancer (high-risk) patients treated with

taxane and trastuzumab before surgery (Verma et al., 2012).

Treatment with anthracyclines and taxanes is the standard adjuvant
chemotherapy for TNBC following surgery (NICE, 2018). A 15-year meta-
analysis conducted by the EBCTCG of long-term outcomes reported that
the 10-year breast cancer mortality was reduced by a third in patients who
used polychemotherapy regimen consitisting of anthracycline, taxane and
alkylator compared to patients who did not receive chemotherapy (Peto et
al., 2012).

1.1.5.2 Locally advanced primary breast cancer

Treatment of LAPC is multidisciplinary and includes chemotherapy,
surgery, radiotherapy in combination +/- hormonal or targeted therapies
(Garg and Prakash, 2015). For large tumours, that are considered
inoperable, neoadjuvant chemotherapy with an anthracycline/taxane
regimen is administered to a maximum of six cycles to shrink tumour size

(Mandilaras et al., 2015). This is usually followed by segmental or modified
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radical mastectomy (NICE, 2018). Post-operative radiation therapy may
also be recommended after surgery to minimize the risk of local recurrence
(Mandilaras et al., 2015).

Following neoadjuvant chemotherapy, women with locally advanced
(operable and inoperable) ER-positive tumours receive endocrine therapy
according to their menopausal status (tamoxifen for pre-menopausal and
Al for post-menopausal women) (Witherby et al., 2016). For HER-2
enriched locally advanced disease, a combination chemotherapy regimen
consisting of docetaxel and carboplatin followed by surgery with or without
adjuvant radiotherapy is administered. Patients may also receive
trastuzumab maintenance therapy for one year to reduce the risk of
recurrence (Cardoso et al., 2014). Locally advanced TNBC patients are
treated with neoadjuvant chemotherapy containing sequential
anthracycline and paclitaxel regimen to shrink tumour size and make them
operable (Witherby et al., 2016). The I-SPY 2 (investigation of serial
studies to predict your therapeutic response through imaging and
molecular analysis 2) trial reported that combination of veliparib-
carboplatin added to standard chemotherapy regimen is extremely
effective in high-risk TNBC patients and resulted in higher pCR rates
(25%), compared to treatment with standard chemotherapy alone (Rugo
et al., 2016, Shao et al., 2019).

1.1.5.3 Metastatic breast cancer

The association between breast cancer subtypes and pattern of metastatic
relapse has been well-reported with HR-positive tumours likely to have a
higher incidence of bone metastasis, whereas HER-2 enriched and TNBC
tumours are characterised by visceral metastasis, including liver and lungs
(Kennecke et al., 2010, Gong et al., 2017). In the metastatic setting,
radiotherapy may be administered to breast cancer patients with bone and
brain metastasis to relieve tumour-associated symptoms (Cardoso et al.,
2014). More recently, stereotactic radiosurgery (SRS) and stereotactic
ablative body radiotherapy (SABR) have been considered as alternatives
to surgery for treatment of oligometastasis (Otake and Goto, 2019). A
phase I study (NRG-BR0O01) is currently investigating the recommended
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dose of SABR for each metastatic location in patients with breast cancer
(ClinicalTrials, 2019).

For metastatic patients who are ER-positive, endocrine therapy forms the
first-line of therapy, until disease progression or endocrine resistance
occurs. Tamoxifen is used in the treatment of pre-menopausal women. For
post-menopausal women, aromatase inhibitor, fulvestrant (SERD), or
combination of fulvestrant with AI, or the combination of an AI with the
cyclin-dependent kinase (CDK) 4/6 inhibitor palbociclib is administered
(Witherby et al., 2016). Biphosphonates (zoledronic acid or sodium
clodronate) are currently prescribed for post-menopausal women with a
high risk of recurrence (NICE, 2018), with studies reporting a significant
reduction in distant recurrence (20.4% v 21.8%), bone recurrence (6.6%
v 8.8%) and breast cancer mortality (14.7% v 18%) after treatment
(EBCTCG, 2015).

Based on the Cleopatra trial, a combination of pertuzumab, trastuzumab
and docetaxel is approved as first line therapy for the treatment of HER-2
enriched metastatic breast cancer (Swain et al., 2015). In the randomized
phase III EMILIA study, trastuzumab-DMI (trastuzumab emtansine)
conjugate resulted in improved disease control (9.6 v 6.4 months) and
overall survival (30.9 v 25.1 months) (Dieras et al., 2017). T-DMI is now
administered as second line therapy in metastatic HER-2 enriched breast
cancer patients who progress after trastuzumab-taxane therapy (Lewis
Phillips et al., 2008).

The first line treatment for patients with metastatic TNBC is standard
chemotherapy given sequentially until progression is observed (Dear et al.,
2013). It has been demonstrated that anthracyclines or taxanes regimen,
such as the taxane-fluorouracil-doxorubicin-cyclophosphamide (T-FAC)
regimen used at MD Anderson or doxorubicin-cyclophosphamide-taxane
used in the NSABP trials, are effective in a small group of patients (Hudis
and Gianni, 2011). The OlympiAD trial reported that in patients treated
with olaparib, the risk of disease progression or death was 42% lower and
the median progression-free survival was 2.8 months longer compared to
standard therapy (Silver et al., 2010). Olaparib has now been approved for
treatment of metastatic TNBC (Robson et al., 2017).
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1.2 Radiotherapy
1.2.1 Biological effects of radiotherapy

1.2.1.1 Ionising radiation

The main aim of radiotherapy in cancer treatment is to deliver a
tumouricidal dose of radiation to a target tumour volume while minimising
exposure to healthy tissues, which may be adjacent to tumour cells or in
the path of radiation (Emami et al., 1991, Nikjoo et al., 1998). The type of
radiation is termed ionising as it produces electrically charged particles,
called ions, and free radicals which deposit energy in cellular or biological
material as it passes through (Baskar et al., 2012). The deposited energy
in critical targets, or production of excessive amounts of ions and free
radicals, can Kkill cancer cells or cause genetic changes that suppress

reproductive potential (Baskar et al., 2012).

The therapeutic or biological effects of radiation are dependent on the
amount of energy deposited by the radiation, and the damage caused as
it interacts with cellular components. Linear energy transfer (LET)
describes the amount of energy deposited per unit track length and is
measured in units of keV/um. It is a useful parameter to compare and
contrast the different types of ionising radiations, or ‘radiation quality’.
Ionising radiation (IR) that deposits large amounts of energy per unit track
length are termed high-LET radiations (or densely ionising), and those that
deposit less energy are called low-LET radiations (or sparsely ionising)
(Hunter and Muirhead, 2009, Franken et al., 2011, Hall and Giaccia, 2012).
Examples of high LET radiations include a-particles, neutrons and heavy
charged ions and examples of low-LET radiations include x-rays, y-rays,
electrons and protons. Clinically, all types of ionising radiation are used to
treat cancer, however external beam electromagnetic radiation (EMR) or
photon energy (x- and y-rays), produced by linear accelerators, are more
routinely used than charged particle radiations (electrons, protons,
neutrons, a-particles and heavy charged ions (carbon)) (Hall and Giaccia,
2012, Baskar et al., 2012). An external photon beam (x-ray) radiation
cabinet was used for all radiation experiments in the present study and is

discussed in more detail later.
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1.2.1.2 Direct and indirect action of radiation

The damage caused by ionising radiation to cells can be direct or indirect
as shown in Figure 1.2. In direct action, the radiation track(s) interact
directly with the biological material, such as DNA, physically disrupting the
molecular structure, which results in cell damage or cell death (Pinto et al.,
2005). The action of high-LET charged particle radiations are
predominately direct, since the damage they cause is by direct energy

transfer to the ‘target’ molecules (Hall and Giaccia, 2012).

DIRECT
ACTION

Figure 1.2 Direct and indirect effects of ionising radiation. In direct action,
the secondary electron interacts with DNA to produce damage. In the indirect
effect, the secondary electron reacts with a water molecule to produce the highly
reactive hydroxyl radical that cause oxidative DNA damage to cellular components.
Reproduced from (Hall and Giaccia, 2012). Copyright® 2012 by Lippincott Williams
& Wilkins (LWW) Inc. with permission conveyed through Copyright Clearance
Centre.

The effect of x- and y-rays, low-LET ionising radiations, is predominately
indirect because the damage they cause is by the generation of ions and
free radicals, produced via the radiolysis of cellular water, close to the
critical target molecules, such as the DNA (Chapman et al., 1973). The ions
and free radicals produced in this way have sufficient biological half-lives
to be able to diffuse to the critical site(s) and cause damage. About two-

third of the damage by low-LET radiations occur when ionising radiation
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interacts with cellular water (70% of cell), which results in its ionisation,
leading to a cascade of ion and free-radical production. The formation of
the water anion and hydrated, or aqueous, electron, H,O* and e™@d
respectively (Reaction 1) leads to the production of the highly reactive
hydroxyl radical (OH*) (Reaction 2). Two OH* radicals can react together
and produce hydrogen peroxide (H20.) (Reaction 3).

Reaction 1: H,0 — H,0* + e-
Reaction 2: H,0* + H,0 — H50*+ OH*

Reaction 3: OH* + OH*— H,0,

The free radicals produced by ionising radiation have a highly reactive
unpaired electron, which oxidises proteins, lipids and reacts with cellular
DNA to cause structural and biological damage (70% cell killing) (Chapman
et al., 1973, Hall and Giaccia, 2012).

Molecular oxygen reacts with low-LET ionising radiation radical-induced
DNA damage and leads to the formation of peroxinitrite DNA lesions which
are unrepairable and leads to cell damage and death, known as the oxygen
fixation hypothesis (OFH) (Oronsky et al., 2011, Grimes and Partridge,
2015). The presence of molecular oxygen is therefore crucial to enhance
the therapeutic, or biological, efficacy of ionising radiation and is referred
to as the oxygen enhancement ratio (OER)(Rockwell et al., 2009). The
magnitude of the OER in model systems depends on the presence of low-
molecular-weight solutes, most notably thiols and radical scavengers
(Dasu and Denekamp, 1998). Over the years, extensive research has been
carried out to improve radiosensitivity by increasing oxygenation in
tumours; initially with hyperbaric chambers (Mayer et al., 2005),
radiosensitisers, and more recently with agents that target hypoxic tumour
cells (Boyle and Travers, 2006, Phillips, 2016). The hypoxia-selective drugs

will be discussed in detail in chapter 3.
1.2.2 Repair of radiation induced DNA damage

Radiation induced DNA damage is manifested by single and double strand

breaks, in the sugar-phosphate backbone of the DNA molecule (Ward,
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1988, Steel, 1996). On average, 1 Gy of clinical radiotherapy produces
approximately 40 double and 1000s of single strand breaks and base
lesions per diploid genome (Ward, 1985, Alizadeh et al., 2015). Cells
respond to DNA damage by activating cell cycle checkpoint arrest and DNA
repair pathways, known collectively as the DDR (Ciccia and Elledge, 2010).
There are multiple repair pathways in mammalian cells, but physical and
biochemical damage induced by ionising radiation are repaired via the base
excision repair (BER) (Fortini et al., 2003); non-homologous end joining
(NHEJ) and homologous recombination (HR) repair pathways (Mahaney et
al., 2009). The majority of DNA double strand DNA breaks induced by low-
LET radiations are repaired between 0.5-1 hour, while some repair may
take up to 24 hours or more (Schmid et al., 2010). Successful repair of
radiation-DNA damage results in radioresistance which allows the cells to
survive and replicate (Hoeijmakers, 2001). DNA repair pathways involved
in repairing radiation induced DNA damage are discussed in detail in

chapter 2.
1.2.3 Modelling of radiobiological effect

1.2.3.1 Dose-response curve

A dose-response curve describes the relationship between the fraction of
cells that survive and the absorbed dose of radiation (Puck and Marcus,
1955, Elkind, 1988). Surviving fraction (SF) obtained from radiotherapy
experiments are graphically plotted as a function of radiation dose on a
log/linear plot, with SF on a logarithmic y-axis and radiation dose on the
linear x-axis (Puck and Marcus, 1956). For high-LET radiations, the shape
of the survival curve is almost linear indicating an exponential decrease in
cell survival. For low-LET radiations, the curves show an initial slope
followed by a shoulder region over a low dose range and then become
straighter at higher doses (Fowler, 1992). This is because at low doses
there is less chance of DNA damage occurring close to each other, giving
easily repairable DNA damage. At high doses, there is a higher probability
of cluster DNA damage occurring close to each other resulting in a more
complex difficult to repair double strand breaks and chromosome

aberrations (Jakob et al., 2009). Mammalian cells have differential
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sensitivity to radiation, with resistant cell lines showing a large shoulder
region (or repair ability) and sensitive cell lines, showing a steeper curve
(inherent radiosensitivity), demonstrating less survivors with increasing
dose (Hall and Giaccia, 2012).

1.2.3.2 Linear quadratic model

The linear-quadratic (LQ) model is commonly used in the analysis of
experimental data and clinically, to conduct treatment planning for cancer
in radiotherapy (Joiner, 2009). The LQ model is commonly used to describe
the shape of the cell survival curve, assuming there are two components
to cell killing - the a-component that is proportional to the radiation dose
(D), and the B-component that is proportional to the square of the dose
(D2) (Baskar et al., 2012). The SF of cells in this model is represented by

the following exponential function:
SF(D)=e~%"D-B-D2

Where S is the surviving fraction of cells after a single radiation dose (D),
and a represents the linear and B describes the quadratic component of
the survival curve (Joiner, 2009, Hall and Giaccia, 2012). The a and B
component in this model represents the intrinsic sensitivity of cells to
radiation. The linear component (a), represents single-hit killing and
determines response of cells to radiation at low doses; whereas the
quadratic component of cell kill (B) represents multiple-hit killing which
causes the curve to bend at higher doses. When cell killing obtained from
the linear component (a) is equal to the cell kill from quadratic component
(B), is known as the a/B ratio (Fowler, 1992). If the shape of the survival
curve is linear at low doses, the value of a is higher, which means that the
cells are sensitive to radiation (Withers, 1987). In the present study, the
LQ model was applied in all radiation experiments to calculate response

after radiation.
1.2.4 Radiotherapy regimens for breast cancer

As mentioned previously, adjuvant radiotherapy is used as routine protocol
in the treatment of invasive early-stage breast cancer patients following

BCS or mastectomy (in the case of high risk patients) (Coates et al., 2015,
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Cardoso et al., 2019). The response of the different breast cancer subtypes
to radiation is dependent on the intrinsic radiosensitivity, aggressiveness
and metastatic potential of the subtypes. Luminal A tumours generally
have the most favourable response after radiotherapy compared to the
HER-2 enriched and TNBC patients (He et al., 2019). Palliative
radiotherapy may be recommended in patients with advanced breast
cancer to reduce symptoms associated with advanced disease (Cardoso et
al., 2014, Nakamura et al., 2018). Radiation for breast cancer treatment

is delivered as external beam radiotherapy (EBRT) and brachytherapy.

1.2.4.1 Conventional fractionated radiotherapy

The standard radiotherapy for patients with early-stage breast cancer and
DCIS is the conventional multi-fractionated radiotherapy (CFRT) delivered
as EBRT, which administers a total dose of 50 Gy delivered to the whole
breast in 25 fractions of 2 Gy each, for up to 6 weeks (Haydaroglu 2012).
CFRT reduces the risk of local recurrence by 60-70% in invasive and by
50-60% in non-invasive breast cancer (van Dongen et al., 2000, Fisher et
al., 2002, Veronesi et al., 2002). In women with higher risk of local
recurrence, an additional boost dose of 10 Gy in 5 fractions or 16 Gy in 8
fractions is administered over a one-week period (Bartelink et al., 2015,
Cardoso et al., 2019). The boost continues to be given to high risk patients
with at least one of the following risk factors: age up to 50 years, grade 3
tumours, extensive DCIS, vascular invasion, and possibly in cases of non-

radical tumour excision (Senkus et al., 2015).

1.2.4.2 Hypofractionated radiotherapy

The currently adopted regimen by most UK centres is the alternative
hypofractionated radiotherapy (HFRT), which administers radiotherapy
dose with fewer, larger fractions to a total dose of 40 Gy given over 15
fractions in 3 weeks (Haviland et al., 2013). Hypofractionation refers to
delivery of radiation doses larger than 2 Gy in fewer fractions over a shorter
period of time which shortens treatment time. The adoption of HFRT in UK
centres was based on START (Standardisation of Breast Radiotherapy
Trials), which demonstrated (10-year follow up) lower recurrence,

improved overall survival and lower normal tissue toxicities in patients
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treated with HFRT compared to the CFRT regimen (Bentzen et al., 2008,
Haviland et al., 2013). This finding, along with cost efficiency and patient
preference, has led to most UK centres adopting HFRT over CFRT for the

treatment of breast cancer.

1.2.4.3 Intraoperative radiotherapy

Although not in routine practice, Targeted Intraoperative Radiotherapy
(TARGIT-IORT) has gained interest as a potential alternative treatment to
EBRT for certain patient groups. TARGIT uses a mobile irradiation system
to deliver a single large dose (20 Gy) of low energy radiation (50 kV x-
rays) for 20-35 minutes, directly to the area of the resected tumour before
the incision is closed (Vaidya et al., 2010, Vaidya et al., 2014). Data from
a prospective multicentre phase III trial showed a reduction in the overall
mortality of patients in the TARGIT group (3.9%) compared to EBRT
(5.3%) (Vaidya et al., 2014). Moreover, radiotherapy toxicity was lower in
the TARGIT group with only 6 patients (0.5%) presenting with grade 3
radiotherapy-related complications compared to 23 patients (2.1%) in the
EBRT group (Vaidya et al., 2010). Currently, TARGIT-IORT is available only
in a few UK NHS centres (Coombs et al., 2016).

1.2.4.4 Brachytherapy and accelerated partial breast irradiation

Brachytherapy (BT) and accelerated partial breast irradiation (APBI) are
techniques to treat only the tumour site rather than the whole breast in
some patients with early-stage breast cancer (Fisher et al., 1993, Vicini et
al., 1999). APBI is a novel technique which involves accelerated delivery
of radiation doses to the lumpectomy bed, rather than the whole breast
(Skowronek et al., 2012). Brachytherapy delivers precision radiation by
placing a sealed radioactive source (e.g. iridium-192) at the tumour site
after surgery to destroy any microscopic disease, and minimise normal
tissue damage (Skowronek and Chichet, 2014). Using these techniques,
ionising radiation can be delivered using low dose rate (LDR-0.4-2 Gy/h),
pulsed dose rate (PDR-3Gy/h), or high dose rate (HDR-12 Gy/h),
depending on the length of time the radioactive source remains in place

(Kauer-Dorner and Berger, 2018). These techniques shortens treatment
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time to 4-5 days compared to 5 weeks of treatment with WBI (whole breast
irradiation) (Cholewka et al., 2013).

1.2.5 Strategies to improve radiotherapy response

Radiotherapy is an essential component in the multimodality treatment of
breast cancer. It is essential for BCT (breast conservation therapy), it
reduces locoregional recurrence and mortality and alleviates symptoms in
advanced breast cancer patients (Siglin et al., 2012). Studies show that at
least 50-60% of cancer patients benefit from radiotherapy, when
administered either with a curative or a palliative intent (Delaney et al.,
2005). However, local recurrences still occur at a rate of 3-20%
(dependent on age and other factors) for patients receiving BCT and 2-
12% for patients who have undergone mastectomy, indicating failure of
primary treatments (van Dongen et al., 2000, Fisher et al., 2002, Veronesi
et al., 2002). One potential way to improve radiation response is to
combine ionising radiation with radio-enhancing agents to increase

radiotherapeutic efficacy (Raviraj et al., 2014, Lesueur et al., 2017).

Five factors that are important in determining the net effect of radiation
therapy on tumours, known as the 5 R’s of radiotherapy, are the cancer
cell’s intrinsic Radiosensitivity, DNA Repair capacity, the hypoxic fraction
in relation to the Reoxygenation of surviving cells, Redistribution of cells
within the cell cycle, and Repopulation following radiotherapy (Withers,
1987). Radiosensitisers have been developed to ideally target one or more
of these processes but to have minimal, if any, effect on the normal tissue

toxicity profile (Brown et al., 2014).

As discussed earlier, a main cytotoxic effect of radiotherapy is via the
induction of a large amount of DNA damage to the cancer cells; so one
strategy to improve radioresponse is to inhibit DNA repair pathways
(Lomax et al., 2013). This finding has led to extensive research on the
evaluation of DNA repair inhibitors as radiosensitisers (Mahaney et al.,
2009, Vens and Begg, 2010). The presence of hypoxia - pO.<10mm Hg
(<1% - 2% O0O3) in breast cancer is associated with chemo/radiotherapy
resistance, metastasis and poor survival (Gilkes and Semenza, 2013). An

approach to target tumour hypoxia is to use bioreductive agents and
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hypoxia-activated prodrugs (HAPs), that are only activated under
conditions of low oxygen into cytotoxic metabolites (Patterson and
McKeown, 2000). By combining HAPs with radiotherapy (that efficiently
targets oxygenated cells), both the oxygenated and hypoxic compartments
of the tumour can be targeted to achieve greater tumour cell
radiosensitisation (O'Connor et al., 2016, Phillips, 2016). Several studies
suggest that DNA repair pathways and presence of hypoxia can be
exploited with beneficial consequences for radiotherapy. Therefore, the
present study sought to improve radioresponse in breast cancer cells using
novel DNA repair inhibitor and hypoxia-activated prodrug, which are

discussed in subsequent chapters.
1.3 Overall study hypotheses, aims and objectives
Hypothesis

The hypothesis framed for the current study was that targeting I) FEN-1
of the long patch-base excision repair (LP-BER) pathway using its inhibitor,
PTPD or II) hypoxia using the novel hypoxia-activated prodrug, KP167, will
result in radiosensitisation of the luminal and triple negative breast cancer
phenotypes. It was also hypothesised that different subtypes of breast
cancer, due to their inherently different molecular phenotypes, will show

differential response to such treatments.

The overall aim of the thesis was to evaluate the radiation response of
breast cancer cell lines and assess how inhibitors of DNA repair, (FEN-1
inhibitor, PTPD) and hypoxia (novel AQ4N analogue, KP167) can alter the
radiosensitivity of breast cancer cells. The cytotoxic and radiosensitising
effect of PTPD was studied in breast cancer models using various endpoint
assays. The cytotoxic and radiosensitising effects of KP167 was studied in
breast cancer cells when grown under 3D spheroids and 2D (+/- hypoxia).
The efficacy of the novel agents was compared to, and contrasted against,
well-characterized agents undergoing, or having undergone, extensive

pre-clinical assessments and clinical evaluation.
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Objectives for DNA repair inhibitor study

1.

Investigate the cytotoxic effect of the novel FEN-1 inhibitor, PTPD as
single agent on different breast cancer cell lines using cell
proliferation and clonogenic assays (luminal and triple negative

breast cancer cells).

Examine the potential of PTPD to increase radiosensitivity by altering
DNA repair capacity of irradiated cells. Control experiments include
assessing radioresponse in breast cancer cells treated with well-
established radiosensitisers such as KU-55933 and olaparib to

compare radiosensitising efficacy of PTPD.

Evaluate the effects of FEN-1 inhibition on DNA damage using single
strand (RPA) and double strand (y-H2AX) DNA damage assays.

Objectives for hypoxia-activated prodrug (HAP) study

1.

4,

Assess the single agent anti-cancer effect of the novel HAP, KP167,
in luminal and triple negative breast cancer cells, when grown as 3D
spheroids and in 2D (+/- hypoxia), with results compared to that
obtained with the parental drug, AQ4N.

Evaluate protein expression levels of reductases (cytochrome P450,
CYP2S1, CYP2W1, NQO1 and NQO2) to gain an initial mechanistic
insight into drug activation and differential drug sensitivities in the

different subtypes of breast cancer (in vitro).

Investigate the potential of the novel AQ4N analogue, KP167 to
increase radiosensitivity of breast cancer cells (3D and 2D +/-
hypoxia) and compare it to radiosensitivity obtained using the
parental drug, AQ4N.

Assess expression of CYP2S1 and CYP2W1 in a large independent
cohort of breast cancer, and determine association with various

clinicopathological parameters and survival.
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Chapter 2 Targeting LP-BER to improve

radioresponse in breast cancer
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2.1 Abstract

Background: Breast cancer is often treated by radiotherapy both in the
neoadjuvant and adjuvant setting, but may fail in certain patients as
indicated by local recurrence rates of up to 15% over 10 years. The efficient
repair of radiation-induced DNA damage, by cancer cells, influence
recurrence rates with DNA repair inhibitors being trialled, in combination,
to improve therapeutic response. FEN-1 of the BER pathway is involved in
the repair of single strand breaks and base damages, with previous studies
suggesting the involvement of FEN-1 in the repair of radiation-induced DNA
damage. The DNA repair inhibitor PTPD, belongs to a class of N-
hydroxyurea-based compounds which act as potent and selective inhibitors
of FEN-1. The aim of the current chapter was to assess the in vitro efficacy
of PTPD, as a single agent and in combination with ionising radiation, in

luminal and triple negative breast cancer cell models.

Methods: Two luminal (MCF-7 and T47D) and three TNBC (MDAMB-231,
MDAMB-468 and the BRCA-1 deficient MDAMB-436) cell lines were chosen
as in vitro models. The doubling times and plating efficiencies (PEs) were
initially assessed using cell growth curves and clonogenic assays,
respectively. The well-established DNA repair inhibitors, ATM inhibitor, KU-
55933, and PARP-1 inhibitor, olaparib, were used as positive controls and
to compare the efficacy of PTPD against. Effects of PTPD on cell
proliferation were assessed at different drug concentrations for 24 hours.
Single agent clonogenic survival and radiosensitisation were measured by
treating pre-plated cells with KU-55933 or olaparib or PTPD and
subsequently exposing them to single doses (0-8 Gy) of x-rays. Replication
protein A (RPA) and y-H2AX expression were evaluated, as markers of
single and double strand DNA damage respectively, by
immunofluorescence microscopy, following PTPD treatment alone or in

combination with ionising radiation.

Results: The average doubling times (hours) were approximately 29+4.12
in MCF-7, 32+1.86 in T47D, 20+2.47 in MDAMB-231, 31+£1.24 in MDAMB-
468 and 41+4.55 in MDAMB-436 cells. The PEs (*+ standard deviation
(SD)) were 41+4.35% in MCF-7, 16£2.82% in T47D, 51%£5.70% in
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MDAMB-231, 44+1.52% in MDAMB-468 and 19+3.05% in MDAMB-436

cells.

MDAMB-436 cells were substantially more sensitive to treatment with 10
MM KU-55933 with approximately 40% reduced survival compared to 2-
20% in MCF-7, T47D, MDAMB-231 and MDAMB-468 cells. Clonogenic
survival was greatly reduced with 10 pM olaparib treatment in MCF-7, T47D
(40-50%) and MDAMB-436 (80%) cells, compared to a modest 25%
decrease in MDAMB-231 and MDAMB-468 cells. Treatment of cells with
increasing concentrations (2.5-10 uM) of PTPD, did not affect the rate of
cell proliferation (<10%) nor reduce clonogenic survival (<10%) in MCF-
7, T4A7D, MDAMB-231 or MDAMB-468 cells. PTPD treatment was, however,
toxic in MDAMB-436 cells and resulted in a dose-dependent reduction in
proliferation (ICs0 13.97+£3.23 uM, P<0.001) and clonogenic survival (ICso
8.06+£2.92 uM, P=0.001).

KU-55933 treatment significantly increased radiosensitivity with SERg.01 of
1.60+0.23 (P=0.021) in MCF-7, 1.71£0.27 (P=0.007) in T47D, 1.82+0.21
(P=0.020) in MDAMB-231, 1.68+0.33 (P<0.001) in MDAMB-468 and
3.42+0.91 (P=0.003) in MDAMB-436 cells. Significant increase in
radiosensitivity was also observed with olaparib treatment with SER.01 of
1.63+0.03 (P<0.00001) in MCF-7, 1.61+0.18, (P=0.011) in T47D,
1.62+0.09 (P=0.002) in MDAMB-231, 1.68+0.33 (P=0.0006) in MDAMB-
468 and 2.35+0.13 (P=0.0001) in MDAMB-436 cells.

PTPD treatment resulted in a small but significant radiosensitisation with
SERp.0; 0of 1.31+£0.07 (P=0.010) in MDAMB-231 and 1.50+0.13 (P=0.025)
in MDAMB-436 cells. A marginal but significant increase in
radiosensitisation was observed in MDAMB-468 cells at 6 (P=0.016) and 8
Gy (P=0.032) with SERpo1 of 1.13+0.08. No radiosensitisation was
observed in MCF-7 and T47D cells with SERg.:1 of 1.00+0.02 (P=0.252)
and 1.00+0.01 (P=0.961) respectively.

Treatment with 1 Gy ionising radiation significantly increased single strand
DNA damage (RPA expression) in MCF-7 (P=0.001), T47D (P=0.0008),
MDAMB-231 (P=0.004), MDAMB-468 (P=0.002) and MDAMB-436
(P<0.0001) cells, and double strand DNA damage (y-H2AX) in MCF-7
(P=0.0005), T47D (P<0.0001), MDAMB-231 (P<0.0001), MDAMB-468
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(P=0.0023) and MDAMB-436 (P=0.0002) cells. Compared to radiation
alone, cells treated with the combination of PTPD and ionising radiation
displayed increased single strand DNA damage in MCF-7 (P=0.031), T47D
(P=0.061), MDAMB-231 (P=0.020), MDAMB-468 (P=0.019) and MDAMB-
436 cells (P<0.0001), and double strand DNA damage only in MDAMB-436
cells (P=0.0003).

Conclusions: Cells behaved as expected with the control DNA repair
inhibitors, and although FEN-1 induced some radiosensitisation, at least in
TNBCs, it was only slight in comparison to the control/comparator agents.
FEN-1 may be suitable target for enhancing radiotherapy in breast cancer

but only in the TNBC phenotype, especially those that are BRCA-1 deficient.
2.2 Introduction and aims

Tumour cells are often reliant on particular pathways to repair specific
forms of DNA damage induced by either ionising radiation or other
cytotoxic agents (Velic et al., 2015). There are at least 6 repair pathways
in mammalian cells: non-homologous end-joining (NHEJ]), homologous
recombination (HR), interstrand cross link repair (ICL), base excision repair
(BER), nucleotide excision repair (NER) and mismatch repair (MMR)
(Hoeijmakers, 2001, Chatterjee and Walker, 2017). The DNA double strand
breaks induced by ionising radiation, that correlate closely with cell
lethality, are repaired by the NHEJ and HR pathways (Aparicio et al., 2014).
Single strand and base DNA lesions generated by ionising radiation are
repaired by the BER pathway, which prevents conversion into a cytotoxic
DNA double strand break (Frosina et al., 1996).

2.2.1 DNA damage response

The DDR is a complex network of signalling pathways that sense, signal
and repair DNA lesions (Ciccia and Elledge, 2010). Ionising radiation-
induced DNA damage initiates a global cellular response to induce transient
cell cycle arrest in the G1, S and G2/M phases to allow sufficient time for
DNA repair (Helleday et al., 2008, Ciccia and Elledge, 2010). These
damage responses are mediated by the master regulators, Ataxia

telangiectasia-mutated (ATM) /checkpoint kinase 2 (CHK2) and ataxia
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telangiectasia and Rad3-related (ATR) /checkpoint kinase 1 (CHK1)
pathways which are activated in response to DNA double strand, and DNA
single strand breaks respectively (Smith et al., 2010). ATM mediated
phosphorylation of H2AX (Ser139), giving rise to y-H2AX, is one of the
earliest cellular response to DNA double strand breaks (Rogakou et al.,
1998). y-H2AX acts as a platform for the recruitment of repair factors to
break site and forms ionising radiation-induced nuclear foci in response to
radiation damage (Van Veelen et al., 2005). y-H2AX is a sensitive
biomarker for ionising radiation-induced double strand breaks (Sharma et
al., 2012, Valdiglesias et al., 2013), and has been assessed for the same
in the current study. Repair pathways are next activated in response to
ATM-CHK2 signalling which phosphorylates KU and/or BRCA-1 to promote
repair by either NHEJ (Lee et al., 2006) or HR (Gatei et al., 2001) pathways

respectively.

The ATR-CHK1 pathway is activated predominantly when replication is
blocked in response to single strand DNA (ssDNA) damage (Nam and
Cortez, 2011), and signals activation of single strand repair pathways
(BER, NER). This results in the uncoupling of DNA polymerase from DNA
helicase exposing ssDNA, which is coated by Replication Protein A (RPA)
(Zou and Elledge, 2003). RPA is a marker of replication stress and has
been used in the current study to assess single strand DNA damage
(Namiki and Zou, 2006).

The recruitment of poly (ADP-ribose) polymerase-1 (PARP-1), an important
event in DDR response, is central to detecting the presence of damaged
DNA and activating signalling pathways that initiate appropriate DNA
repair, including both single and double strand breaks (Huambachano et
al., 2011). This stimulates the catalytic activity of PARP to generate
extensive poly (ADP-ribose) chains (PAR chains) on itself and proteins in
the vicinity of DNA damage, a term known as poly(ADP) ribosylation or
PARylation (D'Amours et al., 1999). PARP-1 is a crucial first-line sensor of
single strand DNA damage induced by ionising radiation (de Murcia and
Menissier de Murcia, 1994). It interacts with ATR-CHK1 to induce a S-phase
checkpoint (Horton et al., 2007, Kedar et al., 2008), and promotes repair
by BER and NER pathways (Chaudhuri and Nussenzweig, 2017).
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The clinical use of PARP inhibitors (olaparib for advanced ovarian cancer
and metastatic breast cancer) (Bixel and Hays, 2015, Kim et al., 2015)
was initially founded on the concept of the ‘synthetic lethality’ relationship
of PARP with BRCA-1/2 proteins. This approach was based on the strategy
that tumours with impaired DNA double strand repair pathways, due to
BRCA-1/2 deficiency, would rely on PARP-activated BER for survival, and
thus inhibition of PARP induces a synthetic lethal phenotype specific to
BRCA-1/2 mutant cancer cells with normal, double strand break repair
competent cells being spared (Farmer et al., 2005, Bryant et al., 2005,
Ashworth, 2008, Tutt et al., 2010). This stategy has now been expanded
to include other pathways, for example, if a cancer cell shows deficiency in
one pathway, the strategy is to target the remaining main pathway(s) to
inhibit the compensatory effect and induce selective lethality, while sparing
normal cells (Reaper et al., 2011, Bukhari et al., 2019, Das et al., 2019).

2.2.2 Double strand break repair pathway

It is well established that failure to remove or repair DNA double strand
breaks can cause cell death through the generation of lethal chromosomal
aberrations or via the direct induction of apoptosis (Jackson and Bartek,
2009). The DNA double strand break repair pathway consists of NHEJ and
HR that constitute the fast and slow repair processes with half-lives ranging
from 5-30 minutes and 2-5 hours, respectively (Shiloh, 2001, Abraham,
2001, Durant and Nickoloff, 2005, Jeggo et al., 2011).

2.2.2.1 Non homologous end joining

NHEJ is pre-dominant in the G1 phase of the cell cycle when HR is not
available (Aparicio et al., 2014). It is initiated when ATM activated KU
70/80 heterodimer recruits DNA-PK to form a functional DNA-PK/KU active
complex that allows enzymes to access DNA ends (Mahaney et al., 2009,
Ciccia and Elledge, 2010). The DNA ends are digested by nucleases (such
as Artemis) and the DNA strand processed by DNA polymerases (such as
Polu or PolA) to create compatible ends (Goodarzi et al., 2006, Kurosawa
et al., 2008). In the last step, a ligation complex consisting of DNA ligase

IV, X-ray cross-complementation group 4 (XRCC4) and XRCC 4-like factor
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(XLF) ligates the ends of the DNA completing the NHEJ repair process
(Ahnesorg et al., 2006, Gu et al., 2007). NHE], although a dominant repair
process, is considered error prone as it is unable to restore the original
sequence of the DNA (Lieber, 2010).

2.2.2.2 Homologous recombination

HR is the error-free repair process, which requires the presence of an intact
sister chromatid and can therefore occur only in the S and G2 phases of
the cell cycle, when DNA has been replicated (Kadyk and Hartwell, 1992).
The HR pathway is initiated when the double strand break is resected by
nucleases and helicases resulting in a 3'-single stranded DNA (Sartori et
al., 2007). ATM-activated BRCA-1 controls the G2/M checkpoint and
prevents cells from entering into mitosis before DNA repair is complete
(Deng, 2006). The MRN (MRE11/NBS1/RAD5) complex binds to DNA ends
and recruits nucleases to remove damaged bases (Uziel et al., 2003). The
ssDNA DNA is coated by RPA to prevent formation of secondary structures
and further degradation from nucleases (Sugiyama et al., 1997). BRCA-2
replaces RPA by RAD51, to form a nucleoprotein filament. This structure
finds the homologous sequence on the sister chromatid and invades the
homologous duplex DNA which serves as a template for DNA synthesis
(Kadyk and Hartwell, 1992). After strand invasion, the DNA is polymerised
and any lost information is successfully restored by DNA pold in
combination with proliferating cell nuclear antigen (PCNA) (Pardo et al.,
2009, Wright et al., 2018).

2.2.3 Single strand break repair pathway-BER

Ionising radiation causes a number of multiple single lesions, including
oxidised purine and pyrimidine bases, apurinic abasic sites and single
strand breaks on the DNA (Milligan et al., 2000). When two opposing single
strand breaks are formed within the cluster, a potentially lethal double
strand break can arise (Ward et al., 1987). BER pathway is activated in
response to IR-induced DNA damage and has been reported to repair up

to ~10000 damaged bases per cell per day (Sun et al., 2017).
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2.2.3.1 Short-patch BER

BER can occur via the short-patch (SP-BER) or the long-patch (LP-BER)
pathway (Figure 2.1), depending on the length of the region to be repaired
and the subset of enzymes involved (Frosina et al., 1996, Asagoshi et al.,
2010). The BER pathway is initiated when DNA glycosylases recognise and
removes a damaged base to form an apurinic/apyrimidinic (AP) residue. In
the case of oxidative damage, oxidised bases are removed by bifunctional
glycosylases, such as NTH1, OGG1, NEIL1, NEIL2, and NEIL3 to generate
an AP site (Izumi et al., 2003, Hegde et al., 2008). Apurinic endonuclease
1 (APE1) recognizes the AP site and cleaves 5’ to the AP sites generating
a nick on which DNA Polp is loaded. DNA Polf3 incorporates the appropriate
nucleotide into the gap and eliminates the 5’ AP site via its 5’-deoxyribose-
phosphate (dRP) lyase activity (Robertson et al., 2009). A complex of DNA
ligase 3 and XRCC1 is recruited to the repair site by PARP-1, which seals
the nick completing the SP-BER pathway (Bennett et al., 1997, Krokan and
Bjoras, 2013).

2.2.3.2 Long-patch BER

The oxidative stress, such as those caused by ionising radiation, oxidises
deoxyribose sugar in the DNA backbone resulting in single strand DNA
damage (Nakamura et al., 2003, Asagoshi et al., 2010). The 5’-oxidised
deoxyribose lesions are resistant to the dRP lyase activity of Polf3, and can
only be excised by the LP-BER sub-pathway (Liu et al., 2005, Liu et al.,
2008a). In this pathway, DNA polymerases B/d/e incorporate
approximately 2-15 nucleotides into the repair patch to remove the 5’-
terminal sugar residue. During this process, a flap structure is generated
due to strand displacement DNA synthesis. Removal of the flap is essential
to prevent strand duplication/deletion events. Flap endonuclease-1 (FEN-
1) is recruited to the LP-BER site, which in combination with PCNA excises
the flap allowing DNA ligase 1 to seal the nick (Pascucci et al., 1999,
Dogliotti et al., 2001). This alternate pathway, which utilises FEN-1 to
cleave the damaged base-containing flap structure resulting in a ligatable
DNA is the LP-BER pathway (Robertson et al., 2009, Balakrishnan et al.,
2009). LP-BER is the dominant pathway used by cells to repair oxidative

39



Chapter 2

base damages, single strand breaks and abasic sites induced by
radiotherapy (Dogliotti et al., 2001).
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Figure 2.1 Short and long-patch base excision repair. Pathway selection is
determined by the type of DNA damage incurred. SP-BER removes damage caused
by alkylation and deamination. LP-BER is the dominant pathway for removal of
oxidative DNA damage. Reproduced from (Abbotts and Madhusudan, 2010).
Copyright® 2010 by Elsevier with permission conveyed through Copyright
Clearance Centre Inc.

2.2.4 Flap endonuclease-1

FEN-1 is a multifunctional endonuclease involved in mammalian DNA
replication, repair, and recombination (Lieber, 1997). It is a 43 kDA protein
located on Chromosome 11 and as a nuclease, FEN-1 recognises and acts
on specific DNA structures, irrespective of DNA sequences (Lee and Wilson,
1999, Shen et al., 2005). It functions as a 5’-flap endonuclease (FEN), 5'-
3’ exonuclease (EXO) and GAP endonuclease (GEN) (Liu et al., 2004). FEN-
1 can cleave any DNA or RNA flap structures as long as the unannealed 5’-
tail is single stranded (Murante et al., 1996). The major role of FEN-1 is to
remove the initiator RNA primers of Okazaki fragments formed during DNA
replication and oxidative DNA damage by the LP-BER pathway (Bambara
et al., 1997, Liu et al., 2004). Among its other roles, FEN-1 is involved in
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the resolution of tri-nucleotide sequence derived secondary structures,
restarting stalled replication folks (Singh et al., 2007), fragmenting
apoptotic DNA (Shen et al., 2005), and maintenance of telomere stability
(Bambara et al., 1997, Shen et al., 2005).

2.2.4.1 FEN-1 in breast cancer

Consistent with its role in DNA replication, FEN-1 is expressed in all
proliferative tissues (Warbrick et al., 1998). It is highly expressed in
tumours, which links FEN-1 to the hyper-proliferation of cancer cells (Lam
et al., 2006). It has been reported that FEN-1 can interact directly with
estrogen receptor alpha, (ERa) and influence the expression of estrogen
responsive genes to drive proliferation (Moggs et al., 2005, Buterin et al.,
2006). In normal breast cells, FEN-1 expression is kept low by
hypermethylation of the promoter region, which is abolished during
neoplastic transformation (Singh et al., 2008). An extensive study on FEN-
1, conducted by a team in Nottingham (Abdel-Fatah et al., 2014), reported
that FEN-1 was associated with aggressive breast cancer biology and poor
survival of breast cancer patients, irrespective of ER status. In ovarian
cancer, FEN-1 was associated with higher grade, higher disease burden
after surgery, worst ovarian cancer specific and disease-free survival
(Abdel-Fatah et al., 2014).

Several studies have since shown that FEN-1 is upregulated and confers
chemotherapy resistance to breast cancer cells (Wang et al., 2015, He et
al., 2016). MDAMB-231 cells treated with various chemotherapy agents
(mitomycin C, taxol, camptothecin, cytochalasin) and y-radiation showed
a 3-8 fold upregulated FEN-1 expression (Wang et al., 2015). Studies
conducted by He et al., 2016 reported that overexpressing FEN-1 in MCF-
7 cells prevents apoptosis induced by cisplatin, 5-fluorouracil (5-FU) and
temozolomide (TMZ) (He et al., 2016). Such data suggest that FEN-1 is
overexpressed in breast cancer cells and provides resistance against cell
death induced by various cytotoxic therapies, making it an interesting
therapeutic target to increase efficacy of anti-cancer agents in breast

cancer.
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2.2.5 DNA repair inhibitors as novel anticancer therapies

A strategy to improve radiotherapy in cancer cells is to target proteins
involved in the DDR response, to inhibit repair of DNA damages incurred
by various cytotoxic therapies (Biau et al., 2019). Some of the recent DNA
repair inhibitors undergoing clinical evaluation and therapeutic strategies

are discussed below.

KU-55933 was the first potent and selective inhibitor of ATM that induced
significant radiosensitisation by inhibiting ATM-mediated phosphorylation
of p53, H2AX, and CHK1 (Hickson et al., 2004, Veuger and Durkacz, 2011,
Tian et al., 2015, Vavrova et al., 2016). KU-55933 has been shown, in
preclinical studies, to be a highly effective radiosensitiser in breast cancer
cells (Veuger and Durkacz, 2011), and has been used in the present study
as a control drug and comparator. KU-55933 has not progressed in clinical
trials due to the high lipophilic nature of the drug which affects solubility,
permeability and potency of the agent (Hickson et al., 2004). In clinical
trials, the novel oral ATM inhibitor, AZD1390, which is 100-fold more
potent in blocking ATM-induced phosphorylation of key DNA repair proteins
(Golding et al., 2009) is being evaluated in combination with radiotherapy
for the treatment of brain cancer (NCT03423628) and central nervous
system malignancies (NCT03423628) (ClinicalTrials, 2019).

As discussed in section 2.2.1, the ATR-CHK1 pathway is involved in
suppressing replication stress arising from single strand DNA damage
(Fokas et al., 2014). Pre-clinical studies with the ATR inhibitor, M6620, was
found to radiosensitise chemo-resistant and chemo-sensitive TNBC
patient-derived xenografts (PDX) (Tu et al., 2018), and this inhibitor is
currently being evaluated in chemotherapy resistant TNBC and in ER-
positive/HER-2 negative patients (NCT04052555) (ClinicalTrials, 2019).
M6620 is also being evaluated in combination with radiotherapy for the
treatment of patients with locally advanced head and neck squamous cell
carcinoma (HNSCC) (NCT02567422). DNA-PK inhibitors have also shown
strong radio-sensitisation as inhibition of DNA-PK affects formation of the
DNA-PK active complex, which is essential for NHE] repair (Kashishian et
al., 2003). The DNA-PK inhibitor, M3814 is being evaluated as a
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radiosensitiser for the treatment of locally advanced solid tumours
(NCT02516813), colorectal cancers (NCT03770689) and in patients with
advanced metastatic disease (NCT03724890) (ClinicalTrials, 2019).

Several PARP inhibitors (olaparib, talazoparib, rucaparib, veliparib and
niraparib) are currently undergoing clinical trials to be used as a single
agent or in combination with radiation (Chalmers et al., 2010, Jiang et al.,
2019). Olaparib has potent radiosensitising properties in breast cancer
(Jang et al., 2015, Bi et al., 2018), and has been used in the current study
as a control agent. The RadioPARP trial is investigating olaparib and
radiotherapy in patients with inflammatory, loco-regionally advanced or
metastatic TNBC or in patients with operated TNBC with residual disease
(NCT03109080). Other PARP inhibitors, such as talazoparib and veliparib,
are being evaluated in combination with radiation in locally recurrent
gynaecologic cancers (NCT03968406) and in patients with brain metastasis
(NCT00649207) respectively. Rucaparib is currently undergoing
(NCT03542175) phase 1 clinical evaluation with radiotherapy in TNBC
patients with an incomplete pathological response after neoadjuvant
treatment (ClinicalTrials, 2019).

In addition to PARP inhibitors, APE1, DNA polf3 and FEN-1 inhibitors have
also focussed on targeting the BER pathway to potentiate effects of
chemo/radiotherapy (Sharbeen et al., 2015). Methoxamine is an APE1l
inhibitor which prevents recognition of the AP site generated during BER
(Qian et al., 2014). It is currently being investigated in combination with
cisplatin and radiotherapy in patients with non-small cell lung cancer
(NCT02535325) (ClinicalTrials, 2019). Inhibitors of PolB have also been
developed but have demonstrated little efficacy (Barakat et al., 2012),
because of the involvement of Polf in normal functions. FEN-1 inhibitors

are discussed below.
2.2.6 FEN-1 inhibitors

FEN-1 is an attractive therapeutic target because deficiencies or deletion
in the FEN-1 gene has been found to suppress tumour cell replication and
repair of damage induced by various anti-cancer agents (Kucherlapati et

al., 2002). These findings prompted the development of N-4 hydroxyurea
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based series of FEN-1 inhibitors by Tumey et al., 2005. There are only a
few FEN-1 inhibitors reported in the literature and of these, PTPD is the
most widely studied (Dorjsuren et al., 2011, Kouichi et al., 2018), and is
evaluated in the current thesis as a potential radiosensitiser. Reported

FEN-1 inhibitors are discussed below.
JFD00950

Deshmukh et al., 2017 reported a novel FEN-1 inhibitor, JFD00950, a
derivative of the N-4 hydroxyurea series published by Tumey et al., 2005
(Deshmukh et al., 2017). The authors carried out a high throughput
screening of 53000 compounds which led to the identification of JFD00950
(Deshmukh et al., 2017), which demonstrated maximum inhibition of flap
cleavage activity (100%). JFD00950 treatment reduced viability only in the
colon cancer DLD-1 cells with an ICso of 16.17£1.17uM with no effect in
breast and other cell lines. No other studies have been reported using this
compound (Deshmukh et al., 2017).

SC13

He et al., 2018 identified the FEN-1 inhibitor, SC13, based on the N-
hydroxyl urea derivative (Tumey et al., 2005) by substituting the
hydrophilic hydroxyl groups of urea with the hydrophobic phenyl, benzyl,
and n-propyl building blocks (He et al., 2018). SC13 was found to
specifically inhibit only the FEN activity of FEN-1 with no effects on the EXO
or GEN activity. SC13 was reported to inhibit cellular proliferation of NSCLC
cells (Zhang et al., 2018) and increase DNA double strand breaks in MCF-7
and MDAMB-231 cells. This agent chemosensitised MCF-7 cells to cisplatin,
TMZ, or 5-FU (He et al., 2016) and cervical cancer cells to paclitaxel (He et
al., 2018). SC13 has shown promising pre-clinical data, but further evaluation

is needed in other cancer models.
PTPD

Tumey et al., 2005 developed an assay based on fluorescently labelled
nucleotides screen to identify FEN-1 inhibitors that led to the identification
of 3-hydroxy-5-methyl-1-phenylthieno [2,3-d]pyrimidine-2,4(1H,3H)-dion
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(PTPD). Drug screening initially identified 9 potential compounds, of which
PTPD was the most potent, with an ICso of 0.025 pM using substrate based
assays (Tumey et al., 2005). PTPD was found to inhibit FEN-1 cleavage
activity by preventing entry of DNA or RNA substrates into the active site
of FEN-1 (Exell et al., 2016). Testing PTPD with the kinetic fluorogenic and
chemiluminescence AlphaScreen assay showed a strong concentration-
dependent inhibition of FEN-1 activity. In combination with
chemotherapeutic agents such as TMZ or MMS, PTPD was found to
chemosensitise and induce apoptosis of bladder carcinoma cells (Tumey et
al., 2005). To date, no studies have assessed the efficacy of PTPD as a

radiosensitiser.
2.2.7 Hypothesis, aims and objectives

The requirement of FEN-1 to repair oxidative DNA damage by the LP-BER
pathway led to the hypothesis that FEN-1 inhibition would sensitise breast
cancer cells to radiotherapy by inhibiting repair of single strand DNA
damage. The approach used in the current project was to assess
radiosensitisation of breast cancer cells by inhibiting FEN-1, using the FEN-
1 inhibitor, PTPD (Tumey et al., 2005, Dorjsuren et al., 2011). The single
agent and radiosensitising effects of PTPD were assessed in the different
breast cancer phenotypes using a variety of cell lines and various end-
points assays. Results obtained with PTPD were compared to well-
established DNA repair inhibitors such as KU-55933 and olaparib.

Hypotheses

1. The intrinsic radiosensitivity of breast cancer cells varies between
different phenotypes.

2. Inhibiting the LP-BER pathway by PTPD will radiosensitise luminal
and triple negative breast cancer cells.

3. The increased radiosensitisation induced by PTPD will be comparable
or greater than that induced by control DNA repair inhibitors, KU-
55933 and olaparib.
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. PTPD-induced radiosensitisation is due to single strand break repair

inhibition and induction of single strand and double strand DNA

damage.

Characterise the breast cancer cell lines to be used in this study by
assessing doubling times and plating efficiencies, comparing to
expected values in the literature.

Assess the intrinsic radiosensitivity of the different breast cancer
cells.

Investigate the in vitro efficacy of PTPD, as a single agent against
breast cancer cell lines using proliferation and clonogenic survival
assays, including control drugs, KU-55933 and olaparib, to help
optimise experiments and to compare the efficacy of PTPD against.
Investigate the in vitro radiosensitising effects of PTPD in breast
cancer cells, comparing radioresponse in breast cancer cells to those
treated with KU-55933 and olaparib.

Investigate the  potential mechanisms  underlying  any
radiosensitising effects of PTPD by quantifying single strand and
double strand break DNA damage.

2.3 Materials and Methods

2.3.1 Cell lines and culture conditions

The luminal breast cancer cell lines, MCF-7 and T47D, and TNBC cell lines,
MDAMB-231, MDAMB-468 and MDAMB-436 were used in the current

study to assess response to FEN-1 inhibition. All cell lines, were initially

procured from the American Type Culture Collection (ATCC). Their

molecular characteristics are shown in Appendix A-Table Al. All cell lines

were used within a passage window of 15, and maintained in a humidified

incubator with 5% CO; at 37°C. Cell lines were cultured in specific cell

culture media listed in Appendix A-Table A2. Iron supplemented donor

bovine serum (Gibco, Life Technologies) was heat inactivated at 56°C for

30 minutes before use. Cells were authenticated by multiplex short

tandem repeat (STR) DNA profiling analysis (Powerplex 16, Promega)
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every 4-6 months. Mycoplasma was tested regularly by technicians every
3-6 months in all breast cancer cell lines using the MycoProbe®

Mycoplasma Detection Kit (R&D Systems).
2.3.2 Sub-culture

All tissue culture work was performed in a class II biological safety hood,
cleaned with 70% ethanol before and after use. Cells were sub-cultured
and grown in normal growth media until reaching 80-90% confluency in a
T-75 cm? or T-125 cm? tissue culture flasks depending on requirement. To
passage, media was aspirated and cells gently washed with phosphate
buffered saline (PBS) (without Ca?* and Mg?*) (Sigma). 0.5 mg/ml trypsin-
EDTA (Sigma) was added, swirled to cover the cell monolayer then
aspirated and incubated at 37°C for 1-5 minutes, depending on cell line.
Upon detachment, as observed through an inverted phase contrast
microscope, trypsin-EDTA was inactivated using complete medium. An
appropriate volume (split ratio of 1:5 for MCF-7, MDAMB-468 and MDAMB-
436 cells; 1:3 for T47D and 1:10 for MDAMB-231 cells) of cell suspension
was transferred into a new tissue culture flask and fresh media added (5ml
in T-25 cm? flask, 15ml in T-75 cm? flask and 25ml in T-125 cm? flask).
Cells were placed back into the incubator and maintained at 37°C with 5%
CO,.

2.3.3 Cryopreservation and cell recovery

For long-term storage, cells were frozen and preserved in liquid nitrogen
to maintain them at low passage number. Cultured cells at 70-80%
confluency were brought into suspension using trypsin-EDTA and counted
using a haemocytometer. After centrifugation at 170 x g for 5 minutes,
1x10° cells were resuspended in 1 ml of freezing medium (10% dimethyl
sulfoxide (DMSO) and 90% complete medium). Cells were transferred into
labelled cryovials and frozen overnight at -80 °C freezer in a cell freezing
container before transferring into liquid nitrogen (~-180°C) for long-term

storage.

To recover cryopreserved cells, cryovials were taken out from liquid

nitrogen storage and thawed rapidly using a 37°C water bath. After
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disinfecting the vial with 70% ethanol, the cell suspension was transferred
into 9 ml of complete medium. The suspension was then centrifuged at
170 x g for 5 minutes. Then supernatant was discarded and the cell pellet
was resuspended gently in complete medium, and transferred into a T-25
cm? tissue culture flask, and placed in the incubator. Culture medium was
replaced the next day to remove any residual DMSO, after which, cells

were cultured following routine cell culture procedures.
2.3.4 Drugs and drug preparation

PTPD (AOBIOUS) was reconstituted in DMSO to a stock concentration of
10 mM. KU-55933 (Tocris Biosciences) and olaparib (Santa Cruz
Biotechnology) were used as control and comparator drugs. They were
reconstituted in DMSO to a stock concentration of 10 mM. Doxorubicin
(Sigma) was used as a control for PTPD-treated cell proliferation assays
and was prepared in DMSO to a stock concentration of 50 mM. All stock
solutions were aliquoted and stored at -20°C for a maximum of 6 months.
Stock concentrations were added to complete media to achieve the desired

concentrations for use in experiments.
2.3.5 Cell growth curves by proliferation assay

Doubling time is the time taken by cells to double in humber during the
exponential growth phase (Oraiopoulou et al., 2017). Proliferation assay
was initially performed to identify cell line doubling time by monitoring
growth of cells over a period of 0-96 hours, in order to establish optimal
growth conditions and corroborate with previously published literature.
1x10° cells/well were seeded in triplicate in 6-well culture plates and
incubated at 37°C, 5% CO. to allow cell adherence. At required time-
points, cells were washed with PBS and detached using 500 pl of trypsin-
EDTA (section 2.3.2). Once detached, cells were resuspended in 500 pl of
complete medium. Cell count was performed in duplicates using the
haemocytometer. Cell counts were recorded and growth curves were
constructed by plotting average number of cells versus time (hours) on y-

and x-axis respectively to identify doubling time of cells. Data presented
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graphically represent the average number of cells + standard deviation

(SD) of three independent experiments.

Cell growth curves were also used to determine the effects of PTPD and
doxorubicin on proliferation of breast cancer cells. Doxorubicin is a
commonly used chemotherapy agent in breast cancer and was used in the
current experiment as a positive control agent to compare efficacy of PTPD
against, and to ensure cells were responding to toxic insult as expected
(Hernandez-Aya and Gonzalez-Angulo, 2013). 1x10° cells were seeded in
triplicate in 6-well culture plates and incubated overnight to allow cells to
attach. The following day, cells were treated with different concentrations
of PTPD (2.5, 4, 7.5, 10, 12.5, and 15) uM for 24 hours. At the same time,
a parallel set of cells were treated with doxorubicin (0.3 uM for MCF-7and
MDAMB-436; 0.6 uM for T47D and 0.4 uM for MDAMB-231 and MDAMB-
468 cells) for 24 hours. The ~ICso concentrations of doxorubicin for MCF-
7, T47D, MDAMB-231 and MDAMB-468 cells were established by previous
PhD students in the lab. The ICso concentration for MDAMB-436 cells were
not available at the time of these experiments and therefore these cells
were treated with 0.3 pM doxorubicin. Following 24 hours of drug
treatment, cells in each well were harvested and counted using a
haemocytometer. Cells were also collected and seeded into fresh flasks for
determination of clonogenic survival (section 2.3.6). For plots, treated cells
were normalised as percentage of untreated control cells at each time
point. The dose-response curves were constructed by plotting average
percentage of cells versus drug concentration (uM) on y- and x-axis
respectively and where possible the ICso of PTPD was calculated. Data
presented graphically represent the average percentage of cells £ SD of

two or three independent experiments as indicated.
2.3.6 Clonogenic survival assay

The effect of KU-55933, olaparib and PTPD on survival of breast cancer
cells were assessed by clonogenic survival assay. 1x10° cells were seeded
in each well of the 6-well plate and incubated overnight to allow cell
adherence. The following day, cells were treated with different
concentrations of PTPD (2.5, 4, 7.5, 10, 12.5, and 15) pyM and incubated
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for 24 hours. In separate experiments cells treated with PTPD were
collected from the above proliferation assays, as described in section 2.3.5.
For control drug comparator experiments, plated cells were treated with
10 pM of control DNA repair inhibitors, KU-55933 or olaparib for 24 hours.
The concentration of 10 uM for control DNA repair inhibitors was chosen
based on previously published studies (Hickson et al., 2004, Oplustil
O'Connor et al., 2016).

After drug treatment, cells were trypsinized, counted and serially diluted
with complete medium to appropriate concentrations and plated into T-25
cm? tissue culture flasks. Cells were incubated for 14 (MCF-7, MDAMB-231
and MDAMB-468) or 21 days (T47D and MDAMB-436) at 37°C, 5% CO: to
allow colony formation. Flasks for clonogenic assays were incubated in an
exclusive incubator separated from the routine tissue culture without
disturbance. Colonies formed after the incubation period were fixed with
50% methanol in PBS for 15 minutes followed by 100% methanol for
another 15 minutes, followed by staining with 0.5% crystal violet. Crystal
violet was aspirated and flasks were gently washed under running tap
water and allowed to dry before counting colonies. Colonies which
contained more than 50 cells were scored as survivors. The plating
efficiencies (PEs) of cell lines were initially assessed before applying in
further experiments. PEs of untreated controls were calculated using the

following equation:

PE = Number of colonies x 100%

Number of cells plated

The surviving fraction (SF) of cells following treatment with DNA repair

inhibitors were calculated using the equation:

SF = Number of colonies after treatment

(Number of cells plated x PE)
The dose response curves were constructed by plotting SF versus (v) drug

concentration (M) on y- and x-axis respectively. Where possible, the ICsg

dose was calculated. Data represent the average SF + SD of two or three
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(as indicated) independent experiments, with each experiment containing

six parallel sets.
2.3.7 Cell irradiation

Cells were irradiated using a RS225 Xstrahl x-ray cabinet irradiation
system (Xstrahl Limited, UK) with single doses of 2, 4, 6 or 8 Gy. x-rays
delivered at 195 kV, 10 mA, with a dose rate of 0.87 Gy/minutes. The
cabinet was fitted with a 0.5 mm copper filter and used a 48.4 cm focus-
to-skin distance. Sham irradiated cells were used as controls. Dosimetry
was routinely assessed by Radiotherapy Physics staff in the Department of
Oncology, Nottingham University Hospitals NHS Trust, and City Hospital

campus.

Initially, the intrinsic radiosensitivity of breast cancer cells were assessed
by irradiating pre-plated breast cancer cells in T-25 cm? or T-75 cm? flask
with single doses of 2, 4, 6 or 8 Gy. After irradiation, cells were returned
to the incubator for 14-21 days to allow colony formation. Data represent
the average SF £+ SD of three independent experiments, with each

experiment containing six parallel sets.
2.3.8 Drug-radiation combinations

For drug-radiation combination experiments, cells were plated in T-25 cm?
or T-75 cm? at low seeding densities. It is important that the DNA repair
inhibitors are present in cells at the time of radiation to prevent immediate
repair of DNA damage (Fok et al., 2019, Lee et al., 2019b). Therefore, the
day after seeding, control inhibitors, 10 yM KU-55933 or olaparib was
added to the pre-plated cells for 1 hour prior to irradiation. As 10 uM PTPD
treatment had no effect on radiosensitivity with 1 hour treatment, cells
were treated with PTPD for up to 24 hours prior to irradiation. Treated cells
were irradiated with a single doses of 2, 4, 6 or 8 Gy. Sham irradiated cells
were used as controls. After irradiation, cells were returned to the
incubator for 16-20 hours, as suggested by previously published studies
(Oplustil O'Connor et al., 2016, Parsels et al., 2018, Michmerhuizen et al.,
2019). Following which, the DNA inhibitor-containing media was replaced

with fresh complete medium and flasks transferred to the clonogenic
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incubator and allowed to form colonies for appropriate periods of time
(section 2.3.6). For survival analysis, the SF of radiation alone was

calculated as:

SF =Number of colonies formed after irradiation

Number of cells plated x PE

The SF of drug-radiation combination experiments were corrected for
independent cytotoxic effects of DNA repair inhibitors and was calculated

as:

SF = Number of colonies formed after irradiation

Number of cells plated x PE x SF of inhibitor

Dose-response curves were plotted as a function of radiation dose on a
log/linear plot using the linear quadratic (LQ) model and calculated using
the open source survival calculation programme, CS-CAL developed by the
German Cancer Research Centre and available at -

http://angiogenesis.dkfz.de/oncoexpress/software/cs-cal/index.htm.

Cellular radioresponse was measured from the radiation survival curves
using conventional parameters of a, B, a/B, and SF2 (surviving fraction at
2 Gy). a and B values established from the survival curve assesses the
intrinsic radiosensitivity of cells as discussed in chapter 1. The fraction of
cells surviving at 2 Gy was also used as a measure of radioresponse
between the different cell lines to radiation, +/- DNA repair inhibitor, with
greater SF2 values equating to reduced sensitivity (Matthews et al., 1989).
The sensitiser enhancement ratio at 1% survival (SERo.01) was used to
evaluate the degree of radiosensitisation in the presence of the DNA repair
inhibitor and was calculated as the ratio of radiation doses in the absence
to the presence of the drug which produces the same biological effect
(Brown, 1985). SER values greater than 1.00 indicate radiosensitisation.
Data represent the mean SF £ SD of three independent experiments, with

each experiment containing six parallel sets.
2.3.9 Immunofluorescence

RPA and y-H2AX protein expression and localisation are often used as an

estimate of single strand and double strand DNA damage respectively (Zou
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et al., 2006, Sharma et al., 2012). The expression of RPA and y-H2AX was
detected using immunofluorescence and confocal microscopy in response
to various treatment conditions (+/- PTPD and radiation). Prior to carrying
out PTPD-radiation combination experiments, the optimum radiation dose
for RPA and y-H2AX expression was assessed by immunofluorescence and
flow cytometry (FACS) by irradiating representative breast cancer cells
(T47D and MDAMB-231) at 0.5, 1 or 1.5 Gy and 1, 2 or 4 Gy respectively.
The detailed protocol is given in Appendix A-section Al for RPA and
Appendix A-section A2 for y-H2AX. After dose selection, cells were fixed at
time points of (0, 0.5, 2, 4, 6 and 24) hours to assess time-post irradiation
at which RPA (Appendix A-Figure Al and Figure A2) and y-H2AX (Appendix

A-Figure A3) expression was maximum.
2.3.9.1 PTPD-radiation combination experiments

Sub-confluent cells were trypsinized, and seeded at a density of 2x10%cells
onto coated sterile coverslips (Corning™ BioCoat™) in 6-well plates and
allowed to adhere overnight. The following day, cells were treated with or
without 10 uM PTPD for 24 hours, before being irradiated at a previously
optimised dose of 1 Gy for RPA expression and 4 Gy for y-H2AX detection.
At 0.5 hours post-radiation exposure, cells were fixed with 4%
paraformaldehyde for 10-20 minutes. Following which, cells were
permeabilized and blocked in 0.3% Triton X-100 with 2% serum for 30
minutes at room temperature. Cells were stained with the primary anti-
RPA (1:200, Abcam) or primary anti-y-H2AX antibody (1:500, Merck) and
incubated overnight at 4°C. The following day, cells were treated with
Alexa 488-conjugated goat anti-mouse secondary antibody (1:200
dilution, Abcam) for 1 hour in the dark, followed by 2-3 washes in 0.05%
PBS-Tween-20 buffer. Nuclei were counterstained with mounting media
containing DAPI (Vectashield). Imaging was performed at x63
magnification on a confocal microscope (Leica TCS SPE). The number of
RPA or y-H2AX foci per nuclei was counted using Image] software and at
least 100 nuclei were analysed for each treatment condition. Data
represent the mean foci number £ SD of two independent experiments,

with each experiment containing three parallel sets.
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2.3.10 Statistical analysis

Statistical analyses were conducted using GraphPad Prism 7 software. Data
is represented as mean £ SD of two or three (as indicated) independent
experiments with each performed in triplicates (or six replicates for
clonogenic assays). Data were analysed using the student t-test for
comparison between two groups and ANOVA one-way test for comparison
between more than two groups. P values <0.05 were considered as
statistically significant. For combining errors from individual experiments

when pooling data, the following formula was used:

{(n; — 1) xSD? + (n, — 1) x SDZ}
(ny +n; —y)

SD combined = J

Where SDcombined IS the combined standard deviation from y (number of
experiments) experiments and SD: and SD; are the standard deviations in
individual experiments and n; and n. are number of replicates in each

experiment (Mukherjee et al., 2007).
2.4 Results
2.4.1 Growth characteristics of breast cancer cells

The growth characteristics, such as doubling times and plating efficiencies,
of breast cancer cells used in this study were assessed prior to carrying
out experiments to ensure cells were growing as expected. To calculate
doubling time, the growth of all cell lines were monitored for a period of 0-
96 hours, by performing cell count every 24 hours. Based on the growth
curve (Figure 2.2), the average doubling times were 29+4.12 in MCF-7,
32+1.86 in T47D, 20£2.47 in MDAMB-231, 31+1.24 in MDAMB-468 and
41+4.55 hours in MDAMB-436 cells. These results are in agreement with
colleagues within the research group and also with previously published
literature (Kennedy et al., 1985, Watanabe et al., 2001, Ware et al., 2007).
Studies by Watanabe et al., 2001 and Kennedy et al., 1985 demonstrated
a similar doubling time of 30.2+0.7 in MCF-7, 31.1£0.6 in T47D, 28.1+1.2
in MDAMB-231, 29.94+0.5 in MDAMB-468 and 44 hours in MDAMB-436

cells.
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Figure 2.2 Growth curves of breast cancer cells. The average cell humber is
plotted against the various time-points. Data represent the mean cell number/well
+ SD of three independent experiments, with each experiment conducted in
triplicate.

The clonogenic assay is a cell survival assay which determines the ability
of single cells to form colonies. PE, assessed by clonogenic survival assay,
is an inherent characteristic of cells and should be reproducible if growth

conditions remain constant (Pomp et al., 1996, Franken et al., 2006).

To assess the PE, sub-confluent cells without any treatment were initially
plated for clonogenic survival assays in a series of varying cell densities
(100, 200, 400 and 300, 600 and 900) and incubated for 14-21 days to
allow colony formation. T47D and MDAMB-436 cells had lower PEs
compared to MCF-7, MDAMB-231 and MDAMB-468 cells. As shown in Table
2.1, the PEs were 41+£4.35% in MCF-7, 16+2.82% in T47D, 51+5.70% in
MDAMB-231, 44+1.52% in MDAMB-468 and 19+3.05% in MDAMB-436
cells. The optimal incubation time for colony formation was 14 days in MCF-
7, MDAMB-231 and MDAMB-468 cells with seeding density of 100 or 200
cells/T-25 cm? flask. T47D and MDAMB-436 cells required longer
incubation period of 21 days with a cell seeding density of 300 and 600
cells/T-25 cm? flask.
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Table 2.1 Plating efficiencies of breast cancer cell lines.

PE (%) PE (%)
Cell line obtained in this published in the

study literature

MCF-7 41 + 4.35 46 + 0.00
T47D 16 £ 2.82 12 £ 13.00
MDAMB-231 51 £ 5.70 56 + 8.90
MDAMB-468 44 + 1.52 48 + 0.00
MDAMB-436 19 + 3.05 11 £ 1.10

Abbreviations: PE - plating efficiency.

The PE’s of cell lines obtained in the current study were comparable to
published literature which reported PEs of 46% in MCF-7, 12+13% in
T47D, 56+8.90% in MDAMB-231, 48% in MDAMB-468 and 11+1.10% in
MDAMB-436 cells (Lagadec et al., 2012, Zhang et al., 2014, Karasawa. K.,
2014, Veldwijk et al., 2014, Lindstrom et al., 2017, Su et al., 2018).

Taken together, data indicate that the doubling times and PEs of breast
cancer cells used in the current study were similar to published literature,
suggesting that the breast cancer cell lines were behaving as expected.
The clonogenic assay is the gold standard assay to assess reproductive cell
death after treatment with cytotoxic agents, including ionising radiation,
and was used in subsequent experiments to assess survival (Franken et
al., 2006).

2.4.2 Characterisation of positive control drugs - KU-55933 and

olaparib
2.4.2.1 Cytotoxic effect of KU-55933 on breast cancer cells

KU-55933 is a well-established radiosensitiser across multiple cancer
models (Tian et al., 2015, Zhang et al., 2015b, Vavrova et al., 2016), and
was used as a positive control and comparator in the current study against
the FEN-1 inhibitor, PTPD (Hickson et al., 2004). The single-agent cytotoxic
effect of KU-55933 on cellular survival of the luminal and TNBC cell lines
were evaluated using clonogenic survival assays. A concentration of 10 uM

for 24 hours was chosen for treatment based on previously published
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studies for the use of DNA repair inhibitors (Kashishian et al., 2003,
Hickson et al., 2004, Oplustil O'Connor et al., 2016). Cells without
treatment were used as controls in this study. The SF from clonogenic
assays were calculated and plotted against the corresponding cell lines as

shown in Figure 2.3.
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Figure 2.3 KU-55933 clonogenic survival of breast cancer cells.PEs of
individual cell lines were: MCF-7 - 45+4.72%; T47D - 15+2.64%; MDAMB-231 -
49+4.72%; MDAMB-468 - 44+2.08%; and MDAMB-436 - 19+2.51%. Data
represent the average SF+SD of three independent experiments, with each
experiment containing six parallel data sets, which are analysed using the
Student’s t-test. *P<0.05 and ***P<0.001 for MDAMB-231 v MCF-7, T47D,
MDAMB-468 and MDAMB-436.

The MDAMB-231 cells were only slightly affected by treatment with KU-
55933 and demonstrated a SF of 96+5.36%. Compared to MDAMB-231
cells, KU-55933 treatment showed a 15-20% decrease in colony formation
with SF values of 85+2.92% (P=0.035) in MCF-7, 84+6.87% (P=0.063) in
T47D and 77+6.50% (P=0.015) in MDAMB-468 cells. The most sensitive
cell line to KU-55933 treatment was MDAMB-436 cells which showed a 44%
reduction in clonogenic survival with SF of only 56+5.77% (P<0.001). The
above data indicate that KU-55933 is most cytotoxic in the MDAMB-436
cells in comparison to the other breast cancer cell lines. MCF-7, T47D,
MDAMB-231 and MDAMB-468 cells are DNA repair-proficient cell lines and
therefore this may explain lower levels of cytotoxicity associated with KU-

55933 treatment. In contrast, increased cytotoxicity observed in the
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MDAMB-436 cells may reflect its inherent BRCA-1 deficient nature, which
coupled with ATM inhibition might further decrease or completely inhibit its
potential to repair DNA double strand breaks (Chen et al., 2017).

2.4.2.2 Cytotoxic effect of olaparib on breast cancer cells

Olaparib was chosen as a positive control and comparator in the current
study, because of its ability to inhibit the single strand break repair
pathway, and therefore would provide a more direct comparison to the
effects of PTPD (Chen, 2011). As with KU-55933, the single agent cytotoxic
effect of olaparib in the luminal and TNBC cell lines was evaluated using
clonogenic survival. Cells were treated with 10 uM olaparib (Prasad et al.,
2017, Park et al., 2018) for 24 hours and seeded for assessment by
clonogenic survival. Cells without drug treatment were used as controls.

The SF was calculated and plotted for the respective cell lines as shown in

Figure 2.4.
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Figure 2.4 Olaparib clonogenic survival of breast cancer cells. PEs of
individual cell lines were: MCF-7 - 61£0.57%; T47D - 17+£3.21%; MDAMB-231 -
61+3.60%; MDAMB-468 - 47+6.08%; and MDAMB-436 - 23%+1.00%. Data
represent the average SF£SD of three independent experiments, with each
experiment containing six parallel data sets, which are analysed using the
Student’s t-test. *P<0.05, ** P<0.01 and ***P<0.001 for MDAMB-231 v MCF-7,
T47D, MDAMB-468 and MDAMB-436.

Results show that treatment with olaparib was cytotoxic in the luminal
MCF-7 and T47D cells and resulted in a 40-50% reduction in colony
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formation, with a SF of 51£8.14% (P=0.009) and 60+9.29% (P=0.045)
respectively. Compared to the Iluminal cell lines, the triple negative
MDAMB-231 and MDAMB-468 cells were relatively resistant, with 25%
reduction in survival with SF values of 78+5.5.67% and 74%6.42%
(P=0.421) respectively. As with KU-55933, olaparib was highly cytotoxic
in MDAMB-436's and resulted in an 80% decrease in colony formation with
SF of 20+£0.57% (P<0.001). As mentioned previously, one potential reason
for the increase in cytotoxicity observed in MDAMB-436 cells may be
because of their inherent BRCA-1/2 deficiency which induces a synthetic
lethal phenotype upon PARP inhibition (Bryant et al., 2005, Arun et al.,
2015).

2.4.3 Cytotoxicity of PTPD on breast cancer cells

FEN-1 of the LP-BER pathway is involved in the repair of oxidative base
damage and single strand breaks induced by ionising radiation (Larsen et
al., 2003). In the current study, the radioresponse in PTPD treated breast
cancer cells were assessed in subsequent experiments. Initially, the single
agent activity of PTPD in the luminal and TNBC cell lines was assessed

using proliferation and clonogenic survival assays.
2.4.3.1 Cytotoxic effect of PTPD on proliferation

Breast cancer cell lines were treated with different concentrations of PTPD
(0, 2.5, 5, 7.5, 10, 12.5 and 15) uM for 24 hours and proliferation was
assessed by cell counting. Doxorubicin, a commonly used
chemotherapeutic drug in breast cancer was used as a positive control for
proliferation assay (Hernandez-Aya and Gonzalez-Angulo, 2013). Effects
of PTPD on cell proliferation of breast cancer cells were assessed by plotting
a dose-response curve obtained from cell counts and is presented in Figure

2.5. The half maximal inhibitory dose (ICso) was calculated where possible.

Breast cancer cells treated with doxorubicin showed ~50% reduction in cell
number, except in the MDAMB-436 cells which showed an 80% reduction
in cell proliferation indicating that they were responding as expected. With

doxorubicin (24 hours), breast cancer cells showed a cell proliferation of
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61+5.28% in MCF-7, 51.5+3.5% in T47D, 46+1.60% in MDAMB-231,
55+2.82% in MDAMB-468 and 20+1.60% MDAMB-436 cells.
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Figure 2.5 Effect of PTPD on cell
proliferation of breast cancer cells.
Cells were treated with various
concentrations of PTPD for 24 hours. A
parallel set of cells treated with
doxorubicin were used as positive
controls. Data represent the mean %
SD of two (for MDAMB-231) or three
independent experiments, with each
experiment performed in triplicate,
which are analysed using the Student’s
t-test. *P<0.05, ** P<0.01 and ***P<0.001
for control v PTPD treatment.

Cells were treated with various concentrations of PTPD with results showing
no effect of PTPD treatment in all cell lines, but a significant dose
dependent reduction in cell number was seen in the MDAMB-436 cells at
all concentrations (P=0.002 at 10 pM). At 10 uM PTPD, MDAMB-436 cells

showed a 36% reduction in proliferation compared to the other breast
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cancer cell lines which demonstrated cell proliferation of 96+2.38% in
MCF-7, 92£9.90% in T47D, 95+£4.80% in MDAMB-231, and 100+3.59%
in MDAMB-468 cells. The proliferation ICso of PTPD in MDAMB-436 cells was
13.97+3.23 uM (P<0.001).

In subsequent experiments MDAMB-231 and T47D cells were treated with
a higher concentration (50 pM) of PTPD for 24, 48 and 72 hours, to
evaluate if increasing concentration and treatment time might change
response. The proliferation of both cell lines did not notably change even
with increasing concentrations and longer treatment times - data not
shown. Taken together, results suggest that PTPD is cytotoxic only in the
BRCA deficient MDAMB-436 cells. Clonogenic survival assays were

conducted to confirm such findings (section 2.4.3.2).
2.4.3.2 Cytotoxic effect of PTPD on clonogenic survival

Proliferation assays are short-term assays that allows for rapid assessment
of tumour cell response to anti-cancer agents and may not necessarily
provide information on the long-term effect of cytotoxic treatment (Citrin,
2016). In contrast, clonogenic assay assesses the long-term effect of
cytotoxic treatment on cells (Franken et al., 2006, Woolston and Martin,
2011). Cells from the proliferation assays, as described in section 2.4.3.1,
were used to assess clonogenic survival following PTPD treatment (0, 2.5,
5, 7.5, 10, 12.5 and 15) uM. Effects of PTPD on clonogenic survival of
breast cancer cells were assessed by plotting dose-response curves as

shown in Figure 2.6. The clonogenic ICso was calculated where possible.

In the current set of experiments, cells treated with the concentrations of
doxorubicin used for proliferation assay were all killed (MCF-7 and MDAMB-
436 with 0.3 uM; T47D with 0.6 uM; MDAMB-231 and MDAMB-468 with
0.4 pM) indicating substantial differences in response between ICsq’s from
short term proliferation assays v longer term clonogenic survival assays.
Such data reinforce the need to always conduct both assay types when

evaluating novel agents.

Unlike doxorubicin, PTPD treatment had only marginal, or no, effects on
the survival of MCF-7, T47D, MDAMB-231 and MDAMB-468 cells, but, as
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with proliferation data, MDAMB-436 cells demonstrated a dose dependent
reduction in colony formation with clonogenic ICso value of 8.06£2.92 uM
(P=0.001), which was lower than that achieved for proliferation assay
(13.97£3.23 uM). In all other cell lines, 10 yM PTPD treatment, resulted

only in a marginal reduction of <10% in clonogenic survival.
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Data suggest that PTPD is non-cytotoxic to MCF-7, T47D, MDAMB-231 and

MDAMB-468 cells when assessed by proliferation or clonogenic survival
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assays. The cytotoxic effect of PTPD was observed only in the MDAMB-436
cells. As with olaparib treatment, this may be due to inhibition of FEN-1
inducing a synthetic lethal phenotype (Bryant et al., 2005). The BRCA-1
deficient cell line has a dysfunctional double strand break repair pathway
and therefore may be more reliant on the FEN-1 mediated single strand
repair pathway to repair DNA damage (Mengwasser et al., 2019). Since
PTPD was non-toxic to most cell lines, a concentration of 10 uM was used

for all cell lines in subsequent experiments.
2.4.4 Intrinsic radiosensitivity of breast cancer cells

The intrinsic radiosensitivity of a cell line is an important factor that
determines its radioresponse (Hall et al., 2014). Prior to carrying out drug-
radiation combination experiments, the radioresponse of breast cancer
cells following exposure to single dose irradiation with 2, 4, 6 or 8 Gy was
assessed using clonogenic survival assays. The SF’s were plotted as a
function of radiation dose on a log/linear plot and data fitted using the

linear quadratic (LQ) model as shown in Figure 2.7.
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Figure 2.7 Survival curves of breast cancer cells after single dose
irradiation. The PEs of individual cell lines were: MCF-7 - 45+4.72%; T47D -
15+2.64%; MDAMB-231 - 49+4.72%; MDAMB-468 - 44+2.08%; MDAMB - 436 -
19+2.51%. Data represent the mean SF + SD of three independent experiments,
with each experiment containing six parallel data sets, which are analysed using
the Student’s t-test. *P<0.05 and ***P<0.001 for T47D v MCF-7, MDAMB-231.
MDAMB-468 and MDAMB-436 cells.

SF2’'s were assessed, with higher values indicating greater survival and

reduced sensitivity (Hall et al., 2014). All lines demonstrated a dose
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dependent reduction in surviving fraction, with differential radiosensitivity
noted between the different breast cancer phenotypes. Luminal cells were
relatively more radioresistant compared to TNBC lines. At 2 Gy, the luminal
MCF-7 and T47D cells were the most resistant to radiation with SF values
of 0.49+0.01, and 0.49+0.10 respectively. TNBC lines, MDAMB-231 and
MDAMB-436, were more sensitive with SF2 values of 0.31+0.04, and
0.35+0.08 respectively, whereas the MDAMB-468 cells were moderately
sensitive with an SF2 value of 0.43+0.02. MDAMB-231 cells were the most
radiosensitive with this being particularly evident at the highest dose of 8
Gy, with an SF8 of 0.0003 (P=0.003) compared to 0.004 in T47D cells, the
most resistant. MCF-7, MDAMB-468 and MDAMB-436 showed intermediate
sensitivity with SF8 values of 0.001 (P=0.005), 0.002 (P=0.045) and 0.002
(P=0.015) respectively. The radioresponse of cancer cells used in this
study were similar to previous studies that reported SF2’s of 0.51 in MCF-
7, 0.46 in T47D (El-Awady et al., 2003); 0.53 in MDAMB-231 (Torres-Roca
et al., 2005), 0.49 in MDAMB-468 cells (Mehta et al., 2016) and 0.26 in
MDAMB-436 cells (Zhao et al., 2016). Separate survival curves for luminal
and TNBC cells shown in Appendix A-Figure A4. Radiobiologic parameters

(a, B, and a/p ratio), are summarised in Table 2.2.

Table 2.2 Radiobiologic parameters of breast cancer cells.

. a B a/B
Cell line SF2
(Gy1) (Gy2) (Gy)
MCF-7 0.17+0.01 0.08+0.08 2.61+2.22 0.49+0.01
T47D 0.24+0.12 0.05+0.01 5.12+3.82 0.49+0.10

MDAMB-231 0.49+0.06 0.06+0.01 7.77+£2.67 0.31+0.04

MDAMB-468 0.30+0.06 0.05+0.01 5.81+3.37 0.43+0.02

MDAMB-436 0.42+0.11 0.04+0.01 10.70+5.65 0.35%+0.08

Parameters were calculated from clonogenic data fitted to a LQ model.
Abbreviation: SF2, surviving fraction at 2Gy. a represents the initial slope and B
refers to the terminal slope of the dose-response curve. a/B ratio refers to the
dose where the linear and quadratic components are equal.

In the LQ model, a higher a/B ratio represents a more linear survival curve

which indicates increased radiosensitivity (van Leeuwen et al., 2018). The
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a-value and a/B ratio of MDAMB-231 (0.49+0.06 and 7.77+2.67) and
MDAMB-436 (0.42+0.11 and 10.70+5.65) cells were higher in comparison
to MCF-7 (0.17£0.01 and 2.61+2.22), T47D (0.24+0.12 and 5.12+3.82)
and MDAMB-468 (0.30+0.06 and 5.81+3.37) cells respectively. This
indicates that MDAMB-231 and MDAMB-436 cell lines are intrinsically more
sensitive to radiation compared to the other cell lines. Although the in vitro
radioresponse obtained in the current study are in agreement with
previously published literature, these contradict the response of clinical
subtypes to radiation. Clinically, the TNBCs are more radioresistant with a
2-fold increase in the risk of local recurrence following radiotherapy,
compared to luminal breast cancers (Tramm et al., 2014, Sjoéstrém et al.,
2017). Such data indicate that the vitro behaviour of cells does not always

mimic in vivo tumour response, reasons for which will be discussed later.
2.4.5 Radiosensitisation with KU-55933 and olaparib
2.4.5.1 KU-55933 radiosensitises breast cancer cells

To test the radiosensitising properties of the control agent, KU-55933, pre-
plated breast cancer cells were treated with 10 yM KU-55933 for 1 hour
pre- and 16 hour-post-irradiation exposure. The effect of KU-55933 on
radiosensitivity of breast cancer cells was assessed by clonogenic survival.
As shown in Figure 2.8, KU-55933 substantially increased radiosensitivity

across all breast cancer phenotypes.

Mean SF2 values were significantly higher in control cells than in KU-55933
treated cells i.e. 0.41£0.13 v 0.19+0.04 (P=0.02) in MCF-7, 0.55+0.10 v
0.21+0.04 (P=0.007) in T47D, 0.36+0.01 v 0.10£0.01 (P=0.020) in
MDAMB-231, 0.43+0.02 v 0.15+0.03 (P<0.001) in MDAMB-468, and
0.35+0.08 v 0.03%£0.02 (P=0.003) in MDAMB-436 cells. KU-55933
treatment significantly enhanced radiosensitivity in all breast cancer cells
with SERg.01 of 1.60+0.23 in MCF-7, 1.71+0.27 in T47D, 1.82£0.21 in
MDAMB-231, 1.68+0.33 in MDAMB-468 and 3.42+0.91 in MDAMB-436
cells. Such SER values equate to the survival of cells at 8 Gy decreasing
from 0.001 to 0.0001 in MCF-7, 0.003 to 0.0004 in T47D, 0.0005 to
0.00003 in MDAMB-231, 0.002 to 0.0002 in MDAMB-468 and 0.001 to
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0.000009 in MDAMB-436 cells treated with KU-55933. Other radiobiologic

parameters are summarised in Table 2.3.
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Figure 2.8 KU-55933 radiosensitivity
in breast cancer cells. PEs of individual
cell lines were: MCF-7 - 45+4.72%; T47D
- 15+£2.64%; MDAMB-231 - 49+4.72%;
MDAMB-468 - 44+2.08%; and MDAMB -
436 - 194+2.51%. Data represent the
mean SF = SD of three independent
experiments, with each experiment
containing six parallel data sets, which
are analysed using the Student’s t-test.
*P<0.05, **P<0.01 and ***P<0.001 for
IR v KU-55933+IR.
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Table 2.3 Radiobiologic parameters of breast cancer cells treated
with IR and/or KU-55933.

° B il SF2

Cell line (Gy1) (Gy2) (Gy) SER (g.01)
MCF-7
IR 0.22+0.18 0.08+0.02 4.32+3.76 0.41+0.13
KU-55933+IR 0.76£0.12 0.03+0.01 20.68+7.56 0.19+0.04 1.60+0.23
t test P=0.013 P=0.034 P=0.022 P=0.021
T47D
IR 0.17+£0.11 0.06x0.01 2.93+£2.04 0.55%+0.10
KU-55933+IR 0.63£0.09 0.05+0.01 12.79+£5.36 0.21+£0.04 1.71+0.27
t test P=0.006 P=0.33 P=0.04 P=0.007
MDAMB-231
IR 0.37+£0.24 0.07£0.02 6.81+7.03 0.36x0.12
KU-55933+IR 1.08+0.04 0.03+0.02 61.27+53.49 0.102+0.01 1.82+0.21
t test P=0.007 P=0.13 P=0.143 P=0.020
MDAMB-468
IR 0.30+£0.06 0.05+0.01 5.81+3.37 0.43+0.02
KU-55933+IR 0.91+£0.11 0.01+0.00 91.08+68.67 0.15+£0.03 1.68+0.33
t test P=0.005 P=0.012 P=0.098 P<0.001
MDAMB-436
IR 0.39+£0.00 0.04£0.01 10.70£5.65 0.35+0.08
KU-55933+IR 1.37£0.47 0.01+0.00 43.17+£18.06 0.03+£0.02 3.42+0.91
t test P=0.028 P=0.020 P=0.041 P=0.003

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

Treatment with KU-55933 significantly increased the a-value in MCF-7
(P=0.013), T47D (P=0.006), MDAMB-231 (P=0.007), MDAMB-468
(P=0.005) and MDAMB-436 (P=0.028) cells, which consequently raised the
a/B ratio in these cell lines indicating the potency of KU-55933 as a
radiosensitiser. The above data show that KU-55933 increases
radiosensitivity across all the breast cancer phenotypes. Such data
reinforce the importance of DNA double strand repair in mediating radiation
response and cell survival. The greatest radiosensitisation was seen in
MDAMB-436 cells perhaps due to inhibition of ATM adding to the already
compromised repair competency due to their BRCA-1 deficiency, resulting
in intolerable levels of DNA damage which manifests in greater levels of

radiosensitisation (Cuadrado et al., 2006).
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2.4.5.2 Olaparib radiosensitises breast cancer cells

To assess the radiosensitising effects of olaparib, breast cancer cells were
pre-plated and treated with olaparib for 1 hour pre- and 16 hours post-
irradiation exposure before incubation for clonogenic survival. As seen in
Figure 2.9, olaparib treatment resulted in significant radiosensitisation

across all the breast cancer cell lines.
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Mean SF2 values were significantly higher in control cells compared to
olaparib treated cells i.e. 0.49+0.00 v 0.18+0.02 (P<0.00001) in MCF-7,
0.49+£0.10 v 0.22+0.02 (P=0.011) in T47D, 0.31£0.04 v 0.10+0.02
(P=0.002) in MDAMB-231, 0.38+0.04 v 0.13+0.02 (P=0.0006) in MDAMB-
468, and 0.28%+0.02 v 0.02+0.017 (P=0.0001) in MDAMB-436 cells. The
mean SERg.01 were 1.63£0.03, 1.61+0.18, 1.62+0.09, 1.68+0.33 and
2.35+0.13 in MCF-7, T47D, MDAMB-231, MDAMB-468 and MDAMB-436
cells respectively. Such SER values equate to the survival of cells
decreasing from 0.001 to 0.0001 in MCF-7, 0.005 to 0.0005 in T47D,
0.0003 to 0.00005 in MDAMB-231, 0.002 to 0.0002 in MDAMB-468 and
0.001 to 0.00001 in MDAMB-436 cells treated with olaparib. Other
radiobiologic parameters are summarised in Table 2.4.

Table 2.4 Radiobiologic parameters of breast cancer cells treated

with IR and/or olaparib.

B

a/B

Cell line (Gy1) (Gy-2) (Gy) SF2 SER (.01,
MCF-7
IR 0.17+0.01 0.08+0.00 2.20+0.37 0.49+0.00
Olaparib+IR  0.75+0.06 0.05+0.01 16.38+5.66 0.18+0.02 1.63+0.03
t test P=0.0001 P=0.021 P=0.012 P<0.00001
T47D
IR 0.24+0.12  0.05+0.01 5.12+3.82 0.49+0.10
Olaparib+IR  0.70+0.06  0.02+0.00  26.10+2.27 0.22+0.02 1.61+0.18
t test P=0.005 P=0.043 P=0.001 P=0.011
MDAMB-231
IR 0.49+0.06  0.06+0.01 7.77+£2.67 0.31+0.04
Olaparib+IR  0.99+0.06  0.03£0.01 31.75%16.50 0.10+0.02 1.62+0.09
L test P=0.0007 P=0.045 P=0.067 P=0.002
MDAMB-468
IR 0.36+0.05 0.04+0.00 7.52+1.70 0.38+0.04
Olaparib+IR  1.00+0.09  0.01+0.00 164.67+79.19 0.13+0.02 1.68+0.33
t test P=0.0005 P=0.0001 P=0.026 P=0.0006
MDAMB-436
IR 0.54+0.06  0.04+0.01  15.62+1.00  0.28+0.02
Olaparib+IR  1.56£0.06  0.04+0.06  38.25£6.91 0.02%0.017 , -, 43
t test P=0.00002 0.493 P=0.004 P=0.0001 '

Statistical significance was determined by Student's t-test. The P-values are bold

where they are < 0.05. Abbreviations:

IR,

irradiation;

enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

SERGo.01,

sensitiser
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Olaparib uniformly radiosensitised MCF-7, T47D, MDAMB-231 and MDAMB-
468 cells with greater levels of radiosensitivity observed in the MDAMB-
436 cells. Significant increases in the a-value were observed in MCF-7
(P=0.0001), T47D (P=0.005), MDAMB-231 (P=0.0007), MDAMB-468
(P=0.0005) and MDAMB-436 (P=0.00002) cells. This led to a significant
increase in the a/B value which indicated that cell killing obtained with
olaparib was linear. Taken together, the above results indicate that
inhibition of PARP enzyme enhances radiosensitivity across all breast

cancer phenotypes regardless of BRCA-1 status.
2.4.6 Radiosensitisation with PTPD

The current study hypothesised that inhibiting FEN-1 using its specific
inhibitor, PTPD, would result in abrogation of the LP-BER pathway, and
increase sensitivity of the cancer cells to radiation. To assess this, pre-
plated cells were treated with 10 uM PTPD for 24 hours pre- and 16 hours
post-irradiation exposure before incubation for clonogenic survival. As seen
in Figure 2.10, PTPD increased radiosensitivity in the triple negative
MDAMB-231 and MDAMB-436 cells, but, although significant differences
were observed, the increased radiosensitisation was modest, especially in

comparison to the control drug comparators (KU-55933 and olaparib).

Treatment with PTPD induced a differential radioresponse in the different
breast cancer cell lines (Figure 2.10). In comparison to control cells, PTPD
treatment did not result in any significant change in the SF2 values i.e.
0.52+0.06 v 0.46%+0.03 (P=0.252) in MCF-7, 0.66+0.08 v 0.66%x0.07
(P=0.961) in T47D or 0.45+0.10 v 0.35+0.09 (P=0.289) in MDAMB-468's.
Increased radiosensitisation was seen in MDAMB-468 cells only at higher
doses of 6 (P=0.016) and 8 Gy (P=0.032). Only MDAMB-231 and MDAMB-
436 cells were radiosensitised by PTPD treatment which resulted in a small
but significant reduction in their SF2 values i.e. 0.41+0.05 v 0.23+0.04
(P=0.010) and 0.40+0.10 v 0.18+0.03 (P=0.025) respectively.

The SERg.: values were 1.00£0.02 in MCF-7, 1.00+0.01 in T47D,
1.31+0.07 in MDAMB-231, 1.13+£0.08 in MDAMB-468 and 1.50+0.13 in
MDAMB-436 cells. Such SER values equate to the survival of cells at 8 Gy
decreasing from 0.0004 to 0.0002 in MDAMB-231, 0.002 to 0.001 in
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MDAMB-468 and 0.001 to 0.0001 in MDAMB-436 cells treated with PTPD.
No change in the SF8 of MCF-7 (0.001 and 0.001) and T47D (0.006 and
0.006) cells were observed with PTPD treatment. Other radiobiologic

parameters are summarised in Table 2.5.
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Figure 2.10 PTPD radiosensitivity in
breast cancer cells. PEs of individual cell
lines were: MCF-7 - 38+8.88%; T47D -
18+3.05%; MDAMB-231 - 56%8.50%;
MDAMB-468 - 46+3.51%; MDAMB-436 -
21+1.52%. Data represent the mean SF
£ SD of three independent experiments,
with each experiment containing six
parallel data sets, which are analysed
using the Student’s t-test. *P<0.05,
**p<0.01 and ***P<0.001 IR v
PTPD+IR.
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Table 2.5 Radiobiologic parameters of breast cancer cells treated
with IR and/or PTPD.

a

B

a/B

Gy1) (6D (Gy) S|
MCF-7
IR 0.17+0.10 0.08+0.01 2.30+1.61 0.52+0.06
PTPD+IR  0.19+0.10 0.08+0.02 2.60+2.26 0.46+0.03 1.00+0.02
t test P=0.878 P=0.900 P=0.859 P=0.252
T47D
IR 0.07+0.07 0.06+0.01 1.24+1.29 0.66+0.08
PTPD+IR 0.07+0.07 0.06+0.01 0.45+0.38 0.66+0.07 1.00+0.01
t test P=0.990 P=0.988 P=0.370 P=0.961
MDAMB-231
IR 0.25+0.09 0.09+0.01 2.95*+1.54 0.416=+0.05
PTPD+IR 0.59+0.12 0.06+0.01 10.07+3.97 0.23+£0.04 1.31+0.07
t test P=0.018 P=0.077 P=0.044 P=0.010
MDAMB-468
IR 0.30+0.14 0.05+0.01 6.2+3.80 0.45+0.10
PTPD+IR  0.45+0.18 0.04+0.01 13.10+10.86 0.35+0.09 1.13+0.08
t test P=0.321 P=0.378 P=0.356 P=0.289
MDAMB-436
IR 0.35+0.17 0.05+0.01 8.57+7.41 0.40+0.10
PTPD+IR 0.79+0.16 0.03+0.02 27.42+26.02 0.18+0.03 1.5+0.13
t test P=0.033 P=0.333 P=0.293 P=0.025

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

The a-value was significantly increased only in the MDAMB-231 (P=0.018)
and MDAMB-436 (P=0.033) cells, suggesting radiosensitising effect of
PTPD in these cell lines. In the MDAMB-468 cells, a-value and a/B ratio
were increased, although not significantly, suggesting a marginal
radiosensitising effect that supports radiosensitivity observed in MDAMB-
468 cells at higher doses. These parameters were not altered in the MCF-
7 and T47D which indicate that PTPD did not offer any significant
radiosensitivity in these cell lines. The radiosensitivity observed in MDAMB-
231, MDAMB-436 and MDAMB-468 (at higher doses) cells could be due to
the inability of these particular cell lines to effectively repair double strand
breaks induced by ionising radiation (TCGA, 2012, Lee et al., 2019a), as
opposed to repair-proficient luminal cells. Compared to radiosensitivity

observed with control inhibitors, KU-55933 and olaparib, the above results
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indicate that PTPD was not as effective across the different breast cancer
phenotypes. DNA damage assays were next carried out to examine the
reasons for the differential radiosensitivity seen between the cell lines,

following PTPD treatment.
2.4.7 RPA and y-H2AX DNA damage assays

2.4.7.1 RPA expression following PTPD in combination with

ionising radiation

In order to assess if PTPD treatment either as a single agent or in
combination with radiation increases DNA single strand damage, the
expression of RPA was assessed in breast cancer cells by
immunofluorescence microscopy. Breast cancer cells were treated with 10
MM PTPD for 24 hours, then irradiated with 1 Gy, before assessing RPA
expression at 30 minutes post-IR (optimisation experiments given in
Appendix A-Figure Al and A2). Control DNA repair inhibitors were not
assessed for RPA and yH2AX expression, since potent radiosensitisation
was observed with these agents, which is indicative of DNA double strand
breaks (Mladenov et al., 2013). Therefore, in the current study with PTPD,
cells without treatment were used as negative controls. Figure 2.11 shows
representative immunofluorescence micrograph for MCF-7 cells.
Immunofluorescent micrographs for all other cell lines are presented in
Appendix A-Figure A5. Figure 2.12 shows quantified RPA expression in
MCF-7, T47D, MDAMB-231, MDAMB-468 and MDAMB-436 cells.

As shown in Figure 2.12, base levels of single strand DNA damage were
found in all untreated control cells (~20 RPA foci/nucleus). PTPD treatment
resulted in a small but non-significant increase in single strand DNA
damage in MCF-7, T47D, MDAMB-231 and MDAMB-468 cells with 33+1.17,
30+5.42, 38+5.14 and 40+4.63 foci/nucleus respectively. Treatment with
PTPD significantly increased single strand DNA damage only in the MDAMB-
436 cells which showed increased RPA foci of 50+0.21/nucleus (P=0.0021
(statistics performed on n=2 each experiment with 3 replicates)). As
expected, treatment with ionising radiation significantly increased single
strand DNA damage with RPA foci of 88+12.80 (P=0.001) in MCF-7,
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80+13.29 (P=0.0008) in T47D, 105+18.77 (P=0.004) in MDAMB-231,
95+7.07 (P=0.002) in MDAMB-468 and 106+3.54 (P<0.0001) in MDAMB-
436 cells (statistics performed on n=2 each experiment with 3 replicates).
When combining PTPD treatment with radiation, RPA foci generation was
increased to an even greater extent compared to radiation alone with
117+9.89 (P=0.031) in MCF-7, 105+4.03 (P=0.061) in T47D, 161+12.75
(P=0.020) in MDAMB-231, 134%+14.30 (P=0.019) in MDAMB-468 and
181+16.67 (P<0.0001) foci/nucleus in MDAMB-436 cells (statistics

performed on n=2 each experiment with 3 replicates).

MCF-7

DAPI RPA Merge

Control

PTPD

IR

PTPD + IR

Figure 2.11 RPA expression in MCF-7 cells following treatment with PTPD
and/or radiation. Representative images of RPA immunofluorescent staining in
MCF-7 cells. 63x magnification. Blue - DAPI fluorescent stain. Green - RPA; Scale
bar - 40 um.
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Figure 2.12 Quantified RPA

expression in MCF-7, T47D, MDAMB-
231, MDAMB-468 and MDAMB-436
cells. Figures show the average
number of RPA foci/nucleus after 1 Gy
irradiation with or without PTPD pre-
treatment. 100 cells were analysed for
each case. Data represent the mean foci
+ SD of two independent experiments.
One-way ANOVA test was used to
calculate statistics: *P<0.05, **P<0.01,
***p<0.001.

When comparing between cell lines, the effects of this combination

treatment on RPA foci formation were more pronounced in MDAMB-436

cells, but a similar response was seen in all cell lines. Data suggest that

PTPD treatment can cause DNA single strand damage and enhance the

amount of DNA damage induced by radiation across all breast cancer cells.

In terms of cell lethality DNA double strand breaks are the principle

cytotoxic lesions that induce cell death. Single strand breaks can also
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contribute to cell lethality if repair pathways are compromised, allowing
conversion into the cytotoxic double strand breaks (Cantoni et al., 1996).
Therefore, in order to assess if PTPD +/- radiation had any effect on DNA

double strand induction, the expression of y-H2AX was next assessed.

2.4.7.2 y-H2AX expression following PTPD in combination with

ionising radiation

As with RPA methodology pilot experiments were conducted in the
representative breast cancer cell line, MDAMB-231 using FACS to optimise
y-H2AX expression in response to different doses of radiation (Appendix A-
Figure A3). Increase in y-H2AX was noted at 4 Gy of ionising radiation,
with maximum expression at 0.5 hours post-irradiation. Based on these
experiments, y-H2AX expression was assessed in response to PTPD treatment
+ 4 Gy IR. Figure 2.13 shows representative immunofluorescence micrograph
for y-H2AX expression in MCF-7 cells. Immunofluorescence micrographs for
all other cell lines are presented in Appendix A-Figure A6. Figure 2.14
shows quantified y-H2AX expression in MCF-7, T47D, MDAMB-231,
MDAMB-468 and MDAMB-436 cells.

As shown in Figure 2.14, base levels of y-H2AX expression (spontaneous
DNA DSBs) was found in all untreated control cells (~4-5 y-H2AX
foci/nucleus). Breast cancer cells treated with PTPD alone demonstrated
only a marginal increase in DNA double strand breaks with (9+0.15,
7+£0.43, 8+2.91, 7£0.92, and 15+1.13) y-H2AX foci/nucleus in MCF-7,
T47D, MDAMB-231, MDAMB-468 and MDAMB-436 cells respectively. As
expected, treatment with ionising radiation significantly (statistics
performed on n=2 each experiment with 3 replicates) increased the
amount of DNA double strand breaks with average y-H2AX foci of 30+£2.96
(P=0.0005) in MCF-7, 37+0.26 (P<0.0001) in T47D, 39+0.64 (P<0.0001)
in MDAMB-231, 31+4.27 (P=0.0023) in MDAMB-468 and 35%4.57
(P=0.0002) in MDAMB-436 cells.

Compared to radiation alone, cells treated with both PTPD and radiation
displayed only marginal increase in foci expression in MCF-7 (33+0.02),
T47D (37+£0.26), MDAMB-231 (42+0.76), and MDAMB-468 cells

76



Chapter 2

(37£4.28). In MDAMB-436 cells, YH2AX foci was increased to an even
greater extent than achieved by irradiation alone. A significant increase in
y-H2AX expression was found in MDAMB-436 cells with average foci of
59+6.94 (P=0.0003 (statistics performed on n=2 each experiment with 3

replicates)).

MCF-7

DAPI y-H2AX Merge

Control

PTPD

IR

PTPD + IR

Figure 2.13 y-H2AX formation in MCF-7 cells following treatment with
PTPD and/or radiation. Representative images of y-H2AX immunofluorescent
staining in MCF-7 cells. 63x magnification. Blue - DAPI fluorescent stain. Green -
y-H2AX; Scale bar - 40 um.

77



MCF-7

B
o

Average L-H2AX
Foci/ Nucleus
= N W
Q@ @ @ @ ¢

*
x| %
%

o

QO 4 O
< ([P
Q& [\ Q«

(6
Q,
Q(b

X

Xy
&e

MDAMB-231
50 5k K %k

X kK Xk

Average L-H2AX
Foci/ Nucleus
= N W H

Q00

X A ™
<
® % ~\x
0‘0
MDAMB-436
% * % %
g 'g 80 *x k" !
T9 ol —
1 O
iy * % %
gz 40+
M=
g 8%
g 0-

AN

o N A O
P M P
& =

® A 4 ><Q

NG

Chapter 2

T47D
X n * K K
< 3 50' | |
N3 ] T T
g2
\ C
o]
® 0 10
" ol
N
Y QO
& Q,\Q & Q,s
o4 .\x
&6
MDAMB-468
b
{Sl % 50. * Xk
? ‘—5 401
el
83
@ © 101
>
< 0-

AN
) O O
66 Q&Q Dt(;\ Q&Q
< '.\x
D‘O

Figure 2.14 Quantified y-H2AX
expression in MCF-7, T47D, MDAMB-
231, MDAMB-468 and MDAMB-436
cells. Figures show the average number
of y-H2AX foci/nucleus after 4 Gy
irradiation with or without PTPD pre-
treatment. 100 cells were analysed for
each case. Data represent the mean foci
+ SD of two independent experiments.
One-way ANOVA test was used to
calculate statistics: *P<0.05, **P<0.01,
***P<0.001.

Such data suggests that treatment with PTPD in combination with radiation
induces DNA double strand breaks only in the BRCA-1 deficient MDAMB-
436 cells. In MCF-7, T47D, MDAMB-231 and MDAMB-468 cells, the damage
induced by PTPD and radiation is not significantly different to that induced
by radiation alone. The enhancement in the number of DNA double strand
breaks resulting from unrepaired single strand breaks due to FEN-1
inhibition, in the already double strand repair deficient MDAMB-436 cells

may be one of the underlying mechanisms responsible for the PTPD
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induced radiosensitisation in these cell lines. Above data suggest that FEN-
1 might be a suitable target to enhance radiotherapy in BRCA-1 deficient

tumours.
2.5 Discussion

As indicated above, FEN-1 is an important nuclease in mammalian
replication and repair, and is responsible for cleaving DNA/RNA flap
structures that arise during these processes (Lieber, 1997). Studies have
shown that the highly selective FEN-1 inhibitor PTPD, inhibits the cleavage
activity of FEN-1 with an ICso of 0.025 uM in substrate based assays
(Tumey et al., 2005, Dorjsuren et al., 2011). PTPD out-competes DNA/RNA
substrates in binding to the active site of FEN-1, and in this way inhibits
the cleavage activity preventing cell replication and repair (Dorjsuren et
al., 2011, Exell et al., 2016, Kouichi et al., 2018). Previous studies report
that FEN-1 accumulates rapidly at ionising radiation-induced damaged
sites to repair DNA damage by the LP-BER pathway (Asagoshi et al., 2010,
Kleppa et al., 2012, Sun et al., 2017). Therefore, it was hypothesised that
inhibiting the LP-BER pathway using PTPD may improve radioresponse in
breast cancer cells. The single agent and radiosensitising effect of PTPD
were assessed across luminal and TN breast cancer phenotypes. Results
were compared to that obtained with well-established DNA repair inhibitors
such as the ATM inhibitor, KU-55933 and PARP-1/2 inhibitor, olaparib.

Cell doubling time and plating efficiencies are the commonly used
estimates to determine growth characteristics of cells in culture
(Deschavanne, 1999). These were initially assessed in all breast cancer
cells used in the current study to understand their growth patterns and
compare with previously published literature. To assess doubling time, the
growth of cells were monitored over a period of 0-96 hours and cell counts
were recorded every 24 hours. Based on their respective growth curves,
MCF-7, MDAMB-231 and MDAMB-468 cells had faster doubling time
ranging 20-31 hours, compared to 32-41 hours in T47D and MDAMB-436
cells. The results obtained are in accordance with colleagues within the
department and with published studies which report doubling time of 28-
30 hours in MCF-7, MDAMB-231 and MDAMB-468 cells compared to 31-44
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hours in T47D and MDAMB-436 cells (Kennedy et al., 1985, Watanabe et
al., 2001).

In the current study, the cytotoxic effect of DNA repair inhibitors and
ionising radiation were assessed by clonogenic survival assays. The
clonogenic assay has been established as the gold standard method to
assess reproductive cell death after exposure to ionising radiation and/or
determine effectiveness of chemotherapeutic agents (Franken et al.,
2006). A lethally irradiated cell may not show any morphological evidence
of damage/death and may even undergo one or two rounds of cell division,
before undergoing metabolic death and its subsequent loss from the
population (Woolston and Martin, 2011). So when assessing response to
radiation, it is important to measure the effects on long-term survival
(Munshi, 2005). A cell that forms a colony is classified as a ‘survivor’ or a
resistant cell that has survived the cytotoxic insult. The cell survival curve
obtained from clonogenic assays describes the relationship between the
dose of cytotoxic agent used and the fraction of cells that remain
unaffected by treatment (Munshi, 2005, Woolston and Martin, 2011).

Plating efficiency, an intrinsic characteristic of cells, determines the ability
of single cells to form colonies (Rafehi et al., 2011). Breast cancer cells
without any treatment were seeded for clonogenic survival assays in order
to assess their colony forming ability. MCF-7, MDAMB-231 and MDAMB-
468 cells formed colonies in 14 days as opposed to T47D and MDAMB-436
cells which required a 21 day incubation period. The time for colony
formation was dependent on the doubling time of cells in T47D and
MDAMB-436 cell lines. Several other studies have also found that the
slowest growing clones have longer doubling times (Beer and Szumiel,
1994). MCF-7, MDAMB-231 and MDAMB-468 cells had PEs ranging 41-51%
compared to lower PEs ranging 16-19% in T47D and MDAMB-436 cells.
These findings were supported by literature which report PE of 46-56% in
MCF-7, MDAMB-231 and MDAMB-468 cells; and lower PEs of 12-11% in
T47D and MDAMB-436 cells (Lagadec et al., 2012, Zhang et al., 2014,
Karasawa. K., 2014, Veldwijk et al., 2014, Lindstrom et al., 2017, Su et
al., 2018).
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The ATM inhibitor, KU-55933 was one of the positive control drugs used in
the current study. KU-55933 is a small molecule inhibitor (2-morpholin-4-
yl-6-thianthren-1-yl-pyran-4) that has been shown to specifically inhibit
kinase activities of ATM in the low nanomolar range (ICsp - 12.9 nM)
(Hickson et al., 2004, Li and Yang, 2010). In response to DNA double
strand breaks, ATM induces cell cycle arrest and ensures repair of DNA
damage, primarily by the HR pathway (Hickson et al., 2004, Li and Yang,
2010). The ability of KU-55933 to prevent phosphorylation or activation of
ATM, has been found to result in radiosensitive phenotypes in multiple
cancer models (You et al., 2007, Smith et al., 2010). In the current study,
single agent cytotoxicity of KU-55933 was assessed in both luminal and
TNBC cells by clonogenic assay. Treatment resulted in a marginal reduction
in colony formation in MCF-7 and T47D (<15%), MDAMB-231 (<4%), and
MDAMB-468 (25%) cells. In support of this finding, studies by Crescenzi
et al., 2008 reported that ATM inhibition by KU-55933 can induce
senescence in breast, lung, and colon carcinoma cells via the p21 pathway
(Crescenzi et al., 2008). Other studies have found that treatment with KU-
55933 does not affect cell plating or viability of breast cancer cells (Rainey
et al., 2008). Taking into consideration the above mentioned findings, it
appears that response of cell lines to KU-55933 as a single agent, is cell-
line dependent. Compared to the above mentioned cell lines, KU-55933
treatment was more cytotoxic in the BRCA-1 deficient MDAMB-436 cells
which demonstrated a 44% reduction in colony formation. This observation
suggests that inhibition of ATM in the context of BRCA-1 deficiency induces
cell lethality in MDAMB-436 cells.

ATM and BRCA-1 are implicated in DDR and HR pathways (Cuadrado et al.,
2006). It was shown that in the absence of BRCA-1, ATM becomes essential
for supporting the residual levels of HR necessary to carry out DNA double
strand repair (Chen et al., 2017). Genetic analysis in BRCT (BRCA1l C-
terminal) mutant mice studies have shown that ATM has a role in
homology-directed repair (HDR) pathway, independent of BRCA-1
function. HDR is not important for normal DNA double strand repair, but
becomes critical when functions of BRCA-1 are compromised. ATM

inhibition was further associated with synthetic lethality of BRCT mutant
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mice models (Abida et al., 2018). In the current study, the BRCA-1
deficient MDAMB-436 cells demonstrated reduced survival after treatment
with the ATM inhibitor, KU-55933, further providing evidence for the
synthetic lethal association that exists between ATM and BRCA-1.

The oral PARP-1/2 inhibitor, olaparib is a selective and potent inhibitor of
PARP enzymes inhibiting PARP-1 and PARP-2 with ICso of 5nM and 1 nM in
cell-free assays respectively (Menear et al., 2008). PARP-1 is a well-
recognized member of the DDR pathway and is predominantly involved in
the repair of single strand breaks via the BER pathway (Allinson et al.,
2003, Farmer et al., 2005). Olaparib inhibits the enzymatic activity of PARP
and traps PARP with the DNA, increasing formation of trapped PARP-DNA
complexes, resulting in unrepaired DNA damage and cell death (Farmer et
al., 2005). In the current study, olaparib was used as a control and a
comparator, to provide a direct comparison against PTPD, as both PARP-1
and FEN-1 are critical components in the BER pathway (Hegde et al., 2008,
Asagoshi et al., 2010). Treatment with olaparib reduced colony formation
in all breast cancer cell lines regardless of BRCA-1 status. The luminal MCF-
7 and T47D cells were sensitive to olaparib treatment with a 40-50%
reduction in colony formation. The triple negative cell lines, MDAMB-231
and MDAMB-468 cells were the most resistant with only a 20-25%
decrease and MDAMB-436 cells were the most sensitive, with an 80%

reduction in overall cell survival.

One of the reasons for the therapeutic use of olaparib in clinical oncology,
is because it exploits the synthetic lethal relationship between PARP and
BRCA-1. Synthetic lethality exists when the loss of two genes results in cell
lethality, but loss in either one of these genes does not affect cell survival
(Bryant et al., 2005, Bryant et al., 2009). This finding formed the basis for
the recommendation of olaparib in the treatment of BRCA-1 deficient
tumours (Tutt et al., 2010). The reduced survival observed in the BRCA-1
deficient MDAMB-436 cells with olaparib treatment is because of its
inability to repair both single strand and double strand DNA damage when
both BRCA-1 and PARP-1 are non-functional (Arun et al., 2015). Similar to
results obtained in our study, Arun et al., 2015 reported that BRCA-1
deficient cell lines - HCC-1947, MDAMB-436, and SUM-149, treated with
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varying concentrations of olaparib showed a dose dependent reduction in
cell survival. This study also reported that MDAMB-231 cells when
transfected with BRCA-1 mutant allele showed significant growth inhibition
with olaparib, which suggests that patients without BRCA-1 mutations can
also benefit from PARP inhibitors (Arun et al., 2015).

In the current study, treatment with olaparib also resulted in reduced
survival in the BRCA-1 proficient MCF-7, T47D, MDAMB-231 and MDAMB-
468 cell lines. Studies conducted by Michmerhuizen et al., 2019, found that
olaparib has modest single agent anti-cancer activity in breast cancer cells
outside of BRCA-1 deficient cells (Michmerhuizen et al., 2019). Similar to
observations in the current study, Pierce et al., 2013 found that olaparib
treatment resulted in decreased survival of breast cancer cells,
independent of molecular subtype and BRCA-1 status (Pierce et al., 2013).
They reported similar trends as that observed in the current study with
luminal cell lines, MCF-7 and T47D being more sensitive to treatment with
60% reduced survival compared to 40% in MDAMB-231 and MDAMB-468
triple negative cells (Pierce et al., 2013). The role of PARP-1 inhibition in
luminal cancers are not very well reported, but the toxicity observed in
TNBC cell lines may be because of its shared characteristics with BRCA-1
deficient tumours, commonly known as sporadic BRCAness (Hartman et
al., 2012). TNBCs may be susceptible to PARP-1/2 inhibitors, because
these tumours have lower expression of BRCA-1/2 or genes involved in
DNA repair pathways (Turner et al., 2004). Such findings indicate that
PARP-1 inhibition is cytotoxic in both BRCA-1 proficient and deficient cells;
with greater levels of growth inhibition observed in BRCA-1 deficient cell

lines.

Doxorubicin, a commonly used chemotherapeutic agent in breast cancer
(Beslija et al., 2007, Buzdar, 2007), was used as a positive control to
compare efficacy of single agent PTPD in breast cancer cells. The
proliferation ICso (0.3-0.8) uM of doxorubicin resulted in a ~50% decrease
in cell proliferation, but when applied in clonogenic survival resulted in total
cell-kill, which indicate that doxorubicin has different potencies in
proliferation and clonogenic survival assays - a trend that has been

observed previously by colleagues (Dr Nurul Abdullah) in the department
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and with published literature (Maass et al., 2015, Wen et al., 2018). The
clonogenic ICso of doxorubicin has been reported to range between 0.01-
0.08 uM in breast cancer cells which is 10 times lower than the proliferation
ICso values, which may explain the increase in cytotoxicity observed in
clonogenic survival (Costantini et al., 2010, Zhang et al., 2012, Fang et
al., 2014).

Treatment with PTPD had only marginal effects (<10%) on proliferation
and clonogenic survival in MCF-7, T47D, MDAMB-231 and MDAMB-468 cells
suggesting that PTPD is unable to exert cytotoxic effect in these cell lines.
The role of FEN-1 is to remove oxidative DNA damage through the single
strand LP-BER pathway (Liu et al., 2008a). In the absence of a DNA
damaging agent, FEN-1 inhibition in breast cancer cell lines may not be
significant enough to affect cell proliferation and survival. Additionally,
single strand DNA damage is not considered as cytotoxic, as lesions can be
easily repaired by alternative DNA repair pathways (Robertson et al.,
2009). However, FEN-1 inhibition in the context of BRCA-1 deficiency was
able to induce cytotoxic effects in MDAMB-436 cells. PTPD treatment
demonstrated a reduction of 36% in proliferation and 66% in clonogenic
survival in the BRCA-1 deficient MDAMB-436 cells. One of the reasons for
the increased cytotoxicity observed in this cell line upon FEN-1 inhibition,
may be because of dual inhibition of both single and double strand repair
pathways. This suggests that FEN-1 inhibition may function similarly to
PARP-1 inhibition in the MDAMB-436 cells (Arun et al., 2015). Studies
conducted by Ward et al., 2017 reported that cells deficient for double
strand repair pathway proteins were sensitive to FEN-1 inhibition. For
example, down-regulating FEN-1 using siRNA in ATM deficient cells was
found to result in cell death, indicating a synthetic lethal relationship
between ATM and FEN-1 (Ward et al., 2017). More recently, studies by
Mengwasser et al., 2019 reported that BRCA-deficient cells are more reliant
on FEN-1 to repair DNA compared to BRCA wild-type cells (Mengwasser et
al., 2019). Such studies provide an explanation for the increase in
sensitivity observed in the BRCA-1 deficient MDAMB-436 cells to FEN-1

inhibition.
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Radiotherapy is an integral part of breast cancer treatment, either to treat
residual cancer after surgery, to shrink tumour size in locally advanced
disease or to extend survival/relieve symptoms in the case of metastatic
breast cancer patients (NICE, 2018). Agents that increase efficacy of
radiotherapy are under pre-clinical and clinical evaluation (Raleigh and
Haas-Kogan, 2013, Biau et al., 2019). Prior to assessing radio-response of
DNA repair inhibitors, the intrinsic radiosensitivity of luminal and TNBC cell
lines used in this study were assessed via clonogenic survival assays. The
surviving fraction at 2 Gy was calculated from the radiation dose response
curve fitted to the LQ model. All cell lines demonstrated dose dependent
reduction in survival following exposure to radiation. The most sensitive
cell lines to radiation were the triple negative MDAMB-231 and MDAMB-
436 cells followed by MDAMB-468 cells compared to the luminal MCF-7 and
T47D cells. The SF2 values in MCF-7, T47D and MDAMB-468 cells were
higher ranging between 43-49% compared to 31-35% in MDAMB-231 and
MDAMB-436 cells.

In the current study, the response of breast cancer cells to radiation was
differential between the different breast cancer phenotypes. Clinically,
patients who are positive for the expression of ER and PgR are more
radiosensitive compared to ER and HER-2 negative patients (Wang et al.,
2011, Kyndi et al., 2008, Nguyen et al., 2008). Studies by Kyndi et al.,
2008 reported a significant improvement in overall survival in patients who
were ER and PgR-positive compared to ER, PgR-negative and HER-2
positive tumours treated with post-mastectomy radiotherapy (Kyndi et al.,
2008). Another study conducted in 793 invasive breast cancer patients who
received BCS followed by radiotherapy, reported lower local recurrence of
0.8% and 1.5% in luminal A and B tumours respectively compared to
higher recurrence of 8.4% and 7.1% in HER-2 and TNBC patients (Nguyen
et al., 2008). In contrast, Speers et al., 2015 reported no significant
association (P=0.48) between the radiosensitivity of breast cancer cell
lines and their respective intrinsic subtype (Speers et al., 2015). Taken
together, data suggests that intrinsic radiosensitivity in pre-clinical breast
cancer models varies between different cell lines with no clear association

to the clinical patterns of response in the different phenotypes. Several
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factors may also influence the differential radioresponse of cells in vitro
compared to in vivo responses. 2D cell culture does not adequately take
into account the natural 3D environment of cells (Baharvand et al., 2006).
In vivo models examine both the inherent radiosensitivity of tumour cells
and environmental influences, such as hypoxia and host immunity (Barker
et al., 2015). The lack of these factors in a 2D cell culture system may
explain the discrepancy observed between in vitro and in vivo

radioresponses.

The radioresponse of control DNA repair inhibitors were assessed, prior to
assessing radioresponse in PTPD treated cells. Treatment with KU-55933
resulted in significant radiosensitisation across all breast cancer
phenotypes with SERp.01 ranging from 1.6-3.4. Similar to results obtained
in our study, Rainey et al., 2008 reported that inhibiting ATM transiently
for 4 hours was sufficient to sensitise cells to ionising radiation and
suggested that clinical radiosensitisation may only require ATM inhibition
for short periods of time (Rainey et al., 2008). KU-55933 was found to
radiosensitise glioma cells with SER values of 1.6 (Biddlestone-Thorpe et
al., 2013). Another study reported that inhibition of ATM by KU-55933
inhibits the enhanced double strand break repair proficiency observed in
glioblastoma cancer stem cells resulting in potent radiosensitisation with
SERs ranging from 2.6-3.5. (Carruthers et al., 2015), similar to that
observed in the current study with the BRCA-1 deficient MDAMB-436 cells.

A suggested model for radiosensitisation by PARP inhibition involves
inhibition of BER or single strand repair pathway, leading to persistent
radiation-induced single strand breaks that are converted into cytotoxic 1-
ended double strand breaks (Chalmers et al., 2010). Additionally, trapping
of PARP-DNA complexes by inhibitors interferes with cellular replication
(Pommier et al., 2016), as a result of which, radiosensitisation with PARP
is more pronounced in replicating cells (Noel et al., 2006, Chan et al.,
2010) and in cells that are HR-deficient (synthetic lethality) (Loser et al.,
2010, Verhagen et al., 2015). As both of these characteristics are specific
to tumours compared to normal cells, radiosensitisation is expected to
occur preferentially in tumour cells. A second model for tumour-specific

cell killing relies on the ability of PARP inhibitors to increase tumour blood
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flow which reduces the radioresistant hypoxic population of cells and
promotes efficient drug delivery (Liu et al., 2008b, Borst et al., 2017). All
these characteristics make PARP inhibitors ideal radiosensitisers and many
of which are undergoing clinical evaluation (ClinicalTrials, 2019). In the
current study, treatment with olaparib significantly increased
radiosensitivity in both BRCA-1 proficient and deficient cells with SERg.01
ranging from 1.6-2.3. In support of this finding, studies conducted
previously have reported that olaparib when combined with radiation
enhances radiosensitivity of breast cancer cells with SERs ranging from
1.12-1.76. The radiosensitivity obtained with olaparib treatment was
attributed to delayed repair of double strand DNA damage which was
present even at 12-16 hours after treatment, compared to irradiated cells
(Michmerhuizen et al., 2019).

The levels of radiosensitisation seen with KU-55933 (SERp.01 3.42) was
much greater than that observed with olaparib (SERo.01 2.35) in the BRCA-
1 deficient MDAMB-436 cells. It has been reported that cells deficient for
BRCA-1 driven HR pathways are dependent on ATM-mediated homology-
directed repair pathway to repair DNA double strand breaks (Abida et al.,
2018). Therefore, dual inhibition of both these proteins could result in
complete abrogation of homology-directed repair pathways which might
explain the greater levels of radiosensitivity achieved with ATM inhibition
in the MDAMB-436 cells. In contrast, dual inhibition of both PARP-1 and
BRCA-1, would still result in an intact ATM-driven HDR pathway, to repair
DNA double strand damage. This may explain the increased radiosensitivity
observed with ATM inhibition compared to PARP 1/2 inhibition in the
MDAMB-436 cells.

The FEN-1 inhibitor, PTPD was investigated as a potential radiosensitiser
in breast cancer cells. Data from clonogenic survival demonstrate that
treatment with PTPD induced differential radioresponses between luminal
and TNBC cells. PTPD induced radiosensitivity was specific to the triple
negative MDAMB-231, MDAMB-468 and MDAMB-436 cells with SERg.01 of
1.31, 1.13 and 1.50 respectively. However, no PTPD-induced
radiosensitisation was observed in the luminal MCF-7 or T47D cells (SERo.01

1.00). From such data, it appears that PTPD was able to induce
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radiosensitisation only in the intrinsically radiosensitive phenotypes
(MDAMB-231 and MDAMB-436) compared to the radioresistant MCF-7 and
T47D cells, which suggest that the intrinsic radiosensitivity of cells might
be a factor in PTPD induced radiosensitisation (Franken et al., 2006).
Secondly, TNBCs are characterised by higher rates of genomic instability,
higher mutation burden and altered DNA repair pathways (Bianchini et al.,
2016, Hubalek et al., 2017, Ali et al., 2018). TCGA analysis reveals that
the most frequent loss-of-function alterations in TNBC involves genes
associated with DNA damage repair such as p53, BRCA-1 and RB1, which
impairs DNA repair capacity in this breast cancer subtype (TCGA, 2012).
Other studies have also reported that the expression of BER pathway genes
such as XRCC1 and Polf is altered in TNBCs (Lee et al., 2019a), which
might explain the radiosensitivity observed in TNBC cells as opposed to the
luminal cell lines. The increased radiosensitisation observed in MDAMB-436
cells may be due to the inherent BRCA-1 deficiency and the synthetic lethal
relationship that exists between FEN-1 and BRCA-1 (Mengwasser et al.,
2019).

RPA is a single strand DNA binding protein that binds to damaged DNA and
helps in the recruitment of genome maintenance factors to regulate DNA
repair (Marechal and Zou, 2015). RPA nuclear foci measurement was
assessed in the current study as a marker of ss-DNA damage (Bélanger et
al., 2018) using fluorescent antibodies, and detected by
immunofluorescent microscopy. From initial optimisation experiments, RPA
expression was maximum at 0.5 hour post-1 Gy radiation, which is in
agreement with published literature which report that RPA co-localises with
DNA within 20-30 minutes of irradiation exposure (Kobayashi et al., 2002,
Stephan et al., 2009). In order to assess if PTPD induced DNA damage in
the breast cancer phenotypes, the levels of RPA were assessed in response
to PTPD treatment and ionising radiation. Compared to radiation alone,
combined treatment of PTPD in combination with radiation, increased RPA
expression by 1-2 fold in all cell lines (MCF-7 (P=0.031), T47D (P=0.061),
MDAMB-231 (P=0.020), MDAMB-468 (P=0.019) and MDAMB-436
(P<0.0001) cells), suggesting that addition of PTPD increases the amount

of single strand DNA damage caused by ionising radiation. Single strand
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DNA damage does not necessarily result in cell lethality, unless it is left
unrepaired and gets converted into DNA double strand breaks. In order to
assess if PTPD in combination with radiation induced DNA double strand

breaks, the levels of y-H2AX was also assessed.

Phosphorylation of the histone variant H2AX at Ser139 (y-H2AX) by the
ATM protein is one of the initial cellular response to DNA double strand
breaks (Rogakou et al., 1998). In response to radiation damage, y-H2AX
serves as a platform for the recruitment of DNA repair proteins to the
damage site forming nuclear ionising radiation-induced foci (IRIF) (Paull et
al., 2000). y-H2AX foci can be detected microscopically, by using
fluorescent gamma-H2AX-specific antibodies (Nakamura et al., 2006).
Based on optimization experiments, y-H2AX expression was maximum
between 0-0.5 hours post-exposure to 4 Gy of ionising radiation. In
agreement with this finding, it has been previously reported that y-H2AX
phosphorylation is detectable in minutes following irradiation and reaches
maximum levels within the first 30 minutes (Nakamura et al., 2006, Tu et
al., 2013). In order to identify if treatment with PTPD and radiation
increased DNA double strand breaks, the levels of y-H2AX expression was
assessed. With combined PTPD and radiation treatment, only marginal
increases in y-H2AX foci formation was observed in MCF-7, T47D, MDAMB-
231 and MDAMB-468 cells. A significant ~2-fold increase in the number of
DNA double strand damage was observed only in the MDAMB-436 cell line
(P=0.0003). Such results suggest that PTPD treatment in combination with
radiation is effective only in the context of BRCA-1 deficiency. The lack of
significant induction of DNA double strand damage by PTPD treatment may
explain marginal levels or lack of radiosensitisation observed upon PTPD
treatment in MCF-7, T47D, MDAMB-231 and MDAMB-468 cells.

In conclusion, the FEN-1 inhibitor, PTPD was found to selectively
radiosensitise TNBC cell lines and therefore this inhibitor might hold
potential as a radiosensitiser in the treatment of TNBC patients. The
radiosensitisation seen upon FEN-1 inhibition in the BRCA-1 deficient cell
line is significant, but may warrant further study in other BRCA-1 deficient
cells. However, the levels of radiosensitisation obtained with PTPD were
lower than that achieved with the ATM inhibitor, KU-55933, and the PARP
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inhibitor, olaparib, and so the clinical utility of this approach may be
questionable. Further experiments with PTPD were not carried out due to
the low levels of radiosensitisation seen. Rather, attention was focused on
novel hypoxia-activated prodrugs, with experiments discussed in

subsequent chapters.
Conclusions

All the hypothesis proposed at the beginning of this chapter were

answered:

The luminal and triple negative breast cancer cell lines exhibit differential

intrinsic radiosensitivities.

Inhibition of FEN-1 radiosensitises triple negative breast cancer cells but

not luminal cell lines.

Radiosensitisation achieved with PTPD was lower than that induced by
control DNA repair inhibitors, KU-55933 and olaparib.

PTPD induced single strand breaks was associated with radiosensitisation

only in the triple negative, but not in luminal cells.

The induction of DNA double strand breaks by PTPD treatment was
associated with radiosensitivity only in MDAMB-436 cells.
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Chapter 3 Hypoxia-activated prodrugs in 3D

and 2D models of breast cancer
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3.1 Abstract

Background: Hypoxia is often found in breast cancer and is associated
with radiotherapy resistance, metastasis and poor survival. The presence
of molecular oxygen is essential to enhance the therapeutic efficacy of
radiation. Tumour hypoxia, therefore, is a barrier to efficient treatment. A
strategy to eradicate hypoxic tumour cells and improve radioresponse is
by hypoxia-activated prodrugs (HAPs) that are activated in, and therefore
cytotoxic to hypoxic tumour cells. AQ4N was one such bioreductive prodrug
- TOPO II inhibitor that showed promising results as a hypoxia-activated
radiosensitiser in phase I clinical trials. Unfortunately, development of this
agent has not progressed further. The novel AQ4N analogue, KP167,
developed by Dr Klaus Pors at the University of Bradford is a hypoxia-
activated - TOPO II inhibitor, with additional DNA alkylating properties. The
aim of the current chapter was to investigate the in vitro efficacy of KP167,
as single agent and in combination with ionising radiation, in 3D spheroids

and 2D normoxic models of luminal and triple negative breast cancer.

Methods: 3D spheroid (>500 uym diameter) and 2D (21% 0O2) monolayer
cultures of two luminal (MCF-7 and T47D) and three triple negative
(MDAMB-231, MDAMB-468 and BRCA-1 deficient MDAMB-436) breast
cancer cell lines were chosen as in vitro models. AQ4N was used as a
comparator against the novel agent, KP167. The cellular cytotoxicity of
single agent AQ4N and KP167 were evaluated using growth curves in 2D
and clonogenic survival assays in both 3D spheroid and 2D normoxic
models. Expression of various endogenous reductases (cytochrome P450,
CYP2S1, CYP2W1, NQO1l and NQO2), involved in the bioreductive-
activation of HAPs, were evaluated by Western blot of cell lysates to assess
if endogenous reductase expression may reflect any difference in
sensitivity observed between the different breast cancer phenotypes.
Radiosensitisation was measured by treating cells (3D and 2D) with single
agent 3D ICso doses of AQ4N or KP167 for 96 hours and subsequently
exposing them to single doses (0-8 Gy) of x-rays and examined via

clonogenic survival assays.
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Results: Clonogenic data shows that both AQ4N and KP167 reduce
survival of breast cancer spheroids in a dose-dependent manner. Overall,
the luminal cell lines MCF-7 and T47D were more sensitive to single agent
AQ4N and KP167 treatment compared to the triple negative MDAMB-231
and MDAMB-468 cells, in both 3D and 2D cultures. Compared to AQ4N ICsg
of (0.2-22.8) uM, KP167 demonstrated a 2-100 fold increase in potency
with ICso values ranging between (0.14-12.8) uM. As expected AQ4N and
KP167 were less potent in 2D normoxia conditions with AQ4N ICso (24
hour) ranging from (10.5 - >45) uM for proliferation and (<5 - >45) uM in
clonogenic survival. The ICso values of KP167 ranged from (21 - >45) uM

for proliferation and (<5 - >45) uM in clonogenic survival.

Higher endogenous expression of cytochrome P450 (MCF-
7>T47D>MDAMB-468>MDAMB-231>MDAMB-436 cells) and CYP2W1 (MCF-
7>T47D>MDAMB-436>MDAMB-231>MDAMB-468 cells) was observed in
luminal cells compared to TNBC cell lines. Compared to MCF-7 cells, the
expression of cytochrome P450 was significantly reduced in MDAMB-231
(P=0.044) and MDAMB-436 (P=0.032) cells. CYP2W1 was significantly
reduced in MDAMB-231 (P=0.023), MDAMB-468 (P=0.003) and MDAMB-
436 (P=0.025) cells, compared to MCF-7 cells. CYP2S1 was expressed in
all cell lines with marginal increase in TNBC cells (MDAMB-436>MDAMB-
468>MDAMB-231>MCF-7>T47D cells). Compared to MDAMB-436, CYP2S1
was significantly reduced in MCF-7 (P=0.032), T47D (P=0.021) and
MDAMB-231 (P=0.041) cells. NQO1 expression was higher in MDAMB-436
compared to MCF-7 (P=0.001), but undetected in T47D, MDAMB-231 and
MDAMB-468 cells. The expression of NQO2 (MDAMB-231>MDAMB-
468>MCF-7>MDAMB-436>T47D cells) was significantly greater in MDAMB-
231 cells compared to MCF-7 (P=0.047), T47D (P=0.001), and MDAMB-
436 (P=0.005) cells. Higher expression of cytochrome P450 and CYP2W1
in MCF-7 and T47D cells, compared to the triple negative cell lines, may
have contributed to the increase in cytotoxicity observed in luminal cells
with single agent AQ4N and KP167 treatment.

AQ4N was an effective radiosensitiser of breast cancer spheroids with
SERp.01 of 1.30+0.08 in MCF-7, 1.58+0.06 in T47D, 1.44+0.04 in MDAMB-
231, 1.64+0.08 in MDAMB-468 and 3.33+0.18 in MDAMB-436 cells.
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Increased radiosensitisation was also observed with KP167 in all breast
cancer spheroids, with 100-fold increase in radiosensitivity noted at 8 Gy
in T47D and TNBC cell lines. KP167 radiosensitised spheroids with SER.01
of 1.46%+0.66 in MCF-7, 1.76+0.20 in T47D, 2.53+0.06 in MDAMB-231,
2.28+0.24 in MDAMB-468 and 4.55+0.24 in MDAMB-436 cells.

AQ4N and KP167 induced lower levels of radiosensitisation in 2D normoxia
compared to 3D spheroid cultures. AQ4N radiosensitised breast cancer
cells with SERg.01 of 1.17£0.06 in MCF-7, 1.64+0.27 in T47D, 1.29+0.28
in MDAMB-231, 1.11+0.44 in MDAMB-468 and 1.19+0.12 in MDAMB-436
cells. KP167 was more effective than AQ4N in normoxia cultures with
SERp.01 of 1.21£0.05 in MCF-7, 1.93+0.09 in T47D, 1.43£0.46 in MDAMB-
231, 1.32+0.19 in MDAMB-468 and 1.68+0.08 in MDAMB-436 cells.

Conclusion: KP167 is a highly potent radiosensitiser, especially in 3D
models of TNBC. KP167 appears to be a promising new drug, either as a
single agent and especially when combined with radiation, to target

hypoxic cancer cells.
3.2 Introduction and aims
3.2.1 Hypoxia

The cellular microenvironment contains different concentrations of oxygen
that can be divided into normoxia (21% 0O:), physoxia (1-13% 0O;) and
hypoxia (0.1-1% O3). Normoxia is a term which refers to ‘normal’
atmospheric levels of 20-21% (160mmHg) oxygen, that cells are routinely
cultured in (McKeown, 2014). This physiological concentration of oxygen
in tissues is referred to as physoxia or physiological hypoxia (Vaupel et al.,
2007, Carreau et al., 2011). Certain studies have reported that, depending
on tissue type, the oxygen concentration in normal tissues can vary
between 10 (2% 0O;) and 80mmHg (10% 0O:), while tumour cells can
contain <5mmHg (<0.5% O;) (Vaupel et al., 2007). The lower level of
physoxia is approx. 3%, below which pathological hypoxia sets in. Hypoxia
p02<10mmHg (<1%-2% O3) in tumours arises due to the uncontrolled
proliferation of cancer cells in the absence of an efficient blood supply. The

rapidly proliferating tumour cells become distanced from the vasculature
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(>100-200 um), and quickly exhaust available nutrients and oxygen,
creating an imbalance between oxygen demand and supply (Yu et al.,
2014). This results in oxygen depletion creating a hypoxic tumour

microenvironment (Brown and Wilson, 2004).
Chronic and acute hypoxia

Hypoxia is a characteristic of solid tumours (Brown and Wilson, 2004) with
most containing regions of acute (low O; levels for minutes to hours) and
chronic hypoxia (low O; levels for hours to days) or anoxia (0% O3), that
is deleterious for cancer treatment as it promotes drug resistance and
drives malignant progression (Kato et al., 2011, Bayer and Vaupel, 2012).
Acute hypoxia or perfusion-limited hypoxia can arise as a result of
temporary perturbations in blood supply (Brown, 1979). It is also known
as intermittent or cycling hypoxia and can occur when blood supply is cut-
off due to vessel obstruction by tumour cells, blood cells or fibrin
aggregates (Dewhirst, 2009). Chronic hypoxia or diffusion-limited hypoxia
is thought to arise due to the inability of the vasculature to reach tumours
that lie beyond the diffusion capacity of oxygen (>150-200 uym) (Cai et al.,
2015). This occurs when the increasing tumour mass creates large
diffusion distance between itself and the oxygen-supplying blood vessels
(Gulledge and Dewhirst, 1996, Lanzen et al., 2006).

3.2.1.1 Hypoxia in cancer

Hypoxia is an independent predictor of poor clinical outcome and tumours
that exhibit significant hypoxia have been associated with an increased risk
of mortality, independent of prognostic factors such as grade, histology,
nodal status and size (Vaupel et al., 2007). Tumour hypoxia leads to radio-
and chemotherapy resistance, as well as selection of tumour clones with
increased metastatic potential (Brown, 2007). The presence of hypoxia
upregulates hypoxia-inducible factor (HIF) - the main transcription factor
that promotes adaptive response of cells by transcribing a number of
hypoxia-related genes such as vascular endothelial growth factor (VEGF)
carbonic anhydrase 9 (CA9), Bcl-2 etc that drive pro-angiogenic pro-

survival and pro-apoptotic pathways (Swinson et al., 2003). Studies have
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shown that hypoxia drives metastasis by upregulating metastasis-related
genes, such as osteopontin, lysyl oxidase, CXCR4, IL8 and VEGF (Rofstad,
2000, Erler et al., 2006).

Hypoxia occurs in approximately 40% of breast cancers and is more
commonly seen in locally advanced primary breast cancer (Vaupel et al.,
2003, Vaupel et al., 2005). Hypoxic regions have been found to occur in
all breast cancer stages, from in situ carcinomas to both lobular and ductal
invasive cancers (Hohenberger et al., 1998). Studies have reported that
the mean pO. in breast cancer ranges between 2.5 to 28mmHg (0.3-3.5%
07), with a median value of 10mmHg (1.3% 0;), in comparison to 65mmHg
(8% 07) in normal breast (Vaupel et al., 1991). The presence of hypoxia
in breast cancer also decreases the effectiveness of hormonal therapy due
to loss of ERa (Kurebayashi et al., 2001). In patients with DCIS, the
presence of hypoxia or necrosis is associated with a shorter time to
recurrence (Cornfield et al., 2004). Van den Eynden et al., 2005 reported
that the presence of hypoxia in primary breast cancers was associated with
hypoxia markers in their lymph node metastases, indicating that the
hypoxia phenotype is maintained even in metastatic lesions (Van den
Eynden et al., 2005).

3.2.1.2 Hypoxia and therapy resistance

Multiple reasons have been put forward over the years, to explain why the
presence of tumour hypoxia is associated with resistance to anti-cancer
therapies (Kinoshita et al., 2001, Teicher, 1994). These include but not
limited to: 1. Hypoxic tumour cells can be quiescent, non-proliferative and
therefore non-reactive to most anti-cancer agents that target the rapidly
proliferating tumour cells (Butturini et al., 2019); 2. Chemotherapy drugs
may not be able to reach hypoxic regions due to the increasing inter-
vascular distance (Gulledge and Dewhirst, 1996); 3. The presence of
molecular oxygen is critical for radiation induced cell lethality (described in
detail below in section 3.2.1.3) (Wang et al., 2019); 4. Hypoxic tumour
cells have upregulated DNA repair and anti-apoptotic pathways, which
increases the rate of DNA repair and prevents cell death induced by various

anti-cancer agents (Sermeus et al., 2012, Jongen et al., 2017); 5. Hypoxia
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promotes acidosis due to a shift from oxidative phosphorylation to
glycolysis, which affects drug delivery and cellular uptake of pH sensitive
anti-cancer agents (DeClerck and Elble, 2010); 6. Hypoxia upregulates
expression of multidrug transport P-glycoprotein encoded by the MDR-
1 (multi-drug resistance-1) gene, an ATP dependent efflux pump that
actively exports drugs out of cells, conferring resistance to a broad range
of chemotherapeutics (Muredda et al., 2003, Lv et al., 2015). In support
of the aforementioned reasons, several chemotherapeutic drugs used in
breast cancer treatment such as 5-FU (Wouters et al., 2007) and
methotrexate, platinum agents such as cisplatin and carboplatin, alkylating
agents such as docetaxel and doxorubicin, have demonstrated to be less
effective under hypoxic conditions-termed as hypoxia-induced
chemoresistance (HICR) (Teicher et al., 1981, Wouters et al., 2007, Baker
et al., 2008, Notte et al., 2013).

3.2.1.3 Hypoxia and radiotherapy response

It is known that the presence of intratumoural hypoxia severely
compromises radiotherapy efficacy (Graham and Unger, 2018). Gray and
colleagues, in 1953, were the first to identify a decrease in oxygen between
the periphery and the centre of tumours; and reported that killing hypoxic
cells required up to a three-fold higher dose of radiation compared to oxic
cells. This difference in radiation response between oxygenated and
hypoxic cells is known as the oxygen enhancement ratio (OER) (Gray et
al., 1953, Roots and Smith, 1974). Oxygen is a highly electron-affinic
molecule that chemically modifies radiation-induced free radical DNA
damage creating lesions that are non-restorable, termed as the oxygen
fixation hypothesis (Roots and Smith, 1974, Brown and Wilson, 2004). In
the absence of oxygen, the DNA based free radicals are reduced by
compounds containing sulfhydryl groups, which reverts DNA back to the
undamaged form, resulting in radiotherapy resistance (Brown, 1999,
Brown and Wilson, 2004). Furthermore, defects in DNA repair pathways
such as mismatch repair and homologous recombination repair have been
reported in cells exposed to hypoxia, which further alters sensitivity of

hypoxic cells to radiotherapy (Bristow and Hill, 2008).
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3.2.2 Hypoxic radiosensitisers

Overcoming radioresistance in hypoxic tumours has been attempted by
various means, including hyperbaric oxygen therapy, hyperthermia and
carbogen breathing combined with nicotinamide to improve tumour
oxygenation (Jordan and Sonveaux, 2012). Hyperbaric oxygen therapy is
the breathing of 100% oxygen to increase systemic oxygen tension which
was shown to improve tumour local control by 10% (Daruwalla and
Christophi, 2006). However, this technique increases radiation-induced
tissue injury and the chance of oxygen-related seizures during therapy
(Overgaard and Horsman, 1996). Hyperthermia is the elevation of body
temperatures to higher than normal levels (~45°C) (Song et al., 2001).
When combined with radiation, hyperthermia can act as a radiosensitiser,
since heat can damage various cellular components (van der Zee et al,,
2000), and dilate blood vessels which increases blood flow to hypoxic
regions of tumours (Wust et al., 2002). Clinical trials have shown
significant improvement in survival when combined with radiation (41% v
59%) in the treatment of recurrent breast (Vernon et al., 1996), pelvic
(van der Zee et al., 2000), prostate (Hurwitz et al., 2011) and other
cancers (Peeken et al., 2017). However, the widespread use of
hyperthermia may be limited due to technical complications, such as

maintenance of homogenous heating and monitoring of temperatures.

Compared to the traditional hyperbaric approach, a more recent approach
is the use of accelerated radiotherapy (68 Gy over 5.5 weeks) in
combination with carbogen (95% oxygen, 5% CO;) breathing and oral
nicotinamide (ARCON), a vasodilator (Kaanders et al., 2002), to decrease
diffusion-limited and perfusion-limited hypoxia respectively. A phase III
clinical trial (NCT00147732) with 345 laryngeal cancer patients reported a
significant improvement in regional control in patients treated with ARCON
(93%) than with accelerated radiotherapy (86%) (Janssens et al., 2012).
Promising results from a phase III BCON trial in bladder cancer recently
reported a significant improvement in 5 year recurrence-free survival (41%
vs 33%), which was also maintained at 10 years (27% vs 20%) in patients
treated with ARCON (Song et al., 2019).
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The development of oxygen-mimetic nitroimidazole radiosensitisers that
substitute for oxygen in fixing radiation-induced DNA damage was another
approach to target radiation-resistant hypoxic tumour cells (Jackson et al.,
2019). These agents are less rapidly metabolised by tissues, enabling
better diffusion and penetration compared to oxygen which is readily
metabolised in respiring tissues. The nitroimidazoles are enzymatically
reduced by nitroreductase enzymes leading to the production of highly
reactive anion radicals that cause irreversible damage to cellular
components (Edwards, 1993, Oronsky et al., 2011). From the many that
have been examined over the years, nimorazole is well tolerated in patients
and is approved as a radiosensitiser in Denmark for the treatment of
HNSCC patients (Timothy et al., 1984, Overgaard et al., 1998). The
NIMRAD trial (NCT01950689) is currently evaluating nimorazole in
combination with radiotherapy in patients with locally advanced HNSCC
(ClinicalTrials, 2019). An additional approach, to overcome hypoxic
radioresistance is the use of drugs that selectively target hypoxic cells
(Guise et al., 2014, Jackson et al., 2019)

3.2.3 Hypoxia-activated prodrugs

A hypoxia-activated prodrug (HAP) is specifically designed to be activated
by cellular reductases only in hypoxic tissues and thus selectively Kill
hypoxic cells (Denny, 2000). A prodrug is a compound that is initially
inactive, but can only be converted into its pharmacologically active
cytotoxic counterpart via specific metabolic pathways (Guise et al., 2014).
Bio-reduction of HAPs into their respective cytotoxins can occur via a one-
or two-electron reduction catalysed by cellular reductases as shown in

Figure 3.1.

In the one-electron pathway, the prodrug undergoes reduction to form the
prodrug radical in the absence of oxygen. In the presence of oxygen, the
radical species can be reverted back (back-oxidised) to generate the
parental drug and ROS (Mistry et al., 2017). The free radicals generated
during this process are neutralised by anti-oxidant systems in cells, which
reduces the toxic effects in oxygenated tissues (Wilson and Hay, 2011,
Phillips, 2016).
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Two-electron reductases

One-electron One-electron

Further reducatse
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Figure 3.1 Activation of hypoxia-activated prodrugs by one- or two-
electron reductases. In the presence of oxygen the radical species reverts back
to the parental drug. In hypoxia, further reduction occurs activating the prodrug
(one-electron). The two-electron reduction results in oxygen independent
activation of the prodrug. Reproduced from (Mistry et al., 2017). Copyright® 2017
by Elsevier with permission conveyed through Copyright Clearance Centre Inc.

In the absence of oxygen, the prodrug radical can undergo further enzyme-
mediated reduction to generate the active cytotoxic drug. In contrast, the
two-electron reduction bypasses the oxygen sensitive intermediate step to
generate the active cytotoxic metabolite. These reactions are usually
oxygen insensitive and selectivity is largely determined by the presence of

endogenous reductases (Workman, 1994).

However, certain HAPs such as AQ4N, undergo the oxygen sensitive,
sequential two-electron reduction which are catalysed by the cytochrome
P450 family of endogenous reductases (Wilson and Hay, 2011, Phillips,
2016). Cytochrome P450 family of monooxygenase enzymes are involved
in metabolising a wide variety of drugs, and can carry out both the one-
and two-electron reduction reactions (Guengerich, 2008).
NAD(P)H:quinone oxidoreductase 1 (NQO1) and NRH:quinone
oxidoreductase 2 (NQOZ2) are cytosolic enzymes that catalyse the two-
electron metabolic reduction of quinones and derivatives (Iskander et al.,
2006). HAPs are more effective when combined with conventional
chemo/radiation therapy that target the oxygenated tumour cells (Mistry
et al., 2017). Despite extensive pre-clinical and clinical research over

several years, HAPs have still not found clinical utility, but many are
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currently undergoing or have undergone phase I and phase II clinical

evaluation - these are discussed below.
TH-302 (Evofosfamide)

TH-302 is a 2-nitroimidazole hypoxia-activated prodrug of bromo-
isophosphoramide mustard. It undergoes a one-electron reduction
catalysed by cytochrome P450 enzymes to yield the cytotoxic metabolite
that results in DNA cross linking and induces cell cycle arrest (Meng et al.,
2012). TH-302 targets hypoxic cells and reduces its ability to repopulate
following re-oxygenation (Liapis et al., 2015). Positive results were
obtained from phase II clinical trials in combination with doxorubicin in
sarcoma patients (Chawla et al., 2014) and gemcitabine in pancreatic
cancer (Borad et al., 2015). Currently, most phase III clinical trials
(NCT02047500, NCTO01864538, NCT02093962, NCT02598687, and
NCT02255110) (ClinicalTrials, 2019), have been withdrawn or terminated
as TH-302 failed to demonstrate any improvement in progression-free or

overall survival (Lee et al., 2017).
EO9 (Apaziquone)

EO9 is an indolequinone analogue of mitomycin C, and can undergo either
the one-or two-electron reduction to generate the cytotoxic metabolite in
both aerobic and hypoxic conditions (Phillips et al., 2013). In the absence
of oxygen, NQO1 plays a central role in the reductive activation via the
two-electron reduction pathway. In the absence of NQO1, EO9 undergoes
a one-electron reduction catalysed by cytochrome P450 (Plumb and
Workman, 1994, Robertson et al., 1994, Workman, 1994). The short
biological half-life led to a clinical trial to study the effects of intra-vesical
administration of EQ9 into the bladder and eight complete responses were
obtained out of a total of 12 patients (Puri et al., 2006). However, phase
III clinical studies were terminated due to insufficient efficacy
(NCT01475266, NCT01469221, NCT01410565) (ClinicalTrials, 2019).
Currently no new trials are recruiting, so clinical development of EO9
seems to have stalled. Researchers are, however, continuing investigations

with new generations of such agents in pancreatic (Inman et al., 2014)
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and brain cancers, in combination with radiation (S Martin, unpublished
data).

PR-104

PR-104 is a phosphate ester ‘pre-prodrug’ that belongs to the nitroaromatic
compound of HAPs. PR-104 is hydrolysed by systemic phosphatases to
generate the intermediate PR-104A compound that is further metabolised
by one- or two-electron reduction to the para-hydroxylamine PR-104H and
para-amine PR-104M metabolites, which causes DNA cross-links
(Patterson et al., 2007). A wide variety of reductases catalyse the
reduction in PR-104A including the cytochrome P450 reductase (Guise et
al., 2007). Phase 1 clinical trials have been completed, but progression of
this agent has stopped as a result of severe dose-limiting myelotoxicity
(McKeage et al., 2012). A new nitrobenzamide mustard analogue CP-506,
has been reported to be potent in the killing of hypoxic triple negative
breast cancer, lung and pancreatic cancer cells, and is currently undergoing

pre-clinical evaluation (Niemans et al., 2018, thiolloy et al., 2018).
Tirapazamine (TPZ)

TPZ is an aromatic N-oxide that can undergo a one-electron reduction
catalysed by cytochrome P450 reductase or a two-electron reduction
catalysed by NQO1 to form the DNA damaging metabolite (Patterson et al.,
1994). TPZ entered phase I and phase II clinical trials and generated
positive results when used in combination with cisplatin, etoposide and/or
radiotherapy (Miller et al., 1997, Le et al., 2009). However, phase III trials
failed to demonstrate any survival advantage by adding TPZ to
chemotherapy or radiotherapy in non-small cell lung cancer (Williamson et
al., 2005), head and neck cancer (Rischin et al., 2010) and cervical cancer
(DiSilvestro et al., 2014). Recently, a novel analogue of TPZ, SN30000 is
undergoing extensive pre-clinical evaluation in combination with chemo
and radiotherapy in colorectal cancer and has shown better efficacy than
the parental compound (Mao et al., 2018, Mao et al., 2019).
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3.2.4 AQ4N and novel analogues

AQ4N (Banoxantrone), is a di-N-oxide aliphatic amino anthracenedione,
(1,4-bis{[2(dimethylamino)ethyl]amino}-5,8-hydroxyanthracene-9,10-

dione bis-N-oxide), metabolised by the cytochrome P450 (CYP) family of
reductases and inducible nitric oxide synthase (iNOS) to AQ4, a potent
inhibitor of topoisomerase II (TOPO 1II), in the absence of oxygen
(Patterson, 1993, Patterson and McKeown, 2000, Nishida and Ortiz de
Montellano, 2008). AQ4N undergoes an initial two-electron reduction
reaction to yield the mono-N-oxide (AQ4M), followed by a further two-

electron reduction to generate the DNA binding toxin AQ4, as shown in

Figure 3.2.
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Figure 3.2 Reductive activation of AQ4N to AQ4. AQ4N undergoes sequential
two-electron reduction to yield AQM and a further two-electron reduction to yield
AQ4, catalysed by cytochrome P450 enzymes and iNOS in the absence of oxygen.
Reproduced from (Phillips, 2016). Copyright® 2016 by Springer with permission
conveyed through Copyright Clearance Centre Inc.

AQ4N is more potent in hypoxic conditions, because in normoxia, oxygen
outcompetes AQ4N in binding to the haem-centred active site of CYP
enzymes (Raleigh et al., 1998). The presence of oxygen therefore inhibits
the efficient reduction of AQ4N (Patterson and McKeown, 2000). Studies
by Nishida et al., 2010 reported that the orphan CYP enzymes, CYP2S1
and CYP2W1 are expressed in high levels in hypoxic cells and catalyse the
reduction of AQ4N to AQ4, more efficiently compared to all other P450
enzymes (Nishida et al., 2010). CYP2S1 and CYP2W1 have been found to
reduce AQ4N to AQ4 at a rate of approximately 12 mole of substrate per
mole of enzyme per minute (Nishida et al., 2010). After reduction, the
highly stable AQ4 binds DNA non-covalently, and inhibits TOPO II of
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hypoxic cells, as they re-enter the cell cycle during reoxygenation
(Patterson and McKeown, 2000). Inhibition of TOPO II prevents unwinding
of DNA during replication and repair, resulting in stalled replication forks
that can lead to cell death through the generation of cytotoxic DNA double
strand breaks (Salceda et al., 2006, McClendon and Osheroff, 2007).

AQ4N is an ideal HAP, as it can penetrate deep into tumour tissues, localise
to hypoxic regions and exert bystander effects in proximate tumour cells
(Albertella et al., 2008, Tredan et al., 2009). Furthermore, AQ4N enhances
the efficacy of radio- (McKeown et al., 1995, Patterson et al., 2000) and
chemotherapy (cyclophosphamide, mitoxantrone, and cisplatin) (Friery et
al., 2000, Patterson et al., 2000, Tredan et al., 2009), due to the targeting
of the therapy-resistant hypoxic population during reoxygenation.
Promising results from several pre-clinical studies established AQ4N as a
potent radiosensitiser (Patterson et al., 2000, McErlane et al., 2005) which
progressed AQ4N to clinical trials as an adjuvant to chemo/radiotherapy in
glioblastoma multiforme (NCT00394628), chronic lymphocytic leukemia,
small lymphocytic leukemia (NCT00109356), advanced solid tumours and
non-Hodgkin's lymphoma (NCT00090727) (Mistry et al., 2017). In a phase
I clinical trial of glioblastoma and head and neck tumours, AQ4N was found
to be selectively activated in Glut-1 positive hypoxic regions of solid
tumours (Albertella et al., 2008). Early clinical trials have shown that AQ4N
did not result in major systemic toxicities and was well tolerated in patients
at doses up to 768 mg/m? given weekly as a single agent (Benghiat et al.,
2004, Papadopoulos et al., 2008) or 447 mg/m? when given in combination
with radiation (Steward et al., 2007). In a study of 22 oesophageal
carcinoma patients, AQ4N in combination with fractionated radiotherapy
resulted in 50% reduction in tumour volume in 3 patients and stable
disease in 9. Biopsies taken from AQA4N treated patients demonstrated
higher concentration of AQ4 in tumour tissues compared to normal tissues
(tumour: normal tissue ratio >3.7) (Steward et al., 2007). Although trials
yielded promising results, AQ4N was not progressed by the pharma
company that purchased the rights and AQ4N has now gone off patent - it
is still, however, being investigated scientifically by a number of groups,

as an agent that can be rationally combined with conventional therapies to
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improve therapeutic efficacy (O'Connor et al., 2016, Feng et al., 2017).

Additional analogues have been developed as described below.
OCT1002

As shown in Figure 3.3, like AQ4N, OCT1002 is a hypoxia-activated prodrug
that is reduced into its cytotoxic counterpart OCT1001 in hypoxic
conditions (Nesbitt et al., 2017a). With OCT1002, the 12 hydrogen atoms
within the two N-oxide side chains of AQ4N are substituted with deuterium
(McKenna et al., 2018). This modification lowers the rate of OCT1001
metabolism, which results in persistence of the drug intracellularly,
increasing its effectiveness (Nesbitt et al., 2017a). Reduction is
unidirectional. A single dose (30mg/kg) of OCT1002 was found to control
tumour growth in castrate-resistant prostate cancer for 42 days and
increased efficacy of abiraterone, cabazitaxel, and docetaxel. Studies have
shown promising anti-cancer activity when combined with bicalutamide in
prostate cancer (Nesbitt et al., 2017b). The drug is currently undergoing
commercialisation by OncoTherics (Nesbitt et al., 2017a).

79 T
Nt N/\/N‘
OH O HN"~~""CD, OH O H CD3
+ Hypoxia
e — L
OH l HN\/\N;CCD;‘ OH O HN\/\N,CDS
o-
éo, &by
0CT1002 0CT1001

Figure 3.3 Reductive activation of OCT1002 to OCT1001. OCT1002
undergoes sequential 2 electron reduction catalysed by cytochrome P450 family
of enzymes. Reproduced from (Nesbitt et al., 2017a). Copyright® 2017 by
American Association for Cancer Research with permission conveyed through
Copyright Clearance Centre Inc.

KP167

KP167, used in the current project, is a newly developed AQ4N analogue,
synthesised by Dr Klaus Pors at the University of Bradford. It differs from
AQ4N through substitution of one CH3 group with a Cl group, and deletion

of the 3 CH3 groups within the two N-oxide side chains. In the absence of
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oxygen, KP167 undergoes the oxygen sensitive two-electron reduction to
yield an intermediate product that further undergoes a two-electron

reduction to yield the cytotoxic metabolite - a bicyclic electrophile as shown

in Figure 3.4.
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Figure 3.4 Reductive activation of KP167. In the absence of oxygen, KP167
undergoes sequential two electron reduction catalysed by cytochrome P450 family
enzymes, to yield the highly reactive DNA binding metabolite (Klaus Pors, personal
communication of unpublished data).

Following N-oxide reduction, KP167 interacts with cellular components
such as proteins and nucleic acids leading to cellular toxicity. The highly
reactive metabolite binds to DNA covalently, as opposed to AQ4N or
OCT1002 that binds DNA non-covalently. Covalent binding of the drug to
the DNA causes irreversible DNA damage subsequently resulting in cell
death (Alotaibi and Momen, 2019).

The active metabolite of KP167 not only functions as a DNA intercalator
and a TOPO II inhibitor, but also as a potent DNA alkylator. As an alkylating

agent, KP167 induces formation of DNA adducts as well as intra- and inter-
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strand DNA cross-links which blocks DNA replication, leading to DNA strand
breaks, chromatid breaks and chromosomal aberrations (La et al., 2010).
Preliminary studies conducted at the University of Bradford show that
KP167 enhances efficacy of oxaliplatin (38% survival v 58% survival with
oxaliplatin alone) in human colorectal cancer cells (Klaus Pors, personal
communication of unpublished data). As mentioned previously, the
parental AQ4N has been established as a potent radiosensitiser across
multiple cancer models but the effectiveness of KP167 in breast cancer,
and as a hypoxia-activated radiosensitiser has not been investigated till
date. It is this that the current study primarily sought to investigate. In
addition, although AQ4N has been evaluated in multiple cancer models
there is little information regarding its effectiveness in breast cancer
(Albertella et al., 2008), with no information on its ability to radiosensitise

breast cancer - the current chapter also sought to address this.
3.2.5 2D and 3D in vitro culture models

In the current study the effect of HAPs, AQ4N and KP167, were studied in
two-dimensional (2D) and three dimensional (3D) cell culture systems. In
vitro experiments usually use traditional 2D culture where cells in
monolayers are cultured on flat surfaces (Breslin and O'Driscoll, 2013).
Loss of tissue architecture and cell-cell contact in a 2D system, means that
growth in 2D does not replicate in vivo growth conditions (Edmondson et
al., 2014). 3D culture with multicellular tumour spheroids are an ideal in
vitro model to study the hypoxic tumour microenvironment and drug
response, as they provide physiologically relevant and more predictive
information of in vivo cellular responses compared to 2D assays (Leek et
al., 2016, Durand and Olive, 1992, Riffle and Hegde, 2017). Spheroids
(>200 pm), like tumours, contain proliferating cells in nhormoxic areas,
quiescent cells in hypoxic areas and dying cells in necrotic zones (Kim,
2005, Khaitan et al., 2006, Kapatczynska et al., 2018), compared to
monolayer cultures, which mostly contain proliferating cells (Mehta et al.,
2012). In the current chapter, the cytotoxic effects of AQ4N and KP167
were studied in 3D spheroid culture systems, as this class of agents require
hypoxia to undergo chemical reduction into their respective DNA binding

cytotoxic metabolites (Patterson and McKeown, 2000, Patterson, 2002).
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The effects of AQ4N and KP167 were also assessed in 2D normoxia to

assess response in the presence of oxygen.
3.2.6 Hypothesis and aims

Hypoxia occurs in all stages of breast cancer, from in situ carcinomas to
high grade invasive carcinomas (Hohenberger et al., 1998). Breast cancers
with adverse prognostic characteristics such as the absence of the hormone
receptors and lymph node positivity have lower pO. and higher areas of
hypoxic and anoxic tissues, which are associated with shorter time to
recurrence (Cornfield et al., 2004). The presence of tumour hypoxia also
hinders efficacy of radiotherapy in breast cancer (Cuisnier et al., 2003,
Graham and Unger, 2018).

Neoadjuvant therapy (preoperative treatment of tumours) is usually
administered to LAPC patients, but recent evidence suggest that it is as
effective as adjuvant therapy in the treatment of early stage invasive
breast cancer (Zardavas and Piccart, 2015, Rubovszky and Horvath,
2017), with some agents being assessed in a neoadjuvant setting with
radiotherapy (Poleszczuk et al., 2017, Brackstone et al., 2017). As
discussed previously, surgery followed by radiotherapy is the current norm.
But studies have demonstrated that administering neoadjuvant
radiotherapy to the bulk of tumours activates a robust antitumor immune
response which does not occur post-operatively (Formenti and Demaria,
2012, Burnette and Weichselbaum, 2013). Furthermore, Liapis et al., 2016
reported that the hypoxia-prodrug, TH-302, in combination with paclitaxel
was able to suppress breast cancer growth in the mammary gland and
bone of osteolytic breast cancer murine models, which indicate that
combining a HAP with an anti-cancer agent has the potential to target even

breast cancer metastasis (Liapis et al., 2016).

Such data suggest that combining a hypoxia-prodrug with radiotherapy in
breast cancer may result in the eradication of both hypoxic and oxic cells
in early stage invasive, LAPC and/or metastatic breast cancer which may
hold potential for tumour suppression and reduction of metastatic clones.
The novel AQ4N analogue, KP167 is a newly developed hypoxia-activated
prodrug with additional anti-cancer properties in comparison to the
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parental AQ4N (known radiosensitiser). The current study hypothesised

that KP167 would be an effective radiosensitiser across the different breast

cancer phenotypes. It was also hypothesised that radiosensitivity achieved

with KP167 would be comparable or greater than that achieved with the

parental drug AQ4N. The single agent anti-cancer and radiosensitising

effects of KP167 were assessed across 3D and 2D models of breast cancer,

with results compared to the experimental comparator, AQ4N.

Hypotheses

Aims

. Single-agent AQ4N and KP167 treatment will be more cytotoxic in

3D spheroids compared to cells grown under 2D normoxia.

. Endogenous reductase levels influence response of breast cancer

cells to AQ4N and KP167.

. Differential radiosensitivity will be observed between cells grown in

2D normoxia v 3D spheroids.

. Radiosensitivity achieved with AQ4N and KP167 will be higher in 3D

spheroids compared to 2D normoxia cultures.

. Radiosensitivity achieved with KP167 will be comparable or greater

that that induced by the parental AQ4N, in both 3D spheroid and 2D

normoxia cultures.

To assess single agent anti-cancer effect of KP167 and AQ4N in
luminal and triple negative breast cancer cells in 3D spheroids and
2D normoxia culture conditions.

To examine protein expression levels of reductases to gain an initial
mechanistic insight into activation and differential drug sensitivities.
To assess radioresponse in breast cancer cells grown in 3D spheroid
and 2D normoxia.

To investigate KP167 as a radiosensitiser in breast cancer cells (3D
spheroids and 2D normoxia), comparing results against the parent
drug, AQ4N.
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3.3 Materials and Methods
3.3.1 Cell lines and culture conditions

The luminal breast cancer cell lines, MCF-7 and T47D, TNBC cell lines,
MDAMB-231 MDAMB-468 and BRCA-1 deficient MDAMB-436, and the
normal mammary epithelial cell line, MCF-10A were used in the current
chapter to assess response to HAP treatment. General growth conditions
and media formulations for MCF-7, T47D, MDAMB-231, MDAMB-468 and
MDAMB-436 cells have been described in chapter 2 (Appendix A-Table Al
and Table A2). The normal mammary epithelial cell line, MCF-10A, was
included to assess potential therapeutic differences between cancer and
'normal’ cells. Experiments with MCF-10A were carried out by an Erasmus
placement student, Martina Quartieri under my supervision. The molecular
characteristics and cell culture media formulation for MCF-10A cells is
shown in Appendix B-Table B1 and Table B2 respectively. Due to lack of
KP167 supply from collaborator, who experienced problems during
synthesis, experiments in MCF-10A were only conducted for the
comparator drug AQ4N, and therefore all results for this cell line is

presented in Appendix B.
3.3.2 Drugs and drug preparation

The novel drug, KP167 was synthesised and supplied by Dr Klaus Pors
based at the Institute of Cancer Therapeutics, University of Bradford, UK.
AQ4N (Sigma) was used as a drug comparator against its analogue, KP167.
AQ4N and KP167 were reconstituted in distilled water to a stock
concentration of 10 mM. All stock solutions were aliquoted and stored at -
20°C for a maximum of 3 months, and repeated freeze thaw cycles were
avoided. Stock concentrations were added to complete media to achieve
the desired concentrations for use in experiments. A new batch of drugs
received was always tested for similar response between new and old to

ensure consistency and to minimise batch-batch variability.
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3.3.3 3D spheroid formation, optimisation and culture

Spheroids >200 pm have regions of hypoxia and therefore this model
served as an ideal platform to study the effects of hypoxia-activated
prodrugs (Hirschhaeuser et al., 2010). To culture spheroids, sub-confluent
breast cancer cells were trypsinized, counted using haemocytometer and
seeded in 96-well ultra-low attachment round-bottomed plates (Corning),
at different seeding densities (5000, 10,000 and 20,000 cells/well) in 100
Ml of culture media. To assist spheroid formation in MDAMB-231 and
MDAMB-468 cells, culture media was supplemented with matrigel (BD) at
a concentration of 5 pl/well. The plates were centrifuged at 2000 r.p.m for
10 minutes to aggregate cells into a single spheroid structure and
incubated at 37°C, 5% CO,. The following day, 100 pul of fresh culture
media was added, and spent media was replaced every 48 hours. Spheroid
growth was monitored over a period of 8 days and images of the 6 replicate
spheroids for each cell seeding density was captured using an inverted
phase contrast microscope (Leica) with a 10x objective. The
haemocytometer was used as a reference to determine the scale of images.
Spheroid area (S) was calculated using Image] software. The measured
area (S) of the 2D projection of spheroids was used to calculate the
diameter (D = 2VS/n) (Mclntyre et al., 2012, Voissiere et al., 2017). Data
presented graphically represent the average diameter calculated from

measurements of 6 spheroids in one experiment.
3.3.4 Plating efficiencies - 2D v 3D

In order to compare PEs of breast cancer cells grown in 2D v 3D cultures,
spheroids from the above experiments were pooled on day 7 and
centrifuged at 1000 r.p.m for 5 minutes. The supernatant was discarded
and spheroids were washed twice with PBS, followed by incubation with
500 pl trypsin-EDTA for 5 min at 37°C. Spheroids were dissociated with
the help of a pipette into single-cell suspensions. Following dissociation into
single cells, complete media was added to inactivate tryspin-EDTA. Cells
were counted using a haemocytometer and serially diluted with complete
medium to appropriate concentrations and plated into T-25cm? tissue

culture flasks for conventional 2D clonogenic assay as described in section
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2.3.6. At the same time, parallel experiments were also carried out with
2D grown cells (section 2.3.6) to compare PE between 2D and 3D culture
conditions. PE was calculated as described in section 2.3.6. Data represent
the mean = SD of three independent experiments, with each experiment

containing six parallel sets.
3.3.5 Drug penetration experiments

Before conducting drug exposure experiments in spheroid models, it was
important to ensure that drugs could penetrate across all layers of the
spheroid structure. Therefore, to assess drug penetration, MCF-7 and
MDAMB-231 spheroids on day 3 (>500 uym) were treated with 5 pM of
AQ4N and KP167 for 8, 24 and 48 hours. AQ4N and KP167 are fluorescent
drugs due to the presence of the anthraquinone chromophore which can
be detected both in vitro and in vivo (Feng et al., 2017, Williams et al.,
2009). For all breast spheroids, drug penetration was also assessed by
treatment with 10 pM doxorubicin (representative fluorescent drug
comparator) for 24 hours. Breast cancer spheroids treated with DMSO were
used as a negative control. Following treatment with AQ4N/KP167/DOX,
spheroids were washed twice with PBS and fixed in 4% PFA for 10 minutes.
Following which, spheroids were washed twice, and fixation was stopped
by adding 100 mM glycine for 10 minutes. Following wash, spheroids were
resuspended in ice-cold methanol and pipetted onto slides, allowed to air
dry and mounted in ProLongTM antifade mounting medium (Invitrogen).
Images to investigate drug penetration at 10x magnification was obtained
by performing Z stack by laser scanning confocal microscopy (Leica TCS
SPE), which records images at different focal planes, allowing visualization
of the entire sample. AQ4N and KP167 was visualised between 650-800
nm (A excitation-647 nm) (Patterson and McKeown, 2000) and doxorubicin
was visualised at 550nm (A excitation-468 nm). A total of 15 images were
generated across the whole spheroid at step size of 15 um, across
difference focal planes, examining the top, middle and bottom for
fluorescence intensity. Negative controls with DMSO did not give any
detectable signals. Data represent two independent experiments, with

each containing 30 spheroids.
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3.3.6 Clonogenic survival assays - 3D

The single-agent anti-cancer effect of AQ4N and KP167 was assessed by
clonogenic assays using breast cancer spheroids. 6 replicate spheroids per
treatment were produced and allowed to grow before being treated on day
3 with various concentrations of AQ4N (0.1-50) uM or KP167 (0.01-45) uM
for 96 hours. Based on initial optimization experiments (given in Appendix
B-Figure B3) and those reported in the literature (McKeown et al., 1996),
a treatment time of 96 hours was chosen for all experiments. Drug-media
was refreshed at the 48 hour time-point. Following drug treatment,
spheroids from the same treatment were collected and disaggregated by
tryspin/EDTA into single cell suspensions as described in section 3.3.4.
Following dissociation, culture media was added to neutralise trypsin-
EDTA. Cells were counted using a haemocytometer and plated into T-
25cm? tissue culture flasks for conventional 2D clonogenic assay (section
2.3.6). Cells were incubated for 14 (MCF-7, MDAMB-231, MDAMB-468 and
MCF-10A) or 21 days (T47D and MDAMB-436) at 37°C, 5% CO> to allow
colony formation. PE and SF were calculated as described in section 2.3.6.
The dose response curves were constructed by plotting SFs versus drug
concentration (MM) on y- and x-axis respectively and the ICso dose was
calculated using GraphPad Prism 7 software. Data represent the mean SF
+ SD of three independent experiments, with each experiment containing

six parallel sets.
3.3.7 Proliferation and clonogenic survival assays - 2D

Previous studies report that cells exhibit minimal or no toxicity to AQ4N in
the presence of oxygen (Patterson and McKeown, 2000, McKeown et al.,
2007). Therefore in order to assess the single-agent effect of AQ4N or
KP167 on breast cancer cells grown in 2D normoxia, proliferation and

clonogenic assays were conducted.
3.3.7.1 Proliferation assay in 2D normoxia

To assess the anti-proliferative effect of AQ4N and KP167 on breast cancer
cells, 1x10° cells/well were seeded in triplicate in 6-well culture plates and

incubated at 37°C, 5% CO; to allow cell adherence. The following day, cells
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were treated with various concentrations of AQ4N or KP167 (5, 15, 25, 35,
45) uM for 24, 48 and 72 hours. Following drug treatment, cells in each
well were harvested and counted using a haemocytometer. Cells were also
collected and seeded into fresh flasks for determination of clonogenic
survival (section 3.3.7.2). Cell counts obtained after treatment were
normalised as percentage of untreated control cells at each time-point. The
dose-response curves were constructed by plotting average percentage of
cells versus drug concentration (UM) on y- and x-axis respectively. The
ICso doses were calculated using GraphPad Prism 7 software. Data
presented graphically represent the average percentage of cells + standard

deviation (SD) of three independent experiments.
3.3.7.2 Clonogenic survival assay in 2D normoxia

The effect of AQ4N and KP167 on survival of breast cancer cells were
assessed by clonogenic survival assay. 1x10° cells treated with various
concentrations of AQ4N or KP167 (5, 15, 25, 35, 45) uM for 24, 48 and 72
hours were collected from proliferation assay as described in section
3.3.7.1. Cells were counted using a haemocytometer, serially diluted with
complete media and plated into fresh T-25cm? tissue culture flasks for
assessment of clonogenic survival as described in section 2.3.6. The SF
was calculated as described in section 2.3.6 and the ICsqo doses were
calculated using GraphPad Prism 7 software. Data represent the mean SF
+ SD of three independent experiments, with each experiment containing

six parallel sets.
3.3.8 Cell lysis and protein extraction

The expression of endogenous reductases (cytochrome P450, CYP2S1,
CYP2W1, NQO1 and NQO2) involved in bioreducing HAPs were assessed
by Western blotting of breast cancer cell lysates obtained from normoxic
(21% 03) and hypoxic (1% O2) cultured cells. Sub-confluent cells, grown
in 2D normoxia and 2D hypoxia (Cells were made hypoxic at 1% O, for 48
hours; methodology described in detail in chapter 4 section 4.3.3) were
harvested and pelleted by centrifugation at 1000 r.p.m for 5 minutes.

Following wash with PBS, 5x10°-107 cells were resuspended in 1 ml of RIPA
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Buffer (Sigma), supplemented with 1 X phosphatase inhibitor cocktail,
protease inhibitor cocktail and EDTA (ThermoFisher Scientific).
Microcentrifuge tubes containing cell lysates were incubated on ice for 15
minutes and centrifuged at 13000 r.p.m for 15 minutes at 4°C. The
supernatant (total protein) was collected and transferred to a fresh tube
and stored at -20°C for short-term or -80°C for long-term storage. Thawed
lysates were kept on ice before use and repeated freeze-thaw cycles were
avoided.

3.3.9 Western blotting

13 pl of cell lysate (section 3.3.8) was mixed with 5pl of Bolt™ LDS Sample
Buffer (ThermoFisher), and 2upl Bolt™ Sample Reducing Agent
(ThermoFisher). The lysate was boiled at 100°C for 5 minutes on a heat
block and centrifuged at 10000 x g for 2 minutes and placed on ice until

loading. Buffers were prepared as described in Table 3.1.

Table 3.1 Buffers for Western blot.

Buffer Preparation

Running 50ml Bolt™ MES Running Buffer (20X) to 950ml distilled

Transfer 25ml Bolt™ Transfer Buffer (20X), 50ml methanol to a
total volume of 500ml distilled H,0.

Blocking 2.5g milk powder (Marvel Original dried skimmed milk
powder) dissolved in 50ml 0.1% PBS/Tween.

Abbreviations: SDS, sodium dodecyl sulfate; PBS, phosphate buffered saline.

A precast polyacrylamide Bolt™ 4-12% Bis-Tris Plus gel was used. The gel
was loaded into Bolt™ mini gel tank (ThermoFisher), filled with 1X Bolt™
MES SDS Running Buffer (20X) according to the manufacturer’s
instructions. 20 pl of prepared sample was loaded per well along with 3uL
of a standard pre-stained molecular weight protein marker (MagicMark™
XP, Novex life Technology) and 5ul of See Blue™ Plus2 Pre-Stained
Standard (GE Healthcare). SDS-PAGE was run at 200V for 25 minutes.
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Following separation by SDS-PAGE, the separated proteins were
electroblotted onto a nitrocellulose membrane (Whatman GE Healthcare)
using Bolt™ transfer buffer at 10V for 90 minutes. Membranes were
blocked for one hour in 0.05% PBS/Tween containing 5% non-fat milk and
probed with a primary antibody at 4°C overnight. Membranes probed with
the primary antibody for B-actin, were used as a loading control. The

antibodies used in this study, are listed in Table 3.2.

Table 3.2 List of antibodies used in Western blot.

Molecular
Host Catalogue
Antibodies species Dilution \:J:ll,ggt Number Source
Anti-P450 Rabbit 1:2000 V7 ab180597 Abcam
Anti-CYP2S51 Rabbit 12500 55 ab69650 Abcam
Anti-CYP2W1 Rabbit 1:50 54 ab76666 Abcam
Anti-NQO1  Mouse  1:500 29 3187 cel
' signalling
Anti-NQO2 Rabbit 1:250 26 ab137612 Abcam
Anti-B-actin Mouse 1:1000 42 ab8226 Abcam
Anti-B-actin Rabbit 1:2000 42 ab8227 Abcam
Donkey anti- ] ) L Li-COR
e s Donkey  1:10000 926-68072 IRDye
Donkey anti- ; _ i Li-COR
ey Donkey 1:10000 926-32213 IRDye

After incubation, membranes were washed for 3 x 5 minutes in 0.1%
PBS/Tween. Membranes were probed with appropriate secondary
antibodies and incubated for 1 hour at room temperature. After incubation,
membranes were washed for 3 x 5 minutes in 0.1% PBS/Tween. Following
which, blots were scanned using an Odyssey® FC Imager (LI-COR
Biosciences). The bands were quantified using Image Studio Version 4.1
(LI-COR Biosciences) and normalised against the signals of B-actin, which
was used as an internal loading control. Data presented graphically
represent the mean of normalised protein expression to B-actin £ SD of
three independent experiments, with separate cell lysates from different

passage numbers of cells.
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3.3.10 Cell irradiation - 2D v 3D

Initially, the intrinsic radiosensitivity of breast cancer cells when grown as
3D spheroids v 2D normoxia cultures were assessed in order to investigate
the difference in radiosensitivity between the two culture conditions. To
assess radioresponse in 3D cultures, spheroids were irradiated at a single
dose of 2, 4, 6, or 8 Gy. Cells with sham irradiation were set as 0 Gy.
Immediately following irradiation, cells were disaggregated from their
spheroid structure (section 3.3.4) and plated for assessment of
clonogenicity using the conventional clonogenic survival assay as described
in section 2.3.6. Parallel experiments were also carried out with 2D
normoxic cells (section 2.3.7) to compare the intrinsic radiosensitivity
between 2D and 3D cultures. SF of radiotherapy experiments were
calculated as described in section 2.3.8. Data represent the mean SF + SD
of three independent experiments, with each experiment containing six

parallel sets.
3.3.11 Drug-radiation combinations - 3D and 2D
3.3.11.1 Drug-radiation combinations in 3D spheroids

To assess the effects of AQ4N and KP167 on radiosensitivity of cells in 3D,
spheroids (>500 um) were treated on day 3 with the clonogenic ICso of
AQ4N or KP167 for 96 hours. Drug-media was refreshed at 48 hours.
Following treatment, spheroids were irradiated with a single dose of 2, 4,
6, or 8 Gy (cells with sham irradiation were set as 0 Gy). Following
irradiation, cells were disaggregated and seeded for clonogenic survival.
Data was processed as described in section 2.3.8. Data represent the mean
SF = SD of three independent experiments, with each experiment

containing six parallel sets.
3.3.11.2 Drug-radiation combinations in 2D cultures

In order to assess if the 3D ICso doses of AQ4N and KP167 were able to
radiosensitise breast cancer cells in 2D normoxia, 3x10° cells/m| were
seeded in T-25cm? tissue culture flasks and allowed to attach for 24 hours.

The following day, cells were treated with the 3D clonogenic ICso of AQ4N
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and KP167 for 96 hours. Drug-media was refreshed at 48 hour time-point.
Cells were irradiated at single doses of 2, 4, 6 or 8 Gy. After irradiation,
cells were plated for clonogenic survival and data processed as described
previously (section 2.3.8). Data represent the mean SF = SD of three
independent experiments, with each experiment containing six parallel

sets.
3.3.12 Statistical analysis

Statistical analyses were conducted using GraphPad Prism 7 software. Data
were represented as mean = SD of three independent experiments with
each performed in triplicate. For comparing two variables, the Student’s t-
test was used. P values < 0.05 were considered as having reached
statistical significance. Errors from individual experiments were calculated

as described in section 2.3.10.
3.4 Results
3.4.1 3D spheroid culture

3.4.1.1 Spheroid growth assay

To culture spheroids, breast cancer cells were seeded at various densities
and aggregated by centrifugation to form cells into a single 3D spheroid
structure. Initially all cell lines were grown as spheroids without any
additional supplements. MCF-7, T47D and MDAMB-436 cells formed
spheroids, whereas MDAMB-231 and, particularly, MDAMB-468 cells were
unable to form spheroid structures. Matrigel was added to the media of
these two cell lines to aid spheroid formation with Figure 3.5 showing the
representative growth patterns (no matrigel for MCF-7, T47D and MDAMB-
436 cells; matrigel supplementation for MDAMB-231 and MDAMB-468
cells). The average spheroid diameter in the three groups over an 8-day

culture is shown in Figure 3.6.
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Figure 3.5 Morphology of MCF-7, T47D, MDAMB-231, MDAMB-468 and
MDAMB-436 spheroids. Representative phase contrast micrographs of breast
cancer spheroids from Day 1 to 8 with seeding density of 5000, 10,000 and 20,000
cells/well in 96-well ultra-low attachment plates (10x magnification). Images
represent spheroids from one experiment.
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Figure 3.6 Breast cancer

spheroid diameters over an 8-
day culture. Each point represents
the average diameter calculated
from measurements of 6 spheroids
of one experiment.

Even with matrigel supplementation, the spheroids formed by MDAMB-231
and MDAMB-468 cells were loosely aggregated compared to tight and
in MCF-7, T47D and MDAMB-436 cells.
Compared to the triple negative cells, growth in luminal breast cancer

spheroids remained constant and showed only marginal increase in

As seen in Figure 3.6, the average spheroid diameters on day 3, with a cell
seeding density of 10,000 cells/well was 692 pym in MCF-7, 586 pm in
T47D, 671 pm in MDAMB-231, 1979 um in MDAMB-468 and 985 um in
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MDAMB-436 cells. On day 8 (10,000 cells/well), MFC-7 and T47D cells did
not demonstrate any change in size with average diameters of 663 and
600 um respectively. Exponential increases of spheroid size was observed
in the triple negative lines with average spheroid diameters of 851 um in
MDAMB-231, 2494 um in MDAMB-468 and 985 pm in MDAMB-436 cells.

These results perhaps suggest that luminal cell lines are more sensitive to
growth in a 3D environment compared to the TNBC cell lines. However,
results must be interpreted with caution as the cell humber per spheroid
was not assessed, and it is possible that the cell nhumber may have
increased without any change in spheroid diameter. As all spheroids
formed diameters of >500 pm on day 3, a cell seeding density of
10,000/well was chosen for all subsequent experiments. Spheroids were
allowed to grow and form compact structures for 48 hours before initiating

drug treatments on day 3 of spheroid formation.

The normal mammary epithelial cell line, MCF-10A formed small and
compact spheroids (day 3 - 412 pm), with a slight decrease in spheroid
size noted over a period of 8 days (395 pm). Similar to luminal cells, the
MCF-10A cells appeared to be sensitive to growth in a 3D environment.
MCF-10A spheroid growth data is shown in Appendix B-Figure B1.

3.4.1.2 Plating efficiency of spheroids

The PEs of breast cancer cells grown in 2D normoxia were assessed in
chapter 2 and corroborated to previously published data in the literature.
To identify if growth in a 3D environment affected the PE of breast cancer
cells, a total of 6 spheroids on day 7 were collected from the above
experiment, then disaggregated by trypsinization and plated to allow
colony formation. Parallel experiments were also carried out on cells grown
in 2D normoxia to compare PE obtained between the two culture methods.
The PEs obtained for 2D and 3D cultures are plotted against the respective

cell lines and presented in Figure 3.7.
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Figure 3.7 Plating efficiencies of cells grown in 2D normoxia v 3D spheroid
culture. Data represent the mean £ SD of three independent experiments, with
each experiment containing six parallel data sets. ***P<0.001 2D v 3D (student’s

t-test).

Significant reductions in the PE of MCF-7 (P=0.0004) and MDAMB-436
(P<0.0001) cells were observed in 3D as opposed to 2D cultures. There
was no significant difference in the PE of T47D (P=0.55), MDAMB-231
(P=0.26) or MDAMB-468 (P=0.88) cells. In 2D v 3D, MCF-7 had PE’s of
47+5.83 and 32+4.02; T47D with 19+£2.12% and 18+3.01; MDAMB-231
with 57+3.86% and 61+8.53%; MDAMB-468 with 45%=+5.74% and
45+6.80%; MDAMB-436 with 25%+*5.74% and 9+£1.48% and MCF-10A
cells with 23+0.28% and 34+2.30% respectively.

3.4.1.3 Drug penetration experiments in 3D spheroids

To assess if drugs pentrated equally and fully throughout spheroids, a total
of 30 representative MCF-7 and MDAMB-231 spheroids were treated with
5 uM of AQ4N or KP167. The distribution of the HAPs were qualitatively
visualized for fluorescence using a laser scanning confocal microscope.
Figure 3.8 show drug penetration in MCF-7 and MDAMB-231 spheroids at
8, 24 and 48 hours.
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Figure 3.8 Visualisation of AQ4N and KP167 penetration in MCF-7 and

MDAMB-231 spheroids. Representative images of spheroid cross-sections
obtained using confocal microscope (10x magnification, step size 15 pm) are
shown above. Experiments were repeated twice, with each containing 30
spheroids. Scale bar represents 200 um.

A total of 15 images/treatment were taken across each whole spheroid at
step sizes of 15 pm, across different focal planes, examining the top,
middle and bottom for fluorescence intensity. As shown in Figure 3.8,
fluorescent Z-stack imaging of spheroid cross-sections show that AQ4N
and KP167 were able to penetrate across all layers of spheroid structure at
8, 24, and 48 hours, regardless of size or matrigel inclusion. Even at the
shortest treatment time of 8 hours, AQ4N and KP167 penetrated across all
layers of the spheroid structure in both the tightly formed MCF-7 and
loosely aggregated MDAMB-231 spheroids.

Such data suggest that drug penetration should not, therefore, be a factor
that might affect efficacy of AQ4N and KP167, and that any observed

effects were not due to differences in drug penetration across different
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spheroid cultures. All breast cancer spheroids were also treated with the
representative fluorescent drug doxorubicin to assess drug penetration,

images of which are given in Appendix B-Figure B2.
3.4.2 Cytotoxicity of AQ4N and KP167 - 3D

The potency of both AQ4N and KP167 were initially tested in a 3D spheroid
culture system, as spheroids (>500 um) contain regions of hypoxia (Leek
et al., 2016, Riffle and Hegde, 2017), which would ensure that the HAPs
were efficiently bioreduced by the cytochrome P450 family of enzymes into
their respective cytotoxic metabolites (Raleigh et al., 1998, Nishida et al.,
2010). Treatment times of 96 hours were chosen based on optimisation
experiments (Appendix B-Figure B3) conducted in HT-29 spheroids.
Clonogenic assays in these cells demonstrated that treatment time of 48
hours resulted in only ~10-20% reduction in survival, with SF of 94%
(AQ4N) and 81% (KP167). However, when treatment time was increased
to 96 hours, a greater reduction in cell survival was obtained with SF of
54% (AQ4N) and 46% (KP167). These findings were further supported by
previous studies which report that administering AQ4N for 4 days prior to
irradiation maximises its efficacy (McKeown et al., 1995). Therefore, based
on data obtained with HT-29 cells and those reported in literature, all
breast cancer spheroids were treated with AQ4N and KP167 for 96 hours

in all subsequent experiments.

Figure 3.9 shows the surviving fraction of cells obtained against the
corresponding concentrations of AQ4N (0.1-50) uM and KP167 (0.1-45)
MM. The x-axis (drug concentration) varies between cell lines due to the
differential response of cells to drug treatment, with sensitive cell lines
requiring lower doses to achieve ICso concentrations. AQ4N and KP167
treatment was cytotoxic in all breast cancer spheroids and resulted in a

dose dependent reduction in clonogenic survival.
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Figure 3.9 AQ4N and KP167
spheroid clonogenic survival. PEs
were: MCF-7 - 38 £ 5.67%; T47D - 29
+ 2.17%; MDAMB-231 - 62 * 2.92%;
MDAMB-468 - 41 + 1.17% and MDAMB-
436 cells - 9+ 1.48%. Data represent the
mean = SD of three independent
experiments, with each experiment
containing six parallel data sets which
are analysed using the Student’s t-
test. *P<0.05, **P<0.01 for AQ4N v
KP167.

Table 3.3 shows the ICso values of AQ4N (0.2-22.8) uM and KP167 (0.14-
12.8) uM. Compared to AQ4N, clonogenic survival was significantly
reduced with 5 yM KP167 treatment in MCF-7 (P=0.004), T47D (P=0.007)
and with 45 uM in MDAMB-231 (P=0.033) cells.
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Table 3.3 Clonogenic ICso values of AQ4N and KP167 in breast

cancer spheroids.

Cell line AQ4N (uM) KP167 (uM)
MCF-7 8.5+2.9 6.1+0.4
T47D 4.4+0.5 1.9+0.6

MDAMB-231 21.1+4.9 12.841.3

MDAMB-468 22.8+1.1 0.2+0.01

MDAMB-436 0.2+0.01 0.14+0.01
MCF-10A 8.8+2.6 -

The ICso values were calculated using Graphpad prism software. Abbreviations:
MM - micromolar; - not available.

As can be seen, KP167 ICso values were ~1-2 fold lower than the parental
drug AQ4N in all cell lines, with the MDAMB-468 cells showing a 100-fold
greater potency of KP167 than AQ4N. This increase in the single-agent
cytotoxic effect of KP167 may be due to its ability to bind DNA covalently
and kill both proliferating and quiescent tumour cells by DNA alkylation and
TOPO II inhibition, as opposed to AQ4N which functions only as a TOPO II
inhibitor in proliferating cells (Patterson and McKeown, 2000). The normal-
like MCF-10A cells were included in the current study to assess for potential
difference in the response of cancer v normal cells to HAP treatment.
Similar response to the luminal MCF-7 cells were observed in MCF-10A cells
which also demonstrated a dose dependent reduction in clonogenic survival
with AQ4N ICso of 8.8+2.6 uM. The cytotoxicity observed in the normal cell
line, may be because of the presence of hypoxia in spheroid cultures, which
may not be seen in vivo, as hypoxia is a characteristic only of solid tumours
(Semenza, 2010). Data for MCF-10A is only available for AQ4N and
therefore graph is presented in Appendix B-Figure B4.

Data suggest that both AQ4N and KP167 may undergo hypoxia-selective
activation which results in its ability to exert cytotoxic effect in breast
cancer spheroids - to determine the validity of this, and the importance of
hypoxic activation, cytotoxicity was also assessed in 2D normoxic
conditions (next section). The current data show that KP167 was more

effective than the parental compound, AQ4N.
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3.4.3 Cytotoxicity of AQ4N and KP167 on proliferation - 2D
3.4.3.1 Assessment of AQ4N on cell proliferation

The effect of AQ4N on proliferation of breast cancer cells in 2D normoxia
was assessed by treating cells with varying concentrations (5-45) uM of
AQA4N for a period of 24, 48 or 72 hours. The anti-proliferative effect was
assessed by plotting average percentage of cells (y-axis) versus drug
concentration (x-axis) as shown in Figure 3.10. Untreated cells were used

as controls in the current study.
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The range of concentrations used were higher than those tested in spheroid
cultures as it was considered that the presence of oxygen might lower the
potency of the HAPs (Nishida et al., 2010, Manley and Waxman, 2013). As
shown in Figure 3.10, treatment with the highest concentration of AQ4N
(45 uM) decreased cell proliferation by 30-40% in MCF-7, 60-80% in T47D,
20-30% in MDAMB-231, 30-50% in MDAMB-468 and 85-90% in MDAMB-
436 cells. The ICso doses for proliferation were not achieved in the
concentrations tested for MCF-7, MDAMB-231 and MDAMB-468 cells.
Compared to 24 hours, cell proliferation was significantly reduced with
AQ4N treatment at 48 and 72 hours in T47D (P=0.0003 and P=0.0002)
and MDAMB-436 (P=0.014 and P=0.0003) cells respectively. T47D cells
showed ICsp values of 34.6+10.1 yM (P=0.001) (24 hours), 13.2+5.9 yM
(P<0.0001) (48 hours), and <5 pM (P=0.0001) (72 hours), and MDAMB-
436 cells with ICso values of 10.5+7.6 uM (P=0.001) (24 hours), 5.0£1.5
MM (P=0.0001) (48 hours) and <5 uM (P=0.002) (72 hours).

The above data indicate that at high concentrations, breast cancer cells
treated with AQ4N demonstrate a dose dependent reduction in cellular
proliferation, with varying levels of sensitivity observed between the
different phenotypes of breast cancer. The luminal cell line, T47D and
BRCA-1 deficient MDAMB-436 cells were more sensitive to treatment with
AQ4N. AQ4N treatment was also cytotoxic to the normal MCF-10A cells
which showed reduced proliferation with ICso values of 34.1+6.5 puM
(P<0.0001) (24 hours), 15.8+5.8 uM (P=0.0002) (48 hours), and 9.4+4.6
MM (P=0.0002) (72 hours). Dose response data for MCF-10A is given in
Appendix B-Figure B5.

3.4.3.2 Assessment of KP167 on cell proliferation

The effect of the novel agent, KP167 on cell proliferation was assessed by
treatment with varying concentrations (5-45) uM of KP167 for 24, 48 or
72 hours. Cell counts obtained after treatment with KP167 were plotted as

a percentage of control for each time point and is presented in Figure 3.11.
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Figure 3.11 Effect of KP167 on
proliferation of breast cancer cells
in 2D normoxia. Cell counts were
plotted as a percentage of control for each
time point. Data represent the mean + SD
of three independent experiments, with
each experiment performed in triplicate,
which are analysed using Student'’s t-test.
*P<0.05 for 24 hours v 48 and 72 hours.

KP167 treatment reduced proliferation by 25-40% in MCF-7 and 70-90%
in T47D cells compared to 15-20% in MDAMB-231, 30-45% in MDAMB-468
and 60-80% in MDAMB-436 cells at 45 uM. The ICso doses for proliferation
were not achieved in the concentrations tested for MCF-7, MDAMB-231 and
MDAMB-468 cells. T47D cells showed ICso values of 21.2+7.7 uM
(P=0.001) (24 hours), 11.4+8.8 uM (P=0.001) (48 hours), and 9.7+0.9
MM (P=0.0002) (72 hours) and MDAMB-436 cells showed ICso values of
30£6.6 uM (P=0.0002) (24 hours), 21.9+2.5 uM (P<0.0001) (48 hours)
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and 10+£2.9 pM (P=0.0002) (72 hours). Significant reductions in
proliferation were observed in T47D (P<0.05) and MDAMB-436 cells
(P<0.05) at 72 hours compared to 24 hour treatment.

The above results suggest that, as with AQ4N, KP167 treatment results in
decreased proliferation of breast cancer cells even in the presence of
oxygen, albeit at high drug concentrations. The luminal T47D cells and the
BRCA-1 deficient MDAMB-436 cells were the most sensitive, MCF-7 and
MDAMB-468 cells were moderately sensitive and MDAMB-231 cells were
the most resistant to treatment with KP167 in 2D normoxic cultures.
Tabulated ICso doses for both AQ4N and KP167 are presented below in
Table 3.4.

Table 3.4 Proliferation ICso values of AQ4N and KP167 in 2D

normoxia.
AQ4N (pM) KP167 (uM)
Cell line
24h 48h 72h 24h 48h 72h
MCF-7 >45 >45 >45 >45 >45 >45

T47D 34.6+10.1 13.2+5.9 <5 21.2+7.7 11.4+8.8 9.7+0.9

MDAMB-231 >45 >45 >45 >45 >45 >45
MDAMB-468 >45 >45 >45 >45 >45 >45
MDAMB-436 10.5+7.6 5.0£1.5 <5 30+6.6 21.9+2.5 10+2.9

MCF-10A  34.1+6.5 15.8%+5.8 9.4+4.6 = = =

The ICsp values were calculated using Graphpad prism software. Abbreviations:
MM - micromolar; - not available.

As shown in the above table, breast cancer cell lines demonstrated similar
response to both AQ4N and KP167 in 2D normoxia cultures. The ICso doses
for proliferation were not achieved in MCF-7, MDAMB-231 or MDAMB-468
cells, within the concentrations (5-45 uM) tested. Both AQ4N and KP167
were found to reduce proliferation in the luminal T47D and BRCA-1
deficient MDAMB-436 cells. AQ4N reduced proliferation in the MCF-10A cell

lines which demonstrated similar response to T47D cells. Greatest
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reduction in proliferation was observed in the luminal T47D, BRCA-1
deficient MDAMB-436 and the normal MCF-10A cells.

3.4.4 Cytotoxicity of AQ4N and KP167 on survival - 2D
3.4.4.1 Assessment of AQ4N on clonogenic survival

AQ4N (5-45) uM treated cells from the above described proliferation assay
were seeded for clonogenic assays in order to assess the effects of AQ4N
on long-term cell survival. The SFs obtained after treatment were plotted

against the dose and is presented in Figure 3.12.

Similar trends to that observed with the AQ4N proliferation assay were
noticed in clonogenic survival, although the concentrations required to
achieve 50% cell killing were lower in clonogenic assays. Treatment with
45 uM AQ4N reduced clonogenic survival by 60% in MCF-7 and 90% in
T47D cells compared to 30% in MDAMB-231 and 45-55% in MDAMB-468
cells. AQ4N treatment was highly toxic in the MDAMB-436 cells which
demonstrated total cell kill, even at the lowest doses used. For all drug-
radiation combination experiments (3D and 2D), cells were treated only
with the 3D clonogenic ICso values and therefore lower doses of AQ4N were
not tested in 2D.

The ICso concentrations in MCF-7 cells were 43.6+18.7 uM (P=0.004) (24
hours), 34.4+7.4 uM (P=0.002) (48 hours), and 31.2+7.2 uyM (P=0.044)
(72 hours) and in T47D cells were <5 uM (P<0.05) (24 hours), <5 uM
(P<0.05) (48 hours) and 7.2+1.5 yM (P<0.05) (72 hours). The ICso doses
were not achieved for MDAMB-231 (>45 uM) and MDAMB-436 (<5 uM)
cells within the concentrations of AQ4N tested. In MDAMB-468, the ICsg
values were >45 uM (24 hours), 39.4+£9.6 uM (P=0.001) (48 hours) and
31.5£0.9 pM (P<0.0001) (72 hours). Significant reduction in proliferation
was noted in MDAMB-436 cells at 48 (P=0.002) and 72 (P=0.0003) hours

compared to 24 hours.

In clonogenic survival, AQ4N treatment was very cytotoxic in the normal
MCF-10A cells which demonstrated ICso values (Appendix B-Figure B5) of
10.2+3.5 pM (P<0.0001) (24 hours), 5.4+0.6 uM (P<0.0001) (48 hours),
and <5 pM (P<0.0001) (72 hours). Tabulated clonogenic ICso doses for
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AQA4N at different time points is presented in Table 3.5. Above data indicate

that higher concentrations of AQ4N can decrease survival in breast cancer

cells even in normoxic conditions.
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3.4.4.2 Assessment of KP167 on clonogenic survival

Breast cancer cells were treated with various concentrations (5-45) uM of

KP167 for 24, 48 or 72 hours and effect on cell survival was assessed by

clonogenic survival assays. As seen in Figure 3.13, KP167 treatment

reduced survival and resulted in a differential response between the

different subtypes, with luminal cells demonstrating increase in sensitivity

compared to the triple negative cell lines.
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Treatment with 45 pyM KP167 reduced survival by 70-80% in MCF-7 and
70-95% in T47D cells, compared to 20-25% in MDAMB-231, 55-70% in
MDAMB-468 and 100% in MDAMB-436 cells. The ICso concentrations (Table
3.5) were 26.2%+10.0 uM (P=0.004) (24 hours), 22.7+12.9 uM (P=0.010)
(48 hours), and 22.0+14.2 pM (P=0.015) (72 hours) in MCF-7 and
19.4+6.9 uM (P=0.005) (24 hours), 6.5+£2.2 uM (P<0.0001) (48 hours)
and 6.9x2.4 uM (P=0.0008) (72 hours) in T47D cells. The ICso doses in
MDAMB-231 and MDAMB-436 cells were >45 and <5 uM respectively. In
MDAMB-468 cells, ICso values were 32.6+4.2 uM (P<0.0001) (24 hours),
16.3+£2.2 uM (P<0.0001) (48 hours), and 18.6+1.8 pM (P<0.0001) (72
hours). Significant reduction in survival was observed at 48 and 72 hours
compared to treatment time of 24 hours in T47D (P=0.031 and P=0.0002),
MDAMB-468 (P=0.007 and P=0.012) and MDAMB-436 (P=0.001 and
P=0.001) cells. Above mentioned data indicate that the luminal cell lines,
MCF-7 and T47D along with the BRCA-1 deficient MDAMB-436 cells were
more sensitive to treatment with KP167 as demonstrated by reduced

survival compared to the triple negative cells.

Table 3.5 Clonogenic ICso values of AQ4N and KP167 in 2D

normoxia.

AQ4N (pM) KP167 (uM)

Cell line
24h 48h 72h 24h 48h 72h

MCF-7 43.6+18.7 34.4+£7.4 31.2+7.2 26.2+10.0 22.7+£12.9 22.0+£14.2
T47D <5 <5 7.2+x1.,5 19.4+6.9 6.5+2.2 6.9+2.4

MDAMB-231 >45 >45 >45 >45 >45 >45

MDAMB-468 >45 39.4+9.6 31.5+0.9 32.6+4.2 16.3+2.2 18.6+1.8

MDAMB-436 <5 <5 <5 <5 <5 <5

MCF-10A 10.2+3.5 5.4%0.6 <5 = = =

The ICsp values were calculated using Graphpad prism software. Abbreviations:
MM - micromolar; - not available.
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As seen in Table 3.5, MDAMB-231 cells were the most resistant to
treatment with both AQ4N and KP167 in 2D normoxia compared to the
MDAMB-436 cell lines which were the most sensitive. The clonogenic ICsg
values were not achieved in MDAMB-231 cells in the range of drug
concentrations used. MDAMB-468 and MCF-7 cells were moderately
sensitive to treatment with both AQ4N and KP167, with KP167 showing
greater reduction in survival compared to AQ4N. T47D and MDAMB-436
cells were the most sensitive cell lines to treatment with AQ4N in

comparison to KP167 at the 24 hour time-point.

AQA4N appeared to be cytotoxic in the normal MCF-10A cells in 2D normoxia
with similar ICso values as that obtained in 3D cultures. Response of the
normal cell line was similar to the luminal T47D cells. Taken together, data
indicate that the hypoxia-activated prodrugs are cytotoxic to breast cancer
cells in 2D normoxia, at much higher concentrations than that required to
achieve similar effects in 3D cultures, in most cell lines. Similar response
to the agents under 2D normoxia and 3D spheroids were observed in the
highly sensitive BRCA-1 deficient MDAMB-436 and normal MCF-10A cells.

3.4.5 Endogenous reductase expression

Experiments to assess the effects of AQ4N and KP167 on breast cancer cell
lines in 3D spheroids (section 3.4.3) and 2D normoxia (section 3.4.4),
show that ER-positive cell lines (MCF-7 and T47D) showed a greater
reduction in clonogenic survival (lower ICso values in 3D and 2D) compared
to TNBC lines (with the exception of BRCA-1 deficient cells). It has been
previously reported that cytochrome P450 family of proteins, CYP2S1 and
CYP2W1 are the main CYP enzymes involved in bioreducing AQ4N (Nishida
et al., 2010). The cytochrome P450 family of enzymes are also involved in
the metabolism and oxidation of estrogen in luminal cells (Tsuchiya et al.,
2005, Cheng et al., 2001). Therefore, the expression of various
endogenous reductases (cytochrome P450, CYP2S1, CYP2W1, NQO1 and
NQO2) was investigated in the luminal and TNBC cell lines, to identify if
endogenous reductase expression may reflect the difference in sensitivity
between the different phenotypes. The protein levels of reductases were

assessed in breast cancer cell lysates obtained from normoxic and hypoxic
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cells (1% O for 48 hours). Figure 3.14 (cytochrome P450, CYP2S1 and
CYP2W1) and Figure 3.15 (NQO1 and NQO2) show the representative
Western blot images and average quantified results of reductase
expression from three independent experiments using lysates from

different isolations.

As seen in Figure 3.14-B, cytochrome P450 expression was highest in
luminal MCF-7 and T47D cells, compared to the triple negative MDAMB-
231, MDAMB-468, MDAMB-436 and normal MCF-10A cells (MCF-
7>T47D>MDAMB-468>MDAMB-231>MDAMB-436>MCF-10A). Compared
to MCF-7 cells, expression of cytochrome P450 in MDAMB-436 (P=0.032
and P=0.044) and MCF-10A (P=0.014 and P=0.038) cells was significantly
reduced under both normoxia and hypoxia respectively, and only under
hypoxia in the MDAMB-231 cells (P=0.044). In all the breast cell lines,
hypoxia did not affect expression of cytochrome P450 compared to the

endogenous levels present in normoxic cells.

CYP2S1 expression (Figure 3.14-C) was present in both luminal and triple
negative breast cancer cells. The pattern of CYP2S1 expression was highest
in MDAMB-436>MDAMB-468>MDAMB-231>MCF-7>T47D>MCF-10A cells.
Compared to MDAMB-436 cells, the expression of CYP2S1 in normoxia was
significantly reduced in MCF-7 (P=0.032), T47D (P=0.021), MDAMB-231
(P=0.041) and MCF-10A (P=0.044) cells. There was no significant
difference in the endogenous expression of CYP2S1 between normoxia and

hypoxia across all cell lines.

CYP2W1 (Figure 3.14-D) expression was highest in MCF-10A>MCF-
7>T47D>MDAMB-436>MDAMB-231>MDAMB-468 cells. Expression was
significantly reduced in MDAMB-468 (P=0.003), MDAMB-231 (P=0.023)
and MDAMB-436 (P=0.025) cells compared to MCF-7 cells. Compared to
MCF-10A cells, the expression of CYP2W1 was significantly lower in
MDAMB-231 (P=0.0008), MDAMB-468 (P=0.003) and MDAMB-436
(P=0.001) cells. No significant difference in the expression of reductases

was observed between normoxia and hypoxia.
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Figure 3.14 CYP expression in breast cancer cells in normoxia (21% 02)
and hypoxia (0.1% 02). (A) Representative Western blot images for cytochrome
P450, CYP2S1 and CYP2W1. Quantified expression of (B) Cytochrome P450 (C)
CYP2S1 and (D) CYP2W1. Red bands indicate cytochrome P450, CYP2S1, CYP2W1
expression and green bands represent B-actin. Data in the bar charts represent
the mean of normalised protein expression to B-actin £ SD of three independent
experiments, with separate cell lysates from different passage numbers of cells,
which are analysed using Student’s t-test. *P<0.05, **P<0.01.
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Data indicate that expression of cytochrome P450 and CYP2W1 were higher
in the luminal MCF-7 and T47D cells compared to the triple negative
MDAMB-231 and MDAMB-468 cell lines. Highest expression of CYP2W1 was
present in the normal MCF-10A cells followed by the luminal MCF-7 and
T47D cells. The higher expression of reductases in these cell lines, may
explain, at least in part, the increased cytotoxicity observed in this
phenotype with single agent AQ4N and KP167 in 3D and 2D cultures.
Higher expression of CYP2S1 in the BRCA-1 deficient MDAMB-436 cells
along with the inherent double strand repair deficiency, may explain the
increase in sensitivity to AQ4N and KP167 in these cell lines. Such data
suggest that the endogenous levels of CYP enzymes in breast cancer cells
may influence treatment response to AQ4N and KP167. The expression of
CYP2S1 and CYP2W1 in breast cancer subtypes was further investigated in
breast cancer patient tumour tissues by immunohistochemistry and is

discussed in chapter 5.

The cytosolic enzymes, NQO1 and NQO2, bio-reduce a wide variety of
drugs including quinones and derivatives (Nemeikaite-Céniené et al.,
2019). To assess if these were differentially expressed across the breast
cancer phenotypes, their expression was also assessed by Western blot

with results shown in Figure 3.15.

There was no consistent difference in expression seen between the
phenotypes. Greater expression of NQO1 (Figure 3.15-B) was observed in
MDAMB-436, MCF-7 and MCF-10A cells. Normalised data of 3 independent
experiments show increased expression in response to hypoxia in MCF-7
(P=0.029), and MDAMB-436’'s (P=0.020), but not in MCF-10A cells
(P=0.443), although this may not be seen clearly in the representative
Western blot image. NQO1 expression was completely absent in T47D,
MDAMB-231 and MDAMB-468 cell lines. The expression of NQO1 was
significantly higher in MDAMB-436 cells compared to MCF-7 (P=0.001 and
P<0.0001) and MCF-10A (P=0.008 and P<0.0001) cells both under

normoxia and hypoxia respectively.

Unlike NQO1, the expression of NQO2 (Figure 3.15-C) was present across
all breast cancer cell lines. The pattern of NQO2 expression was highest in
MDAMB-231>MCF-10A>MDAMB-468>MCF-7>MDAMB-436>T47D cells.
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Figure 3.15 NQO1 and NQO2 expression in breast cancer cells in normoxia
(219% 0O:2) and hypoxia (0.1% O2). (A) Representative Western blot images for
NQO1 and NQO2. Red bands indicate NQO1 and NQOZ2 expression and green bands
represent B-actin. Quantified expression of (B) NQO1 and (C) NQOZ2. Data in the
bar charts represent the mean of normalised protein expression to B-actin £ SD
of three independent experiments, with separate cell lysates from different
passage numbers of cells, which are analysed using Student’s t-test. *P<0.05,
**p<0.01.

The expression of NQO2 was significantly reduced under hypoxia in
MDAMB-231 cells (P=0.029). Expression was higher in MDAMB-231 cells
compared to T47D (P=0.001 and P=0.001), and MDAMB-436 (P=0.005
and P=0.049) cells both under normoxia and hypoxia cultures respectively,
and in normoxic MCF-7 cells (P=0.047).

NQO1 data suggest that expression is cell line, rather than phenotype,

specific, whereas the expression of NQO?2 is present in all cell lines. In light
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of such data, and as these enzymes have not previously been associated
with bioreducing AQ4N (Manley and Waxman, 2013), these enzymes were

not investigated further.
3.4.6 Radioresponse of breast cancer cells - 2D v 3D

Before progressing to drug-radiation combination experiments, the
intrinsic radioresponse of breast cancer spheroids were assessed. Cells
were grown as spheroids and irradiated with single dose of 2, 4, 6 or 8 Gy.
Parallel experiments were also carried out on cells grown in 2D normoxia
to compare radiosensitivity obtained between 2D and 3D cultures.
Surviving fraction (SF) was plotted as a function of radiation dose on a
log/linear plot using the linear quadratic (LQ) model as shown in Figure
3.16.

There was little difference in the radioresponse between 2D and 3D
cultures. A slight, but significant, increase in 3D SF2 value was observed
only in the luminal MCF-7 (P=0.010) cells, but not in T47D (P=0.517)
MDAMB-231 (P=0.958) and MDAMB-468 (P=0.419) cells compared to 2D
cultures. The BRCA-1 deficient MDAMB-436 cells were radioresistant with
significantly higher SF2 values (P<0.001) in 3D compared to 2D cultures.
The mean SF2 values in 2D v 3D culture were 0.50+0.04 v 0.36%+0.02 in
MCF-7, 0.44+0.10 v 0.26+0.07 in T47D, 0.33£0.10 v 0.25%0.02 in
MDAMB-231, 0.34+0.02 v 0.32+0.03 in MDAMB-468 and 0.30+0.03 v
0.64+0.01 in MDAMB-436 cells. MCF-10A cells were more sensitive to
radiation under 3D cultures with SF2 of 0.20 compared to 0.38 in 2D
cultures (Appendix B-Figure B6). Radiobiological parameters are given in
Appendix B-Table B3.

The radioresponse of breast cancer cells obtained in 2D were similar to
those obtained in chapter 2, and to previous studies (also reported in
chapter 2), indicating that cells were behaving as expected compared to
published in vitro literature. Table 3.6 summarises various radiobiologic

parameters including a, B, and a/p ratios.
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Figure 3.16 Radiation response of
cells in 2D v 3D culture. PEs of individual
cell lines in 2D and 3D were: MCF-7 - 42 +
2.2% and 33+4.6; T47D - 22 £+ 2.0% and
19+4.16; MDAMB-231 - 55%+9.1% and
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Table 3.6 Radiobiologic parameters of breast cancer cells in 2D

normoxia and 3D spheroid cultures.

B

a/B

Cell line SF2
(Gy?) (Gy2) (Gy)
MCF-7
2D Normoxia 0.14+0.05 0.10+£0.01  1.40+£0.55 0.50+0.04
3D Spheroids 0.46+0.08  0.03+0.01 12.89+5.46 0.36+0.02
ttest P=0.004 P<0.001 P=0.022 P=0.010
T47D
2D Normoxia 0.23+0.23  0.07+0.02 4.40+5.35 0.44+0.10
3D Spheroids 0.60+0.18  0.03+0.02 26.09+19.73 0.26+0.07
ttest P=0.097 P=0.114 P=0.611 P=0517
MDAMB-231
2D Normoxia 0.42+0.19 0.06+0.02  7.50+4.73  0.33%0.10
3D Spheroids 0.60+0.06  0.15+0.19 8.83+7.98  0.25+0.02
ttest P=0.224 P=0.125 P=0.476 P=0.958
MDAMB-468
2D Normoxia 0.40+0.06 0.06+0.01 6.85+2.79  0.34%0.02
3D Spheroids 0.46+0.06  0.04+0.01  9.95+3.29  0.32+0.03
ttest P=0.316 P=0.211 P=0.281 P=0.419
MDAMB-436
2D Normoxia 0.50+0.24  0.05+0.00 10.26+3.05 0.30+0.03
3D Spheroids 0.03+£0.01 0.09+0.01 0.34+0.06 0.64+0.01
ttest P=<0.001 P<0.001 P=0.004 P<0.001

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SF2, surviving fraction at
2Gy.

MCF-7 spheroids demonstrated a significant increase in the a-value
(P=0.004), which increased the a/p ratio (P=0.022) suggesting that MCF-
7 cells were sensitive to radiation when grown as 3D spheroids. MDAMB-
436 cells were more radioresistant when grown as 3D spheroids and
showed a significant reduction in the a-value (P<0.001) and a/B (P=0.004)
ratio compared to 2D cultures. Increase in the a-value and a/p ratio were
in T47D, MDAMB-231 and MDAMB-468 cells,

significantly, suggesting a small radiosensitising effect in 3D spheroid

observed albeit not

cultures. As mentioned, data indicate only marginal differences in

radioresponse between 2D and 3D cultures in the current study.
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3.4.7 Radiosensitisation with AQ4N and KP167 - 3D
3.4.7.1 Effect of AQ4N on radiosensitivity - 3D

Previously published studies have reported the radiosensitising effects of
AQ4N and its progression to clinical trials as an adjuvant to radiotherapy
(Benghiat et al., 2004, Mehibel et al., 2016). In the current study, the
radiosensitising effects of AQ4N were assessed in breast cancer spheroids.
Radiation survival curve data from AQ4N-radiation combination
experiments were fitted to the LQ model and various radiobiological
parameters such as a, B, a/B value and SF2 were ascertained as previously
described. Sensitiser enhancement ratios (SER’s) were calculated at 1%
survival (SERp.01) and was used to assess any radiosensitising effect of
AQ4N. As shown in Figure 3.17, AQ4N increased radiosensitivity across all
breast cancer phenotypes, with effects more pronounced in the MDAMB-
436 cells.

Mean SF2 values in control cells were significantly higher compared to
AQ4N treated cells i.e. 0.36+£0.02 v 0.22+0.02 (P=0.002) in MCF-7,
0.26+0.07 v 0.10+£0.03 (P=0.027) in T47D, 0.25+0.02 v 0.13%0.01
(P=0.007) in MDAMB-231, 0.32+0.03 v 0.27+0.03 (P=0.0008) in MDAMB-
468 and 0.62+0.02 v 0.12+0.01 (P=0.006) in MDAMB-436 cells. AQ4N
treatment enhanced radiosensitivity in all breast cancer cells with SERg.01
of 1.30+0.08 (MCF-7), 1.58+0.06 (T47D), 1.44+0.04 (MDAMB-231),
1.64+0.08 (MDAMB-468) and 3.33+0.18 (MDAMB-436). Such SERg.01
values equate to the survival of cells at 8 Gy decreasing from 0.002 to
0.001 in MCF-7, 0.001 to 0.00006 in T47D, 0.0007 to 0.0002 in MDAMB-
231, 0.001 to 0.00004 in MDAMB-468 and 0.001 to 0.00006 in MDAMB-
436 cells with AQ4N treatment.
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Figure 3.17 AQ4N radiosensitivity in
3D spheroids. PEs of individual cell
lines were: MCF-7 - 35+3.45%; T47D -
19+4.16%; MDAMB-231 - 59%2.50%;
MDAMB-468 - 49+1.00 %; and MDAMB-436 -
7+4.35%. Data represent the mean SF
+ SD of three independent experiments,
with each experiment containing six
parallel data sets, which are analysed
using the Student’s t-test. *P< 0.05,
**P<0.01 and ***P<0.001 for IR v
AQ4N+IR.

A modest increase in radiosensitisation, similar to luminal MCF-7 cells, was
observed in AQ4N treated MCF-10A cells with SER¢.01 1.36+0.12 (Appendix
B-Figure B7 and radiobiologic parameters in Appendix B-Table B4). The

radiobiologic parameters of breast cancer spheroids treated with IR and/or
AQ4N are shown in Table 3.7.
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Table 3.7 Radiobiologic parameters of breast cancer spheroids
treated with IR and/or AQ4N.

Cell line a B a/B
Spheroids  (Gy) (Gy-2) (Gy) SF2  SER (o.01
MCF-7
IR 0.46+0.08 0.03+0.01 12.89+5.46 0.36+0.02
AQ4N+IR 0.57+0.15 0.03£0.01 25.69+22.32 0.22+0.02 1.30+0.08
t test P=0.326  P=0.527  P=0.389 P=0.002
T47D
IR 0.60+£0.18 0.01+0.02 26.09+19.73 0.26+0.07
AQ4N+IR 1.1240.21 0.01+0.02 280.15+36.3 0.10+0.03 1.58+0.06
ttest  P=0.035 P=0.396  P=0.295 P=0.027
MDAMB-231
IR 0.640.06 0.15+0.19 8.83+7.98 0.25%0.02
AQAN+IR 0.99+0.04 0.01£0.01 95.89+50.00 0.13+0.01 1.44+0.04
ttest  P=0.008 P=0.276 P=0.040 P=0.007
MDAMB-468
IR 0.46+0.06 0.04+0.01 9.95+3.29 0.32+0.03
AQ4N+IR 0.95+0.10 19.03+4.89 19.03+4.89 0.27+0.03 1.64+0.08
ttest  P=0.002 P=0.77  P=0.056 P=0.0008
MDAMB-436
IR 0.03+0.03 0.09+0.01 0.35+0.38 0.62+0.02
AQAN+IR 1.73£0.14 0.05£0.01 32.75%2.15 0.12£0.01 5 55,0 o
ttest  P=0.0005 P=0.415 P=0.004 P=0.006 >>-=0-

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

AQ4N treatment in MCF-7 (P=0.326), T47D
(P=0.035), MDAMB-231 (P=0.008), MDAMB-468 (P=0.002) and MDAMB-

436 (P=0.0005) compared to control cells. Increases in the a-value raised

increased the a-value

the a/B ratio in all cell lines suggesting that the cell killing obtained with
AQ4N treatment was linear. Greater radiosensitisation was induced in the
BRCA-1 deficient MDAMB-436 cells and the underlying double strand repair
deficiency may contribute towards the increase in radiosensitivity observed
in these cell lines to AQ4N treatment (Song et al., 2013, Arun et al., 2015).
Above data indicate that AQ4N is an efficient radiosensitiser across all
breast cancer spheroids. The efficacy of KP167 as a radiosensitiser was

next assessed.

145



Chapter 3

3.4.7.2 Effect of KP167 on radiosensitivity - 3D

Figure 3.18 shows that KP167 substantially increased radiosensitivity in all

breast cancer spheroids, with greatest increase seen in the triple negative

cell lines.
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Compared to control cells, the mean SF2 values in KP167 treated breast
cancer spheroids were significantly lower i.e. 0.35+0.02 v 0.18+0.03
(P=0.002) in MCF-7, 0.23+£0.05 v 0.06+0.01 (P=0.009) in T47D,
0.21+£0.04 v 0.02+0.01 (P=0.001) in MDAMB-231, 0.27+0.03 v
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0.04+£0.01 (P=0.0002) in MDAMB-468 and 0.64+0.00 v 0.01%0.01
(P=0.0001) in MDAMB-436 KP167
radiosensitivity in all breast cancer cells with SERp.o1 of 1.46+0.66 in MCF-
7, 1.76+0.20 in T47D, 2.53+0.06 in MDAMB-231, 2.28+0.24 in MDAMB-
468 and 4.55+0.24 in MDAMB-436 cells. Compared to controls, the SF8 in
KP167 treated cells decreased from 0.002 to 0.0005 in MCF-7, 0.001 to
0.00006 in T47D, 0.0009 to 0.000004 in MDAMB-231, 0.001 to 0.00001 in
MDAMB-468 and 0.001 to 0.00001 in MDAMB-436 cells. Data indicate that
KP167 resulted in a ~100-fold increase in radiosensitivity in T47D, MDAMB-
231, MDAMB-468 and MDAMB-436 cells. Other radiobiologic parameters

including a, B, and a/B ratios are given in Table 3.8.

cells. treatment enhanced

Table 3.8 Radiobiologic parameters of breast cancer spheroids

treated with IR and/or KP167.

Cell line

a/B

B
Spheroids  (Gy) (Gy2) (Gy) SF2  SER (.01
MCF-7
IR 0.43£0.04 0.04+£0.01  10.5142.31 0.35%0.02
KP167+IR 0.83+0.11 0.01+0.01 102.04+70.49 0.18+0.03 1.46x0.66
t test P=0.004 P=0.026 P=0.087  P=0.002
T47D
IR 0.69+0.15 0.02+£0.01 20.83+26.73 0.23+0.05
KP167+IR  1.3840.12 0.0120.01 165.50+184.86 0.06+0.01 1.76£0.20
¢ test P=0.004  P=0.626 P=0.250  P=0.009
MDAMB-231
IR 0.70+0.12 0.02+0.01 14.81+4.38 0.21+0.04
KP167+IR  2.04+0.25 0.06£0.03 35.01£13.03 0.02£0.01 2.53%0.06
i P=0.001  P=0.202 P=0.056  P=0.001
MDAMB-468
IR 0.46+0.06 0.04+0.008 9.95+3.29  0.27+0.03
KP167+IR 1.57+0.06 0.01+£0.01 87.16x75.79 0.04+0.01 2.28+£0.24
ttest  P=0.00003 P=0.016 P=0.152  P=0.0002
MDAMB-436
IR 0.03:0.01 0.09%0.00  0.34£0.06  0.64%0.00
KPL67+IR  2.2240.19 0.10£0,02 -21.58%2.86 0.01£0.01 , ccy 0y
t test P=0.004  P=0.595 P=0.008 P=0.0001 *55%0:

Statistical significance was determined by Student's t-test. The P-values are bold

where they are < 0.05. Abbreviations:

IR,

irradiation;

enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

SERo.01,

sensitiser
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Spheroids treated with KP167 demonstrated a significant increase in a-
value in MCF-7 (P=0.004), T47D (P=0.004), MDAMB-231 (P=0.001),
MDAMB-468 (P=0.00003) and MDAMB-436 (P=0.004) cells. Increase in
the a-value raised the a/B ratio suggesting that KP167 was an extremely
potent radiosensitiser across all breast cancer phenotypes. Greater
increases in radiosensitivity were observed in the triple negative MDAMB-
231, MDAMB-468 and MDAMB-436 cells. The level of radiosensitisation
achieved in all cell lines was greater than the parental drug AQA4N.
Combined graphs for radiosensitivity obtained with AQ4N and KP167 in 3D
spheroids is given in Appendix B-Figure BS.

In some studies, matrigel has been found to alter sensitivity to drugs, with
previous studies reporting that addition of an ECM can either enhance drug
efficacy or promote drug resistance (Langhans, 2018, Sebens and Schafer,
2012, Bonnans et al., 2014). In order to assess whether the addition of
matrigel altered response in MDAMB-231 and MDMAB-468 spheroids to
KP167, an additional experiment was conducted in MCF-7 cells. The
radiation response in MCF-7 cells formed into spheroids with matrigel
(MCF-7+M), treated with AQ4N or KP167 (Appendix B-Figure B9), was
compared against the response of MCF-7 cells formed into spheroids
without matrigel as shown above in section 3.3.7.1 (AQ4N) and 3.3.7.2
(KP167). Data show that although matrigel inclusion increased sensitivity
of MCF-7 cells (SF2 value of 0.25+0.02 (MCF-7+M) v 0.35+0.02 (MCF-7))
to radiation alone, there was no difference in the radiosensitivity of MCF-7
cells to AQ4N or KP167 between +/- matrigel. MCF-7 cells demonstrated
similar radioresponse with SERg.01 values of 1.2 (AQ4N) and 1.5 (KP167)
in both treatment conditions (+/- matrigel). These experiments indicate
that matrigel did not alter radiosensitivity in MDAMB-231 or MDAMB-468
cells to KP167 treatment. This data is presented in Appendix B-Figure B9
with radiobiological parameters supplied in Appendix B-Table B5. Taken
together, data suggest that the greater increase in radiosensitivity
observed in MDAMB-231 and MDAMB-468 cells is due to the effectiveness
of KP167 as a radiosensitiser. Moreover, TNBC cells, in general are known
to have defective DNA repair pathways (Alli et al., 2009), which may have

enhanced the cytotoxic effects of KP167 in these cell lines.
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The level of radiosensitivity obtained with KP167 in the triple negative
breast cancer cells (MDAMB-231, MDAMB-468 and MDAMB-436) was
greater than that achieved with gold standard radiosensitisers such as KU-
55933 and olaparib investigated in chapter 2 (section 2.4.5). Such data
indicate that KP167 may be promising in the treatment of TNBCs.

3.4.8 Radiosensitisation with AQ4N and KP167 - 2D

Initial experiments to assess the effect of single agent AQ4N and KP167 in
2D culture, demonstrated that the HAPs caused a dose dependent
reduction in proliferation (section 3.4.4.1) and clonogenic survival (section
3.4.4.2) of breast cancer cells even in the presence of oxygen. Given this
finding, the radio-response of breast cancer cells treated with AQ4N and
KP167 were assessed in 2D normoxia. These experiments were carried out
to investigate if doses that were cytotoxic in spheroid cultures, were able
to induce radiosensitivity in normoxic cells. Therefore, cells grown in
normoxia were treated with the spheroid ICso concentration of AQ4N or
KP167 for 96 hours, following which cells were irradiated and seeded for

assessment of clonogenic survival.
3.4.8.1 Effect of AQ4N on radiosensitivity — 2D

The effects of AQ4N on radioresponse of breast cancer cells in 2D normoxia
were assessed by plotting a dose response curve and is presented in Figure
3.19. Data show that compared to controls, the SF2 values in AQ4N treated
cells were significantly reduced in MCF-7 - 0.50%+0.04 v 0.36%+0.05
(P=0.024) and T47D - 0.44%£0.10 v 0.16£0.04 (P=0.013), but not in
MDAMB-231 - 0.33%£0.10 v 0.20+0.04 (P=0.125), MDAMB-468 -
0.34+0.02 v 0.27+0.03 (P=0.068) and MDAMB-436 - 0.30+0.03 v
0.23+0.07 (P=0.252) cells. AQ4N marginally increased radiosensitivity
with SERg.01 of 1.17£0.06 in MCF-7, 1.29+0.28 in MDAMB-231, 1.11+0.44
in MDAMB-468 and 1.19£0.12 in MDAMB-436 cells. A greater increase in

radiosensitisation was seen in T47D cells with an SERg.g; of 1.64+0.27.
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Figure 3.19 AQ4N radiosensitivity in 2D
normoxia. PEs of individual cell lines were:
MCF-7 - 40+6.97%; T47D - 19+1.34%;
MDAMB-231 - 57+2.33%; MDAMB-468 -
46+5.48 %; MDAMB-436 - 32+2.55% cells.
Data represent the mean SF + SD of three
independent experiments, with each
experiment containing six parallel data sets,
which are analysed using the Student’s t-
test. *P<0.05, **P<0.01 and ***P<0.001
for IR v AQ4N+IR.

Such values equate to the survival of AQ4N treated cells at 8 Gy decreasing
from 0.0004 to 0.0001 in MCF-7, 0.001 to 0.0002 in T47D, 0.0005 to
0.0001 in MDAMB-231, 0.001 to 0.0005 in MDAMB-468 and 0.001 to
0.0001 in MDAMB-436 cells. Radiobiologic parameters including a, B, and

a/B ratios are summarised in Table 3.9.

Treatment with AQ4N increased the a-value in all cell lines, but significant
increase was only noted in MCF-7 (P=0.050) and T47D (P=0.019) cells

(Table 3.9). Such data suggest that AQ4N marginally increases
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radiosensitivity in MCF-7, MDAMB-231, MDAMB-468 and MDAMB-436 cells,

with greater radiosensitivity observed in the T47D cells.

Table 3.9 Radiobiologic parameters of 2D breast cancer cells
treated with IR and/or AQ4N.

Cell line a B a/B
Normoxia  (Gy) (Gy2) (Gy) SF2  SER (.o
MCF-7
IR 0.14+0.05 0.10+0.00 1.40+0.55 0.50+0.04
AQ4N+IR 0324010 0.0940.01 3.58+1.52 0.36+0.05 1.17+0.06
ftest  P=0.050 P=0.455  P=0.080 P=0.024
T47D
IR 0.23+£0.23 0.07%+0.02 4.40+5.35 0.44+0.10
AQ4N+IR  0.85£0.15 0.02+0.01 32.72+19.54 0.16+0.04 1.64+0.27
ftest  P=0.019 P=0.043  P-0.072  P=0.013
MDAMB-231
IR 0.4240.19 0.06£0.02 7.50+4.73  0.33%0.10
AQ4N+IR  0.66+0.02 0.06+0.02 12.15+6.87 0.20+0.04 1.29+0.28
ttest ~ P=0.174  P=0.904  P=0.389  P=0.125
MDAMB-468
IR 0.404£0.06 0.06£0.01 6.85+2.79  0.34+0.02
AQ4N+IR 0.55+0.01 0.04+0.01 13.95+7.25 0.27+0.03 1.11+0.44
ftest  P=0.094  P=0.172  P=0.189  P=0.068
MDAMB-436
IR 0.5040.24 0.05+0.00 10.26+3.05 0.30+0.03
AQIN+IR  0.65%0.24 0.04+0.03 24.81#28.02 0.23£0.07 | ;0.0 1
ftest  P=0.366  P=0.932  P=0.422  P=0.252 1-19%0.

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

Radiosensitivity induced by AQ4N in 2D normoxia was substantially lower

than that observed in 3D spheroid cultures, suggesting that the
radiosensitising effect of AQ4N is more reliant on hypoxia. In 2D normoxia,
only marginal radiosensitisation was observed in the normal MCF-10A cells,
with an SERg.01 of 1.15 suggesting that the radiosensitising effect of AQ4N
may only be minimal in normal cells. Although further studies are required
to confirm such findings, data from these experiments indicate only
minimal radiosensitisation in normal cells which offers HAPs a potential
therapeutic advantage over the targeting of hypoxic cells. Data for MCF-
10A is shown in Appendix B-Figure B10 with radiobiological parameters

supplied in Appendix B-Table B6.
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3.4.8.2 Effect of KP167 on radiosensitivity — 2D

The SF obtained from KP167-radiation combination experiments in 2D

normoxia is presented in Figure 3.20.
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Figure 3.20 KP167 radiosensitivity in
2D normoxia. PEs of individual cell lines
were: MCF-7 - 40£6.97%; T47D - 19+1.34%;
MDAMB-231 - 56+4.87%; MDAMB-468 -
46+5.48 %; MDAMB-436 - 32+2.55%. Data
represent the mean SF £ SD of three
independent experiments, with each
experiment containing six parallel data sets,
which are analysed using the Student’s t-
test. ¥*P<0.05, **P<0.01 and ***P<0.001 for
IR v KP167+IR.

As seen from the graphs, KP167 treatment resulted in significant decrease
in the SF2 values in MCF-7 (P=0.045), T47D (P=0.006), MDAMB-231
(P=0.038), MDAMB-468 (P=0.043) and MDAMB-436 (P=0.00002) cells
compared to control cells. Mean SF2 values in control cells were higher i.e.
0.50+0.04 v 0.36+0.06 in MCF-7, 0.44+0.10 v 0.02+0.02 in T47D,
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0.33£0.10 v 0.14+£0.02 in MDAMB-231, 0.34+0.02 v 0.21+0.06 in
MDAMB-468 and 0.23+0.01 v 0.08+0.01 in MDAMB-436 cells compared to
KP167 treated cells. Enhanced radiosensitivity was observed with KP167
treatment in all breast cancer cells with SERp.0; of 1.21+0.05 in MCF-7,
1.93+0.09 in T47D, 1.43+0.46 in MDAMB-231, 1.32+0.19 in MDAMB-468
and 1.68+£0.08 in MDAMB-436 cells. Compared to control cells, KP167
treatment decreased SF8 of breast cancer cells from 0.0004 to 0.0001 in
MCF-7, 0.001 to 0.0001 in T47D, 0.0005 to 0.00005 in MDAMB-231, 0.001
to 0.0002 in MDAMB-468, and 0.001 to 0.00005 in MDAMB-436 cells. Some

of the radiobiologic parameters are summarised in Table 3.10.

Table 3.10 Radiobiologic parameters of 2D breast cancer cells
treated with IR and/or KP167.

Cell line a B a/B
Normoxia  (Gy) (Gy2) (Gy) SF2 | SER o)
MCF-7
IR 0.1440.05 0.10£0.01 1.40£0.55  0.50%0.04
KP167+IR  0.29+0.13 0.10£0.02 3.04+2.16 0.36£0.06 1.21+0.05
£ test P=0.148  P=0.778  P=0.270  P=0.045
T47D
IR 0.23+0.23 0.05£0.01 5.12+3.82  0.44%0.10
KP167+IR  1.07+0.12 0.01£0.01 175.47£79.57 0.02£0.02 1.93+0.09
ttest ~ P=0.005 P=0.005 P=0.020 P=0.006
MDAMB-231
IR 0.42+0.19 0.06£0.02 7.50+4.73  0.33%0.10
KP167+IR  0.84+0.16 0.06£0.03 21.75423.00 0.14£0.02 1.43+0.46
ttest  P=0.050 P=0.991  P=0.352  P=0.038
MDAMB-468
IR 0.40+0.06 0.06%x0.01 6.85+2.79 0.34+0.02
KP167+IR  0.67+0.21 0.04£0.02 19.54+17.57 0.21£0.06 1.32+0.19
£ test P=0.108  P=0.499  P=0.284  P=0.043
MDAMB-436
IR 0.6440.00 0.01£0.00 32.94£7.02 0.23%0.01
KP167+IR  1.0940.02 0.03+0.03 7123+73.24 0.08+0.01  o,0 e
ttest ~ P<0.00001 P=0.412  P-0.271 P=0.00002 1-68%0-

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.
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Treatment with KP167 increased the a-value across all breast cancer cells,
in T47D (P=0.005), MDAMB-231
(P=0.050) and MDAMB-436 cells (P<0.00001). Increases in a/B ratios

were also noted in all breast cancer cells treated with KP167, which indicate

but significance was established

that the cell killing induced by KP167 was linear. These results indicate that
KP167 is an efficient radiosensitiser across all breast cancer phenotypes
even in 2D normoxic conditions. The radiosensitisation achieved with
KP167 was higher compared to AQ4N under 2D normoxia. However, lower
levels of radiosensitisation were achieved in 2D normoxia compared to 3D
spheroid cultures, suggesting that KP167, like AQ4N, is more effective in
3D and reliant on hypoxia. Compiled dose response curves for AQ4N and
KP167 in 2D normoxia are given in Appendix B-Figure B11. Compiled
SERGo.01 values of AQ4N and KP167 in both 3D and 2D cultures are presented
in Table 3.11.

Table 3.11 Combined SERo.01 values of AQ4N and KP167 in 3D

spheroids v 2D normoxic cultures.

AQ4N (SER ¢,0;)

KP167 (SER g.0:)

Cell line
3D 2D 3D 2D
Spheroids Normoxia Spheroids Normoxia
MCF-7 1.30£0.08 1.17£0.06 1.46£0.66 1.21£0.05
T47D 1.58+0.06 1.64+0.27 1.76+0.20 1.93+0.09
MDAMB-231  1.44+0.04 1.29+0.28 2.53+0.06 1.43+0.46
MDAMB-468 1.64+0.08 1.11+0.44  2.28+0.24 1.32+0.19
MDAMB-436  3.33+0.18 1.19+0.12 4.55+0.24 1.68+0.08
MCF-10A 1.36+0.12 1kl B =

Abbreviations: SERo.01, sensitiser enhancement ratio at 1% survival.

Data from the above experiments indicate that both AQ4N and KP167 are
highly effective as radiosensitisers in 3D spheroid cultures compared to
radiosensitivity obtained in 2D normoxia, suggesting that the presence of
hypoxia may enhance the cytotoxic effects of these agents. Compared to

all other cell lines, T47D cells maintained similar levels of radiosensitivity
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in both 3D spheroids and 2D normoxic cultures. Higher expression of
endogenous reductases such as cytochrome P450 and CYP2W1 in the
luminal T47D cells may explain, in part, the increase in drug sensitivity
even in the presence of oxygen. Only moderate-marginal increase in
radiosensitisation was seen in the normal MCF-10A cells between 2D and
3D cultures, which suggests that the HAPs have greater cytotoxic effect in
cancer cells as opposed to normal cells. Future experiments should assess
the radiosensitising effect of KP167 in MCF-10A cell lines to determine if
similar response is observed. Compared to AQ4N, the radiosensitivity
obtained with KP167 was higher in both 3D spheroids and 2D normoxic
cultures as seen by greater KP167 SERo.01 values. The radiosensitivity
obtained with KP167 in TNBC 3D spheroid cultures were greater in
comparison to well-established DNA repair inhibitors such as olaparib and
KU-55933 investigated in chapter 2. Table comparing SERg.01 values of DNA
repair inhibitors and HAPs is presented in chapter 4-Table 4.9. Taken
together, data from the above experiments indicate that KP167 is an
effective anti-cancer agent and a potent radiosensitiser across both luminal

and triple negative breast cancer models.
3.5 Discussion

Hypoxia-activated prodrugs are designed to be cytotoxic to hypoxic cancer
cells which are largely associated with radiotherapy failure and reduced
response to various breast cancer chemotherapeutic agents (Wouters et
al., 2007). The newly developed novel AQ4N analogue KP167, binds DNA
covalently and functions as a DNA alkylator, in addition to being a TOPO II
inhibitor. Such properties in the novel drug suggests that KP167 may be
highly effective in the targeting of hypoxic cells, both quiescent and
proliferative, as opposed to the parental AQ4N which is cytotoxic only in
proliferating cells (Patterson and McKeown, 2000). Therefore, the current
study set out to investigate the single-agent and radiosensitising effect of
KP167 in 3D and 2D models of breast cancer, with the parental AQ4N used

as a comparator.

In the current chapter, the efficacy of the hypoxia-activated prodrugs,

AQ4N and KP167 was studied in a 3D spheroid culture system as these
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agents require hypoxia to form stable DNA binding cytotoxins (O'Connor
et al., 2016). Cells in spheroids grow naturally in a 3D environment, which
allows them to interact with other cells, the extracellular matrix and the
microenvironment (Kim, 2005, Nunes et al., 2019). Spheroids, similar to
tumours, have proliferative cells on the outer layers, and those cells in the
inner layers become hypoxic or necrotic (Vinci et al., 2012). The presence
of hypoxic and necrotic areas developed as a consequence of oxygen and
nutrient gradients, promote growth of aggressive, therapy-resistant and
metastatic tumour clones (Kim et al., 2011, Mehta et al., 2012,
Kapatczynska et al., 2018). The presence of acidosis (low intracellular pH)
in hypoxic areas of the tumour, which occurs due to a metabolic switch to
glycolysis as an energy source in the absence of oxygen, results in a
heterogeneous population of metabolically diverse cells in hypoxic v oxic
areas of the tumour, with differential response to treatment (Cardone et
al., 2005, Eales et al., 2016). Furthermore, the lack of or decreasing levels
of oxygen present in a 3D environment decreases radiotherapeutic efficacy
(Grimes et al., 2014, Horsman and Overgaard, 2016). For all the
aforementioned reasons, the multicellular tumour spheroids are considered
as one of the best established 3D models to bridge the gap between the

conventional 2D cell cultures and in vivo studies (Pampaloni et al., 2007).

In the current study, spheroids were formed using the pellet culture
method (Sutherland et al., 1971, Li et al., 2011), which promotes
formation of a single spheroid of reproducible size (Vinci et al., 2012).
Similar to tumours, hypoxia in spheroid cultures occur over time, with early
studies indicating that spheroids <200 pm in diameter contain mostly
proliferating and normoxic cells (Mueller-Klieser et al., 1986). Increase in
spheroid diameter ~ 200-300 pm results in zonation with proliferating cells
on the outer layers, co-existing with hypoxic cells at the core. With an
increase in spheroid diameter to 2500 pym, the formation of hypoxic and
necrotic core is frequently observed (Khaitan et al., 2006, Olive et al.,
1992, Milotti et al., 2017). Since the presence of hypoxia in 3D cultures
were not assessed in the current study, all subsequent experiments utilised
spheroids with 2500 pm in diameter (to ensure hypoxic core), to determine

efficacy of the hypoxia-activated prodrugs.
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Spheroid formation was straightforward in the luminal MCF-7 and T47D
cells which readily formed tight and compact spheroids. One of the reasons
for this observation may be due to, luminal cells in general, maintain
apical-basal polarity and retain most of the epithelial cell characteristics
such as the presence of tight junction protein, E-cadherin, which enables
them to maintain cell-cell adhesion and form tight compact structures
(Bazzoun et al., 2013). MDAMB-436 cells formed regular spherical
structures which were not as compact as those formed by luminal cells.
The MDAMB-231 and MDAMB-468 cells formed loose aggregates and
required the addition of matrigel to bind cells into a compact structure
(Vinci et al., 2012, Tevis et al., 2017). Clinically, the triple negative/basal
like breast cancers show unfavourable prognosis and high rates of distant
metastasis to visceral organs like the liver, lungs and brain (Bianchini et
al., 2016). Therefore, gain of an EMT (epithelial-mesenchyme transition)
phenotype is highly characteristic of triple negative cell lines (Sarrio et al.,
2008). Moreover, loss of tight junction proteins and gain of mesenchymal
markers such as fibronectin, vimentin, and N-cadherin (Sarrio et al.,,
2008), may be one of the reasons for their inability to form tight and
compact structures, compared to luminal cells which retain most of its

epithelial characteristics (Guarino et al., 2007, Martin and Jiang, 2009)

It was also noted that the luminal cell lines, MCF-7 and T47D, did not
demonstrate an increase in spheroid size compared to the triple negative
cell lines, MDAMB-231, MDAMB-468 and MDAMB-436 cells which
demonstrated an exponential increase in spheroid size over an 8-day
culture. Compared to luminal cancers, the TNBCs are inherently more
aggressive and associated with increased risk of local or regional
recurrence, as discussed previously (Voduc et al., 2010, Bianchini et al.,
2016). They also share similar characteristics to cancer initiating cells that
have metabolic plasticity, which allows them to switch between metabolic
pathways to cater to the energetic demand for rapid cell growth and
survival in harsh conditions (Park et al., 2019). Therefore, compared to
luminal cell lines, TNBCs may be better adapted to growing in an oxygen
and nutrient deficient microenvironment which might explain the increase

in spheroid size observed only in the TNBC cells (Kennecke et al., 2010).
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It is important to note that in the above discussed study only the spheroid
diameter was assessed, and therefore results have to be interpreted with
caution. Future experiments can assess spheroid diameter as well as the
cell number/spheroid to identify cells that are sensitive v resistant to
growth in a 3D environment. Also, the presence of hypoxia in spheroid
cultures may be assessed by staining for hypoxic markers such as

pimonidazole, CA9 etc (Voissiere et al., 2017).

The single agent efficacy of AQ4N and KP167 was initially assessed in
breast cancer spheroids by treating cells with various concentrations of
HAPs before seeding for assessment of clonogenic survival. Clonogenic
survival assays demonstrated that AQ4N treatment was cytotoxic with ICsg
values ranging 0.2-22.8 uM and resulted in a dose-dependent reduction in
survival, with varying levels of sensitivity observed between the different
breast cancer phenotypes. The more sensitive cell lines to treatment were
the luminal MCF-7, T47D and the BRCA-1 deficient MDAMB-436 cells, with
lower ICso values compared to the MDAMB-231 and MDAMB-468 cells.
Several other studies have also reported that AQ4N induces differential
levels of sensitivity, which can range from low - sub uyM concentrations,
across different cell line models. For example, the ICso values of AQ4N
ranged from 0.4 uM in the HT1080 fibrosarcoma cell lines to 28.9 uM in
the HCT116 colon carcinoma cells lines (Mehibel et al., 2016).

The MCF-10A human mammary epithelial cell line is a widely used non-
tumorigenic cell line model to study normal breast function (Soule et al.,
1990). Experiments with MCF-10A cells were included to look for
differential effects between normal and cancer cell lines, in response to
treatment with AQ4N and KP167. However, due to supply issues with
KP167, experiments for MCF-10A cells were only conduced for AQ4N. Data
show that MCF-10A cells were sensitive to treatment with AQ4N and
demonstrated a dose dependent reduction in cellular survival with ICs
value of 8.8 uM, similar to that observed in the luminal MCF-7 cells. It is
important to note that in the current study, the MCF-10A cells were formed
into spheroids in order to have a hypoxic core. In the presence of hypoxia,

AQ4N will undergo reductive activation by CYP enzymes and target hypoxic
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cells (Raleigh et al., 1998), which may explain the cytotoxicity observed in
the normal MCF-10A 3D cultures.

The novel agent, KP167, with lower ICso (0.14-12.8 pM) concentrations,
was more effective in reducing the survival of breast cancer cells compared
to AQ4N, and demonstrated a 2-100 fold increase in potency. The MDAMB-
468 cells which were the most resistant cell-line to AQ4N treatment (ICso
of AQ4N - 22.8 pM), demonstrated a 100-fold increase in sensitivity with
KP167 ICso value of 0.2 pM. The reasons for this observation is unclear,
but it appears that MDAMB-468 cells are inherently sensitive to agents that
target replication. Studies by Tassone et al., 2005 reported similar findings
where a 100-fold increase in sensitivity was observed in MDAMB-468 cells
treated with docetaxel with ICso values of 0.08 uM compared to 1-5 pM in
MCF-7 and BRCA-1 deficient HCC1937 cells (Tassone et al., 2005). As
expected, the most sensitive cell-line to KP167 treatment was the BRCA-1
deficient MDAMB-436 cells, with KP167 ICso value of 0.14 yM. The fanconi
anaemia (FA)/BRCA pathway is implicated in the repair of chromosomal
defects that arise during homologous recombination. Disruption of this
pathway due to BRCA-1 mutation, as in the case of MDAMB-436 cells, have
been found to result in extreme chromosomal instability and
hypersensitivity of these cells to DNA alkylating agents (D'Andrea and
Grompe, 2003). The inherent double strand repair deficiency (Farmer et
al., 2005, Treszezamsky et al., 2007), along with hypersensitivity to DNA
alkylating agents may explain, in part, the increase in sensitivity observed
in MDAMB-436 cells to KP167 treatment.

Overall, the increase in KP167 potency observed in breast cancer 3D
cultures may be due to its DNA alkylating properties in addition to the
double strand breaks induced by TOPO II inhibition. The covalent binding
of KP167 to DNA may also enable it to be cytotoxic to even non-
proliferating/ quiescent tumour cells. All these properties in the novel agent
may increase its cytotoxic effect compared to the parental AQ4N. If time
had allowed, it would have been interesting to examine levels of DNA
damage induction and repair across the various lines, in response to these
agents. Equally, it would have been interesting to have compared effects
of AQ4N v KP167 in quiescent cells.
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The effects of AQ4N and KP167 in the presence of oxygen were also
assessed in 2D breast cancer cells by proliferation and clonogenic survival
assays. Data show that both AQ4N and KP167 resulted in a dose dependent
reduction in proliferation and clonogenic survival in all breast cancer cell
lines. However higher concentrations of HAPs were required to induce 50%
cell killing in most cell lines. The triple negative MDAMB-231 and MDAMB-
468 cells were resistant to treatment with AQ4N and KP167 and
demonstrated the least reduction in survival at 24 hours (MDAMB-231 ICsg
- >45 uM for AQ4N and KP167; MDAMB-468 ICso - >45 uM for AQ4N and
32 uM for KP167). This finding is in agreement with previous studies which
report minimal or no toxicity when AQ4N was tested against the NCI
(National Cancer Institute) panel of 60 cell lines in hormoxic conditions,
where most cell lines had ICso >100 pM (Patterson and McKeown, 2000).
In contrast, potent cytotoxicity was observed when AQ4N was bioreduced
under hypoxic conditions, which suggests that efficient conversion of the
drug into the DNA binding metabolite occurs in the absence of oxygen
(Patterson, 1993, Wilson et al., 1996). For example, Mehibel et al., 2009
reported that under normoxic conditions the ICso of AQ4N in macrophages
was 40 uM, but gets reduced to 3.9 uM under hypoxic conditions, which
suggests that AQ4N is bioreduced at a high rate in hypoxic cells (Mehibel
et al., 2009).

Compared to the triple negative cells, the luminal cell lines demonstrated
reduced survival with ICso values of (43 and 26) pM in MCF-7 and (<5 and
19.4) in T47D cells for AQ4N and KP167 respectively. A possible
explanation for this observation is that the cytochrome P450 family of
enzymes which are involved in bioreducing AQ4N and KP167 are active in
luminal cell lines as these enzymes are also involved in the metabolism
and oxidation of estrogen (Tsuchiya et al., 2005). Therefore, in order to
identify if the differential expression of reductases contributes to
differential sensitivity observed between the luminal and triple negative
cells, the expression of reductases were evaluated by Western blot. Data
show that the expression of cytochrome P450 and CYP2W1 were greater
in the luminal MCF-7 and T47D cells compared to the TN MDAMB-231,
MDAMB-468 and MDAMB-436 cells, which may explain, in part, the
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increase in cytotoxicity observed in these cell lines as opposed to the TNBC

cells.

As seen with spheroid data, the BRCA-1 deficient MDAMB-436 cells were
the most sensitive, even in 2D cultures, with lower ICso values of <5 uM
(AQ4N) and <5 pM (KP167). The inherent BRCA-1 deficient nature and
sensitivity to alkylating agents, may lead to higher levels of irreparable
DNA damage, which may reduce survival in the MDAMB-436 cells (Song et
al., 2013, Arun et al., 2015). Furthermore, the expression of CYP2S1, as
assessed by Western blot, was greater in the MDAMB-436 cells, which may
have increased HAP metabolism, contributing to the increased cytotoxicity

observed in these cell lines.

Similar to results obtained in the current study, Manley et al., 2013
reported that the intrinsic sensitivity of cells to AQ4N under normoxia
varies widely between cell lines ranging from 3 pM in A549 and U251 cells
to 130-160 in FaDu and HT-29 cells. The pancreatic cell lines, BxPC-3 and
PC3 cells were insensitive to AQ4N under normoxic conditions even at
higher doses of 250 and 500 pM (Manley and Waxman, 2013). While
comparing data obtained under normoxia to those obtained using spheroid
cultures, both AQ4N and KP167 were more potent to cells in 3D. Such
experiments further support previous observations that activation of these
agents occur more effectively, and therefore are more cytotoxic to cells,
under hypoxic conditions (Albertella et al., 2008, Nishida et al., 2010).
Time-permitting, it would have been interesting to determine endogenous
expression of cytochrome P450, CYP2S1 and CYP2W1 (endogenous and in
response to treatment) in breast cancer 3D spheroid cultures, and compare
it to levels obtained in 2D normoxia, to assess if the reductases are

expressed differently between the different culture conditions.

AQA4N was also cytotoxic to the normal MCF-10A cells, which demonstrated
a reduction in proliferation and clonogenic survival in nhormoxic cultures
with ICso (24 hours) of 34.1+£6.5 uM and 10.2+3.5 pM respectively. The
response observed in these cell lines were similar to the luminal breast
cancer cells. AQ4N has been previously reported to be systemically non-
toxic to normoxic cells (Patterson and McKeown, 2000). However, increase

in the cytotoxic effects observed in the normal MCF-10A cells to AQ4N,
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may be due to an increase in the expression of CYP2W1, as demonstrated
by Western blot, which may have resulted in drug activation under
normoxic conditions. Moreover the reliability of the MCF-10A cells as
‘normal’ cell lines has been questioned with studies reporting a basal- like
and mesenchymal cancer cell features in these cell lines (Qu et al., 2015,
Neve et al., 2006). It is therefore important to assess the effect of AQ4N
on another normal breast cell line to further confirm such findings. The
response of normal breast cancer cell lines to KP167 treatment may also
be assessed in the future. It is also important to assess the in vivo safety,

tolerability and side effects of single agent KP167 treatment.

Cellular radiosensitivity measures the ability of irradiated cells to produce
colonies which determines radioresponse of a particular cell line (Puck and
Marcus, 1956). In the current study, breast cancer cells demonstrated only
marginal differences in radiation response between 2D and 3D cultures.
The luminal MCF-7, T47D and normal MCF-10A cells were more
radiosensitive in 3D cultures compared to the BRCA-1 deficient MDAMB-
436 cells which demonstrated radioresistance. The triple negative MDAMB-
231 and MDAMB-468 cells did not demonstrate any variation in their
radiation response between 2D and 3D cultures. Such data suggest that
the luminal cells are more radiosensitive in 3D, compared to their 2D

counterparts.

However, when comparing the intrinsic radiosensitivity between luminal
and triple negative breast cancer cells in 3D, the luminal MCF-7 and T47D
cells demonstrated similar levels of radiosensitivity in comparison to the
triple negative MDAMB-231 and MDAMB-468 cells (SF2 - 0.26-0.36). This
observation contradicts clinical response of breast cancer subtypes to
radiation, wherein the luminal cancers are more radiosensitive compared
to the triple negative subtype (Wang et al., 2011, Kyndi et al., 2008,
Nguyen et al., 2008). The radiation response of in vivo tumours are
dependent on various biological factors such as, but not limited to, the
repair capacity of cells, the level of intracellular sulfhydryls (neutralises
free radical DNA damage induced by radiation), the intrinsic
radiosensitivity, the number of clonogenic stem cells along with various

micro-environmental and host influences such as the presence of oxygen,
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pH changes, ability of cells to repopulate after irradiation, cellular kinetics
and host immune response (Barendsen, 1987, Bristow et al., 1990). The
in vitro generated 3D models, although a more accurate representation of
in vivo tumours compared to 2D monolayer cultures will still lack the
complexity of the original tumours, stroma and other cells present in a
tumour microenvironment (Kim et al., 2005), which may explain the

discrepancies observed between clinical and in vitro behaviour of cell lines.

Studies conducted by a previous PhD student in the group (Dr Yimin
Zhang) found that the luminal cell line, MCF-7 was more radiosensitive
compared to the triple negative MDAMB-231 cells irradiated in 3D ‘on top’
culture model with matrigel. Such data suggest that the type of in vitro 3D
culture (+/- matrigel) may also influence the response of cells to radiation.
For example, ECM (extracellular matrix) components are mostly used in
3D cultures to provide structural support as in the case of the present study
(matrigel used in MDAMB-231 and MDAMB-468 spheroids). However, ECM
components consists of, but are not limited to, a wide array of matrix
proteins, growth factors, glycoproteins and other secreted proteins.
Changes in any of these components have been found to influence cell
differentiation, proliferation, survival and response to radio and
chemotherapy (Sebens and Schafer, 2012, Bonnans et al., 2014,
Langhans, 2018) - all of these indicate that the presence of ECM may alter
cell behaviour which may also contribute to the inconsistency in 3D

response observed between different studies.

One of the major reasons for failure of radiotherapy in breast cancer is the
presence of tumour hypoxia (Graham and Unger, 2018). As mentioned
previously, hypoxia is a common occurrence in both carcinoma in situ and
invasive breast cancers (Hohenberger et al., 1998). Therefore agents that
target hypoxia and improve radioresponse offer the possibility to improve
local tumour control and reduce metastasis. Using breast cancer cells and
in vivo animal models of osteolytic breast cancer, Liapis et al., 2016
reported that the hypoxia-activated prodrug TH-302, was able to destroy
~50-90% of hypoxic cancer cells in bone tissue. When used in combination
with paclitaxel, TH-302 was found to reduce tumour growth in the

mammary gland and bone (common site of breast cancer metastasis)
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(Liapis et al., 2016), which indicate that combining a HAP with conventional
therapies has the potential to target both the primary tumour as well as its
metastatic deposits. Furthermore, promising results from another pre-
clinical study demonstrated that in combination with radiation, the HAPs,
PR-104 and TH-302 sensitises BRCA-2 knockout mutants to radiation,
indicating that these agents have the potential to exploit hypoxia as well
as HR defects in breast cancer cells (Hunter et al., 2014). This strategy
holds true not only for BRCA-1/2 deficient tumours, but studies report that
hypoxic cancer cells demonstrate defective HR pathways, which can be
therapeutically exploited to induce greater radiosensitisation (Chan et al.,
2008, Chan et al., 2010) .

In the present study, the radiosensitising effect of AQ4N and KP167 was
assessed in breast cancer 3D spheroid models. Data indicate that AQ4N
resulted in significant radiosensitisation across both the luminal and triple
negative breast cancer spheroids with SERg.01 ranging (1.30 - 3.33). Such
data support the observation made by previous studies which report the
radio-enhancing properties of AQ4N (McKeown et al., 1996, Mehibel et al.,
2016). For example, studies by Mehibel et al., 2016 reported that the dose
required to achieve 10% cell survival in the HT1080 fibrosarcoma in
combination with radiation was only 0.38 pM compared to 0.75 uM with
single agent AQ4N treatment. In mice models, combined AQ4N-radiation
treatment reduced tumour growth by 40% compared to treatment with
radiation alone (McKeown et al., 1996, Patterson et al., 2000). DNA
damage assays demonstrated that compared to damage induced by
radiation alone, a prolonged second peak of DNA damage was observed
with combined treatment. This was due to the killing of hypoxic cells by
AQ4N (by TOPO II inhibition) which re-entered the cell cycle when the
surrounding oxic cells were killed by radiation (Hejmadi et al., 1996). Such
data indicate that AQ4N potentiates effects of radiotherapy which may be
due to the induction of greater levels of DNA damage compared to damage

induced by radiation alone.

In addition to the TOPO-II inhibiting role, KP167 has additional DNA
alklyating properties which led to the hypothesis that radiosensitivity
observed with KP167 would be comparable, if not greater than AQ4N. Data
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show that KP167 induced greater increases in radiosensitivity compared to
AQ4N, across all breast cancer spheroids with SERo.01 ranging 1.46 - 4.55.
Compared to all other radiosensitisers investigated in this thesis, KP167
showed the greatest increase in radiosensitivity (100-fold) in the triple
negative MDAMB-231 (SERo.0:1 2.53), MDAMB-468 (SER¢.0:1 2.28) and
MDAMB-436 (SERo.01 4.55) spheroids. A possible explanation for the
increase in cytotoxicity may be because TNBC cells in general, are
characterised by defects in the double strand DNA repair pathways (Song
et al., 2013). Studies show that while MDAMB-436 cells are BRCA-1
mutated, both MDAMB-231 and MDAMB-468 cells are characterised by
BRCA-1 allelic loss (Elstrodt et al., 2006). Such findings suggest that the
impaired/deficient DNA double strand repair capacity in the TNBC cell lines,
along with TOPO II inhibition and DNA alkylation induced by KP167, may
have enhanced the cytotoxic effect in TNBCs in response to KP167

treatment.

Clinically, TNBCs are characterised by increased rates of locoregional
recurrence (Zhang et al., 2015a), distant metastasis and poor overall
survival (Dent et al., 2007, Liedtke et al., 2008). Resistance to
radiotherapy is a major factor for local recurrence of breast cancer after
breast-conserving therapy (Komoike et al., 2005), with clinical findings
indicating greater radioresistance in TNBCs compared to luminal breast
cancers, as previously discussed (Lowery et al., 2012). Several studies
report that the proportion of hypoxic and necrotic areas are higher in ER-
negative tumours in comparison to ER-positive cancers (Hohenberger et
al., 1998, Rundqvist and Johnson, 2013). The radiosensitivity obtained
with KP167 in the TNBC cells were higher in comparison to well-established
radiosensitisers such as KU-55933 (SERp.1 1.60-3.42) and olaparib
(SERp.01 1.61-2.35) (which is being clinically assessed as a radiosensitiser
in TNBCs (NCT03109080), investigated in chapter 2. Although further
studies are required to confirm efficacy of KP167, both in vitro and in vivo,
results from the current study demonstrates that KP167 may be effective
as a hypoxia-activated radiosensitiser in breast cancers, especially in the
TNBC cells.
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As mentioned previously HAPs are designed such that they are minimally
or non-toxic in oxygenated cells (Patterson and McKeown, 2000). Current
experiments assessing single agent cytotoxicity revealed that the HAPs are
anti-proliferative and reduce survival in most breast cancer cells, albeit at
high doses. Therefore, in order to investigate if the concentrations that
results in 50% cell killing in spheroid cultures could radiosensitise normoxic
cells, breast cancer cells grown in 2D normoxia were treated with the ICsg
doses obtained using spheroid cultures. Data show that in the presence of
oxygen, AQ4N induced only marginal increases in radiosensitivity with
SERg.01 0f 1.11 - 1.29 in all, except T47D cells with higher SERo.01 of 1.64.
As with 3D spheroids, greater increase in radiosensitisation was obtained
with KP167 with SER¢.0:1 ranging 1.21 - 1.68, with greater increases noted
in T47D cells with SERg.01 of 1.93. From the data described above and in
previous sections, it appears that T47D cells are sensitive to HAP treatment
both under 3D and 2D cultures. Apart from higher reductase activity
(cytochrome P450 and CYP2W1) in these cell lines, a plausible explanation
for this observation may be because T47D cells contain high levels of PgR
and are responsive to progestin (Nardulli and Katzenellenbogen, 1988).
Studies conducted by Atif et al., 2015 reported that the addition of
progesterone enhanced the anti-cancer efficacy of TMZ in glioblastoma
cells. Combined therapy of progesterone with TMZ was found to reduce cell
proliferation, increase apoptosis and decrease migration of glioblastoma
cells (Atif et al., 2015). Progesterone has been found to exert anti-
proliferative and apoptotic effects in many cancers including breast
(Formby and Wiley, 1999), ovarian (Bu et al., 1997) and endometrial
cancers (Medina et al., 2007). This increase in radiosensitivity in T47D cells
may be due to high levels of progesterone in these cell lines which
somehow enhances efficacy of both AQ4N and KP167, irrespective of
oxygen presence. Taken together, results indicate that AQ4N marginally
radiosensitises most breast cancer cells in 2D normoxia, while enhanced

radiosensitivity was conferred upon KP167 treatment.

Only marginal increase in radiosensitisation was observed with AQ4N in
the normal MCF-10A cells with SERp.01 of 1.15 in 2D normoxia compared to

SERo.01 of 1.36 in 3D spheroid cultures. Slight increase in radiosensitivity
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observed in 3D, may be due to the presence of hypoxic cells in 3D cultures,
which may have resulted in drug activation. Although further experiments
are needed to assess the effects of AQ4N and KP167 in nhormal breast cells,
at least from these experiments it appears that AQ4N in combination with
radiation may be minimally toxic to normal cells, similar to previously
reported studies (Mehibel et al., 2016).

In conclusion, the novel AQ4N analogue KP167, investigated in this study
was found to be an effective anti-cancer agent and a potent radiosensitiser
across both luminal and triple negative breast cancer phenotypes. The
radiosensitivity achieved with KP167 in the triple negative 3D cultures were
higher than that achieved with clinically approved agents such as olaparib
and well-established radiosensitisers such as KU-55933 and AQ4N. This
study provides the first evidence for the use of KP167 as a radiosensitiser
in breast cancer. The next chapter examines the efficacy of AQ4N and
KP167 on breast cancer cells grown in 2D hypoxia (1% 0;) conditions to

assess the effects of HAPs on uniformly hypoxic breast cancer cells.

Conclusions

All the hypothesis postulated at the beginning of this chapter were

successfully answered:

AQ4N and KP167 were more potent to breast cancer cells grown in 3D

compared to 2D normoxic conditions.

Higher endogenous reductase expression in MCF-7 and T47D may explain

the increase in sensitivity of luminal cells to single agent HAP treatment.

Radiosensitivity obtained with AQ4N and KP167 was higher in 3D breast

cancer spheroids compared to cells grown in 2D normoxia.

KP167 was a potent radiosensitiser across all breast cancer phenotypes,

both under 3D spheroids and 2D normoxia conditions.

Radiosensitivity obtained with KP167 was higher than the parental drug
AQ4N, in both culture conditions.

167



Chapter 4

Chapter 4 Hypoxia-activated prodrugs in 2D

hypoxia models of breast cancer
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4.1 Abstract

Introduction: The novel hypoxia-activated prodrug, KP167, investigated
in chapter 3, demonstrates potent radiosensitising effect in 3D models of
luminal and triple negative breast cancer cells. The presence of hypoxia in
3D spheroids was presumed to be the reason for the enhancement in
cytotoxicity observed in 3D cultures compared to normoxia-grown cells. In
order to further investigate the efficacy of the hypoxia-activated prodrugs,
the single-agent and radiosensitising effect of KP167 was assessed in
breast cancer cells grown in 2D hypoxia culture. The parental drug AQ4N

was used as a comparator against its novel analogue, KP167.

Methods: 2D hypoxia experiments were conducted using a HypoxyLab™
benchtop hypoxia workstation, flushed with 1% O, 5% CO. and 94% N
to maintain 1% O levels. 2D monolayer cultures (21% and 1% O3) of two
luminal (MCF-7 and T47D) and three triple negative (MDAMB-231, MDAMB-
468 and BRCA-1 deficient MDAMB-436) breast cancer cell lines were
chosen as in vitro models. The doubling times, plating efficiencies (PEs)
and radiation response of breast cancer cells grown in 2D hypoxia (1% O
for 48 hours) were initially assessed using cell growth curves and
clonogenic assays respectively. The cellular cytotoxicity of single agent
AQ4N and KP167 in 2D hypoxia were evaluated using growth curves and
clonogenic survival assays. Radiosensitisation was measured by culturing
cells under hypoxia for 24 hours, treating them with single agent ICso doses
of AQ4N or KP167 for 24 hours, whilst maintaining hypoxia, then
subsequently exposing them to single doses (0-8 Gy) of x-rays and

examined via clonogenic survival assays.

Results: Compared to 2D normoxia, cells grown in 2D hypoxia had
significantly longer doubling times of (19-38 hours normoxia) v (49-117
hours hypoxia) in MCF-7 (P=0.022), T47D (P=0.011), MDAMB-231
(P=0.009) MDAMB-468 (P=0.001) and MDAMB-436 cells (P=0.020).
Decreases in PEs between normoxic and hypoxic cells (18-60% normoxia)
v (13-43% hypoxia), were observed in MCF-7 (P=0.0007), T47D
(P=0.090), MDAMB-231 (P=0.008), MDAMB-468 (P=0.012), and MDAMB-
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436 (P=0.109) cells. Maintenance of hypoxia was confirmed by assessing

CA9 expression by Western blotting.

AQ4N and KP167 treatment was cytotoxic to cells grown in 2D hypoxia and
demonstrated a dose dependent reduction in proliferation and clonogenic
survival, with lower ICso values compared to 3D spheroid and 2D normoxia
cultures (chapter 3). The single agent clonogenic ICso values of AQ4N and
KP167 were 5.2+1.9 uyM and 4.9+0.95 pM in MCF-7, 2.0+£0.1 pM and
2.2£0.49 uM in T47D, 6.1+£2.7 uyM and 3.4+1.24 uM in MDAMB-231,
9.5+£0.8 pM and 4.8+0.31 pM in MDAMB-468, and 0.15+0.03 pM and
0.37£0.01 uM in MDAMB-436 cells respectively.

As expected, hypoxia (1% O, for 48 hours) increased radioresistance in
MCF-7 (P=0.019), T47D (P=0.050), MDAMB-231 (P=0.002), MDAMB-468
(P=0.002) and MDAMB-436 (P=0.013) cells, compared to cells grown
under normoxia. Hypoxia enhanced radioresistance with OERg.o:1 of
1.69+0.22 in MCF-7, 1.44+0.20 in T47D, 1.55+0.01 in MDAMB-231,
1.53+£0.07 in MDAMB-468 and 1.30+0.03 in MDAMB-436 cells.

AQ4N treatment induced significant radiosensitisation of the hypoxic cells
in MCF-7 (P=0.020), T47D (P<0.0001), MDAMB-231 (P=0.008), MDAMB-
436 (P=0.0003), but not in MDAMB-468 cells (P=0.225). AQ4N treatment
resulted in SERg.01 of 1.30£0.08 in MCF-7, 1.74£0.32 in T47D, 1.69+0.11
in MDAMB-231, 1.13+£0.10 in MDAMB-468 and 1.94+0.25 in MDAMB-436

cells.

A greater increase in radiosensitisation was observed with KP167
treatment in MCF-7 (P=0.032), T47D (P=0.001), MDAMB-231 (P=0.003),
MDAMB-468 (P=0.0002) and MDAMB-436 (P=0.003) cells. KP167
treatment increased radiosensitivity in all breast cancer cells with SERg.01
of 1.56+0.12 in MCF-7, 2.37+0.11 in T47D, 1.75+0.04 in MDAMB-231,
1.72+0.02 in MDAMB-468 and 1.81+£0.33 in MDAMB-436 cells.

Conclusions: Data confirms the hypoxia-selective activation of AQ4N and
KP167. KP167 shows anti-cancer and potent radiosensitisation in breast
cancer 2D hypoxia cultures, and appears to be a promising hypoxia-

activated radiosensitiser in breast cancer.
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4.2 Introduction
4.2.1 Oxygen effect

Oxygen is a potent radiosensitiser as the presence of molecular oxygen
enhances the cytotoxic effects of ionising radiation (Thoday and Read,
1947), known as the oxygen fixation hypothesis (Roots and Smith, 1974,
Ewing, 1998). It has been reported that oxygen fixation increases the
number of single and double strand breaks in irradiated DNA, providing
evidence that the amount of DNA damage produced between oxic v hypoxic
cells contributes to the difference in radiosensitivity (Prise et al., 1993).
The oxygen effect also causes the mitochondria to produce higher amount
of ROS that can indirectly cause additional levels of DNA damage
(Richardson and Harper, 2016). This enhancement in radiotherapeutic
efficacy (2.5-3-fold) (Rockwell et al., 2009) is only observed when
molecular oxygen is present during irradiation (Howard-Flanders and
Moore, 1958). The presence of oxygen after irradiation has no effect on
radiosensitisation because the essential chemical reactions are completed
within a few milliseconds after exposure (Rockwell et al., 2009). The full
radiosensitising effect of oxygen is observed at concentrations >3% O,
while at lower levels of 0.1% O, and 1% O, a decrease in radiosensitivity

occurs (Palcic and Skarsgard, 1984).
4.2.2 HIF-1a and radiotherapy

The ability of hypoxia to alter radioresponse in tumour cells is not only due
to the ‘oxygen effect’, but also because of the ability of HIF-1a to promote
expression of genes that allow cell survival under conditions of oxygen
deprivation (<10mmHG) (Semenza, 2003, Williams et al., 2005). It is
known that reoxygenation occurs in hypoxic tumour cells after
radiotherapy (Gregoire et al., 1999). This effect occurs due to a
combination of reduced oxygen consumption rate (OCR), brought about by
the killing of the more radiosensitive oxygenated tumour cells, along with
an increase in oxygen perfusion (Bussink et al., 2000). The expression of

HIF-1a is upregulated within 24 hours of radiation exposure and lasts up
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to one week post-irradiation (Moeller and Dewhirst, 2006). Figure 4.1

shows HIF-1a mediated effects following irradiation.

a Untreated b Reoxygenation

Stress granule ROS
depolymerization

EN
Tumour cell  “Stress granule

d Promote endothelial
cell survival, angiogenesis
and tumour regrowth

Release of HIF1-
regulated transcripts | «—
for translation

HIF1-regulated
gene transcription | g—
and translation

Figure 4.1 HIF-1 mediated effects after radiotherapy. Following
reoxygenation of hypoxic cells after radiotherapy, HIF-1a is stabilised by ROS,
stress granules and NO released by macrophage infiltration. Stabilised HIF-1a
induces expression of genes involved in cell survival, angiogenesis and tumour
regrowth. Reproduced from (Dewhirst et al., 2008). Copyright® 2008 Nature
Reviews Medicine with permission conveyed through Copyright Clearance Centre.

The ROS and stress granules (molecules released during cellular stress
which prevents use of energy for translation) that are produced during
irradiation promotes HIF-1a stabilisation after reoxygenation (Kedersha et
al., 1999, Moeller et al., 2004). A second peak of HIF-1a stabilisation
occurs on day 6-7 post-irradiation, due to macrophage infiltration which
releases nitric oxide (NO) (promotes vasodilation and anaerobic
metabolism) (Sonveaux, 2017). Once stabilised, HIF-1a can bind to HREs
(hypoxia responsive elements) in promoter regions of target genes to
upregulate several downstream effectors such as VEGF, plasminogen
activator inhibitor-1 (PAI-1), CA9 (assessed as the endogenous marker of
hypoxia in the current chapter), glycolytic pathway enzymes etc, all of
which contribute to cell survival by promoting angiogenesis, anaerobic
glycolysis, and tumour regrowth (Semenza, 2003). HIF-1a mediated

activity can also offer protection against oxidative stress, anti-cancer
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agents and increase the invasiveness and metastatic potential of cancer
cells (Moeller et al., 2004, Dewhirst et al., 2008)

4.2.3 Targeting hypoxia

Over the past 3 decades many techniques (carbogen breathing, radiation
sensitisers, blood transfusions, hemoglobin-oxygen affinity modifiers, HIF-
1 inhibitors and nicotinamide) were developed in attempts to increase
tumour oxygenation and/or target hypoxic cells, several of which were
clinically trialled (Overgaard and Horsman, 1996, Brown, 2007). One of
the reasons for the lack of success in clinical trials may have been the lack
of accurate identification of patient tumours that contain hypoxic cell
populations (Hunter et al., 2016). Although clinical trials failed to
demonstrate overall benefit, these trials demonstrated that specifically
targeting hypoxic tumours significantly improved loco-regional control
after radiotherapy. For example, a phase II trial in HNSCC patients
comparing tirapazamine plus chemoradiation to chemoradiation alone,
showed significant benefit in patients who were identified as having
hypoxia using [18F]-misonidazole positron emission tomography. In this
study only 1 in 19 patients had a loco-regional failure compared to 8 out
of 13 patients who received only chemoradiation (Rischin et al., 2006).
Bhandari et al., 2019 quantified hypoxia in ~8000 tumours across 19
cancers and reported that hypoxic tumours were characterised by extreme
genomic instability, copy number alterations, TP53 mutations, allelic loss
of PTEN, dysregulated miRNA profiles etc. Such hypoxia-associated
mutational signatures will aid in the development of biomarkers and
identify patients that may benefit from hypoxia-driven therapy (Bhandari
et al., 2019). For example, promising results were obtained in the
DAHANCA trial which used a 15-gene hypoxic signature (Toustrup et al.,
2011) to classify head and neck cancer patients into ‘more’ hypoxic and
‘less’ hypoxic groups - the use of nimorazole increased loco-regional
control from 18 to 49% only in patients classified into the ‘more’ hypoxic

group (Toustrup et al., 2012).

An alternative approach is to reduce the oxygen demand by decreasing the

OCR in hypoxic cells, which may be a more effective strategy compared to
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previous methods aimed at increasing oxygen delivery (Lin and Maity,
2015). Metformin, used in the treatment of diabetes, is the only FDA
approved agent that was shown to reduce hypoxia and OCR in tumours.
However, at pharmacological concentrations, only a 20-30% reduction in
OCR was observed (Zannella et al., 2013, Wheaton et al., 2014). The anti-
malarial drug atovaquone, was found to reduce hypoxia by decreasing the
OCR (by inhibition of mitochrondrial complex III) in colorectal and lung
cancer spheroids (Ashton et al., 2016). In combination with radiation,
atovaquone caused a significant growth delay in nude mice models and
this agent has recently completed clinical evaluation with results to follow
(NCT02628080). Other strategies that have shown great promise in
targeting hypoxia includes exploiting the HR-deficiency in hypoxic cells
(contextual synthetic lethality) by treatment with the PARP inhibitor,
olaparib. In combination with radiation, olaparib was found to increase
levels of unrepaired DNA double strand breaks and apoptosis in hypoxic
NSCLC cells with no significant effect on DNA damage in non-hypoxic cells
(Jiang et al., 2016). A phase I study with 21 advanced non-small cell lung
carcinoma patients reported that the phosphoinositide 3-kinase (PI3K)
inhibitor, buparlisib in combination with thoracic radiotherapy was well
tolerated in patients and decreased hypoxia by 20% in 10 out of 15
patients (67%) (McGowan et al., 2019). Pre-clinical evaluation of the HAP,
CH-01, a CHK1/Aurora A inhibitor has been reported to reduce survival in
colon carcinoma cancer cells exposed to hypoxia, with minimal effect in

oxygenated cells (Cazares-Korner et al., 2013).

Because of the significant impact hypoxia causes to anti-cancer therapies
and patient survival, there is an urgent need to develop agents that target
hypoxia to improve response. Thus, several hypoxia-targeting agents are
in various stages of pre-clinical and clinical development. Data from
chapter 3 shows the potent radiosensitising effect of KP167 in breast
cancer 3D cultures, indicating that this agent may hold promising potential
as a hypoxia-activated radiosensitiser. In order to further confirm the
hypoxia-specific activation of KP167, the efficacy of this agent was

assessed in breast cancer 2D hypoxia cultures.

174



Chapter 4
4.2.2.1 2D hypoxia culture

One of the simplest ways to study the effects of hypoxia is in a 2D cell
culture system with modifiable oxygen levels to reduce oxygen
concentrations ranging 0.1%-1%. This method is advantageous to study
the effects of reduced oxygen levels in 2D grown cells. A range of
information such as the effect of hypoxia on cell proliferation, cell survival,
gene and protein expression and response to chemo and radiotherapy can
be gauged and interpreted (Leek et al., 2016). In the current study, 2D
hypoxia experiments were conducted using the HypoxyLab™ hypoxia
incubator from Oxford Optronix. It is a bench-top work station that mimics
in vivo oxygen state by precisely controlling levels of oxygen, carbon
dioxide, temperature and humidity to achieve accurate hypoxic conditions
(Hypoxylab™, 2020).

4.2.4 Hypothesis and aims

It has been well-established that most breast cancers contain hypoxic cells
that influence the response of tumours to radiotherapy. As demonstrated
in chapter 3, KP167 was found to be a potent radiosensitiser in breast
cancer 3D spheroid models. It was speculated that the presence of hypoxic
cell populations in 3D spheroids (=500 uM in diameter) (Khaitan et al.,
2006, Riffle and Hegde, 2017) may have been a main reason for the
increased effectiveness in 3D cultures compared to 2D normoxic culture.
In order to further investigate the efficacy of these agents under hypoxia,
the current chapter investigates the effects of KP167 in 2D hypoxia-
cultured breast cancer cells. The hypothesis framed in the current chapter
was that KP167 is a potent hypoxia-activated radiosensitiser across luminal
and triple negative breast cancer cells. It was also hypothesised that
radiosensitisation obtained with KP167 will be greater than that achieved
with the parental drug, AQ4N. The efficacy of AQ4N and KP167 were
assessed in two luminal (MCF-7 and T47D) and three triple negative
(MDAMB-231, MDAMB-468 and BRCA-1 deficient MDAMB-436) breast

cancer cell lines.
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Hypotheses

Aims

. Hypoxia (0.5% and 1% O.) increases radioresistance in MDAMB-231

cells, with 0.5% inducing greater resistance than 1%.

. Hypoxia (1% O;) alters proliferation and clonogenic survival in

luminal and triple negative breast cancer cells.

. Single-agent AQ4N and KP167 treatment is cytotoxic to breast

cancer cells grown in hypoxic conditions (1% 0;), with the level of

cytotoxicity greater than when cells are cultured under normoxia.

. Exposure to 1% O increases radioresistance of both luminal and

triple negative breast cancer cells.

. AQ4N and KP167 are highly effective hypoxic radiosensitisers in 2D

breast cancer cultures (1% O;) with radiosensitisation greater under

hypoxia than normoxia.

. Radiosensitisation achieved with KP167 will be greater than AQ4N in

both luminal and triple negative breast cancer models.

To identify the optimal concentration of oxygen for 2D hypoxia
experiments, by assessing radioresponse in the representative
breast cancer cell line, MDAMB-231, cultured in various hypoxic
conditions (0.5% and 1% O;). Response was compared to those
obtained under 2D normoxia (21% O:) cultures.

To confirm presence of hypoxia (1% O;) by assessing CA9
expression in luminal and triple negative breast cancer cells.

To investigate the influence of hypoxia (1% 0Oz) on proliferation and
clonogenic survival of breast cancer cells and compare it to results
obtained with 2D normoxia culture conditions.

To assess single agent anti-cancer effect of KP167 and AQ4N in
luminal and triple negative breast cancer cells in 2D hypoxia (1%
02) and compare it to results obtained with 2D normoxia culture
conditions.

To compare radioresponse between 2D hypoxia (1% 0;) and 2D

normoxia cultures.
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e To investigate KP167 as a radiosensitiser in 2D hypoxic breast
cancer cells and compare results against the parent drug AQ4N, and

to results obtained with 2D normoxic culture conditions.
4.3 Materials and Methods
4.3.1 Cell lines and culture conditions

The luminal breast cancer cell lines, MCF-7 and T47D, TNBC cell lines,
MDAMB-231, MDAMB-468 and MDAMB-436, and the normal mammary
epithelial cell line, MCF-10A were used in the current study to assess
response to AQ4N and KP167 treatment. Culture conditions and media
recipes have been described in detail in Appendix A-Table Al and Table A2
for MCF-7, T47D, MDAMB-231, MDAMB-468 and MDAMB-436 cells and in
Appendix B-Table B1 and Table B2 for MCF-10A cells. Experiments with
MCF-10A were carried out by Martina Quartieri under my supervision.
Experiments with MCF-10A were completed only for AQ4N, due to lack of
KP167 supply. Therefore all AQ4N data for this cell line is presented in
Appendix C.

4.3.2 Drugs and drug preparation

AQ4N and KP167 were reconstituted and used as described in section
3.3.2.

4.3.3 Radioresponse in 0.5% and 1% O:

In order to identify the O, concentration for 2D hypoxia experiments, that
was non-cytotoxic, but still induced radioresistance, MDAMB-231 cells were
used as a representative breast cancer cell line to assess radioresponse
between the three different hypoxia conditions i.e. 0.5% O for 24 hours
and 1% O for either 24 or 48 hours. For hypoxia experiments, 4x10°
MDAMB-231 cells were seeded into T-25 cm? tissue culture flasks and
allowed to adhere in a normoxic incubator (21% O>) for 3 hours. Following
which, cells for hypoxia experiments were placed in a HypoxyLab™ hypoxia
work station (Oxford Optronix) for 24 or 48 hours. The work station was
continuously flushed with 0.5% O3, 5% CO; and 94.5% N; to maintain
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0.5% O3 levels and with 1% O3, 5% CO, and 94% N, to maintain 1% O
levels. Parallel experiments were also carried out in 2D normoxic (21% O3)
cells (section 2.3.7) to compare radioresponse between 2D normoxia and
2D hypoxia culture conditions. After normoxia/hypoxia incubation for
either 24 hours and/or 48 hours, cells were immediately irradiated with a
single dose of 2, 4, 6, or 8 Gy (cells with sham irradiation were set as 0
Gy). After irradiation, cells were trypsinized, counted using
haemocytometer and serially diluted with complete medium to appropriate
concentrations and plated into T-25 cm? tissue culture flasks for the
conventional 2D clonogenic assays as described in section 2.3.6. SF of
radiotherapy experiments were calculated as described in section 2.3.8.
The OER, defined as the ratio of radiation doses in oxic and hypoxic
conditions which produce the same biological effect (Hall and Cox, 2010),
was used to assess difference in radioresponse between oxic v hypoxic

cells. OER was calculated at 1% survival as follows-

OER= Radiation dose in hypoxia to give 1% SF
Radiation dose in normoxia to give 1% SF

4.3.4 Western blotting for CA9

CA9 is upregulated in hypoxic conditions and is often used as an
endogenous marker to assess hypoxia in cells (Olive et al., 2001). In order
to confirm presence of hypoxia by CA9 expression, lysates from hypoxic
(1% O; for 48 hours) and normoxic (21% O, for 48 hours) cells were
obtained as described in section 3.3.8 and Western blot was performed as

described in section 3.3.9. The antibodies used are listed in Table 4.1.

Table 4.1 List of antibodies used in Western blot.

Molecular
Host Catalogue
Antibodies species Dilution \l'(lllfkel-!,g?A I;t NUeBar Source
Anti-CA9 Mouse 1:1000 49 ab00414-1.1 2BScientific

Anti-B-actin Rabbit 1:2000 42 ab8227 Abcam
Rabbit anti- . . _

AN Rabbit 1:1000 P0260 Dako

Goat anti- Goat 1:1000 _ P0448 Dako

rabbit HRP
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Following SDS-PAGE, membranes were blocked for one hour in 0.05%
PBS-Tween-20 containing 5% non-fat milk and probed with primary
antibody for CA9 at 4°C overnight. Membranes probed with the primary
antibody for B-actin was used as a loading control. The following day,
membranes were probed with the appropriate (horse radish peroxidase
(HRP)-conjugated) antibody (DAKO), and incubated for 1 hour at room
temperature. After incubation, the membranes were washed for 3 x 5
minutes in 0.1% PBS/Tween and blots were developed using the Enhanced
Chemiluminescence (ECL) detection method (Amersham). The
chemiluminescence of the membrane was detected using Image Studio
Version 4.1 (LI-COR Biosciences) by exposing membranes for 30 seconds
to 2 minutes depending on the intensity of the signal. CA9 expression was
assessed in three independent experiments, with separate cell lysates

obtained from different passage numbers of cells.
4.3.5 Cell growth - 2D normoxia v 2D hypoxia

The effect of hypoxia (1% O3) on proliferation of breast cancer cells were
assessed by monitoring growth of cells for 0-96 hours. 1x10° cells/well
were seeded in triplicate in 6-well culture plates and allowed to adhere at
37°C, 5% CO:; for 3 hours in a normoxic incubator. Following which, cells
for hypoxia experiments were placed in a HypoxyLab™ hypoxia work
station as described in section 4.3.3. Parallel experiments were conducted
in 2D normoxic cells to compare cell proliferation against hypoxic cells. For
control 2D normoxia experiments, cells were seeded as described above
and allowed to remain in the normoxic incubator for (0-96) hours. At
different time points of 24, 48, 72 and 96 hours, control 2D normoxic cells
and 2D hypoxic cells were washed with PBS and detached using 500 pl of
trypsin-EDTA (section 2.3.2). Once detached, cells were resuspended in a
further 500 pl of complete medium. Cell counts were performed in
duplicate using a haemocytometer. Cell counts were recorded and growth
curves constructed by plotting average number of cells versus time (hours)
on y- and x-axis respectively to identify doubling time of cells. Data

represent the average cell number £ SD of three independent experiments.
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4.3.6. Plating efficiencies - 2D normoxia v 2D hypoxia

The PEs of breast cancer cells grown in 1% O; (48 hours) were assessed
to investigate if hypoxia affects the colony forming potential of breast
cancer cell lines. To compare PE between normoxia and hypoxia conditions,
cells from the above proliferation assay (section 4.3.5) were counted and
serially diluted with complete medium to appropriate concentrations. Cells
were plated into T-25 cm? tissue culture flasks for conventional 2D
clonogenic assay as described in section 2.3.6. PE was calculated as
described in section 2.3.6. Data represent the mean PE = SD of three
independent experiments, with each experiment containing six parallel

sets.
4.3.7 Cytotoxicity assessment of AQ4N and KP167 - 2D hypoxia
4.3.7.1 Proliferation assay

Proliferation assays were carried out to assess the anti-proliferative effect
of AQ4N and KP167 on breast cancer cells grown in 2D hypoxia (1% O3).
1x10° cells/well were seeded in triplicate in 6-well culture plates and
incubated in the normoxic incubator for 3 hours to allow cell adherence.
Following attachment, cells were transferred into the HypoxyLab™ hypoxia
work station maintained at 1% O for 24 hours and treated with various
concentrations of AQ4N (0.01-10) uM or KP167 (0.15-10) pM for a further
24 hours under hypoxia. Following HAP treatment, cells in each well were
harvested and cell count was performed using a haemocytometer (cells
were collected and seeded for clonogenic survival assays - section 4.3.7.2).
The dose-response curves were constructed by plotting average
percentage of cells versus drug concentration (uM) on y- and x-axis
respectively. The ICso doses were calculated where possible. Data
presented graphically represent the average percentage of cells £ standard

deviation (SD) of three independent experiments.
4.3.7.2 Clonogenic survival assay

Hypoxic conditioned cells treated with various concentrations of AQ4N or

KP167 were collected from the above described proliferation assays
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(section 4.3.7.1) and seeded for assessment of clonogenic survival as
described in section 2.3.6. ICso doses were calculated for AQ4N and KP167.
Data represent the mean SF £ SD of three independent experiments for
AQ4N and two independent experiments for KP167, with each experiment

containing six parallel sets.
4.3.8 Cell irradiation - 2D normoxia v 2D hypoxia

The radioresponse of breast cancer cells when grown as 2D normoxia v 2D
hypoxia were assessed in order to investigate the difference in
radiosensitivity between the two culture conditions. For hypoxia
experiments, 4x10° breast cancer cells were seeded into T-25 cm? tissue
culture flasks and allowed to adhere in a normoxic incubator for 3 hours.
Following which, cells for hypoxia experiments were incubated in a hypoxia
work station (HypoxyLab™) for 48 hours, which was maintained at 1% O..
Flasks were always examined to ensure that cells were still sub-confluent
and in the logarithmic growth phase. Following hypoxic exposure of 48
hours, a flask of cells was used immediately to conduct Western blot
analysis of CA9 expression to confirm hypoxia (as described in section
4.3.4). Parallel experiments were conducted in 2D normoxic cells as
described in section 2.3.7. After normoxia/hypoxia incubation for 48 hours,
cells were irradiated at a single dose of 2, 4, 6, or 8 Gy (cells with sham
irradiation were set as 0 Gy) and seeded for assessment of clonogenic
survival. Survival data was processed as described previously (section
2.3.8). Data represent the mean SF = SD of three independent

experiments, with each experiment containing six parallel sets.
4.3.9 Drug-radiation combinations - 2D hypoxia

To assess the effects of AQ4N and KP167 on radiosensitivity of cells grown
in 2D hypoxia, 4x10° breast cancer cells were seeded into T-25 cm? tissue
culture flasks and allowed to adhere in a normoxic incubator for 3 hours.
Cells were transferred into the HypoxyLab™ hypoxia work station
maintained at 1% O, for 24 hours, prior to treatment with the clonogenic
ICso of AQ4N or KP167 for a further 24 hours in 1% O,. Following drug

treatment, cells were irradiated at single doses of 2, 4, 6 or 8 Gy. Sham
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irradiated cells were used as controls. After irradiation, cells were
immediately plated and survival data was processed as described
previously (section 2.3.8). Western blot analysis of CA9 expression was
performed after 48 hours of hypoxic exposure to confirm hypoxia (as
described in section 4.3.4). Data represent the mean SF £ SD of three
independent experiments for AQ4N and two independent experiments for

KP167, with each experiment containing six parallel sets.
4.3.10 Statistical analysis

Statistical analyses were conducted using GraphPad Prism 7 software. Data
is represented as mean = SD of two or three, as indicated, independent
experiments with each performed in triplicate. For comparing two
variables, the Student’s t-test was used. P value < 0.05 were considered
to be statistically significant. Errors from individual experiments were

calculated as described in section 2.3.10.
4.4 Results
4.4.1 Radioresponse with 0.5% and 1% O:

To identify the optimal oxygen concentration for 2D hypoxia experiments,
MDAMB-231 cells were grown in 0.5% O for 24 hours and 1% O, for 24
and 48 hours, then irradiated before seeding for assessment of clonogenic
survival. Parallel experiments were carried out on cells grown in 2D
normoxia (21% 0;) to compare and contrast radiosensitivity obtained with
hypoxic cultures. The resultant survival curves, fitted using the linear

quadratic (LQ) model, are shown in Figure 4.2.

SF2 and OERgp.01 values were used to compare radiation response between
the different treatment conditions and are shown, along with other
radiobiologic parameters including a, B, and a/B ratios in Table 4.2.
MDAMB-231 cells exposed to the different hypoxic conditions
demonstrated significant radioresistance compared to cells grown in
normoxia. The SF2 values in 2D normoxic cells were 0.25+0.02 compared
to 0.58+0.09 (P=0.004) in 0.5% Oz (24 hours), 0.61+0.01 (P=0.035) in
1% O3 (24 hours) and 0.55£0.01 (P=0.002) in 1% O, (48 hours). Hypoxic
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exposure increased radioresistance with OERs at 1% survival (OERg.01) of
1.66+0.11 in 0.5% O (24 hours), 1.40+0.06 in 1% O, (24 hours) and,
1.62+0.38 in 1% O, (48 hours).

MDAMB-231
= Normoxia
% — 0.5% (24h)
c 1 — 1% (24h)
2 - 1% (48h)
Q 0.11
]
1 ™
19
.E’ 0.01-
2
2 0.001-
=
7}
0.0001 : : . .
0 2 4 6 8
Dose (Gy)

Figure 4.2 Radioresponse of MDAMB-231 cells in 2D normoxia v 2D
hypoxia (0.5 and 1% O2). Radiation survival curves were fitted to LQ model.
PEs of MDAMB-231 cell lines were 56+4.0% in 21% 02, 32+9.4% in 0.5% O
(24h), 61+3.7% in 1% 02(24h) and 43+2.6% in 1% 02(48h). Data represent the
mean SF £ SD of three independent experiments, with each experiment containing
six parallel data sets which are analysed using the Student’s t-test. *P<0.05 for
normoxia v hypoxia.

Table 4.2 Radiobiologic parameters of breast cancer cells in 2D
normoxia and 2D hypoxia cultures (0.5% and 1% O).

. a B a/B
Cell line (Gy) (Gy2) (Gy) SF2  OER(g oy
Normoxia 0.56+0.06 0.06+0.01 9.58+2.85 0.25+0.02

0.5% Hypoxia (24h) 0.10+0.06 0.07+0.01 1.48+0.83 0.58+0.09

+

Hest P<0.001 P=0.198 P=0.009 P=0.004 L-06%011

19 Hypoxia (24h) 0.24%0.05 0.06£0.01 3.69£0.91 0.61£0.10 | o o
test P=0.004 P=0.798 P=0.191 P=0.035 L-10%0-

19 Hypoxia (48h) 0.14£0.01 0.07£0.01 198+0.01 0.55%0.01 | .o

ttest P=0.002 P=0.02 P=0.001 P=0.002

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; OERo.01, oxygen
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.
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Such OERg.0: values equate to the SF8 of MDAMB-231 cells increasing 10-
fold from 0.0002 to 0.005 in 0.5% O, 0.0002 to 0.002 in 1% 0> (24 hours)
and 0.0002 to 0.003 in 1% O (48 hours) compared to normoxic (21% 03)
cells. The data confirms the ability of hypoxia to induce radioresistance in
breast cancer cells. Since no significant difference in radioresponse was
observed between 0.5% (24 hours) and 1% O; (48 hours) (P=0.954), all

subsequent experiments were carried out at 1% O, for 48 hours.

A significant decrease in the a-value of MDAMB-231 cells grown in 0.5%
Oz (24 hours) (P<0.001), 1% Oz (24 hours) (P=0.004) and 1% 0O, (48
hours) (P=0.002) was observed, which led to a decrease in the a/p ratio.
The decreased a-value and a/f ratios reflects that the absence of oxygen
allows radiation-induced DNA damage to be more easily repaired,
contributing to radioresistance (Skarsgard and Harrison, 1991, Dasu and
Denekamp, 1998, Rockwell et al., 2009).

4.4.2 Cell growth curves in 2D normoxia v 2D hypoxia

Hypoxia has been shown to inhibit proliferation in a variety of tumour cell
types, and the role of HIF-a as a direct inhibitor of replication has been
published previously (Hubbi et al., 2013). Therefore, the effect of hypoxia
(1% O3) on proliferation of breast cancer cells were initially assessed by
monitoring growth of cells for a period of 0-96 hours and comparing
response to those obtained in 2D normoxia. Doubling times in normoxic v
hypoxic conditions were obtained from cell growth curves plotted using cell

counts and presented in Figure 4.3.

The expression of CA9 was present in all breast cancer cells exposed to
hypoxia and absent in cells grown in normoxic culture conditions,
confirming a hypoxic response as seen in Figure 4.3. Marginal decreases
in breast cancer cell proliferation were noted at 48 hours of hypoxic
exposure, following which a significant reduction in proliferation was noted
at 72 and 96 hours in all cell lines. Compared to 2D normoxia, cells in 2D
hypoxia had significantly longer doubling times of 31.5+1.1 v 52.2+0.5
(P=0.002) in MCF-7, 33.1£8.9v 117.4£66.2 (P=0.011) in T47D, 19.1+3.3
v 49.0£10.5 (P=0.009) in MDAMB-231, 33.5+4.6 v 57.4+1.2 (P=0.001)
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in MDAMB-468 and 38.2+5.7 v 109.1+32.3 (P=0.020) hours in MDAMB-
436 cells. Tabulated doubling time of breast cancer cells under normoxia

and hypoxic is presented in Table 4.3.

MCF-7 T47D
_ 16000001 H N . . 16000004 H N .
0 B-Actin + Normoxia 0 = w| B-Actin <+ Normoxia
Euooooo- - * Hypoxia ?1200000- wt | CA9 # Hypoxia
3 3
2 8000004 2 8000004
T 4000004 T 400000
“ 1 L v *
c T T T 1 01 1 T T I**
0 24 48 72 96 0 24 48 72 96
Time (h) Time (h)
MDAMB-231 MDAMB-468
0 L H N + Normoxia i AR 5 + Normoxia
£ 12000001 [ pracin *Hyporia £ 1200000, B'AC“" * Hypoxia
= CA9 i CA9
3 800000 2 800000
8 400000 -~ 8 400000+ .
i
c T T T 1 0: T T T 1
0 24 48 72 9 0 24 48 72 96
Time (h) Time (h)
Figure 4.3 Effect of normoxia and
MDAMB-436 hypoxia (1% O:2) on proliferation of
1600000- breast cancer cells. Inset image show
a L ] *+ Normoxia representative blot for the expression of
2 1900000 B-Actin # Hypoxia CA9 in normoxia (N) and hypoxia (H)
£ CA9 with B-Actin used as a loading control.
z:,’ 800000- Data presented graphically represent the
- mean cell number/well £ SD of three
0 400000 *X % independent experiments, with each
v 1 experiment conducted in triplicate which
0 : £ Kk are analysed using the Student’s t-test.
0 24 48 72 96 *P<0.05, **P<0.01 and ***P<0.001 for
Time (h) normoxia v hypoxia.
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Table 4.3 Doubling time of 2D breast cancer cells in normoxia (21%
0:) and hypoxia (1% O>).

Doubling time (hours)

Cell line

Normoxia Hypoxia

MCF-7 sl el al 52.2+0.5
T47D 33.1+8.9 117.4+£66.2
MDAMB-231 93,3 49.0+10.5
MDAMB-468 33.5+4.6 57.4+1.2
MDAMB-436 28.215.7 109, 1+52.3
MCF-10A 22.516.2 51.6+7.3

The doubling times obtained under 2D normoxia are in agreement with
previous chapters and published literature (section 2.4.1). A similar
response was observed in MCF-10A cells with a doubling time of 22.5+6.2
hours in 2D normoxia compared to 51.5+7.3 hours in 2D hypoxia. Graphs
for MCF-10A are supplied in Appendix C-Figure C1. In all subsequent
experiments drug treatment with the HAPs were initiated at 24 hours of

hypoxia treatment to ensure cells were in the exponential growth phase.

Data are in agreement with previously published literature, that hypoxia
decreases proliferation and increases doubling time in all breast cancer cell
lines (Song et al., 2018). Hypoxia is a modulator of cell proliferation
because the increase in the number of cells increases the oxygen demand
which would further aggravate hypoxic stress; so cells respond by reducing
the rate of cellular proliferation (Hubbi et al., 2013, Ortmann et al., 2014,
Hubbi and Semenza, 2015). Furthermore, reduced cell proliferation is one
of the mechanisms by which hypoxic tumour cells demonstrate radio- and

chemoresistance (discussed subsequently) (Teicher, 1994).
4.4.3 Plating efficiencies in 2D normoxia v 2D hypoxia

Cells from the above experiments were also plated for clonogenic survival
assays to examine if hypoxia (1% O; for 48 hours) affects the colony
forming potential in breast cancer cells. The PEs obtained are presented in

Figure 4.4.
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Figure 4.4 Plating efficiencies of breast cancer cells in 2D normoxia and
hypoxia (1% O:2) culture conditions. Data represent the mean £ SD of three
independent experiments, with each experiment containing six parallel data sets
which are analysed using student’s t-test. *P<0.05, **P<0.01 for normoxia v
hypoxia.

Marginal decreases in plating efficiencies were observed in all breast cancer
cells exposed to hypoxia for 48 hours, with significance observed in MCF-
7 (P=0.022), MDAMB-231 (P=0.008) and MDAMB-468 (P=0.012) cells.
There was no significant difference in the PEs between normoxia and
hypoxia grown T47D (P=0.090) and MDAMB-436 (P=0.109) cells. The PEs
in 2D normoxia v hypoxia grown cells were 42.0+3.46% v 34.0+£1.00% in
MCF-7, 18.3£2.08% v 13.0£3.60% in T47D, 56.6+4.04% v 43.0+£2.64%
in MDAMB-231, 60.0+3.60% v 42.6+5.85% in MDAMB-468 and
21.3+£5.50% v 14.6%+1.15% in MDAMB-436 cells respectively. In MCF-10A
cells, the PEs in 2D normoxia v 2D hypoxia were 49+7.07% and 27+1.41%
respectively. The PE’s of cell lines obtained under 2D normoxia were
comparable to PEs obtained in chapter 2 and 3, and to published literature
as referred to in chapter 2 section 2.4.1. Previous studies indicate that
exposure to hypoxia decreases plating efficiencies in cancer cell lines (Spiro
et al., 1984, Papandreou et al., 2005, Wu and Yotnda, 2011, Ma et al.,
2012), which may be in response to cellular stress caused by oxygen
deprivation (Degenhardt et al., 2006, Guo et al., 2019). Hypoxia has been

reported to promote apoptosis by inducing mitochondrial damage,
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upregulating apoptotic markers, increasing production of ROS and
expression of HIF-1a - all of which may contribute to the reduction in

clonogenic survival, as seen in the current experiment (Semenza, 2012).
4.4.4 Cytotoxicity of AQ4N and KP167 in 2D hypoxia

The efficacy of AQ4N and KP167 was studied in 2D hypoxia-cultured breast
cancer cells by proliferation and clonogenic survival assays and compared
to response obtained in 2D normoxia (data from chapter 3), to confirm the

hypoxia-specific activation of these agents.

4.4.4.1 Effect of AQ4N and KP167 on proliferation

To assess the anti-proliferative effect of AQ4N and KP167, breast cancer
cells were grown as monolayers in 1% O, for 24 hours and treated with
varying concentrations of AQ4N (0.01-10) uM and KP167 (0.15-10) uM for
24 hours. The anti-proliferative effect of AQ4N and KP167 was assessed by
plotting a dose-response obtained from cell counts (%) and is presented
in Figure 4.5. It should be noted that the x-axis (drug concentration) varies
between different cell lines, reflecting the differential sensitivity of cells to

these agents.

Breast cancer cells treated with AQ4N and KP167 showed a dose dependent
reduction in cellular proliferation. The ICso doses of AQ4N and KP167 were
not obtained from the range of concentrations tested (0-10) pM for
proliferation assay, except in the T47D cells with KP167 ICso of 3.3+0.04
MM and MDAMB-436 cells with AQ4N ICso of 0.25+0.08 uM. Treatment with
varying concentrations of AQ4N significantly reduced proliferation in MCF-
7 cells compared to KP167 treatment at 2.5 (P=0.017 (statistics performed
on n=2, each experiment with 6 replicates)), 5 (P=0.035 (statistics
performed on n=2, each experiment with 6 replicates)) and 7.5 uM
(P=0.033 (statistics performed on n=2, each experiment with 6
replicates)). In T47D cells, KP167 treatment resulted in reduced
proliferation compared to AQ4N at 1 (P=0.024 (statistics performed on
n=2, each experiment with 6 replicates)), 1.5 (P=0.048 (statistics
performed on n=2, each experiment with 6 replicates)) and 2 uM (P=0.023
(statistics performed on n=2, each experiment with 6 replicates)).
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Figure 4.5 Effect of AQ4N and
KP167 on proliferation in 2D
hypoxia (1% 02). Cell counts
obtained after treatment with AQ4N or
KP167 were plotted as a percentage of
control for each time point. Data
represent the mean + SD of three
(AQ4N) or two (KP167) independent
experiments, with each experiment
performed in triplicate, which are
analysed using students t-test P<0.05
for AQ4N v KP167.

Decreased proliferation was also observed in MCF-10A cells with AQ4N ICsg

values of 9.8+4.0 uM as shown in Appendix C-Figure C2. Tabulated
proliferation ICso doses for both AQ4N and KP167 in 2D hypoxia v 2D

normoxia (data taken from chapter 3) are presented in Table 4.4.
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Table 4.4 Proliferation ICso of AQ4N and KP167 in 2D hypoxia (1%

02) v 2D normoxia.

AQ4N (pM) KP167 (uM)
. 24 hours 24 hours
Cell line

2D 2D 2D 2D
Hypoxia Normoxia Hypoxia Normoxia

MCF-7 >10 >45 >10 >45
T47D >3 34.6+£10.1 3.3+£0.04 21.2+7.7

MDAMB-231 >10 >45 >10 >45

MDAMB-468 >10 >45 >10 >45

MDAMB-436 @ 0.25+0.08 10.5+£7.6 >0.5 30+6.6

MCF-10A 9.8 £4.0 34.1+6.5 = =

ICso values were calculated using Graphpad prism software.
Abbreviations: uM - micromolar; - not available.

As seen in the above table, the most sensitive cell lines to treatment with
both AQ4N and KP167 in 2D hypoxia and 2D normoxia were the luminal
T47D, BRCA-1 deficient MDAMB-436 and the normal MCF-10A (data for
AQ4N only) cells. In MCF-7, MDAMB-231 and MDAMB-468 cells, the ICso
doses for proliferation were not achieved within the concentrations tested
in each culture condition. In T47D, MDAMB-436 and MCF-10A cells, the
ICso doses achieved were lower in 2D hypoxia when compared to 2D
normoxia, suggesting that the HAPs are more effective when used in
hypoxic cultures. For drug-radiation combination experiments, breast
cancer cells were treated with the clonogenic ICso values and therefore
higher doses of AQ4N and KP167 were not assessed for proliferation in
MCF-7, MDAMB-231 and MDAMB-468 cells.

4.4.4.2 Effect of AQ4N and KP167 on clonogenic survival

The effect of AQ4N and KP167 on survival of breast cancer cells grown in
2D hypoxia were next assessed by clonogenic survival assays. Dose

response curves are presented in Figure 4.6.
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Figure 4.6 AQ4N and KP167 on
clonogenic survival in 2D hypoxia
(1% 02). PEs of individual cell lines were
MCF-7 - 39 £ 5.3%; T47D - 16+ 1.52%;
MDAMB-231- 46 £ 3.46%; MDAMB-468 -
42 £ 2.51%; MDAMB-436 - 13+ 1.04%.
Data represent the mean + SD of three
(AQ4N) or two (KP167) independent
experiments, with each experiment
containing six parallel data sets, which are
analysed using the Student’'s t-test.
*P<0.05, and ***P<0.001 for AQ4N v
KP167.

The same concentrations of AQ4N and KP167 tested for proliferation assay

resulted in a dose dependent reduction in clonogenic survival in all breast

cancer cells in 2D hypoxia. The ICso doses of AQ4N and KP167 were
5.2+1.9 yM and 4.9+£0.95 uM in MCF-7, 2.0£0.1 pM and 2.2+0.49 uM in
T47D, 6.1+£2.7 yM and 3.4%1.24 yM in MDAMB-231, 9.5+0.8 uM and
4.840.31 uM in MDAMB-468, and 0.15+£0.03 pM and 0.37£0.01 pM in
MDAMB-436 cells. AQ4N treatment was also cytotoxic in MCF-10A cells and
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resulted in reduced survival with ICso values of 6.1 £1.3 uM. The effect of
AQ4N on clonogenic survival of MCF-10A cells is given in Appendix C-Figure
C2.

MDAMB-468 cells were significantly more sensitive to KP167 treatment
compared to AQ4N and demonstrated lower survival at 5 (P=0.0003
(statistics performed on n=2, each experiment with 6 replicates)), 7.5
(P=0.010 (statistics performed on n=2, each experiment with 6
replicates)) and 10 pM (P=0.0001 (statistics performed on n=2, each
experiment with 6 replicates)). MDAMB-436 cells demonstrated
significantly reduced survival with AQ4N treatment compared to KP167 at
0.2 (P=0.0001, (statistics performed on n=2, each experiment with 6
replicates)) and 0.25 uyM (P<0.0001, (statistics performed on n=2, each
experiment with 6 replicates)). Table 4.5 compares ICso values of AQ4N
and KP167 in 2D hypoxia (24 hour treatment), 2D normoxia (24 hour

treatment) and 3D spheroids (data taken from chapter 3).

Table 4.5 Clonogenic ICso of AQ4N and KP167 in 2D hypoxia (1%

0:) v 2D normoxia and 3D spheroids.

AQ4N (pM) KP167 (uM)

Cell line 2D 2D 3D 2D 2D 3D
Hypoxia Normoxia Spheroids Hypoxia Normoxia Spheroids

MCF-7 5.2+1.9 43.6+18.7 8.5+2.9 4,9+0.95 26.2+10.0 6.1+0.4

T47D  2.0£0.1 <5 4.4%0.5 2.240.49 19.4%6.9 1.9+0.6
MOATTT 6427 >45 211249 342124 >45 128413
Ma‘;“;B‘ 9.540.8 >45 22.8+1.1 4.8+0.31 32.6%4.2 0.2+0.01
MD4A3|28_ 0.15+0.03 <5 0.2+0.01 0.37+0.01 <5 0.14+0.01

MCF-10A 6.1 £1.3 10.2+3.5 8.8+2.61 = = z

The ICso values were calculated using Graphpad prism software. Abbreviations:
MM - micromolar; - not available.

Overall, the luminal MCF-7 and T47D cells demonstrated similar ICso values
for both AQ4N and KP167 under 2D hypoxia culture conditions. The triple
negative MDAMB-231 and MDAMB-468 cells were more sensitive to KP167
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and demonstrated ~50% reduction in KP167 ICsy, values compared to
AQ4N. The opposite effect was observed in the BRCA-1 deficient MDAMB-
436 cells with ~50% reduction in AQ4N ICso values compared to KP167.
Such results indicate that efficient reduction of AQ4N and KP167 occurs in
hypoxic conditions, as demonstrated by reduced survival and lower ICsg
values in breast cancer cells when compared to response in normoxic
conditions (chapter 3). Increases in the single agent cytotoxic effect of
AQ4N and KP167 were observed in breast cancer cells grown in 2D hypoxia
and 3D spheroids compared to response in 2D normoxia cultures as seen
in the above table. The ability of these agents to undergo hypoxia-selective
conversion into their cytotoxic metabolites in the absence of oxygen,
explains the increase in cytotoxicity observed in hypoxia and spheroid
cultures (Raleigh et al., 1998, Nishida et al., 2010). When comparing
response between 2D hypoxia and 3D spheroids, most cell lines
demonstrate lower ICso values in 2D hypoxia cultures, suggesting that
these agents are more efficiently metabolised in uniformly hypoxic
monolayer cells compared to 3D spheroids which consists of both normoxic
and hypoxic cell populations (Riffle and Hegde, 2017), which may

demonstrate differential drug sensitivities.

The luminal T47D, BRCA-1 deficient MDAMB-436 and normal MCF-10A (for
AQ4N) cells demonstrated similar sensitivity to HAPs across all 3 platforms
which suggests that these cell lines are sensitive to AQ4N or KP167,
regardless of oxygen availability and culture conditions. Although further
studies are required to identify reasons for these observations, the inherent
double strand deficiency in the BRCA-1 deficient MDAMB-436 cells and
increased CYP2S1 expression (assessed by Western blot in chapter 3) may
explain, in part, the sensitivity of these cell lines to TOPO II inhibitors such
as AQ4N and KP167. Higher expression of reductases such as cytochrome
P450 and CYP2W1 in T47D cells along with higher levels of progesterone
(known to enhance efficacy of HAPs such as TPZ as discussed in chapter
3) (Nardulli and Katzenellenbogen, 1988, Atif et al., 2015), may increase
sensitivity of T47D cells to AQ4N and KP167. MCF-10A cells demonstrated
greater expression of CYP2W1 which may have enhanced the cytotoxicity
profile of AQ4N in the normal MCF-10A cells. Taken together, data from
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current experiments further confirm the hypoxia-specific cytotoxicity of
AQ4N and KP167 in breast cancer cells.

4.4.5 Radioresponse of breast cancer cells in 2D normoxia v 2D

hypoxia

Prior to drug-radiation combination experiments, the radioresponse of
breast cancer cells grown in 2D hypoxia were assessed, in order to identify
if hypoxia influences radiosensitivity of cell lines. As shown in Figure 4.7
hypoxia substantially increased radioresistance in both luminal and triple

negative breast cancer cells.

Compared to cells grown in normoxia, SF2 values (Table 4.6) were
significantly increased in hypoxia i.e. 0.24+0.05 v 0.58+0.03 (P=0.019) in
MCF-7, 0.35+£0.49 v 0.66+0.09 (P=0.05) in T47D, 0.24+0.01 v 0.55+0.01
(P=0.002) in MDAMB-231, 0.30%+0.01 v 0.71£0.02 (P=0.002) in MDAMB-
468 and 0.28+0.04 v 0.44+0.05 (P=0.013) in MDAMB-436 cells. Hypoxia
enhanced radiosensitivity in all breast cancer cells with OERg.o: of
1.69+0.22 in MCF-7, 1.44+£0.20 in T47D, 1.55+0.01 in MDAMB-231,
1.53+0.07 in MDAMB-468 and 1.30+0.03 in MDAMB-436 cells. Such
values equate to the survival of cells at 8 Gy increasing from 0.0002 to
0.005 in MCF-7, 0.002 to 0.012 in T47D, 0.0002 to 0.002 in MDAMB-231,
0.001 to 0.005 in MDAMB-468, and 0.0002 to 0.001 in MDAMB-436 cells.
MCF-10A cells exposed to hypoxia also demonstrated significant
radioresistance with OERg.o1 of 1.55+0.16. Graphs for MCF-10A are
supplied in Appendix C-Figure C3.

Compared to 2D normoxia, a significant decrease in the a-value of MCF-7
(P=0.05), T47D (P=0.07), MDAMB-231 (P=0.002), MDAMB-468
(P=0.005) and MDAMB-436 (P=0.029) cells was noted which decreased
the a/p ratio in these cells. Such data indicate that hypoxic cells were more

radioresistant compared to cells in 2D normoxia.
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Figure 4.7 Radiation response in
2D normoxia and hypoxia (1%
02). PEs of individual cell lines under
normoxia and hypoxia were: MCF-7 - 31 +
1.1% and 23+1.0%; T47D - 18 + 1.1%
and 14+1.5%; MDAMB-231 - 56+4.0% and
44+2.6%; MDAMB-468 - 57 + 6.1% and
42+5.8%; MDAMB-436 - 18+6.0% and
13+£2.5%. Data represent the mean SF +
SD of three independent experiments, with
each experiment containing six parallel data
sets, analysed by Student's t-test.
*pP<0.05, **P<0.01, ***pP<0.001 for
normoxia v hypoxia.
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Table 4.6 Radiobiologic parameters of breast cancer cells in 2D

normoxia and hypoxia (1% O:) cultures.

. a B a/B
Cell line (Gy1) (Gy2) (Gy) SF2 OER (¢.01)
MCF-7
2D Normoxia 0.58+0.14 0.05+£0.01 10.8+5.07 0.24+0.05
2D Hypoxia 0.11+£0.07 0.08+0.03 3.56%x1.06 0.58%+0.03 1.69%+0.22
t test P=0.05 P=0.317 P=0.187 P=0.019
T47D
2D Normoxia 0.43%£0.11 0.04£0.02 12.41+8.49 0.35%+0.49
2D Hypoxia 0.09+£0.08 0.05+0.01 1.70+2.87 0.66%+0.09 1.44+0.20
t test P=0.07 P=0.43 P=0.22 P=0.05
MDAMB-231
2D Normoxia 0.59+0.02 0.05+0.00 10.31£0.51 0.24+0.01
2D Hypoxia 0.14£0.00 0.07+0.01 1.98+0.01 0.55+0.01 1.55%=0.01
t test P=0.002 P=0.022 P=0.001 P=0.002
MDAMB-468
2D Normoxia 0.52+0.04 0.04+0.01 12.11+1.96 0.30+0.01
2D Hypoxia 0.03£0.02 0.08+0.01 0.51+0.24 0.71+0.02 1.53+0.07
t test P=0.005 P=0.010 P=0.014 P=0.002
MDAMB-436
2D Normoxia 0.49+0.09 0.06x0.01 7.72+2.51 0.28+0.04
2D Hypoxia 0.26£0.06 0.06+0.00 3.95+1.35 0.44%+0.05 1.30%£0.03
t test P=0.029 P=0.844 P=0.084 P=0.013

Statistical significance was determined by Student's t-test. The P-values are bold

where they are < 0.05. Abbreviations:

IR,

irradiation;

enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

OERGo.01,

oxygen

4.4.6 Radiosensitisation with AQ4N and KP167 in 2D hypoxia

4.4.6.1 Radiosensitisation with AQ4N

The radiosensitising efficacy of AQ4N was assessed by treating 2D hypoxia
cultured breast cancer cells with the clonogenic ICso values obtained
previously in section 4.4.4.2. Figure 4.8 shows that the radiosensitisation
by AQ4N ranged from marginal to substantial across the different breast
cancer phenotypes, with effects more pronounced in the luminal T47D

cells.
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Compared to control cells, the mean SF2 values (Table 4.7) were
significantly reduced in AQ4N treated cells i.e. 0.41+0.05 v 0.25+0.04
(P=0.020) in MCF-7, 0.68+0.05 v 0.35+0.17 (P<0.0001) in T47D,
0.45+0.09 v 0.18+0.03 (P=0.008) in MDAMB-231, and 0.26+0.01 v
0.07+0.02 (P=0.0003) in MDAMB-436 cells, but not in MDAMB-468 cells
with SF2 of 0.52+0.03 v 0.43+0.10 (P=0.225).

AQ4N treatment increased radiosensitivity in all lines with SERg.o:1 of
1.30+0.08 in MCF-7, 1.74%£0.32 in T47D, 1.69+0.11 in MDAMB-231,
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1.13+0.10 in MDAMB-468 and 1.94+0.25 in MDAMB-436 cells. Such
values equate to the survival of cells at 8 Gy decreasing from 0.003 to
0.001 in MCF-7, 0.013 to 0.0001 in T47D, 0.002 to 0.00007 in MDAMB-
231, 0.002 to 0.001 in MDAMB-468, and 0.002 to 0.00007 in MDAMB-436
cells. MCF-10A cells were also significantly radiosensitised with AQ4N.
Graphs for MCF-10A are supplied in Appendix C-Figure C4 and radiobiologic

parameters summarised in Appendix C-Table C2.

Table 4.7 Radiobiologic parameters of breast cancer cells in 2D
hypoxia treated with IR and/or AQ4N.

: a B a/B
Cell line (Gy-1) (Gy-2) (Gy) SF2 SER (0.01)
MCF-7
IR 0.35+0.09 0.04+0.01 8.24+3.29 0.41+0.05
AQ4N+IR  0.62+0.10 0.02+0.01 27.86*+18.73 0.25+0.04 1.30+0.08
t test P=0.028 P=0.092 P=0.148 P=0.020
T47D
IR 0.06+0.05 0.06+0.01 1.01+0.94 0.68+0.05
AQ4N+IR 0.33+£0.34 0.11+0.06 6.71+9.74 0.35+0.17 1.74+0.32
t test P=0.088 P=0.0001 P=0.0006 P<0.0001
MDAMB-231
IR 0.27+0.13 0.06+0.01 4.77+£3.61 0.45%+0.09
AQ4N+IR 0.72+0.10 0.07+0.03 12.19+6.93 0.18+0.03 1.69+0.11
t test P=0.010 P=0.764 P=0.175 P=0.008
MDAMB-468
IR 0.19+0.04 0.06+0.01 2.98+1.01 0.52+0.03
AQ4N+IR  0.29+0.16 0.06%+0.02 5.93+5.77 0.43+0.10 1.13+0.10
t test P=0.360 P=0.873 P=0.433 P=0.225
MDAMB-436
IR 0.63+0.03 0.24+0.40 52.15+23.91 0.26+0.01
AQ4N+IR  1.29+0.16 0.01+0.01 270.76+365.19 0.07+0.02 1.94+0.25
t test P=0.002 P=0.390 P=0.359 P=0.0003 ’

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

Compared to control cells, a significant increase in the a-value was
observed in MCF-7 (P=0.028), MDAMB-231 (P=0.010) and MDAMB-436
(P=0.002) cells, but not in T47D (P=0.088) and MDAMB-468 (P=0.360)
cells. Increase in a-value led to an increase in the a/p ratio in all cell lines

suggesting that AQ4N radiosensitises all breast cancer cells under 2D
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hypoxic conditions. The BRCA-1 deficient MDAMB-436, the luminal cell line,
T47D and the triple negative MDAMB-231 cells were the most

radiosensitised by AQ4N treatment.

4.4.6.2 Radiosensitisation with KP167

The radioresponse of KP167 treated cells, grown in 2D hypoxia is presented

in Figure 4.9.
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Figure 4.9 KP167 radiosensitivity
in 2D hypoxia (1% O2). PEs of
individual cell lines were MCF-7 -
42+0.5%; T47D - 12+1.0%; MDAMB-
231 - 33+1.5%; MDAMB-468 - 42+1.5%;
MDAMB-436 - 16+3.6%. Data represent
the mean SF = SD of two independent
experiments, with each experiment
containing six parallel data sets, which
are analysed using the Student’s t-test.
*P<0.05, **P<0.01 and ***P<0.001 for
IR v KP167+IR.
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As shown in Figure 4.9, cells treated with KP167 demonstrated enhanced
radiosensitivity across both luminal and triple negative breast phenotypes.
Compared to controls, mean SF2 values (Table 4.8) in KP167 treated cells
were significantly reduced i.e. 0.43+0.06 v 0.19£0.13 (P=0.032) in MCF-
7, 0.69+0.02 v 0.14£0.02 (P=0.001) in T47D, 0.43£0.01 v 0.15%0.01
(P=0.003) in MDAMB-231, 0.50+0.00 v 0.18+0.00 (P=0.0002) in MDAMB-
468 and 0.32+0.03 v 0.12+0.03 (P=0.003) in MDAMB-436 cells. (Statistics
performed on n=2, each experiment with 6 replicates).

Table 4.8 Radiobiologic parameters of breast cancer cells in 2D
hypoxia treated with IR and/or KP167.

i a B a/p
Cell line (Gy) (Gy-2) (Gy) SF2 SER (.01)
MCF-7
IR 0.30+0.09 | 0.05+0.01 5.52+2.75 0.43+0.06
KP167+IR 0.73+0.06 0.04+0.01 19.44%10.13 0.194+0.13 1.56+0.12
t test P=0.034 P=0.445 P=0.201 P=0.032
T47D
IR 0.04+0.01 0.06+0.01 0.63+0.29  0.69+0.02
KP167+IR  0.94+0.09 0.01+£0.01 384.44+476.85 0.14+0.02 2.37+0.11
t test P=0.006 P=0.021 P=0.372 P=0.001
MDAMB-231
IR 0.30+0.01 0.05+0.00 53.98434.91 0.43+0.01
KP167+IR 0.90+0.06 0.02+0.00 44.44+13.48 0.15+0.01 1.75+0.04
t test P=0.005 P=0.009 P=0.055 P=0.003
MDAMB-468
IR 0.22+0.01 0.05+0.00 3.83+0.19  0.50+0.00
KP167+IR  0.81+0.00 0.01+0.00 106.01+42.31 0.18+0.00 1.72+0.02
t test P=0.0001 P=0.002 P=0.076 P=0.0002
MDAMB-436
IR 0.52+0.08 0.01+£0.01 39.36+26.23 0.32+0.03
KP167+IR  0.93£0.22 0.05%£0.03  29.05%29.24 0.12+0.03 , o,/ 35
t test P=0.04 P=0.168 P=0.672 P=0.003 '

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.

KP167 treatment increased radiosensitivity in all breast cancer cells with
SERo.01 Oof 1.56+0.12 in MCF-7, 2.37+0.11 in T47D, 1.75+0.04 in MDAMB-
231, 1.72+0.02 in MDAMB-468 and 1.81+0.33 in MDAMB-436 cells. 8 Gy,
following KP167 treatment decreased survival from 0.002 to 0.0002 in
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MCF-7, 0.001 to 0.0003 in T47D, 0.002 to 0.0001 in MDAMB-231, 0.003
to 0.0009 in MDAMB-468, 0.007 to 0.00002 in MDAMB-436 cells. Such
data indicate that KP167 effectively radiosensitised both luminal and triple
negative breast cancer cells in 2D hypoxia. The radiosensitivity obtained
with KP167 was greater than AQ4N in all lines, apart from MDAMB-436

cells with marginally higher AQ4N induced radiosensitisation.

All breast cancer cells treated with KP167 demonstrated significant
radiosensitisation with increased a-value and a/B ratio, which indicates a
more linear cell killing. The a-value was significantly increased in MCF-7
(P=0.034), T47D (P=0.006), MDAMB-231 (P=0.005), MDAMB-468
(P=0.0001) and MDAMB-436 (P=0.04) cells (Statistics performed on n=2,
each experiment with 6 replicates). With KP167 treatment, the greatest
increase in radiosensitisation was seen in the T47D cells followed by the
triple negative MDAMB-436, MDAMB-231 and MDAMB-468 cells. Taken
together, data indicate that KP167 is a highly potent radiosensitiser across
all phenotypes of breast cancer when grown in 2D hypoxia culture
conditions. The above experiments were conducted only twice and
therefore results have to be interpreted with caution. Compiled SERo.01
values of DNA repair inhibitors and HAPs (2D hypoxia, 2D normoxia and

3D spheroids) is given in Table 4.9.
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Table 4.9 Compiled SERo.01 values of DNA repair inhibitors and hypoxia-activated prodrugs.

KU-55933 Olaparib PTPD AQ4N KP167

MCF-7

T47D

MDAMB-
231

MDAMB-
468

MDAMB-
436

MCF-10A
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The pooled data from chapter 3 and 4, suggest that in most cell lines,
radiosensitisation observed with both AQ4N and KP167 were lower in 2D
normoxia compared to radiosensitivity obtained in 2D hypoxia and 3D
spheroid cultures. Such observations confirm the hypoxia-selective
cytotoxicity of AQ4N and KP167. It has been previously reported that cells
grown in 3D demonstrate higher levels of cytochrome P450 enzymes, and
decreased expression of genes involved in DNA repair, cell cycle and DNA
replication (Schmidt et al., 2016). In light of such data, it appears that
efficient metabolism of drugs in 3D by the cytochrome P450 enzymes
followed by the inability of cells to repair DNA damage may have
contributed to the increase in radiosensitivity observed in 3D v 2D cultures,
especially in the TNBC cell lines. In all of the culture conditions
investigated, KP167 was able to induce greater levels of radiosensitisation
compared to the parental AQ4N. The greatest increase in radiosensitisation
was seen especially in the triple negative breast cancer 3D models of
MDAMB-231, MDAMB-468 and MDAMB-436 cells with KP167 treatment.
This increase in radiosensitivity was even greater compared to
radiosensitivity obtained with well-established radiosensitisers such as KU-

55933 and olaparib investigated in chapter 2.

The normal MCF-10A cells were only marginally radiosensitised in 2D
normoxia, compared to response in 2D hypoxia and 3D cultures. Such data
suggests that AQ4N may target only the tumour cell population as opposed
to the well-oxygenated normal cells in vivo. In conclusion, data indicate
that KP167 is a highly effective and potent radiosensitiser in 3D spheroid,

2D normoxia and 2D hypoxia models of breast cancer.
4.5 Discussion

Radiotherapy is an essential treatment modality in the management of
breast cancers. Studies over the years have shown that the presence of
tumour hypoxia reduces local tumour control after radio and chemotherapy
(Hohenberger et al., 1998, Vaupel et al., 2005). Therefore, hypoxia-
selective cytotoxins that target the hypoxic fraction of tumour cells and
increase efficacy of chemo and radiotherapy are under extensive pre-

clinical evaluation (Jackson et al., 2019). The novel hypoxia-activated
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prodrug, KP167 investigated in chapter 3 was found to exert anti-cancer
and potent radiosensitising effect across luminal and triple negative breast
cancer cells. Continuing from chapter 3, the current chapter set out to
assess the single-agent and radiosensitising effect of KP167 under 2D

hypoxia, with the parental drug AQ4N, used as a comparator.

As mentioned previously, HIF-1a is a master regulator that controls cellular
response to hypoxia by regulating the expression of a wide variety of genes
involved in proliferation, apoptosis, angiogenesis, metastasis and invasion
(Kumar and Choi, 2015, Jiang et al., 2015). HIF-1 target genes include
mediators of angiogenesis such as VEGF and its receptors, CA9, enzymes
involved in the glycolytic pathway such as lactate dehydrogenase,
hexokinase 2 and glucose transporters (GLUT-1, GLUT-3) (Harris, 2002).
Many of these gene products also act to alter the radioresponse of cells,
e.g. VEGF (Chan and Camphausen, 2003). CA9 is considered as a robust
marker for the presence of tumour hypoxia, as it is quickly and extensively
upregulated under hypoxic conditions (Potter and Harris, 2004). CA9
promotes tumour growth and metastasis by reducing intracellular pH levels
in hypoxia (acidosis), that can activate proteases which break down
extracellular matrix to facilitate EMT and aid migration, alter metabolism,
and promote inflammation and angiogenesis (Giatromanolaki et al., 2001,
Pastorekova and Gillies, 2019). Previous studies conducted in breast
cancer tissues report that CA9 is undetectable in normal breast, but
upregulated in hyperplastic tissues, with the highest expression found in
hypoxic areas (Jiang et al., 2015, Daly et al., 2018). In the current study,
all breast cell lines, including the normal MCF-10A cells maintained in 1%
0, expressed CA9, which was undetectable in cells grown in 21% O,. This
observation confirmed that the breast cells grown in 1% O, were indeed

hypoxic.

The primary adaptive response of cells to conditions of oxygen and nutrient
deprivation is to decrease the cellular need for oxygen demand (Greijer
and van der Wall, 2004). Cellular proliferation requires cells to enter the
cell cycle which is known to be a highly energy demanding process that
may be restricted under hypoxic conditions (Hubbi and Semenza, 2015).

Therefore, in order to assess the effect of hypoxia on proliferation, breast
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cancer cells were grown in 1% O; for 0-96 hours, and the effects were
assessed by cell counting. Compared to cells in normoxia, similar levels of
proliferation were observed at 24 hours, with gradual reductions noted at
the 48-hour time-point. Following which, significant reduction in cell
proliferation was noted at 72 and 96 hours. In comparison to 2D normoxia,
breast cancer cells in 2D hypoxia (1% O;) had significantly longer doubling
times i.e. (19-38 normoxia) v (49-117 hypoxia) hours. These cellular
adaptations are regulated by HIF-1a, which induces cell cycle arrest in
hypoxic cells by directly repressing cell cycle genes (Ortmann et al., 2014).
In addition, prolyl hydroxylases (PHD) which is the inhibitor of HIF-1a
promotes breast cancer cell proliferation by regulating levels of Cyclin D.
However, under hypoxia, PHD is inactivated resulting in decreased Cyclin
D1 levels which reduces proliferation in breast cancer cells (Zhang et al.,
2009). Furthermore, depletion of median oxygen concentrations below 10
mmHg results in acidosis, ATP depletion and reduced energy supply
(Hockel et al., 1991), all of which may affect proliferation in hypoxic

cultures.

The reduced proliferation often seen in hypoxic cells has been associated
with resistance to a number of anti-cancer agents (Teicher et al., 1981,
Teicher, 1994, McKeown, 2014). Most chemotherapeutic drugs target the
rapidly dividing cells. Therefore, slowly dividing cells present in hypoxic
areas of the tumour demonstrate reduced response to anti-cancer agents
that are reliant on preferential drug uptake by rapidly proliferating cancer
cells (Amadori et al., 1997). In the current study, significant reductions in
cell proliferation were observed only at 72 and 96 hours of hypoxic
exposure. Therefore, in all subsequent experiments, breast cancer cells
were treated with AQ4N and KP167 at the 24-hour time-point, which
ensured that cells were rapidly proliferating at the time of drug treatment.
Since AQ4N is cytotoxic by TOPO II inhibition only in proliferating cells, the
reduced proliferation seen in hypoxic cells at 72 and 96 hours may have
affected the potency of AQ4N as a TOPO II inhibitor. This however, may
not be the case for KP167, due to its covalent binding to DNA and additional
alkylating properties, which may enable it to be cytotoxic to even quiescent

cancer cells. Future experiments can assess the efficacy of AQ4N and
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KP167 in quiescent v proliferating cells to determine if the cytotoxic effects

of HAPs are differential in the quiescent cell population.

The plating efficiencies of cells grown in 2D hypoxia were also assessed
and compared to normoxic cultures in order to investigate if the presence
of hypoxia affects the ability of breast cancer cells to form colonies. Slight
decreases in PEs of cell lines were observed in T47D and MDAMB-436 cells,
and significant reductions seen in MCF-7, MDAMB-231, MDAMB-468 and
normal MCF-10A cells. Since ATP production is restricted under conditions
of hypoxia, many cell types respond by inducing cell cycle arrest and/or
activating cell death pathways (Iida et al., 2002, Koshiji et al., 2004). HIF-
1a is known to be a key regulator in this process and initiates apoptosis by
stimulating expression of pro-apoptotic proteins (BNIP3) (Greijer and van
der Wall, 2004), and inhibiting expression of apoptotic markers (cleaved
caspase-3) (Daly et al., 2018). It has been reported that overexpression
of BNIP3 in MCF-7 cells binds to and inhibits the anti-apoptotic proteins,
Bcl-2 and Bcl-xL (Boyd et al., 1994). HIF-1a has also been reported to
interact with the inhibitor of p53, MDM2, which allows stabilisation of p53
protein to promote programmed cell death in hypoxic cells (Chen et al.,
2003). Time permitting, it would have been interesting to investigate the
apoptotic response of the different breast cell lines in response to AQ4N

and KP167 treatment under oxic and hypoxic conditions.

Hypoxia is also known to induce acidosis (low intracellular pH) which can
affect delivery and cellular uptake of certain pH sensitive anti-cancer
agents such as doxorubicin (Lankelma et al., 1999, Patel and Tannock,
2009). This may not be the case for AQ4N and possibly KP167 as it has
been previously demonstrated that decreasing the pH of the cell culture
media to 6.5 had only minimal effect on the cytotoxicity of AQ4, which
indicates persistence of its anti-cancer activity even in low pH conditions
(Patterson et al., 2000). In addition, studies have shown that following a
2-hour incubation with AQ4N, ~26% of the active metabolite AQ4 was
retained in cells, suggesting that AQ4 may be able to diffuse into proximate
tumour cells and exert bystander effects, potentially targeting even the
oxic tumour cell population (Smith et al., 1997). Furthermore, macrophage

infiltration into hypoxic regions releases NOS which stabilises HIF-1a to

206



Chapter 4

promote cellular adaptations (as discussed previously in section 4.2.2)
(Dewhirst et al., 2008). However studies have shown an increase in AQ4N
metabolism and tumour cell cytotoxicity in response to iNOS induction by
macrophages (Mehibel et al., 2009). Such results indicate that iNOS
commonly present in a hypoxic tumour microenvironment also activates
AQ4N, which further enhances the hypoxia-selective toxicity of this agent
(Fitzpatrick et al., 2008, Mehibel et al., 2016).

Most often, anti-cancer agents are unable to reach hypoxic areas because
of the increasing distance from the nearest capillary (Vaupel and Mayer,
2007). Both pre-clinical and clinical studies have shown that the active
metabolite AQ4 is stable, and localises to hypoxic regions efficiently
(Albertella et al., 2008, Williams et al., 2009). Using immunofluorescence
techniques, Tredan et al., 2009 demonstrated that AQ4N has the ability to
rapidly penetrate and localise to hypoxic tumour tissues in vivo, and in
combination with agents such as mitoxantrone which has limited drug
penetration, delays tumour growth (Tredan et al., 2009). The cytotoxic
effect of AQ4N has been reported to be >8-fold higher in hypoxia when
compared to normoxic cultures in rat glioblastoma cells and human NSCLC
cell lines (Manley and Waxman, 2013). Similar results were obtained from
patient biopsies in a phase I study, wherein >3.4-fold higher concentration
of AQ4 was found in hypoxic v normal tissues (Steward et al., 2007).
Studies have also demonstrated that increasing tumour hypoxia by
blocking blood flow into the tumour using a clamp or by the use of drugs
such as hydralazine was also found to increase the anti-tumour efficacy of
AQ4N in a tumour xenograft model (Patterson et al., 2000). Such evidence
indicate that the anti-tumour efficacy of AQ4N (and possibly KP167) are
unaffected by hypoxia-induced cellular adaptations which makes AQ4N and

analogues ideal to target hypoxic cells.

In chapter 3, the hypoxia-activated prodrugs, AQ4N and KP167 were highly
effective in breast cancer 3D cultures compared to cells grown in 2D
normoxia. This may be because efficient reduction of these agents into
their DNA binding cytotoxins may have occurred in hypoxic cells present in
breast cancer spheroids (Raleigh et al., 1998). Therefore, in order to

confirm the hypoxia-specific activation of AQ4N and KP167, breast cancer
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cells in 2D monolayers were made hypoxic at 1% O,, following which they
were treated with various doses of AQ4N and KP167. Data show that both
AQ4N and KP167 were highly cytotoxic to breast cancer cells in 2D hypoxia
compared to response in 2D normoxia cultures (chapter 3). Treatment in
2D hypoxia, reduced survival in breast cancer cells with lower AQ4N (0.15-
9.5) uM and KP167 (0.37-4.9) uM ICso values compared to those obtained

in 2D normoxia.

Compared to 3D, an increase in cytotoxicity in most cell lines, was
observed in 2D hypoxic cultures and this may be because 2D hypoxic cells
were grown as monolayers and uniformly subjected to hypoxia (1% O3),
which may have enabled efficient conversion of AQ4N and KP167 into their
respective cytotoxic metabolites. This is in contrast to 3D spheroids,
wherein normoxic, hypoxic and necrotic cells, all co-exist in different layers
of the spheroid structure and may demonstrate differential drug
sensitivities (Mueller-Klieser et al., 1986). For example, the oxygenated
cells present in a 3D spheroid may not be adequately targeted as opposed
to a 2D culture where cells were made uniformly hypoxic, enabling efficient
drug activation. Summarising data obtained from chapter 3 and 4, it
appears that the single-agent AQ4N and KP167 treatment were more
cytotoxic in breast cancer cells grown in 2D hypoxia and 3D spheroid
cultures when compared to response obtained in 2D normoxia, which

confirms the hypoxia-specific activation of these agents.

The radioresponse in the breast cancer cell lines under 2D hypoxia (1% O
for 48 hours) were next investigated in order to assess if exposure to
hypoxia increased radioresistance. As expected, hypoxia enhanced
radioresistance in all breast cancer cells with OERg.0; of 1.30-1.69. One of
the reasons for the increase in radioresistance is due to lack of molecular
oxygen in hypoxic tissues as discussed previously. Oxygen is a known
radiosensitiser which chemically modifies radiation-induced free radical
DNA damage and enhances the cell killing efficiency of radiation known as
the oxygen fixation hypothesis (Gatenby et al., 1988, Williams et al.,
2005). In support of this, studies conducted by Metsala et al., 2018
reported that the increased radioresistance seen in Hela cells at 1%

hypoxia was due to a reduction in the number of DNA double strand breaks
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compared to cells grown in 21% O, (Metsala et al., 2018). Studies have
also reported upregulated DNA repair pathways and accumulation of
YH2AX (involved in recruitment of DNA repair proteins) in cancer cells and
mouse embryonic fibroblasts exposed to chronic hypoxia, even in the

absence of detectable levels of DNA damage (Wrann et al., 2013).

In addition, the expression of HIF-1a in hypoxic cells promote chemo or
radioresistance by regulating genes involved in apoptosis, DNA repair and
cellular metabolism (Unruh et al., 2003, Meijer et al., 2012, Takasaki et
al., 2016). In hypoxia, HIF-1a functions to enhance glycolysis, serine
synthesis pathway, and pentose phosphate pathways, all of which increase
production of antioxidants that neutralise free radicals or ROS generated
by radiation (Guzy and Schumacker, 2006, Wu and Wei, 2012, Koritzinsky
and Wouters, 2013). Moreover, hypoxia also sustains cells in a non-
proliferative, quiescent state that protects them from the cytotoxic effects
of radiation (Fidoamore et al., 2016). It would be interesting to assess and
compare the levels of DNA damage (yH2AX assay) induced in response to
AQ4N and KP167 under different oxygen conditions, if time had permitted.

Future work may assess this.

Previous experiments that assessed the single-agent efficacy of AQ4N and
KP167 demonstrated increased potency in 2D hypoxia cultures compared
to efficacy under 2D normoxia (chapter 3). Therefore, the radioresponse
of AQ4N and KP167 were also assessed in breast cancer cells grown in 2D
hypoxia to determine if levels of radiosensitisation achieved would be
greater than 2D normoxia cultures. For these experiments, cells were
made hypoxic for 24 hours, then treated with the clonogenic ICso dose of
AQ4N and KP167 for a further 24 hours before irradiation. Data show that
AQ4N was able to induce greater levels of radiosensitisation across all
breast cancer cells compared to response observed in 2D normoxic
cultures. The level of radiosensitisation induced by AQ4N ranged from
marginal to significant with SERg.01 of 1.13-1.94. Compared to 3D cultures,
greater increase in radiosensitisation was noted only in the luminal T47D,
triple negative MDAMB-231 and normal MCF-10A cells.

An ideal anti-cancer drug must be selective and exert cytotoxicity specific

to cancer cells, while sparing normal tissues. AQ4N has been reported to
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exhibit minimal or no cytotoxicity to normal cells (McKeown et al., 1996).
Therefore, in order to identify if AQ4N could preferentially kill breast cancer
cells, the single agent and radiosensitising effect were assessed in the
normal MCF-10A cells. Compiled data from chapter 3 and chapter 4 show
that AQ4N was cytotoxic and reduced survival in MCF-10A cells in all of the
3 culture conditions tested. However, when assessing radiosensitivity
under normoxia, AQ4N seemed to only marginally radiosensitise the
normal MCF-10A cells (SERo.01 1.15), which suggest that AQ4N in
combination with radiation may reduce the normal tissue toxicity profile in
vivo. The increase in radiosensitivity observed in 2D hypoxia (SER¢.01 1.71)
and 3D spheroids (SERo.01 1.36) may only be because of the presence of
hypoxia when cells were grown under these conditions. Also, it should be
noted that previous studies report the presence of basal/mesenchymal
features (Neve et al., 2006), and absence of markers such as 3-casein and
a-lactalbumin, (commonly present in breast tissues) (Qu et al., 2015),
which questions the validity of MCF-10A as a suitable ‘normal’ breast cell
line model. Therefore, future experiments may assess the radiosensitising
effects of both AQ4N and KP167 in another normal breast cell line to

confirm such findings.

Lastly, the radiosensitising effects of KP167 were assessed in breast cancer
cells grown in 2D hypoxia. Data show that, compared to AQ4N, greater
increases in radiosensitisation was observed with the novel KP167 across
all breast cancer phenotypes with SERo.01 of 1.56-2.37. The radiosensitivity
obtained in 2D hypoxia were greater compared to response observed in 2D
normoxia cultures, which suggest that these agents undergo hypoxia-
selective activation and therefore are more potent in hypoxic cultures.
Compared to radiosensitivity observed in 3D spheroids, the luminal MCF-
7, T47D and normal MCF-10A cells demonstrated greater increases in
radiosensitivity in 2D hypoxia culture conditions. The presence of active
CYP enzymes (involved in estrogen metabolism) and efficient drug
metabolism in 2D monolayer hypoxic cultures of luminal and MCF-10A cells
(Western blot data in chapter 3), may explain to some extent, the

increased radiosensitivity observed in 2D compared to 3D cultures.
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As demonstrated in the previous chapter, greater levels of KP167-induced
radiosensitivity was observed in 3D spheroid cultures of TN MDAMB-231,
MDAMB-468 and MDAMB-436 cells. However, these cell lines demonstrated
reduced levels of radiosensitisation in 2D hypoxia compared to response
seen in 3D. The reasons for this observation is unclear, although other
studies have also reported similar findings. For example, Flader et al., 2000
reported that the benzimidazolequinone analogues were 46-fold more
potent in 2D hypoxic HelLa cells and 65-fold more potent in 3D spheroids
compared to normoxic controls (Flader et al., 2000). Further investigation
led to the finding that under hypoxic conditions, the prodrug localised to
both mitochondria (50%) and the nucleus (32%), as opposed to normoxic
cells where 60% of localization was in the mitochondria and 28% was in
the nuclear compartments. These studies indicate that the sub-cellular
localization of the drug, the cellular uptake and hydrophobicity may have
contributed to differential drug sensitivities in 2D v 3D cells (Sharma et al.,
2019). Furthermore, Schmidt et al., 2016, studied gene expression in the
HLaC78 spheroids and reported increase in levels of drug metabolising
cytochrome P450 enzymes and downregulation of genes involved in cell
cycle and DNA repair in 3D cultures compared to 2D grown cells (Schmidt
et al., 2016). From the above mentioned studies, it appears that the
increased levels of cytochrome P450-mediated drug metabolism and
downregulated DNA repair pathways, along with the already repair-
compromised nature of TNBC cell lines may have contributed to the

increase in cytotoxic effects observed in 3D cultures.

In conclusion, data suggest greater increases in AQ4N/KP167 induced
radiosensitivity was achieved in 3D spheroid and 2D hypoxia cultures
compared to 2D normoxia models, which confirms the hypoxia-selective
potency of these agents. The novel AQ4N analogue, KP167 was a highly
effective anti-cancer agent and potent radiosensitiser across both luminal
and triple negative breast cancer cells. These studies provide preliminary
evidence for the use of KP167 as a hypoxia-activated radiosensitiser in
breast cancer, especially in triple negative breast cancer models. The next
chapter investigates the expression of CYP2S1 and CYP2W1 in a large

independent cohort of breast cancer patients.

211



Chapter 4
Conclusions

All the hypotheses framed at the beginning of the study were addressed:
Similar levels of radioresistance were observed between 0.5% and 1% O-.

Hypoxia was found to alter proliferation and clonogenic survival in luminal

and triple negative breast cancer cells.

AQ4N and KP167 were cytotoxic to breast cancer cells grown in hypoxia

(1% O;) compared to normoxia grown cells.

Hypoxia increased radioresistance in both luminal and triple negative

breast cancer cells.

AQ4N and KP167 were highly effective hypoxic radiosensitisers in 2D
breast cancer cultures (1% O;) compared to radiosensitivity obtained with

2D normoxia.

Overall, the radiosensitivity obtained with KP167 was greater compared to
AQ4N in 2D hypoxia.
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Chapter 5 The expression of CYP2S1 and
CYP2W1 in breast cancer
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5.1 Abstract

Background: The cytochrome P450 (CYP) family of enzymes have
important roles in breast cancer pathogenesis due to their involvement in
estrogen metabolism and the production of carcinogenic metabolites
during this process. They are also involved in the metabolism of anti-cancer
agents such as tamoxifen and taxanes used in breast cancer treatment.
The ‘orphan’ CYP enzymes, CYP2S1 and CYP2W1 are involved in the
reductive activation of the hypoxia-activated prodrug, AQ4N (and possibly
KP167). AQ4N and KP167 were shown in previous chapters to be highly
effective anti-cancer agents and potent radiosensitisers in breast cancer
cells. In vitro data from chapter 3 suggest that greater expression of
CYP2W1 (assessed by Western blot) in luminal breast cancer cell lines may
make them more responsive to single agent AQ4N or KP167 treatment.
Assessing the expression of CYP2S1 and CYP2W1 in breast cancers may
therefore help identify patient subgroups that could potentially benefit from
HAP treatment. The current chapter investigates the expression of CYP2S1
and CYP2W1 by immunohistochemistry in a large independent cohort of
breast cancer. The prognostic significance of CYP enzymes and their

correlation with clinical and pathological parameters were also assessed.

Methods: A total of 1426 patients were assessed for the expression of
CYP2S1 and CYP2W1 on tissue microarrays using immunohistochemistry.
Correlation between CYP2S1 and CYP2W1 was determined using
Spearman’s correlation. The association between CYP2S1 and CYP2W1
(cytoplasmic and nuclear) protein expression with clinical and pathological
parameters were assessed using Pearson’s chi-square (x*) test. To assess
the relationship between protein expression and survival outcomes in the
total patient cohort and ER-positive/negative breast cancers, survival
curves were plotted using the Kaplan-Meier method and statistical
significance was determined using the Log-rank test. For multivariate
survival analysis, Cox proportional hazards regression model was used to
test the statistical independence and significance of the predictors on

overall survival.
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Result: Spearman’s rank order correlation demonstrated significant, albeit
weak, positive correlation between cytoplasmic and nuclear CYP2S1
(r’=0.288, P<0.001) and between cytoplasmic and nuclear CYP2W1
(r’=0.326, P<0.001). Significant positive correlations were also observed
between cytoplasmic CYP2S1 and cytoplasmic CYP2W1 (r?=0.288,
P<0.001) and nuclear CYP2W1 (r’=0.180, P<0.001), suggesting that the
enzymes may have overlapping functions in drug metabolism, hypoxia and
breast cancers. However, the expression of nuclear CYP2S1 was negatively
correlated with cytoplasmic (r?=-0.174, P<0.001) and nuclear CYP2W1
(r’=-0.119, P<0.001), potentially indicating involvement in different
pathways.

High cytoplasmic CYP2S1 and nuclear CYP2W1 were commonly present in
ER-positive compared to ER-negative cancers. 35.5% of cases with high
cytoplasmic CYP2S1 was present in ER-positive (P=0.011), and only 5.2%
and 7.7% of cases with high cytoplasmic CYP2S1 were present in HER-2
positive (P=0.001) and triple negative breast cancers (P=0.0910)
respectively. 39.7% of cases with high nuclear CYP2W1 were present in
ER-positive (P=0.405), with only 4.3% and 6.9% of cases with high nuclear
CYP2W1 belonging to the HER-2 positive (P=0.464) and triple negative

(P=0.187) breast cancers respectively.

High cytoplasmic CYP2S1 was significantly associated with various
clinicopathological parameters such as patients age of 50 years or above
(P<0.001), grade 3 tumours (P<0.001), intermediate NPI prognostic group
(P=0.002), high nuclear pleomorphism (P=0.003), mitosis (P<0.001), and
ductal carcinoma (P=0.022). High nuclear CYP2S1 expression was
associated with absence of HER-2 positive disease (P=0.011), grade 3
tumours (P=0.009), intermediate NPI prognostic group (P=0.025), high
mitosis (P=0.002), and ductal carcinoma (P=0.007).

The expression of high cytoplasmic CYP2W1 was significantly associated
with patients aged 50 years or above (P=0.002), absence of HER-2 positive
disease (P=0.003), intermediate NPI prognostic group (P=0.013) and high
mitosis (P=0.009). Nuclear CYP2W1 did not show association with any

clinicopathological variables.
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Univariate Kaplan-Meier survival analysis show that low expression of
cytoplasmic CYP2S1 was significantly associated with adverse breast
cancer specific survival (P=0.034), which remained so in multivariate
analysis (hazard ratio (HR): 0.639; 95% confidence interval (CI): 0.483-
0.846; P=0.002). Low expression of nuclear CYP2W1 was significantly
associated with adverse breast cancer specific survival (P=0.012), and was
also maintained in multivariate analysis (hazard ratio (HR): 0.677; 95%
confidence interval (CI): 0.510-0.898; P=0.007). Low expression of
cytoplasmic CYP2S1 and nuclear CYP2W1 were also associated with poor
breast cancer specific survival in ER-positive (P=0.031) and ER-negative

patients (P=0.020) respectively.

Conclusions. High cytoplasmic CYP2S1 and nuclear CYP2W1 expression
were specific to ER-positive tumours, and identifies a subgroup of ER-
positive, HER-2 negative breast cancers that may potentially benefit from
single agent HAP treatment. The cytochrome P450 enzymes, CYP2S1 and

CYP2W1 may be important as prognostic markers in breast cancer.
5.2 Introduction
5.2.1 Cytochrome P450 enzymes

The cytochrome P450 (CYP) isoenzymes are a large family of constitutive
and inducible heme-containing enzymes that are located in the lipid bilayer
of the endoplasmic reticulum (Slaughter and Edwards, 1995, Murray,
2000). Most of the CYP enzymes are predominantly expressed in the liver,
but are also found in other organs such as lungs, placenta, kidneys and
small intestine (Furge and Guengerich, 2006). The human genome project
identified ~57 CYP genes which are classified into 18 families based on
sequence similarity, most of which are significantly involved in
carcinogenesis and metabolism of drugs and xenobiotics (Estabrook,
2003). Of the 57 identified, the metabolic functions of 13 have not been
elucidated till date, and these are often referred to as the ‘orphan’ CYPs
(Ingelman-Sundberg, 2005). Overall, the main biological functions of CYP
enzymes involve oxidation/metabolism of endogenous compounds such as

vitamin A, D, steroids, fatty acid, and eicosanoid; and detoxification of
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exogenous agents such as natural products, drugs, and carcinogens
(Cheng et al., 2001, Coon, 2005, Guengerich, 2008). They are important
in the synthesis of steroid hormones such as estrogen and testosterone
and sterols such as cholesterol and bile acids (Cheng et al., 2001, Niwa et
al., 2015).

5.2.2 CYP2S1 and CYP2W1
5.2.2.1 CYP2S1

Cytochrome P450 2S1 (CYP2S1), is an orphan CYP enzyme that is mostly
present in epithelial cells of tissues that are exposed to the environment
such as skin, respiratory, gastrointestinal, and urinary tracts (Saarikoski
et al., 2005a). Certain studies have reported mRNA expression of CYP2S1
in breast, kidney, placenta, and liver (Pelkonen and Raunio, 1997, Smith
et al., 2003, Du et al., 2004). CYP2S1 is associated with the synthesis and
metabolism of lipids including prostaglandins (PGE;) and retinoids (Smith
et al., 2003). The increased expression of CYP2S1 is commonly found in
cancers of epithelial origin as well as in the chronic hyper-proliferative
disease, psoriasis (Saarikoski et al., 2005a). Immunohistochemical
analysis in 170 breast cancers previously demonstrated that high
expression of CYP2S1 was associated with shorter survival of patients,
although this trend was not observed in multivariate analysis. No other
correlations with clinical and pathological parameters were reported in the
study (Murray et al., 2010). CYP2S1 is reported to be expressed in hypoxic
cells (Downie et al., 2005) and effectively metabolises drugs such as AQ4N
(Nishida et al., 2010) and benzothiazoles (GW610 and SF203) (Tan et al.,
2011).

5.2.2.2 CYP2W1

Cytochrome P450 2W1 (CYP2W1), is another ‘orphan’ CYP which is
endogenously expressed in foetal colon and normally silenced after birth
(Karlgren et al., 2006). The expression of CYP2W1 is minimal or absent in
normal tissues, but demonstrates a tumour-specific expression pattern,
especially in epithelial-derived tumours (Choudhary et al., 2005, Karlgren
and Ingelman-Sundberg, 2007). CYP2W1 mRNA is reportedly upregulated
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in breast cancer, and associated with response to neoadjuvant
chemotherapy (Hlavac et al., 2014). mRNA has also been detected in colon
and adrenal tumours (Karlgren et al., 2006, Ronchi et al., 2014), and has
been verified as a prognostic marker in patients with stage II or stage III
colon cancer (Edler et al., 2009). To date, no studies have reported the
prognostic significance of CYP2W1 in breast cancer. CYP2W1 is associated
with metabolising lysophospholipids, and a variety of exogenous agents,
such as AQ4N (Nishida et al., 2010), benzphetamine, several polycyclic
aromatic hydrocarbon dihydrodiols (Wu et al., 2006), indoles (Yoshioka et
al.,, 2006), indolines (2-methyl-5-nitroindoline or 5-bromoindoline)
(Gomez et al., 2010) and benzothiazoles (Tan et al., 2011, Wang and
Guengerich, 2012).

5.2.3 CYP enzymes in estrogen and drug metabolism
5.2.3.1 CYPs in estrogen metabolism

Estrogens play a crucial role in the development of hormone-associated
cancers such as breast, ovarian, endometrial, prostate, colon, and lung
(Cavalieri et al., 2000, Russo et al., 2003, Folkerd and Dowsett, 2010). As
mentioned in chapter 1, prolonged exposure to estrogen is an important
risk-factor in the development of hormone-associated cancers (Ritte et al.,
2013). Estrogen-mediated carcinogenesis has been reported to occur
through 3 distinct mechanisms - ER mediated hormonal activity to drive
transcription of genes involved in tumour progression; production of toxic
metabolites by cytochrome P450 enzymes during estrogen metabolism;
and through estrogen induced aneuploidy (Frasor et al., 2003, Russo et
al., 2003).

The CYP enzymes are involved in eliminating estrogens from the body by
converting them into inactive metabolites in the liver that are subsequently
excreted (Cheng et al., 2001). These enzymes catalyse the first step in the
metabolism of estrogens, i.e. hydroxylation of estrogens into 2-hydroxy
(2-OHE?2) and 4-hydroxyestradiol (4-OHE;) metabolites (Lakhani et al.,
2003, Tsuchiya et al., 2005). The 2- and 4-hydroxy derivatives (and other

metabolites) are then converted into 2- and 4-methoxy metabolites by
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catechol-O-methyltransferase (COMT) (Lakhani et al., 2003). Oxidation of
catechol estrogens to semiquinones and quinones generates carcinogenic
forms of estrogen metabolites which are implicated in breast cancer
progression (Dwivedy et al., 1992). Furthermore, conversion of
semiquinones to quinones occurring through the redox cycles generates
superoxide anion radicals (O2") that can cause oxidative damage to cellular

components (Jakovcevic et al., 2015).

The expression of CYP enzymes is induced by estrogen itself, resulting in
increased metabolism and elimination from the body (Tsuchiya et al.,
2005). Prolonged exposure to estrogen promotes chromosomal instability,
centrosome amplifications and aneuploidy (Fernandez et al., 2006, Hontz
et al., 2007), all of which contributes to breast cancer progression.
Changes in levels of CYP enzymes leading to prolonged estrogen exposure
not only results in carcinogenesis, but also affects liver and other organs
contributing adversely towards health and physiology (Modugno et al.,
2003).

5.2.3.2 CYPs in drug metabolism

The primary site for drug metabolism is the liver, which facilitates
detoxification and excretion of xenobiotics, by enzymatically converting
them into water-soluble compounds, which are subsequently excreted.
Drug metabolism occurs through phase I and II reactions, of which,
oxidation is the most common phase I reaction, catalysed by the
cytochrome P450 enzymes (Gibson and Skett, 2001).

The most widely studied role of CYP enzymes (70-80%) is their
involvement in drug metabolism i.e. the rate at which drugs are broken
down, and the time for which these agents are present in the body (Bibi,
2008). For example, agents that inhibit an enzymatic pathway of CYP
enzymes, will result in increased concentrations of drugs that are
metabolised by the same pathway, leading to systemic toxicity. On the
other hand, agents that induce a specific CYP pathway will enable efficient
metabolism and rapid clearance of drugs, which may result in treatment
failure (Bibi, 2008, McDonnell and Dang, 2013). Zanger and colleagues
previously reported that the majority of prescription drugs sold in the
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United States, which are dependent on hepatic clearance are metabolised
by the CYP1, CYP2 and CYP3 family of cytochrome P450 enzymes (Zanger
et al., 2008). The CYP genes also demonstrate polymorphisms, which can
reduce/increase the enzymatic activity and therefore alter potency of
agents that are dependent on CYP-mediated metabolism (Miyoshi et al.,
2002).

The CYP enzymes are also implicated in the metabolism of tamoxifen, used
in the treatment of HR-positive breast cancers (Singh et al., 2011).
Tamoxifen is a selective ER modulator that prevents activation of ER by
estrogen, and in this way inhibits transcription of genes associated with
breast cancer progression (Fugh-Berman and Epstein, 1992, Reinbolt et
al., 2015). A number of CYP enzymes such as CYP2D6, are involved in the
metabolism of tamoxifen into its potent anti-ER metabolite, endoxifen
(Higgins and Stearns, 2010). Polymorphisms in the CYP2D6 genes are
associated with either loss or lack of activity, which results in inefficient
tamoxifen metabolism. Studies report that patients carrying
polymorphisms in the CYP2D6 gene treated with tamoxifen demonstrate
impaired formation of anti-estrogen metabolites, which results in increased
recurrence rates and shorter relapse-free survival (Schroth et al., 2007,

Ramoén y Cajal et al., 2010).

The enzymes are also involved in the metabolism of chemotherapeutic
agents used in breast cancer especially taxanes, such as docetaxel and
paclitaxel (Cresteil et al., 2002, Engels et al., 2004). The metabolism of
taxol consists of 19 enzymatic steps, almost half of which have been
reported to be catalysed by cytochrome P450 enzymes (Croteau et al.,
2006). The CYP enzyme CYP3A4, has been reported to inactivate docetaxel
(Guengerich, 1999). Studies in breast cancer demonstrated a higher
response rate in tumours negative for CYP3A4 expression, compared to
CYP3A4 positive tumours. Furthermore, the expression of the variant
CYP3A4 polymorphic allele was found to promote rapid docetaxel clearance
from the bloodstream and reduced efficacy of cyclophosphamide in breast
cancer (Miyoshi et al., 2002, Miyoshi et al., 2005). The role of CYP enzymes
in the metabolism of estrogens, formation of carcinogenic metabolites and

metabolism of chemotherapy agents indicate that these enzymes may
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have the potential to alter breast cancer aetiology and outcome (Miyoshi
et al., 2005).

5.2.3.3 CYP2S1 and CYP2W1 in AQ4N metabolism

Current data suggest that the hypoxia-activated prodrugs, AQ4N and
KP167, investigated in chapter 3 and 4, may be effective as anti-cancer
agents and radiosensitisers in breast cancer. The HAP, AQ4N (and KP167)
undergoes a sequential 2-electron reduction, which is catalysed by the
cytochrome P450 enzymes, to yield their respective DNA binding
cytotoxins (Raleigh et al., 1998). Using a panel of drug metabolising P450
enzymes, several CYP enzymes were reported to be involved in HAP bio-
reduction, out of which CYP3A4 was most effective (Raleigh et al., 1998,
Yakkundi et al., 2006) in reducing AQ4N at a rate of 7.2 mole of substrate
per mole of enzyme per minute (Shaw et al., 1997). Inducible nitric oxide
synthase (iNOS) was also involved in the reductive activation of AQ4N at
a rate of 5 mole min'! (Nishida and Ortiz de Montellano, 2008). Following
such findings, Nishida et al., 2010 reported that CYP2S1 and CYP2W1
catalyse the hypoxic reduction of AQ4N to AQ4 with the highest turnover
rates compared to the previously identified CYP3A4 and iNOS, at a rate of
approximately 12 mole of substrate per mole of enzyme per minute. These
reactions were inhibited in the presence of oxygen, indicating that
activation of AQ4N may be restricted to the more hypoxic regions of the
tumour (Nishida and Ortiz de Montellano, 2008, Nishida et al., 2010). In
support of these findings, chapter 3 and 4 identified that AQ4N and KP167
were highly effective anti-cancer agents in 2D hypoxia and spheroid

cultures compared to their efficacy in normoxia.
5.2.4 Hypothesis and aims

The ‘orphan’ CYP enzymes, CYP2S1 and CYP2W1 are involved in the
reductive-activation of the hypoxia-activated prodrugs, AQ4N (and
KP167). In vitro data from chapter 3 (Western blot) indicate that CYP2S1
and CYP2W1 are differentially expressed in the different subtypes of breast
cancer, with luminal cells having higher CYP2W1 compared to the TNBC

cell lines. The differential expression of these enzymes may be responsible

221



Chapter 5

for the increase in single agent cytotoxicity observed in the luminal cells
compared to the TNBC subtypes. Therefore, identifying tumours with
CYP2S1 and CYP2W1 expression may help in the selection of patients that
could potentially benefit from HAP treatments or by other
chemotherapeutic agents that require these enzymes for metabolism. The
current chapter investigates the expression and prognostic significance of
CYP2S1 and CYP2W1 protein expression in a large independent cohort of
breast cancer by immunohistochemistry. The expression of CYP2S1 and
CYP2W1 protein/mRNA were correlated to various clinicopathological
parameters and survival, both in the Nottingham and METABRIC cohort

respectively.
Hypotheses

1. CYP2S1 and CYP2W1 are highly expressed in ER-positive tumours
compared to the HER-2 positive and TNBC subtypes.

2. High CYP2S1 and CYP2W1 protein expression is associated with
improved survival in the total patient cohort and in ER-positive
breast cancers.

3. High CYP2S1 and CYP2W1 mRNA expression is associated with
improved prognosis in the METABRIC patient cohort.

Aims

¢ Investigate the cytoplasmic and nuclear expression of CYP2S1 and
CYP2W1 in breast cancer tissue microarrays (TMAs) using
immunohistochemistry, to evaluate the prognostic value of these
proteins in breast cancer patient samples.

e Assess the clinical importance of CYP2S1 and CYP2W1 by correlating
protein expression to various clinical and pathological parameters.

e Determine association of CYP2S1 and CYP2W1 with survival by
correlating protein expression to breast cancer specific survival in
the total patient cohort and within ER-positive or negative breast
cancers.

e Investigate the effect of combined CYP  expression
(CYP2S1+CYP2W1) on survival of breast cancer patients.
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e Correlate CYP2S1 and CYP2W1 mRNA to available clinical and

pathological parameters and survival in the METABRIC cohort.
5.3 Materials and methods
5.3.1 Patient cohorts

This study is reported according to REMARK (reporting recommendations
for tumour marker prognostic studies) criteria (McShane et al., 2005).
Ethical approval for this study was granted by Nottingham Research Ethics
Committee 2 (REC reference: 19/YH/0293, IRAS project ID: 266925),
under the title ‘Refining the prognosis of breast cancer and breast cancer

precursor lesions for personalised therapy project'.

A total of 1426 primary operable early invasive breast cancer patients,
treated surgically in Nottingham City Hospital between 1998 and 2006
were included in this study. Treatment and outcome data were collated
and prospectively maintained. The clinical history and tumour
characteristics including age, tumour size, tumour stage and grade, NPI
index, LVI status, ER, PgR and HER-2 status were assessed. All patients
were treated in a standardised manner, by mastectomy or wide local
excision, as decided by disease characteristics or patient choice, followed
by radiotherapy if indicated. Breast cancer specific survival (BCSS) was
calculated as the time-interval (in months) between primary surgery and
death resulting from breast cancer and progression-free survival was
calculated as the duration (in months) from primary surgery to the
occurrence of relapse (including local and regional relapse). Patients were
administered systemic adjuvant therapy (hormonal therapy (HT) and CMF
(cyclophosphamide, methotrexate and 5-Flourouracil), depending on
tumour prognostic and predictive factors including the NPI, lymph node
status, menopausal status and ER status. NPI was used to risk stratify and
manage patients. Patients stratified into the good prognostic group (NPI
<3.4) did not receive adjuvant therapy, and all patients with ER-positive
tumours with moderate to poor NPI (>3.4) received adjuvant HT. ER-
negative patients classified into the poor prognostic NPI group were offered

CMF, if fit. ER-positive patients with positive lymph nodes, were given HT
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coupled with CMF. Detailed clinicopathological data was recorded at the

Table 5.1 Clinicopathological parameters of breast cancer tissues.

Clinicopathological Number of Percentage
Parameters patients (%)
Age
< 50 years 436 30.6
= 50 years 975 68.4
ND 15 1
Tumour size
< 2cm 862 60.4
=2 cm 547 38.4
ND 17 1.2
Nodal stage
1 877 61.5
2 391 27.4
3 138 9.7
ND 20 1.4
Tumour grade
1 216 15.1
2 581 40.7
3 613 43
ND 16 1.
ER status
Negative 270 18.9
Positive 1141 80
ND 15 1.1
PR status
Negative 542 38
Positive 765 53.6
ND 119 8.3
NPI
Good (= 3.4) 477 33.5
Intermediate (3.41-5.4) 713 50
Poor (>5.4) 215 15.1
ND 21 1.5
HER2 Status
Negative 1209 84.8
Positive 109 7.6
ND 108 7.6
Triple Negative Disease
Negative 1187 83.2
Positive 205 14
ND 34 2.4
LVI
Negative 415 29.1
Positive 993 69.6
ND 18 1.3
BCSS
Alive 1041 73
Deceased 247 17.3
Deceased (other causes) 123 8.7
ND 14 1
Distant Metastasis
Present 293 20.5
Absent 1118 78.4
ND 14 1.1

Abbreviations: ER, estrogen receptor, PR, progesterone receptor; HER-2, human
epidermal growth factor receptor-2; NPI, Nottingham Prognostic index; LVI,
lymphovascular invasion; BCSS, breast cancer specific survival; DM, distant
metastasis; ND, not determined.

224



Chapter 5

The molecular taxonomy of breast cancer international consortium
(METABRIC) dataset is a gene expression cohort, which contains
sequencing data of 1980 primary breast cancer patients (Curtis et al.,
2012). This data set was also used in the current study to assess CYP2S1
and CYP2W1 mRNA associations with available clinicopathological
parameters and survival. Information about the data set is published in
Curtis et al., 2012. Briefly, patient tumours were collected from 5 centres
in the UK and Canada between 1977-2005. Median follow-up was 141
months. Patients who were ER-positive and/or lymph node-negative did
not receive adjuvant chemotherapy, whereas all ER-negative and/or lymph
node-positive patients were administered adjuvant therapy. In the
METABRIC, mRNA was isolated from primary patient tumours and assayed
using Illumina HT-12 v 3 platform (Curtis et al., 2012).

5.3.2 Tissue microarray use

CYP2S1 and CYP2W1 protein expression was investigated in a breast
cancer tissue microarray (TMA) by immunohistochemical staining.
Construction of TMAs were carried out by the Breast Pathology Group at
the University of Nottingham (Kariri et al., 2020). A single 0.6 mm tissue
core from a representative tumour area (assessed by a specialist breast
cancer histopathologist) was used for each patient sample. 4 uym freshly
cut TMA sections, mounted onto X-tra adhesive slides (Leica Biosystems),
were used for immunohistochemistry. The specificity of antibodies were

initially confirmed by Western blot as described below in section 5.3.3.
5.3.3 Antibody optimisation

The specificity of the primary antibodies, rabbit polyclonal anti-CYP2S1
(Abcam Ab69650) and rabbit polyclonal anti-CYP2W1 (Abcam Ab76666),
were determined by Western blot in breast cancer cell lysates, as described
in Chapter 3 section 3.3.8 and 3.3.9. Antibodies generating expected single
bands without non-specific bands were applicable for TMA staining.
Representative Western blot images showing antibody specificity is given

in Appendix D-Figure D1.
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The optimal concentrations of antibodies to be used for
immunohistochemistry were initially determined using breast tumour
composite sections consisting of six stage I breast tumours (grade 1 to 3),
following the procedures described in section 5.3.4. Optimisation of
antibody concentration was performed using an immunohistochemical
staining kit - Novolink polymer detection kit (Leica). Two different
concentrations of each antibody were initially tested (1 in 100 and 1 in 200
for CYP2S1) and (1 in 50 and 1 in 100 for CYP2W1). CDK-5 antibody,
previously used in the lab by Dr Sarah Storr, was used as a positive control
(Saidy et al., 2020). Sections with omission of the primary antibody were

used as negative controls (Woolston et al., 2012).
5.3.4 Immunohistochemistry

Immunohistochemistry was performed using a Novolink Polymer Detection
kit (Leica) according to the manufacturers' instructions, as described
previously (Davis et al., 2014, Storr et al., 2016). Briefly, slides were
deparaffinised in 2 x 5 minutes xylene baths and sequentially rehydrated
in 2 x 2 minutes in 100% IMS (industrial methylated spirit) and 1 x 2
minutes in 70% IMS, followed by a 5 minute wash in running tap water.
Antigen retrieval was performed in 0.01 M sodium citrate buffer (pH 6.0),
heated in a microwave for 10 minutes at 750W followed by another 10
minutes at 450W. Slides were washed immediately under running tap
water to stop the antigen retrieval process. The slides were then loaded
onto sequenza slide racks (ThermoFisher Scientific). Tissues were treated
with 100 pl Novolink Peroxidase Block for 5 minutes at room temperature
to neutralise the endogenous peroxidase activity, and washed for 2 x 5
minutes with Tris-buffered saline (TBS) (Tris-Cl (50 mM), NaCl (150 mM),
pH 7.6). Following wash, tissues were treated with 100 pl of Novolink
Protein Block solution for 5 minutes. Following another wash with TBS as
described above, tissues were incubated with the primary antibody, anti-
CYP2S1 diluted 1:100, and anti-CYP2W1 diluted 1:50, for one hour at room
temperature. The primary antibodies were diluted in bond primary
antibody diluent (Leica) and the antibody concentration was optimised as
described in section 5.3.3. Following antibody incubation, tissues were

washed for 2 x 5 minutes with TBS prior to the application of 100 ul Post
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Primary solution (a polymer penetration enhancer) for 30 minutes at room
temperature. After wash, slides were incubated with 100 pl of NovoLink
Polymer (anti-mouse/rabbit IgG-Poly-horseradish peroxidase (HRP)) for
another 30 minutes followed by 2 x 5 minutes TBS wash.
Immunohistochemical reactions were developed using 3, 3'-
diaminobenzidine (DAB) solution. (1:20 DAB chromogen in DAB substrate
buffer) as the chromogenic substrate after which tissues were
counterstained with haematoxylin for 6 minutes. Slides were removed from
the sequenza trays, and placed in the Leica autostainer. Tissues were
dehydrated following a 5 minute wash with running tap water followed by
treatment with 3 x 2 minutes IMS baths (1x in 70% IMS and 2x in 100%
IMS), followed by fixation in 2 x 5 minutes 100% xylene. Slides were
mounted with DPX mounting medium (Sigma) and left to dry overnight.
TMA sections were included as positive and negative controls with each
run; negative controls had omission of primary antibody in each run, to
ensure that the staining observed were not caused by reagents or cross-

reactivity of secondary antibodies (Prgomet et al., 2017).
5.3.5 Immunohistochemical scoring

Slides were scanned using a Nanozoomer Digital Pathology Scanner
(Hamamatsu Photonics) and staining was assessed at 200x magnification.
Cytoplasmic staining was assessed using a semi-quantitative
immunohistochemical H score; where the intensity of staining was divided
into the following 4 categories; negative (0), weak (1), medium (2) or
strong (3). H-scores (0-300) were obtained as the product of staining
intensity and percentage of area stained with that intensity (for example 0
X nhegatively stained tumour % + 1 x weakly stained tumour % + 2 x
moderately stained tumour % + 3 x strongly stained tumour %). Nuclear
staining was assessed as the percentage of nuclei with any intensity of
staining. CYP2S1 and CYP2W1 showed both cytoplasmic and nuclear
staining. More than 30% of cores for each TMA were initially double
assessed (second scorer — Dr Sarah Storr), with both assessors blinded to
clinical outcome and each other's scores. Concordance between scorers
were established using the single measure intra-class correlation

coefficient (ICC) analysis and if sufficiently robust, the current author then
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scored the remaining cores. The single measure ICC values were above
0.7 (cytoplasmic CYP2S1 - 0.80; nuclear CYP2S1 - 0.89; cytoplasmic
CYP2W1-0.70; and nuclear CYP2W1-0.74) indicating good concordance
between scorers. Damaged/missing cores or those with less than 10%
tumour were omitted from scoring. X-tile software was used to determine
unbiased cut-points of IHC scores, for stratification into high and low

expression (Camp et al., 2004).
5.3.6 Statistical analysis

Statistical analysis was performed using SPSS (v26). Data was stratified
based on BCSS using X-Tile software (Camp et al., 2004). Spearman’s
correlation was used to establish correlation between CYP2S1 and CYP2W1
protein expression, in both nuclear and cytoplasmic compartments. The
correlation between categorised protein expression and clinicopathological
variables were examined using Pearson’s chi-square of association (x?). To
assess the relationship between protein expression and survival outcomes,
survival curves were plotted using the Kaplan-Meier method with statistical
significance determined using the Log-rank test. For multivariate survival
analysis, Cox proportional hazards regression model was used to test the
statistical independence and significance of the predictors on overall

survival.

In the METABRIC cohort, X-Tile software was used to dichotomise CYP2S1
and CYP2W1 mRNA into high and low groups, based on BCSS (Camp et al.,
2004). As with protein data, correlation between CYP2S1 and CYP2W1
MRNA was established using Spearman’s correlation. Association between
CYP2S1 and CYP2W1 mRNA and clinicopathological variables were
examined using Pearson’s chi-square of association (x?). Relationship
between mRNA expression and survival were plotted using the Kaplan-
Meier method with significance determined using the Log-rank test. A P-

value of <0.05 was considered as having reached statistical significance.
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5.4 Results
5.4.1 Optimisation of primary antibodies

The specificity of CYP2S1 and CYP2W1 antibodies were initially assessed
by Western blot in luminal and triple negative breast cancer cell lines. Both
CYP2S1 and CYP2W1 showed bands at their respective molecular weight
of 56 kDa and 54 kDa respectively. There were no non-specific bands
detected, providing confirmation that the CYP2S1 and CYP2W1 antibodies
were specific and detected the appropriate protein bands. They were
considered suitable to be used in IHC for staining of breast cancer tissues.
Representative Western blot images are supplied in Appendix D-Figure D1.
Figure 5.1 shows representative images of CYP2S1 and CYP2W1
optimisation using two different antibody concentrations, CYP2S1 (1 in 100
and 1 in 200) and CYP2W1 (1 in 50 and 1 in 100). CDK-5 antibody was
used as a positive control. As expected, no staining was observed in the

negative controls, which had omission of the primary antibody.

CYP2s1

CYP2wW1

Controls
+/-

Figure 5.1 Optimisation of CYP2S1 and CYP2W1 antibody in breast tumour
composite sections consisting of six stage I breast tumours (grade 1 to
3). (A) CYP2S1 (1 in 100); (B) CYP2S1 (1 in 200); (C) CYP2W1 (1 in 50); (D)
CYP2W1 (1 in 100); (E) Positive control-CDK-5; (F) Negative control.
Photomicrographs are at 10x magnification. Scale bar represents 100 um.
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Based on data obtained from optimisation experiments, a concentration of
1 in 100 was considered optimal for the detection of CYP2S1 and a dilution
of 1 in 50 was chosen for CYP2W1 based on the intensity and clarity of
staining. No non-specific staining was observed at these concentrations
and therefore these dilutions were selected by agreement with Prof Stewart
Martin and Dr Sarah Storr.

5.4.2 CYP2S1 staining and frequency

CYP2S1 expression was observed across all tissues with staining intensity
varying from weak to strong in both the cytoplasm and nucleus, and with
heterogeneous expression observed between adjacent tumour cells. A total
of 1216 patients were assessed for CYP2S1 expression. Cytoplasmic
CYP2S1 expression had a median H-score of 150, with values ranging from
0 to 300. Nuclear CYP2S1 expression had a median H score of 0 and ranged
from 0 to 100. Cytoplasmic and nuclear H-score distribution histograms

are shown in Figure 5.2-A and Figure 5.2-B respectively.
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Figure 5.2 Distribution histogram of CYP2S1 H-score. Distribution of (A)
Cytoplasmic CYP2S1 ranging 0-300 and (B) Nuclear CYP2S1 ranging 0-100.

Cytoplasmic CYP2S1 expression had an X-tile generated cut-point of 150,
with 53.4% of cases (650/1216) demonstrating low expression, and 46.6%
of cases (566/1216) with high expression. Nuclear CYP2S1 expression had
a cut-point of 30, with 88.4% of cases (1074/1215) demonstrating low
expression and 11.6% of cases (141/1215) demonstrating high

230



Chapter 5

expression. Some of the cores within the tissue microarray could not be
assessed, due to missing tissue or insufficient tumour cells. Representative

photomicrographs of CYP2S1 expression are shown in Figure 5.3.

CYP2S1

Cytoplasmic
Weak

e’

Negative
Control

Figure 5.3 Representative photomicrographs of CYP2S1 in breast cancer
tissues. Expression levels show weak (top left) and strong (top right) cytoplasmic
CYP2S1, nuclear CYP2S1 expression (bottom left) and negative control (bottom
right) at 10x magnification with 20x magnification inset panel. Scale bar
represents 100 pym.

5.4.3 CYP2W1 staining and frequency

CYP2W1 expression varied from weak to strong in both the cytoplasm and
nucleus, with heterogeneous expression observed between adjacent
tumour cells. 1193 patients were assessed for CYP2W1. Cytoplasmic
expression had a median H-score of 130, and ranged from 0 to 300.
Nuclear expression had a median H score of 0 and ranged from 0 to 100.
Cytoplasmic and nuclear H-score distribution histograms are shown in
Figure 5.4-A and Figure 5.4-B respectively. Representative photomicrographs

of CYP2W1 expression are shown in Figure 5.5.
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Figure 5.4 Distribution histogram of CYP2W1 H-score. Distribution of (A)
Cytoplasmic CYP2W1 ranging 0-300 and (B) Nuclear CYP2W1 ranging 0-100.
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Figure 5.5 Representative photomicrographs of CYP2W1 in breast cancer
tissues. Expression levels show weak (top left) and strong (top right) cytoplasmic
CYP2W1, nuclear expression (bottom left) and negative control (bottom right) at
10x magnification with 20x magnification inset panel. Scale bar represents 100
pm.
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Cytoplasmic CYP2W1 expression had a cut-point of 180, with 84.9% of
cases (1014/1193) demonstrating low expression and 15.1% of cases
(179/1193) with high expression. Nuclear CYP2W1 expression had a cut-
point of 1, with 51.8% of cases (618/1193) demonstrating low expression
and 48.2% of cases (575/1193) with high expression. A proportion of cores
within the tissue microarray could not be assessed, due to missing tissue

or insufficient tumour cells.

5.4.4 Correlation between CYP2S1 and CYP2W1 protein

expression

Spearman’s correlation is a non-parametric analysis to assess the
relationship between two variables using a monotonic function (Joy et al.,
2015) and was used to assess association between the CYP enzymes,
CYP2S1 and CYP2W1 (Table 5.2).

Table 5.2 Correlation between CYP2S1 and CYP2W1 protein

expression.

Spearman’s Correlation
Variable Variable r2 Sig.

CYP2S1 (Cytoplasmic)  CYP2S1 (Nuclear) 0.288  <0.001
CYP2W1 (Cytoplasmic) ~0-288 ~ <0.001
CYP2W1 (Nuclear) 0.180 <0.001
CYP2S1 (Nuclear)  CYP2W1 (Cytoplasmic) ~0-174 ~ <0.001

CYP2W1 (Nuclear) -0.119  <0.001

CYP2W1 (Cytoplasmic) CYP2W1 (Nuclear) 0.326 <0.001

Abbreviations: r?, coefficient of variation; sig, statistical significance, Significant
P-values (<0.05) are indicated in bold.

Spearman’s rank order correlation demonstrated significant, albeit weak,
positive correlation of cytoplasmic CYP2S1 with cytoplasmic CYP2W1
(r’=0.288, P<0.001) and nuclear CYP2W1 (r?’=0.180, P<0.001).
Interestingly, the expression of CYP2S1 in the nucleus was negatively
correlated to cytoplasmic CYP2W1 (r’=-0.174 P<0.001) and nuclear
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CYP2W1 (r?=-0.119, P<0.001). As expected the expression of cytoplasmic
CYP2S1 was correlated with its expression in the nucleus (r?=0.288,
P<0.001). Cytoplasmic CYP2W1 was also correlated to nuclear CYP2W1
(r’=0.326, P<0.001).

The associations noted between cytoplasmic CYP2S1 and CYP2W1 in the
above data suggest that these two proteins may have similar roles in
breast cancer. CYP2S1 and CYP2W1, both belong to the CYP2 family of
cytochrome P450 enzymes and metabolize common substrates (Nishida et
al., 2010, Tan et al., 2011). The epithelial and hypoxia-specific expression
of both these proteins suggests overlapping/similar functions, which might
explain the associations observed in the current data (Karlgren et al.,
2005, Szaefer et al., 2019). It is important to note that all the correlations
are weak due to the low r values, and may hold only marginal biological

relevance.
5.4.5 Association of CYP2S1 and clinicopathological variables

The expression of cytoplasmic and nuclear CYP2S1 protein was correlated
with various clinical and pathological parameters using Pearson’s chi-

square test as shown in Table 5.3.
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clinicopathological

CYP2S1
Clinicopathological Cytoplasmic expression Nuclear expression
Parameters
. P . P
Low High Low High

g 9 value g 9 value

Age <S0years 198 (14.9%) 220 (16.5%) 366 (27.5%) (6%6%)
<0.001 ' 0.278

> 50 years 523 (39.3%) 389 (29.2%) 52 (3.9%) 95 (7.1%)

Tumour size < 20mm 436 (32.8%) 370 (27.9) 714 (53.8%) 92 (6.9%)
0.966 0.627

> 20 mm 283 (21.3%) 239 (18.0%) 466 (35.1%) 57 (4.1%)

T stage 1 444 (33.9%) 375 (28.3%) 738 (55.7%) 86 (6.5%)
2 197 (14.9%) 173 (13%) 0.919 324 (24.5%) 46 (3.5%) 0.592

3 72 (5.4%) 60 (4.5%) 116 (8.8%) 16 (1.2%)

Tumour grade 1 110 (8.3%) 87 (6.5%) 183 (13.8%) 15 (1.1%)
2 333 (25.1%) 208 (15.7%) <0.001 490 (36.9%) 51 (3.8%) 0.009

3 277 (20.8%) 314 (23.6%) 508 (38.3%) 65 (6.2%)

ER status Negative 122 (9.2%) 137 (10.3%) 224 (16.9%) 35 (2.6%)
0.011 0.161

Positive 599 (45%) 472 (35.5%) 957 (72.1%) 112 (8.4%)

PgR status Negative 279 (22.4%) 244 (19.6%) 459 (36.9%) 64 (5.1%)
0.947 0.278

Positive 386 (31%) 335 (26.5%) 646 (52%) 74 (6%)

NPI category  Good (< 3.4) 265 (20.0%) 172 (13.0%) 403 (30.4%) 34 (2.6%)
I”termeg'zt)e (341 340 (25.7%) 340 (25.7%) 0.002 592 (44.7%) 88 (6.6%) 0.025

Poor (>5.4) 112 (8.5%) 96 (7.2%) 182 (13.7%) 25 (1.9%)

Table continued.
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Clinicopathological
Parameters

CYP2S1

Cytoplasmic expression

Nuclear expression

Low High i Low High £
value value
Tubule o o
st 1 47 (3.6%) 45 (3.4%) 85 (6.5%) 7 (0.5%)
2 209 (15.9%) 172 (13.1%) 0.809 344 (26.2%) 42 (2.7%) 0.200
3 456 (34.7%) 387 (29.4%) 740 (56.3%) 93 (7.8%)
Pleomorphism 1 11 (0.8%) 10 (0.8%) 19 (1.4%) 2 (0.2%)
2 234 (17.8%) 147 (11.2%) 0.003 344 (26.2%) 37 (2.8%) 0.562
3 467 (35.5%) 447 (34%) 806 (61.3%) 107 (8.1%)
Mitosis 1 393 (29.9%) 248 (18.9%) 582 (44.3%) 59 (4.5%)
<0.00
2 124 (9.4%) 128 (9.7%) 1 231(17.6%) 21(1.6%) 0.002
3 194 (14.8%) 227 (17.3%) 355 (27%) 65 (5%)
HER2 status Negative 628 (50.6%) 510 (41.1%) 1021(82.3%) 116 (9.3%)
0.001 0.011
Positive 40 (3.2%) 64 (5.2%) 85 (6.8%) 19 (1.5%)
T”p:jeisgz?szt"’e Negative 616 (47%) 499 (38%) 994 (75.8%) 120 (9.2%)
0.091 0.869
Positive 96 (7.3%) 101 (7.7%) 175 (13.3%) 22 (1.7%)
‘if\f‘;;'j; Negative 500 (37.7%) 430 (32.4%) 353 (26.6%) 44 (3.3%)
0.701 0.998
Positive 218 (16.4%) 179 (13.5%) 826 (62.3%) 103 (7.8%)
D”“i',“gzg')“d'”g 608 (45.7%) 537 (40.4%) 1030 (77.6%) 114 (8.6%)
Lobular 70 (5.3%) 38 (2.9%) 85 (6.4%) 23 (1.7%)
Tumourtype  Medullary-like  1(0.1%)  8(0.6%)  0.022 6 (0.5%) 3(0.2%) 0.007
Miscellaneous 5(0.4%) 5(0.4%) 9 (0.7%) 1(0.1%)
M'xi‘f)t':‘usl;a”d 1(0.1%)  0(0.0%) 1(0.1%) 0 (0.0%)
Special type 34 (2.6%) 20 (1.5%) 48 (3.6%) 6 (0.5%)

Abbreviations: ER, estrogen receptor; PgR, progesterone receptor; HER2, human
epidermal growth factor receptor-2; NP1, Nottingham prognostic index. The P
values are resultant from the Pearson x? test of association or Fisher’s Exact test
if a cell count was less than five. Significant P-values are indicated in bold. The
number and percentage of observations for cohort is shown for each
clinicopathological variable.

As can be seen, 35.5% of patients with high cytoplasmic CYP2S1
expression were of the ER-positive subtype (x*=6.543, df=1, P=0.011) and
only 5.2% patients with high CYP2S1 demonstrated HER-2 positivity
(¥*=10.721, df=1, P=0.001). 7.7% of cases with high cytoplasmic CYP2S1
belonged to the TNBC subtype (P=0.091). Such data suggest that high
expression of cytoplasmic CYP2S1 is particularly associated with ER-
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positive cancers. High cytoplasmic CYP2S1 was also significantly
associated with patients aged 50 years or above (x*=11.496, df=1,
P<0.001), grade 3 tumours (¥*=24.785, df=2, P<0.001), intermediate NPI
prognostic group (x*=12.138, df=2, P=0.002), high nuclear pleomorphism
(x*=11.566, df=2, P=0.003), mitosis (¥*=12.874, df=2, P<0.001), and
ductal carcinomas (¥*=14.790, df=6, P=0.022).

8.4%, 1.5% and 1.7% of cases with high nuclear CYP2S1 expression were
of the ER-positive (P=0.161), HER-2 positive (P=0.011) and TN (P=0.869)
breast cancers (P=0.889) respectively. As seen with cytoplasmic
expression, high nuclear CYP2S1 expression was associated with absence
of HER-2 positive disease (x*=6.396, df=1, P=0.011), grade 3 tumours
(¥*=9.422, df=2, P=0.009), intermediate NPI prognostic group (x*=7.415,
df=2, P=0.025), mitosis (x*=12.492, df=2, P=0.002), and ductal
carcinoma (x*=17.161, df=6, P=0.007).

The high expression of cytoplasmic CYP2S1 in ER-positive cancers is
consistent with the role of cytochrome P450 enzymes in the oxidation and
metabolism of estrogens (Cheng et al., 2001). The association of both
cytoplasmic and nuclear CYP2S1 with higher grade, pleomorphism and
mitosis suggest that CYP2S1 may be involved in the proliferation of breast
cancer cells, which is in agreement with previous studies reporting the
involvement of CYP2S1 in hyper-proliferative disease, psoriasis (Smith et
al., 2003). ER-positive patients categorised into the intermediate NPI
group have intermediate prognosis and are usually recommended
additional cytotoxic therapy in addition to HT, to reduce the risk of
recurrence (Lee and Ellis, 2008). In the current study, high CYP2S1 was
associated with intermediate NPI category, which suggests that high
CYP2S1 may be able to identify HR-positive patients requiring additional
therapy.

Current data indicate that high expression of cytoplasmic CYP2S1 may be
able to identify a subgroup of ER-positive, HER-2 negative patients, above
the age of 50 with intermediate prognosis. Furthermore, patients
categorised into this subgroup may be eligible for potential HAP treatment
or respond better to chemotherapeutic agents that require CYP2S1

metabolism. In vitro data from chapter 3 show CYP2S1 expression across
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both luminal and triple negative breast cancer cells, with marginally higher

expression in the BRCA-1 deficient triple negative cell line. However, in the

current study, expression of CYP2S1 was predominant in ER-positive

cancers compared to only a few TNBC cases.

5.4.6 Association of CYP2W1 and clinicopathological variables

The expression of CYP2W1, both cytoplasmic and nuclear, were correlated

with various clinicopathological parameters using Pearson’s chi-square test

with results shown in Table 5.4.

Table 5.4 Correlation of CYP2W1 with clinicopathological
parameters in breast cancer tissues.

Clinicopathological

CYP2W1

Cytoplasmic expression

Nuclear expression

Parameters

Low High P Low High ud
value value

Age <50 years 335 (25.6%) 81 (6.2%) 206 (15.7%) 210 (16%)
0.002 0.39

> 50years 777 (59.4%) 116 (8.9%) 465 (35.5%) 428 (32.7%)

Tumour size < 20mm 665 (50.9%) 130 (9.9%) 404 (30.9%) 391 (29.9%)
0.107 0.74

>20 mm 445 (34%) 67 (5.1%) 265 (20.3%) 247 (18.9%)

T stage 1 686 (52.6%) 127 (9.7%) 422 (32.3%) 391 (39%)
2 303 (23.3%) 57 (4.4%) 0218 181 (13.9%) 180 (13.8%) 0-796

3 118 (9.0%) 13 (1%) 65 (5.0%) 66 (5.1%)

Tumour grade 1 161 (12.3%) 26 (2%) 82 (6.3%) 105 (8%)
; 464 (35.5%) 71 (5.4%) ( 1g5 284 (21.7%) 261 (19.2%) 4 oge

3 468 (37.2%) 100 (7.6%) 304 (23.2%) 282 (21.6%)

ER status Negative 209 (16%) 47 (3.6%) 137 (10.5%) 119 (9.1%)
0.107 0.405

Positive 902 (68.9%) 151 (11.5%) 533 (40.7%) 520 (39.7%)

PgR status  Negative 442 (36.3%) 70 (5.8%) 254 (20.9%) 258 (21.2%)
0.256 0.322

Positive 592 (48.6%) 113 (9.6%) 370 (30.4%) 335 (27.5%)

NPI category Good (<3.4) 373 (28.6%) 57 (4.4%) 211 (16.2%) 219 (16.8%)
Intermediate 0.013 0.518

(3.41-5.4)
Poor (>5.4)

550 (42.2%)

184 (14.1%)

119 (9.1%)

21 (1.6%)

352 (27.0%)

105 (8.1%)

317 (24.3%)

100 (7.7%)

Table continued.
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Clinicopathological

CYP2w1

Cytoplasmic expression

Nuclear expression

Parameters
. P . P
Low High Low High
- 9 value & 9 value
Tubule formation 1 75 (5.8%) 15 (1.2%) 36 (2.8%) 54 (4.2%)
2 303 (23.4%) 59 (4.6%) 0.624 185 (14.3%) 177 (13.7%) 0.081
3 722 (55.8%) 121 (9.3%) 442 (34.1%) 401 (31%)
Pleomorphism 1 15 (1.2%) 1 (0.1%) 5(0.4%) 11 (0.8%)
2 332(25.6%) 44 (3.4%) 0.05 193 (14.9%) 183.5 (14.1%) 0.275
150
3 752 (58.1%) (4 gop) 465 (35.9%) 438 (33.8%)
Mitosis 1 553 (42.8%) 76 (5.9%) 314 (24.3%) 315 (24.4%)
2 207 (16%) 40 (3.1%) 9009 134(9.6%) 12399.5%) 0-503
3 338 (26.1%) 79 (6.1%) 223 (17.2%) 194 (15.0%)
. 164
HER?2 status Negative 964 (78.4%) BEI%) 1005 579 (47.1%) 549 (44.7%) .
Positive 75 (6.1%) 26 (2.1%) 48 (3.9%)  49.5 (4.3%)
Triple negative ; 158
el Negative 937 (72.5%) (15500 o ,q, 550 (42.6%) 545(422%)
Positive 161 (12.5%) 36 (2.8%) 109 (8.4%) 88 (6.9%)
Vascular invasion  Negative 772 (59.1%) .14/ 455 (34.8%) 464 (35.5%)
(11.3%) g.156 0.068
Positive 337 (25.8%) 50 (3.8%) 213 (16.3%) 174 (13.3%)
Ductal (including 177 587 (44.9%) 544 (41.6%)
mixed 224 (72:9%) (137504
0, 0,
Lobular 100 (7.6%) 6 (0.5%) L Rethli)
_li 0 9 0.05 o [ 0.227
Turmour-type Medullary-like 8 (0.6%) 3 (0.2%) 5 (0.4%) 6 (0.5%)
Miscellaneous 9 (0.7%) 1 (0.1%) 4 (0.3%) 6 (0.5%)
Special type 37 (2.8%) 10 (0.8%) 18 (1.4%) 29 (2.2%)
Tubular 3(0.2%) 0 (0.0%) 3 (0.2%) 0 (0.0%)

Abbreviations: ER, estrogen receptor; PgR, progesterone receptor; HER2, human
epidermal growth factor receptor-2; NP1, Nottingham prognostic index. The P
values are resultant from the Pearson x? test of association or Fisher’'s Exact test
if a cell count was less than five. Significant P-values are indicaed in bold. The
number and percentage of observations for cohort is shown for each
clinicopathological variable.

As seen above, 11.5% of cases with high cytoplasmic CYP2W1 were
present in ER-positive (P=0.107), but only 2.1% and 2.8% of cases with
high cytoplasmic CYP2W1 were present in HER-2 positive (P=0.003) and
TN (P=0.164) breast cancers respectively. High cytoplasmic CYP2W1
expression was significantly associated with other clinical and pathological

parameters such as in patients 50 years or above (x*=9.325, df=1,
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P=0.002) and absence of HER-2 positive disease (x*=8.903, df=1,
P=0.003). Similar to CYP2S1, high cytoplasmic CYP2W1 was significantly
associated with intermediate NPI prognostic group (x*=8.678, df=2,
P=0.013) and high mitosis (x*=9.516, df=2, P=0.009).

39.7% of patients with high nuclear CYP2W1 belonged to the ER-positive
(P=0.405) subtype, but only 4.3% and 6.9% of cases with high nuclear
CYP2W1 were of the HER-2 positive (P=0.464) and TN (P=0.187) breast
cancers. Nuclear CYP2W1 did not show any association with clinical and
pathological variables. Such data indicate that high nuclear CYP2W1
expression was specific to ER-positive cancers compared to HER-2 positive
and TNBC cases.

In vitro Western blot data from chapter 3 demonstrated that the expression
of CYP2W1 was higher in ER-positive breast cancer cell lines compared to
the triple negative cells. Data from the present chapter, show that nuclear
CYP2W1 is commonly expressed in ER-positive tumours, which is
consistent with the observations observed in vitro and with the reported
role of CYP2W1 in estrogen metabolism (Zhao et al., 2016).

The association of cytoplasmic CYP2W1 with the intermediate NPI group
suggests that high expression of this enzyme could potentially be used as
a marker to identify HER-2 negative tumours with intermediate risk of
relapse that might be eligible for additional cytotoxic chemotherapy (NICE,
2018). CYP2W1 has been previously reported to be expressed in rapidly
proliferating tissues and shows a tumour-specific expression pattern (Zhao
et al., 2016), which is consistent with its association in cases with higher
mitosis observed in the current study. Such data suggest that CYP2W1
may be involved in the proliferation of breast cancer cells. Current data
indicate that high expression of cytoplasmic CYP2W1 could be used as a
marker in the identification of HER-2 negative patients above the age of
50 with intermediate risk of recurrence, requiring additional cytotoxic
chemotherapy. These subgroups of patients may also benefit from

potential HAP treatments.
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5.4.7 Association of CYP2S1 and overall survival

The reported role of CYP enzymes in the metabolism of estrogens and anti-
cancer agents such as tamoxifen and taxanes, suggest that these enzymes
may be involved in breast cancer pathogenesis and response of patients to
treatments (Singh et al., 2011, Zhao et al., 2016). Therefore, in the current
study the association of CYP2S1 and CYP2W1 protein with breast cancer

specific survival were assessed in the total patient cohort.

Analysis show that low cytoplasmic expression of CYP2S1 was, in the total
patient cohort, significantly associated with poor breast cancer specific
survival (P=0.034) as shown by Kaplan-Meier survival analysis in Figure
5.6.

Cytoplasmic CYP2S1 Nuclear CYP2S1
1.0, 1.0 1>
e, High Rt
s 0.8
s - ®
> 2
S 0.6 Low = -
5 0.6 g 06 High
= =
0 0
£ 0.4- £ 0.4-
= =
Q Q
0.2 0.2
P=0.034 P=0.136
0.0 0.0
[ [ I I [ I I I I I
0 50 100 150 200 250 0 50 100 150 200 250
Breast Cancer Specific Survival Breast Cancer Specific Survival
Low CYP2S1 |650 [586 |476 242 [38 |0 Low CYP2S1 | 1074|983 |801 |406 |67 |0
High CYP2S1 |566 [522 427 [227 |44 [0 High CYP2S1 [141 [124 |101 [62 |15 |0

Figure 5.6 Kaplan-Meier survival analysis of CYP2S1 and breast cancer
specific survival. Survival curves showing the impact of low (blue line) and high
(red line) CYP2S1 expression in cytoplasm and nucleus. Significance was
determined using the log-rank test. The humbers shown below the Kaplan-Meier
survival curves are the number of patients at risk at the specified month.
Significant P-values (<0.05) are indicated in bold.

All prognostic variables were individually tested for their association with
survival using the Kaplan-Meier with significance determined using the log-
rank test. Lower expression of CYP2S1 in the cytoplasm was significantly

associated with adverse survival (hazard ratio (HR): 0.639; 95%
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confidence interval (CI): 0.483-0.846; P=0.002), when potentially
confounding factors were included in multivariate assessment (including
tumour size, grade, nodal stage, vascular invasion status, ER, PgR and
HER2 receptor status) (Table 5.5).

Table 5.5 Cox proportional hazards analysis for overall survival

for cytoplasmic CYP2S1 expression.

95.0% CI for Exp(B)

Variable Sig. Exp (B) Lower Upper
CYP25S1 (Cytoplasmic) 0.002 0.639 0.483 0.846
Tumour size 0.069 0.766 0.575 1.021
Tumour grade <0.001 1.852 1.411 2.432
Nodal stage <0.001 1.783 1.467 2.167

ER status 0.810 0.955 0.654 1.394

PR status <0.001 1.857 1.329 2.593

HER?2 status 0.037 0.669 0.458 0.976

Vascular invasion 0.003 1.594 1.176 2.161

Exp(B) is used to denote hazard ratio and 95% CI is used to denote 95%
confidence interval. Significant P-values (<0.05) are indicated in bold.

The opposite trend was observed for nuclear CYP2S1 with high expression
showing association with adverse survival. Nuclear CYP2S1 expression did
not show any statistical significance (P=0.136) with breast cancer specific

survival, therefore, multivariate analysis was not performed.
5.4.8 Association of CYP2W1 and overall survival

Low nuclear expression of CYP2W1, in the total patient cohort, was
significantly associated with adverse breast cancer specific survival

(P=0.012) as shown by Kaplan-Meier survival analysis in Figure 5.7.

In multivariate analysis, with potentially confounding factors such as
tumour size, grade, stage, vascular invasion status, ER, PgR and HER2
receptor status, lower expression of CYP2W1 in the nucleus remained
significantly associated with poor survival (hazard ratio (HR): 0.677; 95%
confidence interval (CI): 0.510-0.898; P=0.007) (Table 5.6). Cytoplasmic
CYP2W1 was not significantly associated (P=0.062) with survival of breast

cancer patients and therefore, multivariate analysis was not conducted.
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Nuclear CYP2W1
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Figure 5.7 Kaplan-Meier survival analysis of CYP2W1 and breast cancer
specific survival. Survival curves showing the impact of low (blue line) and high
(red line) CYP2W1 expression in cytoplasm and nucleus. Significance was
determined using the log-rank test. The numbers shown below the Kaplan-Meier
survival curves are the number of patients at risk at the specified month.
Significant P-values (<0.05) are indicated in bold.

Table 5.6 Cox proportional hazards analysis for overall survival for
cytoplasmic CYP2W1 expression.

95.0% CI for Exp(B)

Variable Sig. Exp (B) Lower Upper
CYP2W1 (Nuclear) 0.007 0.677 0.510 0.898
Tumour size 0.159 0.806 0.598 1.088
Tumour grade <0.001 1.770 1.347 2.326
Nodal stage <0.001 1.852 1.518 2.259
ER status 0.878 0.970 0.660 1.425

PR status <0.001 2.002 1.425 2.813
HER2 status 0.083 0.710 0.483 1.046
Vascular invasion 0.001 1.686 1.235 2.302

Exp(B) is used to denote hazard ratio and 95% CI is used to denote 95%
confidence interval. Significant P values (<0.05) are indicated in bold.

Current data show that low expression of cytoplasmic CYP2S1 and nuclear

CYP2W1 is associated with adverse survival of breast cancer patients in

the total cohort. Data also indicate that higher expression of CYP enzymes

is associated with improved prognosis, which may be due to the efficient

metabolism of chemotherapeutic agents occurring in the presence of these
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enzymes (Singh et al., 2011, Ghose et al., 2016). Furthermore low
expression of CYP2S1 and CYP2W1 may be able to identify patient
subgroups that are unable to efficiently metabolise certain anti-cancer
agents. Such insight may help clinicians tailor specific treatments to

patients which are not dependent on CYP enzymes for metabolism.

5.4.9 Association of CYP2S1 and CYP2W1 with survival in ER-

positive and negative breast cancers

The involvement of cytochrome P450 enzymes in the metabolism and
oxidation of estrogen along with its strong association in ER-positive
cancers as seen from section 5.4.5 and 5.4.6, suggests that these enzymes
may be important as prognostic markers in ER-positive disease. Therefore,
the association of cytoplasmic and nuclear CYP2S1 and CYP2W1 with
survival were further assessed in ER-positive and ER-negative disease as

shown in Figure 5.8 and Figure 5.9 respectively.
5.4.9.1 CYP2S1 and survival in ER-positive and negative cancers

A shown in Figure 5.8, low expression of cytoplasmic CYP2S1 was
significantly associated with adverse breast cancer specific survival in ER-
positive patients (P=0.031), but not in ER-negative disease (P=0.197).
102/535 ER-positive patients with low CYP2S1 expression had adverse
events compared to only 61/435 in the high cytoplasmic CYP2S1 group.
There was no significant association between nuclear CYP2S1 and survival
in ER-positive (P=0.388) or ER-negative cancers (P=0.314).
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Figure 5.8 Kaplan-Meier analysis of CYP2S1 and survival in ER-positive
and negative breast cancers. Cytoplasmic CYP2S1 expression in (A) ER-positive
and (B) ER-negative patients. Nuclear CYP2S1 in (C) ER-positive and (D) ER-
negative patients. Survival curves showing the impact of low (blue line) and high
(red line) CYP2S1 expression in ER-positive and ER-negative patients. Significance
was determined using the log-rank test. Significant P-values (<0.05) are indicated
in bold.

5.4.9.2 CYP2W1 and survival in ER-positive and negative cancers

Kaplan-Meier survival analysis of cytoplasmic and nuclear CYP2W1 in ER-

positive and negative subgroups is presented in Figure 5.9.

Low nuclear CYP2W1 was associated with poor survival in ER-negative
patients (P=0.020), but no significant associations were found between
nuclear CYP2W1 and survival in ER-positive patients (P=0.177). 46/130 of
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ER-negative patients with low nuclear CYP2W1 had an event compared to
only 24/111 ER-negative patients with high nuclear CYP2W1 expression.
The expression of cytoplasmic CYP2W1 was not associated with survival in
ER-positive (P=0.156) or ER-negative patients (P=0.104).
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Figure 5.9 Kaplan-Meier analysis of CYP2W1 and survival in ER-positive
and negative breast cancers. Cytoplasmic CYP2W1 expression in (A) ER-
positive and (B) ER-negative patients. Nuclear CYP2W1 in (C) ER-positive and (D)
ER-negative patients. Survival curves showing the impact of low (blue line) and
high (red line) CYP2W1 expression in ER-positive and ER-negative patients.
Significance was determined using the log-rank test. Significant P-values (<0.05)
are indicated in bold.

Current data indicate that low cytoplasmic CYP2S1 was associated with

shorter survival of ER-positive patients whereas low nuclear CYP2W1 was
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associated with poor survival in ER-negative patients. Such data indicate
that lower expression of these enzymes contributes to poor survival
regardless of ER-status. Although the role of CYP enzymes in ER-negative
breast cancers are not fully understood, it appears that high expression of
these enzymes are protective and associated with improved prognosis in

both ER-positive and negative cancers.

Survival curves showing the association between cytoplasmic CYP2S1 and
survival in HER-2 +/- and TNBC +/- patients are supplied in Appendix D-
Figure D2. Similar trends to those observed in the above section were
noted for HER-2 +/- and TNBC +/-, further suggesting that low expression
of these enzymes may be associated with poor survival across all subtypes
of breast cancer. Statistical analyses were not carried out in these
subgroups due to the smaller number of cases for HER-2 positives (5.2%)
and TNBCs (7.7%). The association between CYP2W1 with survival in HER-
2 positive/negative and TNBC positive/negative patients were not pursued
due to the smaller number of TNBC (6.9%) and HER-2 (4.3%) patients in
the cohort. Future experiments may assess the prognostic significance of
the orphan CYP enzymes in a large cohort of HER-2 +/- and TNBC +/-

patients to confirm such findings.

Due to unavailability of treatment response information for the current
cohort, the expression of these enzymes could not be assessed in response
to neoadjuvant chemotherapy (NACT), hormonal therapy (HT),
chemotherapy (CT) or radiotherapy (RT). Future work may correlate
expression of these enzymes to responders of NACT, HT, CT and RT to
assess if higher expression of these enzymes is associated with improved

prognosis after therapy.
5.4.10 Combined cytoplasmic/nuclear CYP2S1 and survival

Kaplan-Meier analysis of combined cytoplasmic and nuclear CYP2S1 in the
total patient cohort, ER-positive and ER-negative patients is shown below
in Figure 5.10-A, 5.10-B, and 5.10-C respectively. Marker combinations
used in the analysis include low cytoplasmic and low nuclear (blue line),

high cytoplasmic and low nuclear (red line), low cytoplasmic and high
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nuclear (green line) and high cytoplasmic and high nuclear expression
(orange line).

A
CYP2S1Cyt — CYP2S1Nuc
®
2
4
2 cyt low and nuc low
£ 0.4 ~I eyt high and nuc low
N eyt low and nuc high
0.2 cyt high and nuc high
P=0.023
0.0
0 50 100 150 200 250
Breast Cancer Specific Survival
B ER-Positive C ER-Negative
E £
@ @
E 0.4 E
= =
o
0.2 © 0.2
P=0.018 P=0.194
0.0 0.0
0 50 100 150 200 250 0 50 100 150 200 250

Breast Cancer Specific Survival Breast Cancer Specific Survival

Figure 5.10 Kaplan-Meier analysis of combined cytoplasmic and nuclear
CYP2S1 on breast cancer specific survival. The effect of combined cytoplasmic
and nuclear CYP2S1 in the (A) Total patient cohort (B) ER-positive and (C) ER-
negative patients. Survival curves showing the impact of low cytoplasmic and low
nuclear (blue line); high cytoplasmic and low nuclear (red line); low cytoplasmic
and high nuclear (green line) and high cytoplasmic and high nuclear (orange line)
expression. Significance was determined using the log-rank test. Significant P
values (<0.05) are indicated in bold.

Interestingly high expression of combined cytoplasmic and nuclear CYP2S1
was significantly associated with adverse survival of breast cancer patients
in the total cohort (P=0.023) and in ER-positive patients (P=0.018).
27/107 of patients in the total cohort with high CYP2S1
(cytoplasmic+nuclear) had adverse events compared to only 65/458 in the
low cytoplasmic CYP2S1/high nuclear CYP2S1 group which demonstrated

the best survival among the 4 different groups.
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The same trend was observed in ER-positive patients, with 18/80 patients
with high CYP2S1 (cytoplasmic+nuclear) having events compared to only
45/354 patients belonging to the low cytoplasmic CYP2S1/high nuclear
CYP2S1 group. Expression of combined cytoplasmic and nuclear CYP2S1

had no association with survival in the ER-negative subgroup.

It is interesting to note that the presence of high nuclear CYP2S1 is able
to reverse the survival trend from low to high contributing to adverse
survival in the above mentioned data and in subsequent marker analysis
shown in section 5.4.12. Single marker survival analysis of nuclear CYP2S1
in section 5.4.7 demonstrated that high expression was associated with
poor survival, although statistical significance was not reached. Data in the
current study demonstrate that in combination with high cytoplasmic
CYP2S1, high nuclear CYP2S1 identifies a subgroup of patients with

adverse survival.
5.4.11 Combined cytoplasmic/nuclear CYP2W1 and survival

Kaplan-Meier survival analysis of combined cytoplasmic and nuclear
CYP2W1 in the total patient cohort and in ER-positive and ER-negative
patients are shown in Figure 5.11-A, 5.11-B and 5.11-C respectively.

Low expression of combined cytoplasmic and nuclear CYP2W1 was, in the
total patient cohort, associated with adverse survival of breast cancer
patients (P=0.035). 129/555 patients with low cytoplasmic and nuclear
CYP2W1 had adverse events compared to 15/116 in the high cytoplasmic
and nuclear CYP2W1 group demonstrating improved patient survival. Low
expression of cytoplasmic and nuclear CYP2W1 was also significantly
associated with adverse survival in the ER-negative subgroup (P=0.040),
with 42/109 events in the low subgroup compared to only 4/23 events in
the high subgroup. Cytoplasmic and nuclear CYP2W1 did not demonstrate

any such association in ER-positive breast cancers (P=0.354).

Such data indicate that combined expression of low cytoplasmic and
nuclear CYP2W1 in the total patient cohort, and in ER-negative breast
cancers is associated with poor survival of patients. Data indicate that

CYP2W1 may be of prognostic significance in ER-negative breast cancers.
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However, caution must be taken while interpreting this data as the cohort
used in the study was predominantly ER-positive. Analysis on a large
cohort of ER-negative patients should be conducted before reaching any

firm conclusions.
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Figure 5.11 Kaplan-Meier analysis of combined cytoplasmic and nuclear
CYP2W1 on breast cancer specific survival. Effect of combined cytoplasmic
and nuclear CYP2W1in the (A) Total patient cohort (B) ER-positive and (C) ER-
negative patients. Survival curves showing the impact of low cytoplasmic and low
nuclear (blue line); high cytoplasmic and low nuclear (red line); low cytoplasmic
and high nuclear (green line) and high cytoplasmic and high nuclear (orange line)
expression. Significance was determined using the log-rank test. Significant P
values (<0.05) are indicated in bold.

5.4.12 Association of combined CYP2S1/CYP2W1 and survival

Association of marker combinations such as cytoplasmic CYP2S1 and
nuclear CYP2W1 (Figure 5.12-A), nuclear CYP2S1 and cytoplasmic CYP2W1
(Figure 5.12-B), cytoplasmic CYP2S1 and cytoplasmic CYP2W1, (Figure
5.12-C) and nuclear CYP2S1 and nuclear CYP2W1 (Figure 5.12-D) were
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also analysed to assess the effects of marker combinations on breast

cancer specific survival in the total patient cohort.
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Figure 5.12 Kaplan-Meier analysis of combined CYP2S1/CYP2W1 and
breast cancer specific survival. Survival curves showing the impact of (A)
Cytoplasmic CYP2S1 and nuclear CYP2W1 (B) Nuclear CYP2S1 and cytoplasmic
CYP2W1 and (C) Cytoplasmic CYP2S1 and CYP2W1 and (D) Nuclear CYP2S1 and
CYP2W1 in the total patient cohort. Low-low expression of both markers is
depicted as blue line; high and low as red line; low and high as green line and;
high and high as orange line. Significance was determined using the log-rank test.
Significant P-values (<0.05) are indicated in bold.

Single marker analysis in previous sections demonstrated that cytoplasmic
CYP2S1 (section 5.4.7) and nuclear CYP2W1 (section 5.4.8) were
associated with poor survival of breast cancer patients and remained so in
multivariate analysis. Combination of both these markers as seen in Figure
5.12-A was also associated with shorter breast cancer specific survival
(P=0.035) in the total patient cohort. 84/348 patients in the low
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cytoplasmic CYP2S1/low nuclear CYP2W1 had adverse events compared to
only 42/298 patients in the high-high subgroup. Such data further

reiterates the prognostic importance of these enzymes in breast cancer.

Kaplan-Meier survival curves for combined cytoplasmic CYP2S1 and
nuclear CYP2W1 in ER+/-, HER-2+/- and for TNBC+/- is given in Appendix
D-Figure D3. Similar trends as that obtained in the total patient cohort
(Figure 5.12) is observed i.e. the association of low cytoplasmic CYP2S1
and nuclear CYP2W1 with adverse survival was seen in ER+/-, HER-2
negative and TNBC+/- subtype, indicating that absence of these markers
results in poor survival, irrespective of subtype. Further assessment is
required in a larger number of HER-2 positive and TNBC patients to confirm

such findings.

Figure 5.12-C shows that low expression of both cytoplasmic CYP2S1 and
CYP2W1 was associated with adverse survival in the total patient cohort
(P=0.094), although statistical significance was not reached. 84/348
patients with low expression had adverse survival compared to only 15/119
events in the high expression group. Figure 5.12-B show that high
expression of nuclear CYP2S1 and cytoplasmic CYP2W1 was associated
with poor survival (P=0.023) in the total patient cohort. 6/19 patients with
high expression had adverse events compared to only 18/155 patients in
the low nuclear CYP2S1 and high cytoplasmic CYP2W1 group. Similarly
high expression of nuclear CYP2S1 and CYP2W1 (Figure 5.12-D), was
associated with adverse breast cancer specific survival (P=0.006) with
19/67 patients experiencing adverse events compared to 70/473 events in
the low nuclear CYP2S1 and high nuclear CYP2W1 group, which
demonstrated the best survival trends.

It is important to note that high expression of nuclear CYP2S1 is
consistently associated with shorter survival of patients as seen in section
5.4.10 and combined marker analysis in Figure 5.12-B and Figure 5.12-D.
It appears to be a powerful marker in that the presence of high nuclear
CYP2S1 has the ability to change survival from the consistently observed
low expression-poor survival trend to high expression-poor survival. Future

experiments should investigate further the prognostic significance and
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functions of nuclear CYP2S1 in the different subtypes of breast cancer and

this may help identify subgroups of patients with adverse prognosis.

5.4.13 Association of CYP2S1 and CYP2W1 mRNA with

clinicopathological variables and survival in the METABRIC cohort

In the METABRIC cohort, CYP2S1 mRNA expression ranged from 5.3-8.58
(median - 6.02), and had an X-tile generated cut-point of 6.74, with 94.5%
of cases (1873/1980) demonstrating low expression and 5.4% of cases
(107/1980) with high expression. CYP2W1 mRNA expression ranged from
4.81-6.29 (median - 5.42), and had a cut-point of 5.54, with 51.4% of
cases (623/1212) demonstrating low expression and 48.5% of cases
(589/1212) with high expression. Spearman’s correlation demonstrated
that the expression of CYP2S1 mRNA was negatively correlated to CYP2W1
mRNA (r?=-0.063, P=0.005). This observation is similar to data obtained
with nuclear CYP2S1 protein expression which was negatively correlated to
both cytoplasmic and nuclear CYP2W1 protein, as demonstrated in section
5.4.4.

Table showing association of CYP2S1 and CYP2W1 with clinicopathological
parameters is shown in Appendix D-Table D1 and Table D2 respectively.
High expression of CYP2S1 mRNA was significantly associated with absence
of HER-2 positive disease (x*=11.652, df=1, P=0.001), absence of PgR
(¥*=10.400, df=1, P=0.001) and basal-like breast cancers (x*=15.377,
df=5, P=0.009). The expression of high CYP2W1 was significantly
associated with tumour size =20 cm (¥*=6.919, df=1, P=0.009) and
luminal A cancers (x*=13.431, df=5, P=0.020). The association of high
CYP2S1 mRNA with absence of HER-2 status, and high CYP2W1 with
Luminal A tumours is in agreement with results obtained in the Nottingham

cohort protein assessments.

Kaplan-Meier survival analysis demonstrated that wunlike protein
expression, the mRNA expression of both CYP2S1 (P=0.279) and CYP2W1
(P=0.121) were not significantly associated with survival in the METABRIC
cohort, although similar trends (low expression resulting in poor survival)
to that observed in the Nottingham cohort, with protein expression, was

noted. Survival curves are presented in Appendix D-Figure D4.
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In conclusion, the current chapter demonstrates the prognostic importance
of CYP2S1 and CYP2W1 protein expression in both single marker and
combined marker analysis. Future studies should assess the predictive
power of the protein expression by examining association between
CYP2S1/CYP2W1 and overall survival by treatment, to particularly identify

their role in the chemotherapeutic response of breast cancer patients.
5.5 Discussion

The cytochrome P450 family of enzymes have important roles in the
progression of cancer by activating pre-carcinogens and in response to
chemotherapy, where they participate in the activation or inactivation of
anti-cancer agents (Danielson, 2002). The ‘orphan’ CYP enzymes, CYP2S1
and CYP2W1 show upregulated expression in breast cancer tissues (Hlavac
et al., 2014). They are also involved in the reductive activation of AQ4N,
and possibly KP167 into their respective cytotoxic metabolites (Nishida et
al., 2010). Therefore, identifying their expression in breast cancer may
help identify patient tumours that can potentially benefit from prodrug
treatment (following confirmation of hypoxia). The aim of the current
chapter was to investigate the clinical expression of CYP2S1 and CYP2W1
in a large independent cohort of breast cancer patients by
immunohistochemistry. The cytoplasmic and nuclear expression of these
proteins were assessed and correlated to various clinicopathological
parameters and survival. The expression of CYP2S1 and CYP2W1 mRNA
were also correlated to clinicopathological parameters and survival in the
METABRIC cohort, in order to assess if similar trends would be observed
between protein (Nottingham cohort) and mRNA expression (METABRIC
cohort).

Immunohistochemical staining indicated that the expression of both
CYP2S1 and CYP2W1 were present in the majority of breast cancer tissues.
Both markers demonstrated localisation in the cytoplasm and nucleus,
which is in accordance with previously reported studies (Saarikoski et al.,
2005b, Ronchi et al., 2014, Wang et al., 2020). On assessing correlation
between the markers, the expression of cytoplasmic CYP2S1 demonstrated

a significantly positive, but weak correlation to cytoplasmic and nuclear
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CYP2W1. This may be because both CYP2S1 and CYP2W1 belong to the
CYP2 family of cytochrome P450 enzymes and share 40% sequence
homology (Kumarakulasingham et al., 2005, Saarikoski et al., 2005b,
Guengerich, 2008). They share common substrates and are expressed
specifically in epithelial cells (Saarikoski et al., 2005b, Zhao et al., 2016,
Szaefer et al., 2019). They are both upregulated in breast cancer cells
treated with anti-cancer agents such as 5F-203 and GW-610 (Tan et al.,
2011). Both these proteins are also upregulated in hypoxia by HIF-1a
(Rivera et al., 2007, Chung et al., 2015), and involved in the bio-reduction
of AQ4N (Nishida et al., 2010). Such data suggest that these proteins may
have overlapping or similar functions in breast cancer which may explain
the correlations observed between the two ‘orphan’ CYP enzymes. As
expected, the expression of cytoplasmic CYP2S1 and CYP2W1 were
correlated to their expression in the nucleus. It has been reported that
although the majority of CYP enzymes are cytoplasmic, they can also be
nuclear to take part in the metabolism of nuclear substrates (Muskhelishvili
et al., 2001). However, the expression of nuclear CYP2S1 demonstrated a
significant negative correlation with cytoplasmic and nuclear CYP2W1.
Similar results were obtained in the METABRIC cohort, wherein the mRNA
expression of CYP2S1 and CYP2W1 were negatively correlated. Such
observations indicate that CYP2S1 and CYP2W1 may also be involved in
different processes. It is important to note that all the correlations found
in the present study were weak associations, and may not necessarily be

biologically relevant.

It is well-established that the cytochrome P450 family of enzymes are
involved in the aetiology of hormone-related cancers (Murray et al., 1997,
Russo et al., 2003). This is due to their involvement in estrogen and
testosterone metabolism (Hayes et al., 1996) and the generation of
carcinogenic metabolites during this process (Shimada et al., 1996,
Listgarten et al., 2004). The CYP enzymes are involved in the initial
hydroxylation step of estrogen metabolism (Tsuchiya et al., 2005). The
hydroxylated products such as 4-OHE. generated during estrogen
metabolism can undergo redox cycling resulting in the formation of

reactive quinones and semiquinones that can react with DNA to generate
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highly mutagenic sites, all of which may initiate breast, prostate, and other
hormone-dependent cancers (Cavalieri et al., 2000, Badawi et al., 2001).
Reactive oxygen species such as H;0;, generated by the redox cycling of
the semiquinone-quinone couple can be reduced by Fe?* and Cu*, to form
hydroxyl radicals (OH*). In addition to oxidative DNA damage, the hydroxy!|
radicals also cause lipid peroxidation. The lipid hydroperoxides further
stimulate estrogen metabolism, leading to additional semiquinone-quinone
redox cycling, generation of ROS and additional DNA damage (Cavalieri et
al., 2000), which links cytochrome P450 enzymes to the initiation and

progression of several hormone-dependent cancers.

Consistent with the above mentioned involvement of cytochrome P450
enzymes in estrogen metabolism (Cheng et al., 2001), 35.5% of cases with
high cytoplasmic CYP2S1 were significantly associated with ER-positive
cancers (P=0.011). Although CYP enzymes are involved in estrogen
metabolism, no studies have reported the direct involvement of CYP2S1 in
the metabolism and oxidation of estrogens. Further studies are required to
investigate the role of CYP2S1 in ER-positive tumours. Similarly, 39.7% of
cases with high nuclear CYP2W1 were present in ER-positive tumours,
which is consistent with in vitro data (chapter 3), and with the reported
role of CYP2W1 in the metabolism of 17B-estradiol reported by Zhao et al.,
2016. In support of this observation, the expression of CYP2W1 mRNA was
highly expressed in Luminal A breast cancers in the METABRIC cohort.

5.2% (P=0.001) of patients with high cytoplasmic CYP2S1 and 1.5%
(P=0.011) of cases with high nuclear CYP2S1 were present in HER-2
positive breast cancers. Similarly, only 2.1% of patients with high
cytoplasmic CYP2W1 belonged to the HER-2 positive subtype (P=0.003).
Only 7.7% of cases with high cytoplasmic and 1.7% with high nuclear
CYP2S1 expression were present in TNBC patients. In vitro data from
chapter 3 show that CYP2S1 was present in both luminal and TNBC cell
lines, whereas in breast cancer tissues, expression was predominantly in
ER-positive tumours. As seen with CYP2S1, only 2.8% with high
cytoplasmic and 6.9% cases with high nuclear CYP2W1 expression were
present in TNBC cases. Such data suggest that the expression of CYP2S1
and CYP2W1 may be specific to ER-positive cancers, although further

256



Chapter 5

studies are required to confirm such findings. Future work can correlate
expression of CYP2S1 and CYP2W1 to the cytochrome P450 enzymes
involved in estrogen metabolism such as CYP1A2 and CYP3A4, to
understand the role of these enzymes in estrogen metabolism and ER-
positive cancers (Cheng et al., 2001). In the current study, high expression
of both CYP2S1 (P<0.001) and CYP2W1 (P=0.002) were identified in
patients above the age of 50.

Histological grading of breast cancer is a well-established prognostic factor,
wherein tumours are morphologically assessed to determine growth
patterns and extent of differentiation (Elston and Ellis, 1991). As discussed
in chapter 1, breast tumours are graded on a scale of 1-3, with grade 1
tumours having favourable prognosis and grade 3 tumours being
unfavourable with increased risk of growth and spread (Heimann et al.,
1997). The 10-year survival of breast cancer patients ranges from 76% in
grade 1 tumours to 39% for grade 3 tumours (Pereira et al., 1995). In the
present study, high expression of nuclear (6.2%, P=0.009) and
cytoplasmic (23.6%, P<0.001) CYP2S1 was associated with grade 3
tumours. Several studies have demonstrated that tumour grade is an
independent prognostic factor in ER-positive breast cancer patients
(Wirapati et al., 2008), even in those who received adjuvant endocrine
therapy (Ellis et al., 2008), and in patients with lymph node-negative
(Rakha et al., 2008) or positive breast cancers (Simpson et al., 2000),
regardless of ER status. Studies by Desmedt and colleagues have shown
that in ER-positive, HER-2 negative tumours, only proliferation index and
tumour grade were significantly associated with clinical outcome in
multivariate analysis (Desmedt et al., 2008). Histological grade was also
an independent predictor of relapse-free survival in ER-positive, HER-2
negative tumours (Rakha et al., 2007, Rakha et al., 2008). Histological
grade can therefore, provide important information regarding the clinical
behaviour of tumours, especially in those subgroups (ER-positive, lymph-
node-negative) in which the benefit of chemotherapy is uncertain. Such
data indicate that CYP2S1 expression may help in the identification of

grade 3, ER-positive, HER-2 negative patients above the age of 50 with
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unfavourable prognosis that might need additional cytotoxic

chemotherapy.

NPI is a prognostic indicator which combines lymph node status, tumour
size and histological grade to assess growth rate, metastatic behaviour and
genetic instability of breast cancers (Lee and Ellis, 2008). NPI divides
patients into the good, intermediate and poor prognostic groups (Galea et
al., 1992, Lee and Ellis, 2008). Patients with NPI score of 3.4 or less are
considered as low-risk and scores ranging 3.4-5.4 are considered to be at
intermediate-risk of relapse. ER-positive patients who fall into the
intermediate-risk NPI category may be recommended additional cytotoxic
chemotherapy in addition to HR therapy to reduce the risk of recurrence
(Goldhirsch et al., 2005). In the present study, the expression of high
cytoplasmic (25.7%, P=0.002) and nuclear (6.6% P=0.025) CYP2S1 and
high cytoplasmic CYP2W1 (9.1%, P=0.013) were associated with
intermediate NPI category, which suggest that high expression of these
enzymes may be able to identify tumours that may benefit from additional
cytotoxic therapy (NICE, 2018). Furthermore, correlating cases with high
expression of CYP2S1 and CYP2W1 to markers of hypoxia such as CA9 or
HIF-1a may allow selection of hypoxic tumours that may benefit from

potential HAP treatment.

The distinction between benign and malignant tumours is dependent on
various factors, such as increased proliferation, invasiveness and
metastatic potential (Barry et al., 2001). In breast cancer, assessment of
tumour cell proliferation is one of the most integral part of breast cancer
grading (Lester et al., 2009). Evaluation of proliferation involves assessing
mitotic activity by counting the number of cells present in the M phase of
the cell cycle (Fitzgibbons et al., 2000). Higher mitotic figures increases
the probability of developing distant metastasis and shorter survival (Medri
et al., 2003). Pleomorphism assesses the nuclear-specific changes in nuclei
of cells which correlates with clinical aggressiveness and outcome (Elston
and Ellis, 1991, Volpi et al., 2004). In the current study, high cytoplasmic
CYP2S1 was associated with higher pleomorphism (34%, P=0.003) and
higher mitosis (17.3%, P<0.001). High nuclear CYP2S1 was also
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associated with mitosis (5%, P=0.002). Such correlations suggest that

CYP2S1 may be involved in the proliferation of breast cancer cells.

In support of such findings, it has been reviously reported that elevated
levels of CYP2S1 is present in psoriasis which is a disease characterised by
inflammation and hyper-proliferation of keratinocytes (Valdimarsson et al.,
1986). Furthermore, studies by Madanayake et al., 2012, report that
CYP2S1 modulates expression of prostaglandin E2 (PGE:), which
stimulates proliferation, migration and inhibits apoptosis in epithelial cell
lines (Sheng et al., 2001). Increased expression of PGE;, modulated by
CYP2S1 was found to increase cellular proliferation in the human bronchial
epithelial BEAS-2B cell lines (Madanayake et al., 2012). From the above
reported findings and data obtained in the current study, it appears that
CYP2S1 may alter cell proliferation in breast cancer cells by modulating
expression of PGE;. The association of other CYP enzymes with proliferation
of breast cancer cells have also been reported previously. Knockdown of
CYP1A1l in the luminal MCF-7 and triple negative MDAMB-231 cells was
found to decrease proliferation and clonogenic survival, in addition to
inducing apoptosis and cell cycle arrest (Rodriguez and Potter, 2013). Such
data indicate the involvement of cytochrome P450 enzymes in the

proliferation of breast cancer cells.

As seen with CYP2S1, high cytoplasmic CYP2W1 was also associated with
higher mitosis (6.1%, P=0.009) in breast cancers. CYP2W1 is also reported
to be expressed in rapidly proliferating tissues and shows a tumour-specific
expression pattern (Zhao et al., 2016). Studies in embryonic and adult rat
tissues demonstrated that the highest levels of CYP2W1 expression was in
the embryonic colon, with a steady decrease in expression after birth
suggesting a role for this protein during embryonic development (Karlgren
et al., 2006, Karlgren et al., 2005). One of the reasons for the association
of CYP2W1 with proliferation may be because, retinoid, which has
important roles in vision, cell proliferation, differentiation, immune function
and development is a well-known substrate of CYP2W1 (Huang et al.,
2018). Retinoid has anti-cancer properties and functions to arrest cellular
proliferation and induce cell differentiation (Tang and Gudas, 2011). The

presence of CYP2W1 in breast cancers inhibits metabolism of retinoid into
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retinoic acid, reducing its anti-proliferative effect in tumours (Mongan and
Gudas, 2007). In support of this, it has been previously reported that
retinoid signalling is compromised during carcinogenesis (Mongan and
Gudas, 2007). From the above reported studies, it appears that CYP2W1
has a role in proliferation, higher expression of which is linked to higher
pleomorphism and mitosis. Association of CYP enzymes to the various
clinical and pathological parameters indicate that expression of CYP2S1
and CYP2W1 could potentially identify tumours with increased proliferative
capacity that are of the ER-positive, HER-2 negative subtype, in women

above the age of 50.

Inefficient metabolism of tamoxifen (Schroth et al., 2007), taxane and
cyclophosphamide (Miyoshi et al., 2002, Miyoshi et al., 2005) by other CYP
enzymes have been associated with poor survival in breast cancer patients.
Therefore, the expression of CYP2S1 and CYP2W1 were correlated to
survival of breast cancer patients to identify their prognostic significance.
Kaplan-Meier survival analysis demonstrated that patients with low
cytoplasmic CYP2S1 were significantly associated with poor breast cancer
specific survival (P=0.034). 130/650 patients with low cytoplasmic CYP2S1
had adverse events compared to only 95/566 patients with high
cytoplasmic CYP2S1. Multivariate analysis using Cox proportional hazard
regression demonstrated that the independent factors impacting on
survival were CYP2S1 (P=0.002), tumour grade (P<0.001), tumour stage
(P<0.001), PgR (P<0.001), HER-2 status (P=0.037) and vascular invasion
(P=0.003). Opposite trends were observed for nuclear CYP2S1 wherein
high expression was associated with poor survival, although statistical

significance (P=0.136) was not reached.

The expression of low nuclear CYP2W1 was also associated with adverse
survival of breast cancer patients (P=0.012) as shown by Kaplan-Meier
survival analysis. 139/618 patients with low nuclear CYP2W1 died
compared to 94/574 patients with high nuclear CYP2W1 expression. This
trend was also observed in multivariate analysis with independent factors
such as CYP2W1 (P=0.007), tumour grade (P<0.001), tumour stage
(P<0.001), PgR status (P<0.001) and vascular invasion (P=0.001)

affecting survival of patients. The expression of cytoplasmic CYP2W1
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showed similar trend (P=0.062) of low expression contributing to adverse
survival. The correlation observed between cytoplasmic CYP2S1 and
nuclear CYP2W1 is consistent with the association of both markers with

poor survival of breast cancer patients.

The involvement of CYP enzymes in estrogen metabolism as reported in
previous studies and their subtype-specific expression in ER-positive
tumours observed in the current study, suggest that these enzymes may
have prognostic significance in ER-positive breast cancers. As hypothesised
survival analysis demonstrated that low cytoplasmic CYP2S1 was
associated with poor survival in ER-positive patients (P=0.031), whereas
the expression of low nuclear CYP2W1 was associated with poor survival in
ER-negative patients (P=0.020). The role of these proteins in breast cancer
progression is unclear, but the involvement of cytochrome P450 family
members in estrogen metabolism and formation of carcinogenic
metabolites as by-products of metabolic reactions may contribute to breast
cancer pathogenesis (Badawi et al., 2001, Hayes et al., 1996). Lower
expression of these proteins may result in inefficient metabolism/activation
of chemotherapeutic agents which in turn may indirectly result in poor
therapy response contributing to poor survival of patients (Miyoshi et al.,
2002, Miyoshi et al., 2005, Schroth et al., 2007). These results are also
consistent with previous studies which report that CYP2W1 is low in breast
cancer patients with a stable or a progressive disease, but demonstrates
increased expression in responders of neoadjuvant therapy (Hlavac et al.,
2014), which suggests that high expression of these enzymes are

associated with improved prognosis, as demonstrated in the current study.

The results obtained in the current study with breast cancer contradict data
by Kumarakulasingham et al., 2005, where they report that higher
expression of CYP2S1 was associated with poor prognosis of colon cancer
patients (Kumarakulasingham et al., 2005). Previous studies on 170 breast
carcinomas report that high expression of CYP2S1 was associated with
shorter survival of breast cancer patients, although this association was
not found in multivariate analysis (Murray et al., 2010). Studies in colon
cancer demonstrated that high expression of CYP2W1 is associated with

poor survival in grade 2 and 3 colon cancers (Thomas et al., 2006, Edler
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et al., 2009, Stenstedt et al., 2012). The reasons for discrepancies
observed between data obtained in the current study and those reported
in the literature may vary because of the differential physiologic functions
of these proteins in different tissues (Zanger and Schwab, 2013, Molina-
Ortiz et al., 2014). Furthermore, the findings mentioned above were all
carried out in smaller numbers of patients in contrast to the current study
where the expression was assessed in a large cohort of breast cancer
(n=1426).

Various marker combinations were also assessed for effects on survival in
the total patient cohort. Low expression of combined cytoplasmic CYP2S1
and nuclear CYP2W1 (P=0.035); high expression of nuclear CYP2S1 and
cytoplasmic CYP2W1 (P=0.023); low expression of both cytoplasmic
CYP2S1 and CYP2W1 (P=0.094) and high expression of nuclear CYP2S1
and CYP2W1 (P=0.006) were associated with adverse breast cancer
specific survival in the total patient cohort. All of these observations
reinstate the prognostic significance of CYP2S1 and CYP2W1 in breast
cancer. It is important to note that the presence of high nuclear CYP2S1 in
the above mentioned combinations has the ability to reverse previously
observed trend (low expression - poor survival) to high expression
resulting in poor survival. Further studies are required to understand the

differential roles of cytoplasmic and nuclear CYP2S1 in breast cancer.

Consistent with protein data obtained in the Nottingham cohort, high
expression of CYP2S1 and CYP2W1 mRNA was associated with absence of
HER-2 positive disease (P=0.001), and Iluminal A cancers (P=0.02)
respectively, in the METABRIC cohort. Although similar trends were
observed (low expression-poor survival), no significant associations
between CYP2S1 (P=0.279) and CYP2W1 (P=0.121) mRNA with survival
of breast cancer patients were observed, contrary to that observed with
protein expression (Nottingham cohort). Such discrepancies may reflect
the ability of mRNA to undergo extensive post-transcriptional modifications
(eg. methylation) (Greenbaum et al., 2003). RNAs are also subjected to
alternative splicing, and not all splice variants may be translated into
protein (Koussounadis et al., 2015). Furthermore, the protein expression

of CYP2S1 and CYP2W1 were assessed only in tumour cells, whereas mRNA
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isolated from tissues contains both tumour and stromal components
(Greenbaum et al., 2003). All these may explain, in part, reasons for the
lack of correlation observed between mRNA and protein expression with

survival in breast cancer patients.

In conclusion, high expression of cytoplasmic CYP2S1 and nuclear CYP2W1
was able to identify a subgroup of ER-positive, HER-2 negative patients
above the age of 50 with higher proliferative and metastatic potential.
These subgroup of patients can be selected for potential HAP treatment or
other chemotherapy agents that are efficiently metabolised by CYP2S1 and
CYP2W1. Low expression of cytoplasmic CYP2S1 and nuclear CYP2W1 were
associated with adverse survival of breast cancer patients and, from
multivariate analyses, were independent prognostic factors. This is the first
study to report the prognostic significance of CYP2S1 and CYP2W1 in a

large independent cohort of breast cancer.
Conclusions

All the hypotheses postulated at the beginning of the chapter were

addressed:

High CYP2S1 and CYP2W1 were expressed in ER-positive tumours
compared to the HER-2 positive and TNBC subtypes.

High cytoplasmic CYP2S1 and nuclear CYP2W1 protein were associated
with improved survival in the total patient cohort and in ER-positive and

negative breast cancers respectively.

High CYP2S1 and CYP2W1 mRNA were not associated with improved
prognosis in the METABRIC cohort.
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Chapter 6 General discussion, Limitations

and Suggestions for future work
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6.1 General discussion

Breast cancer is one of the most rapidly increasing cancer in women, and
a leading cause of mortality worldwide (Siegel et al., 2018). In the UK,
breast cancer is the most commonly diagnosed and second leading cause
of cancer related deaths, with more than 11500 deaths reported in 2017
(CRUK, 2019). Although the incidence rates are alarmingly high, the
mortality rates have decreased by 39% since the 1970’s and by 21% in
the last decade (CRUK, 2019). This increase in breast cancer survival over
the years can be attributed to increase in breast cancer awareness among
women, emergence of novel systemic therapies and implementation of
population based mammography screening (Nystrom et al., 2002,
EBCTCG, 2005). Breast cancer treatment follows a multimodal approach
and includes a combination of surgery (BCS/mastectomy) followed by
radiotherapy, chemotherapy (CMF, taxanes), hormonal therapy
(tamoxifen/AI), and/or immune/targeted therapies (trastuzumab,
olaparib) (NICE, 2018).

Radiotherapy is one of the most effective and necessary treatment
modalities in the clinical management of breast cancers (Bartelink et al.,
2015). ~50% of breast cancer patients diagnosed worldwide receive
radiotherapy as part of their treatment (Delaney et al., 2005). If
radiotherapy is not administered after BCS, locoregional recurrences can
metastasize and increase the risk of breast cancer mortality (Darby et al.,
2011). Although radiotherapy is effective in treating breast cancers, there
are a significant proportion of patients that develop local recurrence (10%
in 5 years), indicating failure of the primary treatments to provide local
tumour control (Bartelink et al., 2001, Min et al., 2011).

Ionising radiation can cause a plethora of DNA damage including both
double and single strand breaks (Willers et al., 2004). One of the reasons
for radiotherapy failure is due to the ability of tumour cells to repair the
bulk of radiation-induced DNA damage through activation of various DNA
repair pathways (Jeggo and Lavin, 2009). Therefore combining
radiotherapy with DNA repair inhibitors provides an opportunity to increase

the efficacy of radiotherapy as a treatment modality (Lesueur et al., 2017).
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A number of DNA repair pathways exist in mammalian genomes to repair
damage induced by exogenous and endogenous agents (Jackson and
Bartek, 2009). In response to oxidative damage induced by radiotherapy,
the BER pathway is activated (Vens and Begg, 2010). FEN-1 is a critical
component of the LP-BER pathway that is involved in cleaving DNA flap
structures that arise during the repair process (Lieber, 1997, Liu et al.,
2008a, Vens and Begg, 2010). PTPD is a small molecule FEN-1 inhibitor
that binds to and inactivates the cleavage site of FEN-1, disabling its
nuclease activity (Tumey et al., 2005, Dorjsuren et al., 2011). Chapter 2
hypothesised that inhibition of FEN-1 by PTPD would radiosensitise breast

cancer cells, by increasing levels of unrepaired DNA damage.

The positive control drugs that were used in the DNA repair study to
compare efficacy of PTPD were well-established radiosensitisers - the ATM
inhibitor, KU-55933 (Hickson et al., 2004), and the clinically approved
PARP-1/2 inhibitor, olaparib (FDA, 2018). Initial experiments included
assessing the single agent cytotoxicity of PTPD and comparing it to
response obtained with control DNA inhibitors. KU-55933 treatment
resulted in a modest reduction in colony formation (4-25%) in all breast
cancer cells; but greater reduction was observed in the BRCA-1 deficient
MDAMB-436 cells (44%). Treatment with olaparib reduced colony
formation by 20-50% in all cell lines, compared to 80% in the MDAMB-436
cells. In comparison to control agents, treatment with PTPD had only
marginal effects (<10%) on clonogenic survival of MCF-7, T47D, MDAMB-
231 and MDAMB-468 cells, but demonstrated increased cytotoxicity in the
MDAMB-436 cells with a 66% reduction. All of the 3 DNA repair inhibitors
were cytotoxic in the BRCA-1 deficient MDAMB-436 cells, which may be
because of the defective DNA double strand repair pathway in these cell
lines (Elstrodt et al., 2006).

On assessing radioresponse, KU-55933 treatment resulted in significant
radiosensitisation across all the breast cancer phenotypes with SERo.01
ranging from 1.6-3.4. As expected, treatment with olaparib significantly
increased radiosensitivity in both BRCA-1 proficient and deficient cells with
SERo.01 ranging from 1.6-2.3. The radiosensitisation obtained in the current

study is in agreement with previously reported KU-55933 SER values of
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1.6-3.5 and olaparib SER values of 1.12-1.76 (Biddlestone-Thorpe et al.,
2013, Carruthers et al., 2015, Michmerhuizen et al., 2019). However, when
the radiosensitisation by PTPD was assessed, the luminal cell lines, MCF-7
and T47D did not demonstrate any radiosensitisation (SERo.01 1.00); and
only marginal radiosensitivity was observed in the triple negative, MDAMB-
231 and MDAMB-468 cells (SERo.01 1.1-1.3). Increased radiosensitivity was
observed only in the BRCA-1 deficient MDAMB-436 cells (SERp.01 1.50). The
increased cytotoxic effect in the MDAMB-436 cells compared to other cell
lines may be because of the impaired double strand repair pathway due to
BRCA-1 deficiency, which when combined with FEN-1 inhibition (single
strand repair pathway) may inhibit its potential to carry out DNA repair
(Mengwasser et al., 2019). These results indicate that while PTPD offered
some levels of radiosensitisation in the triple negative cell lines, it was only
marginal in comparison to control radiosensitisers such as KU-55933 and

olaparib.

DNA damage assays were next conducted by immunofluorescent
microscopy to explain the marginal or lack of radiosensitisation by PTPD in
the breast cancer cells. Levels of single and double strand DNA damage
induced by PTPD were assessed using nuclear foci quantification of RPA
and y-H2AX respectively (Zou et al., 2006, Kinner et al., 2008). Data show
that combined treatment of PTPD in combination with radiation increased
RPA expression by 1-2 fold in all cell lines, which indicate that addition of
PTPD, as expected, increases the amount of single strand DNA damage
induced by ionising radiation. However, this did not translate to
radiosensitisation. This may be because single strand DNA damage is easily
repaired in cells by alternate DNA repair pathways, as opposed to the
cytotoxic DNA double strand damage, wherein the prevalence of even one
can trigger cell death (Scott and Pandita, 2006, Jackson and Bartek, 2009).
Results from the y-H2AX assay demonstrated that combined treatment of
PTPD with radiation increased double strand breaks only in the BRCA-1
deficient MDAMB-436 cells, and not in other cell lines. Such data may help
explain the marginal levels, or lack of, PTPD induced radiosensitisation in

the luminal and triple negative breast cancer cell lines.
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The synthetic lethal association between proteins involved in BER and HR
pathways may explain the cytotoxicity observed in the BRCA-1 deficient
cell line when FEN-1 was inhibited (Farmer et al., 2005, Bryant et al.,
2005). Furthermore, BRCA-1 deficient tumours have been associated with
defective BER pathways, as demonstrated by hypersensitivity of these
tumours to oxidative DNA damage induced by H;O. (Alli et al., 2009). A
functional interaction between BRCA-1 and DNA Polf have also been
reported, which is suggestive of the involvement of DNA Polf in BRCA-1
mediated HR repair pathways (Masaoka et al., 2013). All these explain the
increase in cytotoxicity in MDAMB-436 cells to FEN-1 inhibition compared
to the other luminal and TNBC cells. Compared to radiosensitisation
obtained with KU-55933 and olaparib, data suggested that PTPD was
effective only in the context of BRCA-1 deficiency. Therefore, the study
with PTPD was not progressed further in the current thesis due to lack of

promising data in other cell lines.

Future work could assess the efficacy of PTPD, olaparib or KU-55933 in
hypoxic breast cancer cells to identify if levels of hypoxia can modulate
sensitivity of the DNA repair inhibitors. It has been reported that cells
exposed to acute or chronic hypoxia have decreased expression of
components involved in the HR pathway (Bindra et al., 2007, Chan et al.,
2008). It is known that defective HR is synthetically lethal with PARP
inhibition (Ashworth, 2008). The concept of ‘conceptual synthetic lethality’
applies when the decreased HR pathways in hypoxic cells is exploited by
treatment with PARP inhibitors. These experiments have resulted in the
selective killing of HR-deficient hypoxic cells (Chan et al., 2010). It would

be interesting to assess if the efficacy of PTPD changes under hypoxia.

Intratumoural hypoxia arises as a result of diffusion-limited oxygen supply,
in which the rapidly proliferating tumour cells become distant from the
oxygen supplying blood vessels; and due to perfusion-limited oxygen
supply which arises due to the absence of constant blood flow to tumour
regions (Vaupel et al., 2004). Hypoxic regions have been found to occur in
all breast cancer stages, from in situ carcinomas to both lobular and ductal

invasive cancers (Hohenberger et al., 1998). Regions of necrosis also occur
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in breast cancers and this reflects prolonged periods of oxygen deficit,

which is unable to sustain cell survival (Harris, 2002).

Low intracellular oxygen has profound consequences on cancer progression
because it results in the tumour cells acquiring a highly invasive and
metastatic phenotype that decreases patient survival (Semenza, 2016).
Overall, only 6% of patients present with metastatic disease at diagnosis,
but ~30% of early-stage breast cancer patients eventually progress to a
metastatic disease (O'Shaughnessy, 2005). Hypoxia in primary tumours
has been shown to induce expression of lox and lox-like molecules that
primes breast cancer cells for metastasis by regulating formation of pre-

metastatic niches in target organs (Wong et al., 2011)

The presence of tumour hypoxia is also associated with radiotherapeutic
failure (Gray et al., 1953, Brown and Wilson, 2004, Overgaard, 2007) and
reduced response to various breast cancer chemotherapeutic agents
(Wouters et al., 2007). Radiobiological hypoxia occurs when the radiation-
induced DNA damages are more easily repaired in the absence of oxygen,
which results in radiotherapy resistance (Jackson et al., 2019). An
approach to overcome hypoxia and improve radioresponse in breast
cancers is by hypoxia-activated prodrugs (HAPs), which become chemically
active in areas of low oxygen, and exert cytotoxic effects in hypoxic cells
while remaining non-cytotoxic to the well-oxygenated normal tissues
(Patterson and McKeown, 2000, Wilson and Hay, 2011). Therefore
targeting the hypoxic fraction of tumours with HAPs will enable efficient
delivery of cytotoxic agents into the hypoxic tumour cells. In combination
with conventional therapies such as radiation, the HAPs have the potential
to eradicate both the oxic and hypoxic tumour cell populations, both in a
neoadjuvant and metastatic setting (Patterson and McKeown, 2000, Liapis
et al., 2016).

AQA4N is a bio-reductive TOPO II inhibitor that is efficiently bio-reduced in
a hypoxic environment into the DNA binding cytotoxic metabolite, AQ4
(Patterson, 2002, Patterson, 1993). The reductive activation of AQ4N to
AQ4 is catalysed by the cytochrome P450 enzymes, such as CYP2S1 and
CYP2W1 (Nishida et al., 2010). The bioreduced metabolite AQ4, is a

persistent anti-cancer agent, which localises to hypoxic tissues and
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continues to exert cytotoxic effects, irrespective of tumour reoxygenation
(McKeown et al., 1995). AQ4N has been reported in many studies to be an
effective enhancer of radiotherapy (McKeown et al., 1996, Hejmadi et al.,
1996) as well as chemotherapy (cisplatin, cyclophosphamide,
mitoxantrone)(Friery et al., 2000, Patterson et al., 2000, Tredan et al.,
2009). Unfortunately, development of this promising hypoxia-selective

toxin has not progressed beyond phase I clinical trials.

The novel AQ4N analogue, KP167, is a newly developed HAP that binds
DNA covalently and functions as both a DNA alkylator and a TOPO II
inhibitor. Preliminary experiments show that KP167 is a highly effective
chemosensitiser in colorectal cancer spheroids when used in combination
with oxaliplatin (Klaus Pors, personal communication of unpublished data).
Several studies have documented the well-established role of AQ4N as a
radiosensitiser, but the radiosensitising effects of KP167 had not been
assessed prior to this study, nor its efficacy in breast cancer. The novel
analogue KP167 has additional anti-cancer properties as mentioned
previously, which led to the hypothesis that radiosensitisation observed
with KP167 will be comparable if not greater than the parental compound.
The single agent and radiosensitising efficacy of KP167 was assessed in 3D
spheroid, 2D normoxia and 2D hypoxia models of luminal and triple

negative breast cancer cells and compared to the parental drug, AQ4N.

Initially, the efficacy of HAPs were assessed in breast cancer spheroid
models, as spheroids which are =500 ym in diameter develop a hypoxic
core as a result of oxygen and nutrient gradients (Hirschhaeuser et al.,
2010). Such agents are more potent in hypoxic conditions because of the
efficient bio-reduction of HAPs by the cytochrome P450 family of enzymes
in the absence of oxygen (Raleigh et al., 1998). Moreover, these 3D models
offer a more accurate representation of in vivo tumour responses to anti-
cancer agents (Breslin and O'Driscoll, 2013). The single-agent cytotoxic
effect of AQ4N and KP167 were assessed by treating spheroids and seeding
for assessment of clonogenic survival. Data demonstrated that both AQ4N
and KP167 were cytotoxic in all breast cancer spheroids and resulted in a
dose dependent reduction in cellular survival. Data indicate that the

presence of hypoxia in 3D spheroid cultures may have enabled efficient
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activation of AQ4N and KP167 into their DNA binding cytotoxins. Such
observations are supported by studies which report that increasing tumour
hypoxia by vascular clamping or hydralazine pre-treatment increases the
anti-tumour efficacy of AQ4N (Patterson, 1993). Furthermore, the
cytotoxic effects of AQ4N was potentiated by a dose enhancement ratio of
5:1 using hypobaric hypoxia in T50/80 tumours in vivo (McKeown et al.,

1995), all of which indicate the hypoxia-specific activation of these agents.

The novel analogue, KP167 was 2-100 fold more potent in reducing
survival of breast cancer cells with ICso values ranging between (0.14-
12.8) uM compared to AQ4N ICso of (0.2-22.8) uM. The increased cytotoxic
effect observed with the novel analogue KP167, may be due to the
targeting of both proliferating and quiescent cell population by TOPO II
inhibition and DNA alkylation. This is in contrast to drug action of AQ4N
which is cytotoxic only in proliferating cells because of its ability to inhibit
the catalytic role of TOPO II, as cells re-enter the cell cycle during
reoxygenation (Patterson, 1993, Wilson et al., 1996).

As expected the most sensitive cell line to treatment with AQ4N and KP167
was the BRCA-1 deficient MDAMB-436 cells. This cell line is characterised
by a defective HR-pathway due to the BRCA-1 deficiency. This inherent
BRCA-1 deficiency coupled with the inability to repair additional DNA
double strand breaks induced by TOPO II inhibition (+DNA alkylation in
KP167 treated cells), may explain the increase in cytotoxicity compared to
the other repair-proficient cell lines (Ashworth, 2008). Overall, the luminal
cell lines MCF-7, T47D and the normal epithelial cell line MCF-10A, were
sensitive to single agent AQ4N and KP167 treatment with lower ICso values
compared to the triple negative MDAMB-231 cells. If time had permitted,
the levels of normoxic, hypoxic and necrotic cells in the different breast
cancer spheroids could be assessed, and this may explain, to some extent,
the differential sensitivity observed in the different breast cell lines to AQ4N
and KP167 treatment (Riffle and Hegde, 2017).

Previous studies have reported that AQ4N is minimally toxic to oxygenated
cells (Patterson, 1993, Wilson et al., 1996) because of the competitive
binding of oxygen to the active haem-centre of cytochrome P450 enzymes,
which inhibits the efficient reduction of the HAPs (Raleigh et al., 1998).
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Therefore the cytotoxic effects of AQ4N and KP167 were assessed in breast
cancer cells grown in 2D normoxia. Data from the current study show that
AQ4N and KP167 were able to reduce proliferation and clonogenic survival
of breast cancer cells grown in 2D normoxia, albeit at much higher
concentrations than those required to induce similar effects in 3D cultures.
AQ4N ICso (24 hour) ranged from (0.3->45) uM in clonogenic survival
compared to the KP167 ICso value of (1.8->45) uM. The triple negative
MDAMB-231 and MDAMB-468 cells were most resistant to treatment with
AQ4N and KP167 and demonstrated the least reduction in survival at 24
hours (>32 uM). This finding is in agreement with previous studies which
report only minimal toxicity when AQ4N was tested against the NCI panel

of 60 cell lines in normoxia (Patterson and McKeown, 2000).

In both 3D spheroid and 2D normoxia cultures, the luminal MCF-7 and
T47D cells were more sensitive (with the exception of MDAMB-436 cells)
to single agent AQ4N and KP167 treatment, with lower ICso values
compared to the triple negative MDAMB-231 and MDAMB-468 cells. The
cytochrome P450 enzymes, CYP2S1 and CYP2W1 have been reported to
metabolise AQ4N to AQ4 more efficiently compared to the other CYP
enzymes (Nishida et al., 2010). Therefore, the endogenous expression of
cytochrome P450, CYP2W1 and CYP2S1 were assessed, in order to identify
if differential expression of reductases were responsible for the differences

in drug sensitivity observed between the luminal and triple negative cells.

The cytochrome P450 family are oxidative enzymes that are involved in
the metabolism of many carcinogens and anti-cancer agents (Danielson,
2002). They are important in the development and progression of breast
cancer, because of their involvement in the metabolism of estrogen and
anti-cancer agents used in breast cancer treatment (Hayes et al., 1996,
Tsuchiya et al., 2005). In vitro Western blot data demonstrate that the
highest expression of cytochrome P450 and CYP2W1 was present in the
luminal MCF-7 and T47D cells which may have enhanced the cytotoxicity
of AQ4N and KP167 in these cell lines. Such data suggest that determining
their expression in breast cancer may help in the identification of patient
subgroups that may benefit from potential HAP treatment. Therefore, the

expression of CYP2S1 and CYP2W1 were assessed by immunohistochemistry
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in breast cancer tissues, and will be discussed subsequently. Although
CYP2S1 and CYP2W1 are involved in the hypoxic bio-activation of AQ4N,
further experiments are needed to confirm the activation of KP167 by these
enzymes. Future experiments could be conducted to assess changes in
reductase levels following treatment with AQ4N and KP167 in the different
breast cancer cells to identify the main reductases involved in KP167
metabolism. Equally, it would be interesting to compare and contrast
endogenous reductase levels between 3D spheroid and 2D normoxic

cultures.

In order to further confirm the hypoxia-specific activation of AQ4N and
KP167, breast cancer cells in 2D monolayers were made hypoxic at 1% O,
following which the single agent cytotoxicity of AQ4N and KP167 were
assessed. For all experiments in 2D hypoxia (1% O for 48 hours), CA9,
the endogenous hypoxia marker (Wykoff et al., 2000, Olive et al., 2001),
was initially assessed for positive expression to ensure that the breast
cancer cells being used in experiments were truly hypoxic. Clonogenic data
show that both AQ4N and KP167 were highly cytotoxic in breast cancer 2D
hypoxic cultures with lower ICso values of (0.15-9.5) uM for AQ4N and
(0.37-4.9) uM for KP167, compared to those obtained in 2D normoxia
cultures. Compared to 3D cultures, increased cytotoxicity with AQ4N and
KP167 were observed in 2D cultures and this may be because, 2D hypoxic
cells were grown as monolayers and uniformly subjected to hypoxia, which
may have enabled efficient CYP-mediated conversion of AQ4N and KP167
into their respective cytotoxic metabolites. This is in contrast to 3D
spheroid cultures which contain normoxic, hypoxic and necrotic cells, all
co-existing in different layers of the spheroid structure and may
demonstrate differential drug sensitivities (Mueller-Klieser et al., 1986).
Such data show that AQ4N and KP167 treatment were more cytotoxic in
breast cancer cells grown in 2D hypoxia and 3D spheroid cultures when
compared to response obtained in 2D normoxia, which confirmed the
hypoxia-specific activation of these agents (Patterson and McKeown, 2000,
Denny, 2000).

AQ4N has been reported to be an effective enhancer of radiotherapy with

studies reporting that AQ4N when administered before radiation results in
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a 50% reduction in radiation dose for the same anti-tumour effect
(McKeown et al., 1995). A phase I evaluation of AQ4N in combination with
fractionated radiotherapy in 18 patients reported that the drug was well-
tolerated in patients and tumour concentrations of AQ4 exceeded the
normal tissue concentration at a ratio of >3.7. This study reported a >50%
decrease in tumour volume in 2 patients, partial response in 1 and stable
disease in 9 (Steward et al., 2007).

In the present study, breast cancer spheroids were treated with AQ4N
before irradiation and any effects on cell survival were assessed by
clonogenic survival assays. In combination with radiation, AQ4N was
effective as a radiosensitiser, across all breast cancer phenotypes, with
SERo.01 Of 1.30-3.33. Greater increases in radiosensitisation were observed
with KP167 (SERg.01 of 1.46-4.55), which was 100 times more potent
compared to control cells at 8 Gy in T47D, MDAMB-231, MDAMB-468 and
MDAMB-436 cells. Clinically, treatment of TNBCs continues to be a
challenge due to the fact that there are no available targeted therapies to
treat this particular subtype of breast cancer. Adjuvant therapy in TNBCs
rarely leads to remission and the occurrence of metastasis is associated
with high resistance to chemotherapy (Somali et al., 2013). Furthermore,
regions of hypoxia and necrosis are higher in ER-negative tumours, which
also contributes to the local recurrence and radiotherapy resistance
observed in this subtype (Generali et al., 2006, Semenza, 2016). Although
various agents are currently being evaluated in pre-clinical and clinical
studies for the treatment of TNBCs, no targeted agents have been currently

approved for clinical use, apart from PARP inhibitors (FDA, 2018).

In the current thesis, radiosensitivity obtained with KP167 in the triple
negative MDAMB-231 (SERo.01 2.53), MDAMB-468 (SERo.0:1 2.28) and
MDAMB-436 (SERo.01 4.55) spheroids were greater in comparison to well-
established radiosensitisers such as KU-55933 with SERgpo; of (1.82-
MDAMB-231, 1.68-MDAMB-468, 3.42-MDAMB-436) and olaparib with
SERp01 of (1.62-MDAMB-231, 1.68-MDAMB-468, 2.35-MDAMB-436)
investigated in the DNA repair study. As seen above, radiosensitivity
achieved with KP167 was greater than olaparib, which is currently being

evaluated clinically as a radiosensitiser in the RadioParp trial for the
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treatment of TNBCs (NCT03109080). Although further studies are required
both in vitro and in vivo to confirm such findings, from the current study,
KP167 appears to be a potent radiosensitiser in breast cancer and may

hold promising potential, especially in the treatment of TNBCs.

Liapis et al., 2016 studied the anti-cancer efficacy of the HAP, TH-302 in
primary breast cancer and metastatic deposits in bone and reported that
TH-302 in combination with paclitaxel was able to reduce tumour growth
of primary breast cancers and metastatic deposits in bone (Liapis et al.,
2016). Such data indicate that the HAPs can potentially be used both in a
neoadjuvant and metastatic setting to target hypoxic breast cancers and
improve patient outcomes. Other studies have reported that both TH-302
and PR-104 reduced growth and radiosensitised TNBC cell lines, especially
BRCA-2 knockout mutants (Hunter et al., 2014). Such data are similar to
findings in the current study, wherein the BRCA-1 deficient MDAMB-436
cells were highly radiosensitised by KP167. Such data further indicate that
HAPs can be utilised to exploit both hypoxia and HR defects in breast and

other cancers.

As expected, the HAPs AQ4N and KP167 demonstrated lower levels of
radiosensitisation in breast cancer 2D normoxia cultures. AQ4N resulted in
a marginal-modest increase in radiosensitisation with SER¢.01 of 1.17-1.64.
KP167 was more effective than AQ4N even in normoxic conditions with
SERp.01 of 1.21-1.93. The lower efficacy of the HAPs in hormoxia cultures,
as previously reported, may be attributed to inefficient reduction of these
agents by the cytochrome P450 enzymes in the presence of oxygen
(Raleigh et al., 1998).

Lastly, the radiosensitising effect of AQ4N and KP167 were assessed in 2D
hypoxia cultures. Similar to results obtained in 3D spheroids,
radiosensitisation obtained with KP167 was greater with SERgp.01 of 1.56-
2.37 compared to the AQ4N SERg.: of 1.13-1.94. The radiosensitisation
obtained in 2D hypoxia was greater than that obtained in 2D normoxia,
further confirming the hypoxia-specific cytotoxicity of these agents. It was
expected that cells grown in 2D hypoxia would demonstrate greater levels
of radiosensitisation compared to 3D spheroid cultures, since all cells would

be hypoxic, which would enable efficient drug activation. Interestingly, the
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radiosensitivity obtained in 3D spheroids with KP167 treatment were
greater, especially in the TNBC cell lines. Schmidt et al., 2016 analysed the
gene expression profile of 12 HNSCC cell line 3D cultures, and reported an
increase in the expression of genes involved in cell junctions, adhesion and
drug-metabolising cytochrome P450 enzymes. Furthermore, downregulation
of genes involved in DNA repair, cell cycle and DNA replication was also
observed (Schmidt et al., 2016). Such data suggest that efficient
metabolism of drugs in 3D by the cytochrome P450 enzymes followed by
the inability of cells to repair DNA damage may have contributed to the
increase in cytotoxicity observed in 3D v 2D cultures. In addition, TNBCs
are characterised by deficiencies in several DNA repair pathways. For
example, defects in HR pathways have been identified in sporadic triple
negative tumours independent of BRCA-1/2 deficiency (Telli et al., 2016).
All of these may have contributed to the enhanced cytotoxicity profile of
AQ4N and KP167 in 3D spheroid cultures, especially in the TNBC cell lines
(Song et al., 2013). The radioresponse observed between 3D and 2D
cultures may also be dependent on various other factors present in a 3D
environment such as gradients of oxygen and nutrition, pH, cell-cell and
cell-matrix interactions, differential proliferation rates, altered metabolism
etc, compared to 2D cultures (Bristow and Hill, 2008, Rankin et al., 2016,
Sharma et al., 2019).

The normal mammary epithelial cell line, MCF-10A was included in the HAP
study to assess for potential differential effects between normal and cancer
cells. Experiments were only conducted with AQ4N due to lack of KP167
availability. Data show that AQ4N induced modest Ilevels of
radiosensitisation in MCF-10A spheroids with an SERp.0: of 1.36, greater
increases in 2D hypoxia with SERg.01 0f 1.71 and marginal radiosensitisation
in 2D normoxia with SERgo: of 1.15. Increases in AQ4N-induced
radiosensitivity was observed in 3D spheroid and 2D hypoxia cultures and
this may only be because of the presence of hypoxia in these culture
conditions. Such results are promising and demonstrate that the
radiosensitising effects of AQ4N is marginal in the presence of oxygen,
which suggest that well-oxygenated normal tissues may be spared from

the radiosensitising effect of AQ4N. Future work should assess the efficacy
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of KP167 in MCF-10A cells to confirm such observations. The effects of the
HAPs should also be tested in another normal breast cell lines, and

potentially other normal cell types, before firm conclusions can be reached.

As mentioned previously, the CYP enzymes, CYP2S1 and CYP2W1 are
expressed in breast tissues and are involved in the reductive activation of
AQ4N and may be involved in activating KP167 (Nishida et al., 2010,
Hlavac et al., 2014). In vitro Western blot data indicate that the differential
expression of these enzymes in the different subtypes of breast cancer may
have determined response to AQ4N and KP167 treatment. Therefore, the
protein expression of CYP2S1 and CYP2W1 was assessed in a large cohort
of breast cancer patients (n=1426) by immunohistochemistry, to assess
expression in the different breast cancer phenotypes and to establish any
clinical and prognostic significance of these enzymes in breast cancer.
CYP2S1 and CYP2W1 mRNA expression was also assessed in a large
number of patients (n=1980) in the METABRIC cohort.

The expression of cytoplasmic CYP2S1 and nuclear CYP2W1 protein were
specific to ER-positive cancers which is consistent with data obtained in
vitro, and with the reported role of CYP enzymes in the metabolism and
oxidation of estrogens (Zhao et al., 2016). The expression of these
enzymes were correlated to various clinical and pathological parameters.
This led to the selection of a subgroup of ER-positive, HER-2 negative
patients, above 50 years of age, characterised by high grade,
pleomorphism, mitosis and intermediate NPI category. Such data
suggested that high expression of cytoplasmic CYP2S1 and CYP2W1
protein identifies a subgroup of ER-positive patients with higher
proliferative and metastatic potential that may require cytotoxic
chemotherapy in addition to hormone-therapy (Rakha et al., 2008, Rakha
et al., 2010). Furthermore, this subgroup of patients can potentially
become candidates for treatment with the hypoxia-activated prodrugs

(following confirmation of hypoxia in tumours).

Estrogen is implicated in breast cancer pathogenesis due to the production
of carcinogenic metabolites during its metabolism and oxidation by the
cytochrome P450 enzymes (Badawi et al., 2001, Cheng et al., 2001).

Cytochrome P450 enzymes are also involved in the metabolism of various
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anti-cancer drugs used in the treatment of breast cancer (Fabian et al.,
1981, Croteau et al., 2006). For example, tamoxifen, used in the treatment
of HR-positive breast cancer, is a prodrug that undergoes metabolic
activation, catalysed by the cytochrome P450 enzymes into its active
metabolites N-desmethyl-tamoxifen,4-hydroxyl-N-desmethyl-tamoxifen
and 4-hydroxy-tamoxifen (Fabian et al., 1981). It has been previously
reported that lower expression of CYP enzymes are associated with worse
outcome for ER-positive patients treated with tamoxifen due to inefficient
drug metabolism (Singh et al., 2011). Similarly, the metabolism of taxol
has 19 distinct enzymatic steps, almost half of which are catalysed by the
cytochrome P450 enzymes (Croteau et al., 2006). Certain CYP enzymes
have the potential to inactivate taxols such as paclitaxel and docetaxel
which results in treatment failure (Engels et al., 2004). Cyclophosphamide,
used in the CMF regimen to treat breast cancer is a prodrug which also
requires bio-activation by the cytochrome P450 enzymes (Bohnenstengel
et al., 1996). Studies report that certain polymorphic forms of the CYP
enzymes lowers efficiency of cyclophosphamide (El-Serafi et al., 2015).
Furthermore, studies have shown an increase in the transcript levels of
CYP2W1 in responders of NACT compared to breast cancer patients with a
stable or a progressive disease (Hlavac et al., 2014). These studies provide
evidence that tumours with low expression of cytochrome P450 enzymes
may not be able to efficiently metabolise certain chemotherapy drugs
which may contribute to therapy resistance and impact negatively on the

survival of breast cancer patients (Zanger and Schwab, 2013).

All these studies support the findings in the current thesis wherein low
expression of cytoplasmic CYP2S1 and nuclear CYP2W1 was associated
with shorter survival of breast cancer patients, which was maintained even
in multivariate analysis. Low cytoplasmic CYP2S1 and nuclear CYP2W1
were also associated with adverse survival in ER-positive and ER-negative
patients respectively. Administering chemotherapy agents that don’t
require CYP metabolism might lead to better overall survival in the
subgroup of patients that demonstrate low levels of CYP2S1 and CYP2W1.
Such data emphasise the prognostic significance of CYP enzyme protein

expression in breast cancer, regardless of ER status.
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METABRIC is a multi-centre cohort which contains mRNA expression of
1980 patients and was used in the present study to assess relationship
between the expression of CYP2S1 and CYP2W1 mRNA with
clinicopathological parameters and survival (Curtis et al., 2012). High
CYP2S1 and CYP2W1 mRNA was associated with absence of HER-2 status
and Luminal A tumours respectively, which is in agreement with results
obtained with protein expression. However, contrary to results obtained
with protein expression in the Nottingham cohort, no significant association
between CYP2S1/CYP2W1 mRNA with survival was observed in the
METABRIC cohort, although similar trends (low expression — poor survival),
were noted. Reasons for discrepancy may be due to various post-
transcriptional modification, which may result in a lack of significant
correlation between mRNA and translated protein (Greenbaum et al.,
2003). A large number of mRNA transcripts can be generated from the
same gene via alternative spicing, which may contribute to the discrepant
results observed between mRNA and protein expression (Liu et al., 2016).
In addition, mRNA isolated from tissues contains admixture of tumour,
stromal and immune cells, which may result in diluted effects as opposed
to IHC, wherein CYP2S1 and CYP2W1 protein expression were assessed

only in tumour cells.
6.2 Limitations and suggestions for future work

The effect of DNA repair inhibitors were only assessed in 2D normoxic
models of luminal and TNBC cells. Experiments with additional breast
cancer cell lines, such as the HER-2 positives and luminal B subtypes can
be carried out in future to assess the radiosensitising effects of PTPD.
Although 2D cell culture models are widely used in pre-clinical evaluation
of anti-cancer agents, these do not accurately represent in vivo tumour
responses compared to 3D models (Breslin and O'Driscoll, 2013).
Therefore, it may be worthwhile to assess effects of DNA repair inhibitors
in 3D spheroid cultures. It has also been reported that DNA repair
pathways such as mismatch repair, NER and HR are impaired under
hypoxic conditions, due to transcriptional and translational downregulation

of proteins involved in DNA repair (Bindra et al., 2007, Scanlon and Glazer,
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2015). Future studies could assess the effects of PTPD/DNA repair
inhibitors in 2D hypoxia models in order to target the susceptibility of

hypoxic cancer cells (Scanlon and Glazer, 2015).

Additional experiments such as combining a double strand and single
strand repair inhibitor, such as KU-55933+PTPD could be assessed in
combination with radiation as this might allow greater levels of
radiosensitisation to be achieved (Fok et al., 2019). In the current study,
the effects of PTPD were assessed in combination with single doses of
ionising radiation. The hypofractionated radiotherapy, which delivers
smaller fractions with large doses are currently used in the treatment of
breast cancer (He et al., 2019). It may be interesting to determine the
efficacy of PTPD in fractionated radiobiology experiments. If promising data
was to be obtained from such experiments, then the effect of PTPD could
be tested using in vivo animal models to determine dose tolerability and

side effects of such treatments.

Data from Chapter 3 show that KP167 was highly effective as a hypoxia-
activated radiosensitiser in 3D models of breast cancer, compared to
response in 2D normoxia. Future work is needed to confirm the presence
of hypoxia in spheroid models. Embedded spheroids can be sectioned to
investigate markers of hypoxia, proliferation and apoptosis by
immunohistochemistry or immunofluorescence techniques (Tevis et al.,
2017). Previous studies have reported the use of pimonidazole as a marker
of hypoxia in 3D cultures (Riffle et al., 2017). Pimonidazole undergoes
reductive activation in hypoxic cells and binds to form stable adducts with
cellular components. It binds to glutathione at concentrations below 1.3%
oxygen and can be used in the visualization of severely hypoxic cells (Gross
et al., 1995). Clinically, Ki-67 is a commonly used parameter to determine
the growth fraction of cells and can be used in the assessment of
proliferative cells present in the outer layers of spheroids exposed to
nutrition and oxygen (Crispino et al., 1989). The apoptotic marker, cleaved
caspase 3 is commonly used as a marker to identify the onset of cell death
in 3D cultures (Chen et al., 2015). Assessing levels of hypoxia, cell
proliferation and apoptosis, by staining for these markers in breast cancer

spheroids might provide further information regarding the differential

280



Chapter 6

sensitivity observed between the different subtypes of breast cancer. For
example, greater percentage of hypoxic cells in one cell line as opposed to
the other, may enhance the cytotoxic effect of the hypoxia-activated

prodrugs.

The cytotoxic effects of AQ4N and KP167 is due to the ability of these
agents to cause DNA damage by inhibiting TOPO II, which results in
accumulation of DNA double strand breaks in the G2/M phase of the cell
cycle. In the present thesis, greater levels of radiosensitivity were
observed in KP167 treated cells. In addition to the TOPO II inhibiting role,
KP167 may induce higher levels of DNA damage due to its additional DNA
alkylating properties, which may induce cell cycle arrests in the G1/S phase
(Tu et al., 2004). In addition, the ability of cells to repair DNA damage is
subtype specific, with basal triple negative cells generally considered as
being repair deficient as opposed to the repair proficient luminal tumours
(Guo et al., 2017). Therefore the levels of DNA damage induction and
repair in the different cell lines after treatment with AQ4N and KP167 +/-
radiation, can be assessed by carrying out yH2AX DNA damage assays by
FACS or immunofluorescence (Kinner et al., 2008). The cell cycle
distribution of cells in response to AQ4N and KP167 treatment may provide
information about differential drug action and sensitivity observed between
the different phenotypes of breast cancer. As suggested for PTPD, it would
also be of interest to investigate the efficacy of HAP’s in fractionated

radiation regimes.

Furthermore, the effect of AQ4N and KP167 should also be assessed in
proliferating v quiescent cells to determine if KP167, due to its covalent
binding and alkylating properties, is cytotoxic to the quiescent cell
population. The effect of HAP treatment on various downstream signalling
pathways involved in proliferation, apoptosis, DNA repair and metastasis
could be examined by measuring protein and mRNA expression of
downstream effectors. Using HPLC chromatography techniques, Nishida et
al., 2010, demonstrated that CYP2S1 and CYP2W1 was involved in the
metabolism of AQ4N to AQ4 under hypoxia with the highest turnover rates
compared to the previously identified CYP3A4 and iNOS (Nishida et al.,
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2010). Similar experiments could be conducted to determine the specific

CYP enzymes involved in the bioreductive metabolism of KP167.

Additional studies may also wish to investigate the efficacy of HAPs in
breast cancer primary cells, patient derived xenograft models or murine
models to further confirm cell-line data in more clinically relevant settings
(Lum et al., 2012). One of the common sites of breast cancer metastasis
is the bone, which is characterised by a hypoxic microenvironment (1-6%
02) (Spencer et al., 2014). Similar to studies conducted by Liapis et al.,
2016, the anti-cancer efficacy of KP167 may be tested in primary breast
cancers as well in osteolytic breast cancer models to determine if KP167 is
effective in targeting both primary and metastatic breast cancer growth.
Pharmacokinetics (PK) refers to the movement of drugs in the body
(absorption, distribution, bioavailability, metabolism, and excretion), and
pharmacodynamic (PD) is the biological response (biochemical or
molecular interactions) to a given drug (Meibohm and Derendorf, 1997,
Derendorf and Meibohm, 1999). The PK (concentration v time) and PD
(effect v time) parameters, dose tolerability and safety of KP167 can be
established to better understand drug action. Due to time limitations,
experiments with the hypoxia-activated prodrugs were only assessed in
luminal A, triple negative and BRCA-1 deficient cell lines. Investigation into
the drug responses observed in other subtypes of breast cancers such as
luminal B and HER-2 positive cell lines would be interesting, to determine
if KP167 is as effective in these subtypes compared to response observed
in the TNBCs.

Further studies may also be conducted to determine the role of CYP2S1
and CYP2W1 enzymes in the oxidative metabolism of estrogens and in
breast cancer progression. The protein levels of CYP251 and CYP2W1 by
immunohistochemistry were assessed only in breast tumours and not in
corresponding normal tissues. It would be interesting to examine
expression in normal breast tissue as a comparator in the future to
understand the role of ‘orphan’ CYP enzymes in breast cancer
pathogenesis. In the current study, high expression of cytoplasmic CYP2S1
and nuclear CYP2W1 were able to identify a subgroup of ER-positive, HER-

2 negative tumours with increased proliferation, grade and intermediate
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prognosis. By assessing hypoxia-markers such as CA9 and HIF-1a in such
patient groups, in addition to CYP expression, may result in the
identification of patients with hypoxic tumours that may preferentially

benefit from potential HAP treatment.

Furthermore, previous studies have reported the association of CYP
enzymes in the metabolism of anti-cancer agents used in breast cancer
treatment and with responders of NACT (Hlavac¢ et al., 2014). Future
studies may wish to correlate expression of CYP2S1 and CYP2W1 to
responders of endocrine therapy, chemotherapy and neoadjuvant
chemotherapy in the current cohort to understand the involvement of
CYP2S1 and CYP2W1 in drug metabolism and response of patients to

treatment.
6.3 Conclusions

In summary, the current thesis evaluated the role of DNA repair inhibitors
and hypoxia-activated prodrugs in modulating response of breast cancer
cells to radiation. Although the FEN-1 inhibitor, PTPD, failed to demonstrate
greater radiosensitisation compared to control agents, the current study
provides preliminary evidence for the potential use of PTPD as a
radiosensitiser in the treatment of BRCA-1 deficient tumours. In contrast,
the novel AQ4N analogue, KP167 was a highly effective hypoxia-activated
radiosensitiser across all 3 platforms (3D spheroids, 2D normoxia and
hypoxia) investigated. In 3D spheroid cultures, the radiosensitivity
obtained in triple negative cell lines were higher than previously observed
with well-established radiosensitisers such as KU-55933, AQ4N and
clinically approved agents such as olaparib. Although further confirmation
is required both in vitro and in vivo, the current study highlights KP167 as
a potentially useful hypoxia-activated radiosensitiser and suggests that it
might be a promising agent, either single or combined with radiation, to
improve outcome in hypoxic breast cancers. Lastly, the expression of low
cytoplasmic CYP2S1 and low nuclear CYP2W1 was associated with adverse
survival of breast cancer patients, both in univariate and multivariate
analysis, suggesting that these markers may be of prognostic significance

in breast cancer.
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Table Al Pathological and molecular features of breast cancer cell lines.

BRCA-1

HER- Molecular

Cell line  Cell type Pathology P53 status status ER PgR 2 Classification
MCF-7 Epithelial Ductal WT WT EE + = Luminal
Carcinoma
T47D el gl Ductal Mutated WT + + - Luminal
Carcinoma
MDAMB-  Epithelial  Adeno-  Mutated  WT - Blzsi'e'”;‘;(/ .
231 Carcinoma P g
Basal-like/
MDAMB- Epithelial Adeno- Mutated WT - - - triple-negative
468 Carcinoma
MDAMB- P€OMOMBNIC, gy Basal-like/
multinucleated . Mutated Mutated - - - . .
436 Carcinoma triple-negative

Abbreviations: WT, wild-type; +, positive;

epidermal growth factor receptor - 2. Data adapted from (Dai et al., 2017).
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-, negative; ER, estrogen receptor; PgR, progesterone receptor; HER-2, human
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Table A2 Cell culture media formulations for cell lines.

Cell line

Reagent

Source Volume

MCF7

T47D

MDAMB-
231

MDAMB-
468

MDAMB-
436

RPMI-1640 medium

Heat Inactivated Iron Supplemented Donor Calf
Serum

Penicillin/Streptomycin (with 10,000 units
penicillin and 10 mg streptomycin/mL)

Dulbecco’s Modified Eagle's Medium - high
glucose (with 4500 mg/L glucose, L-glutamine,
and sodium bicarbonate, without sodium
pyruvate)

Heat Inactivated Iron Supplemented Donor Calf
Serum

Penicillin/Streptomycin (with 10,000 units
penicillin and 10 mg streptomycin/mL)

Minimum essential medium eagle (MEM) (with
Earle’s salts, nonessential amino acids and
sodium bicarbonate, without L-glutamine)

Heat Inactivated Iron Supplemented Donor Calf
Serum

Penicillin/Streptomycin (with 10,000 units
penicillin and 10 mg streptomycin/mL)

L-Glutamine (200 mM)
MEM Non-essential amino acids solution (100x)

DMEM/F12 HEPES (with L-Glutamine and 15mM
HEPES)

Heat Inactivated Iron Supplemented Donor Calf
Serum

Penicillin/Streptomycin (with 10,000 units
penicillin and 10 mg streptomycin/mL)

R8758, Sigma, UK 500 mi
Gibco, Life 50 ml
Technologies, UK

5 mil
P4333, Sigma, UK

D5796, Sigma, UK 500 ml
Gibco, Life 50 ml
Technologies, UK

P4333, Sigma, UK 5 ml

M2279, Sigma, UK 500 mi

Gibco, Life 50 ml
Technologies, UK
P4333, Sigma, UK 5 ml
G7513, Sigma, UK 5ml
M7145, Sigma, UK 5ml

31330, Invitrogen, UK 500 ml

Gibco, Life 5 ml
Technologies, UK
5ml
P4333, Sigma, UK

Abbreviations: ml - millilitres.
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A1l Optimisation experiments for RPA assessment by
immunofluorescence

In order to assess the optimum ionising radiation dose for RPA expression,
MDAMB-231 and T47D cells were trypsinized, and seeded at a density of
2x10% cells onto coated sterile coverslips (Corning™ BioCoat™) in 6-well
plates and allowed to adhere overnight. The following day, cells were
irradiated at 0.5, 1 or 1.5 Gy of IR. At 1 hour post-radiation exposure, cells
were fixed with 4% paraformaldehyde for 10-20 minutes. Following which,
cells were permeabilized and blocked in 0.3% Triton X-100 with 2% serum
for 30 minutes at room temperature. Cells were stained with the primary
anti-RPA (1:200, Abcam) and incubated overnight at 4°C. The following
day, cells were treated with Alexa 488-conjugated goat anti-mouse
secondary antibody (1:200 dilution, Abcam) for 1 hour in the dark, followed
by 2-3 washes in 0.05% PBS-Tween-20 buffer. Nuclei were counterstained
with Vectashield containing DAPI (Vector). Imaging was performed at x63
maghnification on a confocal microscope (Leica TCS SPE). The number of
RPA or y-H2AX foci per nuclei was counted using Image] software and 100

nuclei were analysed for each treatment condition.

As shown in Figure Al, exposure to ionising radiation significantly
increased RPA expression in both T47D and MDAMB-231 cells. A dose of 1
Gy resulted in average RPA foci of 51+9.3/nucleus in T47D (P=0.052) and
53+0.8/nucleus in MDAMB-231 (P=0.0009) cells. At 1.5 Gy, T47D cells
demonstrated average RPA foci of 52+8.4/nucleus (P=0.041) and MDAMB-
231 cells with 95+13.2/nucleus (P=0.020). Based on data obtained, a dose
of 1 Gy was considered suitable to assess RPA expression for ease of

counting since higher doses would increase the number of RPA foci.
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Figure A1l Quantification of RPA foci in irradiated breast cancer cells. (A)
T47D and (B) MDAMB-231 cells were treated with (0.5, 1 or 1.5) Gy of IR prior to
assessing RPA expression by immunofluorescence. Figures show the average
number of RPA foci/nucleus after 1 Gy irradiation. 100 cells were analysed for each
case. Data represent the mean + SD of two independent experiments. One-way
ANOVA test was used to calculate statistics. *P<0.05, **P<0.01, ***P<(0.001.

After dose selection of 1Gy, RPA expression was assessed at various time-
points to assess time-post irradiation at which RPA expression was
maximum. Cells were treated as mentioned above and fixed at required
time points of (0, 0.5, 2, 4, 6 and 24) hours. As seen in Figure A2, both
T47D and MDAMB-231 cells expressed highest levels in RPA expression at
0.5 hours post-IR exposure.
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Figure A2 Quantification of RPA foci at various time-points. (A) T47D and
(B) MDAMB-231 cells were irradiated at 1Gy ionising radiation prior to assessing
RPA expression at 0.5, 2, 4, 6 and 24 hours. Figures show the average number of
RPA foci/nucleus after 1 Gy irradiation. 100 cells were analysed for each case.
Data represent the mean = SD of two independent experiments. One-way ANOVA
test was used to calculate statistics. *P<0.05, **P<0.01, ***P<0.001.

The average foci/nucleus at 0.5 hours, were 60£2.9 in T47D (P=0.005)
and 75+£9.1 in MDAMB-231 (P=0.023) cells. Therefore all PTPD radiation
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combination experiments were carried out at 1 Gy of IR, after which RPA

expression was assessed at 0.5 hours post-IR exposure.

A2 Optimisation experiment for yH2AX expression by flow
cytometry

In order to identify the optimal dose of IR for yH2AX expression, MDAMB-
231 cells were irradiated with various doses of IR and levels of yH2AX was
assessed at various time-points using flow cytometry analysis. 1x10° cells
were plated in 6-well plates and incubated overnight to allow cell
adherence. The following day, cells were irradiated at different doses (1, 2
or 4 Gy), or sham irradiated, and harvested at required time points of (0O,
0.5, 1, 2, 4, 6 and 24) hours. Cells were trypsinized and pelleted by
centrifugation at 200 x g for 5 minutes. Following wash with PBS for 2 x 5
minutes, cells were treated according to manufacturer’s instructions for
YH2AX detection (H2AX phosphorylation kit — 17-344, Merck Millipore).
Briefly, cells were fixed in fixation buffer for 20 minutes, followed by
permeabilization with kit supplied buffer. yH2AX antibody conjugated with
FITC was added to test samples and incubated for 20 minutes on ice. Kit
supplied normal mouse antibody conjugated with FITC was used as the
isotype control. Following wash, cells were resuspended in 500 pl PBS and
transferred to FACS tubes for analysis. For all flow cytometry assays,
acquisition of >20,000 events was performed using a MACSQuant Analyser
Miltenyi Biotech. Data for FACS was analysed using FlowJo 7.6.1 (Tree
Star, Ashland, USA). Data presented graphically in Figure A3 represents

mean fluorescence intensity (MFI) of 2 independent experiments.
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Figure A3. Quantification of yH2AX expression induced by ionising
radiation. Bar graphs depicting y-H2AX expression in MDAMB-231 cells at various
time-points (0, 0.5, 1, 2, 4, 6 and 24) hours post-ionising radiation exposure of
1, 2 and 4 Gy. Acquisition of 20,000 events was recorded by the MACSQuant flow
cytometer. Data represent the MFI + standard deviation (SD) of two independent
experiments. One-way ANOVA test was used to calculate statistics. *P<0.05,
**p<(0.01, ***P<0.001.

As shown in Figure A3, all 3 doses of IR induced yH2AX expression with
highest expression observed at 4 Gy. Cells irradiated with 4 Gy of IR
showed higher mean levels of yH2AX fluorescence of 262 (P=0.010) at 0.5
hours compared to 125 and 184 observed in cells irradiated with 1 and 2
Gy respectively. In all 3 doses, maximum DNA damage was observed at 0-
0.5 hour post-irradiation exposure. A rapid decline in DNA double strand
break as assessed by yH2AX fluorescence was noted post-1 hour and at
24 hours the levels of yH2AX had declined to levels of untreated control
cells (MFI of 138). Therefore, for PTPD radiation combination experiments,
cells were irradiated at 4 Gy after which yH2AX expression was assessed

at 0.5 hours post-IR exposure.
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Figure A4 Survival curves of breast cancer cells after single dose
irradiation. (A) Luminal breast cancer cells. (B) Triple negative breast cancer
cells. The PEs of individual cell lines were: MCF-7 - 45+4.72%; T47D - 15+2.64%;
MDAMB-231 - 49+4.72%; MDAMB-468 - 44+2.08%; MDAMB-436 - 19+2.51%.
Data represent the mean SF + SD of three independent experiments, with each
experiment containing six parallel data sets, which are analysed using the
Student’s t-test. *P<0.05, ** P<0.01 and ***P<0.001 for MCF-7 v T47D and
MDAMB-231 v MDAMB-468 and MDAMB-436 cells.
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PTPD-radiation combination experiments - RPA

T47D MDAMB-436

DAPI RPA Merge

DAPI RPA Merge

Control
PTPD
IR
. 0600, BoUeO
® 0o
PTPD + IR °

Figure A5. RPA foci formation in breast cancer cells following treatment with PTPD and/or radiation. Representative
images of RPA immunofluorescent staining in T47D, MDAMB-436, MDAMB-231 and MDAMB-468 cells. 63x magnification. Blue-DAPI
fluorescent stain. Green-RPA; Scale bar represents 40 um.
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MDAMB-231 MDAMB-468
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Figure A5. RPA foci formation in breast cancer cells following treatment with PTPD and/or radiation. Representative
images of RPA immunofluorescent staining in T47D, MDAMB-436, MDAMB-231 and MDAMB-468 cells. 63x magnification. Blue-DAPI
fluorescent stain. Green-RPA; Scale bar represents 40 um.
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PTPD-radiation combination experiments - y-H2AX

T47D MDAMB-436

DAPI YH2AX Merge

DAPI YH2AX Merge

Control

PTPD

IR

PTPD + IR

Figure A6. y-H2AX foci formation in breast cancer cells following treatment with PTPD and/or radiation. Representative
images of y-H2AX immunofluorescent staining in T47D, MDAMB-436, MDAMB-231 and MDAMB-468 cells. 63x magnification. Blue-
DAPI fluorescent stain. Green - y-H2AX; Scale bar represents 40 pm.

343



Appendix A

MDAMB-231 MDAMB-468
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Figure A6. y-H2AX foci formation in breast cancer cells following treatment with PTPD and/or radiation. Representative
images of y-H2AX immunofluorescent staining in T47D, MDAMB-436, MDAMB-231 and MDAMB-468 cells. 63x magnification. Blue-
DAPI fluorescent stain. Green - y-H2AX; Scale bar represents 40 um.
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Table B1 Pathological and molecular features of MCF-10A cells.

Fibrocystic
: e disease ) ) ) Basal-like/
MCF-10A Epithelial Ner- WT WT trile negative
tumorigenic

Abbreviations: WT, wild-type; -, negative; ER, estrogen receptor; PgR,
progesterone receptor; HER -2, human epidermal growth factor receptor - 2.

Table B2 Cell culture media formulation for MCF-10A cells.

DMEM/F12 HEPES (with L-Glutamine
and 15mM HEPES) 31330, Invitrogen, UK 500 ml

Heat Inactivated Horse Serum H1138, Sigma, UK  12.5ml
Penicillin/Streptomycin (with 10,000 P4333, Sigma, UK 5ml

units penicillin and 10 mg
streptomycin/mL)

MCF-10A
Hydrocortisone (5mg/ml) HO0888, Sigma, UK 50 pl
Cholera Toxin (1mg/ml) C8052, Sigma, UK 50 pl
Insulin bovine pancreas (5mg/ml) 16634, Sigma, UK 1 ml
EGF (100ug/ml) E1257, Sigma, UK 100 pl

Abbreviations: pl — microliters, ml - millilitres.
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Figure B1 Morphology of MCF-10A spheroids. (A) Representative phase
contrast micrographs from Day 1 to 8 with seeding density of 5000, 10,000 and
20,000 cells/well in 96-well ultra-low attachment plates (10x magnification). (B)
Measurement of spheroid diameter over an 8-day culture. Each point represents
the average diameter calculated from measurements of 6 spheroids of one

experiment.
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Figure B2 Doxorubicin penetration in breast cancer spheroids. Confocal
microscope representative images of spheroid cross-sections (10x magnification,
step size 15 ym) are shown above. Experiment was conducted once, containing
30 spheroids. Scale bar represents 200 pym.
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Figure B3 Effect of AQ4N and KP167 on clonogenic survival of HT-29 cells.
SF obtained after treatment is shown against the corresponding treatment. PEs of
HT-29 cells were 53+4.35%. Data obtained from one independent experiment
performed in triplicate.
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Figure B4 Effect of AQ4N on clonogenic survival of MCF-10A spheroids. PE
- 65 + 4.44%. Data represent the mean £ SD of three independent experiments,
with each experiment containing six parallel data sets which are analysed using
the Student’s t-test. *P<0.05, **P<0.01, ***P<0.001 for control v AQ4N.
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Figure B5 Effect of AQ4N on cell proliferation and clonogenic survival of
MCF-10A cells in 2D normoxia. PE of cells were 65+4.44%. Data represent the
mean = SD of three independent experiments, with each experiment containing
six parallel data sets, which are analysed using Student’s t-test. *P<0.05 for 24
hours v 48 and 72 hours.
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Figure B6 Radiation response of MCF-10A cells in 2D V 3D culture. PE for
2D and 3D cultures was 23+0.28% and 36% respectively. Data represent one
independent experiment, containing six parallel data sets.
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Table B3 Radiobiologic parameters of MCF-10A cells in 2D
normoxia and 3D spheroid cultures.

- a B a/p
Cell line (Gy) (Gy2) (Gy) SF2
MCF-10A
2D Normoxia 11560l 0.07 4.07 0.38
3D Spheroids 0.65 0.07 16.79 0.20

Parameters were calculated from clonogenic data fitted to a linear quadratic
model. Data represent one independent experiment. Abbreviations: IR,
irradiation; SF2, surviving fraction at 2Gy.
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Figure B7 Effect of AQ4N on radiosensitivity of MCF-10A spheroids. PEs of
cells were 36%. Data represent the mean SF *£ SD of two independent
experiments, with each experiment containing six parallel data sets, which are
analysed using the Student’s t-test. *P<0.05.

Table B4 Radiobiologic parameters of MCF-10A cells treated with
IR and/or AQ4N.

Cell line a B a/p
Spheroids  (Gy™) (Gy2) (Gy) SF2 SER o0y)
MCF-10A
IR 0.65£0.34 0.07£0.06  16.79%19.04  0.20£0.08
AQAN+IR  1.0240.05 0.04£0.03  27.73£20.01  0.05£0.05 1.36+0.12
ttest  P=0.273  P=0.650 P=0.631 P=0.163

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.
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Figure B8 AQ4N and KP167

radiosensitivity of breast cancer
spheroids. PEs of individual cell lines were:
MCF-7 - 33%£5.51%; T47D - 22+2.64%,;
MDAMB-231 - 74+1.93%; MDAMB-468 -
35+1.52 %; and MDAMB-436 - 6%+0.57%.
Data represent the mean SF + SD of three
independent  experiments, with  each
experiment containing six parallel data sets.
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Figure B9 AQ4N and KP167 radiosensitivity of MCF-7 spheroids formed
with matrigel. A) Effect of AQ4N on MCF-7+M. B) Effect of KP167 on MCF-7+M.
C) Overlay of +/- Matrigel (AQ4N). D) Overlay of +/- Matrigel (KP167). PEs of
MCF-7 cells were 30+1.52%. Data represent the mean SF £ SD of three
independent experiments, with each experiment containing six parallel data sets,
which are analysed using the Student’s t-test. *P<0.05, **P<0.01 and
***P<0.001 for IR v AQ4N+IR or IR v KP167+IR.

Table B5 Radiobiologic parameters of MCF-7 (+ matrigel) cells
treated with IR and AQ4N/KP167.

Cell line a B a/B

Spheroids  (Gy) (Gy2) (Gy) SF2 SER oy

MCF-7
IR 0.65£0.05 0.01£0.01  44.15£17.91  0.25%0.02

AQ4N+IR 0.81£0.09 0.01£0.01 117.34£140.66 0.18+0.02 1.20+0.06
ftest  P=0.05  P=0.924 p=0.421 P=0.029

MCF-7
IR 0.65+0.05 0.0140.01 44 .15+17.91 0.2540.02

KP167+IR 1.01+£0.04 0.01+0.01 184.16+187.05 0.12+£0.01 1.47+0.10
ftest  P<0.001  P=0.706 P=0.266 P<0.001

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SF2, surviving fraction at
2Gy.
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Figure B10 Effect of AQ4N radiosensitivity of MCF-10A in 2D normoxia. PE
23+0.28%. Data represent one experiment, with six parallel data sets.

Table B6 Radiobiologic parameters of MCF-10A cells treated with
IR and/or AQ4N.

Cell line a B a/B
Normoxia  (Gy) (Gy?2) (Gy) SF2 SER (g
MCF-10A
IR 0.31 0.07 4.07 0.38 15
AQAN+IR 035 0.11 3.22 0.31 '

Data represent one independent experiment. Abbreviations: IR, irradiation;
SERo.01, sensitiser enhancement ratio at 1% survival; SF2, surviving fraction at
2Gy.
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Figure B11l AQ4N and KP167
radiosensitivity of breast cancer cells
in 2D normoxia. PEs of individual cell
lines were: MCF-7 - 40+6.97%; T47D -
19+1.34%; MDAMB-231 - 57+2.33%; MDAMB-
468 - 46+5.48 %; MDAMB-436 - 32+2.55%
cells. Data represent the mean SF £ SD of three
independent experiments, with each experiment
containing six parallel data sets.
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Figure C1 Effect of normoxia and hypoxia (1% 0O:) on proliferation of MCF-
10A cells. Inset image show representative blot for the expression of CA9 in
normoxia (N) and hypoxia (H) cells with B-Actin used as a loading control. Data
presented graphically represent the mean cell number/well £ SD of three
independent experiments, with each experiment conducted in triplicate, which are
analysed using the Student’'s t-test. P>0.05 for normoxia v hypoxia (not
significant).
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Figure C2 Effect of AQ4N on cell proliferation and clonogenic survival of
MCF-10A cells (1% O02). A) Effect on proliferation. B) Effect on clonogenic
survival. PE was 30+2.24%. Data represent the mean + SD of three independent
experiments, with each experiment performed in triplicate.
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Figure C3 Radiation response of MCF-10A cells in 2D normoxia and
hypoxia (1% O:2) culture conditions. PE under normoxia and hypoxia were
49+7.07% and 27+1.41% respectively. Data represent the mean SF £ SD of three
independent experiments, with each experiment containing six parallel data sets,
which are analysed using the Student’s t-test. *P<0.05, **P<0.01, ***P<0.001
normoxia v hypoxia.

Table C1 Radiobiologic parameters of breast cancer cells in 2D
normoxia and hypoxia cultures.

Cell line (G;'l) (Gs_z) (ClG/yB) SF2 OER (0.01)

MCF-10A
2D Normoxia 0.50+0.26 0.04+0.03 15.9+11.72 0.31+0.14

2D Hypoxia 0.06+0.03 0.07+0.01 1.04+0.48 0.65+0.04 1.55+0.16
t test P=0.046 P=0.281 P=0.092 P=0.016

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; OERo.01, oxygen
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.
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Figure C4 Effect of AQ4N on radiosensitivity of MCF-10A cells in 2D
hypoxia (1% O:2). PE of MCF-10A was - 53+£5.65%. Data represent the mean
SF + SD of three independent experiments, with each experiment containing six
parallel data sets, which are analysed using the Student’s t-test. *P<0.05,
**P<0.01 and ***P<0.001 for IR v AQ4N+IR.

Table C2 Radiobiologic parameters of breast cancer cells in 2D
hypoxia treated with IR and/or AQ4N.

- a B a/p
Cell line (Gy) (Gy2) (Gy) SF2 SER (g.01)
MCF-10A
IR 0.34+0.06 0.06%0.01 5.20+1.35 0.39+0.04
AQ4N+IR  0.78+0.25 0.09+0.01 8.37+2.91 0.15+0.07 1.71+0.32
t test P=0.134 P=0.035 P=0.224 P=0.063

Statistical significance was determined by Student's t-test. The P-values are bold
where they are < 0.05. Abbreviations: IR, irradiation; SERo.01, sensitiser
enhancement ratio at 1% survival; SF2, surviving fraction at 2Gy.
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Figure D1 Representative Western blot images showing specific CYP2S1 and CYP2W1 expression in breast cancer cells. Breast
cancer cell lysates were subjected to Western blot to assess specificity of (A) CYP2S1 and (B) CYP2W1 primary antibodies. Representative
blots are of 3 independent experiments with lysates from cells with different passage numbers.
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Figure D2 Kaplan-Meier survival curves of cytoplasmic CYP2S1 and breast
cancer specific survival in (A) HER-2 positive (B) HER-2 negative (C) Triple
negative and (D) Non-triple negative patients.
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Figure D3 Kaplan-Meier survival curves of combined cytoplasmic
CYP2S1/nuclear CYP2W1 and breast cancer specific survival in (A) ER-positive
(B) ER-negative (C) HER-2 positive (D) HER-2 negative breast cancers (E) TNBC and
(B) (F) Non-TNBC's.
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Table D1 Correlation of CYP2S1 mRNA with clinicopathological
parameters in the METABRIC cohort.

Clinicopathological

parameters CYP2S1 mRNA expression
Low High P-value
Grade
1 167 (8.8%) 3 (0.2%) 0.062
2 733 (38.7%) 37 (2.0%)
3 895 (47.3%) 57 (3.0%)
Size
<20cm 809 (41.4%) 49 (2.5%) 0.69
>20cm 1037 (53.1%) 58 (3.0%)
Nodal stage
1 972 (49.3%) 63 (3.2%) 0.315
2 595 (30.2%) 27 (1.4%)
3 299 (15.2%) 17 (0.9%)
ER status
Negative 442 (22.3%) 32 (1.6%) 0.137
Positive 1431 (72.3%) 75 (3.8%)
PgR status
Negative 873(44.1%) 67 (3.4%) 0.001
Positive 1000 (50.5%) 40 (2.0%)
HER-2 status
Negative 1628 (82.2%) 105 (5.3%) 0.001
Positive 245 (12.4%) 2 (0.1%)
Pam50 subtype
Basal 298 (15.1%) 31 (1.6%) 0.009
HER-2 226 (11.4%) 14 (0.7%)
Luminal A 691 (34.9%) 27 (1.4%)
Luminal B 461 (23.3%) 27 (1.4%)
NC 6 (0.3%) 0
Normal 191 (9.6%) 8 (0.4%)

Abbreviations: ER, estrogen receptor; PgR, progesterone receptor; HER2, human
epidermal growth factor receptor-2. The P values are resultant from the Pearson
x*> test of association or Fisher’s Exact test if a cell count was less than five.
Significant P-values are indicated in bold. The number and percentage of
observations for cohort is shown for each clinicopathological variable.
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Table D2 Correlation of CYP2W1 mRNA with clinicopathological
parameters in the METABRIC cohort.

Clinicopathological

parameters CYP2W1 mRNA expression
Low High P-value
Grade
1 60 (5.2%) 51 (4.4%) 0.598
2 245 (21.1%) 221 (19.1%)
3 291 (25.1%) 291 (25.1%)
Size
<20cm 294 (24.6%) 233 (19.5%) 0.009
>20cm 321 (26.9%) 346 (29.0%)
Nodal stage
1 338 (28.0%) 298 (24.7%) 0.179
2 196 (16.3%) 180 (14.9%)
3 88 (7.3%) 105 (8.7%)
ER status
Negative 139 (11.5%) 153 (12.6%) 0.136
Positive 484 (39.9%) 436 (36.0%)
PgR status
Negative 300 (24.8%) 295 (24.3%) 0.502
Positive 323 (26.7%) 294 (24.3%)
HER-2 status
Negative 540 (44.6%) 518 (42.7%) 0.508
Positive 83 (6.8%) 71 (5.9%)
Pam50 subtype
Basal 88 (7.3%) 112 (9.2%) 0.02
HER-2 94 (7.8%) 62 (5.1%)
Luminal A 228 (18.8%) 198 (16.3%)
Luminal B 149 (12.3%) 151 (13.1%)
NC 1 (0.1%) 4 (0.3%)
Normal 63 (5.2%) 54 (4.5%)

Abbreviations: ER, estrogen receptor; PgR, progesterone receptor; HER2, human
epidermal growth factor receptor-2. The P values are resultant from the Pearson
x*> test of association or Fisher’s Exact test if a cell count was less than five.
Significant P-values are indicated in bold. The number and percentage of
observations for cohort is shown for each clinicopathological variable.
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Figure D4 Kaplan-Meier analysis of CYP2S1 and CYP2W1 mRNA on breast cancer specific survival in the METABRIC cohort.
Survival curves showing the impact of low (blue line) and high (red line) (A) CYP2S1 and (B) CYP2W1 expression on breast cancer specific
survival. Significance was determined using the log-rank test. P<0.05 (not significant).
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