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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the leading causes of cancer-related
deaths. PDAC is an intractable disease and exhibits considerable chemoresistance.
Identifying the mechanisms underlying PDAC chemoresistance may therefore provide a basis
for developing methods to improve the efficacy of chemotherapy and improve patient
prognosis. The transcription factor Nrf2 has been reported to contribute to the
chemoresistance of PDAC and other cancers through its modulation of the antioxidant
system. The Brucea javanica extract brusatol is commonly used as an Nrf2 inhibitor and as
an anti-tumour agent. The aim of this study was to investigate the effects of brusatol upon
Nrf2 in the context of PDAC, to explore the mechanism of action of brusatol and to determine
whether brusatol is a potentially useful form of chemotherapy for the treatment of PDAC.

The effects of chemotherapy upon Nrf2 protein abundance and activity, and upon Nrf2
downstream targets (NQO1, AKR1C1/2), were investigated in cultured PDAC cells and in two
distinct mouse models. Nrf2-inducible luciferase reporters, in cultured cells and in a mouse
model, were utilised to determine how treatment with gemcitabine and 5-FU affected Nrf2
expression. The mechanism of action of brusatol and the involvement of Nrf2 in the anti-
cancer effects of brusatol treatment were investigated in cultured cells using viability assays
and protein synthesis analyses. A three-armed experiment compared the efficacy of brusatol
monotherapy to that of gemcitabine monotherapy and vehicle control against PDAC tumours
in vivo. This was performed using the KPC (LSL-KRas®'?'®/*; LSL-p53Ri72H/*: PDX1-Cre)
genetically engineered mouse model of PDAC.

Nrf2, NQO1 and AKR1C1/2 were depleted from cultured cells in response to gemcitabine and
5-FU. Additionally, gemcitabine and 5-FU appeared to result in the downregulation of NQO1
in healthy mouse tissue, but did not noticeably affect Nrf2 activity as measured by the in vivo
luciferase reporter. However, both gemcitabine and 5-FU increased Nrf2 activity in cultured
cells, as measured by a luciferase reporter.

Brusatol exerted multiple anti-cancer mechanisms such as an inhibition of PDAC cell viability,
motility and colony forming capability. The effect of brusatol upon viability did not appear to
be dependent upon its inhibition of Nrf2. Although brusatol did not directly synergise with
gemcitabine or 5-FU during PDAC cell co-treatments, it did sensitise PDAC cells to subsequent
gemcitabine and 5-FU treatment. Nevertheless, brusatol monotherapy did not statistically
improve KPC outcome compared to either gemcitabine monotherapy or vehicle treated
control.

In conclusion, Nrf2 and NQO1 does not contribute to acquired chemoresistance of PDAC
following chemotherapy exposure, and the anti-cancer effects of brusatol cannot be
attributed to the inhibition of Nrf2. Although brusatol monotherapy did not improve the
prognosis of KPC mice, the range of anti-cancer mechanisms it displayed upon pancreatic
cancer cells suggests that further research may identify a useful treatment regimen
incorporating brusatol.
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positive control) within SUIT-2 cells. The maximal effect was observed at 80nM. Abbreviation: CHX:
(@3 ol (0] 0= 141141 T [ N 108
Figure 4-3: The effect of CHX (10ug/mL) and brusatol (100nM) on protein synthesis following 4
hour CDDO-Me pretreatment. Newly synthesised protein shown as a visualisation of the degree of
protein synthesis. Total protein loaded shown as loading control. Abbreviations: Bru: brusatol. CHX:
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Figure 4-4: Relative viability of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells with CHX, Bru
or H20: for various periods of time either with (solid colour) or without (patterned colour) 4h CDDO-
Me pretreatment. Viability was normalised to a vehicle control with the same 4h CDDO-Me
pretreatment (with/without). Statistical analysis was performed using t-test between pretreated and
non-pretreated for each drug and timepoint, with Bonferroni correction to account for multiple
comparisons. * p-value below 0.0033. Each bar is the mean of three experiments each performed

in triplicate. Error bars +/- SEM. Abbreviations: CHX: cycloheximide. Bru: Brusatol. CDDO: CDDO-

Figure 4-5: Treatment of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells with CDDO-Me and
ML385 following transient transfection of Nrf2 luciferase. Data are the mean of three experiments,
each performed in triplicate. Work contributed to by MRes student Lewis Wignall with my direct

supervision and input. Error bars +/- SEM.......coiii i 114

Figure 4-6: Treatment of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells with CDDO-Me, ML385
and combination following transient transfection of Nrf2 luciferase. Data are the mean of three
experiments, each performed in triplicate. Work contributed to by MRes student Chris Brown with

my direct supervision and input. Error bars +/- SEM..........ccooiiiiiiiiii 115

Figure 5-1: MTT analysis of MIA PaCa-2, PANC-1, and SUIT-2 cells treated with brusatol,
gemcitabine or 5-FU for 48h prior to MTT assay. Representative image of three independent

experiments, mean IC50 ShoWN iN italiCS...........ouie i 125

Figure 5-2: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with
gemcitabine and brusatol, visualised using Bliss, HSA, Loewe and ZIP models of synergy. Images
represent one preliminary experiment. Abbreviations: HSA, Highest Single Agent. ZIP, Zero
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Figure 5-3: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with 5-
FU and brusatol, visualised using Bliss, HSA, Loewe and ZIP models of synergy. Images represent
one preliminary experiment. Abbreviations: HSA, Highest Single Agent. ZIP, Zero Interaction
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Figure 5-4. Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with
gemcitabine following 24h brusatol pretreatment, visualised using Bliss, HSA, Loewe and ZIP
models of synergy. Representative images of three independent experiments. Abbreviations: HSA,
Highest Single Agent. ZIP, Zero Interaction POtENCY..........ouiuiiiiiiiiii i 133
Figure 5-5: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with
5-FU following 24h brusatol pretreatment, visualised using Bliss, HSA, Loewe and ZIP models
of synergy. Representative images of three (MIA PaCa-2, SUIT-2)/two (PANC-1) independent
experiments. Abbreviations: HSA, Highest Single Agent. ZIP, Zero Interaction Potency....... 135
Figure 5-6: Clonogenic assay of MIA PaCa-2, PANC-1 and SUIT-2 cells treated with brusatol,
5-FU, gemcitabine or vehicle (H,0). A: Cells were treated for 24h prior to replating for
clonogenic seeding. B: Cells were treated following clonogenic seeding until analysis.

Representative images from three independent experiments, each performed in triplicate.

Figure 5-7: Quanitification of clonogenic assay of MIA PaCa-2, PANC-1 and SUIT-2 cells
treated with brusatol, 5-FU, gemcitabine or vehicle (DMSO, H,0). Cells were treated for 24h
prior to replating for clonogenic seeding. Data represents the mean of 3 experiments each
performed in triplicate, +/- SEM. Statistical analysis was performed using Dunnett’s multiple
comparisons test of a one-way ANOVA for each analysis. *=p<0.05; **=p=0.01; ***=p<0.001;
****=p<0.0001 relative to vehicle control. Abbreviations: Veh, vehicle; Bru, brusatol; Gem,
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Figure 5-8. Wound healing assay of MIA PaCa-2, PANC-1 and SUIT-2 cells treated with
combinations of gemcitabine, 5-FU and brusatol. A: Representative images of monolayer
wounds of three independent experiment at the time of treatment (0Oh) and 48h following
treatment for each cell line and drug combination. B: Quantification of mean cell migration
of three independent experiments at 24h and 48h, normalised to Oh (100% wound size).

Abbreviations: Veh, Vehicle (H,0). Gem, Gemcitabine. Bru, Brusatol.........ccceccoeveererireevennnnes 141



Figure 5-9: Kaplan-Meier analysis of the absolute survival time of brusatol, vehicle and
gemcitabine treated KPC mice. No individual arm reached statistical significance

(gemcitabine v vehicle p =0.057, brusatol v vehicle p=0.63).......cccccocevrererrcrrcreeerenrereee e 143

Figure 5-10: IHC of NQOL1 in dissected tumours of KPC mice treated with vehicle (DPBS, 4%
DMSO v/v), brusatol or gemcitabine. Images of tumours from three separate mice per
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1 — General Introduction
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1.1 The History of Cancer

Humanity has known of cancer for thousands of years. Cancer has been found in ancient
Egyptian mummies and the disease has been referenced in ancient texts (1-3). The term
‘cancer’ is derived from the ancient Greek “Kapkivog” (Karkinos) meaning crab, named by
Hippocrates due to the crab-like appearance of the surface tumours he described.
Hippocrates is commonly referred to as the “Father of Medicine” as he popularised the idea
that diseases had natural causes, rather than spiritual, so could have natural treatments.
Hippocrates believed that many diseases, such as cancer, were the result of imbalances in
the four ‘humours’ — blood, phlegm, black bile and yellow bile. Curing disease often took the
form of attempting to address this imbalance, resulting in remedies such as bloodletting. The
four humours model and related treatments were widely accepted for two thousand years
until the Renaissance, at which point the rapid advancement of scientific understanding gave
rise to more evidence-based ideas (4). However, it was not until the 20" century that the
causes and nature of cancer were beginning to be well understood. In particular, the
discovery of DNA structure and mutations shed light on the processes underlying
carcinogenesis (5-7). In regards to treatment, although efforts to resect tumours had been
undertaken since ancient times, it was not until the 19™"-20% century that surgery became a
viable option for many cancers (and other afflictions) (8). Chemotherapy was also developed
for cancer treatment in the early 20" century (9, 10). Although cancer therapy has advanced
further still over the past century, cancer is still commonly lethal and particular types, such

as pancreatic, continue to have a dismal prognosis (11).

1.2 The Biology of Cancer

Cancer is often defined as the uncontrolled proliferation and spread of abnormal cells, which

comprises a broad range of distinct diseases (12). Further to this, tumour cells utilise complex
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interactions to direct their own maintenance and proliferation, as well as establish tumours

comprised of multiple cell types (13, 14).

1.2.1 The Mortality of Cancer

Cancer is a leading cause of death due to its high incidence, despite the fact that the majority
of cancer sufferers now survive the disease (although mortality rates vary between different
types of cancers (Fig. 1-1)) (11). Although in general cancer survivability has improved over
time, prognosis of some cancers have seen little improvement (15). The 5-year survival rate

of pancreatic cancer in particular has remained low (now at 9%) (11, 16).

Cancer is the second most common cause of death (after heart disease) overall in the USA
and the leading cause of death in England (11, 17). In 2016, cancer accounted for 30.3% of
deaths in females and 25.6% of deaths in males, considerably more than the second leading
causes which were dementia and Alzheimer’s disease (which accounted for 15.8% of deaths
of females) and heart disease (which accounted for 13.6% of deaths of males) (17). Cancer is
also the most common cause of death in the USA for individuals between the ages of 60 and
79, as well as the most common natural cause for individuals between the ages of 1 and 19

(11).
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Figure 1-1: Coloured bars show the increase in 5-year survival rates of different forms of cancer
between the 5-year survival rate of 1975-1977 (grey) and the 5-year survival rate of 2006-2012

(grey plus coloured). Graph was created using published data from Jemal A. et al. (15).

1.2.2 The Hallmarks of Cancer

A number of defining hallmarks of cancer cells have been proposed (13, 14). These hallmarks
promote the survival and replication of cancer cells under conditions which would be
restrictive to healthy cells (13, 14). In 2000, six hallmarks (Resisting cell death; Inducing
angiogenesis; Enabling replicative immortality; Activating invasion and metastasis; Evading
growth suppressors; and Sustaining proliferative signalling) were described by Hanahan and
Weinberg which became a foundation for understanding the characteristics of cancer (13).
These hallmarks were expanded upon in 2011 with an additional publication which detailed
eight hallmarks, comprised of the original six plus two additional hallmarks (Deregulating
cellular energetics; and Avoiding immune destruction), as well as two enabling characteristics

(Genome instability and mutation; and Tumour-promoting Inflammation) (14).

The purpose of these hallmarks is to support the processes of development, maintenance,
and proliferation of cancerous cells. Healthy cells are prevented from developing cancerous

characteristics by various anti-cancer mechanisms and the innate limitations cells must face,
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such as only being able to divide a finite number of times (13, 14). As such, the development
of characteristics to avoid anti-cancer mechanisms are ubiquitous characteristics of cancers
and can therefore be used as hallmarks of the disease. For instance, there are multiple
obstacles which would normally prevent a healthy cell from proliferating to the extent of a
cancer cell. Cells can typically only replicate a limited number of times, so cancer cells must
develop replicative immortality. As well as this, healthy cells often rely upon external signals
to determine their rate of growth (either positively or negatively), so a cancer cell must
sustain proliferative signalling and evade growth suppression from other sources. Cellular
structures also need an adequate blood supply for maintenance, so in order to continue
growing cancer cells must induce angiogenesis to recruit blood vessels to meet the increased

demand.

Cells are subjected to internal and external anti-tumour processes that lead to the death of
a cell developing cancerous properties. A cancerous cell must evade the immune system and
resist its own pro-apoptotic signalling. Other hallmarks such as the induction of tumour-
promoting inflammation, deregulation of cellular energetics, and exhibiting genetic
instability allow the cancer to develop by creating a suitable environment for cancerous
growth and giving the cells the ability to rapidly adapt. Finally, a defining feature of cancer is
its ability to invade other tissues. This can be either locally or, in advanced cases, distant to
the point of tumour origin (metastasis). A tumour which does not spread is considered benign
rather than cancerous. Benign tumours are often removed due to the risk of them developing
into malignant cancerous tumours, however many benign tumours do not justify surgical
resection, either because they can only be removed by invasive procedures (for internal
benign tumours) or are such a low risk and/or can be observed for any development (for

superficial benign tumours).
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Carcinogenesis is a multistep process so the acquisition of these hallmarks will occur at
different points and across different timespans depending upon cancer type (13, 14).
Cancerous growths adversely affect health due to a number of reasons, such as developing
into a physical obstacle to normal systems and depriving healthy tissue of resources due to

the higher demands of the rapidly proliferating tumour cells.

1.2.3 The Treatment of Cancer

A variety of therapies exist for the treatment of cancer. The particular course of therapy used
to treat each case depends upon multiple factors such as the specific cancer type and the
stage of the disease. Tumours are surgically resected where possible. This can be a curative
treatment if all tumour tissue is successfully removed, however it is not always possible to
do so. Once tumours have begun to spread and metastasise it may not be possible to find
the individual cancer cells or small tumours throughout the body due to their microscopic
nature. If they are present then subsequent surgeries may remove them once they have
grown into larger detectable tumours (18-20), however in many cases and types of cancer

this may not yield much effect (21).

Chemotherapy is a common form of treatment which is used individually or in combination
with other treatments such as surgery (22-24). Neoadjuvant chemotherapy may be used
prior to surgery, whereas adjuvant chemotherapy may be used post-surgery to treat

remaining tumour cells that cannot be detected for surgical removal (23, 25).

In regards to pancreatic cancer, the focus of this thesis, only 15-20% of patients present with
a tumour suitable for surgical resection at the time of diagnosis (23, 25, 26). The remainder
with advanced pancreatic cancer may be treated with chemotherapy alone (27, 28).

Treatment of pancreatic cancer specifically is discussed further in Chapter 1.4.2.
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1.3 Biology of the Pancreas

The pancreas is a vital organ located in the abdomen. The pancreas is comprised of both
exocrine and endocrine components. The exocrine pancreas is responsible for the production
of digestive enzymes, such as amylase and lipase, to be secreted into the gastro-intestinal
tract. The endocrine pancreas produces and releases hormones, such as insulin and glucagon,

into the bloodstream.

1.3.1 The Exocrine Pancreas

The pancreas is a predominantly exocrine organ, by mass and volume, which is responsible
for producing and delivering digestive enzymes into the duodenum of the small intestine.
Enzymes are produced by, and secreted from acinar cells, which drain into ductules which
combine to form larger ducts. These in turn combine and feed into the pancreatic duct, which
exits the pancreas through the ampulla of vater (also known as the hepatopancreatic
ampulla). The ampulla of vater is formed by the union of the pancreatic duct and the common
bile duct (the common bile duct itself is formed by the union of the cystic duct and the
common hepatic duct draining the gall bladder and the liver, respectively). At this point the
sphincter of Oddi controls the flow of liquid into the duodenum, forming a protuberance

named the major duodenal papilla.

1.3.2 The Endocrine Pancreas

One to two percent of the pancreas consists of the pancreatic islets (islets of Langerhans) of
the endocrine system. The islets are clusters of cells amongst the exocrine pancreas and are
involved in the production of hormones. Two such hormones are glucagon and insulin which
are produced by the alpha (a) and beta (B) cells, respectively. Glucagon and insulin modulate
blood glucose regulation (29, 30). High levels of blood glucose promote the release of insulin

from beta cells which in turn promotes cellular uptake of glucose. Conversely, low levels of
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insulin prompt the release of glucagon, which causes the liver to convert glucose stores
(glycogen) into glucose and release it into the bloodstream. Delta (8) cells, which produce
somatostatin, can also be found within the pancreatic islets (as well as in other areas of the

body).

1.4 Pancreatic Cancer Background

Pancreatic cancer, of which Pancreatic Ductal Adenocarcinoma (PDAC) accounts for ~90% of
cases (31), is the fourth leading cause of cancer-related death (32). This is continuing to rise
and by 2030 it is expected that PDAC will become the second leading cause of cancer-related
death, largely due to an increase in incidences of PDAC and the continued improvements
seen in the treatment of other forms of cancers (32, 33). Although patient survivability of
most common cancers has increased over time, the 5-year survival rate of pancreatic cancer
patients has changed little since the 1970s (Fig. 1) (32). The dismal prognosis is due in part to
the poor response to chemotherapy, and the fact that diagnosis typically occurs at advanced

stages of the disease (28, 32).

1.4.1 The Development of Pancreatic Ductal Adenocarcinoma

The understanding of how PDAC develops from precursor lesions can shed light on how the
disease functions and how appropriate models of PDAC may be used. There are multiple
precursor lesions known to give rise to PDAC development. These lesions include Pancreatic
Intraepithelial Neoplasia (PanIN), Intraductal Papillary Mucinous neoplasms (IPMN) and
Mucinous Cystic Neoplasms (MCN). MCNs are typically asymptomatic with a low risk of
malignancy and characterised by an ovarian-like stroma (34-36). MCNs are predominantly
found in women and over the age of 40 (34, 35). IPMNs typically occur in individuals over the
age of 60 and are characterised by intraductal papillary growths and dilation of the main
and/or branch pancreatic ducts (37, 38). PanlINs are the most common precursor to PDAC

and are considered to be the most important in regards to cancer development and, as such,
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are the most well understood (36, 39). PanINs can be further divided into PanIN-1A, PanIN-

1B, PanIN-2 and PanIN-3.

Normal pancreatic ducts consist of cuboidal epithelial cells forming a lumen. As PanINs
develop a variety of abnormal characteristics are identifiable as they progress, several of
which are used to divide them based on their severity. PanIN-1A and PanIN-1B are defined
by the epithelium comprising tall columnar cells, although with mostly normal appearing
nuclei. PanIN-1A and PanIN-1B are distinguished from one another by exhibiting either flat
(PanIN-1A) or papillary (PanIN-1B) epithelial architecture. PanIN-2 refers to such lesions
exhibiting abnormal nuclei, such as crowding, loss of polarity, or being oversized. PanIN-3, a
form of carcinoma in situ, is used to describe a lesion exhibiting the budding of affected cells
into the lumen. Although PanINs will not necessarily progress into more severe classifications
or develop into PDAC, they are the predominant source of pancreatic cancer cases. Earlier
detection of PanINs and other pancreatic lesions is an attractive target for earlier diagnosis
as it would make it possible to remove precancerous tissue before it can develop into a
malignant tumour. However, there is currently no reliable method to detect these lesions
and they are typically asymptomatic. Even once PDAC has developed, the cancer is usually

asymptomatic in its earlier stages and so will typically be detected in a more advanced state.

1.4.1.1 Mutations in PDAC development

Multiple mutations are known to be commonly associated with PDAC development. In

particular the genes KRAS, TP53, and SMAD4 are frequently mutated in instances of PDAC.

Ras proteins are GTPases which stimulate proliferation through their functions as signalling
molecules (40). Dysregulation of this system can lead to inappropriate proliferation and
therefore promote a cancerous phenotype, and as such RAS genes are among the most
common oncogenic mutations in cancer. Of the 3 RAS genes (KRAS, HRAS, and NRAS), KRAS

mutations are the most common and are an early mutation in PDAC and precursor lesion
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development (41, 42). The G12D mutation is the most common form of KRAS mutation in
PDAC (41). KRasG12D promotes tumorigenesis through multiple mechanisms, including the

upregulation of Nrf2 (43).

Mutation of Tumour Protein 53 (TP53, encoding p53) is one of the most common events in
the development of cancers. Wild type p53 contributes to the prevention of carcinogenesis
and so the loss of this function is an integral part of cancer development. However, missense
mutations such as p53 R172H can cause a dominant gain of function with oncogenic potential
(44, 45). Such mutations therefore not only result in the loss of a tumour suppressor
mechanism but also the gain of an oncogenic mechanism. In PDAC specifically, oncogenic
gain of function TP53 mutations are common and are known to be important for metastasis
to occur (45). The effect of p53 mutation in p53%72"* mice (R172H is the murine homologue
of human R157H) upon aggressiveness of tumours, including pancreatic, has been shown to
be greater than in p537 mice, indicating that the mechanism of action is not limited to the

loss of wild type p53 and is instead an oncogenic gain of function (44, 45).

SMAD4 is a tumour suppressor gene commonly deactivated in PDAC (46-51). It was originally
termed “homozygously deleted in pancreatic carcinoma, locus 4” (DPC4), as it was identified
due to its role in pancreatic cancer. However, not all mutations of SMAD4 are homozygous
deletions. Other mutations, commonly missense, can result in reduced levels of SMAD4

protein and contribute to PDAC progression (46, 49, 51).

1.4.2 Treatment of Pancreatic Cancer

The effectiveness of PDAC treatment has improved only slightly since the introduction of
gemcitabine as a chemotherapeutic agent. The only potentially curative option is surgical
resection of the tumour, however only <20% of pancreatic cancer patients present with
resectable disease at the time of diagnosis (23, 25, 26). Chemotherapy treatment is

commonly used in both resectable and advanced cancer, predominantly featuring

26



gemcitabine and 5-FU (either individually or as part of combination therapies) (27, 28, 52-

56).

1.4.2.1 Surgical Therapy

Depending upon the location of the pancreatic tumour, one of two main forms of surgery
may be used. If the tumour is located within the head of the pancreas, a
pancreaticoduodenectomy (also known as a Whipple Procedure) may be performed. A
conventional pancreaticoduodenectomy involves the removal of the head of the pancreas,
the duodenum, the gall bladder, and parts of the stomach and jejunum (57). Multiple variants
of this procedure exist, such as the pylorus-preserving pancreaticoduodenectomy which can
leave the stomach and proximal duodenum unresected if the cancer has not spread to these
areas (57, 58). Although surgical resection is the only potentially curative option for PDAC,
pancreaticoduodenectomy is a high-risk procedure. Half of patients experience post-

operative morbidity, and the procedure has a mortality rate of <4%.

If the tumour is in the body or tail of the pancreas, a distal pancreatectomy may be performed
(59, 60). Although distal pancreatectomy procedures have a mortality rate as low as 0.8% so
are typically much safer than a pancreaticoduodenectomy, only 20-25% of resectable PDAC

cases involve a tumour arising from the body or tail (59, 60).

1.4.2.2 Gemcitabine Chemotherapy

Gemcitabine is a commonly used form of chemotherapy for the treatment of pancreatic
cancer. Gemcitabine, also known as dFdC, is eventually triphosphorylated to dFdCTP
(triphosphate) once inside cells (61). Gemcitabine must first be transported inside the cells
by human equilibrative nucleoside transporter 1 (hENT1) (62). It has been seen that high
hENT1 correlates with improved prognosis of PDAC patients, likely due to the ready uptake
of gemcitabine by tumour cells (62). Once inside the cell, dFdC is first phosphorylated to

dFdCMP (monophosphate) (61, 63), which in turn is further phosphorylated to dFdCDP
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(diphosphate) by UMP-CMP kinase (61, 63) before being converted to dFdCTP (61). dFdCTP
is a nucleoside analogue which can be incorporated into the genome, at which point it
prevents elongation of the newly synthesised DNA strand and therefore results in cell death
(61, 64). As an inhibitor of replication, the effects of gemcitabine are selective to replicating

cells and therefore tumours.

Gemcitabine monotherapy has commonly been used as a mainline therapy for the treatment
of PDAC, however gemcitabine-incorporating combination therapies have been developed
showing increased efficacy (27, 28, 52). The combination of gemcitabine and capecitabine
(“GemCap”) has been shown during clinical trials to improve prognosis of patients either with
advanced disease or following pancreatic tumour resection, relative to gemcitabine alone
(27, 52). Capecitabine is a prodrug of 5-FU (discussed further in Section 1.4.2.3), which is first
metabolised in the liver to produce 5'DFUR before finally to 5-FU by thymidine phosphorylase
(TP) within other cells, such as in tumours (65, 66). Treatment with GemCap was found to
increase median survival time of patients with advanced disease from 6.2 months (when
treated with gemcitabine alone) to 7.1 months. Similarly, the ESPAC 4 trial of resectable
pancreatic cancer demonstrated a median survival time of 25.5 months in patients treated
with gemcitabine alone, increasing to 28 months in patients treated with the GemCap
combination (52). Although these were promising findings and the introduction of GemCap
represented one of the few advancements in the efficacy of pancreatic cancer therapy,
GemCap still only increased the survival time of pancreatic cancer patients by a modest

amount.

Nab-paclitaxel, a form of albumin-bound paclitaxel, is used in combination with gemcitabine
to treat metastatic and borderline resectable PDAC (67-69). Nab-paclitaxel has been seen to
enhance the uptake of gemcitabine by cells, and the combination of Nab-paclitaxel and

gemcitabine has been seen to result in an improved prognosis relative to gemcitabine
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monotherapy (67). However, nab-paclitaxel treatment has also been found to have increased

toxicity compared to gemcitabine alone which has limited its clinical usefulness (69).

1.4.2.3 5-FU Chemotherapy

5-FU is one of the oldest chemotherapeutic agents for the treatment of PDAC still in use (56).
Once it is inside the cell, 5-FU is converted to multiple metabolites which inhibit replication
through various mechanisms (65). 5-FU is converted to FUDR by thymidine phosphorylase,
and FUDR is converted to FAUMP by thymidine kinase (TK). FAUMP inhibits thymidylate
synthase, resulting in deregulated DNA synthesis (65). FAUMP is also further metabolised to

FAUTP, which causes DNA damage directly through misincorporation into the genome (65).

5-FU is commonly used as part of combination treatments. One such example is FOLFIRINOX,
which includes 5-fluorouracil (5-FU), folinic acid (leucovorin), irinotecan and oxaliplatin,
which is predominantly used in non- or borderline-resectable cases (55, 70). Despite
FOLFIRINOX increasing the survival time of pancreatic cancer patients relative to those
treated with single-agent gemcitabine therapy, FOLFIRINOX also exhibits increased toxicity
and is only tolerated in high performance status patients (54, 69). The intractable side effects

of FOLFIRINOX has therefore limited its clinical usefulness (69).

The FOLFIRINOX regimen is derived from a simpler treatment, 5-FU and folinic acid. Although
5-FU and folinic acid is less toxic than FOLFIRINOYX, it is also less effective. 5-FU and folinic
acid has been trialled in cases of surgically resectable PDAC as an alternative to single-agent
gemcitabine, which demonstrated that the two forms of treatment were highly similar in

terms of patient outlook and toxicity (71).

Because of the dismal prognosis of pancreatic cancer and there being only modest efficacy
of currently available therapies, the development of new therapies to treat pancreatic cancer
is critically important. Identifying more effective treatment regimens could overcome the

chemoresistance exhibited by PDAC and improve patient survivability. Even in the absence
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of curative treatment options, improving quality of life and/or delaying disease progression

may be of benefit to patients.

1.4.3 Biomarkers of Pancreatic Cancer

One of the major avenues of pancreatic cancer research is the investigation of biomarkers
for earlier diagnosis or assessing prognosis. PDAC is typically detected in an advanced state
at the time of diagnosis, with only 10-20% of patients eligible for surgical resection (69). This
late diagnosis comes from the absence of specific symptoms for PDAC. The symptoms of
pancreatic cancer are often generic, and do not immediately suggest PDAC specifically. If it
were possible to diagnose PDAC earlier, patient outlook could be improved by treating the

disease at a less advanced state.

The only potentially curative option available for PDAC patients is surgical resection. Only 10-
20% of individuals are diagnosed early enough for surgical resection to be an option, and 75%
of patients who have undergone surgical resection develop metastatic recurrence (72).
Development of methods for earlier detection of PDAC may therefore be of benefit in
reducing the mortality associated with pancreatic cancer. The ability to detect PDAC earlier
would greatly improve the accessibility and efficacy of potentially curative surgical resection.
Additionally, the improved ability to detect precancerous lesions could make it possible to
prevent the development of PDAC before it became a threat to the patient. This could be
done either through resection of the tissue or targeting the dysfunction using another form

of therapy to prevent carcinogenesis occurring (such as chemoprevention).
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1.5 The Biology of PDAC Models

1.5.1 In Vitro Models

Cancers, including PDAC, can be investigated using cultured tumour cells. The use of cultured
cells allows a broad range of analyses and is relatively inexpensive, quick, and simple
compared to in vivo and clinical research. This form of research is also less likely to be
affected by ethical and legal factors. Despite these advantages, there are also various
limitations. Cell culture commonly involves a single cell type grown in a monolayer. Cells in
vivo are influenced by their interactions with surrounding cells, chemical messengers, and
the functioning of bodily systems. Any results may therefore be affected by the absence of
these features a cancer would normally be exposed to. Additionally, cultured cells often
exhibit substantial differences to their parent cell types in vivo so cannot perfectly

recapitulate the internal and self-regulated functions of the cells (73-75).

The use of 3D cell culture, such as spheroids and organoids, can at least partially offset these
limitations (74-77). Tumour spheroids are aggregates of tumour cells which allow increased
cell-cell interaction, and can use multiple cell types to better mimic cancer in vivo (78, 79).
Organoids are grown in an artificial matrix which allows them to spontaneously develop
tumour-like and organ-like structures (80). Although organoids can recapitulate structures
that a tumour may form in vivo, they are not subject to the effects of the wider organism
such as the immune system, changes in hormonal signalling, and anatomical influences that

a tumour would be.

1.5.2 In Vivo Transplantation Models

Transplantation of cancerous tissue into mice is another method of researching cancer.
Transplantation approaches enable the involvement of biological systems and anatomical

influences in tumour development and response to treatment. Pancreatic cancer tissue may
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be transplanted orthotopically to the pancreas or heterotrophically to other sites (such as
subcutaneous or intramuscular) (81). Orthotopic xenografts may mitigate potential
anatomical issues relating to the location of the transplant, however superficial
heterotrophic xenografts allow easier monitoring of tumour development (82). The
implanted tissue is usually either murine-derived allografts or human-derived xenografts. As
murine-derived allografts can be implanted into immunocompetent syngeneic mice, this
approach can be used to investigate the involvement of the immune system in cancer
treatment and development. Human-derived xenografts, which typically require
implantation into immunocompromised mice, allow the analysis of the human cell lines and

tissue which may be more applicable to human PDAC (83).

The use of human-derived cancer tissue often involves transplantation of cultured cell lines.
However, the use of xenografts of tissue derived from patient tissue, rather than cultured
cell lines, is also possible (84). The use of patient derived tissue mitigates some limitations

associated with the use of cultured cells (as described in section 1.5.1).

Although transplantation of cancerous tissue is a useful tool to study pancreatic cancer, it
has various limitations. In addition to the limitations of the specific approaches already
discussed, the direct implantation of cancerous tissue does not recapitulate initial tumour
development (83). Transplantation approaches therefore preclude the analysis of early
tumour development and progression, as well as bypasses any effects of early tumour

development upon the body and its responses to the cancer.

1.5.3 In Vivo Genetically Engineered Mouse Models

The use of Genetically Engineered Mouse Models (GEMMs) of pancreatic cancer enable the
study of pancreatic tumours in vivo, including the development of healthy tissues into

cancerous tumours and any associated processes. The KPC GEMM (Genetically Engineered
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Mouse Model) is a well-established preclinical model of PDAC. KPC mice possess three
particular genetic modifications to mimic human pancreatic cancer (most commonly LSL-
KRas®2P/*; [ SLp53R172H/*, pdx1Cre, which were used during the course of this research) (83).
In most tissues of KPC animals, the KRas and p53 mutants are prevented from being
expressed due to a preceding LSL (lox-stop-lox) site, comprised of a stop codon flanked by
lox sites. The Cre-recombinase system allows the expression of these alleles by binding to the
lox sites and excising the LSL, therefore removing the stop codon. In the KPC model Cre-
recombinase is expressed under a Pdx1 (pancreatic and duodenal homeobox 1) promoter so
is only active in cells expressing Pdx1. As Pdx1 largely contributes to pancreatic development,
its effects are selective to the developing pancreas (85, 86). All tissue derived from these
affected cells also do not possess the LSL and therefore express the mutant genes due to the

irreversible genetic alteration caused by Cre activity.

The KPC model is widely used as the standard genetically-engineered mouse model of PDAC
due to it faithfully recapitulating the development and presentation of the human form of
PDAC (83). By 8 weeks of age KPC mice typically exhibit early PanINs, precursors to PDAC,
with most animals having developed PDAC by 16 weeks (83). The predictable and rapid
development of the disease in KPC mice enables pre-clinical and basic experimentation

before undertaking clinical trials involving human patients.

As the most widely used and well characterised model of pancreatic cancer, KPC mice
possessing LSL-KRas®*?%*; [SLp53R172/*; Pdx1Cre alterations were used during the course of
this work. However, other forms of the KPC GEMM also exist. Although the original KPC
mouse model was developed in mice of a mixed background (129Sv and C57BL/6), strains of
KPC mice of a C57BL/6J background (through dilution of other strains over multiple

generations) has also been used (83).
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The specific genetic alterations used in KPC mice can also vary, potentially having an effect
on phenotype of the disease and therefore must be carefully noted. Alternative promoters
have been used to regulate Cre expression, such as p48 (83, 87). P48, like Pdx1, is expressed
in the developing pancreas. Use of a p48 promoter appears to reduce the likelihood of other
tumours, such as papilloma, due to the expression of Pdx1 in other tissues (83). However,
despite these apparent advantages this form of the model is not as widely used or as well

validated, so may exhibit disadvantages that are yet to be observed or reported.

The original KPC model expresses an oncogenic form of p53 (44, 88, 89). This results in both
the loss of a wild-type tumour-suppressor p53 allele and the gain of its pro-tumour function.
However, a deactivating mutation (p537°/*) has also been used in KPC GEMMs to trial

potential PDAC therapies and investigate PDAC biology (87, 90).

The KPC model was preceded by models featuring either mutation (p53 or KRas) targeted to
the pancreas (44, 88, 91). The KRas variant, termed KC, is still a commonly used model of
pancreatic cancer. This can either be individually or alongside parallel KPC studies. Due to the
longer period of time required for KC mice to develop tumours, the KC model is particularly

useful to research PanIN progression and initial PDAC development (92-95).

A variant of the KPC model termed KPPC features homozygous alterations to p53 (45, 87, 90).
These can be either p53f172/R172H o n53flx/flox KPPC mice exhibit decreased survival time and

more aggressive tumourigenesis relative to KPC mice (45, 87, 90).

1.6 The Antioxidant System in Pancreatic Cancer

1.6.1 Redox Reactions

The term ‘oxidation’ originally referred to a substance accepting an oxygen atom and was
named for this process. However, the term was broadened to cover any reaction involving a

loss of electrons. Similarly, reduction, named for its reduction of oxygen content, now
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typically refers to the gain of electrons. Reduction is the necessary partner to oxidation; a
redox reaction comprises electron transfer from one component to another, with reduction

and oxidation being relative to the specific agents being described.

Most intracellular oxidants are oxygen-containing molecules produced by the mitochondria,
termed Reactive Oxygen Species (ROS). ROS play an important role in healthy cells as second
messengers, particularly in the inflammatory response, however high levels of ROS can cause
damage to cells. ROS comprise many different chemicals that can cause different forms and
extent of damage to cells. Most severe is the hydroxyl radical, a free radical which can cause
severe disruption to DNA. As DNA damage can result in cell death or carcinogenesis, ROS

activity is relevant to cancer as causes of, and potentially limiting factors of, tumours.

1.6.2 Chemical Stressors in Cancer

Intracellular ROS levels are tightly controlled in both healthy and cancerous tissue. However,
tumour cells exhibit higher levels of ROS than healthy tissue (43, 96-99). Although ROS may
contribute to initial carcinogenesis, and cell signalling related to increased oxidation is an
important part of tumour cell function (96, 99, 100), increased abundance of ROS is harmful
to cells (43, 96, 97, 99, 101, 102). Tumour cells therefore also exhibit increased expression of

antioxidant genes, as discussed further in 1.6.3.

1.6.2.1 Glycolysis and the Warburg Effect

An increase in intracellular ROS contributes to the initiation of the Warburg effect, a near
ubiquitous feature of cancers (97). The Warburg effect refers to the shift in glycolytic

respiration from aerobic to anaerobic, even in the presence of oxygen.

Glycolysis is a series of respiratory reactions by which ATP is produced from ADP, using
energy released from the conversion of glucose to pyruvate. This process is also associated

with the reduction of NAD+ to NADH. In healthy cells with sufficient oxygen supply, pyruvate

35



can be further metabolised aerobically to produce additional ATP. In conditions where
oxygen levels are not sufficient for aerobic respiration, pyruvate is instead fermented to
lactate. This process results in the oxidation of NADH to NAD+, which can be used during

glycolysis so therefore increases the potential for anaerobic respiration.

In cancer cells, however, the fermentation of pyruvate to lactate happens even in the
presence of sufficient oxygen. This results in the accumulation of lactate, which is pumped
into the extracellular space. The subsequent decrease in extracellular pH may also contribute

to metastasis of the tumour due to degradation of the extracellular matrix (103).

1.6.3 The Nrf2-Mediated Antioxidant System

Nuclear factor erythroid 2 Related Factor 2 (Nrf2) is a transcription factor encoded by the
gene NFE2L2 (Nuclear Factor Erythroid 2 Like 2) (104). As the master regulator of the
antioxidant system, it activates the transcription of over 200 genes by binding to the
Antioxidant Response Element (ARE) of their promoter regions (105). It has been investigated
as both a tumour suppressor and an oncogene due to its function to protect cells against
cytotoxic stress (43, 106-111). Although its ability to defend cells against chemical and
oxidative stresses may prevent carcinogenesis occurring, once cancer has developed, tumour
cells use Nrf2 and its downstream targets to promote their own survival (43, 106, 109, 112-
117). Various well-described oncogenes such as KRas exert their effects partly through the

induction of Nrf2 (43).

Many downstream targets of Nrf2 act either as antioxidants or as a support for the
antioxidant system, so therefore rely upon electron donors, typically glutathione (GSH)
and/or NADPH (previously known as TPNH>). To facilitate this need Nrf2 upregulates genes
of the pentose phosphate pathway, which produces NADPH at various points of a multistep

process (118). NADPH is either involved directly in reduction reactions catalysed by Nrf2
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downstream genes, resulting in its oxidation to NADP+, or the restoration of antioxidants

such as GSH which acts as the electron donor in such reactions.

The production of GSH, a tripeptide, is catalysed by multiple proteins upregulated by Nrf2
(Fig. 1-2). GCLC and GCLM, also known as GCS(h) and GCS(I) respectively, are Nrf2-
downstream genes responsible for the synthesis of y-glutamyl cysteine synthetase (GCL)
(119-122). GCL produces y-glutamyl cysteine from the amino acids cysteine and glutamate.
Glutathione synthetase (GSS), also upregulated by Nrf2, then condenses y-glutamyl cysteine
and the amino acid glycine to form GSH (122-125). GSH is then available to act as a reducing
agent to respond to oxidative stressors, and the action of GSH is one of the main mechanisms
by which Nrf2 exerts its antioxidative influence. Due to its action as an electron donor, GSH
itself becomes oxidised when utilised in redox reactions to form glutathione disulphide
(GSSG) with another oxidised GSH molecule. To revert GSSG to two active GSH molecules,
the Nrf2-downstream enzyme glutathione reductase (GSR) reduces GSSG using NADPH as an

electron donor (126, 127).
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Figure 1-2: The glutathione synthesis and restoration pathway. Nrf2 transcriptional targets are
shown in blue. GCLM, GCLC and GSS contribute to the initial production of GSH molecules. GSR
utilises NADPH to reduce GSSG (two oxidised GSH molecules) back into two GSH molecules.
Abbreviations: GCLM, Glutamate-Cysteine Ligase Modifier Subunit; GCLC, Glutamate-Cysteine
Ligase Catalytic Subunit; GSS, Glutathione Synthetase; GSH, Glutathione (reduced); GSR,
Glutathione-Disulfide Reductase; NADPH, Nicotinamide adenine dinucleotide phosphate; GSSG,

Glutathione disulphide (oxidised).

Under basal conditions Nrf2 is inhibited in healthy cells by Keap1 (Kelch-like ECH-Associated
Protein 1), also known as INrf2. Keapl forms a homodimer and binds both Nrf2 and actin
filaments, tethering Nrf2 in the cytoplasm and therefore preventing its translocation to the
nucleus and the subsequent transcription of its downstream targets. Keap1l-bound Nrf2 is
also ubiquitinated by the Cullin-RING box E3 ligase Cul3-RBX1 to mark it for proteasomal
degradation (128). Under basal conditions, the Keap1-mediated degradation system is active
and Nrf2 has a half-life of approximately 20 minutes (129). The half-life of Nrf2 is greatly
extended in response to oxidative stress. Oxidation causes deformation of Keapl and
therefore the release of Nrf2, preventing its ubiquitination and allowing it to translocate to
the nucleus. Nrf2 is therefore activated by the conditions it is equipped to counteract. Once

in the nucleus it binds to the ARE regions of the gene promoters of its targets to upregulate
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their expression. A positive feedback loop then reinforces Nrf2 activity as multiple Nrf2-
activating proteins (such as P62/SQSTM1) and Nrf2 itself are encoded by genes activated by

Nrf2.

1.6.4 Nrf2 in Pancreatic Cancer

Nrf2 has been identified as a tumour promoting protein due to its ability to protect cancer
cells from their own metabolic stress and treatments such as chemotherapy. Nrf2 has been
shown to be upregulated in multiple forms of cancer, including PDAC (99, 109, 113, 116, 117,
130). Additionally, nuclear translocation of Nrf2 has been demonstrated to correlate with
poorer patient prognosis (115). Although cancer cells are known to be rendered
chemoresistant by Nrf2 activity (99, 109, 130-133), the response of Nrf2 to chemotherapy is
not clear. It has previously been shown that treatment with gemcitabine activates the Nrf2
pathway in pancreatic cancer cells, however a reduction in Nrf2 activity has also been

observed via a luciferase-based assay following treatment with gemcitabine (134, 135).

The increased Nrf2 activity under basal conditions in tumours appears to have multiple
causes and varies depending upon cancer type (113, 136). Although loss of Nrf2 inhibition
through KEAP1 methylation has been shown in multiple forms of cancer, it has only been

demonstrated in PDAC in vitro rather than in clinical samples (136-140).

1.6.4.1 — NQO1 in Pancreatic Cancer

NQO1 (NAD(P)H Quinone Dehydrogenase 1), a downstream target of Nrf2 which functions
to reduce quinones, has commonly been used as a marker of Nrf2 activity. This is partly due
to difficulty detecting Nrf2 directly, as there has been controversy regarding how to interpret
antibody-mediated detection of Nrf2 (such as by western blot) (141). Additionally, the
abundance of Nrf2 protein would not necessarily correspond to Nrf2 activity as closely as the
abundance of its downstream targets would, as their accumulation is a result of that Nrf2

activity.
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Previous unpublished work within this research group has found that high levels of NQO1
correlate with better patient prognosis (142). Retrospective analysis of ESPAC-1 and ESPAC-
3 samples of resected pancreatic tumour found that tumours exhibiting high levels of
cytoplasmic NQO1 correlated with increased patient survival time in response to gemcitabine
treatment (142). Hypothetically, this may be due to high levels of NQO1 correlating with high
levels of intracellular stress, and therefore tumours exhibiting a large amount of NQO1
protein would already be compromised by that intracellular so therefore potentially more
vulnerable to chemotherapy. Although it does not appear to directly support the hypothesis
that NQO1 would defend cancer cells from chemotherapy, it may be that only additional
NQO1 would be expected to achieve this rather than NQO1 already present and responding
to already present threats. Pretreatment levels of NQO1 may not be a direct reliable marker

of how much NQO1 is available to respond to subsequent stressors.

Multiple polymorphisms of NQO1 have been described (143). One such polymorphism is the
C609T (Pro187Ser) SNP, rs1800566 (143-147). This substitution almost entirely removes the
antioxidant effect of the resultant protein by causing rapid degradation of the mutant NQO1.
The effect of the inactivating rs1800566 SNP of NQO1 upon the development of cancer
appears to vary between different types of cancer (144-147). Although rs1800566 has been
seen to be associated with probability of developing colorectal and digestive tract cancers
(145, 146), investigations into others cancers have either not found an association (as in
bladder cancer (144)) or have found that the SNP is protective against cancer (such as
oesophageal (147)). A significant effect of rs1800566 has not been demonstrated for
pancreatic cancer (148). However, once cancer has developed it could be expected to defend
cancerous cells from their own metabolic stressors and chemotherapy. As such, in the
context of cancer treatment NQO1 loss-of-function may be hypothesised to render the

tumour cells more sensitive to treatment.
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1.7 Brusatol

Brusatol, a small molecule extracted from the plant Brucea javanica, is widely used as an Nrf2
inhibitor (101, 112, 149-155). Brusatol has traditionally been proposed to have multiple
potential medical uses due to displaying anti-tumour and anti-malarial properties (101, 151,

156).

1.7.1 Brusatol as Chemotherapy

The anti-tumour effect of brusatol in particular has been focused upon in recent years.
Previous studies have shown that brusatol exhibits anti-cancer properties both in vitro and
in vivo (101, 151, 157-159). In addition to its own cytotoxic effects, brusatol appears to
synergise with and sensitise cells to other forms of chemotherapy, as well as different

avenues of therapy such as radiation treatment (101, 151).

Brusatol inhibited the colony forming ability of A549 cells in vitro and limited A549 xenograft
tumour growth in vivo, particularly in combination with cisplatin (151). Although brusatol did
not appear to cause DNA damage when analysed by comet assay, it was reported to enhance
the DNA-damage effect of 6 Gy y-irradiation and so appears to act as a radiosensitiser. Brucea
javanica extract has also been seen to cause cell cycle arrest, prevent proliferation, induce
apoptosis and increase ROS content in a number of cells lines, specifically A549 and H446
(158). However, it is not certain to what extent, if any, brusatol was responsible for these

effects as the exact contents of the extract were not investigated.

In regards to pancreatic cancer, brusatol has been shown to inhibit the growth of orthotopic
xenografts of cell lines in mice both individually and in combination with chemotherapy
(gemcitabine and 5-FU) (157). However, to our knowledge there is no prior published

research investigating the effects of brusatol in a genetic model of PDAC.
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1.7.2 The Mechanism of Action of Brusatol

Although inhibition of Nrf2 is an attractive concept for cancer therapy, efforts to identify a
pharmacological inhibitor been met with limited success. Brusatol is currently widely used as
an Nrf2 inhibitor (133, 153-155, 160-162), however it has also been demonstrated that
brusatol is a protein synthesis inhibitor and that brusatol may not act specifically upon Nrf2

(159, 163, 164).

1.7.2.1 Brusatol as a Protein Synthesis Inhibitor

The mechanism of action of brusatol is not well known. Although it is known to inhibit protein
synthesis and the protein Nrf2 (among others), the method by which it does so has not been
definitively identified (151, 159, 164). The related compound bruceantin, an extract of Brucea
antidysenterica, has been shown to inhibit the formation of peptide bonds and therefore
protein synthesis through binding to the ribosome (164, 165). The combination of their
related structure and similar effects may suggest that brusatol functions through a
mechanism similar to that of bruceantin. Although the effects of brusatol to inhibit protein
synthesis has been known for several decades (164), this was at large concentrations (up to
50uM). 500nM brusatol appeared to have little to no effect upon protein synthesis (164),
whereas 40nM was seen to result in depletion of Nrf2 in separate studies (151). The large
discrepancy may have suggested these were unrelated separate effects, however
subsequent work demonstrated protein synthesis inhibition occurring at similar
concentrations (100nM) (159, 163). It therefore seems that protein synthesis previously only
being seen following treatment with high concentrations of brusatol was a result of the cell
line used (rabbit reticulocytes) rather than it being a separate mechanism to the depletion of

Nrf2.

It has been suggested that the seemingly selective inhibitory effect of brusatol upon Nrf2

abundance may be due to the short half-life of the protein. If brusatol were to globally inhibit
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translation, the abundance of proteins would decrease at a rate dependent upon their rate
of degradation. Nrf2, which has a half-life of 20 minutes under basal conditions, would be
depleted more quickly than longer lived proteins. An effect upon protein synthesis may
therefore appear to be specific to Nrf2 and other proteins with a short half-life. In this case
the specific cause(s) of tumour inhibition is not directly clear. Although protein synthesis
would likely be directly required for tumour progression, cell death and reduction in viability
as a result of brief loss of synthesis may suggest the rapid depletion of specific proteins results
in failure of tumour maintenance. Effects upon Nrf2 in particular are a reasonable possibility
due to being one of few proteins observed to noticeably deplete following brusatol
treatment, the loss of Nrf2-mediated pro-survival function, and the observation of toxic
events (such as the accumulation of ROS) consistent with Nrf2 depletion following brusatol
treatment (101). The combination of depleting Nrf2 to prevent the transcription of pro-
survival genes and directly preventing their translation may be responsible for the toxic and

anti-tumour effects observed following brusatol treatment.

1.7.2.2 Brusatol as an Nrf2 Inhibitor

Since the discovery that similar concentrations of brusatol inhibit protein synthesis and
reduce Nrf2 abundance, it has been demonstrated that Nrf2 inhibition would result in the
inhibition of protein translation (116). Depletion of Nrf2 and subsequent accumulation of
ROS has previously been shown to inhibit protein synthesis due to the large number of
cysteine residues, which are vulnerable to oxidative stress, in translational machinery (116).
As such, it is possible that the effect of brusatol upon protein synthesis is secondary to a
selective effect upon Nrf2. The observation that both effects occur simultaneously does not
necessarily suggest which, if either, the primary effect is as either could result from the other.
Another possibility is that brusatol causes both effects independently of each other through

multiple mechanisms of action. However, the presence of protein synthesis inhibition and
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Nrf2 inhibition have since been demonstrated to occur following treatment with similar
concentrations of brusatol, and neither effect has been seen without the other, rendering an

explanation involving two independent mechanisms, unlikely.

1.7.2.3 Mechanisms of action of Brusatol and the alternative Nrf2 inhibitor, ML385

Understanding the mechanism of action of brusatol will be beneficial to evaluating its
viability as a potential chemotherapeutic agent. As such, the mechanism of action of brusatol
and through what method it inhibits tumour viability was investigated during the course of
this project. A more recently identified inhibitor of Nrf2 is ML385 (166). ML385 demonstrates
inhibition of Nrf2 by binding to its DNA-binding domain (Neh1), with effects consistent with
previously observed consequences of Nrf2 inhibition such as an increase in chemosensitivity
(109, 166). The efficacy of ML385 as an inhibitor of Nrf2 was also investigated during the

course of this work (Chapter 4).

1.8 Purpose and Hypotheses

PDAC has a dismal prognosis, which is in large part due to it being resistant to chemotherapy.
The aim of this research was to evaluate the mechanism of action of brusatol, particularly in
relation to its function as an Nrf2 inhibitor, and explore its potential usefulness as a
chemotherapeutic agent. The purpose of this research was to identify ways of rendering
PDAC more chemosensitive and to determine if brusatol in particular could enhance the

chemosensitivity or act as a useful form of chemotherapy.

| hypothesised that Nrf2 and select downstream targets contribute to acquired
chemoresistance of pancreatic cancer, and that the use of brusatol can contribute to

treatment for pancreatic cancer.
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1.9 Aims and Objectives

The aim of this research was to investigate the involvement of the Nrf2 pathway, including
downstream targets such as NQO1, in patient response to chemotherapy and explore if
brusatol is a viable form of chemotherapy (either through modulation of Nrf2 or as a result

of other mechanisms of action).

The objectives of this research were as follows:

1. Analyse the role of the Nrf2-mediated antioxidant system in PDAC.

a. Identify how chemotherapy treatment affects Nrf2 abundance and activity
both in vitro and in vivo.

b. Identify the effect of modulating Nrf2 upon cancer cell viability and
chemotherapy efficacy.

c. Investigate protein abundance and genetic/epigenetic alterations in Nrf2-
related genes such as KEAP1 and NQO1 in patient samples, and how they
correlate with response to treatment.

2. Explore the mechanism of action of the Nrf2-inhibitor brusatol.

a. Explore if, and how, protein synthesis inhibition and Nrf2 depletion are
causally related.

b. Determine to what extent Nrf2 depletion accounts for the anti-tumour
effects of brusatol.

3. Determine the efficacy of brusatol as a potential chemotherapeutic agent.

a. Determine the viability of brusatol in vitro as either a combination or
monotherapy.

b. Determine if brusatol treatment can improve survival time in a GEMM of
PDAC (KPC), and determine its effectiveness and toxicity relative to current

mainline therapy (gemcitabine).
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2.1 Cell Culture

MIA PaCa-2, PANC-1, SUIT-2 and HEK-293 cells were maintained and passaged regularly in
T75 flasks (10364131, Fisher Scientific) in 10% FBS (cos10270106, Invitrogen) Dulbecco’s
Modified Eagle’s Medium (D6429, Sigma), in a humidified incubator at 37°C with 5% CO..
Unless otherwise stated, numbers of cells seeded in 6-well plates were 1x10° (MIA PaCa-2,
SUIT-2) or 2.5x10° (PANC-1) per well. The number of cells seeded in 96-well plates were 2x103

(MIA PaCa-2, SUIT-2) or 4x10° (PANC-1) per well.

2.2 Drug Treatments

Except where otherwise stated, chemicals used for treatment during in vitro assays were
dissolved in 10% FBS Dulbecco’s Modified Eagle’s Medium. Experiments were performed
alongside a vehicle control (of the solvent/dilutant) to an equivalent volume added during

drug treatment.

Table 2.1: The solvents/dilutants and suppliers of chemicals frequently used in vitro in this work.

Chemical Solvent/Dilutant Supplier, Cat. No.
Gemcitabine hydrochloride H20 Sigma-Aldrich, G6423
5-FU H.O Sigma-Aldrich, F6627
Brusatol DMSO Carbosynth, FB30016
CDDO-Me DMSO Sigma-Aldrich, SMB00376

ML385 DMSO Sigma-Aldrich

MG-132 DMSO Sigma-Aldrich

Hydrogen Peroxide (H202), 30% H.O Sigma-Aldrich

2.3 Protein isolation, Separation and Western Blotting

Cells to be analysed by western blot were harvested in RIPA buffer (89900, Thermo Scientific,
UK) containing a final concentration of 1% protease inhibitor (186281, Thermo Scientific, UK)
and 0.1% of proteasome inhibitor MG-132. The protein concentration of the cell lysate was

determined using a bicinchoninic acid (BCA) assay (23225, Thermo Scientific, UK) according
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to manufacturer’s instructions. 4x reducing sample buffer (RSB) was prepared at the time of

use from Laemmli buffer (Table 2.2) and DTT (final concentration 0.1M). The volume of RSB

added was one third that of the protein lysate volume per sample to produce 1xRSB/lysate

combination. Equal masses (20ug) of protein were incubated at 95°C for ten minutes in RSB.

Samples were then dispensed into wells of a precast BioRad Miniprep SDS-PAGE gel. The gels

used were 7.5% concentration (456-1026) when Nrf2 was to be detected, otherwise Any KD

(456-9033) was used. For the detection of Nrf2, proteins were separated using

electrophoresis at low voltage (60V) at 4°C for 30 min. Voltage was then increased to 90V for

the maximum length of time possible whilst retaining all proteins of interest. If Nrf2 was not

to be detected, electrophoresis was performed at 300V at RT (RT). Proteins were then

transferred to PVDF membranes (1704156, BioRad) and analysed using western blotting.

Table 2.2: 4x Laemmli buffer components

Component Final Concentration in
dH>0 (4x Laemmli Buffer)
Glycerol 40% viv
TrisHCI (1M, pH 8.8) 24% viv
SDS 8% wlv
Bromophenol Blue 0.04% w/v

Membranes were blocked in 5% milk 0.1% PBST (Phosphate Buffered Saline; 0.1% Tris-20 v/v)

w/v for 22 h. Incubation with primary antibody (Table 2.3) was performed for >2 hours.
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Table 2.3: Antigens detected via western blotting, the primary antibodies used to do so, and the

concentrations of primary and secondary antibodies.

Antigen Primary Antibody Secondary Antibody Primary Antibody Supplier,
Concentration Concentration Cat. No.
Nrf2 1:1000 1:1000 Abcam, ab62352
NQO1 1:2000 1:2000 Invitrogen, MA1-16672
AKR1C1/2 1:2000 1:2000 Abcam, ab96087
GCLC 1:1000 1:1000 Abcam, ab190685
B-Actin 1:20,000 1:4000 Sigma-Aldrich, A2228

Following multiple washes with 0.1% PBST, membranes were transferred to secondary
antibody (Anti-rabbit — P0448, Dako; Anti-mouse — P0447, Dako) and incubated for >2 h.
Clarity Western ECL Substrate (1705061, BioRad) was added to membranes for 5 min
following an additional wash sequence. All washes and incubations were performed under
gentle agitation at RT, or at 4°C for 215 h. The resulting chemiluminescence measured using

a BioRad Chemidoc Touch.

2.4 Protein Synthesis Analysis

Cells were seeded at 1x10° (Suit2, MIA PaCa-2) and 2.5x10° (Panc1) cells per well of a 6 well
plate. Where CDDO-Me pretreatment was to be performed, cells were treated with CDDO-
Me four hours in advance and returned to the incubator. At 80% confluence cells were
treated with brusatol, cycloheximide (CHX) or DMSO vehicle control for 15 min. Medium was
removed and wells were then washed twice with PBS. The chemical treatments
(brusatol/CHX/DMSO) were prepared in methionine-free medium (A14517-01, Gibco), then
were added and allowed to incubate for 30 min. The methionine analogue L-
azidohomoalanine (C10102, Invitrogen) was then added to a final concentration of 50uM and
allowed to incubate for an hour. Plates were washed twice with PBS and harvested in 1% SDS

pH 7.4 tris buffer containing proteinase inhibitors (1861281, Thermo Scientific) and 0.1% MG-
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132. Lysis was achieved using three freeze-thaw cycles separated by 10-second mixing via
vortex. The Click reaction with Biotin Alkyne (B10185, Invitrogen) was performed according
to manufacturer’s instructions (C10276, ThermoFisher), followed by protein precipitation
and resuspension in 1xRSB. Up to 10ug of protein was loaded onto a premade SDS-PAGE gel
(456-9033, BioRad) and separated using electrophoresis, then transferred to a PVDF
membrane (1704156, BioRad). The membrane was blocked in 5% milk 0.1% PBST for 1 h
followed by 16-hour incubation at 4°C with streptavidin-HRP (N50, Thermo - 1:1000 dilution
in 5% milk 0.1% PBST). Following multiple 0.1% PBST washes, the membrane was incubated
with ECL (170-5061, BioRad) at RT for five minutes and chemiluminescence detected using a

BioRad Chemidoc Touch.

2.5 Knockdown

Transfection of siRNA was performed using lipofection. Lipofectamine (Lipofectamine™ 2000
— 11668500, Invitrogen) and siRNA (Nrf2 SMARTpool: L-003755-00-0005, Dharmacon; Non-
Targeting: D-001220-01-05, Dharmacon) were each separately diluted in Opti-MEM™ |
Reduced Serum Medium (11058021, Gibco) and incubated for 5 min (Table 2.4), then
combined and incubated at RT for 20 min. Cells in 6-well plates were washed with PBS and
fresh medium added, then the combined siRNA-containing solutions were added dropwise

to a final volume of 3mL. Cells were incubated for 24h before harvest for western blot.
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Table 2.4: The volumes of reagents used in each solution prior to combining 1:1 for a knockdown.

siRNA volume varied depending upon the concentration to be used (shown italicised in

parentheses).
Volume (uL/well)
Reagent Solution A Solution B
Opti-MEM 200 200
Lipofectamine 4 -
SIRNA (20pM) - 3 (20nM)/ 6 (40nM)

2.6 Nrf2 Luciferase Assay

A luciferase-based assay was utilised to measure Nrf2 activity. An Nrf2-inducible PGL4.11
vector containing 8 Nrf2-responsive ARE sequences was transiently transfected into MIA
PaCa-2, PANC-1, SUIT-2 or HEK-293 cell lines. The HEK-293 cell line, a human embryonic
kidney cell line commonly used in transfection studies for their reliably high rate of
transfection, was utilised for the purposes of optimisation. A solution comprising 200ng Nrf2-
Luciferase plasmid, 20ng Renilla control plasmid (E6921, ProMega) and 25 pL Opti-MEM was
added per well of a white based 96-well plate (655083, Greiner Bio-One). A second solution
containing 0.8uL Lipofectamine 2000 and 25 pL Opti-MEM per well was prepared and

incubated at RT for 5 min before combining with the DNA solution (Table 2.5).
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Table 2.5: The quantities of reagents used in each solution prior to combining 1:1 for transient
transfection of an Nrf2-inducible reporter. Volumes are shown as pL/well except DNA, which is

shown as mass (ng) as volume varied depending upon the stock concentration.

Volume (uL/well)
Reagent Solution A Solution B
Opti-MEM 25 25
Lipofectamine 0.8 -
DNA - 20ng (Renilla)/ 200ng (8XARE)

Once the two solutions were combined with each other, the combined solution was
incubated for a further 30 min before adding dropwise to cells in a 96-well plate. Luciferase
activity was detected using Dual-Glo® Luciferase Assay System (E2920, ProMega) according
to manufacturer’s instructions. Luminescence was measured using an integration time of 1
second. Firefly luciferase activity was normalised to activity of the ubiquitously expressed

Renilla luciferase.

2.7 Viability Assays

Viability assays were performed to determine the effect of chemical treatments upon the
total viability of a population (one well of a 96-well plate) of cells. This was performed by
MTT assay, or by EZ4U — Cell Proliferation Assay (BI-5000, Biomedica Medizinprodukte) for
synergy analyses (Section 2.9). Cells were treated with drug of interest in 96-well plates in
sextuplicate. Forty-eight hours post-treatment, cell vitality was analysed using an MTT assay.
MTT solution was added to a final concentration of 500ug/mL and incubated at 37°C for 3-4
h. Medium was then aspirated and 50 uL DMSO applied to solubilise formazan. Absorbance
was read using a microplate reader with a filter of 570nm. Cell viability was normalised to

the mean result of vehicle-treated cells.
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Drug synergy/antagonism analyses were performed via EZ4U — Cell Proliferation Assay. The
EZ4U — Cell Proliferation Assay is a viability assay which produces a water-soluble product
and therefore does not require the removal of medium and the addition of a solvent, as in
an MTT assay. This reduced the possibility of variation in results being introduced by the loss
of solid formazan during the process of replacing medium with solvent. The EZ4U — Cell
Proliferation Assay was used for synergy analyses due to the larger number of unique
conditions to compare in synergy assays than in other viability assays during the course of
this work, as well as the reduced possibility for replicates during each experiment. Cells were
seeded as described above for the MTT assay and exposed to various concentrations of
brusatol and either gemcitabine or 5-FU and incubated for 48 h before viability assay. For the
purposes of testing the effects of adding drugs sequentially, the concentration range of
brusatol was added first and the cells returned to incubate for 24h before addition of the
gemcitabine/5-FU range, then incubated for a further 48 h before viability analysis as
described. The viability of cells treated with each combination were then compared using
multiple models of synergy (Highest Single Agent (HSA), Loewe Additivity Model, Bliss
Independence Model, and Zero Interaction Potency (ZIP)) to determine the effect of drug
combinations upon various aspects of drug synergy. Synergy analyses were performed and

figures obtained using R Package SynergyFinder in R Studio.

2.8 Colony Formation

Various numbers of cells (MIA PaCa-2, SUIT-2, PANC-1) were seeded per well of 6-well plates
to determine optimum seeding density. Subsequent experiments involved seeding of 300
(MIA PaCa-2)/500 (Suit-2 and Pancl) cells per well. Two separate forms of clonogenic assay

were performed, defined by the application of treatment either prior to- or post-seeding.

Treatment prior to seeding was used to investigate the effect of gemcitabine, 5-FU and

brusatol to prevent cells from forming colonies at a later point (A), whilst treatment following
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seeding was used to investigate the effect of gemcitabine, 5-FU and brusatol on the colony

forming process directly (B).

To assess the effect of drug treatment prior to clonogenic seeding (A), cells were seeded at a
density of 100,000 cells/well of 6-well plates and allowed to adhere for 24 h. The medium
was then replaced with drug/vehicle-treated medium for 24h. The treated cells were then
suspended via trypsinisation, counted using a BioRad TC10, and 300 (MIA PaCa-2)/500 (Suit-

2 and Pancl) cells of the suspension were seeded into wells of 6-well plates.

To assess the effect of drug treatment following clonogenic seeding (B), 300 (MIA PaCa-
2)/500 (Suit-2 and Pancl) cells were first seeded in 6-well plates and allowed to adhere for

4h. The medium was then replaced with drug/vehicle-treated medium.

Colonies were allowed to develop for 10 days. At this point medium was removed and cells
washed with PBS. A solution containing 6.0% glutaraldehyde/0.5% crystal violet in dH,0 was
added to the wells and incubated at RT for 30 min. The solution was then removed and the
residual solution washed away viaimmersion of plates in water. Plates were airdried for >12h
and then imaged. The number and size of colonies was then measured using ImageJ and

direct visual comparison.

2.9 Migration Assay

Cells were seeded (3x10° (MIA PaCa-2, SUIT-2)/5x10° (PANC-1)) per well of 6-well plates in
medium supplemented with 10% FBS. Cells were left to adhere and form a confluent
monolayer for 24h, then medium was replaced following a PBS wash with FBS-free medium
and cells were serum starved for 16 h. A P200 pipette tip was used to create a scratch. Cellular
debris was washed away with a PBS wash and then drug-treated medium supplemented with
1% FBS was added to the cells. The same area of each scratch was imaged at this point (0 h)

and at 24h, 48h and 72h after. Analysis was performed by visual comparison and the MRI
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Wound Healing Tool macro for Imagel) (167). The wound size at each timepoint was

normalised to its 0 h (100%) starting point.

2.10 SNP Analysis

NQO1 polymorphism rs1800566 was analysed using NQO1 SNP Assay (4362691, Assay ID:
C__ 2091255 30, Thermo Scientific). The primers were combined with sample of interest,
nuclease-free water, and Roche LightCycler 480 Probe Master Mix (4707494001, Roche
LifeScience) in a white 96-well reaction plate for amplification using a Roche LightCycler 480

(Table 2.6). Reagents were prepared according to Table 2.6 except where otherwise stated.

Table 2.6: The volumes of each reagent used in the detection of NQO1 SNP rs1800566.

Reagent Volume per well (uL)
Nuclease-free water 4
ThermoFisher NQO1 1
SNP Assay
Roche LightCycler 480 10
Probe Master Mix
DNA Sample (10ng/ pL) 5

Hardy-Weinberg equilibrium of NQO1 polymorphism rs1800566 among the trial population
was measured using x? test comparing the observed allele distribution to the expected
distribution based upon allele frequency. Allele distribution was also compared to that
expected of a European cohort (gnomAD v2.1.1 (controls) (168)). A single European cohort
was generated from a weighted mean of Finnish and non-Finnish European data. The NQO1

genotype was correlated with survival time.

2.11 Methylation Analysis

Five sets of pancreatic cancer patient matched tumour and acinar tissue were analysed.

Tissues sections were mounted on Leica Frameslides, then haematoxylin and eosin
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counterstained. Tumour and acinar cells were laser-capture microdissected from the tissue
using a Leica LMD7000. Genomic DNA was extracted from the samples using QlAamp DNA
FFPE Tissue Kit using an adapted version of the manufacturer’s instructions. Samples were
incubated with 180 pL tissue lysis buffer ATL and 20 uL proteinase K under gentle agitation
at 56°C for 18 h. They were then incubated at 70°C before addition of lysis buffer AL (200 pL)
and proteinase K (20 pL) and incubated for a further 4 h at 56°C under gentle agitation.
Samples were mixed with 230 uL absolute ethanol before being transferred to QlAamp
MinElute columns. Samples were centrifuged at 2,000xg for 4 min and 700 pL buffer AW1
was then added to the membrane. They were then centrifuged at 6,000xg for 1 minute. 700
uL buffer AW2 was added and the samples centrifuged at 6,000xg for one minute, twice. To
dry the membrane, columns were centrifuged at 17,200xg for 4 min. 30 uL elution buffer ATE
was added to the membrane and incubated at RT for 30 min. The eluted DNA was then
centrifuged at 17,200xg for 3 min into a collection tube. The extracted genomic DNA then
underwent bisulphite conversion using EZ DNA Methylation-Gold Kit according to

manufacturer’s instructions (D5006, Zymo Research).

Amplification of the bisulphite-treated genomic DNA was performed via PCR using Pyromark
PCR Kit reagents (978703, QIAGEN). Two primer mixes (KEAP1a and KEAP1b) were prepared
consisting of 3.75uL biotin-tagged primer, 7.5uL non-tagged primer and 88.75 uL ddH20.
1.2ulL of each primer mix was separately combined with 15 puL Master Mix, 0.6 uL MgCL,, 3uL
Coralload loading buffer, 4 uL of bisulphite treated genomic DNA and 6.2uL ddH,0. Samples
were then placed into a thermocycler for initial PCR activation of 95°C for 15 min, followed
by 40 cycles of 30 seconds 94°C, 30 seconds 51°C annealing temperature (established during
previous optimisation), and 30 seconds 72°C, plus a final 72°C extension of 10 min following
completion of all cycles. Amplification of KEAPla and KEAP1b was confirmed by
electrophoresis of a selection of samples on an agarose gel and UV imaging to detect the

DNA.
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Pyrosequencing was performed upon the amplified samples using a PyroMark Q96 ID and

reagents (972812, QIAGEN) according to manufacturer’s instructions.

2.12 In Vivo analysis

2.12.1 In Vivo — Nrf2 Luciferase

C57BL/6J B6(Cg)-Tyr<?/) (B6-albino) mice expressing the OKD48 reporter of oxidative stress
are described previously (169, 170) and were used here through collaboration with Dr lan
Copple, Prof BK Park and Prof Chris Goldring, Department of Pharmacology and Therapeutics,
University of Liverpool, as part of a wider study. Previous research has shown that the Nrf2-
reporter of this model does not influence Nrf2 or its downstream targets (169). The albino
variant of the model was utilised as pigmentation of the fur and skin was previously identified
to obscure the luminescence signal (169). Although this could be mitigated to some extent
through shaving of the fur, pigmentation of the skin would result in unavoidable interference.

The albino model, however, produced a clear signal without the need for shaving.

Mice were treated with luciferin (E1605, ProMega) via intra-peritoneal (IP) injection and
imaged prior to treatment with Dulbecco’s Phosphate Buffered Saline (DPBS; 14190-144,
gibco), gemcitabine, 5-FU, or CDDO-Me. All volumes of luciferin, gemcitabine, 5-FU and DPBS
were standardised and delivered via IP injection at 10ml/kg in DPBS. 10mg/kg CDDO-Me,
delivered via IP injection, was used as a positive control of Nrf2 activity induction. CDDO-Me
was dissolved and delivered in 100% DMSO (2ml/kg) rather than being diluted to 10ml/kg in
DPBS as with other treatments, due to precipitation occurring when CDDO-Me/DMSO

solution was diluted in DPBS.

IP injection of luminescent agent luciferin stimulated luminescence in the tissues expressing
luciferase proportional to its abundance. The optimum time to image post-luciferin injection

was decided following a kinetic analysis in which images were captured every 3 min for a

57



period of 18 min. During subsequent experiments, a range of images were taken over 15 min
and the readings showing peak activity were used for further analysis. Luminescence was
measured in radiance (p/sec/cm?/sr). The colouration of signal intensity was kept constant

when images of animals from different sessions were to be compared.

Mice were imaged prior to drug treatment and at 4 h, 24 h, 48 h and 1 week post-treatment
using an IVIS scanner to detect luminescence. In addition to the images gathered, the average
intensity of luminescence across the whole body and also the greatest signal intensity
detected from each animal were recorded. For analysis, post-treatment readings were
normalised to pretreatment readings to generate fold change in response to treatment (post-
treatment/pre-treatment). Tissues of interest were formalin fixed and stored in 70% ethanol

for subsequent IHC analysis.

2.12.2 In Vivo — KPC Mouse Model

The effect of brusatol on the KPC mouse model of pancreatic cancer was measured relative
to vehicle and gemcitabine. KPC (LSL-KRas®2'®/*; |SL-p53f172#/+:pDX1-Cre) mice were
randomly allocated for treatment with brusatol (2mg/kg body mass), gemcitabine
(100mg/kg) or vehicle (DPBS/4% DMSO v/v). Each treatment was delivered in 10 ulL/g
DPBS/4% DMSO solution. Each mouse was treated twice weekly until sacrifice at a humane
endpoint. The length of survival was entered into a survival analysis for comparison between

each treatment arm of the study.

Several mice developed benign papillomas, a common occurrence amongst KPC mice due to
the expression of PDX1 and therefore PDX1-Cre in the skin. Mice with such growths were
carefully monitored and humanely culled if a papilloma resulted in impairment of vital
functions. All mice found to have papilloma were noted. Any mice culled due to papilloma or

other non-pancreatic causes were censored on Kaplan-Meier analysis at the time of exit.
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A post-mortem was performed on all mice. Tumours and internal organs were formalin fixed

for 72 h and stored in 70% ethanol for subsequent IHC analysis.

2.13 Immunohistochemistry and Haematoxylin Counterstain

Formalin-fixed tissues were dehydrated in 70% ethanol and cut into 3mm sections for
processing. Tissue dehydration and paraffin infiltration was performed using a Leico

HistoCore PEARL programmed to follow a protocol outlined in Table 2.7.
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Table 2.7: Paraffin infiltration of tissue for IHC analysis. Tissue was prepared using a series of

ethanol dehydrations, xylene treatments and paraffin infiltration.

Reagent Temperature (°C) § Time (h:mm)
Formalin 37 1:00
Water RT 0:02
70% Ethanol 45 0:40
80% Ethanol 45 0:40
95% Ethanol 45 40
100% Ethanol 45 1:00
100% Ethanol 45 1:00
100% Ethanol 45 1:00
Xylene 45 1:00
Xylene 45 1:00
Xylene 45 1:00
Paraffin 65 1:00
Paraffin 65 1:00
Paraffin 65 1:30

Following paraffin infiltration, tissue was immediately embedded into solid paraffin blocks.
7um sections were mounted on Superfrost Plus slides (JI800AMNZ, Thermo Scientific) and

dried overnight prior to IHC and/or haematoxylin and eosin staining.

IHC staining was performed to detect NQO1. NQO1 in mouse-derived (Nrf2Luc and KPC)
samples was detected using 1:500 Rb Anti-NQO1 (ab34173, Abcam). Unless otherwise
stated, all IHC reagents were part of a detection kit (Anti-rabbit (K4011, Dako)). Sections were
first subjected to antigen retrieval using Target Retrieval Solution pH 9.0 (K8004, Dako) in a
PT Link (PT10126, Dako), after which sections were washed repeatedly with 0.1% TBST (Tris-
Buffered Saline, 0.1% Tween-20 v/v). Residual TBST was removed and peroxidase block
added for 10 min. This was then washed repeatedly with TBST, and then the primary antibody

added for 1 h. Primary antibody was diluted in Antibody Diluent (52022, Dako) to the
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appropriate concentration. Following TBST wash, the appropriate labelled secondary
antibody was applied for 1 h. This was then washed off and DAB substrate/chromagen
solution was added for 10 min. Following a final TBST wash sequence, slides were rested in

dH,0 for counter staining.

Following IHC, slides were placed in haematoxylin solution for 30 sec. Haematoxylin was then
thoroughly rinsed from the slides using running tap water. They were then placed in acid
water (0.25% HCl in dH;0) for 5 sec, before being briefly placed in fresh tap water. They were
then placed in Scott’s Tap Water (0.2% KHCOs w/v, 2% MgS0O, w/v) for 30 sec before being
placed in fresh tap water. Slides were then serially dehydrated in 90% ethanol and two
rounds of 100% ethanol for 1 min each. Once dehydrated, slides were placed in xylene twice
for 1 min each. DPX mountant (06522, Sigma-Aldrich) was used to adhere cover slips to slides.

After being allowed to dry at least overnight, slides were imaged under microscopy.

2.14 Statistical Analysis

Except where otherwise stated, statistical analysis was performed by me and with a p-value

of <0.05 being considered statistically significant.

Two-tailed t-tests were used to investigate increases or decreases relative to vehicle control,
such as in vitro luciferase assays (as in Chapter 3.2.8, Fig. 3-11). Dunnett's multiple
comparisons test was used when various arms were compared to one another, rather than

just to a single control arm (Chapter 5.2.5.3, Fig. 5-7).

Log-rank test was used to assess differences in survival trends between different arms of
survival analyses (Chapter 3.2.13, Chapter 5.2.7). Because | was blinded to patient ID and
survival time relating to each patient sample, the log-rank test of clinical trial data (Fig. 3-20,

Chapter 3.2.13) was performed by Dr Eftychia-Eirini Psarelli.
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3 - Nrf2 in Pancreatic
Cancer and Chemotherapy

Response
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3.1 Introduction

The transcription factor Nrf2 (Nuclear factor erythroid 2-Related Factor 2), is the master
regulator of the antioxidant system and is encoded by the gene NFE2L2 (nuclear factor
erythroid-derived 2-like 2) (104). Nrf2 has been investigated as a tumour-promoting protein
for over a decade (106, 109). The function of Nrf2 is to activate the antioxidant system (110,
171), as described in Chapter 1.6. Although the induction of antioxidant genes may prevent
carcinogenesis in healthy tissue (by protecting cells from toxins and carcinogens), the same
response is cytoprotective for cancer cells, protecting them from the harmful effects of both
intrinsic and extrinsic insults, including from chemotherapy (106, 109, 112). Nrf2 has been
shown to be overexpressed in PDAC tissue, as well as promote PDAC cell line survival and
chemoresistance (113). Modulation of Nrf2 to render pancreatic cancer more

chemosensitive may, therefore, be a promising avenue of research.

Although its basal activity has been shown to contribute to the innate chemoresistance of
cancers (including pancreatic) (102, 130, 132, 134, 172), Nrf2 is an inducible agent and it is
not currently clear if chemotherapy induces additional Nrf2 activity in cancer or healthy
tissue. If so, chemotherapy treatment may result in increased chemoresistance of cancers,
including pancreatic cancer, through the induction of Nrf2. Chemotherapy is typically less
effective after multiple rounds of treatment (173). Identifying the mechanisms by which
chemoresistance is induced following initial chemotherapy treatments may make it possible
to target those mechanisms to prevent, or reduce, the subsequent resistance to
chemotherapy. In cancers with chemoresistance attributable to Nrf2 (such as PDAC) (102,
117, 130, 131, 134, 172), modulation of Nrf2 in combination with conventional
chemotherapy may render cancerous tissue initially more chemosensitive. If inducible Nrf2
contributes to acquired chemoresistance in PDAC, as was investigated during the course of

this work, Nrf2 inhibition may enhance the efficacy of subsequent rounds of treatment.
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| hypothesised that inhibition of Nrf2 activity would increase chemosensitivity of pancreatic
cancer cell lines, and that Nrf2 would be induced following exposure to chemotherapy which
would subsequently contribute to acquired chemoresistance of pancreatic cancer. Multiple
potential pharmaceutical agents have been shown to inhibit Nrf2 (166, 174, 175), including
the Brucea javanica extract brusatol (151, 152). Although the exact mechanism(s) of action
of brusatol are not well known, it has been shown to result in the rapid depletion of Nrf2 as
well as the inhibition of global protein synthesis. The potential mechanisms of action of
brusatol, and the relevance of its inhibition of Nrf2 to its anti-tumour properties (101, 151-

154, 157, 159, 162, 176), are discussed further in Chapter 4 of this thesis.

The promoter region of KEAP1 has been shown to be hypermethylated in multiple forms of
cancerous tumours (138-140). KEAP1 promoter methylation has also been demonstrated in
PDAC cell lines and the Keap1 protein has been shown to be frequently absent in PDAC tissue
(113, 137). Methylation of CpG sites of promoter regions has the potential to inhibit or
reduce gene expression, depending upon their location (177, 178). Previous unpublished
research within this laboratory developed a method to detect the methylation status of
KEAP1 in laser microdissected FFPE tissue. The KEAP1 promoter methylation status of two
patient matched samples of tumour and stroma were analysed for the purposes of method

development, with all samples showing only low levels of methylation (142).

The optimal interpretation of western blots probed for Nrf2 has been the subject of
controversy (141, 179). Based upon the open reading frame of Nrf2, a band of ~60kDa would
be expected (141). Although many commercially available antibodies were described as
targeting the 60KDa form of Nrf2, it now appears that the more relevant bands are detected
in the region of ~100kDa (141). The cause of this discrepancy is not clear and the relevance
of the 60kDa band, if any, and why multiple Nrf2 bands appear between 95-110kDa is not

well understood. | hypothesise that the different relevant Nrf2 bands may correspond to
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different states of Nrf2 based upon factors such as its location and
phosphorylation/ubiquitination status. As such it may be possible to focus on specific bands,
their locations, and relative quantities to develop a more sophisticated western blot analysis

of Nrf2 to measure function rather than simply total protein abundance.
3.2 Results
3.2.1 Validation of Nrf2 antibody and the identification of multiple Nrf2 bands

Three bands were detected between 100kDa and 130kDa (Fig. 3-1). This was consistent with
published literature (141) which described the region of biologically relevant Nrf2 bands as
being ~95-110kDa. Experiments were conducted to determine the authenticity of these
bands. siRNA-mediated knockdown of Nrf2 resulted in depletion of these bands relative to
off-target control siRNA. The lower two bands were not detected following Nrf2 knockdown,
whereas the highest band was still present but noticeably reduced. Incubation with Nrf2
activator CDDO-Me resulted in increased intensity of each band, with a particularly

prominent increase in the lower of the three.

CDDO-Me: - + -
siRNA: oT oT Nrf2

130kDa bk

Nrf2
100kDa § —x -

v

B-Actin - — — - A

Figure 3-1: Western blot of SUIT-2 cell lysate following 24h knockdown of Nrf2 and exposure to
100nM CDDO-Me. The protein ladder is shown to the leftmost lane. B-Actin levels were obtained

as a control for loading. Abbreviations: OT, Off Target siRNA.
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3.2.2 Nrf2, NQO1 and AKR1C1/2 Responded to the Nrf2 Activator CDDO-Me

Further western blotting was performed using a heavily optimised protocol (Chapter 2,
Section 2.3) to increase resolution and separation in the 100kDa region to visualise the
multiple Nrf2 bands previously observed (Fig. 3-1 and Fig. 3-2). The three bands are hereafter
referred to as 103kDa, 108kDa and 115kDa (from lowest to highest in position on the
membrane), based upon their apparent molecular weights following improved separation
(Fig. 3-2). Nrf2 protein abundance and select downstream targets following 24h incubation
with CDDO-Me were analysed (Fig. 3-2). The intensity of Nrf2 bands, especially the 108kDa
and 115kDa bands, were increased. The 103kDa band also increased in intensity, as
confirmed by densitometry, although to a lesser extent than the others (Fig. 3-2, Fig. 3-3).
AKR1C1/2 and NQO1 were noticeably upregulated following treatment with most
concentrations of CDDO-Me, the extent of which varied between different CDDO-Me

concentrations.
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Figure 3-2: SUIT-2 cell lysate, following 24h exposure to CDDO-Me, probed for Nrf2 and
downstream targets AKR1C1 and NQO1. Nrf2, B-Actin levels were ascertained as a control for
loading. Representative image shown from three independent experiments.

Densitometry confirmed that each Nrf2 band increased in intensity, after normalising to B-
Actin loading control (Fig. 3-3). The 115kDa and 108kDa bands increased to a peak of 56.2
and 22.6 times, respectively, their vehicle-treated abundance in response to being treated
with 70nM CDDO-Me. The 103kDa band also reached a peak in response to 70nM CDDO-Me,
however it only reached 2.5 times its vehicle-treated abundance. Higher concentrations of
CDDO-Me (80nM, 100nM, 200nM) also resulted in upregulation of each Nrf2 band, however
each higher concentration appeared to predominantly result in lower Nrf2 accumulation

than 70nM.
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Figure 3-3: Densitometric analysis of Nrf2 bands (103kDa, 108kDa, and 115kDa) from Fig. 3-2.
Band intensities were normalised to $-Actin loading control and expressed as fold change relative

to vehicle only (OnM CDDO-Me) control.

Densitometry confirmed that AKR1C1/2 and NQO1 also increased in intensity (Fig. 3-4), after

normalising to B-Actin loading control.

68



100
b e 115kDa

e 108kDa
e 103kDa
e AKR1C1/2
= NQO1

=
o
T

Band Intensity (Fold Change)

0 20 50 70 80 100 200
CDDO-Me (nM)

Figure 3-4: Alternative representation of densitometric analysis of Nrf2 bands (103kDa, 108kDa,
and 115kDa) from Fig. 3-2, shown on a log10 scale alongside densitometric analysis of AKR1C1/2
and NQO1, also from Fig. 3-2. Band intensities were normalised to B-Actin loading control and

expressed as fold change relative to vehicle only (OnM CDDO-Me) control.

3.2.3 Identification of bands corresponding to newly-synthesised and stable Nrf2

In order to further explore the nature of the three Nrf2 antibody-reactive bands, cells were
exposed to either the proteasome inhibitor MG-132 and/or the protein synthesis inhibitor
cycloheximide (CHX), or the proposed Nrf2-inhibitor brusatol (+/- MG-132) for 24h, and their

respective effects upon each Nrf2 band were investigated (Fig. 3-5).

As expected, treatment with brusatol and CHX each resulted in depletion of the 115kDa and
108kDa Nrf2 bands, however this was not the case for the 103kDa Nrf2 band. MG132
treatment resulted in the accumulation of Nrf2, with the 115kDa form most affected,
indicating that the 115kDa form is the form most highly targeted for proteasomal
degradation. Combined treatment of MG132 and either CHX or brusatol resulted in an
increase in the 115kDa band relative to either CHX or brusatol alone, however the 108kDa
band was not detectable in cells following the combined treatment with either MG132 and

brusatol or MG132 and cycloheximide despite being detectable following treatment with
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MG132 alone. As such it appears that 108kDa represents a newly synthesised form of Nrf2
which would not be present following treatment with an inhibitor of protein synthesis even
if Nrf2 was prevented from being degraded. The 115kDa band appears to represent a longer-
lived form of the protein, as it was not inhibited to as great an extent as the 108kDa band
when treated with brusatol or cycloheximide alone, whereas it was accumulated when
cotreated with MG132 and brusatol or cycloheximide. It therefore appears that the 108kDa
form is converted to the 115kDa form by post-translational modification. Two possibilities of
post-translational modification known to affect Nrf2 are phosphorylation and ubiquitination.
As the 115kDa band in particular was overrepresented following inhibition of proteasomal
degradation, which would result in the accumulation of ubiquitinated proteins, it may be that

the 115kDa band represents a ubiquitinated form of Nrf2.

The band at 103kDa did not change during the course of this experiment. As it did not
decrease with protein synthesis inhibition or increase with proteasomal degradation
inhibition, this protein appears to be highly stable and slowly turned over. It may be that this
is a non-specific band overlapping the previously validated Nrf2 band at 103kDa (Fig. 3-1, Fig.
3-2) which was previously not detectable, or it may be a stable long-lived form of Nrf2.
However, it is not clear what this form of Nrf2 is. It may be an active phosphorylated form,
which has a long half-life, however this would not be consistent with the low induction
observed following treatment with CDDO-Me (Fig. 3-2). Although the 103kDa band has been
seen to increase dramatically in response to CDDO-Me (Fig. 3-1), a consistent upregulation
would be expected in response to an Nrf2 activator if the 103kDa band represents active

Nrf2.
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Figure 3-5: Nrf2 western blot following treatment with brusatol, cycloheximide and/or MG132.
Different exposure times (50 sec and 10 min) are shown to account for the large differences in Nrf2
abundance between treatments. Red highlighted areas are overexposed and are not used for
comparison at that exposure time. B-Actin levels were ascertained as a control for loading.
Representative image shown from 3 independent experiments. Abbreviations: Bru, Brusatol. CHX,

Cycloheximide.

3.2.4 Nrf2, NQO1 and AKR1C1/2 Proteins were Depleted Following Treatment with

Gemcitabine

Having investigated the different forms of Nrf2 detectable by western blotting, | next sought
to use the ability to identify these bands to determining how chemotherapy treatment
affects Nrf2 abundance in vitro. Treatment with gemcitabine for 24h was seen to result in
depletion of Nrf2 and its downstream targets in SUIT-2 and MIA PaCa-2 cells (Fig. 3-6). This
effect was most noticeable in SUIT-2 cells (Fig. 3-6 A). 1uM gemcitabine was seen to result in
a reduction of Nrf2 protein relative to 100nM and lower concentrations. NQO1 abundance
was greatly reduced following 1uM gemcitabine treatment. AKR1C1/2 was also reduced

relative to lower concentrations of gemcitabine-treated cells, however this was not to as
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great an extent as NQO1. A further reduction of Nrfl, NQO1 and AKR1C1/2 was observed
following treatment with 10uM gemcitabine. AKR1C1/2 was much more noticeably reduced
following treatment with 10uM than with 1uM, with further reductions seen in Nrf2 and
NQO1. The 108kDa and 115kDa bands of Nrf2 were not detectable following treatment 10uM
or 100uM gemcitabine. However, the 103kDa band was not as heavily affected. Although it
did noticeably reduce following 10uM gemcitabine treatment, this inhibition was not as great
following 100uM treatment (although the band was still lower than following 1uM and lower
concentrations of gemcitabine treatment). This followed the pattern of AKR1C1/2, which did
not show great depletion until 10uM (unlike NQO1 and other Nrf2 bands) and did not show

as strong depletion at 100uM.

The effects of gemcitabine treatment upon Nrf2, NQO1 and AKR1C1/2 abundance in MIA
PaCa-2 cells (Fig. 3-6 B) was not as pronounced as upon protein abundance in SUIT-2 cells
(Fig. 3-6 A). Each Nrf2 band from MIA PaCa-2 cells appeared downregulated following 24h
100pM gemcitabine treatment relative to vehicle treated control, however there was little
effect at lower concentrations. Treatment with 100nM gemcitabine appeared to result in a
marginal depletion of the 108kDa and 115kDa bands, and to a lesser extent at 1uM, however
the 103kDa appeared to slightly increase in intensity. The inhibitory effects were not seen
following 10uM gemcitabine treatment. AKR1C1/2 appeared to decrease following
treatment with 1uM and 100uM gemcitabine, whereas NQO1 appeared to decrease
following treatment with 100nM and 1uM gemcitabine. The reduction of AKR1C1/2 at
100uM may be attributed to the reduction in Nrf2 observed in the same samples, however
it is not clear why AKR1C1/2 would be depleted to a similar extent following treatment with
1uM gemcitabine. The depletion of NQO1 following 100nM and 1uM gemcitabine treatment
may be attributable to the small depletion of 108kDa and 115kDa Nrf2 at these
concentrations, however it is not clear why NQO1 would not reduce following 100uM

gemcitabine treatment which exerted a greater effect upon each Nrf2 band.
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Figure 3-6: Western Blot of Nrf2 and downstream proteins from SUIT-2 and MIA PaCa-2 cells

following treatment with gemcitabine. Representative images shown from three independent

experiments.

3.2.5 Nrf2, NQO1 and AKR1C1/2 proteins were depleted following treatment with 5-FU

Treatment of SUIT-2 cells with 5-FU for 24h (Fig 3-7 A) resulted in a depletion of the 103kDa
and 108kDa Nrf2 bands from 10uM and higher, with a depletion of the 103kDa Nrf2 band
observed following 24h 1mM 5-FU treatment. There was little effect upon either AKR1C1/2
and NQO1. AKR1C1/2 did not appear to be affected at concentrations below 1mM, with only

a small reduction observed following 1ImM 5-FU treatment. 10uM 5-FU treatment appeared
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to result in some depletion of NQO1, with each higher concentration having a greater

inhibitory effect upon NQO1 abundance.

Similar effects of 24h 5-FU treatment were seen upon MIA PaCa-2 cells (Fig 3-7 B); 24h 10uM
5-FU treatment resulted in depletion of the 108kDa and 115kDa Nrf2 bands, however a lesser
effect was seen to be exerted by as little as 100nM 5-FU. A small effect upon the 103kDa Nrf2
band appeared present in response to 100nM 5-FU in MIA PaCa-2 cells, however this effect
did not intensify at higher concentrations. AKR1C1/2 and NQO1 abundance appeared almost
entirely unaffected by 5-FU treatment in MIA PaCa-2 cells. Although there appeared to be
some degree of depletion of AKR1C1/2 following treatment with 10uM 5-FU and higher, this
was only a small effect. NQO1 in MIA PaCa-2 cells did not appear to be affected at any

concentration analysed.
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Figure 3-7: Western Blot of Nrf2 and downstream proteins from SUIT-2 and MIA PaCa-2 cells

following treatment with 5-FU. Representative images shown from three independent experiments.

Chemotherapy depleted Nrf2 in PDAC cell lines (Fig 3-6, Fig 3-7), although it is not
immediately clear why. One explanation for the observed decrease in Nrf2 abundance
following chemotherapy exposure may be that the effects of chemotherapy reduce the
ability of cells to induce Nrf2 activity. One of the dominant mechanisms of action of
gemcitabine is to prevent cell division. Cellular metabolism is a major source of ROS, which
activates Nrf2. Cell cycle arrest, although ultimately damaging to the cells, may cause a
decrease in cellular metabolism and therefore reduce Nrf2 activation. To test this hypothesis,
cells were incubated in serum-free medium for 24h to halt their growth and determine if this
would result in reduced Nrf2 accumulation. Serum starvation did not appear to affect to Nrf2

abundance (Fig. 3-8), however the inhibitory effects of gemcitabine and 5-FU upon Nrf2
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abundance were also not recapitulated during this experiment. This is discussed further in

Section 3.2.6.

3.2.6 Cells Remain Capable of Accumulating Nrf2 whilst in the Presence of Gemcitabine and

5-FU

Although it was shown that gemcitabine and 5-FU treatment could result in the depletion of
Nrf2 protein, it was not clear if this was an active inhibition or the removal of induction. The
cause of Nrf2 depletion in response to chemotherapy could be that chemotherapy actively
inhibited Nrf2 accumulation, such as by directly inhibiting Nrf2 selectively or by causing cells
to be too damaged to synthesise proteins, or the cause could instead be that chemotherapy
prevented the induction of Nrf2. To address this, SUIT-2 cells were cotreated with CDDO-Me
and 100nM gemcitabine, 100uM gemcitabine, or 100uM 5-FU for 24 hours to determine if
cells were still capable of synthesising and accumulating Nrf2 in the presence of

chemotherapy (Fig. 3-8).

CDDO-Me resulted in Nrf2 accumulation regardless of the presence of any other drug.
However, it seemed that 100uM gemcitabine limited this effect to some extent. Additionally,
downstream targets, particularly NQO1, appeared to be prevented from being induced by
CDDO-Me when treated in combination with gemcitabine. However, 5-FU treatment did not
appear to prevent CDDO-Me induced accumulation of downstream targets. No evidence of
a complete inhibitory effect of either gemcitabine or 5-FU on Nrf2 when combined with
CDDO-Me was found. Although it appears that 100uM gemcitabine may inhibit the ability of
cells to induce Nrf2 accumulation to some extent, this effect appeared small so does not
appear to fully explain the large inhibitory effect of 100uM gemcitabine previously seen in
SUIT-2 cells (Fig. 3-6). However, there did not appear to be a considerable inhibitory effect of

100uM gemcitabine upon Nrf2 when treated without CDDO-Me cotreatment during these
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experiments. The lack of consistency in the effect of 100uM gemcitabine upon Nrf2
abundance may suggest that the effect is distant to Nrf2 rather than a direct inhibition.
However, 100uM gemcitabine was seen to at least partly counteract the effects of CDDO-
Me. For this reason it may be that 100uM gemcitabine may exert a direct inhibitory effect
upon Nrf2, alongside reducing the induction of Nrf2 through alternative mechanisms.
Although 100uM gemcitabine is considerably higher than concentrations of gemcitabine
typically used in vitro, it implies the existence of an inhibitory mechanism which may be

relevant under different conditions.
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Figure 3-8: Western blot of SUIT-2 cells either drug/vehicle treated for 24h or cultured in FBS-free
medium (‘serum-starved’) for 24h prior to harvest. Representative image shown from three

independent experiments.

3.2.7 Validation of a luminescent reporter for the detection of Nrf2 activity in cultured cells

The effect of chemotherapy upon Nrf2 activity was investigated using a transfectable Nrf2-
inducible luminescent reporter. The luciferase assay was first optimised using HEK293 cell
line, a renal cell line exhibiting reliably high transfection rates. CDDO-Me and brusatol were
used as positive and negative controls respectively to confirm the relationship of the 8xARE

plasmid to Nrf2 activity. Due to the presence of two separate luminescent reporters (8xARE
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firefly luciferase and Renilla luciferase control), a specificity analysis was performed (Fig. 3-
9). Specificity analysis involved transfections of each luminescent reporter individually to
confirm that efforts to detect one were not contaminated by a signal from the other. This
also measured the efficacy of the firefly luciferase signal cancellation prior to Renilla
luciferase measurement. The reading of Renilla luciferase when detecting Firefly luciferase
(and vice versa) were close to blank and hundreds to thousands of times lower than when
detecting the appropriate luciferase. As such, non-specific luciferase activity and residual
firefly luciferase signal following quenching when measuring Renilla luciferase were not

considered to noticeably affect the results of subsequent experiments.
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Figure 3-9: Assay specificity analysis. HEK293 cells were transiently transfected with Renilla
Luciferase only and Firefly 8xARE (Nrf2Luc) Luciferase only. Dual-glo assay was performed in full
on each to measure the extent of background and residual luciferase activity. +/- SEM.

Abbreviations: AU, Arbitrary Units.
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For the purposes of assay development and preliminary analysis, luciferase activity was
measured once in HEK293 cells in response to chemotherapy and controls. Luciferase activity
increased following 6h treatment with CDDO-Me and decreased following brusatol exposure
relative to DMSO treated control in HEK293 cells (Fig. 3-10 A, B). However, the effect of
brusatol may be due to directly inhibiting the synthesis of luciferase if brusatol is acting as a
protein synthesis inhibitor. Although CDDO-Me treatment resulted in increased luciferase
activity as expected, this was only to a small degree. It therefore appears that Nrf2 is not

greatly inducible in HEK293 cells under these conditions.

Neither gemcitabine nor 5-FU significantly induced Nrf2 activity in HEK293 cells (Fig 3-10 B).
However, HEK293 cells, a renal cell line, would not be expected to necessarily behave the

same as PDAC cell lines.

79



1.5

1.5
TG ’q?
(@] (@]
C C
I I
<z e
O 1 (@]
© =]

© o 1
w w
2 2
= =
3] i3]

0.5

s <05
z z

0 0

AN A
éo‘,O 90 58 & 29 P s§\\ Q@\
Q (o) o‘) ™ 9 00 QQ QQ
Q < X\ & N N
& ) % NS
& <
<) )

Figure 3-10 (A) Treatment of HEK-293 with brusatol, CDDO-ME and vehicle control (DMSO)
following transient transfection of Nrf2 luciferase, N=1 (B) Treatment of HEK-293 with gemcitabine
and 5-FU following transient transfection of Nrf2 luciferase, N=1. CDDO-ME and brusatol served
as positive and negative controls of luciferase activity respectively. Error bars +/- SEM of technical

replicates.

3.2.8 Gemcitabine and 5-FU induced Nrf2 activity in cultured cells

Following evaluation of the luciferase assay in HEK293 cells, Nrf2 activity in MIA PaCa-2,
PANC-1 and SUIT-2 cells was analysed. MIA PaCa-2 and PANC-1 both showed either
significantly increased activity or a trend towards increased activity in response to
gemcitabine and 5-FU (Fig. 3-11), seemingly contrary to the effect of gemcitabine and 5-FU
to deplete Nrf2 and downstream target abundance (Figs. 3-6, 3-7). However, the effect of

gemcitabine and 5-FU to result in Nrf2 depletion was not consistently observed (Fig. 3-8).

Increasing concentrations of 5-FU each had a greater effect upon the induction of Nrf2

activity of MIA PaCa-2 and PANC-1 cells (Fig. 3-11).

The Nrf2 activity of SUIT-2 cells did not appear to be affected by gemcitabine or 5-FU, either

positively or negatively.
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Figure 3-11 Luminescence readings of MIA PaCa-2, PANC-1 and SUIT-2 cells treated with
gemcitabine (Gem) and 5-FU following transient transfection of Nrf2 luciferase. Work contributed
to by MRes students Lewis Wignall and Chris Brown under my direct supervision. Data represent
the mean of three individual experiments, each performed in triplicate. Error bars +/- SEM.
Statistical analysis was performed using two-tailed t-test between each condition and vehicle

control.

3.2.9 Validation of the Bioluminescent OKD48-mediated Nrf2 Reporter Mouse Model

To explore the effect of chemotherapy upon Nrf2 activity in an organism-wide system, a
mouse model expressing the Nrf2-inducible OKD48 luminescent reporter (170) was used.
This made it possible to determine how certain treatments would affect Nrf2 activity
throughout the body, as cell culture could not recapitulate the variables that can affect the
efficacy of drug treatment. These include physical boundaries to certain tissues, different cell

types showing different resistance/sensitivity, and certain organs (such as the liver) receiving
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blood supply and therefore a large amount of drug before it reaches the heart to circulate
around the body. The OKD48 construct produces a luciferase-based reporter inducible by
Nrf2 due to displaying three ARE sequences in its promoter region, and negatively regulated

by Keapl whenever Nrf2 is degraded (Fig. 3-12).
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Figure 3-12: Graphical representation of the dual mechanisms utilised by the luciferase OKD48
3XARE Nrf2 activity reporter. OKD48 expression was activated by Nrf2 activity upon the release of
Nrf2 from Keapl. The accumulation of OKD48 protein was inhibited under the same circumstances
under which Nrf2 would be inhibited (Keap1-mediated under non-stressed conditions due to OKD48
comprising Neh2, the Keapl binding region of Nrf2). Degradation of OKD48 under circumstances
in which Nrf2 would also be degraded reduced the effects of aberrant expression of OKD48, and
ensured that any OKDA48 protein synthesised in response to Nrf2 activity would not continue to be
present following cessation of that activity. OKD48 is therefore a sensitive reporter of Nrf2 and its

abundance at any specific time is a reliable indicator of Nrf2 activity at that time.

The reporter assay was validated using CDDO-Me. As expected, luciferase activity hugely
increased following exposure to the Nrf2 activator (Fig 3-13 A, B). Treatment with CDDO-Me

resulted in substantially increased Nrf2 activity by 4h which was still highly elevated at 24h
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(Fig. 3-13). However, there was only marginal sign of increased Nrf2 activity 1week post-

CDDO-me treatment (Fig. 3-13).
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Figure 3-13: A: Representative image of a single OKD48*- mouse prior to treatment with CDDO-
Me and at 4h, 24h and 1 week (1w) post-treatment. The location of intensity of radiance, as a
marker of Nrf2 activity, is represented by coloured overlay. B: Mean of the average luminescence
readings from CDDO-Me treated mice at 4h, 24h and 1 week (1w) normalised to pretreatment

readings. Errors bars +/- SEM.
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3.2.10 Gemcitabine and 5-FU did not consistently affect Nrf2 activity in vivo

Treatment with gemcitabine and 5-FU did not consistently have any noticeable effect,
however (Fig. 3-14, Fig. 3-15). The location and intensity of Nrf2 activity was similar 4h post-
treatment to pretreatment (Fig. 3-14), with small areas of localised induction occurring at
24h post-treatment. This effect was considerably lower than that exerted by CDDO-Me, and

by other forms of treatment analysed using this model by our collaborators (169).
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Figure 3-14: Representative images of mice treated with vehicle (DPBS) only, gemcitabine
(100mg/kg), or 5-FU (50mg/kg). Small areas of localised Nrf2 activation were detected irregularly
in all treatment arms as seen at 24h, however these were not to the extent or spread of activation

following treatment with CDDO-Me.
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Collaborators who have previously published work using this colony (169) had advised that
the pelvis may intermittently produce a large signal without any apparent external induction.
This was subsequently observed during this course of work. In some instances, mice would
exhibit a large degree of Nrf2 activation which was highly specific to the pelvis. This was also
observed in vehicle-only treated controls. This signal was as intense as CDDO-Me treated
controls in some instances, although CDDO-Me induced Nrf2 activation throughout the body.
Due to the lack of external stimulus and highly specific location of the activation, it appeared
that these cases of Nrf2 activation were a result of intrinsic factors and reflected individual
and time-based differences rather than an effect of drug treatment. As such, and consistent
with advice | had received, it was decided that these signals were a confounding variable
which could be removed from analysis. Additional analysis of Nrf2 activation was performed
on both the upper and lower body whilst determining system-wide Nrf2 activation in affected

animals.

Nrf2 activity following treatment with DPBS, either at 4h, 24h or 1w, exhibited mild increase
and decreases relative to pretreatment Nrf2 activity (Fig. 3-15). This varied both within and
between different time points. It was also observed that the distribution of Nrf2 activity was
different at pretreatment to post-treatment time points. It therefore appeared that these
differences were a result of the imaging process. IP injection of DPBS vehicle may have
contributed to this effect, however this would likely be the same effect as exerted by IP
injection of the same volume of DPBS to deliver luciferin during imaging. Although this effect
sometimes appeared to be several fold-change, it was considerably lower than the effect
exerted by the CDDO-Me positive control and by toxic agents in previous experiments by our
collaborators (169). This is likely due to there being only low levels of Nrf2 activity in healthy
tissue, so spontaneous variation or minor changes could result in a relatively large fold-
change despite there still being low levels in absolute terms. Therefore, this was not
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considered likely to impact upon effects exerted by chemotherapy, which as seen previously

would produce considerably higher effect if they impacted Nrf2 activity.

1mg/kg and 5mg/kg 5-FU treatments (Fig. 3-15 A) showed a similar pattern with a greater
trend towards minor increases. As similar inductions were seen in response to DPBS, the
change in Nrf2 activity following 5-FU 1mg/kg and 5-FU 5mg/kg treatment appears to be
either random variation or a response to injection and imaging. However, 50mg/kg 5-FU
treatment resulted in 2 of 5 mice imaged at 24h post-treatment exhibiting higher average
Nrf2 activity than lower concentrations of 5-FU did. Although one reading was only slightly
higher than other conditions, the other was considerably out of the normal range. However,
the other 3 of 5 demonstrated a similar pattern to that of DPBS-treated and lower 5-FU
concentrations. Although the same mouse was considerably out of normal range 4h post-
treatment, it was not to as great an extent and was the only one of 7 to apparently be
affected. Whilst it may be the case that 50mg/kg 5-FU may occasionally result in substantially
increased Nrf2 activity, as it occurred only a single time it could also be a rare spontaneous

event unrelated to the drug which could have occurred in response to any treatment.

The effects of gemcitabine (Fig. 3-15 B) also appeared to be consistent with those of DPBS,
however with fewer outliers than shown by 5-FU treatment (potentially related to lower
numbers). One result at 24h post-treatment of 0.5mg/kg and, to a lesser extent, 50mg/kg
gemcitabine appeared to be out of the normal range, however this was not to a large degree.

The remainder of results appeared consistent with those of DPBS.

It does not appear that either gemcitabine or 5-FU consistently substantially affect Nrf2
activity of healthy tissues in vivo. Although a small number of large changes in Nrf2 activity
following drug treatment were observed, these could not be replicated and were highly

localised on imaging. These were rare events which could reflect spontaneous activity or
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occasional response to imaging, with no evidence to suggest they occurred due to

chemotherapy treatment.
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Figure 3-15: The fold change between the average pretreatment reading and the average reading
at 4h, 24h and 1w post-treatment of 5-FU (A) or gemcitabine (B). The same DPBS controls are

shown in both A and B for comparison purposes.
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3.2.10 Gemcitabine and 5-FU did not affect NQO1 abundance in vivo

Ex vivo analysis to measure Nrf2 activity was performed via IHC. Previous work within this
group has failed to identify a selective Nrf2 antibody for ICC/IHC (Fig. 3-16) (142). Poor
specificity of the antibodies trialled precluded direct detection of Nrf2 during this work.

Instead, NQO1 was detected by IHC (Fig. 3-17).

Control knockdown Nrf2 knockdown

Figure 3-16: MIA PaCa-2 cells were treated with off-target (A, Control) or Nrf2 (B) siRNA on cover
slips and subsequently stained via ICC for Nrf2 (brown). Figure adapted from Dr Thompson Gana’s

PhD thesis (142). Abbreviations: ICC, Immunocytochemistry.

The pancreas did not appear to exhibit as high a degree of expression of NQO1 as sections of
liver or kidney did (Fig. 3-17). Although specific areas of detectable NQO1 were widely
present, it was not as widespread or as intense as in liver or kidney tissue. This is likely due
to the fact that the purpose of the liver and the kidney are directly related to detoxification,

which NQO1 would be expected to contribute to.

Contrary to expectations, there also did not appear to be an effect of CDDO-Me upon NQO1
relative to DPBS-treated control (Fig. 3-17). However, there did appear to be a slight
depletion of NQO1 abundance in each tissue analysed of mice treated with gemcitabine and

5-FU, relative to DPBS treated control.
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Figure 3-17: IHC sections of organs taken from Nrf2Luc mice 48h post drug-treatment. 100x
magnification.
3.2.12 KEAP1 gene promoter was not found to be methylated in PDAC tumour patient

Samples.

This group and collaborators previously reported low/lack of Keapl protein expression in
70% of PDAC tumours (113). In order to determine whether methylation status of KEAP1
promoter regions was the cause of the previously observed protein absence, the KEAP1
methylation status of patient-matched tumour and acinar were investigated. Acinar tissue
was selected as the closest available patient-matched healthy control, as healthy pancreatic
duct tissue was not available and acinar tissue is related to duct tissue. Laser capture
microdissection was utilised to dissect specific areas of cancerous and acinar tissue for
further analysis, as tissue homogenisation or analysis of whole tumour would have resulted
in tumour samples consisting predominantly of desmoplastic stroma. Following DNA
extraction of microdissected tissue, bisulphite treatment and then PCR-mediated
amplification, electrophoresis and subsequent imaging confirmed that KEAP1a and KEAP1b
had been successfully extracted and amplified. Pyrosequencing was used to investigate the

base changes resulting from bisulphite treatment at the CpG sites. Unmethylated cytosine in

91



the base sample was converted to uracil, which was replaced by thymine in subsequently
produced strands during PCR. Methylated cytosine was unaffected, making it possible to
sequence the segment and determine if the original sample contained methylated or
unmethylated cytosine by the presence of cytosine of thymine, respectively, at a CpG site. It
was discovered that the degree of methylation was low (Table 3.1 A), with very few CpG sites

exhibiting a high frequency of methylation (Table 3.1 B).
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Table 3.1: Methylation status of patent-matched PDAC tumour and healthy acinar tissue.

A. Methylation Index of two KEAP1 promoter regions analysed in five sets of patient matched
tumour and acinar tissue samples. Both regions in all samples from both tumour and acinar

exhibited either low or no detectable methylation of KEAP1.

Methylation Index (%)
KEAPla KEAP1b
Tumour Acinar | Tumour | Acinar
1 0 8.2 0 0
2 0 0 1.19 0
3 8.2 0 0 1.8
4 0 0.5 0 0
5 0.7 0 0 0

B. Methylation status of specific CpG sites of two KEAP1 promoter regions analysed in five sets of
patient matched tumour and acinar tissue samples. No KEAP1 promoter methylation was detected

at the majority of CpG sites, with only one site exhibiting methylation in over 20% of cells.

Percentage methylation (%)
KEAP1a CpG sites KEAP1b CpG sites

1 2 3 4 5 6 1 2 3 a 5
Tumour 1 0 0 (i} 0 0 0 0 0 0 0 0
Acinar 1 0 0 (] 0 |4934( o 0 0 0 0 0
Tumour 2 0 0 (] 0 0 0 0 0 0 5.95 0
Acinar 2 0 0 0 0 0 0 0 0 0 0 0
Tumour 3 0 0 | 118 | 676 |16.29(14.37] o 0 0 0 0
Acinar 3 0 0 0 0 0 0 0 0 8.96 0 0
Tumour 4 0 0 (] 0 0 0 0 0 0 0 0
Acinar 4 0 0 0o [333( o 0 0 0 0 0 0
Tumour 5 0 0 o |435]| o 0 0 0 0 0 0
Acinar 5 0 0 0 0 0 0 0 0 0 0 0

Due to a weak signal from the sample reporting higher methylation (Acinar 1, KEAP1a) at CpG
sites during pyrosequencing, the degree of methylation at this site may be overstated. This
presents a problem in determining the ratio between methylated and unmethylated
cytosines in the original sample, as a stronger signal is required to draw a reliable ratio. This

issue may have been caused by low genomic DNA input, due to the issues associated with
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gathering sufficient amounts of FFPE tumour tissue and the hazardous nature of the
extraction and subsequent treatments. However, the majority of CpG sites exhibited little to
no indication of methylation, and so this is considered unlikely to have affected the
conclusion that KEAP1 promoter methylation is not the cause of Keapl protein absence

observed in PDAC.

3.2.13 NQO1 SNP rs1800566 status did not correlate with the probability of developing

resectable PDAC, or with prognosis in response to treatment

The clinical significance of modulation of the Nrf2-system was then investigated. Specifically,
the effect of SNPs in Nrf2-related genes upon patient outcome was analysed. Previous
unpublished work from this group by Dr Thompson Gana and Dr Claire Jenkinson has shown
that changes in selected NRF2 and SRXN1 SNPs (rs2886162 and rs6053666, respectively) did
not significantly correlate with patient outcome in advanced pancreatic cancer cases
(p=0.405 and p=0.632, respectively) (142). This analysis was performed on samples obtained
from the TeloVac and ViP clinical trials, both of which collected samples from advanced
pancreatic cancer cases. However, the presence of the minor allele of an NQO1 SNP
(rs1800566) from the combined TeloVac and ViP trials was seen to correlate with improved
patient outcome (p=0.01) (142). As such, | then investigated if the minor allele was associated

with improved prognosis of patients with resectable PDAC.

The presence of the C609T NQO1 SNP (rs1800566) was first investigated using genomic DNA
extracted from cultured cell lines (Fig. 3-17). The use of various sample volumes and various
masses of DNA in standard volume (5uL) were analysed for the purposes of assay

optimisation in addition to determining cell line SNP status.

The results of each cell line (Fig. 3-17 C) appeared highly similar regardless of the masses
(5ng, 10ng, and 25ng) of DNA used (Fig. 3-17 C). A low mass of DNA therefore did not appear

to be a limiting component of the reaction, nor did an excess of DNA appear to be detrimental
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to reaction efficiency. Both PANC-1 and MIA PaCa-2 cells were found to be homozygous for
the major wild-type allele (Fig. 3-17 C). However, SUIT-2 cells were found to be heterozygous

(Fig. 3-17 C).

A set of samples using 25ng of DNA but from a more dilute solution, therefore increasing the
reaction volume, was also trialled (Fig. 3-17). This was to determine if available clinical
samples could be used without additional concentration. However, the effect of this was to
drastically reduce the efficacy of the reaction to levels below the negative control (Fig. 3-17).
Although further optimisation may have addressed this, this was not pursued during the
course of this work because the results also indicated that a concentration low enough to
use all samples would be viable. A lower mass of DNA was required for a successful reaction
than had been expected so larger volumes of sample would not be necessary in subsequent

reactions.
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Figure 3-18: gPCR results to determine genomic NQO1 SNP status in MIA PaCa-2, PANC-1 and
SUIT-2 cell lines under various conditions. Endpoint signals of fluorescence indicating C allele (A)
and T allele (B) amplification were combined (C) to separate the two groups and colour coded (red
— CT; green — TT). Positive results for each cell line are labelled. Negative results, including
negative control, are shown in grey and labelled separately.

SNP analysis via gPCR of patient samples was performed blinded to patient information,
including patient outcome (Fig. 3-18). Genotypes were matched to anonymised patient IDs
and sent to Eftychia-Eirini Psarelli to correlate with survival time and perform statistical

analysis (Fig. 3-19). ‘All interventions’ covers patients being treated with gemcitabine,

GemCap, 5-FU, radiotherapy, 5-FU & radiotherapy in combination, or receiving no further
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anti-cancer treatment (observation only). Due to small numbers of patients receiving other

treatments, only gemcitabine and GemCap arms were used for further analysis.

A Flasrescenee Histsry B Flasrsscencs Histery

Flisorescence (573.568)

an{—

12 & € 8 W 13 % 13 2 Hx @A/ AN W B & &4 12 4 & 8B W 13 15 18 2 ®» MW AN W 7 M 43

C 50,000

48,0001
46.000
44,0001
42.000
40.000
38.000
36.000
34.000
32.000

= 30,000

&

@ 28.000

n v

3 26.000 v
g 24.000
g 22.000 45«*

2 20000
18.000 « ot

16,000 .

14,000

12.000

10,000

8,000 sd
£.000] i %‘M

4,000
2,000 .

Endpoint Fluorescence Scatter Plot

5000 10000 15000 20000 25000 30000 35000 40000 45000  50.000
Fluorescence (483-533)

Figure 3-19: Representative images of qPCR results to determine genomic NQO1 SNP status in
ESPAC patient samples. Endpoint signals of fluorescence indicating C allele (A) and T allele (B)
amplification were combined (C) to separate the three groups and colour coded (blue — CC; red —
CT,; green — TT). Negative control is shown in grey.

Germline allelic distribution of rs1800566 among ESPAC patients with resectable pancreatic

cancer was not significantly out of Hardy-Weinberg equilibrium, nor did it significantly differ

from the allelic distribution expected from a European cohort (gnomAD, (168)) (Table 2).
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Table 3.2: Hardy-Weinberg equilibrium was measured using x? test comparing observed germline
allele distribution of resectable cancer (ESPAC) and advanced cancer (TeloVac/VIP) to expected
distribution based upon allele frequency. Allele distribution was also compared to a European

cohort (gnomAD v2.1.1 (controls)).

Expected (Observed)
Allele
Frequency Minor : Major cc cT T X P
Source
ESPAC 0.204:0.796 | 158.40 (160) | 81.192(78) | 10.40(12) | 0.386 | .534
GnomAD 0.186:0.814 165.47 75.84 8.69 1.503 | .221
TeloVac/VIP 0.195:0.805 | 96.56(92) 46.78 (56) 567(1) |5.875] .015
GnomAD 0.186:0.814 98.62 45.20 5.18 6.39 | .011

This suggests that the SNP does not affect the probability of developing operable pancreatic
cancer. This is in contrast to analysis of rs1800566 amongst advanced cases (ViP/TeloVac
trials). SNP data obtained previously by colleagues in the laboratory, all Dr Thompson Gana
and Dr Claire Jenkinson was similarly analysed and found to be significantly (p=0.015) out of
Hardy-Weinberg equilibrium and different from a European cohort (168) (Table 3.2).
Specifically, the minor homozygote (TT) allele was noticeably under-represented. Five
samples across these studies were expected to exhibit the homozygous minor genotype,
however only one was found. As the analysis of samples from the ESPAC study (Table 3.2),
shows that genotype does not affect the probability of developing PDAC. It was therefore
considered that these findings may suggest that the TT genotype delays or otherwise limits
progression into an advanced inoperable state. If genotype affects disease progression it
might be expected to affect survival time as well. To investigate whether this was the case, |
undertook survival analysis. It was observed that NQO1 SNP status did not correlate with

response to response to chemotherapy (gemcitabine or GemCap).

There was no significant difference in survival time between different genotypes, either of

all patients or separated according to treatment (Fig. 3-19). However, there appeared to be
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notable areas of separation in survival probability at various timepoints (such as ~15 months)

for patients treated with gemcitabine although the overall differences were non-significant.
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Figure 3-20: Kaplan-Meier plots of overall survival of patients according to NQO1 SNP (A), survival
in response to gemcitabine treatment (B), and survival in response to GemCap treatment (C). TT

genotype was excluded from individual arm analysis due to small numbers of patients.
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In addition to the absence of an effect on overall survival trend, there was similarly no

apparent effect of NQO1 SNP status upon survival time (regardless of intervention) (Fig. 3-

20).

A50

45
40

S
== D [ W w
o o a o a

Survival Time (Months)
o

[= B

45

Survival Time (Months)

All interventions

cc CT

Gemcitabine treated

Survival Time (Months)

™
C Gemcap treated

Figure 3-21: Median survival time (months) of patients of each germline NQO1 genotype of any

intervention (A), when treated with gemcitabine (B), or when treated with GemCap (C). Error bars

+/- SEM.
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3.3 Discussion

3.3.1 Nrf2 and downstream targets were not consistently affected by chemotherapy

Decreases in Nrf2 abundance and activity is associated with decreased viability of cancer cells
and an increased sensitivity to chemotherapy (117, 172, 180). Our work has demonstrated
decreases in Nrf2 and NQO1 abundance (Figs. 3-6, 3-7, 3-17) post-chemotherapy exposure,
despite an increase in Nrf2 activity observed in cultured cell lines (Fig. 3-11). However, a lack
of effect to induce Nrf2 activity was observed in vivo (Figs. 3-14, 3-15). Overall, these data
suggest that Nrf2 does not contribute to acquired chemoresistance in PDAC or affect the Nrf2
activity of healthy tissues, and that the resistance conferred by Nrf2 is limited to intrinsic
chemoresistance. Nrf2 therefore continues to be a promising target to reduce innate
chemoresistance, however it does not appear that acquired chemoresistance is a

consequence of Nrf2 modulation in pancreatic cancer.

3.3.2 NQO1 SNP was not associated with patient prognosis

The absence of effect of NQO1 SNP status upon survival time of patients with resectable
PDAC (Fig. 3-19) could be attributable to small numbers of patients, particularly as there were
too few TT patients to analyse in any individual arm. The cause of the absence of TT exhibiting
patients with advance disease (Table 2, TeloVac/VIP) is not clear. If the TT genotype
prevented/delayed progression into advanced pancreatic cancer an accumulation of patients
exhibiting TT would be expected in the resectable cohort. Although the observed frequency
of the TT genotype in individuals in the ESPAC trial (n=12) was marginally greater than the
mathematically expected number (n=10.4), this was not statistically significant and the
difference does not appear great enough to offset the lack of the TT genotype in the non-

resectable cohort. Instead, it may hypothetically be the case that NQO1 genotype does not
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directly affect progression but correlated with criteria affecting eligibility. The TT genotype
may have contributed to ill health of patients suffering from advanced disease and therefore
prevented their enrolment in the trial, whereas patients with resectable disease may have
not been as heavily affected. If true this would suggest that NQO1 and potentially Nrf2
contribute to the improved wellbeing of patients with advanced pancreatic cancer. However,

this has not been demonstrated and is a hypothetical explanation.

Differences in the eligibility and exclusion criteria make it difficult to draw conclusions by
comparing individuals in separate trials. This may be addressed by either using directly
compatible trials or a single trial covering all cohorts to be analysed, however that was not
feasible for the purposes of this work. Additionally, if the effect of the TT genotype to exclude
patients is linked to the stage of the disease as theorised, this would also not be addressed

by using a single trial.

3.3.3 Future Work

Further work is required to explore the effects of multiple chemotherapy exposures and/or
longer time points post-treatment. The reduction in Nrf2 abundance was an unexpected
finding, however it may be that further Nrf2 depletion would render cells chemosensitive. It
is also possible that tumours in vivo do not exhibit the same depletion in response to
chemotherapy. There did not appear to be any effect of chemotherapy in vivo upon either
Nrf2 activity or NQO1 abundance, and so the depletion of Nrf2 and downstream targets such
as NQO1 occasionally (but not consistently) observed in vitro may not be relevant in a living
organism. The effect of gemcitabine upon NQO1 abundance in tumour tissue is explored

further in Chapter 5, along with the effect of brusatol.

During the course of this research, the OKD48 Nrf2-reporter model was used to examine the
effect of chemotherapy upon Nrf2 activity in healthy mice over time. Similarly, the KPC model

of PDAC was used to investigate the effect of frequent gemcitabine and brusatol treatment
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upon NQO1 in tumour tissue (Chapter 5, Section 5.2.8). Breeding the two to generate a KPC
model with OKD48 luciferase present was considered. This would have made it possible to
study Nrf2 activity in tumours over time and in response to single or infrequent doses of
chemotherapy. Unfortunately, this was not a feasible course of action. Efforts to produce a
homozygous OKD48 transgenic mouse at this establishment had previously not been
successful. Because of this, only a heterozygote and a wild type could be used for breeding
so only half the small number of mice produced would typically be the suitable genotype.
Similarly, KPC animals were heterozygous for 3 genetic alterations. As the parents would
typically be heterozygous and each possess different alterations, only 1 in 8 animals
produced would be predicted to be the correct genotype. The difficulty of breeding each line
would mean that only one animal with the correct genotype, OKD48-KPC, would be expected
to be born for every 16 produced from appropriate parents. This would not only be
prohibitive due to financial and time constraints, but also raised ethical issues due to the

large numbers of animals born which could not be used.

Despite the apparent effectiveness of targeting Nrf2, a reliable pharmacological method to
do so remains elusive. As discussed during this thesis (Chapter 4), brusatol — previously
among the most promising of potential Nrf2 inhibitors — is unlikely to be a direct Nrf2
inhibitor and displays substantial off target effects. Although it now appears unlikely that
brusatol will be used primarily as an Nrf2 inhibitor in a clinical setting, it continues to be

useful as one in a research setting as part of a careful experimental design.

Identification of the method by which Keap1 is depleted may provide the basis for therapies
to restore it and therefore naturally inhibit Nrf2. Contrary to previous findings in PDAC cell
lines (137), the majority of PDAC tissue genomic DNA analysed exhibited little or no

methylation of the KEAP1 promoter regions investigated (137). As such it does not seem likely
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that methylation of the KEAP1 promoter is the cause of the previously noticed absence of
Keap1l protein in PDAC tissue (113). Alternative potential explanations include mutation of

KEAP1, miRNA silencing and degradation of the Keap1 protein.
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4 — The Mechanism of

Action of Brusatol
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4.1 Introduction

Brusatol is a commonly used Nrf2 inhibitor due to its ability to deplete Nrf2 protein (151,
152). It has also been observed that brusatol acts as a global translational inhibitor (159, 163,
164) and it was suggested that the effect of brusatol upon Nrf2 may therefore be due to its

inhibition of protein synthesis, with Nrf2 being selectively affected due to its short half-life.

The mechanism of action of brusatol remains elusive partly due to the fact that a direct
molecular target has not been identified. Currently the molecular basis of some of its effects
have been identified, such as the inhibition of protein synthesis resulting from the disruption
of the elongation process during translation (164). However, it is not clear how far
downstream these effects are of the direct target of brusatol, or whether these effects are
up- or downstream of the inhibition of Nrf2. It has also been seen that brusatol localises to
the endoplasmic reticulum, which may give it the opportunity to act upon ribosomes directly

(159).

Inhibition of Nrf2, such as through shRNA-mediated inhibition of expression, has been seen
to resultin a decrease of protein synthesis due to an accumulation of ROS (116). Additionally,
brusatol treatment can result in ubiquitination of Nrf2 which is an alternative explanation for
Nrf2 depletion (155). It may therefore be the case that brusatol targets Nrf2 and
consequently inhibits protein synthesis (Mechanism A, Fig 4-1), rather than inhibiting all
protein synthesis and resulting in the rapid depletion of short-lived proteins such as Nrf2
(Mechanism B, Fig 4-1). The purpose of this study was to investigate the previously
unexplored possibility that brusatol is an Nrf2 inhibitor which inhibits protein translation as
a downstream effect of this (Mechanism A, Fig 4-1). This was performed by analysing the
effects of brusatol upon protein synthesis under various conditions and determining if the
effects of brusatol upon viability could be mitigated by targeting two proposed mechanisms

of action as described in Fig. 4-1.
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Figure 4-1: Two alternative proposed mechanisms of action of brusatol investigated during this
course of work. Left, brusatol as a direct Nrf2 inhibitor with downstream effects upon protein
translation. Right, brusatol as a direct inhibitor of translation resulting in the depletion of proteins

such as Nrf2.

4.2 Results

4.2.1 Brusatol treatment inhibited protein synthesis and resulted in depletion of Nrf2

The ability of brusatol to inhibit protein synthesis was confirmed by protein synthesis analysis
(Fig. 4-2). Protein synthesis analysis was performed as described in Chapter 2.4. In brief, SUIT-
2 cells were treated with the drug of interest in complete 10% medium for 15 minutes. They
were then treated with the drug of interest in serum-free methionine-free medium for 30
minutes. Reporter amino acid L-aza was then added for one hour before cell lysis. Protein
synthesis analysis measured the degree of protein synthesis occurring in the presence of L-
aza (a period of one hour during these experiments, following 45 minute drug treatment).
Following cell lysis and protein preparation (Chapter 2.3), newly synthesised proteins were

represented by bands on a PVDF membrane (Fig. 4-2, 4-3). The intensity of bands therefore
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corresponded to the degree of protein synthesis, and an absence of bands corresponded to
a lack of detectable protein synthesis.

Brusatol treatment reduced protein synthesis to seemingly undetectable levels (Fig. 4-2) and
noticeably decreased the abundance of Nrf2 (Fig. 4-2). The protein synthesis inhibitor
cycloheximide had the same effect as brusatol upon both protein synthesis and Nrf2 (Fig. 4-
2 A). Dose-response analysis showed that all detectable protein synthesis was inhibited at
80nM Brusatol with only minimal synthesis detected at 50nM. Greater degrees of protein
synthesis inhibition were seen to correspond to increasing depletion of Nrf2. Low levels of
Nrf2 were detected long after the half-life of uninduced Nrf2, suggesting that some Nrf2 was
dissociated from Keapl and active either as a result of brusatol treatment or as basal

functionality.

““ea‘eé‘ e \‘\*\@\,QJ Brusatol (nM)
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Figure 4-2: Brusatol inhibited nascent protein synthesis (cycloheximide treatment shown as a
positive control) within SUIT-2 cells. The maximal effect was observed at 80nM. Abbreviation: CHX:
Cycloheximide.
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4.2.2 CDDO-Me-mediated accumulation of Nrf2 did not mitigate the effects of brusatol

upon protein synthesis

CDDO-Me is a highly selective Nrf2 activator acting through interaction with Keapl and
causing a subsequent release of Nrf2, and so was used in this study for the purposes of
mitigating Nrf2 inhibition and depletion (181, 182). Protein synthesis analysis following
pretreatment with CDDO-Me was used to determine if an accumulation of Nrf2 could
mitigate the effects of brusatol (Fig. 4-3). It was found that CDDO-Me did not mitigate the
inhibitory effects of either brusatol or CHX on protein synthesis. Furthermore, it appeared
that CDDO-Me treatment resulted in reduced protein synthesis. The effect of brusatol upon
protein synthesis therefore appears to be either the cause of or unrelated to Nrf2 depletion,

rather than a result of Nrf2 depletion.
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Figure 4-3: The effect of CHX (10ug/mL) and brusatol (100nM) on protein synthesis following 4
hour CDDO-Me pretreatment. Newly synthesised protein shown as a visualisation of the degree of
protein synthesis. Total protein loaded shown as loading control. Abbreviations: Bru: brusatol. CHX:

cycloheximide.

4.2.3 CDDO-Me-mediated accumulation of Nrf2 did not mitigate the effects of brusatol

upon cell viability

Although Nrf2 depletion appears to be a result of protein synthesis inhibition, the specific
mechanism by which brusatol treatment exerts its toxic effects is unclear. It has previously
been observed that brusatol treatment can cause the accumulation of ROS, an expected
result of Nrf2 depletion and a possible cause of loss of viability (101). Brusatol appears to

inhibit the expression of all proteins, however many of these may potentially be less
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important for cell survival, and/or with a longer half-life so would be less affected by protein
synthesis inhibition. | therefore hypothesised that Nrf2 depletion may ultimately contribute
to brusatol-induced toxicity even though Nrf2 depletion does not appear to be the primary
target nor a specific mechanism of action of Brusatol. As such, MTT assays were performed
to investigate the effect of brusatol upon cell viability and determine if the effect could be

mitigated through compensation of a loss of Nrf2.

CDDO-Me pretreatment was used to mitigate any subsequent depletion of Nrf2. Following
CDDO-Me pretreatment, cells were exposed to brusatol, CHX and H,0, for short periods of
time (between 10 minute and 2 hours, plus 48h for maximal effect) before medium was
replaced. This was to account for the possibility that treatment could overwhelm any
accumulated Nrf2 and downstream targets by the time of analysis. Cellular viability was
measured using MTT assay 48h following treatment. H,0, treatment was used to compare
against chemically induced cell viability inhibition, which Nrf2 would be expected to defend
against. However, although CDDO-Me pretreatment appeared to defend cells against the
effects of H,0, treatment in at least some instances (Fig. 4-4 A, C), it did not appear to defend
cells against the effects of brusatol or cycloheximide (Fig 4-4).

Although CDDO-Me pretreatment showed strong trends to mitigate H,0, toxicity, this was
only statistically significant in MIA PaCa-2 cells treated for 10 minutes (Fig. 4-4 A). This trend
was observed following most treatment durations of MIA PaCa-2 cells and all treatment
durations of SUIT-2 cells. However, CDDO-Me pretreatment did not appear to be protective
against H,0; treatment of PANC-1 cells.

The effect of brusatol and CHX were not significantly mitigated by CDDO-Me pretreatment.
CDDO-Me pretreated cells often exhibited a tendency for lower viability following drug

treatment than their non-pretreated counterparts (Fig. 4-4 A, B). However, SUIT-2 cells were
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an exception to this. CDDO-Me pretreatment of SUIT-2 cells showed a trend towards an
increase in viability relative to cells treated with brusatol or CHX alone.

Brusatol appeared to act more slowly than cycloheximide despite resulting in a similar final
effect at 48h (Fig. 4-4 B, C). The reduced response of short treatments of brusatol relative to
the same treatment durations of cycloheximide was seen in PANC-1 and SUIT-2 cells (Fig. 4-
4 B, C) but was most pronounced upon SUIT-2 cells (Fig. 4-4 C). The same effects of cell
viability of MIA PaCa-2 cells were seen in response to the same durations of brusatol and CHX
treatment (Fig. 4-4 A), however.

These differences may suggest that the two chemicals exert distinct mechanisms of action.
However, it may also be the result of how quickly each chemical could reach their targets,

even if they act through a shared mechanism.
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Figure 4-4: Relative viability of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells with CHX, Bru
or H20: for various periods of time either with (solid colour) or without (patterned colour) 4h CDDO-
Me pretreatment. Viability was normalised to a vehicle control with the same 4h CDDO-Me
pretreatment (with/without). Statistical analysis was performed using t-test between pretreated and
non-pretreated for each drug and timepoint, with Bonferroni correction to account for multiple
comparisons. * p-value below 0.0033. Each bar is the mean of three experiments each performed
in triplicate. Error bars +/- SEM. Abbreviations: CHX: cycloheximide. Bru: Brusatol. CDDO: CDDO-

Me.
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4.2.4 ML385 did not inhibit Nrf2 activity below baseline activity

Taken together, the findings of this chapter so far appear to indicate that that Nrf2 depletion
is a non-specific and secondary effect of brusatol, and that Nrf2 depletion is not the cause of
brusatol cytotoxicity in the conditions analysed. However, efforts to identify alternative Nrf2
inhibitors have been met with limited success. ML385, a commonly used inhibitor of Nrf2
(166, 183-185), was considered as an alternative to brusatol to be used during the course of
this research. However, luciferase-based Nrf2 activity analysis (as described in Chapter 3,
Section 3.2.8) showed that Nrf2 activity following ML385 exposure to cells in culture did not
significantly differ from Nrf2 activity in vehicle (DMSO) treated pancreatic cancer cells (Fig.

4-5).
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Figure 4-5: Treatment of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells with CDDO-Me and
ML385 following transient transfection of Nrf2 luciferase. Data are the mean of three experiments,
each performed in triplicate. Work contributed to by MRes student Lewis Wignall with my direct

supervision and input. Error bars +/- SEM.
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ML385 has been found to exert its inhibitory effect upon Nrf2 by inhibiting the DNA binding
domain, Neh2, of Nrf2 (166). To address the possibility that Nrf2 activity was at a minimum
and could not be inhibited further, the effect of ML385 on CDDO-Me treated cells was
explored. No significant inhibition by ML385 on CDDO-Me induced Nrf2 activity was found
(Fig. 4-6). In each cell line treated with ML385 and CDDO-Me, the level of induced Nrf2
activity compared to that seen with CDDO-Me alone was reduced, although it did not reach
statistical significance. Although Nrf2 activity was consistently reduced following combined
ML385 and CDDO-Me treatment compared to treatment with CDDO-Me alone, the effects
observed were mild. Consequently, ML385 was not explored further during the course of this

work.
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Figure 4-6: Treatment of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells with CDDO-Me, ML385
and combination following transient transfection of Nrf2 luciferase. Data are the mean of three
experiments, each performed in triplicate. Work contributed to by MRes student Chris Brown with
my direct supervision and input. Error bars +/- SEM.

Why no significant effect of ML385 was observed, inconsistent with published literature, is

not clear. Although it is known that ML385 is selective for KEAP1 mutated cells whereas the
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cell lines used here do not exhibit loss-of-function KEAP1 mutations (113, 166), this would
seem to be due to unstressed wild-type KEAP1 cells exhibiting minimal Nrf2 activity already
available to inhibit. It is not clear why an inhibitor of the DNA binding-domain of Nrf2 would
not prevent Nrf2 upregulating downstream targets such as the luciferase plasmid, regardless
of KEAP1 mutation status, once Nrf2 was activated through other means (CDDO-Me
treatment, in this instance). Despite not being significant there was a trend of ML385 to
reduce Nrf2 activity in CDDO-Me treated cells relative to CDDO-Me treated alone, so it may
be that ML385 inhibited Nrf2 activity but not to a great extent under these conditions.
Further optimisation may have elucidated the reasons for the perceived lack of effect of
ML385 and may have resulted in a method to use ML385 to inhibit Nrf2 in pancreatic cancer
cells more effectively. However, time constraints did not allow for this during the course of

this work.

4.3 Discussion

Brusatol continues to be widely used as an Nrf2 inhibitor (153-155, 160-162). Although it has
been hypothesised that this effect is a result of brusatol acting as a global protein synthesis
inhibitor, protein synthesis inhibition is also an expected consequence of Nrf2 inhibition.
Additionally, the well described effect of brusatol upon Nrf2 is a reasonable candidate for the
cause of the cytotoxicity exhibited by brusatol regardless of whether it is a direct or
downstream effect. This study focused upon determining the mechanism of action of
brusatol and to what extent, if any, depletion of Nrf2 is responsible for the anti-tumour
effects exhibited.

These data suggest that inhibition of Nrf2 is not the dominant mechanism of action by which
brusatol exerts its toxic effects. However, brusatol has been seen to potently result in the

depletion of Nrf2 (Fig. 4-2). The inhibition of a pro-survival pathway would normally be
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expected to result in toxicity, and it is known that inhibition of Nrf2 through alternative
means such as siRNA-mediated depletion has been seen to result in diminished viability of
pancreatic cancer cells (113). It therefore seems likely that although the inhibition of Nrf2 by
brusatol may hypothetically result in inhibition of viability, other toxic mechanisms render
this redundant in the cell lines analysed. However, the effect of Nrf2 depletion being more

significant in other cell lines, diseases or conditions cannot be discounted.

The findings of this research suggest that the primary effect of brusatol is not to directly
inhibit Nrf2, and that the observed effect on Nrf2 is a consequence of protein synthesis
inhibition. Additionally, the mechanism by which brusatol inhibited cell viability did not
appear to be dependent upon Nrf2 depletion. Minimising the loss of Nrf2 by causing its
accumulation and mitigating the effects of its loss through supplementation of antioxidants
demonstrated no protective effect against brusatol. Despite this it is well known that the loss
of Nrf2 activity is associated with decreased cellular survival and increased chemosensitivity
(113, 116, 130, 134, 186). Whilst this appears to be redundant in the cell lines exposed to
brusatol during this study, these findings confirmed that brusatol inhibited Nrf2. Although
the effect to inhibit Nrf2 appeared redundant under these conditions, since it was observed
that cell viability was inhibited by brusatol following CDDO-Me-induced accumulation of
Nrf2, it does not exclude the possibility that Nrf2 depletion by brusatol is toxicologically
relevant in other cell lines and/or diseases.

Although inhibition of Nrf2 is an attractive therapeutic target, efforts to identify
pharmacological inhibitors have been met with minimal success. Although brusatol has been
shown to rapidly result in depletion of Nrf2 protein and do so selectively to short-lived
proteins, the inhibition of protein synthesis appears to cause other effects which are relevant
to cytotoxicity. As demonstrated, it appears that the effect of brusatol — arguably the most

widely used Nrf2 inhibitor currently available — upon Nrf2 is secondary to its effect upon
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protein synthesis. This is consistent with conclusions previously drawn from the observation
that brusatol inhibits protein synthesis (159, 163). Recently developed examples of
alternative Nrf2 inhibitors include ML385, demonstrated to inhibit Nrf2 and be particularly
cytotoxic to KEAP1 mutated cells (166). However, luciferase reporter assay of Nrf2 activity
showed that ML385 had only a mild effect (Fig. 4-6). ML385 appeared to slightly offset the
effect of CDDO-Me (Fig. 4-6), however it did not reduce basal levels of Nrf2 activity (Fig. 4-5)
in the cell lines analysed. As ML385 does not appear to be a potent inhibitor of Nrf2 activity
under these conditions and did not demonstrate any anti-tumour properties, it was not
considered for further analysis. However, there are other recently identified Nrf2 inhibitors
(135, 174, 175, 187). These include camptothecin, which caused an inhibition of Nrf2
expression in a variety of cancer cell lines, and is already available as a form of chemotherapy
(175). Further research is required to fully understand their mechanisms of action, the
presence and significance of any off-target effects, and the feasibility of using them
therapeutically.

In addition to reliably depleting Nrf2, the indirect and additional effects demonstrated by
brusatol appear to contribute to its cytotoxicity to pancreatic cancer cells, and so remains a
promising potential chemotherapy. Additionally, brusatol has already been seen to be a
potent anti-cancer agent in vitro and in vivo, including against pancreatic cancer models (151-
154, 157, 162). Although the extent of Nrf2 involvement in the efficacy of brusatol in
previously published work cannot be guaranteed, and the effect of Nrf2 depletion did not
appear to be a necessary component of the effects of brusatol during the course of this work,
brusatol has still shown considerable promise as an anti-cancer agent and so continued to be

the focus of this work.
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5 — Analysis of Brusatol as

a Form of Chemotherapy
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5.1 Introduction

The prognosis of most common forms of cancer has improved over time, however PDAC
patient outlook has improved only minimally over several decades (32, 56, 188). In 2017 it
was demonstrated that combination of capecitabine with gemcitabine modestly improved
the prognosis of patients eligible for surgical resection patients (a 10% increase in survival
time), representing one of the largest improvements in treatment of non-selected patients
since the introduction of gemcitabine (52). The poor prognosis of PDAC has been attributed
in part to chemoresistance (28, 55, 68, 189). Use of an agent to mitigate this chemoresistance
and so render tumours responsive to chemotherapy, or other forms of treatment, is

therefore an attractive avenue for research.

The Brucea javanica extract brusatol is a quassinoid shown to exhibit anti-cancer properties
(152, 190). It has been demonstrated to render cancer sensitive to multiple forms of therapy,
such as radiotherapy and chemotherapy (101, 159, 190). Brusatol is a widely used Nrf2
inhibitor and it was previously commonly thought that Nrf2 inhibition conferred its cytotoxic
properties (101, 152, 158, 190). However it has also been observed that all protein synthesis
is inhibited in response to brusatol treatment (159, 163). Although a molecular mechanism
of action has not been fully elucidated , it appears that brusatol acts primarily by inhibiting
protein synthesis and that this has the consequence of preventing Nrf2 production and
accumulation (159, 163). The exact direct cause of the cytotoxicity exerted by brusatol and
the extent to which specific effects, such as protein synthesis inhibition and Nrf2 depletion,
contribute is unclear, however Nrf2 and the antioxidant system have been directly implicated

in brusatol-mediated cytotoxicity (101, 152).

Brusatol research has produced promising results as an anti-cancer therapy. In vivo analysis
has previously shown it to be well tolerated by animals and an effective treatment against

models of cancer (including pancreatic cancer), either as a single agent or in combination
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therapies (112, 151, 157, 176, 191). It has been shown to work synergistically with first line
treatments such as 5-FU and gemcitabine, and to have comparable effects to standard
chemotherapy in orthotopic xenograft models of the disease in terms of efficacy and toxicity
(157). However, its efficacy against spontaneous tumours in a genetic model of PDAC, such

as the KPC model, has not previously been reported.

| hypothesised that brusatol could be a cytotoxic agent against PDAC tumour cells both in
vitro and in vivo. Additionally, brusatol function is expected to remove the ability of cells to
upregulate chemical defence and cell survival pathways such as Nrf2 and downstream genes.
| therefore hypothesised that brusatol may be a chemosensitiser that could improve the

efficacy of other chemotherapies in addition to exerting its own cytotoxic effects.

5.1.1 Models of drug synergy

In basic terms, drug synergy refers to a combination of drugs or chemicals working more
effectively than its individual components, whereas antagonism refers to the combination
working less effectively than its individual components. However, the strict definition of drug
synergy, and how to measure it, varies depending upon the intent and context. This is
because whether the effect of a combination is more or less effective than its individual
components depends upon what effect the combination is being compared against and why.
For example, if two hypothetical drugs work through a similar mechanism of action then they
could be considered antagonistic. The two drugs have overlapping effects so therefore either
one competitively prevents the other from acting fully. Although each drug may greatly
inhibit cell viability (in the case of toxic agents) when added individually, if that effect has
already been achieved by one drug then the addition of a second drug is unlikely to yield as
great an absolute effect as if that drug was added alone. This concept of synergy postulates
that drugs act additively if they act completely independently of one another. Synergy

therefore refers to a greater effect than expected of them working independently whereas
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antagonism refers to a less pronounced effect than expected if they worked independently.
This definition of synergy is typically used in experiments designed to investigate the
mechanisms of action of the drugs of interest, of which the degree of toxicity is a reporter of
individual drug potency in the combination. The Bliss Independence Model is a widely used
measure of synergy which follows the previously described definition of synergy, which
assumes that drugs acting independently and non-competitively yield an additive response

(192).

It is also simultaneously possible that the same combination of drugs produces a greater
effect than either could alone. If a concentration of each drug is used which would
individually give their maximum effect, then even if only a slight increase in effect is observed
when used together there would seem to be some benefit to the combination. This could
therefore be considered synergistic despite, as previously explained, also being considered
antagonistic under a model such as Bliss measuring drug independence. This definition of
synergy is typically used in situations in which the extent of the effect is the primary interest.
The Highest Single Agent (HSA) and/or Loewe Additivity Model (192) is often used when using
this definition of synergy, in which the absolute effect of a combination is to be investigated
instead of the effect on relative efficacy of either individual drug. HSA and Loewe Additivity
Model both define synergy based upon an increase in final efficacy of the drugs, however
they do so in separate ways. Whereas HSA assumes that the addition of a second drug
producing a greater response then either does alone at the concentration used in the
combination is synergistic, Loewe Additivity Model compares the effect of a combination to

what would be expected if the drug was compared to itself.

Not only can the definition and method of measuring synergy vary, but whether the same

result is considered antagonistic or synergistic may differ depending upon the method used.
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As such, multiple models of drug synergy were utilised to examine the interaction between

the effects of drugs on cell viability.

5.1.2 Licensing for in vivo work

The use of protected animals for scientific experiments is regulated under UK law by the
Animals (Scientific Procedures) Act 1986 (ASPA). This legal framework comprises multiple
forms of licence issued by the Home Office, all of which must be obtained prior to starting
any form of work regulated by the act. The three main forms of licence are establishment,
project (PPL) and personal (PIL). Before experiments may begin, the work must be covered
by each relevant form of licence. The institution at which the work is to be performed must
have obtained an establishment licence covering the use of protected animals. The project
of work itself must also be covered by a PPL, which requires that the specific procedures to
be performed are detailed and justified. Each individual performing experiments with

animals must obtain a PIL.

The PIL certifies that the researcher has completed academic training to make them aware
of their responsibilities and how to care for the animals, as well as has been trained how to
handle them. However, a PIL does not immediately permit an individual to perform in vivo
experiments. Practical training and supervision to competence is first required before

regulated procedures can be performed.

A PIL and PPL were applied for to enable the in vivo work detailed in this thesis to be
performed. Academic and practical training was given prior to the successful application for
a PIL, and subsequent training to competence was performed following the granting of one.
In addition to this, a substantial contribution was made by me to the preparation of a
successful application to be granted a PPL. For a PPL to be granted the potential detriment

caused to animals must be justified by the potential benefits of the research, and the 3Rs
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(Replacement, Reduction and Refinement) must be followed. In brief, the 3Rs refer to
avoiding the use of animals wherever possible (replacement), minimising the numbers of
animals required when they must be used (reduction), and taking care to minimise suffering

and the risks of adverse events (refinement).

A PPL application was prepared for the purposes of seeking Home Office approval to perform
experiments involving KPC mice. The primary intention of this licence was to investigate the
effects of brusatol and other potential pancreatic cancer therapies to upon the survival of
tumour-bearing KPC/KC mice. This involved the treatment of mice with drugs of interest
(which was brusatol during the course of this work), which had toxicity information already
well established clinically or in vivo, and procedures that would directly contribute to this aim

such as ultrasound imaging of mice to detect tumours.

The strict framework surrounding animal research is vital for ethical and scientific reasons. It
improves the scientific value of research through limiting the number of confounding
variables, by ensuring poor treatment would not affect the animal and therefore the results
of the experiment. As such, the PPL application relied heavily upon methods and limits set by
pre-established guidelines. Specifically, the Laboratory Animal Science Association (LASA)
best practice guidelines for administration of substances was used to establish limits on
methods and volumes of drug delivery. Although the first drug intended to be trialled was
brusatol, a licence to test any new potential drug to treat PDAC was sought. However, it was
explicitly stated that any drug/chemical to be used must have been used in vivo previously.
A pharmacokinetic analysis is typically performed to determine safe limits of a novel agent
to be trialled in vivo for the first time. It was decided that this would not form part of this
licence due to the substantial ethical justification required and the low probability of needing
to use one. This decision was partly due to ethical considerations so that the use of an unsafe

untested substance would be avoided, but also because the focus of this and future work
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was to identify agents that have already shown promise in vivo and therefore a safe working
concentration is already known. Although the agent would be novel in regard to its usage in
a genetic model of PDAC, it would likely have been used in vivo in other circumstances.
Previous in vivo work may have investigated the treating of xenografts or GEMMs of other

cancer types, or the drug may have been used clinically to treat a different condition.

5.2 Results

5.2.1 Brusatol inhibited cell viability

Brusatol inhibited the viability of PDAC cell lines with an IC50 ranging from 8.56nM to
25.98nM dependent upon cell line (Fig. 5-1). IC50 of gemcitabine and 5FU were also
established for the purposes of subsequent synergy analysis to determine if brusatol and
standard chemotherapies acted synergistically, additively, or antagonistically in vitro.
Analysis of MTT assays demonstrated that brusatol, 5-FU and gemcitabine each individually
decreased cell viability (Fig. 5-1). Brusatol appeared to almost entirely inhibit cell viability at

high concentrations. 5-FU had a considerably higher IC50 than gemcitabine and brusatol.
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Figure 5-1: MTT analysis of MIA PaCa-2, PANC-1, and SUIT-2 cells treated with brusatol,
gemcitabine or 5-FU for 48h prior to MTT assay. Representative image of three independent

experiments, mean IC50 shown in italics.

The Loewe Additivity Model and the HSA were utilised to determine if brusatol in

combination with gemcitabine or 5-FU yielded improved results in terms of inhibiting cell
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viability relative to an increase in the single drug concentration. Bliss Independence Model
was used to help determine if the chemicals affected cell viability independently of one
another. Zero Interaction Potency (‘ZIP’) is a relatively recently created model (192)which
aims to incorporate the concepts of both Bliss and Loewe. Synergy analysis was performed
and figures generated using SynergyFinder in R Studio (193). The following figures (Figs. 5-
1:5-4) display the degree of synergism/antagonism of each drug combination as calculated
by each model. The relationship between the effects of each drug is represented by a colour
code. The cell of a drug combination being coloured red shows that the combination acted
synergistically, whereas blue shows antagonism. The intensity of colour corresponds to the
degree of synergism/antagonism, with additivity (neither synergistic nor antagonistic) being
represented by the cell being shaded white. Dark grey indicates an inability to accurately

calculate synergy/antagonism as a limitation of the model under those circumstances.

5.2.2 Brusatol and gemcitabine act predominantly additively or antagonistically during co-

treatment

Gemcitabine and brusatol were seen to act predominantly additively across different cell
lines and models of synergy, with large areas of antagonism although there were small areas
of synergy (Fig. 5-2). The results suggesting antagonism of gemcitabine and brusatol were
largely consistent for each cell line. Low to moderate doses of each drug were usually seen

to act antagonistically, with additivity being seen at higher doses.

Whether or not synergy was detected appeared less consistent between different cell lines.
Low concentrations of brusatol appeared to act independently and synergise with
gemcitabine in MIA PaCa-2 cells (Fig. 5-2 A), however this effect appeared milder in PANC-1

cells (Fig. 5-2 B) and was only additive or mildly antagonistic in SUIT-2 cells (Fig. 5-2 C).
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Bliss and ZIP analysis showed that low concentrations of brusatol inhibited MIA PaCa-2
viability through a mechanism independent to that of gemcitabine (Fig. 5-2 A), and that the
two mechanisms acted in synergy. However, higher concentrations of brusatol were seen to
act antagonistically. HSA and Loewe showed that brusatol and gemcitabine acted either

antagonistically or additively, with no evidence of synergy.

Brusatol and gemcitabine were seen to act predominantly additively with only minor synergy
or antagonism upon PANC-1 cell viability (Fig. 5-2 B). An exception was a fairly low (20nM)
dose of brusatol with most concentrations of gemcitabine when analysed by the Loewe
Additivity Model. These findings suggest that the drugs may be acting independently and
typically produce a net additive final response, although specific low doses of brusatol appear

to be an exception to this.

Gemcitabine and brusatol combinations were seen to act either antagonistically or additively
upon SUIT-2 cells at most concentrations of each drug (Fig. 5-2 C). This was true for each
model of synergy, suggesting that there were overlapping effects (as measured by Bliss)
which resulted in a lower final response upon viability. However, the antagonistic effect upon
final efficacy appeared to be milder than the degree their effects overlapped (as measured
by Bliss). The antagonistic effect was most pronounced following treatment with lower
concentrations of each drug, with higher and moderate concentrations yielding either less
antagonistic or additive responses. ZIP analysis was an exception with showed greatest,

though relatively mild, antagonism at moderate concentrations upon SUIT-2 cells.
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Figure 5-2: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with
gemcitabine and brusatol, visualised using Bliss, HSA, Loewe and ZIP models of synergy. Images
represent one preliminary experiment. Abbreviations: HSA, Highest Single Agent. ZIP, Zero

Interaction Potency.
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5.2.3 Brusatol and 5-FU act predominantly additively or antagonistically during co-

treatment

5-FU and brusatol combinations appeared to be mostly additive or antagonistic across
different models and cell lines (Fig. 5-3). Low concentrations of brusatol was seen to act
antagonistically with 5-FU of MIA PaCa-2 cells, as measured by Loewe and HSA (Fig. 5-3 A).
However, high concentrations of 5-FU appeared to synergise with low concentrations of
brusatol upon MIA PaCa-2 cells in terms of increasing effect relative to the concentration
used (HSA) rather than when compared to adding more of the same (Loewe) (Fig. 5-3 A). The
Bliss model also showed overlapping effects of relatively low concentrations of brusatol with
5-FU, however the lowest concentration showed a small degree of synergy in contrast to the

intense antagonism reported by Loewe (Fig. 5-3 A).

Moderate doses of brusatol and 5-FU appeared to act mildly antagonistically according to
each model against PANC-1 cells (Fig. 5-3 B). The effects were otherwise mostly additive or
mildly synergistic upon PANC-1 cells, depending upon concentration and model. ZIP in
particular showed broad, though mild, synergy of low concentrations of 5-FU with low and

high concentrations of brusatol (Fig. 5-3 B).

Brusatol and 5-FU predominantly acted additively upon SUIT-2 cell viability. One combination
(3.12uM 5-FU, 20nM Brusatol) consistently exhibited notable antagonism in each model

except ZIP, with adjacent combinations showing a lesser degree of antagonism.

Combinations of 5-FU and brusatol exhibited a similar pattern across each cell line and
usually with general agreement across the different models of synergy. Antagonism was
found mostly following treatment with low concentrations of brusatol (though not the
lowest, which was often additive or synergistic), although the concentration of 5-FU it
affected varied between cell lines. Higher doses of brusatol appeared to be additive with 5-

FU, with evidence of mild synergism in some cases.
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Combination treatments of PANC-1 cells appeared to show the greatest degree of
synergism/antagonism. Although combination therapies of MIA PaCa-2 cells and SUIT-2 cells
tended to result in a similar pattern of synergy/antagonism to PANC-1 cells, the results of
PANC-1 synergy analysis were more pronounced. This suggests that the effects of drugs to
inhibit, enhance or overlap in terms of efficacy is more pronounced in the PANC-1 cell line
than in others. This may be related to PANC-1 cells appearing more resistant to gemcitabine
than MIA PaCa-2 and SUIT-2 cells, although PANC-1 cells did not exhibit any higher resistance

to brusatol or 5-FU.
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Figure 5-3: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with 5-FU

and brusatol, visualised using Bliss, HSA, Loewe and ZIP models of synergy. Images represent one

preliminary experiment. Abbreviations: HSA, Highest Single Agent. ZIP, Zero Interaction Potency.
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5.2.4 Brusatol pretreatment sensitises PDAC cell lines to chemotherapy

Despite not appearing to synergise with gemcitabine or 5-FU consistently strongly during co-
treatment, stronger synergistic effects were seen when treating with brusatol prior to
treating with gemcitabine or 5-FU (Figs. 5-4, 5-5). This was particularly the case when 5-FU
treatment followed brusatol pretreatment (Fig. 5-5). This suggests that although brusatol
may not be immediately synergistic as a simultaneous combination therapy with gemcitabine
or 5-FU, brusatol may be a useful chemosensitiser to be used prior to conventional
chemotherapy. Different models of synergy gave broadly similar results, with one notable
exception (Fig. 5-3 B) in which Loewe additivity reported antagonism between gemcitabine

and low concentrations of brusatol whereas other models reported mild synergy.

5.2.4.1 Brusatol pretreatment sensitises PDAC cell lines to gemcitabine

The effect of brusatol pretreatment upon MIA PaCa-2 cells subsequently treated with
gemcitabine was largely additive (Fig. 5-4 A), with areas of synergy or antagonism.
Specifically, low concentrations of brusatol with high concentrations of gemcitabine
appeared synergistic, whereas low concentrations of brusatol with low concentrations of

gemcitabine appeared antagonistic.

Bliss, HSA and ZIP each reported synergy between brusatol pretreatment and subsequent
gemcitabine treatment of PANC-1 cells, particularly following low doses of brusatol
pretreatment (Fig. 5-4 B). However, the Loewe additivity model of the same results reported

notable antagonism when treating PANC-1 cells with low concentrations of brusatol.

Brusatol pretreatment appeared to enhance the efficacy of subsequent gemcitabine
treatment upon SUIT-2 cells at high concentrations of either drug with low-intermediate
concentration of the other, however a high concentration of both resulted in very mild

antagonism (Fig. 5-4 C).
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Figure 5-4: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with
gemcitabine following 24h brusatol pretreatment, visualised using Bliss, HSA, Loewe and ZIP
models of synergy. Representative images of three independent experiments. Abbreviations: HSA,
Highest Single Agent. ZIP, Zero Interaction Potency.
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5.2.4.2 Brusatol pretreatment sensitises PDAC cell lines to 5-FU

Low doses of brusatol followed by 5-FU treatment were seen to synergistically inhibit the
viability of MIA PaCa-2 cells (Fig. 5-5 A). Higher concentrations of brusatol produced an
additive result, with no evidence of antagonism. High concentrations of brusatol appeared
to act antagonistically with high concentrations of 5-FU upon PANC-1 cells (Fig. 5-5 B). Lower-
intermediate concentrations acted synergistically however, with additive responses seen at

various other combinations.

Brusatol pretreatment appeared broadly, though mildly, synergistic with subsequent 5-FU
treatment upon SUIT-2 cells (Fig. 5-5 C). However, antagonism was seen at high
concentrations of each drug when analysed using Bliss and ZIP models, although HSA and
Loewe reported mild synergism or additivity. This suggests that the combination of drugs did
not produce an effect through acting independently of one another, however this did not

prevent the overall effect upon viability to be increased.

134



A - MIA PaCa-2
Bliss HSA

320
160
80
40
20
10

Loewe ZIP

320
160
80
40
20
10

B - PANC-1 Bliss HSA

320
160
80
40
20
10

Loewe ZIP

320
160
80
40
20
10

Brusatol Concentration (nM)

C-SUIT-2 Bliss HSA

320
160
80
40
20
10
5

Loewe ZIP

320
160
80
40
20
10
5

3.12 6.25 125 25 50 100 200 400 800 3.12 6.25 125 25 50 100 200 400 800
Synergy Score - - 5-FU Concentration (uM)
-100 -50 0 +50 +100
Figure 5-5: Synergy analysis of MIA PaCa-2 (A), PANC-1 (B) and SUIT-2 (C) cells treated with 5-
FU following 24h brusatol pretreatment, visualised using Bliss, HSA, Loewe and ZIP models of
synergy. Representative images of three (MIA PaCa-2, SUIT-2)/two (PANC-1) independent

experiments. Abbreviations: HSA, Highest Single Agent. ZIP, Zero Interaction Potency.
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5.2.5 Brusatol, gemcitabine and 5-FU each inhibited the colony forming capabilities of

pancreatic cancer cells under certain conditions

Two different forms of clonogenic assay (194) were utilised to investigate different effects of
gemcitabine, 5-FU and brusatol upon the ability of pancreatic cancer cells in culture to
establish colonies. Preseeding treatment investigated the ability of cells to form colonies
after having been treated with chemotherapy for 24h before being replated for clonogenic
assay, to determine the mid to long-term effects of chemotherapy upon cells, i.e. to
determine potentially lethal- and sublethal damage repair. Post-seeding treatment
investigated the ability of cells to form colonies whilst in the presence of chemotherapy, to
determine the effects of active drug treatment upon a process occurring at the point of
chemotherapy exposure. The different forms of clonogenic assay exhibited different results

(Fig. 5-6).

5.2.5.1 Pretreatment of pancreatic cancer cells with brusatol or 5-FU impaired subsequent

colony formation

The effect of 5-FU applied prior to clonogenic seeding of cells showed a pronounced
inhibition of colony formation which was not observed to the same extent following
gemcitabine treatment (Fig. 5-6). This inhibition primarily appeared to inhibit the size of
colonies, although a reduced number was also present. Brusatol also appeared to inhibit the
growth of colonies relative to vehicle-only or gemcitabine treated cells. This was
predominantly to a lesser extent than that of 5-FU, however brusatol appeared to exert a

greater inhibitory effect than 5-FU on MIA PaCa-2 cells.
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5.2.5.2 Post-clonogenic seeding treatment of pancreatic cancer cells in culture with

brusatol, 5-FU or gemcitabine impaired subsequent colony formation

Treatment with gemcitabine and 5-FU shortly after clonogenic seeding resulted in almost
complete inhibition of colony formation of each cell line analysed. Although brusatol
treatment also resulted in a pronounced inhibitory effect, a small number of colonies was

still present in most wells (Fig. 5-6).

MIA PaCa-2 PANC-1 SUIT-2
Y
»

Figure 5-6: Clonogenic assay of MIA PaCa-2, PANC-1 and SUIT-2 cells treated with brusatol, 5-
FU, gemcitabine or vehicle (H20). A: Cells were treated for 24h prior to replating for clonogenic
seeding. B: Cells were treated following clonogenic seeding until analysis. Representative images
from three independent experiments, each performed in triplicate.

The colonies derived from cells treated with gemcitabine, 5-FU, brusatol and vehicle (H,0,
DMSO) prior to clonogenic seeding (Fig. 5-6 A) were counted using Colony Counter plugin for
Imagel. The colonies derived from cells exposed to chemotherapy following seeding (Fig. 5-

6 B) were not analysed using automatic quantification due to the lack of detectable colonies

in the majority of of wells. The number and size of each colony was recorded and used to
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calculate average colony size and the total coverage of colonies per well. (Fig. 5-7). It was
confirmed that the number of colonies was reduced and the size of each colony was reduced
following treatment with 5-FU. This was significant in all cell lines except the number of
colonies of MIA PaCa-2, which showed a noticeable non-significant decrease in colony

numbers in response to 5-FU treatment.

Neither brusatol nor gemcitabine were seen to significantly affect the number or size of
colonies, with the exception of a significant decrease in the size of SUIT-2 colonies following
gemcitabine treatment. However, brusatol treatment consistently resulted in a non-
significant decrease in colony size and number in each cell line. Similarly, gemcitabine
treatment typically resulted in a non-significant decrease in colony size and number
(particularly of SUIT-2 cells, in which a significant effect of gemcitabine was found upon

colony size), however this effect did not appear to be present upon MIA PaCa-2 cells.

5.2.5.3 Brusatol, gemcitabine and 5-FU inhibited total colony growth depending upon cell

line

The combined effect of drugs upon the number and size of colonies was therefore analysed
by comparing the total coverage of colonies between the different drug treatments. This
allowed for a milder effect upon both sets of observations (number and size of colonies) to
be more readily detectable than by analysing them separately, whilst still contributing to the
same conclusion regarding the effect of the drugs upon colony viability. In each cell line, total
coverage of the well by colonies was most strongly affected by 5-FU, with a greater effect
observed than upon number or size of colonies individually. Additionally, both gemcitabine
and brusatol were found to significantly result in decreased growth of SUIT-2 colonies across
the well. Brusatol was found to significantly limit the total coverage of PANC-1 colonies, with
a non-significant reduction observed following gemcitabine treatment upon PANC-1 and

following brusatol and gemcitabine treatments upon MIA PaCa-2.
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Figure 5-7: Quanitification of clonogenic assay of MIA PaCa-2, PANC-1 and SUIT-2 cells treated
with brusatol, 5-FU, gemcitabine or vehicle (DMSO, H20). Cells were treated for 24h prior to
replating for clonogenic seeding. Data represents the mean of 3 experiments each performed in
triplicate, +/- SEM. Statistical analysis was performed using Dunnett's multiple comparisons test of
a one-way ANOVA for each analysis. *=p<0.05; **=p=0.01; ***=p<0.001; ****=p<0.0001 relative to

vehicle control. Abbreviations: Veh, vehicle; Bru, brusatol; Gem, gemcitabine.
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5.2.6 Brusatol, but not gemcitabine or 5-FU alone, inhibits the motility of pancreatic cancer

cells

It has previously been suggested that brusatol inhibits EMT through the downregulation of
Twist and vimentin, and the upregulation of E-cadherin (157). Inhibition of EMT may suggest
that brusatol may prevent metastasis from occurring in addition to its other observed anti-
cancer effects (167). To investigate this possibility, the effect of brusatol and conventional
chemotherapy (gemcitabine and 5-FU) upon cell motility was measured using a wound-

healing assay.

The results of the wound healing assay showed that brusatol appeared to prevent migration
of MIA PaCa-2 and PANC-1 cells almost entirely (Fig. 5-8). It appeared that 5-FU may have
had some effect relative to vehicle-treated, however the inhibition of motility was not as
pronounced as that of brusatol. Gemcitabine did not appear to exert a noticeable effect. The

effect of brusatol persisted when used in combination with either gemcitabine or 5-FU.
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Figure 5-8. Wound healing assay of MIA PaCa-2, PANC-1 and SUIT-2 cells treated with
combinations of gemcitabine, 5-FU and brusatol. A: Representative images of monolayer wounds
of three independent experiment at the time of treatment (0Oh) and 48h following treatment for each
cell line and drug combination. B: Quantification of mean cell migration of three independent
experiments at 24h and 48h, normalised to Oh (100% wound size). Abbreviations: Veh, Vehicle

(H20). Gem, Gemcitabine. Bru, Brusatol.

Brusatol appeared to result in a larger degree of cell damage than gemcitabine and 5-FU
during the course of imaging. A larger amount of debris was present following brusatol

treatment which was not evidenced to as great an extent following other treatments,
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although there was still a large number of seemingly viable cells. To reduce the possibility
that reduced cell number could directly affect the results of migration assay, the
measurement of wound size was calibrated so that a wall of cells would be detected as the
border of the wound even if there were gaps between them. It may be that the effect of
brusatol on the remaining live cells was to inhibit motility by resulting in the observed cell

damage rather than a direct effect on migratory machinery.

5.2.7 Continuous brusatol treatment from an early timepoint in KPC GEMM tumour

development did not improve prognosis

KPC mice of a mixed background (C57BL6/129J) were divided into three treatment arms.
Mice in each arm received a single form of treatment (brusatol, gemcitabine, or DPBS vehicle

control).

Treatment started at 9 weeks of age, shortly before most mice were expected to have
developed tumours (10 weeks). This timepoint was to maximise the likelihood that they
exhibited, or would soon exhibit, early tumours at the point of initial intervention rather than
advanced tumours or precursor lesions only. This was intended to reduce the opportunity for
brusatol to act upon precursor lesions such as PanINs so minimised the possibility that any
observed effects were the result of brusatol acting as a chemopreventative agent rather than
a chemotherapeutic agent. A later time point at which all mice could confidently be expected
to possess tumours was not chosen due to the rapid nature of PDAC progression and the
nature of this study as an early intervention analysis. However, the maximum lifespan, and
range of lifespans, of KPC animals during this study was unexpectedly large so it is likely that
most animals did not possess tumours at the time of intervention. The unexpected survival
time prompted us to confirm that the animals were actually KPC animals. The four longest

survivors were selected for the purposes of validation, as they were considered to be the
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most likely to have been incorrectly genotyped as KPC. Genotyping by Transnetyx confirmed
that the mice were heterozygous for LSL-KrasG12D, LSL-Trp53R172H, and Pdx-1-Cre, and

therefore were KPC mice.

KPC mice treated with gemcitabine (Fig. 5-9) showed the best survival time, although any
difference in survival between gemcitabine-and vehicle-treated mice did not reach statistical
significance. This is consistent with previous research comparing gemcitabine-treated and

vehicle-treated KPC mice (195-197).

Brusatol treatment was not associated with a change in survival time from either gemcitabine
or vehicle. Unlike survival time following gemcitabine-treatment, there was no indication of

a non-significant trend away from vehicle-treated.
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Figure 5-9: Kaplan-Meier analysis of the absolute survival time of brusatol, vehicle and gemcitabine
treated KPC mice. No individual arm reached statistical significance (gemcitabine v vehicle

p=0.057, brusatol v vehicle p=0.63).
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5.2.8 Long term treatment of brusatol or gemcitabine did not appear to affect NQO1

abundance in KPC tumours

The abundance of NQO1 was measured in tumours using IHC to investigate if treatment
affected NQO1, with a particular focus on determining if brusatol inhibited NQO1 in tumours.
NQO1 was detected in all samples analysed, particularly in ductal cells whereas staining was
typically mild or undetectable in stromal tissue (Fig. 5-10). NQO1 was still detectable
following treatment with brusatol, and in one instance all of the tissue within the tumour

exhibited intense staining for NQO1 (Fig. 5-10).

Vehicle » Brusatol ‘ Gemcitabin

Figure 5-10: IHC of NQO1 in dissected tumours of KPC mice treated with vehicle (DPBS, 4%
DMSO v/v), brusatol or gemcitabine. Images of tumours from three separate mice per treatment

arm are shown.
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5.3 Discussion

Previous research has shown that brusatol is a promising anti-cancer therapy which is well
tolerated during in vivo experiments (112, 151, 157, 176, 191). Due to the lack of particularly
effective chemotherapy for the treatment of PDAC, brusatol may be worthy of consideration
for subsequent trials to determine its efficacy compared against and in combination with

chemotherapy in vivo.

5.3.1 Synergy analysis identified brusatol as a chemosensitiser in pancreatic cancer

Synergy analysis determined that 24h pretreatment with brusatol synergised with
subsequent gemcitabine and 5-FU treatment (Figs. 5-3, 5-4), suggesting that brusatol may be
a useful form of chemotherapy as a chemosensitiser. This is despite the fact that cotreatment

with brusatol and gemcitabine or 5-FU resulted in a largely antagonistic effect (Figs. 5-1, 5-2)

A modified synergy assay was used during the course of this work to measure the effect of
pretreatment with brusatol, therefore measuring its efficacy as a chemosensitiser as well as
an inhibitory agent in its own right. Although brusatol was seen to only mildly synergise with
and often act antagonistically with gemcitabine and 5-FU when treated simultaneously,
brusatol pretreatment most commonly appeared synergistic with relatively few
combinations resulting in (mostly mild) antagonism. These findings suggest that brusatol may
therefore be a useful chemosensitiser to be used in combination with other forms of
chemotherapy, rather than either a standalone chemotherapy or as part of a simultaneous

cotreatment regimen.

The applicability of synergy analyses in vitro to clinical and in vivo usage depends upon
multiple factors. The dosage at which a treatment is used often depends upon how well it is
tolerated by the patient, rather than its maximal effect upon the tumour. Methods to

increase the effect of medication may therefore appear promising but not necessarily usable
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in situations where the maximal effect of a drug is not the limiting factor of treatment. Whilst
two drugs may work synergistically, if the healthy tissue toxicity of both drugs overlaps (and
if the synergy is present in healthy tissues as well as cancerous tissue these toxic side-effects
may be amplified) it may not be feasible to utilise them in combination therapies. Conversely,
even if two drugs appear to function antagonistically, if they do not contribute to the same
healthy tissue toxicity this may allow them to be used in combination at the highest
concentrations that each would be used individually. This could allow a higher response than
otherwise possible by using a single drug monotherapy. Further work will be required to
identify if this is the case for the synergy observed between brusatol pretreatment and

subsequent 5-FU and gemcitabine treatment.

5.3.2 Brusatol inhibited colony formation efficiency of pancreatic cancer cell lines

Gemcitabine, 5-FU and brusatol are well characterised as being toxic agents. As such their
ability to inhibit colony formation is to be expected, particularly when applied following
clonogenic seeding to a small number of cells, as was observed in Fig. 5-6 B. The great effect
seen by 5-FU compared with little apparent effect of gemcitabine may suggest that 5-FU
exerts longer term effects upon cells which would render them less capable of forming
colonies. This effect may either be to render viable cells incapable of colony formation (such
as through targeting replication), however it may also be the case that 5-FU resulted in slower

cell death which resulted in a greater proportion of non-viable cells being seeded.

The effect of drug treatment following clonogenic seeding does not appear to be entirely
attributable to conventional toxicity. Whereas these drugs prevented colony formation
almost entirely, MTT assay and microscopy confirms that they would not typically render the
whole population of cells unviable. It may therefore be that the effect of brusatol and
particularly 5-FU upon pancreatic cancer cells was to render them less capable of long-term

survival and proliferation despite surviving the initial exposure.
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5.3.3 Brusatol inhibited motility of pancreatic cancer cell lines

Brusatol was seen to prevent pancreatic cancer cell lines from migrating (Fig. 5-8), except for
SUIT-2 cells which appeared unaffected by it. This was in contrast to gemcitabine and 5-FU
which did not appear to have any noticeable effect. As discussed in Section 5.3.1, brusatol
pretreatment synergised with subsequent chemotherapy treatment to inhibit cell viability.
The wound healing assay data showing that brusatol inhibited the motility of pancreatic
cancer cells may suggest another mechanism by which brusatol may have clinical usefulness
in combination with other forms of chemotherapy. Although inhibition of cell viability may
target tumour cell survival directly, a drug which could reduce their ability to metastasise
could be of therapeutic benefit regardless of its effects upon viability. However, although this
preliminary data was promising, a wound healing assay does not accurately reflect cells
ability to migrate in vivo. Further work would be required to investigate the effect of brusatol

more fully upon metastatic ability of pancreatic cancer cells.

5.3.4 Early intervention brusatol monotherapy did not improve prognosis in KPC GEMM of

PDAC

The KPC mouse model of pancreatic cancer faithfully recapitulates the human form of the
disease (88). As such it is a highly useful tool for studying PDAC biology and therapies.
However, it must be noted that the treatment plan performed during the course of this
research, which involved twice weekly treatments until endpoint, differs from one that would
be used clinically. The treatment plan used during the course of this work was designed for
the purpose of investigating if brusatol would exert an effect at any timepoint, from early

intervention onwards.

The numbers of animals used during this pilot study were decided based upon previous
literature which suggested a more consistent prognosis for KPC mice. The larger degree of

variation than expected may have contributed to the lack of a significant finding of survival
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time of gemcitabine treated mice despite a trend towards improved survivability among the
gemcitabine treated cohort. Despite the lack of a significant improvement in survivability of
gemcitabine-treated KPC mice relative to vehicle treated, the effect of gemcitabine appeared
more pronounced during this course of work than in many previous studies (195-197). This
may be due to the longer period of treatment due to early intervention, the regular
treatment until endpoint and the longer lifespan of the KPC mice during this study compared

to others.

Brusatol has not previously been used extensively in vivo so limited data is available regarding
its toxicity and side effects, especially for frequent long-term administration as in this study.
Because of this, a more conservative concentration of brusatol (2mg/kg) was used in the
treatment of KPC mice during this work. This concentration has been seen to be effective in
the treatment of orthotopic xenografts of PDAC cell lines. The effect of daily 1mg/kg and
2mg/kg brusatol injections upon xenografts of PANC-1 and Capan-2 cell lines in mice, either
with or without gemcitabine or 5-FU, was investigated, and it was found that brusatol of
either concentration delayed tumour growth (157). Although a higher concentration
(4mg/kg) was considered and has been used successfully previously (176), it was only used
in relatively short studies. It was important not to use too high a dose for multiple reasons.
If extended treatment resulted in toxic effects to the mice, this would have severe scientific
and ethical consequences. However, this course of work has shown that the concentration
of brusatol used can be given frequently for many months without any signs of side effects,
suggesting that a higher dose may be feasible which may have a more pronounced effect on

tumours.

Another potential explanation for the lack of effectiveness of brusatol may relate to the
tumour microenvironment. PDAC is characterised by a dense desmoplastic stroma which

may have prevented brusatol from reaching cancerous cells in the tumour. Further work may
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investigate the tumour samples obtained during the course of this work to determine if
brusatol had reached the tumour, however this was not possible during this study due to
time constraints. If brusatol is found not to have reached the tumour, further work improving
the delivery of brusatol may be a promising avenue of research. Brusatol was seen to
sensitise cells to gemcitabine and 5-FU in vitro (Figs. 5-4, 5-5), suggesting that it may be a
useful chemosensitiser in vivo. Combination therapies were considered for the course of this
work, however this was not feasible due to the low numbers of KPC animals available. The
data regarding the safety of brusatol obtained by this work may be an important foundation

for any further studies investigating brusatol combinations.

5.3.5 Brusatol did not appear to affect NQO1 abundance in KPC tumours

Brusatol did not appear to inhibit NQO1 expression in KPC tumour tissue, particularly as the
highest NQO1 expression detected was in the tumour of a mouse treated with brusatol (Fig.
5-8). In vitro work demonstrated that brusatol potently inhibited protein synthesis (Chapter
4, Section 4.2.1), so it appears unlikely that the accumulation of NQO1 (or any other protein)
would be directly attributable to brusatol. Similarly, the absence of a consistent effect upon
NQO1 abundance among the tumours of mice treated with brusatol would seem to suggest
the response was not a direct result of brusatol treatment. Instead, it may be that brusatol
did not have a detectable effect upon NQO1 abundance in tumour tissue and the abundance
of NQO1 instead reflects either random variation. This is consistent with previous
unpublished work within this group upon human tumour samples, which demonstrated

varying intensities of NQO1 staining in tumour and stromal cells ((142), Fig. 5.13).

5.3.6 Future work

Further work may expand upon these findings to determine if more clinically relevant
treatment plans involving brusatol (such as treatment at a later stage, less frequent

treatment or in response to tumours of a certain size) can affect duration of survival. Future
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work may use higher concentrations of brusatol and/or brusatol in combination with other

forms of therapy.

5.2.3.7 Overview

The findings of this work suggest that brusatol is a promising chemotherapeutic agent for
multiple reasons. It potently inhibits cell viability, sensitises cells in culture to subsequent 5-
FU and gemcitabine treatment, and inhibits cell motility more than conventional
chemotherapies (gemcitabine and 5-FU). However, these effects did not appear to improve
the prognosis for KPC mice treated with brusatol. This result may not be due to the potential
biological efficacy of brusatol upon cancer cells, and may instead reflect a low dosage of
brusatol reaching the tumour (either due to a higher concentration of brusatol during
treatment required in order to be effective, or the tumour stroma acting as a physical
boundary). Further work may therefore try to remove these issues, and/or use brusatol in

combination with gemcitabine/5-FU as a chemosensitiser.
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6 — Discussion
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6.1 Overview

The survivability of most common cancers has increased noticeably and steadily over time
(11). However, the prognosis for pancreatic cancer patients has seen only minimal
improvement and remains particularly dismal. Despite this the incidence of pancreatic cancer
is rising, and it is soon expected to become the second leading cause of cancer related deaths
(33). It is therefore vitally important to improve the understanding of this disease and provide

a foundation for new therapies and/or methods of earlier diagnosis.

The primary objective of this work was to investigate if brusatol could be used as a
chemotherapeutic agent, particularly through its previously discussed (Chapter 1, Section
1.7.2.2) inhibition of Nrf2 (151, 152). Understanding if brusatol could modulate Nrf2 for the
treatment of PDAC required further investigation of the role of Nrf2 in PDAC and the effects
its modulation might have, and how specific an Nrf2-inhibitor brusatol is (in addition to its
overall efficacy as chemotherapy). The project was therefore split into the three main aims
detailed in previous chapters. These aims were to investigate the role of Nrf2 in pancreatic
cancer (Chapter 3), explore the relationship between Nrf2 and brusatol (Chapter 4), and
analyse the efficacy of brusatol as a form of chemotherapy (Chapter 5). Together, the
completion of these aims has cast light on the role of Nrf2 in response of pancreatic cancer

to chemotherapy and shown how brusatol affects Nrf2 in the context of pancreatic cancer.

In brief, the findings of this work suggested that acquired chemoresistance of PDAC in
response to chemotherapy was not attributable to Nrf2 induction (Chapter 3). Although
brusatol strongly inhibits Nrf2 (Chapter 4, section 4.2.1), it does not do so specifically and
there are considerable off-target effects which contribute to the anti-cancer properties
exhibited by brusatol (Chapter 4, section 4.2). It was found that brusatol exhibited multiple
promising potential anti-cancer mechanisms in vivo; these included acting as a

chemosensitiser for subsequent gemcitabine/5-FU therapy (Chapter 5, Section 5.2.4),

152



inhibiting the colony forming capacity of pancreatic cancer cells (Chapter 5, Section 5.2.5)
and strongly inhibiting the motility of pancreatic cancer cells (Chapter 5, Section 5.2.6).
However, | did not find any evidence that brusatol treatment, at the concentrations used was
effective against pancreatic cancer in vivo (Chapter 5, Section 5.2.7). This does not rule out
the possibility that different brusatol-based regimens may have a beneficial effect. It may
also be possible that different forms of cancer would respond otherwise to the treatment
regimen described here. Our findings may therefore provide a foundation for future work

involving brusatol therapy.

6.2 Nrf2 in Pancreatic Cancer

The role of Nrf2 and its downstream targets in cancer has previously been difficult to
elucidate. Nrf2 has been described as both a tumour suppressor and an oncogene due to its
role in preventing damage to cells, which could prevent carcinogenesis of a healthy cell but
also protect cancerous cells from cellular stress, including chemotherapy (106, 114, 180). The
balance of these effects must be considered when describing the role of Nrf2 in cancer,
however in the context of an already existing cancer Nrf2 can typically be thought of as

cancer-promoting (106, 180, 198).

Previous research has made a compelling case for the involvement of Nrf2 in cancer and the
response to chemotherapy (99, 102, 109, 112, 113, 115-117, 130, 132, 134, 186, 199),
suggesting that Nrf2 and downstream targets may be useful as biomarkers to predict
response to treatment or that modulation of the Nrf2 pathway may improve treatment
response. The fact that Nrf2 contributes to chemoresistance of various types of cancer,
including pancreatic cancer, is well established (99, 102, 113, 117, 130, 186). For instance,
Nrf2 has been found to be overexpressed in pancreatic cancer due to a lack of inhibitor

Keapl, and that inhibition of Nrf2 renders cells vulnerable to chemotherapy (113). As such,
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inhibition of Nrf2 through pharmaceutical methods is an attractive prospect for the
treatment of PDAC. However, the work undertaken here has suggested that the Nrf2

pathway and its involvement in PDAC is more complicated than anticipated.

It had been expected that Nrf2 would be induced by chemotherapy, but this was not
uniformly the case (Chapter 3), and Nrf2 downregulation was observed. Nrf2 and its
downstream targets were not found here to contribute to acquired chemoresistance. This is
in contrast to the contribution of Nrf2 to innate chemoresistance reported for various
cancersincluding PDAC (99, 102, 117, 132, 134, 172). Modulation of Nrf2 to reduce the innate
chemoresistance of PDAC therefore remains a promising avenue of research, however a
method to inhibit Nrf2 reliably and specifically has not yet been widely validated. The two
Nrf2 inhibitors investigated during the course of this work were brusatol and ML385 (Chapter
4). As discussed, brusatol strongly inhibited Nrf2 but appeared to do so through inhibition of
protein synthesis and therefore the synthesis of other proteins. Conversely, there was no
conclusive evidence that ML385 inhibited Nrf2 significantly under the conditions of this work

(Chapter 4, Section 4.2.4).

6.2.1 NQO1 in Pancreatic Cancer

Surgical resection is currently the only potential curative option for PDAC, yet PDAC disease
is usually too advanced at the time of diagnosis for the patient to be eligible for surgical
resection of the tumour (23). As such, the discovery of new biomarkers to help predict PDAC
development may make it possible to detect PDAC earlier and improve patient prognosis.
Similarly, the identification of biomarkers which can predict response to treatment may make
it possible to improve patient prognosis by identifying the most effective form of therapy. As
Nrf2 is known to contribute to PDAC response to therapy (113), it was hypothesised that the
deactivating SNP of NQO1 (rs1800566), one of the downstream targets of Nrf2, may be useful

for either earlier detection or the response to treatment. However, it was found that the loss-
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of-function NQO1 SNP rs1800566 was not associated with an increased risk of PDAC. Neither
did it affect patient prognosis (Chapter 3, Section 3.2.13). This appears to be contrary to the
hypothesis that NQO1 would be protective against carcinogenesis, as well as that it would
protect tumours from chemotherapy. Previous research has shown that the TT genotype of
NQO1 rs1800566 was associated with poorer outcome following chemotherapy in breast
cancer patients (200). It has also been found non-small-cell lung carcinoma (NSCLC) patients
exhibiting the TT genotype have a poorer response to chemotherapy (201). Additionally, a
greater proportion of individuals exhibiting the TT genotype was present compared to
controls. This suggests that the TT genotype promotes the risk of developing NSCLC (201).
However, it has also been observed that the TT genotype was associated with a decreased
(31%) risk of developing oesophageal cancer (147). The role of NQO1 rs1800566 appears to
vary between different forms of cancer, and therefore the absence of a significant finding
between NQO1 SNP status and PDAC prognosis during the course of this work is not

necessarily surprising.

NQO1 protein levels appeared to be downregulated by chemotherapy (gemcitabine and 5-
FU) in vitro and in vivo, as shown in Chapter 3. This suggests that NQO1 does not contribute
to acquired chemoresistance of PDAC, however NQO1 has been seen to be overexpressed in
PDAC tissue (202). This suggests that NQO1 may contribute to innate chemoresistance
despite not being induced by chemotherapy. NQO1 appeared highly variable in pancreatic

tumour tissue (Chapter 5, Section 5.2.8), consistent with findings in human PDAC (142)

6.3 Brusatol

6.3.1 Mechanism of Action and Nrf2

While this work was ongoing, papers emerged indicating that brusatol does not inhibit Nrf2
as specifically it was once thought to do. Published literature (159, 163, 164) and the results

of this research, described in Chapter 4, show that brusatol is an inhibitor of protein synthesis
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and that Nrf2 depletion appears to be a downstream effect of this. However, its effects still
appear to be selective to Nrf2, and brusatol continues to be widely used as an Nrf2 inhibitor
(112, 153-155, 162). Brusatol has also been demonstrated to be an effective anti-cancer
agent, including in pancreatic cancer cell xenografts (101, 112, 151, 152, 154, 157, 159, 162).
Additionally, attempts to identify an alternative Nrf2 inhibitor have been met with limited
success. ML385, another widely used inhibitor of Nrf2, did not appear to substantially inhibit
Nrf2 activity under the conditions of this project (Chapter 4, Section 4.2.4). Previous
published research has shown that ML385 inhibits Nrf2 activity through binding to Nehl of
the Nrf2 protein and preventing Nrf2 from binding to DNA sequences (166). Although our
findings did not demonstrate a significant effect of ML385, there was a trend towards lower
Nrf2 activity in cells treated with both CDDO-Me and ML385 compared to those treated with
CDDO-Me alone (Chapter 4, Section 4.2.4). Despite this, the lack of inhibition below basal
activity and the non-significant inhibition of CDDO-Me activated Nrf2 meant that ML385 was

not suitable for our purposes.

6.3.2 Efficacy of brusatol as chemotherapy

The anti-cancer properties exhibited by brusatol have been investigated during the course of
this work. In particular, the effects of brusatol on cell viability, on models of migration, and
its efficacy in an in vivo GEMM of PDAC (KPC). Brusatol was seen to potently inhibit cell
viability, as well as cell migration and the ability to form colonies. Whilst these combined
facts suggest that brusatol may have usefulness as an anti-metastatic therapy against cancer
cell migration, these in vitro assays do not and are not intended to fully recapitulate
metastatic disease. Instead, they analyse specific mechanisms of cancer motility and
replicative viability post-chemotherapy treatment. These assays have shown that brusatol
inhibits two mechanisms (motility and the ability to establish colonies in vitro) that may

contribute to metastases, however there are many more factors that will influence
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metastatic disease. My findings may therefore provide a foundation for further in vivo work,

specifically investigating the effect of brusatol and metastasis.

6.3.2.1 Efficacy of brusatol as chemotherapy in vivo

Although brusatol appears to have a potent effect against cancer in vitro, this was not
recapitulated in overall survival in a KPC mouse model. However, there were no signs of
toxicity or side effects as a result of brusatol exposure despite the long-term treatment plan.
It has therefore been demonstrated that frequent long term brusatol exposure of this dosage

is not necessarily harmful to mice, which may be useful in future analysis.

By the nature of the experimental design as an early intervention analysis, mice were
exposed to brusatol at the early stages of tumour development. However, tumours took
longer to develop and did not follow the same predictable timespan as previously described
(83, 203, 204). As such, it is likely that animals were treated earlier during tumour
development than anticipated. It is possible that early therapy induced early
chemoresistance resulting in decreased sensitivity to later doses, however this is in contrast

to the fact that gemcitabine still appeared to exert some effect.

6.3.2.2 Brusatol toxicity in vivo

There are relatively few published studies investigating brusatol in vivo, and the majority of
previously published work has investigated the use of brusatol in the short term (154, 162).
However, the long-term nature of in vivo experiments performed during the course of this
work required many treatments over several months. It was therefore decided that a
moderate dose of brusatol (2mg/kg) would be used during each treatment to limit the risks
of toxicity resulting from frequent high doses, although a higher dose may have exerted a
stronger anti-cancer effect. This was for scientific as well as ethical reasons, as drug-induced
toxicity would likely result in early withdrawal from the study and therefore prevent useful

results being obtained. However, this research showed that brusatol did not appear to exert
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any toxic effects at this dosage even when administered regularly over a long time period. It
may therefore be possible to use a higher dose of brusatol without producing any toxic
effects whilst potentially exerting a greater anti-cancer effect. It may also be possible to use
this dosage (2mg/kg) of brusatol in combination therapies for the treatment of KPC mice, or

in the treatment of other conditions.

6.3.2.3 Clinical Relevance

Brusatol did not appear to affect survival time of the KPC GEMM of pancreatic cancer
(Chapter 5). However, the effect of a treatment upon a mouse model cannot be assumed to
relate directly to clinical usage against human pancreatic cancer. The human disease is
unpredictable and appears to be influenced by many factors, whereas the KPC model is highly
predictable and all affected animals developed the disease due to the same initial genetic
alterations. The heterogeneous nature of human pancreatic cancer may mean that patients
would respond differently than KPC mice. Although the KPC GEMM faithfully recapitulates
features of human pancreatic cancer and is one of the most reliable forms of model of human
PDAC, the fundamental differences previously described contribute to variation between the
behaviour and response to therapy of the human disease and the KPC GEMM. This is
underlined by the fact that gemcitabine is typically not effective against KPC tumours (195-

197), whereas gemcitabine treatment of human PDAC significantly improves prognosis (28).

Although GEMMs are currently among the most representative preclinical tools available for
cancer research, it is also important to note that the differences between clinical treatment
of PDAC and the treatment regimen utilised during this preclinical research means that the
results of this research cannot immediately be directly related to PDAC patients. The purpose
of this research was to analyse the activity of brusatol against pancreatic cancer throughout
its progression, not as a fully representative preclinical trial targeted at a specific stage and

under specific circumstances. By nature of being a GEMM, it was known in advance that KPC
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mice would develop pancreatic tumours and were treated at an early timepoint (at which
mice were predominantly expected to exhibit late pre-cancerous lesions or early stage
primary tumours). Chemoprevention and early interventions are not currently viable options
for pancreatic cancer patients due to the lack of known specific risk factors, as well as the
commonly advanced stage of the disease at diagnosis. The effect of the treatment regimen
performed during the course of this work may not mimic that of a patient exhibiting more
advanced or metastatic disease at diagnosis, or the effect on PDAC post-resection. Further
work may build upon these findings by performing a preclinical trial with treatment from an
established point (such as tumour size measured by ultrasound) and/or incorporating
combination arms in which brusatol is administered with other forms of chemotherapy. This
could not be performed during the course of this work, partly due to practical constraint but
also as these findings were required to understand the efficacy of brusatol to better plan how

to use it in a clinically-relevant treatment regimen.

Brusatol may have the potential to treat other forms of cancer which may be more sensitive
to its effects, however other cancers were not the focus of this work. Similarly, human
pancreatic cancer cases are unpredictable as opposed to the highly predictable nature of KPC
GEMMs. It may be that more specific analysis of brusatol against KPC tumours may yield

more promising results.

6.3.2.4 Limitations

The use of cell culture has a number of inherent limitations. Cells taken from tissue and grown
in culture undergo various changes which may limit their ability to represent tumour tissue
(73). This is partly because the activity of cells in vivo is a product of interactions with other
cells and physiological systems (77, 80, 205). This may be partly offset by the use of
organoids, a form of 3D cell culture using multiple cell types intended to recapitulate basic

biological structures (77, 80, 205). Although the use of organoids was considered during this
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course of work, their use was prevented by financial and practical constraints. Organoid
culture is a specialised technique requiring considerable time, money, and prior training.
Instead, here cell culture assays were designed, focused upon responses relevant to
individual cells rather than biological systems. In vivo models were used when a systems-
wide analysis was particularly beneficial, such as the response of Nrf2 activity in an organism
in response to chemotherapy, and the efficacy of brusatol against pancreatic tumours. These

in vivo models were considered preferable to analysis of organoids for these purposes.

Although the KPC GEMM is among the most reliable models of pancreatic cancer, there were
a number of limitations relating to its use. One is that all mice expressed oncogenic KRas and
p53 from an early point during development which resulted in tumours developing early in
their lifespan. This does not reflect the development of human disease, which typically
involves the gradual acquisition of a variety of mutations over a long period of time and
results in disease development relatively late in life. Similarly, each mouse developing
pancreatic tumours due to the same genetically determined cause may have reduced the
variability of the disease between different individuals and therefore reduced the

opportunity for different responses to treatment.

Unlike human PDAC, survivability of the KPC GEMM is not usually significantly improved by
gemcitabine treatment (195-197). This suggests that other drugs which would have a
significant effect upon human disease may also not appear significantly effective upon KPC

mice.

The numbers of mice required for each arm limited the number of arms that could be used.
The largest number of mice possible were assigned to each arm in an effort to mitigate the
lack of significant effect upon KPC survival of a drug known to be effective in humans, which
would become even weaker with smaller numbers. This contributed to the decision not to

have an arm treated with both gemcitabine and brusatol in combination. Following the
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findings that the 2mg/kg brusatol monotherapy was ineffective, further work taking place to
investigate if higher doses of brusatol or gemcitabine and brusatol in combination would be
effective were merited. However, due to the unexpectedly long lifespan of the mice in the

first experiment, time and financial constraints prevented subsequent experimentation.

6.4 Future Research

The findings of this work have cast light on the involvement of Nrf2 in pancreatic cancer and
the use of brusatol as a chemotherapeutic agent. Although no evidence of an effect of
brusatol against pancreatic cancer was found in vivo, this work did show that long term
treatment with brusatol is safe in this KPC mouse model. Additionally, the effect of brusatol
appeared highly promising in vitro, particularly in regard to preventing migration and colony
formation. This work may therefore provide a foundation to study brusatol in vivo in more
detail, such as in combination with other therapies, at a higher dosage, or as part of a

preclinical trial with a set point of enrolment based upon tumour-bearing status.

Chemotherapy and other conventional forms of cancer intervention provide only a modest
effect to PDAC patient outlook, and efforts to improve this have been met with little success.
It may be that inherent limitations of these approaches render them ineffective against
PDAC. As such, identification of alternative forms of therapy may be a major focus in future.
One example of novel research is a recent investigation into the role of the tumour and gut
microbiome in PDAC (206). The findings suggest that the microbiome may be used as a
prognostic marker or manipulated to exert an effect upon the tumour, potentially
therapeutically. Although the novel approach may suggest that previous difficulties to
improve therapeutic response may not be as much of a problem, it is important to bear in
mind that a preclinical trial to determine the effect upon survival time and quality of life has
not been performed. As such, this is basic research and the approach should not be assumed

to have any beneficial effect if it were to be used in humans. However, future development
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of this and other novel approaches may bypass the issues that research into conventional

PDAC therapy has not been able to overcome so far.

6.5 Overall Conclusions

| had hypothesised that Nrf2, an inducible component of the anti-stress response, would be
induced following treatment with chemotherapy (gemcitabine and 5-FU). Instead | found
that Nrf2 was depleted in response to chemotherapy, and although Nrf2 activity in cultured
cells appeared to increase in response to chemotherapy this was not recapitulated in an in
vivo Nrf2 activity reporter model. Additionally it was found that, contrary to many other types
of cancers, the NQO1 rs1800566 SNP did not correlate with either the probability of
developing pancreatic or patient prognosis. As such, the role of Nrf2 in pancreatic cancer is

more complex than previously anticipated and may need to be re-examined.

As discussed, brusatol is described as having potent anti-tumour properties. During the
course of this work | examined the anti-cancer properties of brusatol in cultured cells and
found that it inhibited viability, motility, and colony forming potential, as well as acting as a
chemosensitiser for gemcitabine and 5-FU. Although brusatol is commonly used as an Nrf2
inhibitor, | found no evidence that the anti-cancer effects of brusatol upon pancreatic cancer
cells were attributable to Nrf2 depletion. | also found that brusatol treatment did not
improve the prognosis of KPC mice. | therefore concluded that although brusatol exhibits
potent anti-cancer properties in cultured cells, these cannot be immediately applied to
animal models (and therefore potentially patients). Either brusatol is not effective upon
pancreatic cancer in vivo, or it was prevented from working through some other mechanism
(such as failing to reach the tumour or being too low a dose). Further work may address these
issues to devise an effective treatment plan incorporating brusatol, such as using it as a

chemosensitiser rather than a single agent chemotherapy.
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