r Unive[sitg of
Nottingham

~
UK | CHINA | MALAYSIA

Targeting Thioredoxin Reductase In
Pancreatic Cancer

KhaledAlhadyan, MSc

Thesis submitted to the University of Nottingham for the
degree of Doctor of Philosophy

December2018



Abstract

Pancreatic cancer (PC) is the fifth leading cause of cancer deaths in the United Kingdom,
and responsible for 5% of all cancer deaturrent treatment options, including
surgery, chemotherapy and radiotherapy, have failed to impfoxeyear survival rates

over the last30 to 40years,which remain very low, at ~5%. A number of resistance
mechanisms may explathis lack of treatmentsuccess, one ghesebeing inherent or
acquired expression of redox proteins, i.e. proteins that can scavenge therdpyed
radicals making treatment, such as radiation therapy, less efficiRadox proteins are

key members of cellular antioxidant $gms,required to maintain redox homeostasis,

with the thioredoxin (Trx) system being an important component. The Trx system
consists of Trx, thioredoxin reductase (TtxBj)d thioredoxintinteracting protein
(TXNIP). Trx exists in mammalian cells in ei#gheduced (functional) form or an oxidised
(nonHfunctional) form. The reduced form of Trx regulates the redox state of different
signalling molecules, and by regulating their redox state, can regulate cell growth,
apoptosis, gene transcription, celycle progression and ROS levels. TrxR is the only
known enzyme that can reduce (activate) Trx. Therefore, TrxR has been studied as a
potential therapeutic target in different types of cancer. Indolequinone analogues (1Qs)
are novel bioreductive TrxR inhibitopgsoduced at the University of Nottingharand
currently being developed as potential drugs against Pii2 currentthesisset out to
examinethe role of the Trx systejmusingnovel TrxR inhibitorsin regulatingPCcell

proliferationand radiosensitivity.

The first component of the currerhesisused two novel putative TrxR inhibitors (1Q9
and 1Q10}o investigate the effect that inhibiting TrxR had on cellular cytotoxicity (via
proliferation and clonogenic survival assayagliosensitivityand cellcycle progression
This was done usirthree PCell lines PANCL, MIA Pac& and BxP8. The study used
gemcitabine (GM), an agent clinically used in the treatn@®C, and auranofin (AUR),
a wellcharacterised TrxR inhibitoras positive controls. Resuliadicate that 1Qs

exhibited potent in vitro cytotoxicity at 24, 48 and 72 hours, with IC50 values in the low



nanomolar range. In the proliferation assay, PANEeIIs showed low sensitivity to 1Qs
(1IC50=32820 nM), while MA Paca? (IC50=9250 nM) and BxP8 cells (IC50=25870
nM) showed high and intermediate sensitivity to 1Qs respectively. Resultsndisate
IQsasless toxic than GM (IC50=880 nM) but more toxic than AUR (IC50=4R(%50
nM) across all PC cell Imén the clonogenic assay, GM (IC5042&M)appearedmore
potent than 1Qs (IC50=24800 nM) across all PC cell linbxreased radiosensitisation
was observedor PANGL and BxPG cells treated with 1Qs for 48 hours at 6, @§th no
altered radiosensitisation in MIA Pagecells. Although IQappearedio sensitissPANC

1 and BxP8 cellsto radiation at 6 Gy, the sensitiser enhancement ratio (SER) at 1% of
survival for PANC (SER=1.08.1) and BxR8 (SER=1:1.13) cells wa low. Over a
period of48 houss, IC50 of 1Q9 caused a significant cell cycle amd3ANEL cells in the
GO0/G1 phase (P=0.024yith a significant decrease inghase (P=0.013ho effect was

observed orthe cell cycle progression of BxBcells.

The second component of the current studgought to investigatethe potential
mechanisms of actionf IQs on the Trx systenThis was donéy examininghe 1Qs
effects on intracellular ROS levelsifig flow cytometrypn the protein expression of

Trx system dmily members, protein expression of reductase enzymes, TrxR activity
(using insulin reduction assaygnd radiation sensitivitySincelQs are classified as
bioreductive agents, the second component of the study also sought to observe the
effect of hypoxa and drug treatment on proliferation, clonogenic surviadd on the
protein expression of Trx system members and reductase enzymes. Regygesthat

PC cells treated with 1Q& combination with HO, showed an increase in ROS levels
compared totreatment with BO; only, with a maximum fold increase of 2. Western
blots showed reduced expression of Trx only in BxPcOSf f & GNBFGSR GAGF
IQs for 48 hours, with no notable changes in expression of TrxR and TxNIP1 BAMNC
MIA Paca cdl lines treated with 1Qs for 48 hours showedcatmngesn the expression

of any of the Trx system proteins. PAl@nd BxP8 cells treated with 1Qs showed a
substantial decrease in TrxR activity, in a ddependent manner, with4 K 2 dzZNB& Q
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radiosensitisation at 6 and 8 Gy was observed in PANElls treated with 1Q9 or AUR
for 4 hours, but may be of little biological relevanaes only a small increase in SER
values (SER.13) wereobserved. PANC and BxP8 hypoxic cells were sensitive to
1Q9, in terms of proliferation and clonogenic survixampared to normoxic cells, but
with a small increase in hypoxia cytotoxicity ratio (HCR) (HCR=).2Q9 treatment
did not alter the enagenous expression of reductase enzymes such as NQOCRRd

in PANEL and BxP@ cells neither in normoxic or hypoxic conditions.

The third component of the study studied Trx system protein expression in patient
tumour specimens, determining prognostiagsificance and relationships with
clinicopathological criteria. Two cancer patient cohorts were assessed, using
immunohistochemistry (IHC) on tissue microarrays. The first cobomprised 85
pancreatic adenocarcinomas (PAWhilethe second cohortomprised 145 cancers of

the bile duct and ampulldn the first cohort, highexpression of cytoplasmic (P=0.018)
and nuclear (P=0.006) Trx were significantly associated with better overall sumitial,
nuclear Trx expression remaining significantly associated with survival in multivariate
analysis (P<0.0001In the second cohortiow cytoplasmic TxNIP expression was also
associated with the presence of perineural invasion (P=0.02B)h expressio of
cytoplasmic TxNIP was significantly associated with better overall survival (P=0.0002),

which remains significant in multivariate Gaegression analysis (P=0.013).

In conclusion, the current study suggests that targeting the TrxR system may biela use
potential strategyfor treatingPC Current findings show that 1Qs are effective in PC cell
lines as single agents, with IC50 values in the low nanomolar range. However, 1Qs were
less potent than GM. 1Qs enhance radiotherapeutic efficacy in certagelPlihes, but

with low SER valuesendering the biological relevance of 1Qs as radiosensitisers
somewhat questionable. 1Qs showed high efficadgrms ofinhibiting TrxR activity and
increasng ROS levels in PC cells, with no notable alteration irogeilous protein
expression of TrxR. Hypoxmereasedhe cytotoxic effect of IQs on PC cell lines but with

low HCR valuesjaking the biological significance of IQs as potential hypoxic cytotoxins
doubtful. TheTrx family protein expression can be usedgnostically in patients with



pancreaticbile duct and ampullary cance)d may influence cancer cell susceptibility

to anticancer agents.
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1.1 General introduction to pancreatic cancer

1.1.1 Incidence and risk factors

1.1.1.1Incidence and mortality

A neoplasm is an abnormal mass of tissue, the growth of which exceeds and is
uncoordinated with that of the normal tissue, and persists in the same excessive manner
after the cessation of the stimuli which evoked the chaifggllis, 196(. Cancer is a
neoplasm that can invade nearby tissues and, in certain cases, spread to other parts of
the body as a consequencd alterations in certain genes and physiological processes.
In 2000, Hanahan and Weinberg identified six biological processes involved in the
molecular and cellular mechanisrsr cancer occurrence and growth (known as the
hallmarks of cancer)these are:sustaining proliferative signalling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis
and activating invasion and metastagitanahan and Weinberg, 200(Recenly, the

same group added four new biological processes; genome instability, tuproaroting
inflammation, reprogramming of cell bioenergetics and evading immune destruction
(Hanahan and Weinberg, 201 ancer is a common diseage2012, 14.1 million new
cancer cases were registered, and there were 8.2 million camtated deaths
worldwide (Ferlay et al., 2014 In the United Kingdom, one new case of cancer is
diagnosed every 2 minutes, and one canedated death ocurs every 4 minutesthere

were more than 356,860 new canc@atients and approximately 163,444 cancer

patients died in 2014CanceRresearchUK, 20).7a

Worldwide, pancreatic cancer (PC) is the seventh leading cause of cancer deaths, with
331,000 deaths per yedFerlay et al., 204 In the United Kingdom, there were 9,618
new PC cases registered and 8,81#&lated deaths in 2014, making it the fifth leading
cause of cancer deaths, and responsible for 5% of all cancer deatingelp€arsurvival

has not altered over the last 4@grs and in the United Kingdom remains low, at ~5%

(CancerResearchUK, 20).78imilarly, in the United States, PC is the fifth cause of cancer
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deaths, with thefive-yearsurvival increasing from 3.1% to 6.9% over the last 30 years
(Sun et al., 2014 As there have been few new treatment modalities or prevention
programs, PC is likely to become the second cause of cancer death in the United States
by 2030(Rahib et al., 2014

Geographically, PC has shown variation between more developed regions and less
developed regions in term of incidence and mortality. However, these variations may
relate to the availability of diagnostic facilities or imperfect mortality data. The highest
incidence rate was reported in North America (7.4 per 100.000) while the lowest rate
was observed in Middle Africa (1.1 per 100.0(®rlay et al., 2014 Globally, men and
women havealmostsimilar rate of incidence (52.6% vs 48.4%) and moytéB2.5% vs

48.5%) of P(Ferlay et al., 2014

1.1.1.2Risk Factors

The mechanisms of pancreatic carcinogenesis are not fully characterised. However, the
variations in PC incidence across the world suggest that some factors, such as age,
tobacco smoking, genetic, lifestyle and environment, play a role in PC risk. PC risk factors
have been divided into modifiable risk factors, rmdifiable risk factors and unclear

risk factors.

1.1.1.21 Modifiable Risk Factors

Modifiable risk factors are fl@ble factors that can be modified by intervention.
Changing personal behavioural/lifestyles can lead to a reduction in the probability of

developing the diseas@urt, 200).

1.1.1.2.1.1 Tobacco smoking

Tobacco smoking is consistently reported as a major risk factor for PC. A recent meta
analysis reviewed 117 reports to investigate all potential PC risk factors. The study found
that tobacco smoking was the major risk factor associated with PC, and résiecios

11¢32% of all PC cases with a relative risk factor (RR) of (M8Bonneuve and

3
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Lowenfels, 201p Another metaanalysis, that included 42 studies, showed a significant
association between smoking intensity and PC risk (P<0.0001). Compared with non
smokers, RRs of smokers were 1.5, 1.9, 2.0, and 2.1, for 10, 20, 30 and 40 cigarettes/day
respectively(Zou et al., 201% In the United Kingdom, 28.7% (26.2 % Men, 31.0%
women) of all PC patients are tobacco sms(Parkin et al., 2011 A recent stug/
tracked the smoking behaviour of 6,507 of PC patients and 12,890 controls. The study
found that current cigarette smokers are associated with-fal@ increased risk of PC
compared to the controls. The risk is significantly increasi#d smoking up to 40 years
(2.4fold) (Bosetti et al., 2012)Moreover, a genetic stugyncluding750 million-base

pair DNAfrom 23,219 transcripts in 2datients withpancreatic adenocarcinoma (PAD)
revealed a significant increase (P=0.04) in the number of gene mutations of smokers PC
patients (53.1 mutationglmour) compared to norsmokers PC patients (38.5

mutations/tumour) (Blackford et al., 2009

1.1.1.2.1.2 Overweight and obesity

Overweight and obesity havy@enpreviouslyreported asPC riskactors, and they may
decreasethe survival rate oPCpatients. In the United Kingdom, 12.2% (12.8% men,
MMOP: g2YSYOo 2F FEf t/ LIFGASYyGa (Paxkdetz SNBSS
al., 201). A pooled analysis study of 14 cohorts included 846,000 individuals (843,865
controls, 2,135 diagnosed with PC) found that BICwas 47% higher among obese (BMI

¥ on0 O2YLI NBR (2 02yl NER f{(@Genkingenetal., 20052 06 S 6 S S

1.1.1.2.2 Non-modifiable Risk Factors

Non-modifiable risk factors arefixed factors that cannot be modified through
AYOSNIBSYy(GA2y 2N OKFy3IAy3a GKS AYyRAGARdZ f Q&

disease is stable over a lifetin@urt, 200J.
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1.11.2.21 Age

As with most other cancers advancing age is the most important risk factor for
developing PC. In the United Kingdom, 96% of PC patients ageed above 50 at the

time of diagnosigCancerResearchUK, 20)7lm the United States, the median age at
diagnosis is 62 years, with 13.7% of cases developing before age 50, and less than 2%

before age 4@Hassan et al., 2007

1.1.1.2.2.2 Family history

A familyhistory has been associated with PC incidence. Arsglbrted questionnaire
study found that 20.1% of 149 PC patientsdhat least one firsddegree relative
diagnosed with PQucas et al., 20)7A metaanalysis study reviewed the family history

of 6,568 PC patients. A twlold increase in PC risk was seen in those individuals that
had an affected relative(Permuth-Wey and Egan, 2009 A registrybased study
reviewed the family history of 5,179 PC patients from 838 families and found that the
risk of developing € was increased 4.5, 6.4 andf8Rl for those families who have one,
two and three or more relaties diagnosed with PC respectivéifyein et al., 2004 All
studies have recommended developing screening and surveillance progratnigtior

riskpopulation of PC based on their family history.

1.1.1.2.2.3 Pancreatitis

Chronic pancreatitis is a wide range of progressive fibflammatory diseases of the
exocrine pancreas that eventually leads to gland dam@®tgumder and Chari, 2016

A metaanalysis study revieed 12 caseontrol studies and 10 cohort studies and found
that individuals with chronic pancreatitis and tropical chronic pancreattigivenile
form of chronic calcific ncalcoholic pancreatitidiad a 13.Jold and 56fold higher risk

of developingPC respectively. A historical study followed up 246 patients that were
diagnosed with pancreatitis from 10 different countries, the study estimated the

cumulativerisk of PCis 40% in patients witlhereditary pancreatitis at age 70hs
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cumulative risk is increasel to 75% inpatients with paternal inheritancepattern
(Lowenfels et al., 1997

1.1.1.2.3 Unclear risk factors
1.1.1.2.3.1 Diabetes mellitus (DM)

DM is classified as a potential risktiar for PC. A recent study compared the prevalence

of DM in PC patients compared to common cancers (100 patients each cancer). The
study found that patients with PC had a significantly higher prevalence of DM (68%)
compared to aganatched patients with lng (19.6%), breast (19.4%), prostate (14.8%)
and colorectal cancers (20.7¢8ggarwal et al., 20)3Another metaanalysis study that
included twenty cas-control and cohort studies found that the RR of PC for DM patients
to controls was 2.1(Everhart and Wright, 1995 However, several studies have
suggested that DM can be caused by the PC itself. A-amalysis study, including 35
cohorts, found that DM wasssociated with aincreasan RRof PQRR= 1.94However,
authorsobserved thathe RR reduced with duration of diabetes (8R38 for <1 year
duration, RR1.95 for X4 yearduration, RR1.49 for &9 yeardurationz wwl m®dn T F 2 N
yearduration) (Ben et al., 201)L In conclusion, the relationship between DM &A@ is

not fully clear.

1.1.1.2.3.2 Alcohol consumption

As the association of alcohol with PC risk may be confounded by other major risk factors
of PC (particularly pancreatitis and tobacco smoking), this association is skdau
meta-analysis stuy, including 21 caseontrol studies and 11 cohorts studies, observed
that individuals with heavy alcohol consumption (>3 drinks per day), independent of
pancreatitisor tobacco use, have a 22% higher risk to develop PC compared to controls.
Furthermore the study foundastrong evidence that moderate alcohol consumption (<3
drinks/day) did not affect pancreatic carcinogengdieamacere et al., 20)0Another

recent casecontrol study, including 1,367 individuals (384 PC patients and 983 controls),
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found no association between PC risk and alcohol consumption, either the amount of

consumption or type of alcoh@¥ellow et al., 201)7

1.1.1.2.3.3 Exposure to certain chemicals

Certain types of chemicals have been associated with increased risk of developing PC. A
recent clinical caseontrol study, including 4,445 individuals (2,3&trols and 2,092

PC patients) matched for cases on age, race, sex and state/region of residence, found
that certain chemicals were significantly associated with development of PC: pesticides
(odd ratio (OR¥1.21), asbestos (GR.54), benzene (GR.70) aml chlorinated
hydrocarbons (ORL.63) (Antwi et al., 201% However, another study of 1,147
individuals (504 PC patients, 643 controls) kitog in a chemical exposure environment
found no significant associations between pesticides {ID¥) or Nnitrosamines
(OR20.85) and development of REritschi et al., 2015

Other minor risk factors that seem to be assted with PC includeelicobacter pylori
infection, dietary mutagen exposure, physical actiaityldiet (StolzenbergSolomon et

al., 2001 Li et al., 200/Jiao et al., 2009Vu et al., 201%

1.1.2 Pancreatic cancer types

The pancreadpcated in the abdomen between the stomach and the spine, is one of the
largest glands in the human body. Macroscopically, it is dividedthree anatomical
sections: head (78%), body (11&bd tail (11%)Kigure 1.) (Sener et al., 1999 The
pancreas consists of two major components: the exocrine (98% of pancreatic tissue) and
endocrine glands. Ducts and small saedled acini on the end of the du¢tre the main
components of the exocrine gland that secrete specific enzymes into the digestive
system via the small intestine. The Isletd ahgerhansre the main component othe
endocrine gland thasecretinsulin to control the sgar level in the bloodPancreatic
enzymesare secreted via the main pancreatic duct (ductus pancreaticus) and other

secondary duct§Sener et al., 1999The main pancreatic duct joins common bile ducts
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to form the ampulla of Vater (hepatopancreatic ampulla) which is situated in the second
part of the duodenun{Rela M, 2013 Approximately 6&/0%, 1620% andb-10% of PCs
occur in the pancreatic head, body and tail respectivelyh exocrine tumours are the
most common type of PC&le la Santa et al., 20l4PC consists of a mixed
microenvironment of cellular and necellular elements. It is composed of several
distinct factors including PC cells, PC stem cells and tumour siididalgo, 2012 In

the current project, as will be shown in Chapter 4, three types of tumour tissues
(carcinomas of the pancreas, bile duct and ampulla) were used to study the association
between expression of certain redox proteins and the clinicopathological crieda
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1.1.2.1Pancreatic ductal adenocarcinoma (PDAC)

Adenocarcinoma is a malignant tumour initiated in glandular epitheliadenomeans
affecting a gland and carcinoma means can@éorldwide,PDAGs the most common

type of adenocarcinomaepresenting85% of all PCsvith a fiveyear survival of 6%
(Siegel et al., 2004PDAG s characterizedoy anearlyinvasive mucifproducing, duct

forming epithelial neoplasrandlymph node metastases. The neoplastic glands usually
invade nerves and vessels and can spread to the adjacent tissues. PDAC is typically a
firm, white-yellow and poorly demarcated mass that changies normal pancreatic
structure. About 65% and 15% of PDAC arisekdmproximal (head) and distal (body

and tail) pancreas respectivelyillemoe et al., 200).

1.1.2.20ther pancreatic cancer types

There are other types of PC representing 15% of all PCs: adenosquamous carcinoma,
colloid carcinoma, hepatoid carcinoma, signieig cell carcinoma, medullary carcinoma,
undifferentiated carcinoma and undifferentiated carcinoma with osteoelkst giant

cells. Figure 1.Zhowsseveralrepresentative histological pictures different types of

PC

1.1.2.21 Adenosquamous carcinoma

Adenosquamous carcinoma represents 4% of all P@adura et al., 1999
Histologically, adenosquamous carcinoma consists of two types of carcinoma cells:
glandular adenocarcinoma and malignant squamous cell carcinoma making it a PC with
a very poor prognosis. The median overall survival isnd@ths, with aggressive

behaviou, larger tumour size and more lymph node involvemgutz et al., 2011

1.1.2.2.2 Colloid carcinoma

Colloid carcinoma (mucinous noncystic carcinoma) is a rare pancreatic malignancy (1%
of all PCs) occurring, fragntly, in the head of the pancre&Singhi et al., 200)5Colloid

carcinoma washistorically, not well characterised pathologically. In the last decade, it

9
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was often misdiagnosed as ductal adenocarcinoma. However, colloid carcinoma is
associated with larger tumours, with lower stages and a relatively good prognosis (five

year survivals 57 monthsjAdsay et al., 2001

11.2.2.3 Hepatoid carcinoma (HC)

HC is a primary extrahepatic carcinoma with morphological and immunohistological
evidence of hepatocellular differentiation. HC is extremely rare inpduwecreasand is

more frequently reported in the stomach than other args. The first pancreatic HC was
seen in 1987, since then, few cases of pancreatic HCs were reported in the literature
(Hruban et al., 1987 Due tolackof reported cases, the clinical behaviour, survival, and

treatment are still unclear.

11224 Signetring cell carcinoma

Signet ring cell carcinoma is an extremeye PC type. To date, only seven cases have
been reported(Radojkovic et al., 20).7However, signet ring cell carcinoma represents
15.7% and 0.45% of all gastric and colorectal cancers respe¢iaspara et al., 1992
Hisopathologically, thenucleusmoves to a side of the cancer cell dugptgshingof the
abundant intracytoplasmatic mucin. A tumour is diagnosed as a signet ring cell
carcinoma when more than 50% of the cancer cells consist of this cel($yymrisha,
1982.

1.1.2.2.4 Undifferentiated carcinoma

Undifferentiated carcinoma was classified by the World Health Organisation (WHO) as a
single categorythat includes osteocladtke, osteoclastic or pleomorphic giant kel
tumour, anaplastic carcinomasarcomatoid carcinoma and spindle cell carcinoma
despite their histological differences. Occasionally, undifferentiated carcinomas may
exist with osteoclastike giant cells this combinationis classified by WHO as
undifferentiated carcinoma with ostetastlike giant (UCPOGC). This classification aims

to distinguish UCPOGC from the plain undifferentiated carcinomas due to clinical and

10
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histopathological distinctions between therfBosman, 2010 UCPOGC cells are
extremelyrare, and occur in the pancreas more than in bile ducts and the ampullary
regions with aggressive behaviour and poor prognosis (most patients died in 12 months)
(Molberg et al., 1998Paal et al., 2001

1.1.2.25 Medullary carcinomas

Medullary carcinoma is rare in the pancreasthe United States, edullary carcinoma
represents 4% out of all PGsith a two- and five-year survival rate 0f29% andl3%
respectively (Wilentz et al.,, 2000a Histologically, medullary carcinoma has been
described as a subset of adenocarcinoma that may have distinct pathogé@esigins

et al., 1998. Genetically, two studies showgdespectively,that 60% and 69% of
pancreatic nedullary carcinomas have witgipe KRas genes status with good prognosis
and high overall survivalGoggins et al., 1998Nilentz et al., 2000a Therefore,
medullary carcinoma may have a different carcinogenic pathway comgarstst of

the others pancreatic ductal carcinomas.

11
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Figure 12: Representative histological pictures of different types of PEDAC (A),
adenosquamous carcinoma (B), colloid carcinoma (C), UCPOGC (D), hepatoid carcinoma (E)
and medullary Carcinoma (FAdapted from: https://www.pathpedia.com (A), Luchini, C. et

al. 2016. Pancreatic ductal adenocarcinoma and its vari&usgical pathology clinic8(4),
pp.547560 (B, C and D), Chang, J. et al. 2016. Hepatoid carcinoma ofrtregs case

report, nextgeneration tumor profiling, and literature reviewCase reports in
gastroenterology 10(3), pp.60%12 (E), Wilentz, R. et al. 2000. Genetic,
immunohistochemical, and clinical features of medullary carcinoma of the pancreasiy new
described and characterized entifjhhe American journal of pathology56(5), pp.1641651

(F).
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1.1.3 Symptoms

In general, earhgtage PC is clinically silent. However, symptoms of PC become apparent
after tumour invasion of adjacent tissues or matess and include abdominal pain, back
pain, weight lossand maldigestion(Vincent et al., 2011 Weight loss andhaldigestion

can arise from anorexia and pancreatic ductal obstruction respect{dyon et al.,
2014). However, cancers arising in the head thfe pancreas, considered as
periampullary malignancies, such as ampulla, distal bile duct and duodenum cancers,
can sometimes be diagnosed at earlier stages due to early symptoms (mainly obstructive
jaundice). Conversely, cancers tlaaitse inthe body andtail of the pancreas are usually
diagnosed at advanced stages due to the absence of earlier symgtdiemoe et al.,
2000.

Abdominal and back pain often present due to perineural and splanchnic neuronal
compression of the adjacent tissues. In most cases, pain is ayatptom, and is
associated with a lower chance of surviftatlsen et al., 1997In addition to @dominal

pain, a recent study of 359 individuals (216 cases and 143 controls) found that weight
loss and a rise in fasting glucose levels were significantly associated with PC 18 months
before diagnosigSah et al.2017). However, as mentioned earlier, the mechanism
between DM and PC still unclear. In the United Kingdom, a recent study of 225 controls
and 119 PC patients from 7 hospitals found a significant association between PC and
several symptoms such as jalice (P<0.0001), fatigue (P=0.0001), change in bowel
habit (P<0.0001), weight loss (P<0.0001) and decreased appetite (P=0\0alie) et

al., 2016. Occasionally, pancreatitis may present as a symptom due to the panereatic

duct obstruction in PDAC patienfgincent et al., 2011

13
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1.1.4 Diagnosis and staging
1.1.4.1Diagnosis

Currently, a computerised tomography (CT) scan is the classical test to diagnose PC.
Positron emission tomography/computed tomography (PET/CT) can provide more
information for diagnosis, staging and prognostic evaluation of PC, but with no
assessment of \&ular invasioriZhang et al., 200)5In contrast, contrasenhanced CT
(CECT) scanning is a recent and advancedaléig tool that can reveal the blood
supply to the pancreatic mass, and provide clear images of the vascular invasion of
tumours (Vargas et al., 2004 Furthermore, contrasenhanced PET/CT is the most
advanced examination that can provide better diagnostic information than classical
PET/CT or CECT, and can provide details for presurgical assessment, evaluation of the
resectabilityand diagnosis of pogperative recurrencéBuchs et al., 20)1Endoscopic
ultrasound and Gguided fine needle aspiration are cytological diagnostic tools that can
be usedto confirm radiology findings, with 80% sensitiityarewood and Wiersema,
2002. A recent study diagnosed 93 PC patients with CT and endoscopic ultrasound. The
study found that both techniques agreed on mass detection (88%), mass size (67%),
vascular invasion (74%) and lymph node involvement (§R%xt al., 201) A biopy
specimen is not required when the radiological and cytological examinations confirm

the occurrence of P(Vincent et al., 2011

Numerous studies have tried to identify molecular markers that could be used for PC
diagnosis. A recent study found that the level of serum microRSA(miR192) was
increased Hold in PC patients (n=10) compared to controls (n=40) with a sensitivity of
76% and a specificity of 55%hao et al., 2013 Another study found a novel tumour
suppressive mRNA (miR4) that was significantly highly methylated in PC tissues

(n=10) compared to nenancer tissues (n=1QVang et al., 2014
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1.1.4.2Staging

The stage(describesthe size of a tumour and how far it has spread from where it
originated, grade (describes the appearance of the canceraedl9 and resection
margin status of PC is defined by pathologic examinationhef primary tumour.
Pathologically, PC is classified according to TNM staging system: size of the primary
pancreatic tumour (T), nearby lymph node involvement (N) and distatastases (M)

(Edge and Compton, 2010

AsTable 1.1shows a PC tumour is classified as TO when confined to the top layers of
pancreatic ductal cells and has not invaded deeper tissues or not spread outside of the
pancreas. Small PC size (<2 cm) is classified as Tler@prgsl0% of all PCs and 4.5%

of all metastatic PC. Nearly 90% of PCs are larger than 20 mm and classified as T2.
Advanced stages have locaktra pancreaticspread without (T3) or with (T4)
involvement of adjuvant blood vessels. Stage | PC have lesiahsute either small
(stage 1A) or large (stage H)d localised in the pancreas. Stage Il lesions have spread
out of the pancreas without (stage 11A) or with (stage 11B) lymph node involvement. Stage
lll lesions involve adjacent major blood vessels, widecrease the probability of
tumour surgical resection. Stage I, Il and 11l show no sign of metastasis (MO)stapde

IV cancers have distant metastases (M1), and are usually unrese¢Giidei et al.,
2015.

Primary [Regional lymplk Distant L
Stage tumour (T)] nodes (N) | metastases (M), Descripition

0 Tis NO MO The tumgur is confined to the top _Iayers of
pancreatic duct cells and hagnot invaded deeper

IA T1 NO MO Limitedto pancreasKk H OY ®

B T2 NO MO Limited to pancreas > 2 cm.

A T3 NO MO Exte.nds beyond pancreas, but does not involve
arteries.

11B T1-3 N1 MO Any tumour with artery involvement with LN+,

11 T4 Any N MO Tumour involves arteries (may not resectable).

\% Any T Any N M1 Any tumour with distant metastases.

Table 11: TNM staging system of PData collectedrom: The American Joint Committee
on Cancer (AJCC) TNM staging systehttps://cancerstaging.org/references
tools/quickreferences/Documentd?ancreasSmall.pdf ast update: 19une2018
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Histologically, early disease manifests as distinctive precursor lesions. As most
pancreatic malignancies are diagnosed in advanced stdlgesidentification of the
precursor lesions can aid identification of the genomic features that cause progression
to advanced stages, in addition to developing effective screening and targeted therapies

for earlier stage malignanci€Eser et al., 2011

11421 PC precursor lesions

PC precursor lesions are divided into solid and cystic, mucinous and nonmucinous,
benign or witha malignantpotential of different degreegFric et al., 201}/ The most

common precursor lesions are the microscopic pancreatic intraepithelial neoplasia
(PanIN), followed by macroscopic cysts; namely, the intraductal papillary mucinous

neoplasm (IPMN) and the mucinous cystic neoplasm (MKaBkthaei et al., 2011

PanINs are frequent lesions arising in srbadinch ducts (<5mm). Nanvasive PanIN
lesions are classified into three grades according to the intensity of cytological and

architectural alterationgFric et al., 201

1- PanIN1 PanIN1 exists in 40% of normal pancreatic tissues with minimal
alterations, F YR A& OflaaAFTASR Ayid2z tlyLbwml
(micropapillary type) with minimal alterations.

2- PanIN2 PanIN2 has mild to moderate alterations including additional loss of
polarity, nuclear crowding and cell enlargement.

3- PanIN3 PanIN3 is an advanced lesion with manifest epithelial cell budding into

the lumenor luminalnecrosis.

IPMN is a macroscopicsien that has neoplastic papillary proliferation, secretion of
mucin and duct dilationand is locatedn the headof the pancreasn communication
with the ducts. IPMN is slightly more in men than wone:2 ratio)y Y R A & Of | &4a& 7
into three stages: mild, moderate and higklatthaei et al., 2011 IPMN stages can
develop gradually and transform into invasive pancreatic ductal adenocarcinoma. IPMN
has three types: manduct IPMN (MEIPMN), branckduct IPMN (BBPMN) and the
16
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mixedtype MDIPMN. MDIPMN is the most common type with poprognosisand is
characterised by a dilation of the main duct (>5mm), whilelBKN is less common
with a favourable prognosis, and is accompaniedgsyayptoms of pancreatic irritation
(Fric et al., 201y

MCN is a muchsecretingcysticepithelial neoplasm that has no contact to the ducts.
MCN almost always occurs in thedy and tail of the pancreas, and more frequent in
women (98.1%), with five-yearsurvival 0f96.6%(Yamao et al., 2011Most MCNs are

large (~10 cm) and contain thick mucin. About 33% of large resected MCN lesions are
associated with invasive carcinonf@/ilentz et al., 1999 However, recent reports
showed reduced frequency to-%5% due to incidental diagnog€rippaet al., 2008
Yamao et al., 2001

1.1.5 Mutations in pancreatic cancer

PC accumulates multiple genetic alteratioAsggenetic study analysed the sequences of
23,219 transcripts representing 20,661 prote@ioding genes in 24 PCs. The study
observed 63 genetic alterations in PC that involve incélular signalling pathways
(Jones et al., 2008Four genes were identified as driver geme$C: KRAS-Kiras2

Kirsten rat sarcoma viral oncogene homolog), TP53 (Tumour Protein P53), CDKN2A
(cyclindependent kinase Inhibitor 2A) and DPC4 (Deleted in Pancreatic &gncer

(lacobuzieDonahue, 201

A recent study found that 37% of PC patients have mutations in all fiverdjenes,
and that a low number of altered driver genes was significantly associated with disease
free survival (P=0.008), overall survival (P=0.041) and absence of metastasis (P=0.002)
(Yachida et al., 20)2Another study investigated the genetic mutations KRAS, CDKN2A,
p53, and DPC4n 42 pancreatic adenocarcinomas. It found that all pancreatic
adenocarcinomas had a KRAS mutation. In addition, 38%, 38%, 15% anel|B#Csf
had four, three, two and one altered genes with a high concordamite DPC4 and
CDKN2A mutations (P=0.0@Rpzenblum et al., 1997
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1.1.5.1Genetic mutations

1.1511 KRAS

Mutations of the KRAS oncogene are the most common genetic abnormality in PC that
approaches about 90% of all PCsaldas and Kern, 1995he RAS proteins {H< and
N-RAS) are guanine nucleotide binding proteins that can transmit signals from cell
surface receptors and alter guanosine diygphatebound (GDmound) (inactive form)

to guanosine triphosphatbéound (GThound) (active form). Wildype KRAS is in an
inactivated state in nondividingcells,and is temporarily activated during cell division.
However, mutations in codons 12, 13 alBd constitutively activate KRAS lead to
accumulation of the GFBound (active form) resulting in induction of multiple signalling
pathways involved in cell proliferation, survival, differentiation and gene expression

(Malumbres and Barbacid, 200Beitouni et al., 2016

1.151.2 TPS3

TP53 is a weltharacterized tumour suppressor gene residing on chromosome 17p that
isinvolved in regdation of the cell cycle (maintenance of the G2/M arrest), DNA repair
(DNA binding protein) and apoptosis (inducer of cell death). Therefore, mutant TP53 in
PC cells leads to uncontrolled cellular proliferation, genomic instability, impaired cell
cycle reglation and inhibition of apoptosif.illemoe et al., 2000 Threegeneticbased
studiesshowed that TP53 mutatiorngere present in 88%, 75% and 67% of all pancreatic
adenocarcinomas respective(gerrozpe et al., 199Moore et al., 2003Kanda et &,

2013.

1.15.1.3 CDKN2A

CDKNZ2A (also known as p16 or p16INK4a) is another tumour suppressor gene, residing
on chromosome 9and encodes a protein, p16, that inhibits two cycliqde@pendent
kinases (CDK4 and CDKG®6) leading to premermtiprogression through the G1 cell cycle

chedkpoint. CDKN2Alsoencodes another protein, pl4, that has negative regulatory
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effects on growth as it serves to stabilize p%Bardeesy and DePinho, 2002
Approximately, 85% foall PAD have CDKN2A inactivati@@aldas et al., 1994
Furthermore, CDKN2A mutation can cause familial atypical-malegnant melanoma
(FAMMM) syndrome, which is identified as a risk factor of\RGen et al., 2000

11514 DPC4

DPC4 is a tumour suppressor gene that encodes SMAD4ll(mothers against
decapentaplegic homolog 4) protein. &I8MAD4 protein plays an important role in

signalling through the transforming growth factor 0-¢ @Pa@hway,and controls cell

growth, proliferation, differentiation and apoptosi$he DPC4 mutation in PC cells can
abrogatethe SMADdependent TGF & A3JyFff Ay3 LI GKgl & €SI RAY
advantage(Madura et al., 1999 SMAD4 and aldehyde kdgdrogenase 1A1 (ALDH1A1)

are inversely expressed in human pancreatic cellsiTGR/ S3F G A @St & NB I dzL I
expression in a SMABtependent manner, and in turn impairs the activity of pancreatic
cancerinitiating cells(Hoshino et al., 2005 DPC4 inactivationccursin 48% of all PC
patients(Schutte et al., 1996 Garcia and colleagues showed that knocking out Smad4

in the exocrine compartment was responsible for enhanced PanIN forméBarcia

Carracedo et al., 20)5A clinical phase Il trial found a significant association between

the pattern of disease progression of PC patients treated with chemotherapy and
intact/loss of SMAD4 expression (F316)(Crane et al., 2001

1.1515 Other mutations

In 2012, new additional genes were identified as driver genes in PC, including Acvr2a
and Map2k4(Mann et al., 2012 A recent studyprovided the most comprehensive
molecular characterisation, to date, of the genomic alterations in P@eoforming
whole-genome sequencing and copy number variatioalgsis of 100 PDACs. The study
found three new genes involved in PDAC, in low prevateRbD&M6APREX2nd RNF43
which were inactivated in 18%, 10% and 10% of all PDACs respeftiaelglell et al.,

2015. Moreover, other mutated genes can be found in a small number of PCs (<20%)
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including tumoursuppressor gees such as STK11, TGFBR1, TGFBR2, FBXW7 and EP300
and oncogenes such as GNAS, BRAF, MYB, AKT2 ar{ddeés$-Bt al., 2008

1.1.5.2Genetic instability in precursor lesions

As shown irFigure 13, gene mutations in PC are correlated with one or more precursor
lesions of PC. Activating mutations in KRAS exist in more than 99%grBldevPanIN
lesions(Kanda et al., 2002 A metaanalysis study included 15 studies that examined
1,519 PC lesions and found that KRAS mutations were detected in 36%, 44% and 87% of
PanIN1A, PanINLB and highgrade PanIN lesions (Par2Nand PanlMB) respectively

(Lohr et al., 200p Another study investigated KRAS mutations in 169 PanINs lesions (50
PanIN1A, 52 PanINLB, 45 Panif® and 22 Panli8 lesions) from 89atients. The study
found that KRAS mutation was detected in 92.0%, 92.3%, 93.3 and 95.4% oflRanIN
PanIN1B, PanIN2 and PanIRB lesions with no evidence of KRAS mutations detected in
normal tissuegKanda et al., 2012 Several genetic alterations identified in invasive
PADs are also present in PanINs, with evidence of increasing prevalence of these
alterations with PanIM2. A recent study, of 180 PC patients, detecte83Rutations

in 9.1%, 17.8%, 38.1%, 47.6% and 75% of intermedraige IPMNs, PaniRl lesions,
high-grade IPMNs, PaniBl lesions and invasive pancreatic adenocarcinomas
respectively. However, no TP53 mutations were detected in Rankséions or low
gradelPMNs(Kanda et al., 2013
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Figure 13: Genetic progression model of pancreatic carcinogene3ise main molecular
alterations that accumulate during pancreatic carcinogenesis can be classified as early
(activating KRAS mutations), intermediate (inactivating mutations or epigenetic silencing of
CDKNZ2A), and late (inactivating mutations of TP53 aiABl) genetic events. These
genetic alterations are distributed heterogeneously in PanlIN lesions. Source: Guo, J., Xie, K.
and Zheng, S., 2016. Molecular biomarkers of pancreatic intraepithelial neoplasia and their
implications in early diagnosis and thprtic intervention of pancreatic cancer.
International journal of biological scien¢d2(3), p.292; used with permission.

Similarly, a historical study analysed B&nINsandfound that CDKN2Axpression was
absent in 30%, 27%, 55% and 71%afIN1A, PanINLB, PanIN2, and PanIP8 lesions
(Wilentz et al., 1998 Interestingly, another study found th&DKN2A and SMAD4 were
inactivated in 100% and 38% all IPMNs respectivelyBiankin et al., 2002 An
immunohistochemical study stained DPC4 marker in 188 PC duct lesions (82LRanIN

54 PanINLB, 23 Panlf2 and 29 Pani8) from 40 PC patients. It found 100% of all
lesions in PanIiMA, PanINLB and Panlf (lowgrade) express DPC4. However, only
69% of PanI® (highgrade) lesions expressed DPC4. The difference in DPC4 expression
betweenlow-grade and higlgrade duct lesions was statistically significant (P<0.0001)

(Wilentz et al., 2000

In contrastto PanIN and IPMN lesions, the genetic alterations in MCN lesions have not

been well characterised. However, a recent study characterised the genomic alterations
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of the neoplastic epithelium of 25 MCNs (16 MCNs with-dpade dysplasia and 9 high

grade withdysplasia or invasive carcinomas). The study found that KRAS mutations were
present in 19% and 100% of low and high MCNs grades respectively. TP53 and CDKN2A
mutations were present in 34, for both, of high MCNs grades, with no mutations were

detected in bw MCNs gradefConner et al., 2017

1.1.6 Treatments and Survival

The main PC treatment types are surgery, chemotherapy and radiotherapy. However,
treatment for PC diffes between the United Kingdom and the United Staf€empero

et al., 201). Adjuvant radiotherapy is more commonly employed in the United States
than in Europe and the United Kingdom, while combination chemotheragseid more
commonly in Europe and the United Kingdom than in the United Std&mcitabine

(GM) remainsstandardfirst-line chemotherapy in both continents asscussedater
(Tempero et al., 2011

Current treatnent options for PC have failed to improve tiine-yearsurvival rate over

the last 30to 40 years. There is, therefore, an urgent need for new therapies. Several
promising studies are ongoing to identify novel treatments for PC patients including
novel iemotherapies/formulations, immunotherapies, cancer vaccines, targeting core
pathways and novel combinations againise immunosuppressivéumour (Chiorean

and Coveler, 2015

1.1.6.1Surgery

Surgical staging systems classify PC into resectable (resectable and borderline
resectable) and unresectable (locally advanced pancreatic cancer (LAPC) and metastatic
disease). LAPC is noretastasized cancer but is also unresectable due to the
involvement of the coeliac trunk or superior mesenteric artery (stage lll disease)
(Rombouts et al., 2(). Most of PCsat T1 to T3 stages aresectable while T4 tumours

that affect the eliac axis or superior mesenteric artery are unresectable. Generally,
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operative mortality from pancreatic resection surgery is very low (Qajneron edl.,
2006).

Surgical resection is the best treatmdot PC with a Survival rate of 23.4%&Sener et

al., 1999. Unfortunately, only 1€20% of patients are eligible foesectable surgery
while around 80% are unresectable due to metastasis (stage V) (40%) or due to LAPC
(40%)(Bilimoria et al., 200,/Gillen et al., 2010 Another study confirmethe previous

data and showed that 20% of PCs were resectable at time of diagnosis, while the
remainng 80% wee unresectable, either due to metastasis (50%) or due to proximity
to nearby vascular structures (30%Malik et al., 2012 However, a recent study
followed up 10,595 PC patients, between 2009 and 2013, found that the proportion of
caseeligible resectable surgery increased from 19.9% to 27.0% due to novel
neoadjuvant treatmers such as FOLFIRIN@Xdiscussedater (van der Geest et al.,
2017). A recent review of diagnostic studies showed that diagnostic laparoscopy
following CT may significantly reduce the number of pdsieandergoing surgical

exploration without resectiorfAllen et al., 2016

CKSNE INB F2dzNJ RAFFSNByYyG GeLlSa 2F 2LISNI A
(pancreaticoduodenectomy) that includes removing the head of the pancreas, the lower

end of stomach, the dodenum and part of bile duct, (2) Pylorpseserving

LI Yy ONBI GAO2Rdz2RSySOil2Ye 6ttt50 gKAOK Aa aa
the stomachor duodenumisremoved, (3) distal pancreatectomy that includes removing

the body and tail of the pancreas and the spleen, and (4) total pancreatectomy that
involves removing the whole pancreas, the duodenum,ghi bladder part of the bile

duct and part of the stomeh (Bachmann et al., 2006Several studies tried to develop

different surgical techniques to decrease pancreaticoduodenectomy complications that
include pancreatic anastomotic lka and delayed gastric emptying. However, these

trials have not shown any advantage of one technique over anoffigrcent et al.,

2011).
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Furthermore, palliative surgery can enhariife quality of patients at advanckstages

with no curative intent. The palliative surgery removes the whole pancreas and other
adjuvant tissues. Palliative surgery aims to relieve symptoms or to prevent certain
complications such as obstructive jaundice, severe pain and gastric outlet obstruction

(Scheufele and Friess, 2017

1.1.6.2Chemotherapy

Chemotherapy aims to target both primary lesions and micrometastatic disease at
distant sites o tumour. Chemotherapy in PC is utilised eitheraasngletreatment (as
preferred in Europe and the United Kingdom) or in combination with radiation as
adjuvant/neoadjuvant treatment (as applied in the United States). Local disease
progression can occur after 3 mihs of systemic chemotherapy in 29% of advanced PC
patients (Huguet et al., 200)7 Unfortunately, chemotherapy is associated with serious
side effects which can affect overall health status and life quality of the patients. The
main side effects of PC patienteated with chemotherapy are dry mouth, constipation,
urinary retention, blurred vision, orthostatic hypertension, dizziness, periploedtma

and somnolencéKoulouris et al., 2017

1.6.2.1Chemotherapy regimens

1.1.6.2.11  Gemcitabine (GM)

GM is chemotherapeutic agent that has been used against caetisifor more than 20
years (Plunkett et al., 1996 Currently, GM is a standard filshe chemotherapy
treatment for locally advanced and metastatic fancent et al., 2011 In addition to
PC, GM has been also used to treat different types of solid cancer, including ovarian,
breast and norsmall cell lung cancers, in combination with the platinbased drugs
such as cisplatin and carboplatiNagourney et al., 200&eck et al., 20QQuchini et al.,

2016).
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Chemically, GM20,20difluoro-20-deoxycytidine; dFdC) is a deoxycytidine analogue,
with multiple mechanisms of action in tumour cdlife Sousa Cavalcante and Monteiro,
2014). Briefly, GM (dFdC) is a prodrug, and is activated intracellularly by deoxycytidine
kinase (dCK) to produce GM mormmsphate (dFACMP), then, it is phosphorylated again
by pyrimidine nucleoside monophosphate kinase (UGMAP kinase) to produce GM
diphosphate (dFdCDEhe main active form of GMHeinemann et al., 1988Bouffard

et al., 1993.

¢CKS YIAY YSOKIFIyYyAaY 2F | OGA 23rmha@iNg yDéaT ARIdZNIYYR
DNA synthesi€)NApolymerase incorporates the dFdCDP into DNA. After the dFdCTP is
incorporated, a single deoxynucleotide is also incorpaaoccurs next to the dFdCDP
incorporation, into the single DNA strandhaking the DNA polymerases unable to

proceed Figure 4.1A\(Gandhi et al., 1996

'Y TRRAGAZ2YIE YSOKFIyAaY 27 -WXIS\RFgHRANG yXa o
4.1B. This mechanism is based on the ability of GM to create covalent bonds with the

active site ofribonucleotide reductase leading to inhibit deoxycytidylate deaminase

(dCTD), one of the main enzymes in the deoxynucleotide metabolism and the cellular
deoxynucleotide tiphosphate (ANTP) pool balance. The inhibitiodGTD ma&s GM

more likely to be acdtated by nucleotide metabolizing enzymeand therefore

incorporated into DNAHeinemann et al., 1992

GM treatment is not always effective. In certain cashs,fibrotic stromag in particular
hyaluronan (HA)surrounding the tumours seems to block GM penetratiamd leads to
tumour survivalMahadevan and Von Hoff, 20p7herefore,therapies that target the
fibrotic stroma,such as #aluronidase treatment, are being developed and entering

clinical trialsn combination with GMHingorani et al., 201@oherty et al., 2018
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Figure 14: GM mechanisms of action(A) Masked chahtermination mechanismduring DNA
synthesis, DNAolymerase incorporatesFdCTRand, subsequentlysingle deoxynucleotide
into DNA strangdmaking theDNApolymeraseunable to proceed and then chain elongation is
stopped. (B) @ self potentiation; covalent binding ofdFdCDPleads to inactivate
ribonucleotide reductaselnhibition of ribonucleotide reductaseecreases dNTPool and
dCTDactivity, makingsMmore likelyto be activated bywucleotide metabolizing enzymes and
therefore incorporated into DNASource: de Sousa Cavalcante, L. and Monteiro, G., 2014.
Gemcitabine: metabolism and molecular mechanisms of action, sensitivity and
chemoresistance in pancreatic canceuropean journal of pharmacology41, pp.816.; used

with permission.

1.1.6.2.12  Otherchemotherapy regimens

In addition to GMyarious combinations of chemotherapy regimens such as datfip
irinotecan, fluorouraciland leucovorinare being tested in clinical tria{$myth et al.,
2015. A clinical study, that included 342 patients with metastatic PC, found that
FOLFIRINOXa chemotherapy mixture of oxaliplatin, irinotecan, leucovorin, and
fluorouracil) was strongly associated with a survival advantage (median overall survival
was 11.1 moths) compared to GM (median overall survival was 6.8. months) or other

single chemotherapy regimeri€onroy et al., 201}

1.1.6.22 Adjuvant/ neoadjuvantregimens

Adjuvant treatmentis surgery followed by chemotherapy and/or radiotherapy to

decreasethe probability of recurrence.Adjuvant treatment is recommended¢2

26



Alhadyan K; PhD thesis Chapterl

months after surgery with curative intef®'Reilly, 201p Two clinical studies found that

the adjuvant treatment with a GM and capecitabine combination yielded a better
response and increased overall survival rate compared with GM @iteremann et al.,
2007, Cunningham et al., 2009Another recent study (n=730 resected PC patients,
grade 34) confirmed previous studies and found that the median overall survival for PC
patients treated with GM plus capecitabine or GM alone was 28.0 and 25.5 months
respectively. The study recommended that the adjuvant combination of GM and
capecitabine should rdace treatmentwith GM alone, and become standard fiiste
chemotherapy following resection of P@Bleoptolemos et al., 2007 In contrast to
adjuvant treatment, neoadjuvant/preopeative therapy can downstage 30% of
unresectable locally advance PCs to be surgically resectable. In addition, neoadjuvant
therapy can achieve similar median overall survival compared to patients who are

initially resectable but without any preoperative atement (Gillen et al., 2010

1.1.6.3Radiotherapy
1.1.6.3.1 Interaction of radiation with matter

Biologicallg YR F&aadzyAy3d GKI G (KS rasistibninduged G K S
damage the effect of ionising radiation can be divided into direct and indirect effects.
lonizing radiation can directiyamage theDNA by causing one or more of the following
effects:base nucleotide damage, singgeand break (SSB), doukdrand break (DSB)

and clustered DNA damage. The indirect effectrafiation is characterised by the
interaction of the radiation with other molecules, such as water that comprises 80% of
a living cell.The indirect effect is responsible for twibirds of total radiation effects
(DNA damagepn the living cell(Lasnitzki, 194 and mediated primarily via the
radiolysis of water that can pducereactive oxygen species (R@8%icmolecules such
asthe hydrated electron and hydroxyl radicdly a number of complex interactions

includingthe following reactiongSamuel and Magee, 1953
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HOA HO'+ € Q)

HO' + HOA H:O' +OH  (2)

The hydroxyl radical is a highly reactive molecule that can attaaleculescausing
major damage to DNA, lipids and proteifite types of ROS molecules and their effects

on critical cellular targets are discussedSaction 1.2.1

1.1.6.3.2 Basics of radiotherapy treatment

The main goal of radiotherapy is emhance the radiation therapeutic ratievhich is
defined by maxingng radiation dose and damageto tumours in order to achieve
highest tumour control probability (TCRyhilst minimising radiation dose to nearby
healthy orgango achievethe lowest namal tissue complication probability (NTGB)ic
J. Hall, 201r The concept of the therapeutic ratio is illustrated Figure 15, which
shows theoretical doseesponse curves for tumour control and norm#éssue

complication(Tannock, 200XKhaled and Held, 20}.2
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Figure 15: lllustration of the concept of a therapeutic ratio in terms of dosesponse
relationships for tumour control and normal tissue damaga&dapted from TANNOCK, I. F.
2005. The basic science of oncology, McGlrhliv

Clinically, the therapeutic ratio is often defined as the percentage of tumour cures that

are obtained at a given level of normal tissue complications, In vivo studies, the
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therapeutic ratio is the ration of radiation dosesoka/Dwmour required to produce a
given percentage of complications and tumour control (usually 58%$hown in Figure
1.5A, the curve describes a favourable therapeutic ratio as the tuacoutrol airve is
displaced to the left of that for normal tissue damage. The greater this displacement,
the morecurableis the tumour. However, if the two curves are close together (As shown
in Figure 15B) or the curve for tumour control is displaced to the rigtitthat for
complications, the therapeutic ratio is unfavourable because a high level of
complications must be accepted to achieve even a minimal level of tumour control

(Tannock, 200XKhaled and Held, 20).2

Conventional radiation therapy uses low linear enetrgysfer (LET) radiation such as

gamma rays and-¥ys LINP RdzOSR o0& fAYSEFENI I OOSt SNI (2
external beam radiotherapy (EBRTET describes the amount of energy deposiigd

the radiation as it passes througlan absorber and has tk units of keWm.
ConventionaRT inormally delivered in multiple small fractions (2285y), once a day
(MondayFriday), for a number of weeks, withe total dose delivered varying across

different tumour types.T6 2 TRAYSy aA 2yl f NI RWistoicKI$tNg LB O H
standard of care for conventional radiation therafowever, @avances inmaging and

computer technology have enablédhnsitionto 3-dimensional conformal radiotherapy

(3-D CRT) that shapes the radiation beams to match the shape afmour (Purdy and

Emami, 199h Over the lastouple ofdecades, technical improvements in radiation
therapydeliveryhave been achieved such imsensity modulated radiotherap{MRT),
imageguided radiotherapy (IGRT}-dimensionalradiotherapy (4BERT),stereotactic

body radiotherapy (SBRT) and MRI linear accelerator-(MA ¢ based radiotherapy

IMRT is an advanced technique of hgiecision radiotherapy that can modulate the

intensity of the radiation dose within a given radiation figkhui et al., 2001 IGRTses

CFimage scanning systesrto verify tumour position prior or during radiotherapy
(Kuriyama et al., 2003and can integrate it with corkeam computed tomography

(CBCT) to give higher spatial resolution, sufficientissdtie contrast and repeated low

dose images preceding, not during, a treatment coupsan et al., 20)34D-RT avoids
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the effect of the temporal changes in tumour position during the delivery of
radiotherapy,and is mainly used to treat lung cancéKeall, 2004 SBRT administers
very high doses of radiation, using several beams of various intensities at different
angelsto precisely targethe tumour (Timmerman et al., 2007MR-LINAC RTsesa
hybrid linear accelerator (linac) combined with a magnetic resonance imaging (MRI)
scannerand allows for optimal imaging of tumours andrgansat-risk (OARS) during
radiation deliverylt enablesthe LINAGo dynamically reconstruct each beam dose and
calculate the corresponding anatomical changes over the beam deliveryltagendijk

et al., 2008 Raaymakers et al., 20p9These advanced technologies of low LET
radiotherapy increase TCP, by increasing the intensitpaifition delivery taumours,

and decrease the toxicitp healthy tissues (NTCP) by reducing margins for uncertainty

and tumour motion.

High LET radiatigrsuch as proton and heavy ion radiatj@hows physical and biological
advantagescompared toconventional radiotherapylt aimsto increase tumour cell
killing and minimize adverse effects of radiatioto normal tissuesising smalhumber

of radiation fractionsBriefly, due to large mass of higleT particles, compared with
electrons and photonghey travel in straight trajectories as they penetrate the human
body (Bragg and Kleeman, 190%hen the high LET particles pass the entrance field,
where normal tissues are usually exposed, they slow down due to collisions with
electrons inmatter (normal tissues) and release small amounts of energy along the
track. This is referred to as the Bragg plateau (Figud&)1Bragg and Kleeman, 1905).
However, when the high LET particles approach the end of their range, they begin to
decelerate rpidly, depositing a large amount of energy in a very short distance, with
little or no radiation dose received beyond this distance. This is referred to as the Bragg
peak (Figure BB), first described by Bragg and colleagues in 1Bé&gg and Kleeman,
1905). However, low LETadiation deposits energy in tissue in a highly dispersed

manner(Figure 16C)(De Laney and Kooy, 2008
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Several reports showed that proton therapy may allow for the delivery of standard
radiotherapy doses to PC while significantly reducing sMp®to surrounding critical
normal tissues. A comparison study between proton (n=2) anayXherapy (n=2) in

PAD patients showed that proton therapy significantly reduced radiation dose received
by the spinal cord (P=0.003), left kidney (P=0.025), tginey (P=0.059), and liver
(P=0.061) compared to-pay therapy(HsiungStripp et al., 2001l Anotherclinicalstudy
(phase 1) showed that proton therapy offered a significant reduction of radiation dose
to the liver, kidneys and small bowel compared to IMEKbzak et al., 2007
Furthermore, m solid tumours, including PC, it has been established that as the LET
radiation increass, so the oxygen enhancement ratio (OER) decreases (OER is the
enhancement of therapeutic or detrimental effect of ionizing radiation due to the
presence of oxygenBarendsen, 1968 Hypoxiain PC will be discusseth details,in
Chapter JSection3.2.2.3.

Bragg Peak

Bragg plateau

Relative Dose (%)

0%

0 10 20 30 40
Penetration Depth in tissue (cm)

Figurel.6: Comparison of the depth dose profiles of high energetic photons and protons.
Protons show the characteristic inverse depth dose profile (Bragg péaldpted from:
Desouky, O. and Zhou, G., 2016. Biophysical and radiobiol@gisatts of heavy charged
particles. Journal of Taibah University for Science, 10(2), pl9487
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However, high_LET radiotherapy is expensive, wathmited number of particle therapy

facilities worldwide (32 proton therapy facilities and 6 heavy ion therapy facilities)
(Loefler and Durante, 2003However several clinical trials showed that higkTbased

radiation therapyshowed no survival advantage over recent advanced techniques of

low LET radiatior{Zietman et al., 2005Talcott et al., 2010Zietman etal., 2010.

Responseto radiotherapy is not always successful due a variety of potential reasons,
including radioresistance, that may be acquired (during treatment) or be inherent. The
mechanisms of radioresistanege discussed, in detail, iBection 1.1.6.3.3However, at

a basic level, success or failure of conventional radiotherapy is associated with the four

wQad 2F NIRA2UGKSNILEBT NBLIFAN 2F 5b! RI Yl 3

repopulation, and reoxygenation of hypoxic tumour ar@asthers, 1975h.

1.1.6.3.3 ¢KS F2dzNJ wQa 2F NI} RA23G§KSNJI LK

In general, conventional radiation therapy is delivereanultifraction radiation doses.
Four radiobiological phenomena influence the outcome of fractionated radiation
therapy, which are:1) repairof the sublethabr potentially lethaldamage in normal cell
and cancer cell(2)repopulationof surviving normal and malignant cells between dose
fractionsand following treatment (3) redistributionthrough cell cycle phases and (4)
reoxygenatiorof hypoxic tumour cells. The four phenomena have been named the four
wQa 2F FTNIOGAZYy WiterR, 1I9BIRA T GA2Y ( KSNIJ LR

Repair each radiation fractiocause<ritical damages in both tumour and normal cells.
However, normal cells have more efficient systemsejpair damagein comparsonto
tumour cells. The time between tHeactionatedradiationdoses allows the normal cells
to repair the radiation damage mer efficiently than tumour cells.There are three
categories of radiatiofinduced celluladamage to mammalian cejléethal damage,
sublethal damage and potentially lethal damagowever, the mammalian cells can
repair these damages by two mechanismpatentially lethal damage repair (PLDR) and
sublethal damage repair (SLORWwwad, 2013 PLDR type can repair sublethal radiation

damagewithin hours unless the cells receigaadditionaldose of radiation, whilst SLDR
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type can alterthe postirradiation conditions, such as delayed mitosis, thallows the
cells to repaithemselvegBedford, 1991 Anumber of DNA repair pathwayscluding
homologous recombination (HR) and rRbamologous end joining (NHEJ) foEBs; and
mismatch repair (MMR), nucleotide excision repair (NER) and basgoexapair (BER)
for SSBs, areesponsible for the repair oDNAdamageand preserve the genomic
stability of the cell[Awwad, 2013

Repopulation repopulation is the increase in cell division for both normal and tumour
cellsat a certain time point during/after radiotherapy. In genertile acceleration of
repopulation is different between tumour and normal cells. tumour cells,the
repopulation of irradiationsurvived cellscan start after 24 weeks after the initial
radiation doses are delivered (early responding tissues); while normal cells start to
repopulate afterthe entire conventional radiation course has been completed (late
responding tissues). Therefore, the time pgdetween normal and tumour cells
repopulation is a critical phenomenon that must be considered in radiotherapy

especially if treatment time extends over five wedWéthers et al., 1988

Redistribution each phase dhe cell cycle shows different radiosensitivity: M phase is
the most radiosensitive phase, lagisthe most radioresistanphase and both G1 and

G2 phases show moderate radiosensitivity. The multi fractionati@iure of
radiotherapy givesncreasedprobability of targeting cancer cellsn a sensitive phase at
some point duringhe radiotherapy course, especially to thoselselhich werein a
resistance phase mprevious radiation fractione. cells that were initiallyesistan (e.g.

late-S phase cells) have time to redistribute into a more sensitive phase (e.g. M phase)
and are killed by th@ext radiation fractionWithers, 1975a

Reoxygenation generally, most othe solidtumourscontainhypoxicregionseither due
to the limited diffusion distance of oxygen througe tumour mass (chronibypoxia)
or due to the temporary closing of blood vessels nextdowithin, a tumour (acute
hypoxia). Hypoxic cells are very resistant to radiation compared to the aerated cells.

Hypoxiain PC and the mechanism of radioresistance of hypoxic cells wdlisbassed
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in details,in Chapter 3(Section3.2.2.3. Tumour reoxygenation, after every dose of
radiation, can oxygenate hypoxic cells and increase their sensitivity to radiation over the
course of the treatment; after each fraction of radiation, the euitnalignant cells ahe
tumour mass are eliminated and, subsequently, oxygen flows to inner hypoxic cells,
which were blocked previously by the outer malignant c@llan Putten and Kallman,
1969.

RecentlyradiosensitivityA & I Yy S4 Y SY 0 SN2 FA ®iIWRBaGHe&zNG pv Q &
type hasa different sensitivity to radiation, which may explain the variable susceptibility

to cell death and the clinical heterogeneity between different cancer types. For example,
lymphocytes, spermatogonia, erythroblasts, intestinal crypt cells are sensitive to

radiation, while muscle and nerve cells are resis{&@teel et al., 1989

1.16.34 Radiotherapy options in PC

As mention earlier, adjuvant radiotherapmymore commonlysedin the United States

than the United Kingdom and Europe.the United States, The National Comprehensive
Cancer Network (NCCN) recommends that use of radiotherapy for PC patients is based
on five clinical scenarios; resectable/borderline resectable (neoadjuvaesgctable
(adjuvant), LAPC (definitive), palliative (roetastatic and metastatic) and recurrence
(NCCN, 2018 In all previous scenarios, radiotherapy aims to prevent or dtiay
progressiorof local disease with minimizing the radietlapy exposure to surrounding
OARZNCCN, 2018 The neoadjuvant treatmeribr patients with resectable/borderline
resectable PC includes systemic chemotherapy with FOLFIRINOX or GM with/without
subsequent chemoradiation {fuorouracil (5FU) or GM and 3&y in 2.4 frations or

4554 Gy in 1.8 fractions)Visser et al., 201Hoos et al., 201,3NCCN, 201)8Although
clinical trialshave shown encoulaging outcomedor chemoradiation treatment (as
shown later), there is nourrentchemotherapy regime or radiotherapydose accepted

as standardfor PC treatment. In resectable cases, resection otypally occurred
within 4 weeks of radiotherapy. In borderline resectable cagesPC is resected after

4-8 weeks of radiotherapy to allow for downstaging and downsizintheftumour.
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Surgical resection after 8 weeks of radiotherapy may potentially increase the dyfficul
of resection due to fibrosis induced by radiati®dCCN2018). In the adjuvant setting,
chemotherapy is the standard treatmentjth radiotherapy evaluated in several clinical
trials (NCCN, 2018 However, if there is no prior neoadjuvant treatment with no
evidence of recurrence or metastatic disease after PC resection, chemoradiation
treatment (5FU or GM and %46 Gy in 1.8 fractions) is an option after systemic
chemotherapy(NCCN, 201)8For patients with LAPC, radiation therapy aims to prevent
or delay local progression that may result in pain and/or local obstructive symptoms.
Due to limied data, no standard radiation therapy is recommended for LAPC patients.
However, the option of radiation therapy in LAPC patients includes; chemoradiation
consisingof 4554 Gy in 1. fractions or treatment with SRBT, with no recommended
doses due to ldcof data, but doses of 33 Gy (6.6 Gy x 5 fractions) and 25 Gy (5 Gy x 5
fractions) have been reporte@Gurka et al., 201,3Herman et al., 20L5NCCN, @18).
Radiation therapy for palliative (nemetastatic and metastatic) patients aims to relieve
pain, bleeding and/or ameliorate, with a recommended total dose of 30 Gy (30 Gy x 10
fractions)(NCCN, 2018

To date clinical trials, as shown below, have yielded conflicting data and failed to resolve
the debate regarding the efficacy of radiation therapy in treatmfenfC. A recent large
randomised clinidastudy (LAPO7 trial) followed 269 PC patients for 36.7 months. The
patients received chemotherapy alone (n=136, capecitabine) or chrawhotherapy
(n=133, capecitabine combined with 54 Gy/30 days). The study found no significant
difference inthe ratesof overall survival between the two groups (16.5 months and 15.2
months for chemotherapy alone and chemadiotherapy treatments respectively)
(Hammel et al., 2016

dinical trialshave alsashown different efficacy of chemotherapeutic regimens such as
GM, 5FU and capecitabine in chemoradiation treatment; in the United Kingdom, a
clinical phase Il trial (SCALOP, Selective Chemoradiation in Advanced LOcalised

Pancreatic cancer) included 74 patiemtgh LAPC recruited from 28 locantres,and
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aimed to assess the activity, safety and feasibility ofleagled (n=38) and capecitabine
based (n=36) chemoradiotherapy after chemotherapy induction. After 12 weeks of
induction GM and capecitabine, patienteceived a further cycle of GM or capecitabine

in combination with radiation (5@ Gy in 28 fractions). The study found that median
overall survival of capecitabine group (13.4 months) was significantly (P=0.012) lower
than GM group (15.2 months), with sggnificant difference in honth overall survival
(79.2% vs 64.2%) and median progressirer survival (12.0 months vs 10.4 months)
respectively(Mukherjee et al., 2018 However, in the United States, a clinical study
evaluated toxicity, efficacy and clinical outcomes of GM chemoradiation (n=53, GM
(250c500 mg/n¥), 30Gy in 10 fractions) andBU chemoradition (n=61, 5FU (20Q300
mg/m?), 30 Gy in 10 fractions) in LAPC patients. No significhffierence in lyear
survival wasobserved between GM chemoradiation (42%) anB5b chemoradiation
(28%). However, patients receiving GM chemoradiation developed more severe acute
toxicity than 5FU chemoradiation (23% vs 2% (P< 0.0001) respect{@igne et al.,
2002.

To increase the radiotherapeutic efficacy in PC treatment, recent clinical lais

focused on dose escalation as a strategy to improve local control. However, delivering

high radiation doses to PC have been limited by the tolerance of nearby OARs such as
duodenum, stomach and intestine, with gastrointestinal toxicity (&l)the most

important side effect. A recent clinical triathat included 200 patients with LAPC
selected47 (24%) patientsvith tumours located >1 cm from the luminal organs were

for doseescalatedMRT (biologically effective dose [BED] >70 Gy), while 153 (76%) LAPC
patients havingli dzy 2 dzZN&A f 20l 6 SR Xm OY FNRY GKS f dzy
a0FYRINR FNIOGAZ2Y I GA2Y NIYRAFGAZ2Y GKSNI LR
receiving >7@y BED showeslignificantlyhigher overall survival (17.8 vs 15.0 months,

P=003) and better locategional recurrencdree survival (10.2 vs 6.2 months, P=0.05)

0KFyYy LI A Sy (i aBENEiShBah € &lyZD)6Mother ddse escalation trial

(phase I) delivered high single radiation d®ssing SRBT to 15 LAPC patients (3,5 and 7

patients received 15, 20 and 25y respectively, with no prior chemotherapy) with
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acceptable acute Gl (grade 2 or belqidong et al., 2004The ghase Il of the previous

trial included 19 PC patiesithat were treated with 45Gy IMRT in combination with 5

FU followed by a single ttdon of 25Gy body stereotactic radiosurgery (SRS) boost to

the primarytumour. Excellent local control in all patients was observed, but with no

survival advantage along with severe acute Gl toxicity (gradlg(lBoong et al., 2005

However, aother recent clinical phase Il trial increased the number of SRBT fraction

from 1 to 5, with a total dose of 33y delivered to 49 LARatients treated, previously,

with systemic chemotherapy. The study showed an improvement in overall survival
(median overall survival was 13.9 months), freedom from local disease progression (at

1 year was 78%), with low late Gl toxicity (93.6 % of galiea a K26 SR > H 3N
toxicity) (Herman et al., 201% Another recent clinical phase Il study used SRBT, after
chemotherapy, to deliver 4%y in 6 fractions for 45 patients with LAPC. The median

overall survival was 19 months with excellent local diseasrol (at 2 years was 90%)
andlowDL G2EAOAGE O6gpdc 2 2F LI (A JGomitbetd K2 6 SR
al., 2017. Results from clinical triglusing SBRT in selected LAPC patients showed an
improvement in overall survival, with low Gl toxicity and short treatment time compared

to classical fractionated radiotherapy. Therefore, SBRT is an attractive option for PC

tumours located >1 cm from theininal organssuch as lung or livéCrane, 2016

As discussed above, radiation therapy is not always effeciveimber of resistance
mechanisms may explain this lack of treatment success, one of these being inherent or
acquired expresen of redox proteins i.e. proteins thatan scavenge radiatieimduced

radicals making the radiation therapy le=§icient

1.2 Redox proteins

1.2.1 Redox homeostasis

¢ KS (S NI one dfB&raaioroncepts in chemistefers toa chemicateaction
in which theoxidation number of a molecule, atom, or ion changes by gaining or losing
an electron and itdescribes two biological processes: reduction, which is a decrease in
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oxidation state, and oxidation, which is an increase in oxidatioregRinehart and
Rinehart, 1973 In livingsystemsthese two processes are carefully balanced by a series
of proteins tomaintainredox homeostasidevels of intracellular ROS are regulated by
antioxidant systems, including namzymatic antioxidart and redox proteins
(enzymatic antioxidant). ROS are pucdd either endogenouslyhrough a series of
mitochondrial reductios of oxygen (@) by electrontransfer reactionsor exogenously

by, for example, theadiolysis of water as an indirect effect of ionising radiatiéig(re

1.7). ROS reactions result in a number of products including three main molecules:
superoxide anion (&), hydroxyl radical “OH), and hydrogen peroxide ABb).
Approximately 90% of ROS molecules are produced by mitochondrial oxidative

metabolism as a resutif three series reactionéichaels and Hunt, 1978

O:+elb (Reaction 1)
20, +2HTH O+ O (Reaction 2)
HO, + e TH“OH + OH (Reaction 3)
Mitochondrial o
a3 lonizing
oxidative g
: radiation
metabolism
’ —
e- e- e- e-
024.; 02-4.; H,0, 4.; OH"* 4.; H,O
00 00' HOOH OH HOH
Oxygen Superoxide Hydrogen Hydroxyl Water
anion peroxide radical

Figure 17: Formation of ROSROS produced either by reduction reactions of oxygeh (O
through mitochondrial oxidative metabolism (green) or by radiolysis £ Hs indirect
effects ofradiation (red). Adapted fromhttps://www.caymanchem.com/Article/2165ast
update 15 June 2018.

ROS, as mentioned above, are induced exogenously by ionising radiation via the indirect

effect and raliolysis of water but can also be induced by other exogenous factors such
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as heat, trauma, ultrasound, ultraviolet light, ozone, tobacco, infection, excessive

exercise and drug®emple and Harrison, 199Bahiya et al., 2013

1.2.1.1Effect of different ROS levels on cellular biomolecules

ROS play a major role, in several physiological processes in living systems, and can have
both deleterious or beneficial effects, such as cell growth, necrosis, apoptosis, protease

activities and gene expression, depending on cell type and co(fextet al., 2016

Low levels of ROS are associated with beneficial cardioprotection, sersigrags
mediatingphysiologiaresponses and induce mitogenic respongés et al., 1998
Andreadou etal.,200® ! KA3IK O2y OSy N} dAzy 2F wh{ Ol
have lethal effects on living cells. Tieain lethal pathways induced by R@&:
apoptosis, necrosis, autophagyijtotic catastrophe with new pathways being identified
such agparaptosisand anoikis(Ghosh et al., 2018 Two distinct apoptotic pathways

have been identified when cells are exposed to high ROS levels: the extrinsic (Fas
activation pathway) and intrinsic pathways (mitochondrial pathwé@zben, 200y

Both pathways initially activate an apical caspase (i.e. caspaseaspases9), which,
subsequently, activates the downstream effector caspédand caspases, leading to
apoptotic cell death(Ozben, 200¥ Briefly, in the extrinsic pathway, high ROS levels
activate Fas receptor on the cell membrane, which in turn acts/asspase 8 leading to

cell apoptosigDenning etal., 2003. The intrinsic pathway is activated by intracellular
stressors i.e. high ROS concentrations causing mitochondrial damage. Bmiefg,
stressed cells, proapoptotic BELfamily members promote mitochondrial outer
membrane permeabilization (MOMP) and cytochrome c release into the cytoplasm,

where they promote cell deat(Sun et al., 2000

Overproduction of ROS leads to DNA oxidative damage, oxidation of proteins and lipid
peroxidation. High level of ROS causes oxidative damage to sugar and base moieties in
DNA leading to deoxyribose oxidation, strand breakage, mutations and DNA protein
crosslinks. Subsequently, DNA damage may lead to alterations in encoded proteins,

resulting in inactivation of proteins. In general, sugar damage is caused by hydrogen
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abstraction (removal of an atom or group from a molecule by a radical) from
deoxyribose, whe DNA bases oxidative damage is caused by the hydroxyl raedl (
(“OH attacks purine and pyrimidine bases, and the deoxyribose backbone with 8
Hydroxyguanine is the most commonly observed product), where@sathd Q- do not

react with DNA bases atl @Dizdaroglu, 19983

ROSnolecules camlsodamagestructural and enzymatic proteins biyfferent pathways
including protein modification (via protein unfolding and altered conformation),-side
chain hydrophilicity, backbone fragmentatigorotein aggregation (via covalent cress
linking or hydrophobic interactions) and altered interactionshwliiological partners

(Davies, 201p

At high ROS levels, lipmkroxidation in the cellular membrane can occur, leading to
inactivation of receptors and enzymes, resulting in altered cellular fundtBrotti,
1985. Among several products of lipid peroxidationhydroxynonenalHNE), is the
most characterised product due to its high electrophilic reactivity with low molecular
proteins, such as glutathione, and, at higher concentration, with [Esferbauer et al.,
1991, Uchida, 2003Pizzimenti et al., 20)0Malondialdehyde (MDA) snother major
product of lipid peroxidation thais widely used as an indicator of lipid peroxidation in
cancer patients, and has been reported to be mutagenic and carcinoffgast and

Marnett, 1983 Gonenc et al., 20QDel Rio et al., 2005

The level of damage tdifferent biological targets (DNA, protein and lipids) depends
numerous factors; concentration of particular targets, rate constdat reactiors of
oxidant with target, the location of the target reiae to that of the oxidant, occurrence
of secondary damaging eventsfra- and intermolecular transfer reactions and the

possibility and extent of repair and oxidant scavenging reactiDasies, 2016
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1.2.2 The cellular antioxidant system

The cellular antioxidant system can be divided broadly into two graumsenzymatic

antioxidants and antioxidant enzymekaple 1.2

Cellular antioxidants
Superoxide
Glutathione dismutase
(GSH) (SOD)
ROS- Catalase
dependent Peroxiredoxin
Water-Soluble enzymes (Prx)
Antioxidant Flavonoids Glutathione
peroxidase
(GPx)
Uric Acid Glutathione Glutathione
Antioxidant System reductase
Nom‘enz‘ymtlc Asv..:orb?c acid Enzymes Thioredoxin
Antioxidant (vitamin C) (Trx)
(Redox - -
Carotencids i Thioredoxin
N Protein) . . reductase
and vitamin A Thioredoxin
(TrxR)
system
a-Tocopherol Thioredoxin-
Lipid-Soluble (Vitamﬁ’n ) interacting
Antioxidant protein (TxNIP)
a-Lipoic acid/
Dlhydr.OIIPIC Glutaredoxin Glutaredoxin
acid System (Grx)
Ubiquinol 4
Ubiquinone

Table 12: Summary of cellular antioxidants.

1.2.2.1The nonenzymatic antioxidants system

1.2.21.1 Water-soluble antioxidants

Water-soluble antioxidants include glutathione (GSH), flavonoids, uric acid, and ascorbic
acid. Ascorbic acid and GSH perform their ROS scavenging activity primarily in the
aqueous intracellular environment. Ascorbic acid is the most important wsdkrbke
antioxidant in human plasma and mammalieells,and has beenan active area of
researchfor decades as a therapeutic agent against different diseases including cancer.
Ascorbic acid can scavenge ROS molecules sutie aydroxyl radicalOH),alkoxyl

(R® and peroxyl (RO®radicals. In addition, ascorbic acid is able to reduce the
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tocopheroxyNJ R A Otodophérd (vitamin EEtsuo et al., 1982However, ascorbate

at pharmacologic concentrations can serve as an electron donor to generate ascorbate
radical and hydrogen peroxide in a linear relationship, causing cell ¢€atn et al.,
2007). A recent study found that treating PC cell lines with ascorbate at pharmacologic
concentrations significantly decreased cell viabil#gd clonogenicityin vitro and

inhibited tumour growth and prolonged survival vivo(Du et al., 201D

1.2.2.1.2 Lipid-soluble antioxidants

Lipidsoluble antioxidants locatedithin the lipid bilayer of cellular membranes break
the chain reactions of fatty acid peroxidatiorttocopherol and ubiquinol are the most

important lipid-soluble antioxidantgFrei et al., 1990

Alphatocopherol and ubiquinol can scavenge reactive free radicals by becoming stable
radicals themselves (i.eocopheroxy radical and ubiquinone, respectively), which is a
common mechanism in radieatavenging antioxidant§¢Zhang and Martin, 2034

I 302 ND A O | OA Rtodoghgfol iBtacSpliesaxyifréeSaditasin biological
systems, which is a unique feature ftocopherol (Freisleben and Packer, 1993

{ dzLJLJ S Y Sy i ltacdpBeydl seéeinsi doesnot affect the rate of incidence or
mortality of PQRautalahti et al., 1999

1.2.2.2Antioxidant enzymes/redox proteins

Antioxidant enzymes in cells have been classified into six categories: oxidoreductases,
transferases, hydrolases, lyases, isomerases, and lifasieles, 1978 Redox progins
represent the antioxidant enzyme group in the cellular antioxidant system. The majority
of redox proteins can be allocated to one of four different systems:-tREp8ndent
enzymes, glutathioné€GSH¥ystem, thioredoxirfTrx)system andhe glutaredoxin(Grx)
system Table 1.2. The RO8ependent enzyme system is the only one that can affect
ROS directly while the other three redox buffering systems need to donate electrons or

reverse the formation of disulphides to regulatedox homeostasigGiles, 2005b
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1.22.2.1 ROSdependent enzymes

RO&dependent enzymes include superoxide dismutase (SOLjlasat peroxiredoxin
(Prx) and glutathione peroxidase (GPx). The reductiorO0ofo Oy can occur in
mitochondria (during respiration), the cell membrane DPH oxidase) and cytosol
(by xanthine oxidaseJ-{gure 18, reaction 1)YCurtin et al., 2002 Both SOD and catalase
do not require cefactors to transform @ and HO; into HO; and HO respectively
(Figure 18, reactions 2 and JPaal et al., 2001Siegel et al., 20)4However, GPx and
Prxneed a series of etactors and proteins to fully functioriF{gure 18, reactions 4 and
5) (Weydert and Cullen, 2009

SODs locate in different sites in the mammalian cell: €&2B (SOD1) is fadiin the
nucleus and cytoplasm, MBOD (SOD2) exists in mitochondria and extracellular SOD
(EGSOD) located in the extracellular matrix and flu{@sttman et al., 2008 The
primary function of catalase takes place in subcellular organelles such as peroxisomes
(Weydert and Cullen, 2009Catalase enzymes are divided into monofunctional and
bifunctional classes. The monofunctional function acts as catalases, whereas the
bifunctional catalases act as peroxidagéhbelikamet al., 2004 GPx has eight isoforms

in the mammalian cell (GPx8). GPx1s the most common isofornm the cytoplasm as

well as GPx2, while GPx3 is an extracellular iso{bmavet, 2006.

In the mammalian celRrxhas six different isoforms expressed within the cytdfuk I,

II, V1), nucleus (Prx 1), mitochondria (Prx IlI, VI), peroxisomes (Prx V) and endoplasmic
reticulum (Prx IVfWood et al., 2003Tavenderet al., 2008. Each isoform contains a
Heroxidati€cysteine residue as an active site that attacks peroxides and becoming
oxidised to a cysteine sulfenic acid located in thtehninal region. Prx I, II, Ill and IV

are thebestcharacterized peroxiredoxins as they contaysteine residuaear the C
terminal as an additional active si{€llis and Poole, 1997Prxs scavenge intracellular
ROS, with Trx systems act as its electron dorfeiggie 18, reaction 5), whil€&5Pxs are

activated through the GSH systeRidure 18, reaction 6)Lillemoe et al., 2000
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ROS-dependent antioxidant enzymes

Glutathione system

Thioredoxin system

Glutaredoxin system
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(Trx); hioredoxin reductase (TrxR); thioredoxitieracting protein (TXNIP); nicotinamide
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1.2.2.2.2 The glutathione system

9-300.

TheGSHsystem is the most abundant antioxiddatmnily within all cell§Meister, 1983,

and its related transferases (glutathionetransferases, GSTaye one of the main

systems involved in the maintenance of intracellular redox balaibe.GSH system

consists of threemain componentsreduced glutathione (GSH), oxidised glutathione

(GSS&) and glutathione reductase (GR). GSH is a tripgptidiesising of cysteine,

glutamic acid and glycine, exists in two forms: reduced G&Hattivated form) and

GSSG (oxidised G$it inactivated form)Meister,1983¢® Dw A a

I RAYSNAO

that can be stimulated by NAPDH to reduce GSSG toREfiiie(18, reaction 6Watson

et al., 2003 GSH conjugates with various endogenous and xenobiotic compounds,

mediated by GSi$transferase (GST) to remove these compounds from the cell. As
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shown inFigure 18, the GSH/GSSG system activates GSH peroxidase (GPx) vehich is

mainarmused by the celio scavenge KD, from the cell.

In extreme conditions of oxidative stress, cellular efficacy to reduce GSSG to GSH may
be less, resulting in accumulation of GSSG within the cytosol. To maintain redox state,
GSSG can be actively transported out of the cell or react with protein sulftgroybs

(PSH) to formmixed disulphide (PSS )raverso et al., 2033 In normal redox
homeostasis, the GSESSEatio is usually 100:1. In contrast, under oxidative stress, the
intracellular GSSG levels accumulate leading to a drop in GSH/GSSG ratioZatkiD: 1

et al., 2012.

1.2.2.2.3 The glutaredoxin system

Grxsare a group of versatile adoreductases belonging, structurally, to the thioredoxin
(Trx) fold family ofroteins sinceboth Trx and Grx systenisave the Nterminal Cys
residue in their active sitéEklund et al., 1984 However, functionally, I&s are more
versatile with respet to the choice of substrate and reaction mechanisms thax
system(Lillig et al., 2008 Human cells contain four Grx isoforms: the cytosolic dithiol
Grx1, the mitochondrial Grx2 (Grx2a), the multidomain monothiol Grx3 and the
mitochondrial singledlomain monothiol GrxfJohansson et al., 20R4rhe main function

of Grxsystem is to reduce-§lutathionylated proteins, making them one of the major
deglutathionylasesin living cells due to theirhigh affinity and selectivity to
glutathionylated proteins. Grxs use both GSH and Trx as electron donors to reduce S
glutathionylated proteinsKigure 18, reactions 7 and 8 respectivelgdohansson et al.,
2004.

1.2.2.2.4 The thioredoxin system

The Trxsystem consists of thioredoxin (Trx), thioredoxin reductase (TrxR) and
thioredoxininteracting protein (TxXNIP), which are a class of low molecular weight redox
proteins characterised bgonserved active siteQysGly-Pro-Cys) thatare found in all

Trx family proteingHolmgren, 1989
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Trx proteins are 12 kDa proteins that include cytosolic thioredaxiTrx1),
mitochondrial thioredoxir2 (Trx2) and a larger thioredoxiike protein (p32TrxL)Ihe
cytosolic Trx1 is the wetltudied isoform and acts as the majdsudlphide reductase of
proteins in the living cellAll Trx proteins share a similar threémensional (3D)
structure that consists of fivetranded beta sheets that are surrounded by four alpha
helices on the external surface of the proteins, wiffrp ¢Cys¢Gly ProcCys being an
active site(Powis and Montfort, 20011l The most important amino acids in the active
site are Cys32 and Cys35 that undergo reversible oxida¢iduaction catalysedeaction

by TrxR in an NADMWAPD dependent mannerKigure 18, reaction 9). The biochemical

reactions of the Trx system are covered, in detaif@ctionl.2.2.2.4.1

TrxR is a member of the homodimeric pyridine nucleotii®ilphide oxidoreductase
family and exists in two forms: cytosol (TrxR1) and mitochondria (TrxR2). TxNIP is also
known as vitamin D3 upegulated protein 1 (VDUP1) or Trx binding protein 2 (TBP2).
TXNIP acts as an endogenous inhibitottloé Trx system, blodkg the activity of Trx by
interacting with the active catalytic centre of TEidure 18, reaction 10)YNishiyana et

al., 1999. TheTrx systenis, ascovered in Section 1.2.2.2.4i@volved in various cellular

pathways
1.2.2.2.4.1 Biochemical reactions of the thioredoxin system

In general, the major function of Trx is to reduce two Cys residues in other proteins,
including Prx proteins (reaction 3). Reduced thioredoxin actsnasectron donor to
break (reduce) the disulphide bond of the cysteine residu@rkthat can then sceaenge
intracellular ROS. Therefore, the antioxidant activity of the Trx system is primarily
exerted byPrx(Wood et al., 2008 In the cytoplasm, 95% of Trasein a reduced form

with a very low redox potential-Z80 millivolts (Mv), lower redox potential leads to
higher reduction actity), making it one the of the most favourable and major dithiol
reductants in the cel{watson et al., 2003b However, when Trx reduces a protein, it
reverts to the oxidised form (inactive form), which is characterised by a disulphide bond

between Cys32 and Cys35 (reaction 4). Theegfokidised Trx must be recycled to its
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reduced form to regain its activity. TrxR is the only known enzyme that can reduce
oxidised Trx by obtaining reducing equivalents from NADPH and pass them to the

oxidised TrXArner and Holmgren, 2000

The series of reactiorislisted below:
TC(SH} XSu Trxc S+ X (SH) (reaction 3)
Trx¢ S + NADPH Trxg (SH) + NADP (reaction 4)

As mentioned, TXNIP is a stresgsponsive protein that inhibits Trx activity by
preventing the recycling of oxidised Trx to the reduced form. TXNIP can inhibit the

I OGAGAGE 2F ¢NE o0& G(Gg2 LI GKglead CANRGZ 2E
and acts as &ompetitive inhibitor to remove Trx from proteins whose function is

inhibited by separation from Trx, such as ASK1. Second, overexpression of TxNIP, by
factors such as disturbed flow and high glucassulingin decreasd activity of TrxR,

leading to arincrease in oxidative stress and apoptqdamawaki et al., 2005

1.2.2.2.4.2 Biological activities of the thioredoxin system

As indicated earlierthe Trx system regulateRrx but also affects the redox state of
different signalling molecules, and by regulating their redox state, can regulate cell

growth, apoytosis, gene transcription, cell cycle progression and ROS |Eiglse 19).

Reduced Trx1, the bioactive form, binds to apoptosis sigewllating kinase 1 (ASK,

I 1S@ FLRLN2GAO NBIdzE | 62N s6K2aS | OGADlIGAzY
h 4nduced apoptosis, and transforms it to inactive form which protects egjEnst
apoptosis(Baker et al., 1997 The growth and apoptosis effects of Trx may also be
explained by the selective activation of a number of transcription factors such-as.NF

(nuclear factor kappdight-chainrenhancer of activated 8ells), glucocorticoid receptor,

TP53, AP1 (activator protein 1) and-ARactivator protein 2 Powis and Montfort,

2001).
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Figure 19: Mechanisms and functions ofrx system in the living cellsTrxR catalyses the
conversion of oxidised Trx into reduced Trx in NADPH reaction manner. Rdoucacts as

an electron donor to Trx peroxidase to reduceOkto water, reduce ribonucleotide
reductase in DNA synthesis, increases the DNA binding of several transcription factors,
increases cell growth and inhibits apoptosis. Adapted from: Mustacich, D. and Powis, G.,
2000. Thioredoxin reductasBiochemical JournaB46(1), pp.8.

NFS . LJ | ajax role in Xell response to oxidative stress, apoptosis and
carcinogenesig¢Gilmore et al., 1996 Trx1 increases the DNA binding activity of NF
subunits, enhancing NEi ~ YSRA I (i S Rion3eading to Selt padliddratian and
survival(Hayashi et al., 1993Schenk and colleagues observed that Trx1 was associated

with DNAbinding of NF . NJ y & ONX LJicalZahceFdell® in additioh 6 OS NI
enhancing DNAinding of transcription factor AR, which is associated with gene

activating events that inMged in growth, differentiatiorand cellular stres§Schenk et

al., 1994. The glucocorticoid receptor is another transcriptional factor regulated by Trx.

High levels of oxidative stress and oxidised Trx were associated with the decreasing of
glucocorticoid receptor binding activifidutchison et al., 199hakraborti et al., 1992

A significant increase in the expression of glucocorticoid recepediated genes and
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glucocorticoid receptor reporter activity we observed after transfection of Trx1 in
breast cancer (BC) ce(lglakino et al., 1999 The redox regulation of p53 DNA binding

is maintained by cystee residues in the DNA binding domainpdf3,and enhanced by
LIK2aLIK2NEBfFGA2Y o0& aLISOAUO (AylFasSa Ay NBalL
cyclerelated genegBanin et al., 1998 Therefore, Trx is involved in cell cycle regulation.
Knockdown of Trx in cells showed a significant arrest in G1 phase, showing Trx is a
positive cell cycleregulator bycyclin D1 transcription and the ERK/ARsignalling
pathways(Mochizuki et al., 2009aHowever, another study showed that 40% inhibition

of Trx activity by a Trx inhibitor (%) caused significant G2/M arrest in addition to an
increase in ROS levels and apopt@¥isu et al., 2014 Such differing results could be
explained by the low inhibition of Trx (40%) and to unknown mechanisms-&p Px
Moreover, inhibition of TR may lead to G1/S phase arrest due to the involvement of
the reducedTrx in DNA synthesis through reduction safibonucleotide reductase,
which is an enzyme that catalyses the formation of deoxyribonucleotides from
ribonucleotides (Laurent et al., 196¢ All cdls that synthesis DNA require
deoxyribonucleotide, which produced by reducing the hydroxyl group at the C20 of the
ribosemoiety of ribonucleotide by ribonucleotide reductagéromer et al., 2004 A

recent study showed that upegulaion of Trx1 and human ribonuclene-diphosphate
reductase large subunit (RRM1) can significantly enhance ribonucleotide reductase
activity in colorectal cancer cells. Furthermore, dual inhibition of Trx1 and RRM1

produced a synergistic anticancer efféctvivoandin vitro(Lou et al., 2017

1.2.3 Redox proteins in cancer

Antioxidant supplementation has been implicated in cancer prevention and
maintenance dgeneral healthKlein et al., 2011 In addition, inhibition of antioxidant
systems could be chemopreventiy&orrini et al., 201B In general, cancer cells are
under continuous oxidative stress, due to high levelsR@Sresulting from high
metabolic activity, mitochondrial dysfunction, peroxisome activity, increased cellular

receptor signalling, oncogene activity and high activity of oxidases, cyclooxygenases and
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lipoxygenasegFigure 110) (Storz, 200k Thus, redox proteins pfaa major role in
cancer cell survival and proliferation by regulating the high oxidative stress, making it a
potential target for cancer treatment. Therapies targeting redox proteins have been
widely studied as either single modalities or in combinatioithvehemotherapy or

radiotherapy.

| Antioxidants I
Antioxidants
=] = ™)

REDOX OXIDATIVE
HOMEOSTASIS STRESS

Figure 110: Redox homeostasis and oxidative stresé/hen the intracellular
antioxidant systems are able to counterbalance the reactive oxygen species (ROS)
level, redox homeostasis is maintained (left); but if the ROS levels constantly
increase or/and the antioxidant systems are disrupted, ROS overbalanaesand

leads to oxidative stress (right). Source: Zhang, Y. & Martin, S. G., 2014. Redox
proteins and radiotherapyClinical Oncology26, 28¢300; used with permission.

1.2.3.1Effect of redox proteins on cancer treatment: RO@&yendent enzymes, GSH

and Grx systems

As indicated earlier, altering expression/activity of redox proteins in cancer cells has
been studied in order to increase the efficacy of chemotherapy and radiotherapy. Redox
protein regulation of the radioresponse of cancer cells will bscuksed in the

introduction of Chapter 2.

An in vivo study showed that knockindown SOD2together with a GPx inhibitor
reduced oral cancer cell growtd to 20fold) compared to control, with an increase in
survival] and sich tumour inhibition effects we enhanced by including a catalase
inhibitor (Darby Weydert et al., 2003 Komatsu and colleagues observed that
overexpression o60OD2vas associated with a significant decrease in plating efficiency
(PE) of osteosarcoma cells dueattcumulationof HO, (Komatsu et al., 2005Another
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study showed that different levels &OD2ad differenteffects,in vitroandin vivg on
growth of oesophagealkquamous carcinoma cells, apoptosis, PE and cell cycle
distribution (Sun et al., 2013 The latter study showed that high levels 30OD2
promoted cell growth and PE rate, whereas moder&@DZJevels suppressed tumour
cell growth and PE, with an increase in apoptd3&pa and colleagues observed a new
mechanism between two isoforms of SOD in BC 01 and SOD2. The lo6SOD2
expressionvas correlated with overexpression 8O0D1. Furthermoreatgeting SOD1

by a SOD1 inhibitor (L&pcould avoid an adaptation mechanism that maintains total
ROS level¢eading to a drastic fragmentation and svired) of the mitochondrial matrix,

with a significant increase in the level of mitochond@al(Papa et al., 2004

The GSH systemas important and often the primary, redox buffering system in cells.
High GSH levelsave beenobserved in different types of taours, and have been
associated with clinical failure of chemotherg@alvert et al., 199&strela et al., 2006
Therefore, several clinical trials have targeted the GSH system, either to sensitise
tumours to chemotherapy agents such as melphgRaiky et al., 199Yor to reduce
YSAdINPG2EAOAGASE Ay OFyOSNI LI GASy@ackétNS I G SF
al., 2008. The GSi&SSratio has been used asuseful tool to assess the status of the
cellular antioxidant system that controls redox homeostasis in different types of cancer
cells(Meister, 1994. Furthermore, altering the GSBISS@atio decreasd the metabolic
viability and clonogenicity of three different cancer cell lines (T98G glioblastoma, SNU80
thyroid carcinoma andkKB oral carcinoma embryonic human cell Iing&ushik et al.,
2014).

Reduced Grxs inhibit apoptosis either by binding to ASK1, in the same pattsvay
reducedTrx,or by reducing PSSG which acts as a critical regulator of apo(losithy
et al., 201). Silencing Grt in bovine aortic endothelial cells cadlsdisruption to the
redox state of Akt protein, leading to a significant increase in apop{déang et al.,
2007). A recent study showed that inhibition of the Grx system in hepatocellular

carcinoma cells caused an increase in doxorubicimsitigity and apoptosis, with a
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significant decrease in expression of other antioxidants such as catalase, Trx and
NAD(P)kguinoneoxidoreductase (NQOIE. Xavier, 2005

1.2.3.2Effect of redox proteins on cancer treatment: the Trx system

Asmentionedearlier, the Trx system &n importantredoxsystem,and plays anajor

role in maintaining the intracellular ROS levels in cancer cells. Therefore, inhibiting the

Trx system may alter the intracellular redox state and, subsequently, make cells more
apoptotic and more sensitive to cancer treatments such as chemothesmy
radiotherapy. The role of the Trx systemregulationof the radioresponse of cancer
OStta oAft 0S RA&AOdzAASR Ay [/ KFLIISNI HE @KA
expression with the clinicopathological criteria and survival outcomes akecgratients

will be discussed in the introduction of Chapter 4.

1.23.2.1 Inhibition of the Trx system in peelinical studies

Among various Trx/TrxR inhibitors tested thus famméthyll-propyt2 imidazolyl
disulphide (I¥2) has been the most widely studied in the literatiite et al., 201p I\

2, also known clinically as X, is an irreversible inhibitor of the Trx/TrxR system and
causes slow irreversible oxidati of the catalytic site Cys73 residue of Trx, and
reversible oxidation of the catalytic site Cys32 and Cys35 residues @irkpatrick et

al., 1998. I\/2 was classified as one of the most potent Trx/TrxR system inhibitors out
of 700 disulphide analogues, with a meanso@loncentration that causes 50% growth
inhibition) of 6.5 Amol/L against canceells in the NG60 cell line panelKirkpatrick et

al., 1999. Therefore, IM2 was extensively evaluated in several jplimical studies

against different types of cancer.

MCF7 BC cells treatedith IV-2 caused an irreversible arrest in the G2/M phase of the
cell cycle(Vogt et al.,, 200D Another study showed that HelLa cervical cancer cells
treated with I\V2 showeda significaninhibition of cellular proliferation and clonogenic
survival, with an arrest in G1 phase of the cell c{@feart et al., 2004 I\-2 was known

for a decade as a specific inhibitor of the Tystem. However, Huber and colleagues
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showed that IV2 could inhibit other proteins such as tubulin and cysteine proteases

(papain and ficin) by interacting with their cysteine resid(ldgber et al., 2008 Anin

vivostudy showed that \2 treatment for 2 hours decreased microvascular permeability

by 63% in HT29 xenograft tumours. However, the effect e2 bh microvascular
permeability was decreased, tie pre-i NS G YSy G @t dzSasx | FGSNI |
(Jordan et al., 2005

Auranofin (AUR) was the first oral gold (I) compound used for treating rheumatoid
arthritis (Kean and Kean, 20p8t has shown high ability to inhibit TrxR, with anti
tumour activity across a panel of 36 cancer cell lif@asini et al., 2009and various
cancer phenotypes including pancreatic, cervioaleloma, lung and breast cancers, as
will be discussed in detail in Chaptef¥an et al., 201,2vou et al., 2013Bhaia et al.,
2016 Raninga et al., 2016

Motexafin gadolinium (MGd) is a novel anticancer agent based on a porghkgin
structure that targets TrxR, in addition to GSH and ribonucleotide redu(téesgda and

Miller, 2006. The mechanism of actiaf MGd is based on redox cycling that generates
ROS molecules and catalyses the oxidation of intracellular reducing metabolites such as
NADPH, GSH, ascorhitd, and protein vicinal thiolgMagda et al., 2001lMagda and

Miller, 200§. MGd was evaluated in clinical trials asadiosensitser, particularly in

patients with brain metastases, as will be discussed in Chapter 2.

PMX290 (AJM290) and PMX464 (AW464) areafuwsompounds, developed by the
School of Pharmacy at the University of Nottingh@ifells et al., 2000 PMX290 was
initially developed as a Trx inhibitor, but later studies found that it can also inhibit TrxR
activity both in celfree systems and in cell lysaighew et al., 2009aMicroarray and

mass spectrometry analysis showed that PMX464 reacts with cysteine residues 32 and
35 of TrxBiaglow and Miller, 20Q5Both inhibitors showed high selectivity and potency
against colon (HCT116 and HT29), renal (CAkd ACHN) arfareast (MCH and MDA
MB-435) cancer cell ling8Vells et al., 200Biaglow and Miller, 20Q30ones et al., 2006
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with initial results suggesting that PMX46duld sensitise MGF BC cells to radiation
(Zhang, 2008

A recent study showed that a natural product named Diphelifflioroketone (EF24)
exhibits high inhibition efficiency of TrxR adidplayssynergistic lethality with U in

gastric cancer cellgou et al., 2016

Limited studies have investigated the mechanism, function and effect of Trx2 in cancer
treatment. However, Trxdas beenwell studied in maintaining cardiac function by ROS
elimination, preserving the mitochondrial integrity and suppressing apopt(ismirad

et al., 2004Huang et al., 2015

Overexpression of TxNIRAs beerassociated with decreased Trx activity, increased ROS
levels, inhibited cell growth, cell cycle arrest and increased apoptosis in prostate cancer
cells (Wei et al., 201). Furthermore, transfecting TxNIRto tumour cells cause@
significantreduction in cell growth due to arrest at the GO/G1 phédan et al., 2008

In contrast, inhibition of TXNIP expressiamas associated with tumour growth and

metastasis in mel@goma cell{Goldberg et al., 2003

Recently, anovel generation of indolequinone analogues (IQs)pduced at the
University of Nottinghanas novel bioreductive agentsave been shown to have actions

in regulating the Trx system in PC céflan et al., 2009an et al., 2022 The current
project sought to evaluate the mechanism of action of IQs on PC cell lines as single
agents and in combination with ionmgj radiation, as will be discussed in Chapters 2 and

3.

1.2.3.2.2 Inhibition of the Trx system in clinical trials

Since 12 showedboth significantin vitrocytotoxicity and encouraging vivoantitumor

activity, it was identified, at that time, as tHiest specific irreversible inhibitor of the Trx
system to undergo clinical evaluation (under the name 6fLPXin cancer patients. PX
12 wasevaluated in a total of five clinical trials; fophasel and one Phase Il clinical

trial. The first phase | study evaluated the effect ofI2Xn 38 patients with advanced
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solid tumours (sarcoma, colorectal, appendiceal and renal can@@as)anathan et al.,

2007). Patients were treated withc@26 mg/nt of PX12, given intravenously (1V) for 1

or 3 hous on a daily X5 schedule repeated every 21 days (patients had not received
chemotherapy or radiotherapy for at least four weeks prior toel2Xreatment). After

minutes of infusion, PX2 was rapidly metabolised to-Bercaptoimidazole and -2
butanethiol (Figure 111). The 20 dzii Yy SG KA 2t Ol dzaSR a3 NI A O f
which was a major logistical challenge for the administration eLPXPX12 was well

tolerated up to a dose of 226 mgAby a threehour infusion, with alisease stabilisation

observed at lower doses{® mg/n¥). However, the tolerance dose seedimpractical

due tothe need for negative pressum@ea during infusion to prevent the odour of 2
butanethiol(Ramanathan et al., 200.7The second phase | study (phase IB) included 32
patients withadvanced solid tumours treated with 3250 mg/n¥/day of PX12. The

d0dzRe dzaSR | LERNIIFofS RSt AODSNE14dEEARIF 2 NI HT
days respectively. The study found that 400 mélay of PX12, eitherat 24 or 72

hours, was safeplerable and decreased the intensity of a cough and odour compared

to the previous clinical trial. Also, the study found that patients with higher plasma Trx

levels showed the best probability of having stable dis¢BRsananathan eal., 2009.

HS>—_H
N
NP

2-mercaptoimidazole

rNj\S_S_CHCHch! + Trx-1 SH _~—, Trx-1 SSCH(CH;)CH,CH;3

H éH! l reduction
PX-12
CH,CH,CH(CH,)SH
2-butanethiol

Figure 111: Scheme of the potential mechanism of PD2. PX12 interaction with reduced

thiols (SH) of Cys73 on the active site of Trx results inalkidated Trx and release of 2
mercaptoimidazole. The irreversible oxidation of Cys73 prevents the reduction of Trx by TrxR.
Further reduction of the thiealkylaied Trx can release the volatileb®tanethiol that caused
GIFNIAO fA1Se 2R2dzNJ 2y (KS OoNBIGK FyR YI& 0S5
R. K. et al. 2007. A Phase | pharmacokinetic and pharmacodynamic studit 2f &Kovel

inhibitor of thioredoxin1, in patients with advanced solid tumoufSlinical Cancer Research,

13, 21092114; used with permission.
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The third phase | study included 14 patients with advanced refractory cancers treated
with a 72-hour infusion of PXL2 on days 1, 2 and 3 af21}day cycle at a starting dose
level of 300 mg/rYday. The PX.2 dose was escalated until the deémiting toxicity
(DLT) was identified. In a total of 14 patients; 1, 10 and 3 patients were enrolled in the
following dose cohorts: 300, 400 and 500 mgfespectively. The study concluded that
400 mg/nt/day of PX12 as a 7zhour infusion appeared to be safe and tolerable, with
stable disease was observed in 7 patients (1gRé@manathan et al., 2012The fourth
Phase | study included 18 patients with advanced gastrointestinal cancers treated with
PX12 for a24-hour infusion once a week at a starting dose level of 300 nifglay. The
PX12 dose was escalated until DLT was identified. Theystoaind that the starting
dose was the maximum tolerated dose with no evidence of any clinical activities.
Furthermore, the pharmacokinetic analysis showed no significant trends in changes in

the levelsof plasma Trx pre or post PR treatment(Baker et al., 2013

The Phase Il study should have included 28 advanced PC patients treated with
chemotherapy. Howeer, only 17 patients passed the entry criteria for the study, which
included a certain level of cancer antigen9d9CA 19) and standardised uptake value

(SUV). The patients were treated with-PX (54 or 128 mg/rf) for a 3hour 1V infusion

daily X5 da§ SOSNE HM RlI2ad ¢KS &adGddzReée I|HreerSR (2
survival (PFS) in patients after four months of PX12 treatment. However, the results
showed that no patient exceeded a PFS of 4 months, with a median PFS value of 0.9
months, with only tvo patients showed stable disease. The study was not completed

and was terminated earlfRamanathan et al., 20).1

Aggregate clinical trials showed a lack of antitumor activity el Xvith an atypical
toxicity profile such as strong pgent odour, respiratory irritation and pneumonitis.
Also, recent evidence suggests thatE2Xcan interact with other targets such as tubulin
and cysteine proteases, which may explain the rapid metabolism df2RK plasma
proteins. Therefore, the resultof clinical results suggest that further clinical

development of PX 2 is not feasible. Although inhibiting the Trx system is still a target
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of interest for developing novel artiancer agents, RX2 was the only known drug that

was clinically evaluate@t that time, as a specific inhibitor of the Trx/TrxR system.

Several other inhibitors of the Trx system were evaluated or have been investigated in
clinical trials of cancer treatment either as bioreductive agents (as will be discussed in
Chapter 2) sucls apaziquone (EO9) andtomycin C(MMC) or as other agents with
different biological mechanisms such as ethaselen, arsenic trioxide, and diihvsintza

et al., 2009 Paz et al., 2012Vang et al., 201,1Zhang et al., 201jaHowever, these

inhibitors are known as muktarget drugs and are not specific to the Trx system.

In conclusion, from thabove it can be seen that current treatment options for PC have
failed to improve survival ras, with TrxR being a potential novel therapeutic target in
PC.The current thesis set out to examine the role of the Trx system, using novel TrxR
inhibitors, in regulating PC cell proliferation and radiosensitivity. The current thesis set
out to examine he role of the Trx system, using novel TrxR inhibitors, in regulating PC

cell proliferation and radiosensitivilyy addressing the hypotheses mentioned below.

1.3 Hypotheses and aims

1.3.1 Hypotheses

1. Radiosensitivity and cell cycle progression of PC asdlaltered by treatment
with 1Qs.

2. 1Q treatment impaisthe function of the Trx system in PC cell lines.

3. Hypoxia increases the cytotoxic efficacy of IQs on PC cell lines.

4. Elevated protein expressioof Trx and TrxR is an adverse prognostic factor for

overall survival in patients with pancreatic, bile duct and ampullary cancers

1.3.2 Aims and objectives

1. Assess the effect of IQs on cellular cytotoxicity and radiosensitivity of PC cell lines

by proliferation and clonogenic survival assays.
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2.

Investigate the role of IQs in Trx system function by examining a varigtyitfo
assays including oxidative stegscell cycle statusctivity of TrxR and protein
expression of Trx system family members in PC cell lines pre and post 1Qs
treatment.

Observe the effect of hypoxia (1%)Qn proliferation, clonogenic survival,
protein expression of Trx system family meens and expression of reductases
enzymes in PC cell lines pre and post 1Qs treatment.

Investigate the association between the expression of Trx system proteins and
the clinicopathological criteria and patient survival outcome, using conventional
immunohigochemistry (IHC), in 230 tumours from pancreatic, bile duct and

ampullary cancer patients.
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2.1 Abstract

Background Redox proteins are key members of cellular antioxidant systems, required
to maintain redox homeostasis, with the Trx system being an important component.
New analogues of indolequinones (I@&re producedat The University of Nottingham

as TrxR inhibitcs. TrxR plays an important role in regulating cell growth, proliferation,
gene transcription, redox homeostasis and apoptosis. The current chapter sought to
determine the action of IQs on PC cell lines as single agents and in combination with
ionising radation. Furthermore, the current chapter investigates the cytotoxic effect of
GM, an agent clinically used in the treatment for PC, and AUR, a well characterised TrxR

inhibitor, on PC cell lines as positive controls.

Methods: In vitro cytotoxicity assayproliferation and clonogenic survival), GM, 1Qs
(1Q9 and 1Q10) and AWWRre assesseith PANEL, MIA Pac& and BxR8 human PC cell
lines. In the proliferation assay, subconfluent cells were treated with 50, 100, 250, 500
and 1000 nM of GM or with 0, 10250, 500 and 1000 nM of 1Qs or with 0, 500, 1000,
2000 and 4000 nM of AUR, with 0 nM as a control. Cells were counted, analysed and
plotted over a 72hour time course. In the clonogenic assays, cells were plated in T25
flasks and treated, 24 hours laterjtiv 10, 25, 50, 100 and 250 nM of GM or with 100,
250, 500 and 1000 nM of 1Qs, with 0 nM as a control, for 48 hours before being plated
for colony formation. In the drugadiation combinations clonogenic survival assay,
cells were treated with the clon@gic IC50 of 1Q9 and 1Q10 for 48 hours, then irradiated
with a single dose of 1, 2, 4, 6 or 8 Gy. Following irradiation, cells were trypsinised and
plated for clonogenic survival. Effects of IQ9 and AUR on cell cycle progression ef PANC

1 and BxP& cellswere assessed using flow cytometric analysis.

Results:IQs exhibit potentn vitro cytotoxicity at 24, 48 and 72 hours with IC50 values
in the low nanomolar range. In the proliferation assay, PAN&Ils showed low
sensitivity to 1Qs (IC50=3320 nM), wlie MIA Pac& (IC50=9250 nM) and BxP8
cells (IC50=25870 nM) showed high and intermediate sensitivity to IQs respectively.
Results showed that 1Q9 and 1Q10 are less toxic than GM=4G850 nM), but more
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toxic than AUR (IC50=4@0550 nM) across BPC cell lines. PANCcells seem less
sensitive to GM than MIA Pa@aand BxP& cells. In the clonogenic assay, GM (K280

45 nM) seems more potent than 1Qs (IG880-900 nM) across all PC cell lines.
Clonogenic survival showed that MIA P&caells (€53240260 nM) were more
sensitive to 1Qs than PANC(IC56&730-900 nM) and BxR8 cells (IC50>1000 nM).
Increased radiosensitisatiowas observedfor PANGL cells treated with 1Qs (51%
increase for 1Q9 (P<0.0001) and 48% increase for IQ10 (P<0.000&y atoénpared to
control). A marginally increased radiosensitisatizas observedor BxPe3 cells treated

with 1Qs (25% for 1Q9 (P<0.05) and 23% for 1Q10 (P=0.192) compared to control), with
no altered radiosensitisation in MIA Pa2a&ells. Although IQ®sem to sensitise PANC

1 and BxP8 cells to radiation at 6 Gy, the sensitiser enhancement ratio (SER) at 1% of
survival for PANC (SER=1.08.1) and BxP8 (SER=1-1.13) cells was low. The IC50 of
IQ9 for 48 hours caused a significant cell cycle arfeBRINEL cells in the GO/G1 phase
(P=0.024) with a significant decrease ipHase (P=0.013), while no effetas observed

on cell cycle progression of BxBcells.

ConclusioniQs are highly effective on PC cell lines as single agents, with IC50 values in
the low nanomolar range. However, IQs was less potent than GM and more potent than
AUR. 1Qs treatment can cause cell cycle arrest and enhance radiotherapeutic efficacy in

certain PC cell lines, but with low SER values.
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2.2 Introduction hypothesis and aims

2.2.1 Redox protein regulation of radioresponse

As introduced in Chapter 1, redox proteins play a major role in cancer cell survival and
proliferation by regulating théigh levels of oxidative stress often found in cancer cells,
making them potential targets for cancer treatment either as single modalities or in
combination with conventional therapie®edox buffering systems have been studied
widely in terms ofthe role they play in regulating radioresponse of tumour cells, with
the intent to inhibit these systems to modulate intracellular ROS levels that can induce
lethal effects (Zhang and Martin, 2034 The involvement of redox proteins in

radioresponse is summarisedhigure2.1, and discussed below.

Figure 2.1 Involvement of redox proteins in the regulation of tumour cells radiosensitivity.
GSH, reduced glutathione; GR, glutathione reductase; GST, glutathivansferase; Trx,
thioredoxin; TrxR, thioredoxin reductase; TxNIP, thioredoxeracting protein; Px,
peroxiredoxin; SOD, superoxide dismutase. SouZéeng, Y. & Martin, S. G. 2014. Redox
proteins and radiotherapyClinical Oncology26, 289300; used with permission.
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2.1.1.1SODs in regulating radioresponse

SODs play a major role in regulating the effedtsriadiation in cancer therapy. The
effect of modulating SOD expression has been studied to either alter radiosensitivity of
tumour cells or to protect normal tissues against radiation. A recent study found that
SOD2 overexpression was associated withior@distance in myeloma cells, while
knockdown caused significantly enhanced radiosensitivity and chemosensiBviywn

et al.,, 2012. Another study investigatethe expressionof SOD1 in U189 human
glioma cells (wildype, neo vetor control and stably overexpressing SOD1) irradiated
with 10 Gy. It showed that SOBYerexpressing cells were radioresistant compared to
wild-type and neo vector control cel(&ao et al., 2008 Another,in vivostudyshowed

that treating human microvascular endothelial cells (HMEC) aAdsAouse sarcoma
cells with thiol-containing drugs lead to increase ixpgession and activity of SOD

resulting in radiation resistance of both normal and tumour o@llarley et al., 2008

Overexpression of SOD seems to have a protective effect on normal tissues against
radiation. Anin vivostudy showed that overexpression of SOD2 in oral cavity mucosa
was associatedvith the absence of radiatiemduced mucositisa major toxicity of
radiotherapy for head and neck cang&uo et al., 2008 Another study investigatedh

vitro and in vivg the radiosensitiveeffect of stable transfection ofSOD2 inHT-29
colorectal cancer cells and CCD 841 CoN normal colorectal cells. The study showed that
overexpression of SODacreased the radiosensitivity of HB cells(P<0.01)and
concurrently protected CCD 841 cellsrir radiation damaggP=0.02)compared to

control cells(Zhang et al., 2017b

2.1.1.2GSH system in regulating radioresponse

Alteration of radiosensitivity through modulating intracellular GSH leveldbas well
studied over the last 34 decades. Historical studies showed thatibition of GSH
system by buthionine sulfoximine (BSO), a specific GSH synthesis inhibitorreasanc
radiosensitivity in A549y79 and A549 lung carcinoma cell lines in both normoxic and
hypoxic conditiongBiaglow et al., 1983Mitchell et al., 1983 A later study found that

63



Alhadyan K; PhD thesis Chapter2

head and neck squamous cell carcinoma (HNSCC) cells treated with B&ohethgl
fumarate (DMF, a GSHepleting agent) for 4 hoursdfore 10 Gy irradiatiohed to 10%
decrease in the endogenous level of GSH imedeaseradiation apoptoticcell death

over control(Boivin et al., 201)1 A novel study has shown knocking out phosphate
activated mitochondrial glutaminase (GLS2, a key enzyme in the conversion of glutamine
to glutamate) in cervical cancer cells can cause a significant decrease in ceftdar G
levels and an increase in ROS levels leading to a significant improvement in radiation
response(Xiang et al.,, 2013 GR inhibition by2-AAPA an irreversible GR inhibitor,
showed a significant increase in ROS levels and radiosensitivity of skin, breast, lung and
ovarian human cancer cell lines over con{gao et al., 209). A recent study sed the
GSHGSSRatio to monitor different redox homeostatic levels to examine variation in
radiation sensitivity between two prostate cancer cell lire€8 and DU14%)ayakumar

et al., 2014.

2.1.1.2Prxs in regulating radioresponse

Prxs are an important system to scavenge ROS in living cellsa witmber ofstudies

hawe investigated the effects of different levels of endogenous Prxs expression on
radioresponse, and studying the alteration of endogenous expression of Prxs following
radiation. Overexpression of Prxs following radiation was observed, andssasiated

with an increase in radioresistancm a doseand timedependent manner, in cancer
cell lines such as HT29 colon cancer cells, rat C6 glioma cells and BLC€ell$Chen

et al., 2002 Wang et al., 2006 and in normal cell lines such as mouse intestinal
epithelial IE& cells(Bo et al., 200p Another study showed that inhibiting Prx | in
SW480colon cancer cellsusing a recombinant siRNA vector targetiBgel, was
significantly associated with an increase in radiosensitivity and apogiisang et al.,
2005.

A proteomic studyinvestigatel the expressions of 20 different proteins following 4 Gy
radiation in 10 headnd neck cancer cell lines. Authors observed that high expression

of Prx Il and glutathione-tBansferase pi (GSTRJas significantly correlated with the
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radioresistance in head and neck cancer cell l({$=d_ee et al., 2008 A recent study

found that silencing Prx2, using shRNA, can significantly increase ROS level and
radiosensitivity inHCT116, Caed and T84colorectal cancer cell lines compared to
control (Cerda et al., 2007 Furthermore, a novel study observed an increase in
radiosensitivityjn vivoandin vitro, and apoptosis imesophagl cancer cell lines after

silencing two highly expressed isoforms of Prxs (Prx1 and (@ab)et al., 201)1
2.1.1.3Trx system in regulating radioresponse

Trx system is one of the most widelydied redox buffering systems in regulating
radioresponseof tumour cells. Inhibition ofTrx system, mainly by targeting TrxR,
sensitise tumour cells to irradiation by altering their ability to detoxify RO%asin
decades, numerous TrxR inhibitors weree-plinically evaluated to increase the
radiosensitivity of cancer cells, with limited number of these inhibitors were
investigated in clinical trials. As shownSaction 1.2.3.21\/2 is one of the most potent
Trxsystem inhibitorsin vitro study showed that Hela cervical cancer cell line treated
with a I\2, following irradiation, showed a significant decrease in clonogenic survival
over control(Smart et al., 2004 A combination of a novel Trifhibitor, phosphine
gold(l) compound [Au(SCN)(PEt(3))], andizing radiation reduced the surviving
fraction by 50% in U1810 human lung cancer cell (8&denius et al., 20)2Recently,
four novels Platinum (Pt) complex drugs were developed as novel inhibitdrgRand
showed a significant increase in ROS levels, growth inhibition and radiosensitivity in
A375 melanoma cancer céhie, witha significant arrest in cell cycle progress{&ie et

al., 2013. The same cell line treated with novel TrxR inhibitogslenadiazole
derivatives, showed a significant increase in cytotoxicity, ROS levels, apoptosis and
radiosensitivity(Liang et al., 204 A recent study at The University of Nottingham
showed that inhibiting Trx system by metformin camga a significant radiosensitising
effect on BC cell lines in a phenotype specific fas{idtiang et al., 2004A recent study
found that AUR, a wetltharacterised TrxR inhibitor, treatment increases the
radiosensitivity of EM6 and 4T1 murine mammary carcinoma cells in both aerobic and
hypoxic conditions. The radiosensitisatiof these cellsvas accompaniedby ROS
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overproduction, mitochondrial dysfunction, DNA damage and apop{dgang et al.,
2017). Furthermore, the latter study showed an additional vivo radiosensitisation

after dual inhibition of Trx and GSH systems by AUR and BSO respectively.

D-allose, one ofthe rare sugars, can induce specific -tggulation of TxNIP and
subsequent G1 cell cle arrest in hepatocellular carcinoma celisamaguchi et al.,
2008. The upregulation of TXNIP, by-8llose treatment, caused a significant increase
in radiosensitivity, ROS level and apoptosis in human head and neck cancer cells
(Hoshikawa et al., 20)1As indicated irSection 1.2.3.2MGd is a weltharacterised
inhibitor of Trxsystem. Several prelinical and clinical studies have shown the value of
MGd as a radiation sensitizer particularly in patients with brain metas{@$esnas and
Khuntia, 201} A clinical Phase lll trial evaluated the radiosensitivity effedGtlin

554 patients with brain metastases from ngsmaltcell lung cancer (279 patients were
treated with radiotherapy pluMGd,while 275 patients were treated with radiotherapy
alone). TheMGdradiotherapy patientsshowed favourable neurologic outcomes
compared to radiotherapy alone patients, with a significant prolongation of the interval

to neurologic progression (24.4 months vs 8.8 months, P=0(0=hta et al., 2009

In vivostudies and clinical trials that targeting redox buffering systems, such as Trx
system, in tumour cells showed limited success either as single agents or in combination
with conventional cancer treatments. A major challenge of these inhibitors, in tefms o
drug delivery or drug activation, is thaggressive behaviour of the tumour
microenvironment which is characterised by hypoxia. The oxygenation status of tumour
cells in solid tumours has long been believed to be a major factor that can decrease
tumour response to cancer treatments, iparticular radiotherapy. Over the last
decades, a number of tumotspecific targeting strategies have been investigated
against hypoxia such as bioreductive agents (also known as hygeixiated agents
(HAPs)), hypoxiadective gene therapy, targeting the hypostraucible factor 1 (HHE)
transcription factor and the use of recombinant obligate anaerobic bac{Briawn and
Wilson, 2004 The curret study investigates the effect of novel HAPspE3ed agents,
against PC cells as single agents and in combination with radiation.
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2.2.2 Bioreductive agents

LY MpTHE GKS GSNY WoA2NBRAZOUGAGBSQ o6l a AyidNT
mechanismof selective reduction/activation at lowQevels (hypoxic conditions) and

become more potent than the parent compourdin et al., 1972 The mechanism of

selectivity of a class of bioreductive agents (indolequirbased agents) toward

hypoxic cellgs specifically covered igectionH ® A.dH1990, Workman and Walton
SatlrotAaKSR WSyiTeyvyS RANBOGSR 0A2NBRdAzOGAGS
FAYa G2 lyrfteasS OFyOSN) LI GASYyGlaQ oAz2LIAAS
bioreductive treatment based on the relative activities of eéntreductases and O

levels in tumours versus normal tissu@¥orkman and Walton, 1990 Furthermore,

other factors may contribute to the selectivity of these patients such as the redox
potential, radical pKa, the nature of radical/radi decay kinetics, level o @uring drug

activation, the ability of @to reverse the bioactivation process, substrate specificity and

the distribution of enzyme activity between tumour and normal tissQ&ardman et

al., 1995 Phillips, 1998

Several weltharacterised bioreductive agents were investigated in cancer clinical trials,
as single agents or in combination with chemaaliotherapy. These agents either
showed no antitumour activity, such asymnidazole(Dische et al., 1993etanidazole
(Eschwege et al., 1997tirapazamine(Rischin et al., 2008 PR104 (McKeage et al.,
2012 and TH302 ¢evofosafamidg (Van Cutsem et al., 20},6or showed antitumour
activity, such as nimorazol@®vergaard et al., 998 Overgaard et al., 200%r being
under clinical evaluation such as AQ4td\acea and THA000 arloxotinib) (Mistry et

al., 2017. The current chapter investigates the effect ofd@sed agents against PC cells,
as single agents or in combination with radiation. The clinical outcomasodher welt
characteised bioreductive agentsuch as mitomycin C (quino#iased agent) and EO9
(IQbased agents) are discussed in details in SecohR.1and 2.2.2.2respectively.
Bioreductive agents have a range of chemical structures such as nitro compounds,

aromaticnoxides aliphatic Noxides, quinones, indolequinones (analogues of quinones)
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and transition metal complexeMistry et al., 201). The current chapter investigates

the effect of IQbased agents on PC cells.

2.2.2.1Quinones

Quinone compounds exist in plants, bacteaad fungus at high concentration
compared to mammalian tissug¥homson, 201p They also occur as a result of air
pollution (such as diesel exhaust, tobacco and wood smoking) by photochemical
reactions of polycyclic aromatic hydrocarbons (PAkMgh NQ, ozone, and OH
(Schmeltz et al., 197Lane et al., 1996Chemically, quinonesigure 2.2) are regarded

as cyclic unsaturated diketones resulting from the oxidation of aromatic compounds
such as benzene and naphthalemologically, quinones are cytotoxic molecules that

can produce ROS and cause oxidative cycling.

Mitomycin C (MMCFigure 2.D), also known amutamycin was discovered in the
1950s, and wasapproved for clinical use as an antibiotic in 14vérweij and Pinedo,
1990. In 1980, MMGwas first recognised as a quinchased bioreductive agent with
preferential activity against hypoxic cancer cédennedy et al., 1980Subsequenin

vitro andin vivostudiesshowed that MMCalone or combined with radiatigmvasmore
effective against hypoxic cells thanrmoxic cells in differertypes ofcancer(Rockwell

and Kennedy, 197%Rockwell et al., 198XKeyes et al., 19§5Due to the encouraging
results of preclinical studies, MMC was involved in several clinical trials of a variety of
solid tumours including bladder, breast, cerfjalon, gastric, nosmall cell lung and
pancreatic cancers. Clinical trials showed that MMC, either alone or in combination with
chemoradiation, had no significant benefib patients' clinical outcoméverweij and
Pinedo, 199D However, MMC showedsignificantimprovement only in anal cancer
treatment in combination with radiation and-BU, making it a standard therapy of anal

cancers in the United Kingdofdames et al., 20}3
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Figure 22: Chemical structures and molecular formulas of quinone (A), Indole (B),
Indolequinone (C), mitomycin C (D) EO9 (E), I(® and 1Q10 (H)Abbreviation;
MeO=methoxy group (€CH), R=organic groups.
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2.2.2.2Indolequinones (IQs)

IQ Figure 2.Z) molecule is based on an inddfégure 2.B) with two additional ketone
groups (quinone) attached to the ring structufelanson, 2001 IQs are electron
deficient conjugated molecules that can accept two electrons in @ndéwo-electron
reduction processes, and subsequently inhibit a cellular target by reacting with its active
site (e.g. NQOL1 or TrxR), wgheatestselectivity towards hypoxic cells by a mechanism

discussed below.

As shown irFFigure 2.31Qsbased agents (for example EQ@@)n undergmne-electron
reduction, by NADPH cytochrome P450 reductéS®R), to produce semiquinone
radicals Figure 2.3reaction 1)followed by anotheione-electronreduction, byCPRto
produce hydroquinonegHgure 2.3 reaction 2). However, in the presence O,
semiquinone is oxidised, by reduci@gto Oy, to 1Qs (the parent compounddfigure

2.3, reaction 3). Also, in the presence@f, hydroquinore is oxidised, by reducin@: to

O>, to semiquinone Kigure 2.3 reaction 4)(Wardman et al., 1995Phillips, 1998
Although oxyga radicals, resulting from oxidation of semiquinones and hydroquinone,
are scavenged by cellular detoxifying enzymes, rapid redox cycling itself can be toxic to

the cells due to depletion of the reduced-&actors(Workman et al., 1992

Also, IQsbased agentxan undergo tweelectron reduction, in one step, to produce
hydroquinone Figure 23, reaction 5) by NAD(P)ilinoneoxidoreductase (NQOL1, also
known as Diaphorase) flavoenzyme in an oxygedependent proces@Nardman et

al., 1995 Phillips, 1998 NQOL1 plays a detoxification role since it prevents the-one
electronreduction of IQdased agents and, subsequently, blocks oxidative cycling and
ROS productiong radicals) making it a potential target in cancer treatmefiyanagi

and Yamazaki, 1970
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Figure 23: Possible routes of biactivation of E09 by oneand two-electron reducing
enzymes. The oneelectron reduction of EO9 by P450 reductase (CPR) generates
semiquinones (reactioh) followed by another reduction by P450 reductase (CPR) to produce
hydroquinone (reaction 2). In the presence of, @emiquinones and hydroquinones are
oxidised to EO9 and semiquinones respectively, by reducitg @ radicals (reaction 3 and

4). Also,EO9 can undergo twelectron reduction by NQOL1 (reaction 5) to produce stable
hydroquinone in an oxygemmdependent process. Adapted from: Plumb, J. A., M. Gerritsen,
and P. Workman. "Ddliaphorase protects cells from the hypoxic cytotoxicity of
indolequnone EQO9.British journal of cancei70.6 (1994): 1136143; used with permission.

22221 EO9 Apaziquone)

EO9 (33-hydroxy5-aziridinyt1l-methyl2-(1Hindole-4,7-indione)-propeno), clinically
known as apaziquonefigure2.2E) is an IQbased bioreductive agemroducedat the
University of Amsterdam in the mit980s as an analogue of MMQOostveen and
Speckamp, 1997EQQ9 is reduceditaer by CPR and xanthine oxidaseoire-electron
reduction process or by NQGOA a two-electron reduction proceséMaliepaard et al.,

1995 Bailey et al., 2001

In contrast to MMC and most of the other bioreductive agents, preclinical studies
showed that EO9 was highly cytotoxic, in both normoxic and hypoxic condiag@asnst
different types of cance(Roed et al., 198 Phillips, 1996Bailey et al., 2001 Under
normoxic conditions, several studies showed that EO9 exhibited cytotoxic effects
against different cancer cell lines, with good correlations between high NQOltyactivi
and high EO9 chemosensitivityere reported (Robertson et al.,, 1992lumb et al.,

71



Alhadyan K; PhD thesis Chapter2

19943 Plumb et al., 1994Collard et al., 1995 However, under hypoxic conditions,

EO9 was effective only against cancer cell lines with low NQO1 activity, suggiesting
other reductases such as CPR and xanthine oxidase play a critical role in the hypoxic
selectivity of EO9Plumb et al., 1994&Plumb et al., 1994Robertson et al., 1994In
conclusion, cell lines with high NQO1 activity tend to be the most sensitive to EQ9, while
cell lines with low NQOL1 activity tend to be the most resistant cell lines to EOQ9, due to
their low NQOL1 activity, this retance can be overcome in hypoxia. The low cytotoxic
effect of EO9 on NQ®ich cell lines under hypoxic conditions showed that the
reduction of EO9 by NQOL1 is an oxygahependent process, while the reduction of
EO9 by CPR is an oxyglpendent processTherefore, theoretically, EO9 can target

the hypoxic regions of NQERSUOA Sy i (G dzY2dzNBE YR 020K | SNER
NQOZrich tumours(Workman, 1994

In animal models, an hourly dose of EO9 was active against different human cancer cell
linesestablished as xenografts in nude mice. However, all xenografts failed to respond
to EQ9, as a single dose or daily dose, witlcaoelationwasobserved between EO9

cytotoxicity and NQO1 activiffPhillips et al., 1992Collard et al., 1995

Due to the encouraging results of peénical studies, EO9 was evaluated in several
clinical trials. The first phase Il clinical study included 92 patients with breast (n=22),
colorectal (n=26), gastric (n=20) anaingreatic (n=24) cancers treated wdlbminutes
intravenous (i.v.) infusion of EO9 at a weekly dose of 12 ragunfortunately, EO9
showed no anttumour activity, with reversible proteinuria, nausea and vomiting have
occurred in 45%, 26% and 13% of patients during the treatment course respectively
(Dirix et al., 199% The second phase Il clinical study inclu@8dchemotherapy naive
patients with advanced NSCLC treated witho tdifferent EO9 doses schedules by a
single bolus i.vinjection in arm A 12 mg/fweekly or a single bolus i.v arm B 22 mg/m
every three weeks. No antumour activity of EO9 was observed, with reversible
proteinuria, asthenia, nausea and vomiting were reported during treatment cycles

(Pavlidis et al., 1996 The major expected reason for the failure of EQ9 in thecalin

72



Alhadyan K; PhD thesis Chapter2

trials is the rapid clearance of EO9. The-htdfof EO9 in mice and human were 3 and

0.9-19 minutes at the maximum tolerated doses of 3 and 27 nfgasiministered i.v.
respectively(Workman et al., 1992Schellens et al., 1994Furthermore, the level of

NQO1 activity and hypoxia status were not assessed in patients' tumour samples, which
wasamainRSFA OA Sy O& Ay (KS RFhiligssatydl., 20BFdldwipa Of A

the disappointing failure of EO9 in clinical trimley generations of IQs were developed.

22222 ES936

ES936 (@nethoxy1,2-dimethyl3-[(4-nitrophenoxy)methyl]indolet,7-dione) (Figure
2.2F)is an IQ-basedmolecule was developed as a specific inhibitor of NQW@ihski et

al., 2000) As shown irFigure 2.4the mechanism of action of ES936 was based on the
ability of NQO1 to reduce ES936 to unstable hydroquinone that binds to the active site
of NQOL(Winski et al., 2001L
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Figure 24: A proposed mechanism for the inhibition of TrxR by ES98%) ES936s
activated/reduced by reductases such as NQO1 and CPR to generate hydroquinone form of
ES936 (reactive iminium electrophile). (B), reduction of oxidised TrxR by NADPH to generate
the reduced @erminal selenocysteine. (C), inhibition of TrxR via alkylation of ttheced C
terminal selenocysteine by the reactive iminium electrophile. Imin@lectrophile resulted

from ES936 activation, acts as a substrate for TrxR and subsequently preventing it from
reacting with oxidised Trx. Source: Yan, C., et al. 2009. Potewityaof indolequinones
against human PC: identification of TrxR as a potential takelecular Pharmacology’6,

163-72; used with permission.
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ES936 showedigh cytotoxic effect on different cancer cell lines, with half maximal
inhibitory concentratim (IC50) value in the nanomolar ran@®inski et al., 2001Dehn

et al., 2003 Dehn et al., 2006 However, a subsequent study showed that NQO1
inhibition by ES936 does not correlate with growth inhibitory activity agai@stcéll
lines, suggesting that other molecular targets may be relevant to explain the potent
activity of ES93@Reigan et al., 2007In 2008, TrxR was identified as a potential target
of ES936(Chew et al., 2008b As shown inFigure 2.4 ES936 is reduced ta
hydroquinoneeither by NQO1 (one stepwo-electron reduction) or CPR (two steps,
one-electron reduction) Then, reducedS93@hydroquinone)inhibits TrxR by reacting
with Gterminal selenocysteine residues in its actsite, and subsequently preventing

it from reacting with the oxidised Trx. The study showed a correlation between the
inhibition of TrxR activity, by ES936, and the growth indnp activity of HCTL6 human

colon carcinoma celi&Chew et al., 2008b
22223 ES936 analogues

In 2009, a series of ES936 analogues (8 analogues) was developed by Prof. Christopher
Moody at the University of Nottingham, with a similar mecisam of action of ES936, as
potential anticancer agents against R€an et al., 2009 Only two studies have
evaluated the efficacy of these aogues, as single agents, in PC cell l{iyes et al.,
2009 Yan et al., 2012 The first study(Yan et &, 2009 included nine 1IQ$ES936 and
eight analogues 0ES936)the ninth 1Q (IQ9)Kigure 2.%) is the analogue that is
evaluated in the current project, in addition to a new analogue (IQR@u(e 2.21). 1Qs
showed higher potencthan ES936 against three PC cell lines (PBNMOA Pac& and
BxPe3 cell lines), with IC50 values in the nanomolar rahgthe same studywo ES936
analogues (IQ3 and 1Q6) were selected to screen against th6Q\¢&&lll line panel and
were found to becytotoxic against renal, colon and melanoma cancer cell lines, with
IC50 values in the nanomolar range. The study also showed that MI&2Ratia treated

with 1Q3 and 1Q9 for 4 hours showed 90% inhibition in TrxR activity, sigthficant
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antitumor actvity against pancreatic MIA PaRaxenograft tumours implanted into

female athymic nud€Yan et al., 2009

In the second study, the same group applied 1Q3 and I2®ogues to investigate a
potential apoptosis mechanism that is induced by IQs in PC cell(Yaeset al., 2012

The study found that inhibition of TrxR in MIA R&azells caused a shift of celmiredox

state due to the accumulation of oxidised Trx. Authors observed that oxidized Trx can
activate apoptosis signatgulating kinase 1 (ASK1), an upstream activator of p3&nic
NH2terminal kinase (JNK) in the mitogantivated protein kinase (MAPI&poptotic
signalling cascade. By using liquid chromatograghgem mass spectrometry analysis,

the study confirmed that @erminal selenocysteine of TrxR was the main adduction site
of the IQderived iminium electrophile. Also, the study showed that Bp8 1Q9 were
highly cytotoxic against PC cells, with IC50 values in the nanomolar range. Moreover,
both analogues showed an 4ald greater inhibition potency of TrxR activity than AUR
(Yan et al., 2012 Although thesdwo studies have shown that ES936 analogues were
highly cytotoxic and effective as single agents towards PC cells, the radiosensitising
effect of these analogues has never been studied. Therefbeectirrent chapter aims

to investigatethe effectof 1Qson radiations sensitivity and cell cycle progression of PC

cells by addressing the hypotheses mentioned below.

2.2.3 Hypotheses and aims

Radiosensitivity and cell cycle progression of PC cells are altered by treatment with 1Qs.

2.2.4 Aims

1. Asses theytotoxic effect of IQs on PC cell lines.
2. Observe the radioresponse®@Ccell lines treated with 1Qs for 48 hours.

3. Investigate the effect of IQs on cell cycle progression of PC cell lines.

75



Alhadyan K; PhD thesis Chapter2

2.3 Materials and methods

2.3.1 General growthconditions

Tissue culture was performed in class Il biological safety hood, which was wiped with

TmE: SUGKFy2f o0ST2NB YR FFGSNI GAadadzS Odz (G d:
humidified incubator with 5% GQwith three different types of routineulture media,

as will be described iSection 2.3.4supplemented with 10% Ire8upplemented Donor

/T fF &aSNHzy o6t!! [F02NIG2NARSaT ! dZAGNRFOD { S
45 minutes) before usd&. 75 cnitissue culture flasks were used for routine cell culture,

and another size of tissue culture flasks (T25 and T17 and plates (6vell plate)

were used according to the requirement of specific experiments. All tissue culture

related reagents were peg I NYSR (G2 ote/ Ay | gl GSNI ok GdKd
flasks andplates,and the medium volume applied for eaclithem are listed inrable

2.1

Volume of medium | Volume of 1x trypsin-
Flask/plate size (ml) EDTA (ml)
T175 cm? 25 7
T75 cm? 15 5
T25 cm? 5 2
6-well plate 2 0.5

Table 21: Tissue culture flasks and plates and the related reagents volume.

All cell lines are subcultured when reaching-®B% confluence, with a maximum

passage window of 15. To subcultutee original medium was removed and cells

washed with phosphate buffered saline (PBS) (withowt* @ad Mg*) (Sigma). Cells

were detached from the flask by adding a very low volume of tryg&TA (0.5mg/ml,
{A3AYFI0OP ¢KS Ffl al &5 ninutksyRadks welleDBserved usingras /| T
microscope to ensure cell detachment. Complete medium was added at an appropriate

ratio to deactivate trypsisEDTA, and then the solution of the cell was transferred into a

new tissue culture flask and placed intetmcubator. Cell line authentication via Short
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Tandem Repeat (STR) profiling test (every six months) and Mycoplasma test (2very 1

months) are conducted routinely for all cell lines in this project.

2.3.2 Cryopreservation

Cells were frozen and preservidliquid nitrogen to keep them at low passage number.

For cryopreservation, cells were brought into suspension using trRERBIRA and

counted using a haemocytometer. Cells were centrifuged at 1000 rpm (revolutions per
minute) for 5 minutes and 1x®0esuwspended in 1 ml of freezing media (10% dimethyl

sulfoxide (DMSQ)) (Sigma) in a labelled cryovial. Cells were plagediat / 2 @S NI A I K

Mr Frosty freezing container before transferring to liquid nitrogen until further use.

2.3.3 Cell recovery from crypreservation

After disinfecting the vial with 70% ethanol, the cell suspension was transferred into 9
ml of complete medium. The suspension was then centrifuged at 1000 rpm for 5
minutes. Then, the supernatant was discarded, and the cell pellet resuspended
complete medium. Then, cells were transferred into a TZ5issue cultureflask,and
placed into the incubator. Culture medium was changed the following day, and cells

cultured following routine procedures.

2.3.4 Pancreatic cancer cell lines

Three luman adenocarcinoma PC cell lines (PANMIA Pac& and BxP8) were
selected for this project based on their previous responses to IQs as single &¢gmts

et al., 2009Yan et al., 2012 Also, these PC cell lines, as showihahle 2.2 represent
different molecular characteristics in those genes involved in PC developDenar

LI GASY G Qa Ay Fatelkticsifdr 2agh PIC el [in© &ré¢ ShdwiTable 2.2
(Deer et al., 2010 The relationship of genotype to phenotype of PC cell lines is still
unclear as there are few studies available that investigate the impact of these mutations
on PC cells behavio(Deer et al., 2010 Two studies found no association between the
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mutational status of PC driver gen@6RAS, TP53, CDKN2A and DPC4) and the grade of
differentiation or the biologicabehaviourof PC cell lineSipos et al., 20Q™onti et al.,
2004). However, a single study indicated a potahtassociation between in vivo

metastatic behaviour and P53 stat(ilsoukopoulos et al., 2004

Age/ Doubling Metast

Cell line Derivation . i KRAS P53 P16 DPC4
Gender time asis
MIA Primary .
65, Male 40 hours ND 12Cys 248Trp HD Wild type
Paca-2 tumour
56, Primary . .
PANC-1 52 hours Yes 12 Asp 273 His HD Wild type
Female tumour
BxPc-3 61, Primary 48-60 No wild 220 Cys Wwild HD
Female tumour hours type type
MDA- 51, Primary 67 AAD

16 hours Yes 12 Asp 280 Arg

MB-231 Female tumour Leu 223-301

69 Primar wild 67
! v 33 hours Yes 12 Asp Wild type

MCF-7 Female tumour type Leu

Table22Y 52y 2NJ LI GASYy G Qa Ay T2N)YI and geylelic statésloNI O G S NA
four most common genes involved in PC developmebData were collectedrom: Eckert,

L.B. et Al. 2004. Involvement of Ras activation in human breast cancer cell signaling, invasion,
and anoikis. Cancer research, 64(13), pp.4%8982.Berns, E. et al. 1995. Infrequent CDKN2
(MTS1/p16) gene alterations in human primary breast cancer. British journal of cancer, 72(4),
p.964. Schutte, M. et al. 1996. DPC4 gene in various tumor types. Cancer research, 56(11),
pp.2527%2530. De Winter, J.et.al997. DPC4 (SMAD4) mediates transforming growth factor

bl (TGM1) induced growth inibition and transcriptional response in breast tumor cells.
Oncogene, 14, pp.18491899.Kao, J., Salari. et al. 2009. Molecular profiling of breast cancer
cell lines dehes relevant tumor models and provides a resource for cancer gene discovery.
PloS one, 4(7), p.e614beer, E. L. et al. 2010. Phenotype and genotype of PC cell lines.
Pancreas 39, 42535. Abbreviation: ND=not describedHD=homozygous deletion
AAD=aminoacid deletions

In the current project, for specific experiments, two human BC cell lines V&t
MDAMB-231) were used as positive control cell lines, as both cell lines have been well
characterised in published literature, in terms of studying the Jystem in different
types of cance(Berggren and Powis, 200Barina et al., 201,1Sun et al., 201,Zhang,
2014 Bhatia et al., 2016 All cell lines were originally obtained from the American Type
Culture Collection (ATCC). BX&dMIA Pac® and MCH cell lines were cultuk in
RPMi11640 medium, PANC cell line was cultured in Dulbecco's Modified Eagle's
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Medium (DMEM) and MDAMB-231 cell line was cultured in Minimum Essential Medium
Eagle (MEM)Table 2.3describes the specific medium for each |clhe with all

additional reagents.

Cell line Reagent Source Volume

RPM#1640 medium R8758, Sigma 500 ml

MIA Paca2, Heat Inactivated Iron Supplemented Donc PAA laboratories 56 ml
BxPe3and Calf Serum

MCF7 Penicillin/Streptomycin (with 10,00 units

penicillin and 10 mg streptomycin/mL) P4333, Sigma 5.6 mi

Dulbecco's Modified Eagle's Medium D5546, Sigma 500 ml

Heat Inactivated Iron Supplemented Donor PAA laboratories 5.6 ml
PANGL Calf Serum

Penicillin/Streptomycin (with 10,000 units

penicillin and 10 mg streptomycin/mL) P4333, Sigma 56ml

Minimum essential medium eagle (MEM) M5650, Sigma 500 ml

Heat Inactivated Iron Supplemented Donc pAAlaboratories 56 ml

Calf Serum

MDAMB-231 L-Glutamine (200 mM) G7513, Sigma 5.6ml
MEM Non-essential amino acids soluih M7145, Sigma 5.6 ml
(100x)

Penicillin/Streptomycin (with 10,000 units _
penicillin and 10 mg streptomycin/mL) P4333,Sigma 5.6 ml

Table 23: Cell culture medium.

2.3.5 Cellular Characteristics of PC cell lines; growth curves and plating

efficiency

Growth curves and plating efficiency (PE) experiments were used to evéteatellular
characteristics of PC cell lines. For growth curves, subconfluent-PAWIB Pac& and
BxPe3 cells were trypsinised and resuspended as single cells in complete cell culture
medium. 1x18cells of each cell line (2x3for MIA Pac&) were plated in eatwell of

a 6well plate (3 wells/time point) and incubated overnight to allow cells attachment. At

24, 48, 72 and 96 hours after seeding, cells were trypsinised, and the number of cells
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was counted using a haemocytome(&izmq. The cell number was assesl by mixing

20 ul of cell solution with 20 of trypan blue (to exclude dead cells stained with trypan
blue if needed), then, 8 ul of the mixture was loadetb the haemocytometeichamber
(includingnine squares). The total number of cells in five squares (the upper left and
upper right, the lower left and lower right and the one directly in the centre) was
multiplied by 4000 to give the total number of cells per @¢ll counts were recorded,
analysed ad plotted over a 9éour time course. Experiments were repeated
independently three times. The doubling time was estimated from the growth curve of

each cell line.

PE, an inherent characteristic of cell lines, was assessed using the clonogenic survival
asay. Generally, subconfluent cells, without any treatment, were initially plated for
clonogenic assay, to assess optimal cell numbers, in a series of densities (i.e. 100, 200,
400, 800 and 1000 cells per flask) and incubated without disturbance for twoswiBRA

Paca?) or three weeks (PANCand BxP8). The incubation time that gave the highest

PE and appropriate colony si@@lonies containing more than 50 cells were scored as
survivorg wasapplied in future studies. PE for each cell line was assdss@adcontrols

and was defined as:

e AR T 1 LA N
ORI e

2.3.6 Drugs and Drug preparation

IQ9 and 1Q10 are novel analogues of ES936 synthesised and developed by Professor
Chris Moody at the School of Chemistry in The University of Nottingham. IQs agents
were initially diluted in DMSO as 10 mM, aliquoted and storeslsdscksolution (stored

at -H n ¢ Eachdvatch of 1Qs was tested against PC cells, in terms of proliferation and
clonogenic assay, prior to actual experimer®MW was used as a positive cytotoxic
control for PC cell lines. GM (Hospira, 2 grams) was kindly gifted from Professor

Srinvasan Madhusudan at Division of Cancer and Stem Cells, City Hospital Campus,
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Nottingham City Hospital. 300 mg of GM was dissolved in 10 ml of NaCl solution to
obtaina100mM stock solution (stored at RT, for up to 21 days). AUR was used as a TrxR
inhibition positive control for PC cell lines. AUR was purchased from Sigma, 10 mg were
RAdaz2t SR Ay wmnTtody >[ 2F 5a{h lastocRolGl Ay

solution (storedath n g / 0 ®

In the current project, all experiments that investigated the resp® of cancer cells to

a certain drug, untreated cells (0 nM) were treated withrresponahng concentration of

NacCl solution (for GM treatments) or DMSO (for IQs and AUR treatments) in the highest
concentration of 1Qs, AUR and GM to confirm that any antdur activitywas a direct

effect of the drug and not the diluter.

2.3.7 Cytotoxicity experiments

2.3.7.1Proliferation assay

Subconfluent cells were trypsinised and resuspended as single cells in complete cell
culture medium. 1x19(2x1® for MIA PaceR) cells were plated in each well of an&ll

plate and incubated overnight to allow cells to attach. On the following day, cells were
treated with 50, 100, 250, 500 or 1000 nM of GM or with 100, 250, 500 or 1000 nM of
IQs or with 500, 1000, 2000 or 4000 m¥AUR, with 0 nM as a control. At 0, 24, 48 and
72 hours after cells were treated, cells in each well (3 wells for each dose) were
trypsinised and counted using a haemocytometer. Cell counts were recorded, analysed
and plotted over a 72our time courseln the current project, all IC50 values, either in
the proliferation or clonogenic assays, were estimated from the desponse curves

of each experiment. Data represent the average cell number + standard deviation (SD)
of three wells of one experimenExperiments were repeated independently three

times for GM, 1Q9 and 1Q10 treatments, and two times for AUR treatment.
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2.3.7.2Clonogenic assay
2.3.7.2.1 Drug alone clonogenic assay

Subconfluent cells were trypsinised and resuspended as single cells ineterell
culture medium. 5x19cells were plated in each T25 flask and incubated overnight to
allow cells to attach. On the following day, cells were treated for 48 hours with 10, 25,
50, 100 or 250 nM of GM or with 0, 100, 250, 500 or 1000 nM of 1Qs,0mitM as a
control. Then, cells in each flask were trypsinised, counted and diluted at appropriate
concentrations and plated into T25 éntissue culture flasks at low densities (3
flasks/dose/experiment). Cells were incubated for three weeks (two weekdMié
Paca?) at 37°C and 5% €@ allow colony formation (300 colonies per flask were
required). To maximise the plating efficiency of B8Rells, 5% gelatine (Sigma) coated
flasks were used at the time of incubation of colony formation. Flasks for the clonogenic
assay were inculiad in an exclusive incubator separated from the routine tissue
culture. Following incubation colonies were gently washed once with PBS, fixed with
50% methanol in 0.9% saline solution for 15 minutes, fixed with methanol for another

15 minutes, and then atned with 0.5% crystal violet for 30 minutes.

Cell survival was assessed for each drug concentration as follows:

£ 0aQODE AL QUBAITNT 602 & ®'QOT o QE &

Yol b U0rae ™08 £ £ 66 GAOD0d 00 TD

Data represent the average SF + standard deviation (SD) of two experiments, with each

experiment containing three parallel flasks.
2.3.7.2.2 Radiation alone clonogenic assay

Cells were subconfluent at irradiation-rXy-irradiation was conducted using an RS225
Xstrahl Xray cabinet irradiation system (Xstrahl Limited, UK) with a single dose of 1, 2,
4, 6 or 8 Gy. xays were delivered at 195 kV, 10 mA, with a dose rate of 0.87 Gy/min.

The cabinet was fitted with a 0.5 moopper filter and used a 48.4 cm foetos skin

82



Alhadyan K; PhD thesis Chapter2

distance. Dosimetry was routinely assessed by Radiotherapy Physics staff in the
Department of Oncology, Nottingham University Hospitals NHS Trust, City Hospital
campus. Shanrradiated cells were used as coals. Cells were immediately trypsinised
counted, diluted at appropriate concentrations and plated for clonogenic survival assay
following irradiation. Colonies were stained and SF was calculated for each radiation
dose as follows:

&0 G ODE a ¢ DIQEHAD O QQEDEREG

YOl L QO ib™YB & £ 66 0D Qd 00 TD

Radiation cell survival data were plotted as the logarithm of the surviving fraatisus

radiation dose. Therefore, data can be presented mathematically based on hypothetical
models for the mechanisms behind cell lethality. Linear Quadratic model (LQ) is the
current golden standard mathematical model to fit the cell survival curve tegsfilom

radiation toxicity, assuming that there are two mechanisms to cell death by radiation:
aAy3atsS tSOiKFE S@Syd oho FyR | OO0dzydzZ A2y :
formula:

YOI 0 QOIQh DO £Q

WheNBY {C A& adz2NDAGAY3I FNIOGAZ2YS 5 Aa NI RA

proportional to the squared dose.

A clonogenic survival calculator software, designed gutsches Krebsforschu
ngszentrum(DFKYX (Germany)(http://angiogenesis.dkfz.de/ocoexpress/software/cs
cal/index.htm), was used the above formula to fit the survival curves intmadel,and
G2 Ol fOdAGS hE i |yR hki @I fdsSao

¢KS hki NIXdGA2 RSAONAROGSE (GKS OdzNBI GdzNE 2F
ratio is the dosevhere cell killing due to the linear and quadratic components are equal.
| AIKSNI hki NIGA2 AYRAOFGSE GKS AyONBIaAS A
f26SNI hki NIOGA2 AYRAOIFIGSEA (KS AyQE®BIAS Ay
Hall, 20130 LY NI RA20GKSNI LIRS GKS f2¢ hnkdte @I f dzS
responding normal tissues, which indicate that radiation toxicity to the normal tissues is
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high and should be using smaller radiation fractions than the 2 Gy, a standard fraction
N@YBSYGA2y Il f NI RA20GKSNI LR ¢14 GyarddBs¢grietid a 0 =
acutely responding normal tissues, which indicate that the acute responses of normal

tissues are relatively linear over the radiation dogaslliams et al., 1986
2.3.7.2.3 Drug-radiation combination clonogenic assay

In the drugradiation combination clonogenic assay, for each experiment, cells were
irradiated with and withouta subsequentreatment with 1Qs. Cells were plated and
treated with/without a clonogenic IC50 value of IQ9 and 1Q10 for 48 hours. A treatment
of 48 hours with 1Qs was allowed before irradiation to keep consistent with other assays
and give cells enough time to respota IQs treatment. Following 1Qs treatment cells
were irradiated with a single dose of 0, 1, 2, 4, 6 or 8 Gy. Then cells were trypsinised,
counted, plated for clonogenic survival assays (cell number and flask size were adjusted

according to irradiation da and stained as described$ection 2.3.7.2.1

The SF of cells treated with IQs at 0 Gy was assessed as follow:

€00 0OQDE dERIQIA TO1 QN0 d Qe o
€04 BPQA QIQ QA

YO '®QMa (Qm W0 d 4T'Q0

¢tKS {C 2F OStfa GUNBIUGSR gAUK L/pnQa 27
Gy) as follows:

£0d0OBE O ENQERAD QOMNE [ Q

© 0 ODAI NQQWM "Y'® "MW i 'Q o @i Ow

The sensitizer enhancement ratio (SER) was used to evaluate the radiosensitisation
efficacy of 1Qs. SER is defined as a ratio of radiatoses in the absence and in the
presence of the drug which produces the same biological effect. SER at 1% of survival
can be calculated as follow:

YOQQOOEAEEE £ 0D @ERE Q61 U QU O
YOQQOE NI | Qo @ENPIbE V61 0 QY Ga

YOY
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2.3.8 Cell cycle analysis

PANCL and BxP8 cells were selected to investigate the effect of IQwxelh cycle as

both cell lines showed an increase in radiosensitivity afterti€stment. Propidium

iodide (PI) (Sigma) is able to bind DNA and is applied as a fluorescent stain for DNA in
fixed cells. Cell cycle analysis is based on flow cytometry analysis of cellular DNA content

by PI staining and deconvolution of the cellular DdbAtent frequency histograms,

which reveals the distribution of cells in three major phases of the cycle (G&Glvs
G2/M)(Crissman and Hirons, 19940 mimic the experimental conditions were used

ANNI RAIFGA2Yy SELSNAYSy(Gas &4d2o 02y Tt dzSyid OSft f
2F !''w F2NIny K2dzZNBE G o1 e/ 2 Unfeated cHissZ& A RA F A
nM) were set asiegativecontrol, while cells treated with 5 mM of hydroxyurea (HU)

(Sigma) for 24 hours were set as a positive control; HU was dilutegDirag1500 mM,

aliquoted and stored asstocksolution (storedat4/ ¢ / 0 ® | -tharackerised DHS f f
replication inhibitor thatblocked the cell cycle of mammalian cells, and the majority of

the cell population was arrested in GO/G1 ph@B&eiffer and Tolmach, 1987

After drug treatment, cells were trypsinised, and at least 15¢HIs centrifuged at 1000

rom for 5 minutes, and then washed once with PBS and centrifuged again. After
removing the supernatant, the cell pellet was resuspended and fixed in 5 ml of cold 70%
ethanol in PBS and immediately stored at 4°C for at least 24 hours. Samples may be
stored in this way for up to 7 days if required. When samples were to be analysed, cells

were pelleted by centrifuging at 2000 rpm for 5 minutes. The ethanol was removed each

pelf SG NB&dzaLISYRSR Ay | YAEGdA:ZNBE 2F nnn >t 2
(RNase) (Sigma) dissolved in@HRNase A prevents Pl from staining RNA in the samples
(Burrell, 19930 CAylffées p >f 2F (K watadded ardzi A 2 y
sa¥ LJX S&4 Ay Odzol SR Ay GKS RFENJ] +Fd ote/ F2NI
analysed using MACSQuant flow cytometer (Miltenyi Biotec) by reading with
fluorescence channel B3 at 488 nm. The proper gate was set to include the single cells

in the flow cytometer analysis only and gate out the doublets. Analyse B3 histograms
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with WEASEL Flow Cytometry Software (v.3.0.2) and the percentage of cells in each
phase of cell cycle (i.e. GO/G1, S and G2/M) was plotted. Data represent the average
percentage + stadard deviation of three independent experiments, with each

experiment performed in a single data set.

2.3.9 Statistical analysis and graphs design

In the current project, a minimum of three experiments was required to agfalfystical
analysis, and error bars in all figures represent the standard deviation (SD) of a minimum
of two independent experiment¢Cumming et al.,, 2007 Forcombining SDs from

individual experiments when pooling data, the following formula was used:

YOi & p YO & p YO & p YOTE & &

Where SDs is the combined standard deviation,ayrieamberof experiments (here 3),
SD and SD are the standard deviations in individual experiments andizand s are

number of replicates in each experimgitrishnaiah, 1980
A Student'stest was applied for statistical analysis of results using SPSS 23.0 software.

A Rvalue of <0.05 considered being statistically significant.

All graphs in Chapter 2 and 3 were designed using Sigma Plot 12.5 softhidegyraphs
in Chapter 4 were designed using SPSS 23.0 software. The combination of multiple

graphs in a single figure was designed using Microsoft PowerPoint 2013.
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2.4

Results

Chapter2

2.4.1 Characteristic experiments; growth curves and PE

The doubling times of PANC MIA Pac& and BxP8 were, as shown ifigure 2.5

estimated as 41, 32 and 35 hours respectively, while PEs, retrieved from three
independent experiments, were 0.29SD=0.017) 0.47 (SD=0.032)and 0.14

(SD=0.01%gspectively.Results of characteristic experiments, growth curves and PEs,

are comparable with published studies as discussegkiction 2.5

Cell Counts (10%6)

PANC-1

MIA Paca-2

0 10 20 30 40 50 €0 70 80 90 100

Time (hours)

Time (hours)

BxPc-3

é—r-r-v—r-rLr-r-r-vl—\

0 10 20 30 40 50 60 70 80 90100 O 10 20 30 40 50 60 70 80 90 100

Time (hours)

Figure 25: Growth curves for PC cell lineShe doublingimes of PAN@, MIA Pac& and

BxPe3 PC cells were calculated as 41, 32 and 35 respectively. The doubling time was
estimated from the growth curves of each cell line. Data represent the mean * standard
deviation of three independent experiments, with daexperiment performed in triplicate.

2.4.2 Cytotoxicity effect of GM, 1Q9, 1Q10 and AUR on PC cell lines

2.4.2.1Effect of GM, 1Q9, 1Q10 and AUR poliferation of PC cell lines

Effect of GM on the proliferation of PC cell lines was performed asvthuid be used in

future experiments as a comparatdfigure 2.6hows the effect of GM on each PC cell

line, for each time point. PANCIs less sensitive than BxBand MIA Paca cells after

24 andn y

K2 dzZNA Q

GNBFdYSylhao

| 26 SOSNIE

F FGSNI T

extremely sensitive to all GM dose§able 2.4hows the IC50 values of GM for each PC

cell line at 24, 48, 72 hours. MPaca and BxP8 cells showed a similar sensitivity to
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GM (IC50=405 nM) at all time points. However, PANells showed low sensitivity to

Da FFGSNIHn YR ny K2dzZNEQ GNBIGYSYyds 6AGK
| 26 SOSNE | Fiiéddnhts: the |52 daN&dGM for all PC cell lines was 40

nM. The current results oM effect on proliferation of PC cell lines are comparable

with published studies as discussedSection 2.5
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Figure 26: Effectof GM on the proliferation of PC cell line€ell counting of PANG MIA
Paca2 and BxP& treated with GM was plotted as a percentage of control (0 nM) for each
time point. Data represent the mean * standard deviation paioled data ofthree
independentexperiments, with each experiment performed in triplicate.

Figure 2.%&hows the effect of IQ9 and IQ10 on the proliferation of each PC cell line, for
each time point; whilelable 2.4shows the estimged IC50 values of 1Q9 and 1Q10 for
each PC cell linéAs shown inFigure 2.7and Table 2.4 PANGL cells showed low
sensitivity to 1Qs (IC5320-920 nM), while MIA Pae2 (IC5690-250 nM) and BxP8

cells (IC56250-470 nM) showed high and intermediate sensitivity to 1Qs respectively.
Current results show that proliferation 1IC50 value of IQ9 for PC cell lines was found to
be much higher than published studi@éan et al., 2009 an et al., 2012 as discussed

in Section 2.5while IQ10 has never been evaluated against PC cells. In additioall PC
lines were treated with GM at 250 nM for each time point as a positive control drug. As
shown inFigure 2.7 effect of GM at 250 nm (single black point in each figure) was
comparable with its preious findingsKigure 2.%. Current results show that GM seems

to be more potentat most concentrations and time pointhan 1Qs against PC cell lines
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Figure 27: Effect of 1Q9 and 1Q10 on the proliferation of PC tiekks.Cell counting of PANC

1 (A), MIA Paca (B) and BxP8 (3) treated with IQsvasplotted as a percentage of control

(0 nM) for each time point. The single black points in each graph represent the effect of GM
at 250 nM on PC cells as positive corgr@ata represent the mean + standard deviation of
pooled data ofthree independent experiments, with each experiment performed in

triplicate.

Figure 2.&hows the effect of AUR on the proliferation of each PC cell line, for each time

point; whileTable 2.4hows the estimated IC50 values of AUR for each PC cell line.
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Figure 28: Effect of AUR on the proliferation of PC ceflds. Cell counting of PANC (A),

MIA Paca? (B) and BxP8 (C) PC cell lines treated with AWBsplotted as a percentage of
control (0 nM) for each time point. The green and blue points in each graph represent the
effects of 1Q9 and 1Q10 at 1000 nM ok Rells as positive controls respectively. Data
represent the mean * standard deviationmdoled data oftwo independent experiments,
with each experiment performed in triplicate.

As shown irFigure2.8and Table 2.4 MIA Pac& was the most sensitive PC cell line to
AUR with IC50 values between 400 and 1050 nM. While RAd@ BxP8 cells showed
almost similar sensitivity to AUR, with IC50 values between 500 and 2550 V.
current results ofAUReffect on proliferation of PC cell lines are comparable with

published studies as discussedsection 2.5In addition, PC cell lines were treated with
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IQ9 and IQ10 at 1000 nM for each time point as positive controls. As showigure
2.8, the effect of 1Q9 (green points) and 1Q10 (blue points) on PC cell lines was

comparable with their previous findingBigure 2.7.

Since the effect of AUR on the proliferation of PC cell lines was low compared to 1Q9 and
1Q10, AUR was used against MMB-231 BC cell line as it has been wedlaracterised
previously in published literaturel-igure 2.9shows the effect of AUR and 1Qs on
proliferation of MDAMB-231 BC cell line, whil€able 2.4shows the estimated 1C50
values of AUR and 1Qs for MIMB-231 cells.
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Figure 29: Effect of AUR, 1Q9 and 1Q10 on tipeoliferation of MDA-MB-231 BC cell line.
MDAMB-231 cells treatedor 48 hours (A) or with 1Q9 and 1Q10 for 24 (B), 48 (C) and 72 (D)
hours. Cell counting was plotted as a percentage of control (O nM) for each time point. The
black point on the graph (C) represents the effect of AUR at 1000 nM onNVBZ81 cells
as a posite control. Data represent the mean + standard deviatiopadled data oftwo
independent experiments, with each experiment performed in triplicate.

As shown irFigure 2.%9and Table 2.4 MDAMB-231 cells are more sensitive to 1Q9 and
Lvmn GKFyYy !'!lw Fd ny K2dz2NBQ GNBFGYSYGasz gAal
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respectively. Generally, the IC50 values of AUR, 1Q9 and 1Q10 foivBR281 cells
were in the sameangof IC50 values for PC cell lndhe current results #&SUReffect

on the proliferation of MDAVIB-231 BC cells are comparable with published studies as
discused inSection 2.5while 1Q9 and IQ10 have never been tested against IMIBA
231 BC cells.

IC50 nM  IC50 nM  IC50 nM

Cell line Drug (24 hours) (48 hours) (72 hours)
GM 850 260 40
PANC-1 a9 920 470 440
110 800 490 320
AUR 2000 900 700
GM 70 40 40
1Q9 180 160 30
MIA Paca-2
1Q10 250 200 170
AUR 1050 750 400
GM 75 40 40
19 470 350 270
BxPc-3
Q10 430 290 250
AUR 2550 1100 500
GM N/A N/A N/A
19 400 320 120
MDA-MB-231
1Q10 430 380 150
AUR N/A 900 N/A

Table 24: The proliferation IC50 values of GM, 1Q10, 1Q9 and AUR for PC cell lines and MDA
MB-231 BC cell lindC50 values retrieved from three (GM and IQs) or two (AUR) independent
experiments, with each experiment performed in triplicate. AbbreviatohBA, not
applied/performed.

2.4.2.2Clonogenic effect of GM, 1Q9 and 1Q10 on PC cell lines

Initial experiments showed that PC cell lines were very sensitive to GM treatment in the
clonogenic survival assay compared to the proliferation assay; no celomére
observed after 250, 500 and 1000 nM of GM treatment for all PC cell lines. Therefore,
the dose range of GM was decreased to 0, 10, 25, 50, 100 and 250 nM instib&d of
initial dose rangeaused in the proliferation assay-M00 nM).Figure 2.10shows the
clonogenic effect of GM on PC cell lines; wiable 2.55hows the estimated clonogenic

IC50 value of GM for PC cell lines.
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Figure 2.10: Clonogenic effect of GM on PC cell ligesvival fraction of PANG MIA Paca
2 and BxP8 PC cell lines treated with GM was plotted as a percentage of control (0 nM).
Average PEs: PANEO0.37, MIA Paec2=0.43 and BxP8=0.12. Data represent the mean *
standard deviation opooled data otwo independent experiments, with each experiment
performed in triplicate.

As shown irFigure 2.10all PC cell lines were sensitive of GM with IC50 values of 45, 20
and 34 for PANGQ, MIA Pac& and BxP8 cells respectively. Nmonies were observed

in MIA Pac& and BxP8 cells after treatment with 250 nM of GM. The current results

of GM effect on clonogenicity of PC cell lines are comparable with published studies as
discussed irsection 2.5Figure 2.1khows the clonogenic effect of IQs on PC cell lines;

while Table 2.55hows the clonogenic IC50 values of 1Qs for PC cell lines.
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Figure 211: Clonogenic effect ofQson PC cell linesSurvival fraction of PANG MIA Paca
2 and BxP8 PC cell lines treated with 1Qs was plotted as a percentage of control (0 nM).
Average PEs: PANEO0.21, MIA Pac2=0.37 and BxP8=0.12. Data represent the mean +
standard deviation opooled data otwo independent experiments, with each experiment
containing three parallel data sets.

—— 1Q9
—— Q10

Survival fraction (%)

93



Alhadyan K; PhD thesis Chapter2

As shown irFigure 2.11MIA Pac& cells were more sensitive to 1Qs than PANIIs.

¢CKS L/pnQa 2F Lvded 0 nyan&RRIARER celllBdrePOSY (| =
and 250 nM respectively, and for 1Q10 against PANBGJMIA Paca2 cells were 730

and 240 nM respectivelyTable 2.5. BxP€3 cells were highly resistant to 1Qs, with no

IC50 values were observedtite doseresponse curves as current dose range of 1Q9 and

1Q10 was insufficient to inhibitthe SFofBxPc OSf t & (12 pmr:>® ¢KSNBT 2|
forBxPeo | NB SELISOGSR (2 06S Bmnnn yad [ dNNBy
1Q9 for BxP8 cellswere found to be much higher than previous stud@an et al.,

2009 Yan et al., 2002whilstcurrentd p n Q& 2 F L v2gellFwemtomparable | O
with the latter studyg discussed later. IQ10 has never been evaluated against PC cells,

and 1Qs have never been evaluated against RPANElls.

Cell line Drug €50 nM
(48 hours)
GM 45
PANC-1 1Q9 900
Q10 730
GM 20
MIA Paca-2 1Q9 260
Q10 240
GM 34
BxPc-3 1Q9 >1000
1Q10 >1000

Table 2.5: The clonogenic IC50 values of GM, 1Q9 and f@1BC cell linesPANEL, MIA
Paca2 and BxP8 PC cells were treated with GM or 1Qs for 48 hours, then, cells were plated
for clonogenic survival. IC50 values were estimated from the -desggonse curves of each
treatment. IC50 values retrieved frotwo independent experiments, with each experiment
containing three parallel data sets.
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2.4.3 Radioresponse of PC cell lines.
2.4.3.1Radiation survival curveg clonogenic survival

Figure 2.12hows the clonogenic survival charatistéics of PC cell lines treated with
radiation alone; whildable2.88 K2 g & f Ay SI NJ ljdzZt RN} G§AO Y2RSH
and SF2 values (SF2 is a widely used parameter to report cellular radiosensitivity and is
the survivingraction of exponentially growing cells that were irradiated using a clinically
relevant dose of 2 Gy). As shownFigure 2.12and Table 2.6 PANEL (SF2=0.41) cells
wereless sensitive to radiation than MIA PaZ§SF2=0.33) and BxB¢SF2=0.29) cells.
Although published studies have shown wide variation in SF2 values of PC cell lines, SF2

values of the current results are comparable to those values in the literaturecasns

in Section 2.5
) PANC-1 MIA Paca-2 BxPc-3
=
S
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Figure 212: Survival curves of PC cell lines after single dose irradiatioadiation survival
curves were fitted to the linear quadratic model. Average PEs: AARR8, MIA Paca
2=0.45 and BxP8=0.15. Data represent the mean + standard deviatiopaifled data of
eight (PANQ) or five (MIA Pac2) or six (BxR8) independen experiments with each
containing three parallel data sets.
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. Alpha/Beta
Cell line SF2 Alpha (a) Beta (B) (/B)
PANC-1 0.41 0.61 0.07 5.26
MIA Paca-2 0.33 0.48 0.048 9.88
BxPc-3 0.29 0.56 0.02 20.3

Table 26: PC cell line radiation sensitivity parameteigalues were derived from the linear
guadratic model of eight (PANG or five (MIA Paecd) or six (BxP8) independent
SELISNAYSyGad ! 00NBGAFGAZ2YT {CHT{dNBAGAYI TN

OLINP LR NI AZ2Y I R2 A4S0 idrza diaok SS (aKjIdz- NSRS yRizaa SooL
GKSNB OStft (Aff

2
Ay3 RdzS G2 GKS h FyR i 0O2YLRYS
2.4.3.2Drugradiation combinations- clonogenic survival

The effects of 1Qs on the radiosensitivity of PC cell lines were assessed by clonogenic
survival.PANGL and MIAPaca t / OStfta 6SNB GUNBIFGSR gA0K
IQs for 48 hours before irradiation. As indicated abov@ention 2.4.2.2he clonogenic

L/ pnQa 27 -landiMIAFEa®& cdls!weré 900 and 260 respectively; whilst

L/ pnQa 27T HwamaMIATPadR]cdlls! were 730 and 240 respectively. A
concentration of 500 nM 1Q9 and 1Q10 was selected to treat BxPEells before

ANNI RAFGAZ2Y FfGdK2dZAK L O@EnMrhe canEenttatiod of 308 S E LIS
nM of IQswas the only available option as aogncentrationabove 500 nM of 1Qs
causesan insufficientnumber of BxP@ cells to perform the drugadiation clonogenic

assay (e.g. treatment with 1000 nM of 1Q9 and 1Q10 for 48 hours causes 87% and 96%
growth inhibition in BXR& cells respectivelgigure 2.T).

As mentioned irSection 2.3.7.2.3cells were then irradiated with a single dose of 1, 2,

4, 6 or 8 Gy, trypsinised and plated for clonogenic survival. As shokigure 2.13a
significant increase in radiosensitisation was observed PANGL cells at 6 Gy
compared to control (51% increase for 1Q9 (P<0.0001) and 48% increase for 1Q10
(P<0.0001)). No statistical analysis and SD analysis were performed for results ef PANC
1 cells treated th 1Qs at 8 Gy since these results, at this dose, came from only a single
experiment Gection 2.3.9 Also, as shown irFigure 2.13 a marginally increased

radiosensitisation wasbservedfor BxPc3 cells at 6 Gy (25% for 1Q9 (P<0.05) and 23%
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for 1Q10 (P=0.192) compared to control, with no altered radiosensitisation was observed
in MIA Pac# cells. Although 1Qs seem to sensitise PAN@Gd BxR8 cells at 6 Gy, SER
values were lowThe SER values oARC1, MIA Pac& and BxP8 treated with 1Q9
were 1.08, 1.07 and 1.13 respectively; while the SER values of BANE Pac2 and
BxPe3 treated with 1Q10 were 1.1, 1.03 and 1.1 respectively.

' BxPc-3
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Figure 213: Effect of IQs omadiosensitivity of PC cell lineslrradiation survival curves of
PANGL, MIA Pac2 and BxP8 cells were fitted to the linear quadratic model. Average PEs:
PANGEL1=0.28, MIA Pac2=0.41 and BxP8=0.16. Data represent the averagepoiled data

of two independent experiments for MIA Pa@acells, three experiments for BxBcells. For
PANCGL cells, data represent three experiments at 2, 4 and 6 Gy, two experiments at 1 Gy
and one experiment at 8 Gy. Each experiment contains three parallel data setsgé&wéra
three independent experiments * standard deviation were analysed using the Stutdst t

* P<0.05 vs control.

2.4.4 Effect of 1Qs on cell cycle progression of PC cells.

In order to investigate the potential mechanisms of action of IQs in PC cell lines, 1Qs
effects on cell cycle progression of PAN@nd BxP8 were assessed using flow
cytometry as described isection 2.3.8 PANEL and BxPe3 cells were selected to
investigate the effect of 1Qs on their cell cycle progression as both cell lines showed
radiation sensitivity after 1Qs treatment. 1Q9 was selected for the cell cycle assay to
represent 1Qs agents, while AUR was selectedcasrgparator to evaluate the effect of

TrxR inhibition on cell cycle progression of PC cells.

HU is a well characterised positive control for cell cycle analysis as it arrests cells at
DnkDM LKI &S | FidSNJ (Pieiffer &ng2l dedlach, IDHTR IsingreS v
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optimisation experiment was conducted to select the appropriedacentrationof HU
against PC cells for subsequent cell cycle analysis with 1Q9 and AUR. As drigwrein

2.14, 5 mM of HU could arrest the cell cycle of PANENd BxP8 at GO/G1 phase more

than 1 and 2.5 mM of HU (cells without drugdatment were set as control). Therefore,

cells treated with 5 mM of HU for 24 hours were set as the concentration of HU, as
positivecontrol, for subsequent cell cycle analysis. No statistical analysis and SD analysis
were performed for results of HU optisation since these results came from only a

single experimentfection 2.3.9

PANC-1 BxPc-3
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Figure 214: Optimization of the concentration of positive control hydroxyurea (HU) in cell
cycle analysisCellstreated with 1, 2.5 or 5 mM of HU for 24 hours (cells without HU
treatment were set as control) were collected, and cell cycle was analysed. The percentage
of PANEL (left) and BxR8 (right) in each phase of the cell cycle were plotted. Data derived
from one experimat performed in a single data set.

Under control conditions, PANCcells displayed a typical distribution of 35% in the GO

G1 phase, 44% in thephase and 21% in the @2 phase, whilst BxP8 cells displayed

a typical distribution of 61% in the @Bl plase, 32% in the-ghase and 7% in the G2

M phase. The typical distributions of both cell lines are comparable to published studies

as shown irSection 2.5PANEL and BxP8 cells were treated with 1Q9 for 48 hours at
corcentraton2 ¥ pnn ya O00GKS Ot 2y23SyA0 L/pn @t dzS
500 nM ¢€oncentration selected for BxR8 in radiation sensitivity experiment)

respectively. In addition, both cell lines were treated with 1000 nM of AUR for 48 hours
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as acomparator. As shown iRigure 2.15PANEL cells treated with IC50 of 1Q9 (900
nM) for 48 hours were significantly arrested at GO/G1 phase (P=0.024) with a significant
decrease in the Bhase (P=0.013); while 1000 nM of AUR 48 hours did not
significantly alter the cell cycle progression. B8Rreated with 500 nM of 1Q9 or 1000

nM of AUR showed no significant alteration in cell cycle progression.

PANC-1 BxPc-3
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Figure 215: Effect of 1Q9 on cell cycle of PC cePANECL (left) and BxR8 (right) cells
treated with 900 and 500 nm of 1Q9 for 48 hours respectively, or with 1000 nM AUR for 48
hours or with 5 mM of hydroxyurea (HU) for 24 hours (cells without drug treatment were set
as control) were collected and celicle was analysed. The percentages of cells in each phase
of the cell cycle were plotted. Data represent the mean + standard deviation of three
independent experiments, with each experiment performed in a single data set, \ahéch
analysed using the Stent T-test. * P<0.05 vs control.

In general, 1Qs exhibit potent cytotoxicity against PC cell lines, with IC50 values in the
low nanomolar range. However, I1Qs was less potent than GM and more potent than
AUR. 1Qs cause cell cycle arrest and enhance raat@mpeutic efficacy in certain PC

cell lines, but with low SER values.
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2.5 Discussion

Current treatment options for PC have failed to imprdie-yearsurvival rates which
remain very low, at ~5%; there is an urgent need to identify new treatment modalities.
Redox proteins are key members of cellular antioxidant systems, required to maintain
redox homeostasis, with the Trx system being an important comept. The Trx system
regulates the redox state of different signalling molecules, and by regulating their redox
state,can regulate cell growth, apoptosis, gene transcription, cell cycle progression and
ROS levels. Furthermore, the Trx system is oneetétiular antioxidants systems that
has been targeted in an attempt to enhance the quality of radiotherapy by inhibiting
TrxR. PANC, MIA Pac& and BxP8 PC cell lines were used to investigate the influence
of the Trx system, using novel TrxR inhib{i@s), GM and AUR in cellular cytotoxicity

and radiosensitivity.

Growth curves and survival characteristf§&ction 2.4.1)vere conducted for each cell
line in order to determine the best time range for evaluating the effects of-eenticer
drugs. Current data shows that doubling times of PAN@1 hours) and MIA Pa&a
cells (32 hoursgrecomparable to the published litetare that showed PANT and MIA
Paca2 cells have a doubling time of 52 and 40 hours respectiaipis et al., 1977
Deer et al., 2010 However, the doubling time of BxBccells (35 hours) was slightly
faster than a previous study (48 hours)(Deer et al., 2010 In another study, BxPZ
cells exhibited a doubling time of 24 ims, even faster than current findingSullen et

al., 2003Dh. In terms of PE, current data show that PEs of RANT29), MIA Paea
(0.47) and BxP8 (0.14) PC cell lines are comparable to published studies; a study has
investigated the rte of kRas inhibition in radiosensitivity of PC cell line showed that the
PEs of MIA Paeaand BxP8 were 0.51 and 0.17 respectivéBrunner et al., 2006 In
another study, PANC and MIA Paca cells exhibited PEs of 0.49 and 0.22 respectively
(Morak et al., 201}, whileanotherstudyshowed that PE value of PANCells was 0.37

(Mantoni et al., 201} The results from such cell line characterisations, doubling time
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and PE, give confidence that cells, and culture techniques, are appropriate to what is

expected from the literature and that novel data is, therefore reliable.

Current data(Section 2.4.2.13how that PANGQ cells are less sensitive to GM than MIA
Paca2 and BxP8 cells As mentioned in Section 2.3 #he relationship of genotype to
PC cells behaviour is still uncl¢Beer et al., 2010 herefore, there is no clear evidence

to justify the variation in GM sensitivity among PC cell lines.

The proliferation IC50 values of GM RANCGL, MIA Pac2 and BPe3 PC cell lines were
ypn TtTn FYR 1Tp ya Fd un K2dzZNEQ GNBFGYSyid:
YR nnX nn FYyR nn ya i 71 GurrédtdindiNgs @re i NB I
comparable to those from recent studies that showed PANE2IIs seento be less
sensitive to GM compared to MIA PaZand BxR8 cells(Giroux et al., 20040 et al.,
2008 Pan et al., 2008 However, published studies showed high variations in terms of
proliferation IC50 values of GM for PC cell lines, and that may be due to the different
methods used to assessthe plIE NI G A2y @& / dzZNNBy G &G dzRé dza SR
method to assess proliferation, while others used different methods such as-@#ge53
dimethylthiazolyl2)-2, 5diphenyltetrazolium bromide (MTT) assay, the(43%
dimethylthiazol2-yl)-5-(3-carbaxymethoxyphenyt2-(4-sulfophenyl)2H-tetrazolium
(MTS) assay, the sulforhodamine B (SRB) assay and the propidium iodide (PI) assay which
may account for the variable results. Current results are confirmed by a study that
showed PANQ cells were less seitise to GM amongst PC cell lines withestimated
IC50 value of 40 uM, while BxB¢IC50=50 nM) and MIA Pa24IC50=10 nM) cells were
sensitive to GMGiroux et al., 2006 However, two studies showed that PAll@nd
MIAPacat OSffa akK2gSR I aAiAYAf Ll N &néwusingihe OA (& |
SRB and MTT Assays respecti&ly et al., 2001LChen et al., 2012 Interestingly,
another study showed that PANICcells were extremely resistant to GM (10% decrease
AY 3ANBGGK AYKAOAGAZ2Y G wmnn dza 2F Da F2NJ
while MIA Pac&2 and BxR8 showed intermediate and high sensitivity 6M
respectively(Pan et al., 2008 In contrast to current findings, Caand colleagues
observedthat PANEL and MIA Paca cells were responding equally to GM, using the
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a¢{ laaleé F2NJ ny K2dz2NERQ GNBFIGYSYyilsz 6AGK
respectively(Cao et al., 2015 Rathos and cahgues also observed that MPaca2

OStta oL/ pnlftoo yau $SNB f{tbainenthsyfaNd A S iz
(IC50=225 nM) and BxBq1C50=80 nM) cells using the PI agBathos et al., 20)2In

general, current findings were consistent to most mfblishedstudies that showed

PANCGL cells were less sensitive to GM than MIA Paead BxP8 cells.

From clonogenic datdSection 2.4.2.2)current findings show that clonogenic 1C50
valuesoa F FGSNJ ny K2 dzZNBELOMVIAI RS2 atdyBIBB(tellsfwend) t ! b/
45, 20 and 34 nM respectively. A recent study showed that PANEls were less
aSyardAgdsS G2 Dtedtmeht Rz WA Rao? sk BieRE @lls with
clonogenic IC50 vwaés of 480, 160 and 50 nM respectivéharsels et al., 2009Another
recent study showed that PANICand BxP& cells treated with GM for 4 hours showed
similar sensitivity to GM, with clonogenic IC50 values of ~150 and ~100 nM respectively
(El Shafie et al., 20).3The differences in clonogenic IC50 values ifiteeture may be

due to differing GM exposure times before plating for survival. From both the
proliferation and clonogenic assays, PANCells seem less sensitive to GM than MIA
Paca2 and BxP@& cells which is in general agreement with the literatuBM was,
therefore, used as positive control drug to ensure cells were responding appropriately
in each experiment and to compare against the cytotoxicity of IQs novel drugs on the PC

cell lines.

Current findings show that PANCcells were less sensitive tQs compared to MIA
Paca2 and BxR8 cells. The proliferation IC50 values of 1Qs for RAMEre between
320 and 920 nM while the proliferation IC50 values of I1Qs for MIA-RaDa BxP8
were between 90 and 470 nM. Since the analogues of ES936 agks hownly two studies
examined the effects of these analogues on PC cells. The first @tadyet al., 2009
used the MTT assay to estimate the proliferation 1C50 values of 8 analogues of ES936
(the eighth analogues was 1Q9) for PANG/IA PaG& and BxP8 cells after 4 and 72
houra Q GNBIF GYSyldad ¢KS LINRB AT SBENGB®Fcells/ pn DI
F FGSNJ TH K2 dzZNESQnd#dNdIraspe&ively; widilé dudgent findings show
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that the IC50 values of 1Q9 for MIA Patand BxPo OSf f & | FGSNI TH K2
were 90 and 270 nM respectively. IQ9 was not tested against PIASEISs at that time,

however, other analogues of ES936 showed that RANElIs were less sensitive to 1Qs
compared to MIA Pacaand Bxro OSfft & F2NJ TH K2dzZNBQ GNBI |
IC50 values between 24 and 149 rf¥an et al., 2000 The second study showed that
proliferation IC50 values of IQ3 and 1Q9 for MIARaca OSt t & | FGSNI TH K2
were 74 and 18 nM respectivelyan et al., 2012 Current data are comparable to these

two studies in terms of PANCcells being the least sensitive to 1Qs, MIA Pacalls

being the most sensitive to 1Qs and BxXcells showing intermediate sensitivity.

However, the two previous stuels showed lower IC50 values of 1Qs for PC cell lines
compared to current findings, that may be due to the different methods to assess the

IC50 value in the proliferation assay (cell counting vs MTT assay) as will be discussed in
Chapter 5.

For clonogenidata(Section 2.4.2.2unlike GM that showedifferenced SG 6 SSy L/ p n ¢
2001 AYSR FTNRBY LINRPBfATFTSNIGA2Yy @& Of2y23SyAo
IQs were in the same range as those obtained from proliferation assessments. The
clonogeniclcdQa 2F Lvd YR Lvwmn |0 -PoellsWeted2b® G NS I
YR Hnn ya NBAaLSOGADSteT Bkelsa® expactB8dtabe 2y 23S
higher than 1000 nM for both IQs. In contrast to the current finding, the initial study of

ES98 analogues against PC cé¥anetal., 2008 K2 g SR G KIF G Of 2y 23Sy A
for BxPe3 after4andr H K2 dzZNEQ UGNBFGYSyida 6SNB 1tn |yR
never previously been evaluated against MIA P2aceells for clonogenic survival,

however, analogues of ES396 IRV y 0 SEKAOAGSR Of 2y23SyAd L/
ya I FTUGSN 1H Kaadiksdf 5306 Have Yievef reviously been evaluated

against PANQ for clonogenic survival.

Generally, 1Qs exhibit poteim vitro cytotoxicity on PC cell lines, with IC50 values in the

nanomolar range, which are much lower than other characterizedR inhibitors such

asnitrosureasd L / p n T n o nthiosuargIC5@&R.84RPN  >a 0 > LI | (A y dzY

LJi oL/ pn brgapochatcagerided L/ pnllmndn >a0xX L2f &LKS
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OL/ pnpHpleurotnaCEpnphpn >ad | YR y-b k(&g §ndzA y 2y S
Becker, 2006

AUR is a weltharacterised TrxRhibitor, and used as a positive control to evaluate the

TrxR inhibitory effect of 1Qs on PC cell lines, as shown later in Chapter 3. Getiexally,

L/ pnQa 2F !'!w F2NJt/ OSft f(Sectibn232.1)6t& 95 KA I K¢
ny YR TH K2d2NBQ GNBFIYSydGsz '!'w SEKA0AGSR
cells, 1050, 750 and 400 nM for MIA P&ceells and 2550, 1100 and 500 nM BxPe

3 cells respectively. Current data are comparable with the published studies but for
20KSNJ GelLlsSa 2F OFyOSNIT GKS SadAYFGSR L/ pn
for Hela cervical cancer cells were 2500, 1500 and 900 nM respecioeiyet al., 2016

while the estimated IC50alues of AUR, after 2dburstreatment, for RPMI8226, U266

and OPM2 myeloma cancer cell lines were between 1 and ZRaviinga et al., 20)6

However, certain cancer cell lines are documented as being resistant to AUR; the IC50
2F !'w FFGSNI un K2dzZNEQ GNBIF (YSyBhatiFeal) ! pn g
2016).

MDAMB-231 BC cell line, used as a positive control cell line and comparator, showed
intermediate sensivity to 1Qs and AUR. The IC50 of AUR for NMBA231 cells at 48

K2 dzNB Q G NBI Y SFeitiong2l42.1) Aprecent gtady investigated the
inhibition effect of TrxR on MDKMB-231 cells showed that the IC50 of AUR after 24
hours treatment, using théMTT assay, was 5.1 p{Bhatia et al., 2016 As discussed
previously, differences IlC50 values for AUR between current findings and the previous
study may be due to the different of AUR treatment times and the sensitivity of the MTT

assay Vs cell counting.

In terms of radioresponse, current dai8@ection 2.4.3.13how that SF2 valuesif®@ANE

1 (8 experiments), MIA Pa@a(5 experiments) and BxBc(6 experiments) cells were
0.41, 0.33 and 0.29 respectively. Previous studies have shown a wide variation in SF2
values in clonogenic survival of PC cell lines. One study evaluated the amadiati

sensitivity of PC cells showing SF2 values for MIA-Paca BxP8 cells of 0.57 and
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0.45 respectivelyAlcock et al., 2002 while Burnerand colleagues reporte8F2 values

for PANEL and MIA Paca2 and BxP8 cells of 0.5, 0.5 and 0.4 respectiv@@yunner et

al., 2009. A recent study has shown a mean SF2 value of MIAZPaels, from four
independent experiments, was @.ZPurk Y A Sy T §,iwhi¢h fis@@mparable tgp
current data.In contrast to current finding, Morak and colleagues observed that MIA
Paca2 and PANQ cells were resistant to irradiation, with SF2 values of 0.77 and 0.70

respectively(Morak et al., 201}

When combining 1Qs treatment with radiation, current dgfection 2.4.3.23how a

significant increase in radiossitisation at 6 GY in PANCGand BxP8 cells treated with

Lva FT2NJ ny K2dz2NBE® | 26SOSNE {9w O fdzSaz F2
radiosensitising effect of ES936 analogues has never been studied, however, several
studies have investigated ¢h implication of inhibiting the Trx system on
radiotherapeutic efficacy and cell cycle progression in cancer cells. Current findings are
comparable to a recent study that showed significant radiosensitivity at 2 and 5 Gy for

lung cancer cells (U1810) treat with a novel TrxR inhibitor; phosphine gold(l)
compound [Au(SCN)(PEt3)] for 48 hours. Although the radiosensitivity at 2 anddsGy
significant, the SER values also seem low; the SF2 and SF5 values of control cells were
decreased from 0.94 and 0.65 to 0.71 and 0.51 in treated cells resped®edgnius et

al., 2013. Furthermore, the latter studyl®wed an increase in G2/M phase in U1819

cells treated with phosphine gold(l) compound for 24, 48 and 72 hours compared to
control (no significant statistics were provided). A recent study showed a significant
radiosensitisation at 6 Gy in EMsTand 4T1 mose breast carcinoma cancer cells treated

GAGK p 2N 1dp 2N mn >a 2F (Wanget @22007H K 2 dzN
However, EM®B celsi NS+ 6§ SR gAGK wmn >a 2F ! lw aK2gS-
radiosensitivity at 6 Gy, which is comparable to current findings. Roémauicolleagues

observeda marginal radiation sensitivity of MEMB-231 cells treated with AUR, BSO (a

GSH inhibitor) and AURSB, with SER values of 1.12, 1.13 and 1.15 respectively, which

is comparable to our SER values (110B3) (Rodman et al., 2026 Current

NI RA2aSyaArAdAralraArazy REGEF &adzZ23asad GKFG LvQa
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with levels of sensitisation being comparable to other TidRbitors in other cancer
types. It may be, however, that improved sensitisation could be achieved by altering

treatment parameterg; this will be the focus of the subsequent chapter.

In terms of cell cycle progressiq®ection 2.4.4)PANEL and BxP8 ontrol cells
displayed typical cell cycle distributions of 35% and 61% in th&5phase, 44% and
32% in the $hase, and 21% and 7% in the-2hase respectively. Current findings
are comparable to published studies; a recent study showed that-Bxddts displayed

a typical cell cycle distribution of 55% in the-G0 phase, 30% in thepBase, and 15%
in the G2M phase(Ma et al., 2015 while another two recent studies showed that
PANCL cells displayed a cell cycle distribution of 45% and 43% in #&lGihase, 35%
and 30% in the-hase, and 20% and 27% in the-Kdhase respectivelfDuong et al.,
2012 Maftouh et al., 2014 In contrast to the current findings, a recent study showed
that PANCL and BxP8 cells have identical cell cgdllistribution of 85% in the GG1
phase, 5% in the-fhase, and 10% in the @2 phase(Qiao et al., 2016

Current data show a significant cell cycle arrdsG8/G1 of PANQ cells treated with

IC50 of 1Q9 for 48 hours, while no effect was obsefeed@xPe3 cells. Effect of IQs on

cell cycle progression has never been studied. As mentioned earlier, in Chapter 1,
previous studies have shown varying result$einms of cell cycle arrest following Trx
system inhibition. Certain studies have shown that inhibition of the Trx system can cause
a significant arrest in G1/S phafeaurent et al., 1964 a G1 arres{Mochizuki et al.,
2009h), or G2/M arres{Selenius et al., 201X ou et al., 2014 Theoretically, inhibition

of the Trx system could lead to G1/Semt due to the involvement of reducetirx in

DNA synthesis through the reduction/activation ofilsonucleotide reductasean
enzyme that reduces ribonucleotides tieoxyribonucleotidgLaurent et al., 1964 A
recent study has shown that inhibition of the Trx system by metformin, in-M@&kd
MDAMB-231 BC cell lines, did not seem to affect cell cycle progre¢8imang, 201y

In contrast to current data, a novel TrxR inhibitor (BBSKE, a novel organoselenium
compound) showed a cell cycle arrest wpl&ase for PG and DU145 human prostate
cancer cell linegShi et al., 2008 Lu and colleagues observed aplfase arrest in A549
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lung cancer cells treated with a flavonesdsed TrxR inhibitor (quercetin), with an
accumulation of cells isub-G1phase(Lu et al., 200% The varying results of cell cycle
arrest induced by novel TrxR inhibitors may due to potentiatafjet effects of these
inhibitors that can affect multiple cellular processes but may also reflect inherent

differences in how differentancer cell types respond to inhibition of the Trx system.

In conclusion, 1Qs are effective on PC cell lines as single agents, with IC50 values in the
low nanomolar range. However, 1Qs was less potent than GM and more potent than
AUR. The hypothesis of the current chapter (radiosensitivity and cell cycle arfe6t of
cells can be modulated by treatment with 1Qs novel agents) has been provenhkmy in
pre-clinical invitro cell models Although the current chapter addressed a number of
important areas, with drug efficacy having been shown (albeit to variable )egels
number of questions remain to be addressed i.e. is the cytotoxic effect of IQs on PC cell
lines correlated with the inhibition of TrxR activity/protein expression, ROS
overproduction, different treatment exposure times and altering Bvels? These

questions will be the focus of the subsequent chapters.
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3.1 Abstract

BackgroundiQ9 and 1Q10 (IQs) are novel TrxR inhibibmigng trialledas drugs against

PC cell lines. Chapter 2 showed that IQs were highly cytotoxic across all PC cell lines as
single agents, can arrest progression through the cell cycle and increase, albeit slightly,
radiotherapeutic efficacy in certain PC cell lines. Touerent chapter sought to
investigate the related mechanisms of action of 1Qs in the Trx/TrxR system by examining
their effects at different treatment times on intracellular ROS levelsthenprotein
expression of Trx system family members, protein eggi@n of reductase enzymes,

TrxR activity and radiation sensitivity. As 1Qs are bioreductive agents, the current
chapter also sought to study the effect of 1Qs on proliferation and clonogenic survival of

PC cell lines under hypoxia.

Methods: All cell linesand tissue culture methodologiesere describedn Chapter 2.

The cellular ability of PC cells to cope with oxidative stress was evaluated by measuring
ROS levels, by flow cytometry, following 1Q treatment H/O, exposure. Western
blotting was used to ssess the expression of Trx system members and reductase
enzymes in PC cell lines treated with/without 1Qs under normoxic or hypoxic conditions.
An insulin reduction assay was used to assess TrxR activity in PC cell lines treated with
IQs for 4 or 48 hourd-or radiosensitivity evaluations, PC cells were treated with 1Qs for

4 hours or with AUR, as a comparator, for 4 or 48 hours, then, irradiated with 1, 2, 4, 6
or 8 Gy of Xays and plated for clonogenic survivib evaluate the effect of IQs on the
proliferation of PC cell lines in hypoxia% Q), cells were incubated in hypoxic
conditions for 24 hours thercellswere treated, whilst still under hypoxia, with a range

of 1Q9 (01000 nM) for 48 hours. Then, cells were trypsinised, counted and plotted as a
percentage of controlTo evaluate the effect of IQs on clonogenic survival of PC cell lines
in hypoxia cells vere incubated in hypoxiél% Q) for 24 hours then, cells were treated,
whilst still under hypoxia, with a range of 1Q92(@00 nM) for 4 or 48 hours. Then, cells

were trypsinised, counted, and plated for clonogenic survival.
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Results:PC cells treated wi IC50 doses of 1Qs in combination witbCkHshowed an
increase in ROS levels over treatment wit®rhlone, with a maximum fold increase of

2. Western blots only showed reduced expression of Trx in-Bxiells treated with the

L/ pnQa 27¥F Is,widh nd Rofdblencgang&sZestpiklsionof TrxR and TxNIP.
PANCL and MIA Paca cell lines treated with 1Qs for 48 hours showed no alteration in
the expression of any of the Trx system proteins. PAN@Gd BxP8 cells treated with

IQs showed a substaatidecrease in TrxR activity, in a dapendent manner, with 4
K2dzZNEQ GNBFGYSYyd 3IAGAYy3a 3ANBFGSNI AYKAOAGA?2
increase in radiosensitisation at 6 and 8 Ws observedn PANEL cells treated with

Q9 or AUR for 4 hosr but with a small increase in SER valuesXSEBR making the
biological relevance of 1Qs as radiosensitisers somewhat questionable.-PANC
BxPe3 hypoxic cellsvere sensitive to 1Q9jn terms of proliferation and clonogenic
survivalthan normoxiccells, but with a small increase in hypoxia cytotoxicity ratio (HCR)
(HCR=1:-2.4), suggestingrarginalbiological significance of 1Qs in PC hypoxic cells. 1Q9
treatment does not alter the endogenous expression of reductase enzymes such as
NQO1 andCPRenzymes in PANC and BxP8 cells either in normoxic or hypoxic

conditions.

Conclusion:TrxRmay bea useful potential target in P@Qsshowedhigh efficacyin

terms of inhibitingTrxR activityand increasng ROS levels under oxidative strek3s

showed amarginalA Yy ONS I aS Ay NI RAFGA2Yy aASyaArdAaAgade
treatment givinggreaterNI RA2aSyaAdAraiy3a STFFSOG GKFIYy ny
that IQs seem to have a short hiife than long haHife. Hypoxia increases, alib

slightly, the cytotoxic efficacy of 1Qs on PC cell lines, with no effect on the protein
expression ofany of the Trx system proteirs reductase enzymes. Current findings

suggesimarginalbiological significance of 1Qs in PC cells.

110



Alhadyan K; PhD thesis Chapter3

3.2 Introduction and aims

Chapter 2 showed that 1Qs were highly cytotoxic against PC cell lines as single agents,
with IC50 values in the low nanomolar range. Also, 1Qs treatment caused cell cycle arrest
and enhanced, albeit slightly, radiotherapeutic efficacy in certaihdell lines. The
current chapter is an extension of the previous chapter, and it aims to evaluate the
related mechanisms of action of 1Qs, by examining their effects on intracellular ROS
levels, protein expression of Trx system family members and redzieiagymes, TrxR
activity and radiation sensitivity. As 1Qs are bioreductive agents, hypoxic conditions may
increase the reduction/activity of IQs in PC cells. Therefore, the current chapter also
sought to evaluate the effect of IQs on proliferation andncgenic survival of PC cell

lines under hypoxia.

The introduction of the current chapter discusses hypoxia in solid cancers, spediiically

PC, and the effect of hypoxia on the Trx system.

3.2.1 Hypoxia in tumour cells
3.2.2.1Definitions and causativenechanisms of hypoxia

Hypoxia, a reduction in the normal level of tissue oxygen tension, is a characteristic
feature of 5060% of locally advanced solid cancers, and it occurs when there is an
imbalance between the cellular-@onsumption rate and the ©Osupply to the cells
(Harris, 2002Vaupel et al., 2002 The common unit uskto measure @concentration

(pQ) is a millimetre of mercury (mmHg), which is equal to 0.13% e normal level

of & (normoxia) varies in differemrgans,and ranges between pS825 mmHg (3.25
%Q) in muscle and p&72 mmHg (9.5 %fin kidney (Hammond et al., 2004 The
common method to measure DOlevels in solids cancers is the computerized
polarographic needle electrode system (oxygen tension]plistography), that
provides rapid and reliable measurement of yp@lues, allowing it teevaluate and

characterise the hypoxic status in tumours and its clinical relevétaekel et al., 1991
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Vaupel et al., 1991 Within a solid tumour, @evels are gtremely heterogeneous and
can include mild hypoxia (2%2)Q severe hypoxia (<0.1%p)Cand anoxia (0% AD
(Hammond et al., 2014

In solid tumours, @delivery to the respiring neoplastic and stromal c&l$requently

reducedby three causgs(Vaupel and Harrison, 2004)

1- Acute hypoxia (perfusicrelated); caused by the temporary closing of tumour
blood vessels around the tumouue to the severe structural and functional
abnormalities of tumour microvasculaturesuch as disorganised vascular
network, dilations, elongated and tortuous shape, incomplete endothelial lining,
lack of physiological/pharmacological receptors, absence of flow regulation and

intermittent stasis(Vaupel and Harrison, 2004)

2- Chronic hypoxia (diffusierelated); caused bgn increase in diffusion distances
between O, and blood vessels due tomour expansion. Chronic hypoxia was
initially thought to arise in cells distant more than 100 pm from the nutritive
blood vessel§Bussink et al., 1999, Rijken et al., 200@wever,in vivostudy
showed that chronic hypoxia can occur in cells withirb2Qum from the blood

vessels foalongperiod of time(Ljungkvist et al., 2002)

3- Anaemic hypoxia; caused by tumeassociated or therapinduced anaemia.
Experimental studis showed that the level of hypoxia is intensified at

haemoglobin levels below 102 g/dl(Vaupel et al., 2001a, Vaupel et al., 2001b)

Oxygen enhancement ratio (OER), SER and hypoxia cytotoxicity ratio (HCR) are three
main concepts describing the effeat hypoxia during chemotherapy or radiotherapy.
OER s the ratio of radiation doses to produce the same biologic effect under hypoxic
against aerobic condition&@eman, 200Q)with the following formula:

6O 'Y H QR sqme%’ igw
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The definition of SERas describedn Chapter 2. However, in terms of hypoxia, SER is
the dose ratio for an isoeffect under hypoxic conditions alone versus under hypoxic
conditions in the presence of the hypoxic cell sensitiéggman, 201), with the
following formula at 1% of survival:

YOQQODETEB bE Q61 U DOGED | QHXNR W@ o i

YO QQWAEAEOE P¢ Qo1 U IOD QAN Qv Q G & i

The HCR can be defined as a drug concentration ratio that required to produce equal
cytotoxicity under normoxia relative to hypoxi@oumenis et al., 2016)with the
following formula at IC50 dose:

o EETGE QW
OoYOOTQslczg—

N € ®QO®
3.2.2.2Cellular responses to hypoxic states

Hypoxia induces proteomic and genomic changes within tumour cells that can influence
tumour cells either by impairing cell proliferation and causing cell death (apoptosis and
necrosis) or by stimulating malignant progression and increasing resistance to
chemotherapy and radiotherapfVaupel and Harrison, 2004)he proteomic changes

by hypoxia lead to growth stability, c&lycle arrest, differentiation, apoptosis and
necrosigVaupel and Harrison, 2004jhe main response of tumour cells to lopi€vels

is activation of hypoxinducible transcription factor 1 (HB, the master
transcriptional factor which stimulates a group of downstream genes, such as vascular
endothelial growth factor (VEGF), that are responsible for malignant progression
(Maynard andOhh, 2007)HIF1 has two protein subunits: Hi¥i | y¥MRM I LECA 0 K 0 2 {
subunitsare expressedn normal and hypoxic conditions. However, #lF A & NJ LJA R
degraded by the proteasome in normoxia, whilstabilised andccumulated in hypoxia

(Huang et &, 1998) The accumulation of HIFin hypoxic cells acts as a master regulator

to initiate adaptive responses in solid cancer cells to cope with lpvev@ls, whichs

discussed latein Section 3.2.2.4

113



Alhadyan K; PhD thesis Chapter3

Severe hypar (pQXXn @1 YYI 30 OlFy LINRY23GS 3ISy2YAO A\
hamster ovary cells to severe hypoxia for 72 hours caused an amplification of
dihydrofolate reductase gene leading tocreaseOSt ft aQ NBaAadl yoS (2
agents such as methotrexaf®€oung et al., 1988rurthermore, hypoxia has been shown

to impair cellular DNA repair functions lbpwnregulatingcertain DNA repair genes

involved in differentDNArepair pathways such as homologous recombination (HR)

LI Kol @8Qa 3ISySa S o@iddraewval, 20055 Bindrednd Glazer,\ @005, p M
Fanale et al., 201%) YA &Yl 6§ OK NBLJI ANJ daawld LI GKgl &Qa
(Mihaylova etal., 2003)ndbaseE OA & A 2y NBLI ANJ 6. 9wo LI GKgl &
MYH, NEIL2, and MTHChan et al., 2014)nterestingly, hypoxia has been shown to
upregulate genes involved in ndgromologous end joining (NHEpBthway pne of the

two major doublestrand break repaipathways) such as Ku70, Ku80, BRcs, and

DNA Ligase I[Wadan et al., 2012, Ren et al., 2012herefore, targetinglHE pathway

seems to be a potential target to decrease the resistance of hypoxic cedislith

tumoursto conventional cancer treatmesg such as radiotherapyjorgensen, 2009)

3.2.2.3 Tumour hypoxia and treatment resistance

Tumour hypoxia has long been identified as a critical issue in oncology as it making cells
more resistant to conventional cancer therapies such as chemotherapy and
radiotherapy. In chemotherapy, hypoxia decreases the efficacy of chemotherapy agents
by direct and indirect pathways. Low IBvels can directly reduce the maximal efficacy

of alkylating chemotherapeutic agents, such as cisplatin and melphalan, in caliser ce
(Teicher, 1994)These agents are electrophilic compounds, with a mechanism of action
based on transferring alkyl groups nacleophilicpositions of the DNA base during cell
division to induce alkylatioDNA damage leading to prevent subsequent DNAI®sis
(Teicher, 1994) However, alkylating agents seem less effective in hypoxia due to
overproduction of nucleophilic substances, such as GSH, that compete with targeted
DNA for alkylatiorfVaupel et al., 2001bAlso, hypoxia indirectly reduces the efficacy of

chemotherapeutic agents by arresting cell cycle, inducing proteomic/genomic changes,
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initiating angiogenesis and changing pH conditions in cancer cells. Generally, hypoxia
causes slow cell cycle progressiohowever, extreme hypoxia increases protein
expression of the cyckdependent kinase inhibitors p21 and p27 leading to pre DNA
synthetic (preS phase) arrest at G1/S transitigardner et al., 2001)As most
chemotherapeutic agents, such as alkylatagents and antimetabolites, causes DNA
damage during phase, cell cycle arrest at pfphase decreases the efficacy of these
agents(Rang et al., 2003Also, Hypoxia increases activity of DNA repair enzymes, such
as human AP endonuclease (HAP1l) (Walke et al., 1994) upregulates
chemoresistanceelated proteins such as metallothioneiMurphy et al., 1994, Ebert

et al., 2000)and amplifies chemoresistangelated genes such as dihydrofolate
reductase gene (DHF@omerford et al., 2002)n terms of agiogenesis, arteriovenous
aKdzyia |yR ReafFdzyOlAzylt oft22R @SaaSta OF
hypoxic regions of solid tumours leading to poor delivery of chemotherapeutic agents
to the tumour tissue or an uneven distribution of these agewithin tumour tissue

(Airley et al., 2000, Vaupel et al., 2001bhe hgh rate of aerobic glycolysis mypoxic
tumours, as discussed later fBection 3.2.2.4increases lactic acid (lactate) production

and subsequenyl increases the acidity in hypoxic cells (PH=7.05) compared to normoxic
cells (PH=7.4Helmlinger et al., 1997, Hockel and Vaupel, 2001addition to lactate,
overexpression of the enzyme carbonic anhydrase 9 (CA9) on the surface of hypoxic cells
can @talyse the extracellular trapping of acid by hydrating-geherated C@into HCO

zand H, leading tancreasngthe acidity in tumour cell§Swietach et al., 2007).ow PH
negatively impacts the uptake of weak base chemotherapeutic agents by creating a
physiological barrier for the cellular uptake and, subsequently, inhibits the intracellular

I OOdzydzt F GA2Y 2F (GKS&S ¢S liohtrapping thénoniemiz3 4> ¢
(Raghunand and Gillies, 2000, Wojtkowiak et al., 2011)

In radiotherapy, tumour ¥ipoxia is a severe problem since it rapidigreasesOSt f a Q
resistance toionising radiation (Gray et al., 1953)Fractionated radiotherapy can

oxygenate hypoxic cells and subsequently sensitise them to radiation as previously

indicated inSection 1.1.6.3.30xygen is a potent radiatissensitiser, itcan react with
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free radicalsresulingfrom radiolysis of cellular water, to form oxygen free radicals. The
oxygen free radicals are organic peroxides ttet change the chemical composition of
the target molecules (mainly DNA) and fix these changes, which knovaxyagn
fixation hypothesigHowever, in the absence ok@uring radiation, the target molecules

in irradiated cells can repair the radiationrdages and recover the ability to function

normally(Gray et al., 1953)

CdzNI KSNXY2NBX KeLREAF AyRdz0OS&a LINRPGS2YAO | yF
resistance to radiation. These changes including overexpression of NHEJ genes, as
indicated earliey heatshock proteinsi{sp9 (Samali and Cotter, 1996} by increasing

number of cells with diminished apoptotic potentigraeber et al., 1996, Kim et al.,

1997)that have been linked to radioresistance in hypoxic ¢8l&mnali and Cotter, 1996,
Zhivotovsky et al., 1999)

3.2.2.4 Hypoxia in pancreatic cancer

A major reason for the aggressive behaviour of PC is the tumour microenvironment
characterised by extensive desmoplasia and hyp(&i&an et al., 2016 By using pO2
histography in 359 cancer pants, PC (p&2 mmHg) was the most hypoxic tumour out

of 9 different solid tumours (p&6-32 mmHg)(Vaupel et al., 2007)Intraoperative
measurement of p@values of seven resectable PCs showed a mearop@5 mmHg
(0-5.3 mmHg), while the mean p@f normal pancreatic tissues of the same patients
was 57.1 mmHg (24-32.7 mmHg)Koong et al., 2000)

Abnormalvasculature in PC is a major cause of hypoxia that limits blood supply to all
sites in tumour tissues. Two previous studies have investigated wastulctures irPC,
and detected vessels only in a small area of the tumour mass using angiographic and
colour flow sonographic assessmeilfganniger and Saldino, 1966, Yassa et al., 1997)
PC cells show high expression of angiogenic substances sucliGas ME also they
expressed high levels of ar@ngiogenic factors such as angiostatin and endostatin that
can inhibit angiogenesis and subsequently develop hypoxic regions due to low oxygen
supply(O'Mahony et al., 1998, Kisker et al., 2001)
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Stromais acomplexnetwork of glycoproteins and proteoglycans, amds primarily
made of extracellular matrix (ECM), a roellular component present within all tissues
and organgFrantz et al., 2010)Stroma accounts >90% of the total volume of PC, and
may ontribute to hypoxia either by amplifying the production of antiangiogdaators

or by the physical compressing on the capillaries through ECM deposition in the

periacinar spacerkan et al., 2016)

Pancreatic stellate cells (PSC) are the main safrfierosis instroma, and they interact

with tumour cells to create a tumour facilitatory environment that stimulates local
tumour growth and distant metastasis. PC cells interact with stromal cells and PSC to
initiate a cascade of events resultingdeposition of ECM. ECM compromises blood
supply by producing antiangiogenic factarsd, consequentlyGreatinghypoxic regions
within the tumour tissus. In response to ECM, stromal cells and PSC proliferate and
sustain ECMleposition leading tocreate new hypoxic regions. This vicious cycle
betweenstromal cells/PSC and ECM¢cumulates hypoxic regions within tumour tissues

and, consequentlyincreases HHE activity(Figure 3.)(Phillips, 2012)
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Figure 31: The vicious cyclef hypoxia and stroma in PQ’he interaction between PC cells

and stromal cells/PSC initiates a cascade of events resultiiegpositingof the ECM causing
hypoxia. In response to hypoxia, stromal cells/PSC sustain ECM deposition resulting in
formation of new hypoxic regions. Sourderkan, M., Kurtoglu, M. & Kleeff, J. 2016. The role

of hypoxia in pancreatic cancer: a potential therapeutic targ&fpert review of
gastroenterology & hepatology,0, 30231; used with permission.

HIF1 transcription factorcts as the master regulator to initiate adaptive responses of
hypoxic cancer cells allowing them to survive by enhancing aerobic glycolysis, arresting
cell cycle, inhibiting apoptosis, sustaining proliferation, regulating cancer stem cell (CSC)
and promding invasion and metastas{fSemenza, 2003%everal studies have shown a
correlation between HHL expression and prognosis of PC patients. Analysis ef HIF
expression in tumour tissues from 41 PC patients showed that high expressionnofHIF
was sigrficantly associated with poor overall survigaloffmann et al., 2008)A recent
meta-analysis of 8 clinical studies involving 557 patients confirmed the prefiralisgs,

and showed that overexpression of HiFwas significantly associatedth poor oveall
survival, lymph node metastasis and advanced tumour s{ageet al., 2014)in PC

pathogenesis, the association between#IF |y R t I yLb A& dzy Of SI NX
in vivostudy showed that HHE " f 28 & YA OS hiyhadnbdr of Bkgikaded A (1 S R
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PanIN lesions. Howevethese lesions failed to progress to highade PanIN and

showed an exclusive loss of SMAD. The association betweemnHIF I YR { Yl Rn ¢
O 2 y UNM SiRRo, where silencing of HIFh  NB RdzOSR { YI Rsi (N} y
(Criscimanna et al., 2013uch findings suggestthdtFH b A & R A ainigétgra 0 £ S 1

of PanINs, but it is required for PanIN progression.

Switching from oxidative phosphorylation to glycolysis is a critical metabolic change in
PC cells to adapt to hypoxic conditions.-HI&pregulates several glycolytic genes that
can increaseonversionof glucose to pyruvate and, subsequently, to lactg8emenza,
2013) In addition to activating glycolytic genes, HIRlso actively inhibits oxidative
phosphorylation by directly tranactivating thegene encoding pyruvate dehydrogenase
kinase 1 (PDK1). PDK1 inactivates the enzyme pyruvate dehydrogenast {BD
phosphorylating it using adenosine triphosphate (ATP) and, subsequently, inhibits
oxidative phosphorylatiofKim et al., 2006)

A major consequence of inhibiting oxidative phosphorylation is a decrease in the
endogenous level of ROS in hypoxic célsicose in hypoxic cells is actively shunted
away from mitochondria to limit the potential for ROS production resulting from the
conversion of glucose to pyruvateiemburgApers et al., 2015A recent study showed
TXNIP seems to suppress cellular gleagstake in different cancer cells either directly,

by binding to the glucose transport@r(GLUT1, a glucose transporter that facilitates the
transport of glucose across the plasma membranes of cells) leading to induce GLUT1
internalization througlclathrin-coatedpits, or indirectly by reducing the level of GLUT1
MRNA(Wu et al., 2013)The latter study also showed that inhibition of TXNIP caused an
increase irglucose metabolisnby upregulation of GLUT1 mRNA, leadingntreasng
oxidative stress in caer cells Therefore, inhibiting the Trx system in hypoxic cancer
cells may be a good strategy to stimulate aerobic metabolism and, subsequently,
increase oxidative stress and radiotherapeutic response in these cells. The association

between hypoxia in turour cells and the Trx systeisidiscussetielow.
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3.2.2.5 Tumour hypoxia and the Trx system

Several studies have investigated the effect of overexpression efHIF 2 yTrx{i K S
system in hypoxic tumour cells. Berggren and colleagues showed that incubation of HT

20 colon cancer cells in hypoxia causett and 14fold increase in TrxR mRNA and Trx
MRNA respectiveliBerggren et al., 1996%ptable transfection of T+k in the MCH BC

cell line caused a significant increase in-MIF S E LINS & & A 2 y-fold)yandy 2 N 2 E
hypoxic (2.%old) cells compared with empty vector control cellifP®01 in both
conditions)(Welsh et al., 2002)Another study showed that MEFBC cells incutted

16 hours under hypoxic conditions and subsequently treated with 10 uM ef2PX
showed a significant decrease in expression ofNHWF  O2 Y LI NBR G2 dzy i N
(Welsh et al., 2003)n the same study, MCFcells were grown as xenograftsSCID

mice and subsequentlyvere treatedwith/without 12 mg/kg of PXL2. The intensity of

the immunohistochemical staining of HWFh Ay GNBF GSR (A aadzsSa
decreased (}).001) compared to control@Nelsh et al., 2003)Stable transfection of

Trxl in BEEA®2B normal human bronchial epithelial cells caused a significant
overexpression of HiFh  dzy RS NJ vy 2 NI @&kh €b al. 020eB)Bakér arly &
colleagues showed that AsRC BxP& and MIA Paca PC cell lines incubated in
hypoxia for 16 hours shayd a significant increase in TXNIP expresgitaker et al.,

2008) A recent study showed that expression of TXNIP was significantly correlated with
HIFth SELINB&aaAzy Ay -small celldung kegericarcindniaiiek al.y 2 v
2015) The above stiies suggest that inhibiting the Trx system in hypoxic tumour cells

may be a suitable strategy to stimulate aerobic metabolism in these cells and
subsequently decrease their resistance to conventional cancer therapies. The current
chapter sets out to evahte the potential mechanism of action of IQs in normoxic
conditions, and also to examine the selectivity of 1Qs, as bioreductive agents, toward

hypoxic PC cells by addressing the hypotheses mentioned below.

120



Alhadyan K; PhD thesis Chapter3

3.2.2

1.
2.

3.2.3

Hypotheses

IQs treatment impairs PElIs' ability to maintaimedox status

IQs treatment inhibits the protein expression and activity of TrxR in PC cell lines
Ay | R2aSnlyR GAYSTRSLISYRSY(l FlIaKA2Yy ®
By using the appropriate concentration and exposure time of 1Qs, radiosensitive
effect of IQen PC cell lines cdre maximised

Hypoxia increases the cytotoxic efficacy of IQs on PC cell lines.

Aims

. Assess the effect of IQs pr@nd postHO; treatment on intracellular ROS levels

in PC cell lines.

. Assess the effect of IQs treatment, at different exposure timeg>qmessiorof

the Trx system proteins and TrxR activity in PC cell lines.

Examine the radioresponse of PALN®C cell line treated with 1Qs for shtirhe
treatment (4 hours) or with AURSs a comparator, for 4 and 48 hours.

Observe the effect of hypoxia prend postlQs treatment on proliferation,
clonogenic survival, protein expression of Trx system members and reductase

enzymes in PC cell lines.
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3.3 Materials and methods

3.3.1 Celllines, culture conditions and drug preparation

All cell lines, tissue culture methodologies and drug preparatiere describedn

Chapter 2.

3.3.2 Measurement of intracellular reactive oxygen species (ROS) levels

In ROS level measurement@®d(Sigma) was used as positive control to induce oxidative
stress in cells, while MDKB-231 BC cell line was used as a positive control cell line as
it was wellstudied previouslyin terms of ROS levels assessmdihang, 2014)as
discussed later irSection 3.5To select the appropriate concentration ob®4 (a
concantration that can increase ROS levels without dramatic cell killing of PC cells as
discusedlater in Section 3.5 to usein ROS level assessmetite proliferation of PC

cells and MDAVIB-231 BC cells was assessed against 25, 50, 100 and 200 mi&of H

for 1 hour, with 0 mM asontrol.

¢KS YSYOoNIyYyS LISHdhBrbdihgd®fluiesc®in dia@eiate GHICFDA)
(Invitrogen, NY, USA) is a molecular probe able to detect intracellular ROS levels and is
not fluorescent until the acetate groups are removed by intracellular R€8cock,
2008 ™M n n o BD@DAWAS dissolved in DMSO immediately before use. For each
cell line;cells treated with dBD, with the same dilution ratio as 1Qs éompletecell

culture medium, for 30 minutes were set as a negative control. Cells treatedlwith

of hDCFDA for 30 minutes for 30 minutes in complete cell culture mediane setas

a positive control. For tested samples, each PC cellWeetreatedwith the proliferation

IC50 values (IC50s at 48 hours treatment, Table 2.4) of IQ9 and 1Q10 for 1, 4, 24 or 48
hours with/without subsequent kD, treatment for 1 hour. For each PC cktle, a

certain concentration of fD>was selected based on the cytotoxic effect eDkHagainst

PC cell lines, as shown later$ection 3.4.1The treatment with 1Qs alone aimed to

examine the ability of IQs to induce oxitl@ stress when delivered as single agents. The
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combination of 1Qs andJ@, examined the ability of the PC cells to cope with oxidative

stress following drug treatment.

After washing once with PBS, all flasks were incubated lwitha  2FCFDA in fresh
YSRAdzY F2NJon YAydziSasz I ort eaAfteringubdtionK dzY A RA
cells were trypsinised, centrifuged at 170 x g for 5 minutes, washed with PBS,
centrifuged again at 170 x g for 5 minutes to remove alDthind HDCFDA, and
resuspenéd in PBS at a concentration of 1 ¥ t8lls/ml. The intracellular ROS levels
were determinedoy measurement of the fluorescence (FL1 at 525 nm) using a Beckman
Coulter FC500 MCL flow cytometer system (Beckman Coulter). A gate was set to include
the living cells in the flow cytometer analysis only and gate out the dead cells. Data
exported from the flow cytometer were analysed using FlowJo7.6.1 software (Tree Star)
to obtain the median fluorescence intensity (MFI) of each group representing the
intracellular ROS level. TMFI of each sampl@as normalisedo the control.As PC cell

lines treated vith H-O, showed amarginalincrease in ROS level (as shown later), MDA
MB-231 BC cells treated withmM was run along with each PC experimenpasitive

control, to validate the flow cytometry assessment.

3.3.3 Western blot

As the expression of Trx sgst proteins in MCH and MDAMIB-231 BC cells was well
studied in published literaturéBerggren and Powis, 2001, Farina et al., 2011, Sun et al.,
2012, Zhang, 2014)both cell lines were set as positive controls to assess the

endogenous expression of thexIsystem proteins in PC cell lines.

To investigate the effect of 1Qs on the expression of the Trx system proteins in PC cell
lines, cells were treated with 100, 250, 500 and 1000 of 1Qs for 48 hours or with
SaGAYIFGSR Of 2y 23Sy A CBcalls were Beiatedwith 500kl of 6QS,E O S LI
Section 2.4.3.p2for 48 hours, with 0 nM as control. Then, cells were trypsinised and
centrifuged at 170 x g for 5 minutes. The cell pellet was resuspendédRBS and

counted, then centrifuged again at 170 x g for 5 minutes. After the supernatast
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removed 1 ml ofice-cold RIPA cell lysate solution (970 ul RIPA Buffer (Sigma) + 10 pl
phosphatase inhibitor cocktail (Thermo) + 10 pl protease inhibitor cddktaermo) +

10 pl 0.5 M EDTA solution (Thermo)) was used tody4€ cells. Tubes were left on ice

for 30 minutes with vortexing every 10 minutes, and then cell lysates were frozen at
HNe -T 2eNJ  Fte&mMidtdraBe/ | sates were clarified by centrifuging at 14,000 x g
for 10 minutes at 4°C to separate the total prot€supernatant) from the cell debris
(pellet) after the first time thawing. The supernatants containing the soluble protein
were usedfor Western blot, and the remaining samples were aliquoted and stored at
Hne /T 2eNJ FHithéldtoragey Thawed lysas were kept on icerior to use, and

repeat freezethaw cycles avoided.

For Western blot, 18 pl of each lysate (4&% was mixedwith 6 pl of loading buffers
(100 pl of loading buffer contains 80 pul of gel loading dye (Sigma) and 20 pl of 2
mercaptoethaml (Sigma)). 24 pl of each sample was incubated &€ 96r 5 minutes
before loading to sodium dodecyl sulfafmly-acrylamidegel electrophoresis (SBS
PAGE and then put on ice for further use. Buffers needed for Western hlete

preparedas describedn Table 3.1

Buffer Reagent Source
Running Buffer .
(1 litre) 50 ml of Running Buffer (20x) + 950 dH,0 NP0O001, Novex
itre
10 PBS tablet BR0014G, OXOID
PBS/Tween + :
. 1 ml Tween20 P2287, Sigma
(1 litre)
+
999 ml dH,0
25 ml of Transfer Buffer (20x) NP0O006-1, Novex
Transfer +
Buffer 50 ml absolute Methanol Sigma (Cat# 32213)
(500 ml) +
375 ml dH,0 NA
Block solution . .
2.5 g of dried milk + 50 m| of PBS/Tween NA

(50 ml)

Table 31: Western blot buffers.
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I YAEGUGdzZNBnagcw I R SNI2Fmdp >f 0 OLYODBAGNRISYO
(Amersham) were added to the first well of the gel to enable the determination of the
protein transfer and protein size. SIPAGE was applied to separate the mixtures of total
proteins in each cellysate sample based purely on protein size. -BB&E gels were
prepared by filling Invitrogen cassettes (NC2010) with 12% P2 resolving gel
solution to ¥ of the cassette at first. A comb was inserted on the top of cassettes into
the stacking gel soludn to form sample loading wells. At least 30 minutes was allowed

at room temperature to let the gel set. The comias removedefore SDFAGE. XCell

{ dzNB [ 2 OQel Electhoghbresis System (Invitrogegs usedfor SDSPAGE. The
SDSPAGE gel casseties loadedand running buffewas filledinto the tank according

to the product manual. Then the system was run at 125V for 90 minutes. After SDS
PAGE, separated protein bands in the gel were transferred onto a nitrocellulose
membrane in transfer bufferusy 3 G KS &l YS - /C8lf HectrpptoxdSis 2 O1 u
System at 25V for 90 minutes. After transfer, the nitrocellulose membrane was
incubated in blocking buffer at room temperature for 1 hour and then in primary
antibody solution at 4°C overnight. Themary and secondary antibodies used in the

project with their dilution ratios and host speciagelistedin Table 3.2
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Targeted Catalogue

. Source Host specious Dilution
protein number
Trx Abcam Ab133524 Rabbit 1:5000
TrxR Abcam Ab16847 Mouse 1:1000
TxNIP Abcam Ab188865 Rabbit 1:1000
NQO1 Cell signalling 3187 Mouse 1:1000
P450 Abcam ab180597 Rabbit 1:1000
Absolut
CA9 solte Ab004141.1 Mouse 1:1000
Antibody
J -actin Abcam Ab8226 Mouse 1:2000
J -actin Abcam Ab8227 Rabbit 1:2000
Anti-moues DAKO P00260 Rabbit 1:1000
Anti-rabbit DAKO P00448 Goat 1:1000
LFCOR Ari
- ' LiCOR 92568072 Donkey 3:10000
Mouse
LrCOR Ari
AR AN LiCOR 92632213 Donkey 3:10000
Rabbit

Table 32: Primary and secondary antibodies for Western blot.

In the second day, Western blot was carried out either by using enhanced
chemiluminescence (EClgssay6 ! YSNEKI YO Ay 2NRSNJ (2
specificity as shown later in Chapter 4, or by using-t@fmur Western blot detection
with infrared fluorescencassay(LFCOR Biosciences) to quantify protein expression as

shown in the current chapter.

Forthe EClassay in the second day, after a 3 x 5 minutes wash with 0.1% PBS/Tween,
the membrane was incubated with horseradish peroxidase ({Bfjugated secondary
antibody solution (1:1000 diluted in blocking buffer), according to the host species of
the pnmary antibody (i.e. amimouse or antirabbit HRRconjugated antibody, all from

Dako, Glostrup, Denmark), at room temperature for 1 hour. Following another 3 x 5

minutes wash with 0.1% PBS/Tween, a mixture of Amersham ECL reagent (GE
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Healthcarewas spred onto the membrane for 1 minute. Then an Amershiayperfilm

ECL (GE Healthcare) was exposed on top of the membrane for a certain amount of time
(varying from 30 seconds to 15 minutes according to the chemiluminescence signal from

the membrane) and develépR (12 @A adzZl €t A4S LINRBOSAHctml yRa®

was useds the housekeeping protein.

Forthe LFCORassay in the second day, the membrane was washed for 3 x 5 minutes
GAGK nom: t.{ke¢sSSYy (GKSYy AyOdz | G&tid)far A G K LIN
1 hour. Following another membrane wash of 3 x 5 minutes with 0.1% PBS/Tween, the
membrane was incubated for 1 hour with two different species of IRDye secondary
antibodies, simultaneously, in the dark. Infrared fluorescent secondary antib@dies

CORMpre listedin Table 3.2 Then, the membrane was washed for 3 x 5 minutes with

0.1% PBS/Tween, dried and then processed using tHeOR machine (OOR
Biosciences) to image all protein bands in the membrane. OdyssagelrStudio

Software (LICOR) was used to quantify the signal value of each protein band in the

membrane.

To calculate the normalised protein expression of each tested sartipefollowing

formulawas usedthe signal value of tested protein expressiorofmalised signal value

2 F-actin of sametested sample.¢ KS y 2 NX | f A & SR -adlirh Gy bef QI f ©
calculated by the following formu¥a (0 K S & A F-atlinfof thd tetedzSamp@ef the
KAIKSad -auth ihyhe WestBrid blot membrane.

As slown later inSection 3.4.22 ljdzZl YGATFTAOI GA2Yy -&fhprotiE X ¢ NE
expression of each PC cell lines baranalysedrom a single membrane. The membrane

was cutinto two pieces atweightof 24 KD. fie lower part of the membrane (<24 KD)

was processed independently to quantify Trx protein expression (12 KD). The upper part

2T UKS YSYONIryS 41 a LINPOSAA&SHRCctnG(@2 Kpdz y G A T
aAYdzt GFyS2dzated | TS Nachhdehsyadalysed, hé rieinBrahe 2 ¥ ¢ |
was stripped for 30 minutas restoreWestern blot stripping buffer (Thermo) to remove

all the primary and secondary antibodies. Following 3 x 5 minutes wash with 0.1%
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PBS/Tween, the membrane was incubated in blocking buffeyam temperature for 1
hour, then incubated with arKTXNIP overnight. In the third day, the upper part of the

membrane was processed to quantify TXNIP (50 KD).

3.3.4 Thioredoxin reductase activity

PANGCL and BxP8 cells were selected to investigate the inhibitory effect of IQs on TrxR
activity, as both cell lines showed an increase in radiosensitivity after IQs treatment as
shown in Chapter 2, while AURRs selectedas a comparator. PANCand BxP8 cells

were treated with 100, 250, 500 and 1000 nM of IQs or with 1000 nM of AUR for 4 or 48
hours, with 0 mM asgontrol. Cellswere then lysedas mentioned irSection 3.3.3The

total protein concentration of eackell lysate sample was determined, on the day of

use, bydetergent compatible PQ Protein Assay (BiRad, UK) based on the Bradford
assay(Bradford, 1976)Jo ensure equal protein concentration for each tested sample.

Six dilutions of a protein standardpm 0 mg/ml to 1 mg/ml bovine serum albumin (BSA)
(Sigma)were prepared before measurement. For optimal results, the standard protein
samplesverepreparedh Y G KS al YS o0dzZFFSNI & GKS (G4SaidsSR
I 5 LINB LI} NBR oréagehtB RA §lDf reagent A fwasadded to each well of

a9 Sttt LAIFGISP ¢KSyzx p>t 2F (SavwaSaldedd YLI Sa
966 Sttt LI IFGS Ay RdzLX A Ol \iaS dude@di efdh ivéll & 961 n n > f
well plate, and the pla was incubatedat room temperature for 180 minutes.
Absorbance at 650 nm in each well was measured using a microplate reader. The
concentration of the tested protein samples was interpolated by linear regression,
which was produced by plotting a standacurve of the known protein concentrations

against their measured absorbance, considering the dilution factor of each sample.

The insulin reduction assay was used to determine the functional activity of TrxR
according to the method adapted from Kunletlal (Kunkel et al., 1997)rx is involved
in transferring thiol groups to a wide variety of substrates in the cell, one of them being

insulin. The assay depends on the availability of the active reduced form of Trx to reduce
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protein disulphides in insulinfhe reduced form of insulin then reduces the substrate
DTNB (5, &dithiobis-2-nitrobenzoic acid) to TNB (Blionitrobenzoicacid), measured
by the absorbance of the coloured substrate at 405 nm. Thefregllenzyme assay for

TrxR uses DTNB as a sulistia the following reaction:
OYO 6060000 4 ¢'YOO U6 040

The experimenivas runin 96 wellplate format. To conduct a standard curve of TNB
concentrations six different concentrations (25, 50, 100, 250, 500, 750 and 1000 nM) of
TrxR(Sigma)vas addedn two sets of wells, with 0 nM a®ntrol. The first set included
seven wells with the seven different concentrations of TrxR in a final volume of 100 pl
(a mixture of Hepes buffer (100 mMgjgma, EDTA (5 mMsigma, insulin (10 mg/ml,
Sigma and Trx (20 uMSigma). The second set included the same seven different
concentrations of TrxR in seven wells in a final volume of 100 ul (a mixture of Hepes
buffer (100 mM), EDTA (5mM) and insulin (10mg/ml)), withTmowas added to the

mixture of the second set.

For the tested samples, in the same 96 wpdite, 80ug of each sample waaddedin
duplicateon top oftwo sets; the first set contained a mixture the following in a final

volume of90 pl:

HE buffer (100mM HEPHESS] 7.2; 5mM EDTA) 70l
Trx (20 uM) 10l
Bovine insulin (10mg/ml) 104

While the second set contained a mixture the following in a final volun®® af (noTrx

was added to the mixture of the second set):

HE buffer (100mM HEPES, pH 3r2aM EDTA) 80l

Bovine insulin (10mg/ml) 10l
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10 yl of NADPH X0mM, Sigma) was added to all wells the last step to allow the

reaction to start at time O minute. After NAPDAkhs added the 96 welplate was

incubatedr & oTc/ F2Nlcn YAydziSazr GKSy Sgma >t 27
+ 6M guanidineQigma) was added to each well to stop the reaction. The TNB colour of

each well, resulting from the reaction, was determined at an absorbance of 406 nm. The
differences of the TNB reading between the two sets Trx) of the tested sampleere

applied to the linear TNB standard curve to calculate the TrxR activity of each sample,
considering the dilution factor of each sample. Then, the TrxR activity of each sample

was plottedas a percentage of control.

3.3.5 Drugradiation combination clonogenic assay

Based on the results of ROS level assessment and TrxR activity (as to be shown later),
PANCL and MIA Paca cells were selected for the drugdiation clonogenic, ivch was

previously described in Section 2.3.7.2.3. In the current chapter, RAbEIswere

treatedg AGK dpnn ya 2F Lvdp 6SadAYFGISR Oft2y23SyaA
for 4 hours, and MIA Pa€acells were treated with 260 nM and 240 nM@Bland Q10
NBaLISOGAGSte F2NI m K2dzNJ 6SaidAYlFiSR Of 2y213
treatment respectively). Then cells were irradiated and plated for clonogenic survival as
protocol described previously. Also, the dftagliation combination cloogenic assay

was performedor PANEL cells treated with the estimated proliferation IC50 of AUR for

4 or 48 hours, as positive control comparator.

3.3.6 Cytotoxicity experiments of PC cell lines in hypoxic conditions
3.3.6.1Proliferation and clonogenisurvival

Subconfluent PANC, MIA Pac& and BxR8 cells were trypsinised and resuspended as
single cells in complete cell culture medium. 1%délls of each cell line (2x3for MIA
Paca2) were plated in each well of avgell plate (3 wells/time point) and incubated

overnight to allow attachment. Plategere then incubatedat 37°C, 5% Cf£and 1% @
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in an INVIVO240Bypoxic workstation (Baker Ruskinn, Sanford, ME, USA) fdi82and
72 hours. Cellwere then trypsinise@nd cell number counted using a haemocytometer.
Cell counts were recorded, analysed and plotted over-adi@ time courseTo assess
the growth delay of hypoxic cells over normoxic cells at each time panparallel
normoxic set of wells of each cell lim&as addedo the experiment. For both sets, the

experiments were repeated independently three times.

For assessment of clonogenic survival, the remaining cells from the above proliferation
assay assessmenwerediluted at appropriate concentrations and plated into T25cm
tissue culture flasks (3 flasks/time point) and incubated for three weeks at 37°C and 5%
CQ to allow colony formation. The clonogenic experiments were repeated

independently two times.

To confirm hypoxic conditions, following a hypoxic incubataeils were collected and
lysed for Western blot, according tine protocol in Section 3.3.3to observe the
expression of arHuman carbonic anhydrase 9 (CA9) as a hypoxic mérkek et al.,
2016) The characteristics of CA9 antibody (Absolute Antibody Company) used in the
current studyare listedin Table 3.2 Briefly, CA9 is a member of the tumeassociated
transmembrane CAs that catalyse the reversible hydration of carbon dioxide to carbonic
acid, providing a potential link between metabolism and pH regulatfastorek et al.,
1994, Sly and Hu, 1995FA9is tightly regulatedby HIFL and strongly induced by
hypoxia in various cancer cefl#/ykoff et al., 2000, da Motta et al., 2017)

3.3.6.2Proliferation and clonogenic survival following I1Q9 treatment in hypoxic

conditions

PANGL and BxP8 PC cell liretreated with IQs showed radiation sensitivity compared
to control, as shown in Chapter, and soboth cell lines were selected to investigate
their sensitivity to 1Q9 in hypoxidn addition as 1Q9 exhibitettigherinhibitory effect
on TrxR activity thalQ10 in PANC and BxP& cells (to be shown later Bection 3.3.%
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it was selected to investigate its cytotoxic effect on PANShd BxP8 under hypoxic

conditions.

PANG1 and BxP8 PC cell linesereincubatedat 37°C, 5% Cfand 1% Qfor 24 hours.
Then,whilst still under hypoxia, cells were treated with 50, 100, 250, 500 or 1000 nM of
Q9 for 48 hours, with 0 mM as control (total hypoxic incubation time was 72 hours).
Cellswere then trypsinisedand counted using a haemocytometer. Cell counts were
recorded, analysed and plotted as a percentage of control. A set of six wells for each cell
line were treatedunder normoxic conditions as comparators; 3 wells as controls3and
wells were treatedwith the proliferation 1C50 of 1Q9. The results of the normoxic set

were compared with previous findings, $ection 2.4.2.1as a positive control.

For clonogenic survivaPANEL and BxP8 PC cell linesere inculated at 37°C, 5% CO

and 1% @for 24 hours. Thenwhilststill under hypoxia, cells were treated with 50, 100,
250, 500 or 1000 nM of 1Q9 for 4 or 48 hours, with 0 mM as a control (total hypoxic
incubation times was 28 and 72 hours respectively). Celle vileen trypsinised,
counted, diluted at appropriate concentrations and plated into T25tissue culture
flasks (3 flasks/time point) and incubated for three weeks at 37°C and 2% @lbw
colony formation. The clonogenic experiments were repeatedpeaeently two times.

A set of six flasks for each cell line were treated under normoxic conditions as
comparators; 3 flasks as controls and 3 flasks were treated with the clonogenic IC50 of
1Q9. The results of the normoxic set were compared with previmasnigs, inSection

2.4.2.2 as a positive control.

3.3.6.3Expression of Trx, TrxR, NQO1 a&¥@Rn PC cell lines treated with IQs under

the normoxic and hypoxic conditions

The effect of 1Q9 on the endogenoespression of Trx and TrxR in PC cells under

normoxiawas showrin Section 3.4.2.1However, the current experiment aims to study

the effect of hypoxia on altering the endogenous expression of Trx and TrxReall$C

with/without 1Q9 treatment. PAN@ and BxP8 cellswere treated with the same

procedure as aboveSgction 3.3.6.2 However, following 1Q9 treatment, cells were
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lysed and assessed for protein expresdignWestern analysis as describedSection
3.3.3 Western blot was conducted to observe the effect of hypoxia on the endogenous
expression of Trx, TrxR, NQ@RRand CA9 proteins in PANCand BxP8 cells, in
additionto study the effect of 1Q9 treatment for 4 or 48 hours on altering the expression

of these proteins in normoxic or hypoxic conditions.

3.3.7 Statistical analysis and graph design

Statistical analysis and graph deswgere describedn Chapter 2.
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3.4 Results
3.4.1 Effect of IQs on intracellular ROS levels

An initial optimisation was performed to explore the cytotoxic effect gdtdn PC cells
and MDAMB-231 BC cells. Afown inFigure 3.2currentdata suggest thaPC cell lines
are exceptionally sensitive (IC50=80 mM) to HO, compared to MDAVIB-231 BC cells
(IC50=100 mM). BxF (IC50=30 mM), MIA Pala(IC50=30 mM) and PANCcells
(IC50=40 mM) cells seem to have similar sensitivities to each other. The awsals

are comparable with published studies as discusse&fertion 3.5

100 —8— PANC-1
90 —e— MIA Paca-2
80 - —&— BxPC-3

—eo— MDA-MB-231

*

Cell Counts (%)
(4)]
o

0 50 100 150 200
H,0, (mM)

Figure 32: Effect of HO, on proliferation of PC cell lines and MDRIB 231 BC cell line.
PANGL, BxPe3 and MIA Paca PC cell lines were treated with® (50-200 mM) for 1 hour.
Data represent the mean + standard deviation pifoled data ofthree independent
experiments, with each experiment performed in triplicate, whasie analysed using the
Student Hest. * P<0.05 vs MDMB-231 cells.

Several KD, optimisations, by flow cytometry, were conduct@d order toselect the
appropriate concentrationof HO, of each cell line that could induce ROS level more
than 4fold over cantrol, whilst ensuring a sufficient number of living cells to run
subsequent ROS assessments (10,000 livingweetls neededn each run). For MDA
MB-231 BC celld, mM of BO» for 1 hour was the most appropriat®ncentrationsince

it induced ROS levelare than 4fold over control with a sufficient number of living cells

to run theassessmentHigure 3.3.
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Negative control (H,0 + DMSQ)
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Figure 33: Optimization of HDCFDA and HO. concentration in ROS level assessment
MDAMB-231 BC cells treated with,& and DMSO as a negative control (orange) or tith
> a ,DCFDA alone as a positive control (blue) or witmM of HO; for one hour followed
by1l> a 0OCFDA for 30 minutes (redyere collectedor intracellular ROS level analysis.

Initial experimentshowed thatl mM of HOfor 1 hour was extremely toxic to the PC
cells, causing an insufficient number of cells to run the ROS level assessment. After
several optimisations of @, with PC cell lines, concentrations of 0.4, 0.3 and 0.3 mM

of HOxfor 1 hour for PANEL, MIA Pac& and BxP8 cells respectively, were selected

to use in ROS level assessments. The selected concentohtid®, againsteach cell
linecaused a 1.2.4-fold increase in ROS level over control in PC cell lines. The selection
criteria of BO, concentration for each PC cell line in ROS level assesssndistussed

in Section 3.5

As shown irFigure 3.4 RC cell lines treated with 1Qs alone showed a marginal increase
(<25%) in ROS levels over untreated cells. However, cells treated with 1Qs in combination
with H:O, showed an increase in ROS levels over treatment witl, ldlone, with a
maximum fold increase of 2. PANGnd BxR8 cells treated with 1Q9 for 48 houns i
combination with HO, showed a 1.6and 2-fold increase in ROS levels over treatment
with HO, alone respectively. While MIA Pagacells treated with 1Q9 for 1 hour in
combination with HO; showed a 2.Zold increase in ROS levels over treatment with
H.Oz alone, suggesting that cells were less able to deal with oxidative stress in presence
of 1Qs, giving support that assessing the radiation sensitivity of MIAPeels treated

with 1Qs for 1 hour might be worthwhile, as showrSection 3.4.4
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The initial plan for ROS level assessments was to perform three experiments for each
cell line for each drug, with each experiment performed in a single T25 flask. However,
after the second experiment for eactell line, unfortunately, the flow cytometer
machine was broken falongperiod of time Therefore, current data, iRigure 3.4and

Figure 3.5represent the average of only two independemtperiments. No statistical
analysis was performed for relés of ROS level assessmerig(re 3.4and Figure 3.%

since these results came from only two experimei@sdtion 2.3.2
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Figure 34: Effect of IQs on intracellular ROS level of PC cell liR€scells treated with 1Qs,
either with (green bars) or without (red bars)®, weresubjectedto intracellular ROS level
analysisCells without drug treatment were set aggativecontrol (light blue) or apositive
control (blue). Data represent the mean * standard deviation of two independent
experimentswith each experiment performed in a single T25 flask.

As shown irFigure 3.5AUR showso effect on ROS levels production in PC cell lines or
MDAMB-231 BC cells either alone or combined witfOHThe effect of AUR on ROS
levels in PC and MBMB-231 cells was comparable with published studies asudsed

in Section 3.5
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Figure 35: Effect of AUR on intracellular ROS level of PC cell lines and-MB#&31 BC cell
line. PANGL, MIA Pac&, BxP€ and MDAMB-231 cells treated with AUR, either with
(green) or without (red) kD,, were subjectedo intracellular ROS level analysis. Cells without
drug treatment were set amegativecontrol (light blue) or apositive control (blue). Data
represent the mean = standard deviation of two independent experiments, with each
experiment performed in a single T25 flask.

3.4.2 Effect of 1Qs on the expression dtxsystem in PC cell lines
3.4.2.1The endogenous expression of Trx, Texkl TXNIP in PC cell lines

To quantify the expression dfrx system proteins in PC cell lines, three independent
Western blots using separate lysates each time from cells cultured at different times
were performed. Ashown inFigure 3.6 MCF7 and MDAMB-231 cells showed low
endogenous expression of TrxR and TxNIP, while the endogenous expression of Trx was
expressed. The endogenous protein expression of Trx in-Bxkls was higher than

MIA Paca& (P=0.055) and PANC(P=0.179) celldn contrast, endogenous protein
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expression of TrxR in BxBcells was significantly lower than PAN@=0.008) and MIA
Paca2 (P=0.036) cells.
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Figure 36: Quantification of the endogenous expression of Trx and TrxR in PC and BC cell
lines. The bar pdts show the quantified protein expression of Trx and TrxR in PANTIA
Paca2 and BxP8 PC cell lines and M@Fand MDAVIB-231 BC cell lines. Western blot
image represents one of the three independent experiments of each protein. Data represent
the average ofthree independent experiments with a standard deviation (SD), which are
analysed using the Studenitdst. * P<0.05

As shown irFigure 3.7the endogenous expression of TXNIP in RANElls was lower
than BxPe3 cells(P=0.007) and MIA Pa@a(P=0.057) cells. The current results of the
endogenous expression dfxsystem proteins in PC and BC cell lines are comparable to

the published studies as discussedection 3.5
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Figure 37: Quantification of the endogenous expression of TxNIP in PC and BC cell lines.
The bar plot shows the quantification expression of TxNIP protein in RANKCA Pac&

and BxP@ PC cell lines and MCFand MDAMB-231 BC cell lines, while Western blot ireag
represents one of the three independent experiments of TXNIP expression. Data represent
the average ofthree independent experiments with a standard deviation (SD), which are
analysed using the Studentt@st. * P<0.05

3.4.2.2Effect of 1Qs on proteiexpression of the Trx system

To quantify the effect of IQs on the expression of TrxR protein, PC cell lines were treated
with 1Qs (61000 nM) for 48 hours, three independent Western blots were performed,
using separate lysates each time from cells culiuat different times. Ashown in
Figure 3.81Q9 and 1Q10 showed no effect on the endogenous expression of TrxR across

all PC cell lines.
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Figure 38: Effect of 1Qs on the expression of TrxR in PC cell lIR&NEL, MIA Pac& and
BxPe3 cells treated with 1Q9 (green) or 1Q10 (blue) fordirs showed no effect on the
endogenous expression of TrxR compared to control. The bar plots show the quantification
expression of TrxR, while the Western blot imageseasent one of the three independent
experiments of each protein. Data represent thverage othree independent experiments

with a standard deviation (SD).
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To quantify the effect of IQs on the protein expression of other Trx system members in
PANGL, MIA Paca2 and BxP8 PC cell lines treated with 1Qs for 48 hours, three
independent Western blots were conducted, using separate lysates each time from cells
cultured at different times. As showin Figure 3.9 Western blot showea significant

decrease in the expression of Trx protein in BaPc OSf f & (G NBF SR SAGK ¢
of 1Q9 (P=0.014) or 1Q10 (P=0.01) for 48 hours compared to control, with no alteration

in the expression of TXNIP proteias observedNo altered exprssion of Trx, TrxR or

TXNIP proteingvas observedn either PANE (Figure 3.1Dor MIA Pac& (Figure 3.11

OStfta GNBIGSR gAOK Oft2y23SYyA0 L/pnQa 2F Lv
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Figure 39: Effect of 1Qs on thexpression of Trx and TXNIP proteins in BX3PEC cell line.
BxPe3 cells treated with 500 nM of 1Q9 (green) or 1Q10 (blue) for 48 hours showed a
significant decrease in the expression of Trx protein (A) compared to control, while no
altered expression ofxNIP protein (B)as observedThe image (C) represents one of the
three independent experiments of Western blot. Data represent #werage ofthree
independent experiments with a standard deviation (SD), which are analysed using the
Student Hest. * P<Q.05
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Figure 310: Effect of IQs on the expression @fxsystem in PANG PC cell linePANGL
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the expression of Trx (A), TrxR (B) or TXNIP (C) proteins compared to control (red). The image

(D) represents one of the three independent experiments aistWrn blot. Data represent

the average othree independent experiments with a standard deviation (SD).
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Figure 311: Effect of IQs on the expression of Trx system proteins in MIA Pa&L cell

line. MIAPacai OSffa GNBF (SR ookl (bluég) ford® Bour@showedy ¢ 6 I NJ
no alteration in the expression of Trx (A), TrxR (B) or TXNIP (C) proteins compared to controls

(red). The blot image (D) represents one of the three independent experiments of Western

blot. Data represent theaverage ofthree independent experiments with a standard

deviation (SD).
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3.4.3 Effect of IQs on TrxR activity

PANCL cells treated with 1Qs showed a substantial decrease in TrxR activity in-a dose
RSLISYRSY(d YIYYSNE gAG0K n K2d2NKQydNBI KeSzNk
treatment. As shown ifrigure 3.12the activity of TrxR in PANC:ells treated with 1000

nM of 1Q9 or IQ10 or AUR was decreased by 72%, 61% and 81% respectively, compared

G2 O2yUNRft® C2NJ ny K2dzNEQ dN&dwaydesfeased G KS |
55%, 45% and 30% after tredtevith 1000 nM of 1Q9 or 1Q10 or AUR respectively,
compared tocontrol Figure 3.12 No statisticahnalysis was performed for TrxR activity

results since they came from only two independent experime8es{ion 2.3.9

IQs seem to be more effective at inhibiting the activity of TrxR in PIAbKIs after 4
K2dzNEQ GNBFGYSYyd GKIFIY ny K2dz2NAQ GNBIFGYSyi
radiation sensitivity of PANC cells treate with 1Qs for 4 hours would be worthwhile,

as shown later irsection 3.4.4Also, as AUR seertesalso inhibit the activity of TrxR in

PANCGL cells it was also thought worthwhile to assess the radiatsensitivity of PANC

1 cells treated with AUR for 4 and 48 hours, as shoveation 3.4.4The current results

of TrxR inhibition by AUR are comparable to published studies as sh@&eation 3.5
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Figure 312: Effect of IQs on TrxR activity in PAN®C cell linePANEL cells treated with

1Q9 (green) or 1Q10 (blue) or AUR (red) for 4 or 48 hours showed a decrease, in a dose
dependent manner, in TrxR activity. Tieafizyme activity of PANCcells treated with 1000

nM of 1Q9 or 1Q10 or AUR for 4 hours was decreased by 72%, 61% and 81% respectively,
while PANEL cells treated with 1000 nM of 1Q9 or 1Q10 or AUR for 48 hoursleaagased

by 55%, 45% and 30% respectiveData represent the average of two independent
experiments with a standard deviation (SD), with each experiment performed in duplicate.

Asshown inFigure 3.13BxPe3 cells treated with 1Q9 or IQ10 or AUR for 4 or 48 hours

showed a dramatic decrease, in a datEpendent manner, in TrxR activity. The activity

of TrxR in BxP8 treated with 1000 nM of 1Q9 or 1Q10 or AUR for 4 hours was decreased

08 dy:x ddz YR wmnm: NBALISOUGAGStes ORYLI NBR
activity following treatment with 1000 nM of IQ9 or IQ10 or AUR was decreased by 94%,

74% and 95% respectivelyigure 3.1 AUR and 1Qs showed similar inhibitory effects

inBxPeo OStfa F2ft2¢Ay3a n 2N ny K2dz2NBEQ (GNBIF ()
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Figure 313: Effect of 1Qs on the activity of TrxR in BXB®C cellBxPE3 cells treated with

1Q9 (green) or 1Q10 (blue) or AUR (red) for 4 or 48 hours showed a dramatic decrease, in a
dosedependent manner, in TrxR activity. TrxR enzyme activitkBEB cells treated with

1000 nM of 1Q9 or 1Q10 or AUR for 4 hours was decreased by 98% 99% and 100%
respectively compared to control, while Bx®cells treated with 1000 nM of 1Q9 or 1Q10 or
AUR for 48 hours was decreased by 94%, 74% and 95% respediatd represent the
average of two independent experiments with a standard deviation (SD), with each
experiment performed in duplicate.

3.4.4 Drugradiation combination- clonogenic survival

The ROS level assessment of MIA Pacalls treated with aambination of 1Qs, for 1

hour, and HO, showed approximately a-ld increase in ROS levels over treatment
with HO, alone. Thus, an initial assessmentradiiation sensitivity of MIA Paca cells
treated with 1Q9 and 1Q10 for 1 howvas performed Asshown in Figure 3.14no
radiation sensitivity was observed following thdnourtreatment with 1Q9 or 1Q10, with

SER values of 1.05 and 1.06 respectively. Data represent a single experiment, performed

in triplicate, with no statistical analysis and SD analysis were apdedion 2.3.9
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Figure 314: Effect of IQs on radiosensitivity of MIA Pa2aPC cell line followind. hour

treatment. MIA Paca cellswere treatedg A G K L/ pnQa 2F Lvdp 63INBSYL
hour, then irradiated with a single dose of 1, 2, 4 or 6 Gy. Comstraldiation alone (black).

Average PE: MIA PaR2a44%. Data represent a single experiment, performed in triplicate.

PANCGL cells treated with AUR for 48 hours showed 30% inhibition of TrxR activity. Thus,

an assessment ahdiation sensitivity of PANC cells treated with 1000 nM of AUR for

48 hourswasperformed As shown ifrigure 3.15n0 radiationsensitivitywas observed
FFGSNI ny K2dzZNRA OGNBFGYSYyd 6AGK ') wX gAGK

two independentexperiments each performed in triplicate.
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Figure 315: Effect of AUR on radiosensitivity of PANCPC cell line following 48 hours
treatment. PANGL cellswere treatedwith 1000 nM of AUR (red) for 48 hours, then irradiated

with a single dose of 2, 4, 6 or 8 Gy. Control is radiation alone (black). Average PE: PANC
1=28%. Data represent the mean * standard deviatiopanfied data oftwo independent
experiments, with eat experiment performed in triplicate.
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As the inhibition ofTrxRactivity of PAN@ cells treated with 1Q9 and AUR treatments
F2NI n K2dzNB ¢+ a adzoadlyaAialrffte KAIKSN GKIyYy
PANCL cells treated with the clonogenic3C of IQ9 (900 nM) or 1000 nM of AUR for 4
hourswas assessed\s shown ifrigure 3.16a significantncrease in radiosensitisation

at 6 and 8 Gy was observed in PANCElIs treated with 1Q9 (53% increase at 6 Gy (P<
0.001) and 71% increase at 8 Gy (P< 0.0001)) or AUR (36% increase at 6 Gy (P< 0.001)
and 55% increase at 8 Gy (P< 0.0001)). The SER values df PéANG@eated with 1Q9

or AUR for 4 hours were 1.12 and 1.08 respectively. Results represent the mean +
standard deiation of three independent experimentsere performedin triplicate.
Although significant differences in radiosensitivity were observed, the relatively small
increases in SER make the biological relevance of 1Qs as radiosensitisers somewhat

guestionableg discussed further isection 3.5
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Figure 316: Effect of 1Q9 and AUR on radiosensitivity of PAN®C cell line following 4
hours treatment.PANGL cellswere treatedwith the clonogenic IC50 of 1Q9 (green) or 1000
nM of AUR (red) for 4 hours, then irradiated with a single dose of 2, 4, 6 or 8 Gy. Control is
radiation alone (black). Average PE: PANEZ7%. Data represent the averaggobled data

of three independentexperiments with a standard deviation (SD), with each experiment
performed in triplicate, whiclare analysed using the Studenttdst. * P<0.001

148



Alhadyan K; PhD thesis Chapter3

3.4.5 Influence of hypoxia on IQs cytotoxicity

3.4.5.1Effect of hypoxia on proliferation and clonogenic sural

Effect of hypoxia on the proliferation of the PC cell limes examinedy determining

the growth delay of hypoxic cells over normoxic cells as describ8ddtion 3.3.6.1As
shown inFigure 3.1772 hous of hypoxic incubation caused a significant growth delay
by 37% (P<0.001), 34% (P<0.001) and 36% (P<0.001) iFlPMNCPac® and BxPG

cell lines respectively, compared to normoxiells. M significantgrowth delay was
observed after 24 and 48 hours of hypoxic incubation. PC cell lines showed
overexpression of CA9 after 24, 48 and 72 hours of hypoxic incubation, while no
overexpression of CA9 in PC cellas observedafter normoxic incubation. Results
represent the mean * standard deviation of three independent experiments with each

experiment performed in triplicate.
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Figure 317: Effect of hypoxia on the proliferation of PC cell lind3C cells were incubated

in normoxia (blue) or hypoxia (red) for 248 and 72 hours. Western blot image showed
overexpression of CA9 in each PC cell lines at 24, 48 and 72 hours of hypoxic incubation.
Results represent the average pboled data ofthree independent experiments with a
standard deviation (SD), with eachpeximent performed in triplicate, whiclhre analysed

using the Student-test. * P<0.001
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To assess the hypoxic effect on survival of PC cell linesemaining cells from the
proliferation assay werdaliluted and plated for clonogenic survival as described in
Section 3.3.6.1Asshown inFigure 3.18clonogenisurvival of PANGC, MIA Pac& and
BxPe3 cellswas decreasely 10%20% and 5% after 24 hours; 23%, 31% and 8% after
48 hours; 51%, 55% and 2%fier 72 hours of hypoxic incubation respectively,
compared to normoxic control. BxBccells seem less sensitive to hypoxia than RANC
and MIA Pac® cells. PANQ cells showednoderate sensitivity to hypoxia, while MIA
Paca2 cells were the most sensitive cells to hypoxia amongst the PC cell lines. Results
represent the average of two independent experiments with each experiment
performed in triplicate, with no statistical anyelis was performed as these results came
from only two experimentsSection 2.3.2 The current results of hypoxia effect on the
proliferation and clonogenic survival of PC cell lines are comparable withspetli

studies as discussed 8ection 3.5

=t PANC-1

204 =—*— MIA Paca-2

104 =—*— BxPc-3

0 24 48 72
Hours (hypoxia 1%)

Figure 318: Effect of hypoxia on clonogenic survival of PC cell lifR&NEL (blue), MIA

Paca2 (green) and BxPZ (red) cellsvere incubatedn hypoxia for 0, 24, 48 and Tdurs.

Then, cells were trypsinised and plated for clonogenic survival. Results represent the average
of pooled data oftwo independent experiments with each experiment performed in
triplicate.

Survival fraction (%)
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3.4.5.2Effect of 1Q9 on proliferation and clonogenstirvival under hypoxia

As shown irFFigure 3.19proliferation of PANEL and BxP& cells seem more sensitive

G2 Lvded ony K2dz2NBE GNBFGYSYydo Ay KeLBREAI ol
Y2NXY2EAL oL/ pnQalfntn YR opn ya NBaALSOGA
respectively. The positive control of each catlleliunder normoxic conditions was
comparable with previous findings shown in Chapter 2. Thus, for each cell line, the
current hypoxic results are combined with the previous normoxic res@ect{on

2.4.2.]) as shownn Figure 3.19Theremaining cells from each cell line were either lysed

to observe the expression @A9hypoxic marker or plated for clonogenic survival as
showed later on. For each cell line, overexpression ofWasOobservd after 72 hours

of hypoxia (24 hours prEQ9 treatment and 48 hours po$D9 treatment) compared to

control. Results represent the mean * standard deviation of three independent

experimentswere performedin triplicate.
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—
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10 - == Hypoxia <} | =—*— Hypoxia
0 ¥ ¥ T 1 T 1 T ]

0 250 500 750 1000 O 250 500 750 1000
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Figure 319: Effect of IQ9 on theroliferation of PC cell lines under hypoxic and normoxic
conditions. PANGL and BxP8 cellswere incubatedn normoxia (green) or hypoxia (blue)

for 24 hours. Then, cells were treated, in hormoxia or hypoxia, with 1Q9 for 48 hours. Cell
countingwas pldted as a percentage of control (0 nM) for each time point. For each cell
line, overexpression of CA®as observedafter 72 hours of hypoxia (2) compared to
normoxia (1). Results represent the mean + standard deviatiopoofed data ofthree
independent eperimentswere performedin triplicate.
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In terms of clonogenic survival, as shownFigure 3.20 PANEL (IC50=600 nM) and
BxPe3 (IC50=640 nM) hypoxic cells seem more sensitive to 1Q9 (for 48 hours treatment)
compared to normoxic cells (IC50=900 nM for PAN@nd >1000 nM for BxR). The

HCR value of PANICtreated with 1Q9 for 48 hours was 1.5. The positive control of each
cell line under normoxic conditions showed comparable survival fraction with previous
findings inSection 2.4.2.2Thus, for each cell line, the current hypoxic findings were
combined with the previous normoxic resuéts shown irFigure 3.20Results represent

the average of two ineépendent experiments with each experiment performed in
triplicate, with no statistical analysis was performed as these results came from only two

experiments $ection 2.3.9

PANC-1

100

=8 Nommoxia —8— Nomoxia
=l Hypoxia - =l Hypoxia

Survival fraction (%)
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O O 0O 0O 0O 0O 0O O O
1 [l [l 1 1 1 Il ] 'l
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Figure 320: Effect of 1Q9 treamnent for 48 hours on clonogenic survival of PC cell lines
under hypoxic conditionsPANGL and BxP& cellswere incubatedn normoxia (green) or
hypoxia (blue) for 24 hours. Then cells were treated, in normoxia or hypoxia, with 1Q9 for 48
hours, with 0 mMascontrol. Then, cells were plated for clonogenic survival. For each cell
line, overexpression of CAfas observedafter 72 hours of hypoxia (2) compared to
normoxia (1). Results represent the mean + standard deviatiopooled data oftwo
independent experiments/ere performedin triplicate.

o

As described isection 3.3.6.2the cytotoxicity effect of IQ9 for 4 hours on PAN&nd

BxPe3 cells under normoxic or hypoxic conditiomas assesseonlyby the clonogenic
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survival assay. As shownhkigure 3.21PANEL hypoxic cells (IC50=250 nM) were more
sensitive to 1Q9 (for 4 hours treatment) compared to normoxic cells (IC50=610 nM).
BxPe3 hypoxic cells (IC50=440 hMhowed marginal sensitivity to 1Q9 compared to
normoxic cells (IC50=570 nM). The HCR values of -RANGE BXxR8 treated with 1Q9

for 4 hours were 2.4 and 1.3 respectively. For each cell line, overexpression o€A9
observedafter 28 hours of hypoxicondition (24 hours préreatment and 4 hours post
treatment with 1Q9). Results represent the average of two independent experiments
were performedin triplicate, with no statistical analysis was performed as these results
came from only two experiment§ection 2.3.R2 Although changes with HCR valaes

seen the level of these changes suggestsarginalbiological significance of 1Qs on

hypoxiccell as discussed Bection 3.5
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Figure 321: Effect of 1Q9 treatment for 4 hours on clonogenic survival of PC cell lines under
hypoxic and normoxic conditionsPANGL and BxPR8 cellswere incubatedin normoxia
(green) or hypoxia (blue) for 24 hours. Then, cells were treated, under normoxia or hypoxia,
with 1Q9 for 4 hours, with 0 mM aontrol. Then, cells were plated for clonogenic survival.
For each cell line, overexpression of CA&s observedafter 28 hours of hypoxia (2)
compared to normoxia (1). Results represent the mean * standard deviatjpyotdd data

of two independent experimentaere performedin triplicate.

o
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3.4.5.3Effect of hypoxia on the expression of Trx and TrxR proteins undeoXig

Figure 3.2Zhows that hypoxia does not alter the expression of Trx and TrxR innPANC
or BxPe3 cells treated with/without 1Q9 for 4 or 48 hours. Furthermore, current results
confirmed the previous ones, iBection 3.4.2.2that showeda significaninhibition of

TrxexpressioninBxfec OStfa GNBFGSR gAGK Lvdg F2NIny K

treatment.
PANC-1 BxPc-3
1Q9 1Q9
(4hrs)  (48hrs) (4hrs)  (48hrs)
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M C 24H N H N H M C 24H N H N H

Figure 322: Effect of hypoxia on the expression of Trx and TixRteins in PC cell lines
under hypoxic conditionsPANGL and BxP8 cells were treated with 1Q9 for 4 or 48 hours
either under normoxic or hypoxic conditions. Results showed that hypoxia does not alter the
protein expression of Trx and TrxR after IQ@atmeent. Abbreviations; M=marker, C=control,
24H=cells incubated for 24 hours in hypoxia, N=normoxia, H=hypoxia.

3.4.5.4Effect of IQ9 on the expression of NQO1 a&ERproteins under hypoxic and

normoxic conditions

By using the same lysates of PAN@nd BxP8 cells fromSection 3.4.5.3the effect of

Q9 on the expression of NQGIRPRand CA9 proteins in PC cell lines under hypoxic and
normoxic conditions was assessed. As showkigure 3.23overexpression of CA#as
observedin hypoxic samples. PANCand BxP&8 cells showed lack and moderate
endogenous expression of NQOL1 protein respectively, with no effect of hypoxia or 1Q9
treatment on alteringthe endogenous expression of NQOL1 in both cell lines. The CPR
protein was endogenously expressedboth cell lines, with no effect of hypoxia or 1Q9

treatment on altering the endogenous expression of CPR. Some experimental errors
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(e.g. air bubbles) occred duringprotein transferring proceduréhat caused unreliable

results of some proteinsthese errorsare markedwith red circles irFigure 3.23

PANC-1 B ~ BxPc3 B
1Q9 1Q9
(4hrs)  (48hrs) (4hrs)  (48hrs)
[ | [ | [ | [ |
M C 24H N H N H M C 24H N H N H

Figure 323: Effect of 1Q9 on the expression of CPR and NQOL1 proteins aePlihes under
normoxic and hypoxic condition®?ANGL and BxP8 cells were treated with 1Q9 for 4 or

48 hours either under normoxic or hypoxic conditions. Results showed no effect of hypoxia
or 1Q9 treatment on altering the endogenous expression aghbeQO1 and CPR proteins.
Red circles represent unreliable results due to experimental errors. Abbreviations;
M=marker, C=control, 24H=cells incubated for 24 hours in hypoxia, N=normoxia, H=hypoxia.

In conclusion, IC50 doses combined with subsequef@ léxposure increased the

oxidative stress ~2 fold in PC cells over treatment wiipldlone. 1Qs seem tbave no

effect onthe expression of TrxR proteins and reductase enzyrfesvever 1Qs are

more effective at inhibiting TrxR activity in PC cell lide&, 1 K n K2 dzZNEQ G NBI
ANBFGSNI AYKAOAGAZY (GKFIY ny K2dzZNEQ GNBIF GYSy
was observedn PANEL cells treated with 1Q9, but with low SER values. Hypoxic PC cell

lines seem more sensitive to 1Q9 than normaatis, but with low HCR values. The small

increase in SER and HCR values in PC cell lines following IQs treatment making the
biological relevance of I@s potentials radiosensitisers or hypoxic cytotoxins becomes

somewhat questionable as discussedsirction 3.5
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3.5 Discussion

To explore potential factors involved negulation of radiosensitivity of PC cell lines
treated with Qs different mechanismswere examinedincluding assessment of
oxidative stress via intracellular ROS levels, and of TrxR activity following I1Qs treatment.
The current chapter also studiedfect of 1Qs, under hypoxic and normoxic conditions,

on the expressionof Trx system proteins, proteinxpression of reductase enzymes,

proliferation and survival of PC cell lines.

Inhibiting the redox system allows accumulation of ROS molecules, resulting in DNA
oxidative damage, compromising protein structure and causing lipid peroxidation
(Section 1.2.1.1 As the Trx system & mainfamily of redox proteins, inhibiting it by
targeting TrxR could increase ROS levels in PC cells. Therefore, assessment of ROS levels
of PC cells treated with IQs was an important paraméteevaluate the mechanisms
behind the inhibitory and cytotoxic effects of 1Qs. The treatment with IQs alone aimed
to examine the ability of 1Qs to induce oxidative stress when delivereihgteagent.

The combination of IQs withB, examined the abily of the PC cells to cope with
oxidative stress following drug treatment.® was used as an alternative to radiation

to cause oxidative stress in PC cells due to its stability compared with other ROS
molecules, such &H, produced by the radiolysis of cellular water. Fyelroxyl radical

is one of the main ROS molecules resulting from the indirect effect of radiation, and
responsible for twethirds of the xray damage to DNA in mammalian c¢lisic J. Hall,
2012. However, OHMmoleculesresulted from cell irradiation are not detectable by
conventional flow cytometry due to the very short biological Hiééf and high reactivity

with any biological molecule as it can abstract a hydrogen atorn®?ii@sla lifespan less

that one second (1®seconds))(Eric J. HI2019. HO; iswidelyused as an inducer of
oxidative stress. Although some studigsio et al., 2013, Cho et al., 20h&)\ve used a
combination of radiation andadiosensitser to demonstrate overproduction of ROS
molecules detected by flow cytometry, this combination may be fundamentally flawed.

However, recent studies suggested that quantification of cellular oxidative stressecan
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conductedby other means, such as protein banyl quantification(Suzuki et al., 2010,
Fedorova et al., 2014yhich set as &uture planfor the current project as discussed in

Chapter 5.

An initial optimisation was performed to evaluate the potency e©tagainst PC cell
lines and MDAVIB BC cell¢Section 3.4.1)The results suggest that PC cell lines are
substantially more sensitive to>& (IC50=40 mM for PANG 1C50=30 mM for MIA
Paca2 and IC50=30 mM for BxBgthan MDAMB-231 BC cells (IC50=100 mM). Current
results are comparable to a studgxkamining the effect of #» resulting from the
oxidation of pharmacological concentrations of ascorbate that inhibited viability in
certain cancer cell lines. The study showed that BC cell lines, includingV\8E281
cells, were less sensitive to ascoamong5 different cancer cell lines including
lymphoma, melanoma, kidney, lung and colorectal cancer cell ({Dien et al., 2005)
Five years later, another study investigated, for the first time, the cytotoxic effect of
pharmacological ascorbate orCReell linegDu et al., 201p The study showed that 10
mM of ascorbate for 1 hour caused 85% decrease in cell viability of both MIA2Rach
BxPe3 cells, assessed by the MTT assay, while current results showe80tmaM of
H.O, for 1 hour caused 88% and 86% decreased in cell viability of MIA2Rawi BxPc

3 cell line respectively, using a cell counts based assay. The direct cytotoxic eft€t of H
against PC cell lines does not seem to hagen previously stuéd. However, the
difference between our findings and the previous study may be due to the different
methods to assess cytotoxicity (direct cytotoxicity @OHusing the cell counting assay

vs cytotoxicity of kD, resulting from ascorbate oxidation usinget MTT assay).

A previous study usetimM of B0z in ROS level assessment in MMB-231 cells,and
showed more than a-fold induction of ROS over contr@hang, 2014)in PC cells, two
concentrations of kD, (0.3 for MIA Pac2 and BxR8 cells and 0.4 mM for PANC
cells)were selectedor ROS levels assessment in PC cells. The selection of these two
concentrations was for two main reasons. Firstly, initial experiments showed that any
concentrationhigher than 0.4 mM of KO, was dramatically toxic to cells, and produced
insufficientnumber of cells to run the experiment (10,000 cells required for each run).
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I f 6 K2dAK kG forlthe P@ €A lings Tverd between 30d 40 mM, the
dramatic toxicity at 8-0.4 mM of HO; following the 10 minutes of centrifugation,
required for the FACS analysis, is still unknown. However, the physical stress caused by
centrifugation for 10 minutes seems to increase ROS levels in mammalian cells
(Shekarriz et al., 1995,rKiet al., 2013)and this may contribute to the dramatic cell
killing of PC cells following€&b treatment. Secondly, a previous study usedhM of

HOx to induce ROS level more thaAf@ld over control in MDAVIB-231 cells(Zhang,
2014) the concentrationof 1 mM represents 1% of the cytotoxic IC50 value #)>H
against MDAMIB-231 cells (IC50=100 mM). In PC cell lines, the selected concentrations
of 0.4, 0.3 and 0.3 mM of2B» represent 1% of the cytotoxic IC50 values gdtragainst
PANCL (IC50=40 mM), M Pac&® (IC50=30 mM) and BxBc(IC50=30 mM) cells

respectively.

To explore the impact that inhibiting the cells ability to deal with oxidative stress might
have on radiation sensitivity, PC cell lines were treated with IC50 values of 1Qs,
with/without H20, for 48 hours, which is the same concentration and time treatment

that used to assess the effect of IQs on radiation sensitivity, as discussed in Chapter 2.
Additionally, treatment times of 1, 4 and 24 howsre addedto the ROS assessment

of PC cells. The effect of IQs (analogues of ES396) on the ROS levels of PC cell lines has
neverbeen previously studiedCurrent findinggSection 3.4.13how that PC cell lines
GNBFGSR ¢A0K L/ pn Quargigafodase <25%) i@ ROS lediels @S R |
control,whilst PC cells treated with 1Qs then exposed to oxidative stress, causetDby H
exposure, showed approximately a 23-fold increase over treatment with @,

alone. The increase, albeit marginal, in ROS lewdtsning treatment with 1Qs alone

may be due to the inhibitory effect of 1Qs on TrxR expression/activity of PC cells, as
discussed later, or to expression of another redox system, such as the GSH system, that

could compensate for the inhibition of the Tsxstem as discussed in Chapter 5.

Current findings of the ~1-fold increase in ROS levels in PANg2IIs treated with IC50

of I1Qs for 48 hours in combinationr® may explain the ~50% increase in radiosensitivity
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of PANav OSf f a G NBI QSaR6 GyXad shown in Chapler 2) X Hrrent data
prove the first hypothesis of thishapter,and show thaiQs treatment impairs PC cells'

ability to maintain oxidative stress.

As MCK and MDAMB-231 BC cells have been wsiudied in the literature, inédrms
of studying the Trx system in cancer césrggren and Powis, 2001, Farina et al., 2011,
Sun et al.,, 2012, Zhang, 20.14pth cell lines were used as positive controls in this

project. In both cell lines, current datéSection 3.4.2.1show low endgenous

expression of TrxR and TxNIP, while the endogenous expression of Trx was expressed.

The current findings are comparable to published studies; siaiesshowed that
MDAMB-231 cells exhibited lack endogenous expression of TxNIP, while Trx was
expressedTurturro et al., 2007, Farina et al., 201Another two findings showed that
Trx was expressed in MCFeells(Berggren and Powis, 2001, Sun et al., 204Ailst, in
another, Trx was expressed at low lev@gtsieh et al., 2010)n contrast to the current

BC findings, a previous study showed that gr@logenous proteirexpression of Trx,
TrxR and TxNIP was expressed in M@Rd MDAMB-231 BC cell&Zhang 2014) For

PC cell lines, current dat&ection 3.4.2.13howed that the endogenous expression of
Trx in BXP@8 cells was higher than MIA Pa2zgP=0.055) and PANIC(P=0.179) cells,
while the endogenous expression of TrxR in BXells was significalyt lower than
PANGCL (P=0.008) and MIA Pa2gP=0.036) cells. The endogenous expression of TxNIP
of PANEL cells was lower than BxBc(P=0.007) and MIA Pa2aP=0.057) cells. The
current data can be compared with two studies showing low endogenous ssipreof

Trx in PANQ and MIA Paca cells(Zhang et al., 2012and one in which TxNIP was
expressed in MIA Pa€acells(Baker et al., 2008)whilst, in contrast to our findings,

BxPe3 exhibited low expression of TfRramanik and Srivastava, 2012)

As shown in Section 3.4.2.BlIA Paca2 and PANQ cells treated with 1Qs for 48 hours
showed no alteration in the protein expression of Trx, TrxR and TxNIP, whils? Beix
GNBFGSR 6AGK L/pnQa 2F Lvded 6t T ndmiicand 2 NJ
decrease in Trx expression, with no effect on the expression of TrxR and TxNIP compared
to control. The effect of IQs (analogues of ES396) on the endogenous expression in PC
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cell lines has nevdreen studied However, MIA Paea cells treated withwo analogues

of ES396 (IQ1 and 1Q2) for 1 hour exhibited an increase in oxidised Trx expression and a
decrease in reduced Trx expression, compared to control, using native protein gel
electrophoresis to separate both proteifgan et al., 2012 As current results showed

that 1IQshavelittle, if any,effect on the expression of TrxR in PC cells, the effect of 1Qs

on the enzyme activity of TrxR wastermined.

Current data(Section 3.4.33hows that PANQ cells treated with 1000 nM of 1Qs for 4

hours stronglyinhibits TrxR activity (672%) compared to treatment for 48 hours (45

55%), suggesting that it would be more appropriate to assess theté€s on radiation
aSyardAgaride | FidSNI n TriRactzNEIBxRSNSId tieafed Withd | 2 & S
IQs for 4 or 48 hours was dramatically decreased compared to RAMIG yet with no

effect on radiosensitivity discussed later. Only two st have investigated the effect

of the new generation of 1Qs (analogues of ES396) on PC cells. The first study showed

99% and 95% of TrxR inhibition in MIARPacaOSt t & | FGSNI n K2 dz2NE Q
nM of 1Q3 and IQ9 respectivelyan et al., 2009 In the second study, MIRaca2 cells

treated with 1000 nM of IQ1 and 1Q9 for 1 hour exhibited inhibition in TrxR activity by

90% and 95% respectivdélyan et al., 2012 Although current results did not investigate

1 hour, the effect of IQ9 on the TrxR activity of MIA Pacalls, PANCT and BxP8 cells

treated with 1Q%or 4 hours showed 94% and 98% decrease in TrxR activity respectively,

which is comparable between both studies. The second hypothesis otuhent

chapter (IQs treatment inhibits the protein expression and activity of TrxR in PC cell lines

AY I RZERBSMYRLISYRSY (I Tl ia ring ofpioteid bxgresston & LINR O ¢

andwas provernin terms of TrxR activity.

Current resultgSection 3.4.43how that PANQ cells treated with 1Q9 (900 nM) for 4
hours exhibited 53% and 71% increase in radiosensitividyand 8 Gy respectively, with

SER value of 1.2®hilst, as shown in Chapter 2, treatment with 1Q9 for 48 hours showed
47% increase in radiosensitivity at 6 Gy, with SER value of 1.08. The marginal increase in
PANCIL radiosensitivity treated with 1Qfr 4 hours Figure 3.1%over 48 hoursKigure

2.13 may be due to the marginal increase in the inhibition of TrxR activity after
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