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Abstract

The transcription factor Nuclear factor erythroid 2-related factor 2 (NRF2) orchestrates the
expression of a battery of cytoprotective genes containing antioxidant response elements
(AREs) within their promoter sequences. Activation of the NRF2 pathway has been implicated
in the early stages of drug-induced toxicity, a major cause of drug attrition and public risk,
and therefore holds potential as a pre-clinical marker of chemical entities liable to toxicity.
Conversely, the upregulation of NRF2 activity holds great therapeutic potential. Many NRF2
modulating agents are currently undergoing clinical trials for the treatment of pathologies
with an underlying oxidative stress component. The establishment of sensitive, accurate
methods to monitor induction of the transcription factor are therefore vital. This thesis
focuses on the characterisation of novel methods to measure NRF2 pathway activation
following both toxic and therapeutic stimulation.

In chapter 2, | use the transgenic Nrf2-Luciferase (Nrf2-Luc) mouse model (Oikawa et al.,
2012), to test the hypothesis that localised activation of NRF2 represents an early marker of
chemical stress associated with organ-specific drug toxicity. Following a hepatotoxic dose of
paracetamol (APAP) a bioluminescent signal was observed in the liver but not kidneys or
lungs of the Nrf2-Luc mice. On a cellular level, luciferase and Haem oxygenase 1 (Hmox1)
staining colocalised around the centrilobular region, consistent with the known pathology of
APAP. In response to a nephrotoxic dose of cisplatin, kidney specific bioluminescence was
detected and colocalised with activation of the endogenous NRF2 pathway in tubular
epithelial cells. A key finding was that activation of organ-specific bioluminescence
correlated well with established biomarkers for liver and kidney injury respectively,
highlighting the ability of NRF2 to reflect localised cellular insults associated with overt organ
toxicity.

Despite the emerging role of NRF2 as a marker of the response to drug toxicity and a
therapeutic target, there are currently no non-invasive methods for monitoring NRF2
pathway activation in patients. In chapter 3 of this thesis, | hypothesised that organ-specific
chemical perturbation instigates changes in NRF2 pathway activity in murine whole blood,
providing potential markers of organ-specific injury. Here | provide evidence for the
induction of NRF2-regulated genes in whole blood following exposure of C57BL/6 mice to
APAP or the therapeutic NRF2-activating compound, CDDO-Me. The induction of NRF2-
regulated transcripts, including Hmox1, was muted in mice administered APAP and the
clinically used antidote, N-acetylcysteine (NAC). Insight into blood-based activity of the NRF2
pathway may provide evidence for the role of NRF2 in response to drug toxicity in humans
and will be an important pharmacodynamic marker with the emergence of NRF2 modulators
as therapeutic drugs.

Primary human hepatocytes (PHH) are one of the most physiologically relevant in vitro
systems for modelling drug-induced hepatotoxicity. However, the NRF2 pathway is not well
characterised in these cells. In chapter 4, based on previous, unpublished microarray data of
NRF2 pathway modulation in PHH, a group of potentially novel NRF2-regulated genes were
identified: Coagulation factor Il receptor-like 2 (F2RL2), NmrA-like family domain containing
1 pseudogene (LOC344887) and Tripartite Motif Containing 16 Like (TRIM16L). Following
identification of potentially active cis-ARE sites in the promoters of these genes, | assessed
direct activation by NRF2 using luciferase-based promotor-reporter assays. Despite evidence
in multiple microarray datasets from our bioinformatic analysis that these genes are indeed
modulated by NRF2, wild-type and mutant reporter constructs failed to produce differential
luminescent responses in transfected HepG2 cells exposed to CDDO-Me or following over-
expression of NRF2. During consideration of the well-established Nrf2-regulated gene SRXN1
as a positive control, | noticed two consecutive ARE sites within the region identified by Singh

6



et al. to which NRF2 directly binds (Singh et al., 2009). Promotor-reporter analysis implicated
both sequences in the activation of SRXN1 transcription as only cells transfected with the
wild-type SRXN1 construct produced luminescence in response to Nrf2-activation. These
data indicate the necessity of extended AREs for the activation of NRF2-regulated genes.

The emergence of NRF2-activating compounds in the clinic highlights the application of
therapeutic induction of the NRF2-dependent oxidative stress responses. The
isothiocyanate, sulforaphane is among the most well studied clinical activators of NRF2.
However due to its limited shelf life, stabilised analogues are needed. In the final
experimental chapter of this thesis, | summarise data generated in collaboration with Evgen
Pharma to assess the potencies of novel analogues of sulforaphane. Utilizing the H4lle-8AREL
reporter cell line, | show analogues with variable methane bridge length and sulfoxide group
exhibited reduced potency towards NRF2 compared to the parent compound sulforaphane.
The potencies of a subgroup of analogues as inducers of other luminescent reporters: pGL4-
NQO1 and pGL4-5xARE, in a human liver cell line were also recorded. A key finding was the
similar rank order of potencies of this subset of compounds in both cell lines. Development
of sensitive assays for the in vitro assessment of NRF2 activators will be of increasing value
as the number of therapeutic NRF2-modulating compounds entering the clinic grow.

The establishment of robust methods to monitor NRF2 activation will inform key events
underlying toxicity and provide insight into the subtle changes resulting in upregulation of
the oxidative stress response to provide either an adaptive phenotype or one that is
overwhelmed in resulting toxicity. Documentation of these mechanisms at a tissue or cellular
level will inform adverse outcome pathways (AOPs), improving risk assessment frameworks.
The specific stimuli NRF2 responds to must be thoroughly characterised to define the role of
NRF2 and other stress response pathways following exposure to chemical and/or oxidative
stressors. Conversely, development of effective, novel NRF2 inducers for use in the clinic
requires sensitive screening platforms to determine the pharmacodynamic effects of these
compounds.
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1.1. Introduction

Adverse drug reactions (ADRs) are a substantial burden to clinical practice and drug
development. Defined as an unintended, noxious response to a drug at a dose normally used
in humans, ADRs may be due to single, prolonged or synergistic effects of a drug (Board,
1973) and can be fatal. For instance the most common cause of acute liver failure is drug-
induced liver injury (DILI) (Lee, 2012). Mortality due to serious ADRs in the US is
approximately 100,000 deaths/year (Lazarou et al., 1998) while it is the seventh most
common cause of death in Sweden (Wester et al., 2008). In the UK, up to 6.5% of all hospital
admissions and approximately 5,000 deaths per year are associated with ADRs (Pirmohamed

et al., 2004).

Current preclinical testing identifies less than 25-55% of drugs associated with DILI (Olson et
al., 2000; Xu et al., 2004). A recent systematic review identified hepatotoxicity as the most
common reason for medicinal products being withdrawn from the market between 1953 to
2013 (Onakpoya et al., 2016). Indeed, toxicity is accountable for the attrition of 30% of all
drug candidates during development (Kola and Landis, 2004). Cessation of candidate drugs
late in development, due to lack of efficacy and unexpected adverse effects, incurs
substantial costs. Many of these novel agents can provoke deleterious effects in cells via the
induction of chemical stress (direct or indirect chemical interaction with one or more critical
macromolecules) or oxidative stress (accumulation of reactive oxygen species (ROS) due to
mitochondrial dysfunction, perturbation of cellular oxidase enzymes, or the redox cycling of
the chemical entity). Both chemical and oxidative stress can inhibit the physiological function
of specific target proteins, cause damage to DNA and/or provoke lipid peroxidation and
disruption of cell membrane integrity, ultimately leading to cellular dysfunction or death
(Finkel, 2011). Therefore, it is imperative that the ability of a chemical entity to provoke
chemical and/or oxidative stress can be determined prior to human exposure, in order to

minimise the risk of clinical toxicity and aid the design of safer alternatives.

In addition to drug-induced toxicity, oxidative stress has been linked to the pathophysiology
of cardiovascular diseases such as atherosclerosis and hypertension (Griendling and
FitzGerald, 2003); inflammatory diseases including arthritis and diabetes (Garcia-Gonzalez et
al., 2015; Giacco and Brownlee, 2010); neurodegenerative diseases and depression (Black et
al., 2015; Browne et al., 1999; Nakabeppu et al., 2007; Nunomura et al., 2001). Chronic
accumulation of free radicals may be linked to the natural aging process (Harman, 1956) and

ROS-mediated mutagenic damage to DNA and enhanced proliferation contribute to
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carcinogenesis (Ishikawa et al., 2008; Kumar et al., 2008). As a result, there is much interest

in the potential therapeutic value of antioxidants in these and other disease contexts.

Mammalian cells can withstand moderate increases in local concentrations of electrophiles
and ROS due to the concerted actions of numerous antioxidant proteins. The expression of
most genes encoding these proteins is regulated by the ubiquitously expressed transcription
factor Nuclear factor erythroid 2-related factor 2 (Nrf2) (Bryan et al., 2013). Further insight
into its therapeutic role may aid the development of treatments for diseases with an
underlying oxidative stress component. In addition, there is evidence to suggest activation
of the Nrf2 pathway precedes some forms of toxicity and therefore may serve as a marker
for the screening of compounds with toxic liabilities. This thesis evaluates novel Nrf2 activity
measures to assess the toxicological and pharmacological effects of drugs. Specifically, this
work explores the use of Nrf2-Luc mice for the non-invasive measurement of Nrf2-pathway
activity in response to toxicants; investigates regulation of the Nrf2-pathway in human liver
cells; characterises the expression of Nrf2-regulated genes in whole-blood following
toxicological and pharmacological stimulation of the transcription factor and assesses the
value of luciferase reporter genes for evaluating potencies of novel therapeutic inducers of

Nrf2.

1.2. Oxidative stress

Exposure to high or sustained levels of reactive oxygen species (ROS) disrupt the normal
intracellular redox state causing oxidative stress. Defined as an imbalance between
antioxidant defence molecules and ROS (Sies, 2015), oxidative stress can damage DNA, lipids
and protein by the formation of adducts. ROS include peroxides, singlet oxygen, superoxide
and hydroxyl radicals (‘OH). The unpaired valance electrons within these free radicals
facilitate oxidation of surrounding lipids, proteins and DNA. Low levels of ROS are generated
during normal metabolism mostly by oxidative phosphorylation. ROS are also generated by
phagocytes during the ‘Oxidative burst’ (Babior et al., 1973) and act as both inter and intra
cellular messengers. Mittal and Murad were the first to discover that ‘OH activates the
second messenger cyclic guanosine monophosphate (cGMP) (Mittal and Murad, 1977).
Redox signalling has also been implicated in a number of physiological functions including
regulation of vascular tone, cell adhesion, inflammatory response and apoptosis (Bulua et

al.,, 2011; Chiarugi et al., 2003; Matoba et al., 2000). Maintenance of ‘steady state’
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concentrations of ROS is determined by the rate of generation and removal by antioxidants.

When redox-buffering capacity is overwhelmed, oxidative stress occurs.

1.2.1. Oxidative stress and disease

Oxidative damage has been implicated in the aetiology of many diseases due to deviation
from redox homeostasis. For instance, oxidative stress is a facet of many cardiovascular
diseases; excessive generation of ROS in vascular cells results in the oxidation of low-density
lipoproteins that promote atherosclerosis (Chen et al., 2003; Kunsch and Medford, 1999).
Release of large amounts of ROS including superoxide and hydroxyl radicals, following
myocardial ischemia implicates oxidative stress in heart failure and reperfusion injury
(Arroyo et al.,, 1987; Zweier et al., 1988). Many antioxidant therapies have proved

cardioprotective in the clinic (Kurian et al., 2016).

Inflammation and oxidative stress are closely linked. Inflammatory cells generate and secrete
ROS while oxidative stress can activate pro-inflammatory responses (Mittal et al., 2014;
Morgan and Liu, 2011). During carcinogenesis, reactive species enhance cell proliferation,
tumour invasiveness and mutagenic DNA damage (Franco et al., 2008; Barry Halliwell, 2007).
Progression of gastric cancer is aided by the generation of reactive species from commensals
within the gut (Handa et al., 2011). Additionally, patients with to type 2 diabetes mellitus
exhibit reduced antioxidant capacity (Bruce et al., 2003) and over-production of superoxide
by the mitochondrial electron transport chain is the common cause of hyperglycaemic
damage (Nishikawa et al., 2000). Perturbation of the mitochondrial respiratory chain is also

apparent in patients with chronic kidney disease (Gamboa et al., 2016).

Multiple neurodegenerative diseases have an underlying oxidative stress component. For
instance, patients with multiple sclerosis exhibit elevated DNA and lipid oxidation in the brain
(Haider et al.,, 2011). One source of reactive species during Alzheimer’s disease is the
incorporation of amyloid beta peptides within neuronal membranes, resulting in free fatty
acid release associated with Tau polymerisation (Butterfield et al., 2001; Lauderback et al.,
2001). This is accompanied by an increase in oxidised macromolecules and a reduction in
antioxidant activity. Additionally, diminished antioxidant capacity and increased protein

oxidation are associated with aging (Harman, 1956).
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1.2.2. Drug-induced chemical and oxidative stress

Formation of reactive intermediates capable of generating ROS underpins a plethora of drug
toxicities. Perhaps the most well-known hepatotoxin, paracetamol is one such example. Also
known as acetaminophen (APAP), paracetamol is metabolised by the liver to generate
unreactive glucuronide and sulfate moieties alongside the reactive metabolite N-acetyl-
parabenzoquinoneimine (NAPQI) (Fig 1.1). This is conjugated to the reduced form of
glutathione (GSH) to be excreted as mercapturic acid (Dahlin and Nelson, 1982). At
therapeutic doses, depleted GSH is recoverable. However, the extent of GSH depletion
associated with APAP overdose allows excess NAPQI to form DNA and protein adducts within
the liver (Hinson et al.,, 2010). Increased mitochondrial membrane permeability causes
cytochrome C release and loss of ATP synthesis (Kon et al., 2004). Ultimately, this results in

centrilobular hepatic necrosis.

Aside from bioactivation of drugs to entities that induce oxidative stress, chemical stress is
induced directly by drugs that undergo covalent binding and the formation of adducts. One
such example is nephrotoxicity associated with the chemotherapeutic agent cisplatin (cis-
diamminedichloroplatinum). High doses of the cisplatin are limited due to damage within
the proximal tubules of the kidney (Aleksunes et al., 2010). Indeed, one third of patients
suffer from nephrotoxicity when prescribed the drug (Shord et al., 2006). Direct chemical
stress is caused by cisplatin-DNA crosslinks that result in cell cycle arrest. Cisplatin induces
intra-strand crosslinks (between adjacent guanines or adenine and guanine), inter-strand
DNA crosslinks and irreversible DNA-protein crosslinks (Eastman, 1983; Fichtinger-Schepman
et al., 1985). As the kidneys are the major excretory route of cisplatin, apoptosis of renal
tubular cells initiates reduced glomerular filtration rate (GFR), and acute renal failure

(Gonzales-Vitale et al., 1977).

Further investigation into the underlying mechanisms of bioactivation and covalent binding
are needed to identify chemical entities capable of inducing oxidative and/or chemical stress

and improve the sensitivity of current pre-clinical drug safety assessment.
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Figure 1.1 Bioactivation of paracetamol

Paracetamol (APAP) is metabolised by the liver to generate unreactive glucuronide and
sulphate  moieties  before  producing the reactive metabolite  N-acetyl-
parabenzoquinoneimine (NAPQI). This forms glutathione conjugates (GSH) and is excreted
as mercapturic acid. However, the extent of GSH depletion associated with APAP overdose,
allows excess NAPQI to form DNA and protein adducts within hepatic and renal tissues.
Following a therapeutic dose of APAP, average percentage of APAP metabolised by the liver

highlighted in light-blue. Adapted from (Jaeschke and Bajt, 2010).

19



1.2.3. Cell defence mechanisms

Following induction of oxidative stress, numerous stress response cascades are activated
that coordinate the adaptive response to the insult or, when overwhelmed, lead to cell
death. Enzymatic scavengers of ROS include glutathione reductase, superoxide dismutase
and catalase. Non-enzymatic scavengers include flavonoids and vitamins A, Cand E. Multiple
signalling cascades are activated, including: mitogen activated protein kinase (MAPK)
signalling, phosphatidylinositol-3-kinase/Protein kinase B (PI3K-Akt), Protein kinase C (PKC),
Heat shock protein response, P53 and nuclear factor-KappaB (NF-kB). Localised
accumulation of ROS may aid specificity of these signals. For example, Woo et al highlighted
the specific accumulation of hydrogen peroxide (H.O,) around membranes following
inactivation of the antioxidant peroxiredoxin, facilitating redox-dependent signalling but not
toxic ROS damage (Woo et al., 2010). Modification of small molecules within these pathways
affects a diverse range of cellular processes including proliferation, metabolism,

differentiation and survival.

Upregulation of cytoprotective genes is also triggered in response to oxidative stress. Redox
factor 1 (Ref-1) regulates activity of basic leucine zipper (bZIP) transcription factors such as
Nrf2, DNA lesion and base excision repair, and ultimately activates multiple cell survival
pathways (Thakur et al., 2014; Xanthoudakis et al., 1992). Cysteine residues within the N-
terminus of Ref-1 are liable to redox modification that facilitates DNA binding (Luo et al.,
2012). The transcription factor nuclear factor kappa b (NF-kB) mediates immune and
inflammatory responses. Its activation by ROS is debated. Inhibitors of NF-kB such as N-
acetyl-l-cysteine (NAC), were thought to inactivate NF-kB through their antioxidant activity
but they in fact exert their effects by other mechanisms (Hayakawa et al., 2003). In the case
of NAC, the compound reduced tumour necrosis factor alpha (TNFa)-mediated NF-kB-
activation. However, exposure to H,0; inhibits phosphorylation of the NF-kB supressor IkBa
in some cell lines (Schoonbroodt et al., 2000). NF-kB is also activated following exposure to

high levels of ROS via the protein kinase C pathway (Imran and Lim, 2013).

If survival mechanisms are overwhelmed, cell death programs such as apoptosis, necrosis,
pyroptosis and autophagy are activated. ROS can directly modulate cell death effectors:
caspases, B-cell lymphoma 2 (Bcl-2) and cytochrome C. Caspases are cysteine-dependent
proteases that mediate apoptosis via DNA fragmentation, membrane permeablisation and
cleavage of a range of substrates. Low doses of H,0, induce caspases while high doses induce

necrosis (Cai et al., 1999). Bcl-2 is an anti-apoptotic regulatory protein that is antagonised by

20



nitric oxide (NO) mediated oxidation (Cahuana et al., 2004). Excessive ROS trigger the
peroxidase activity of cytochrome C leading to its release into the cytosol and subsequent

permeabilization of the mitochondrial membrane (Kagan et al., 2005).

1.2.4. Therapeutic potential of antioxidants

Antioxidants are defined as ‘any substance that delays, prevents or removes oxidative
damage to a target molecule’ (B. Halliwell, 2007). This defence network comprises of non-
enzymatic compounds (including Vitamin A, C and E, uric acid) and enzymes (such as
glutathione peroxidase, superoxide dismutase (SOD) and catalase). Catalase facilitates H,0,
detoxification to water and oxygen. Superoxide dismutase, originally identified by McCord
and Fridovich, catalyses the detoxification of superoxide radicals (0»-) (McCord and
Fridovich, 1969). The therapeutic value of antioxidants in the clinic is debated. Large
epidemiological cohort studies show higher intake of antioxidants reduces risk of coronary
heart disease (CHD) (Correa et al., 2000; Hirvonen et al., 2001), cancer (Greenlee et al., 2012)
and neurodegenerative diseases (Ascherio et al., 2005; Engelhart et al., 2002). However, as
an adjuvant therapy, clinical trials highlight mixed results. For instance, one meta-analysis of
randomised trials of vitamin E (7 studies) and beta carotene (8 studies) over the course of
1.4 to 12 years showed the dietary supplementation was ineffective at reducing long-term
cardiovascular mortality (Vivekananthan et al., 2003). A systematic review in 2008, found
antioxidant therapy ineffective at reducing cognitive decline in aging populations (Jia et al.,
2008). Under certain conditions, antioxidants may act as pro-oxidants and unrelated harmful
effects of antioxidant therapy must not be overlooked (Bjelakovic et al., 2007). Additional
reasons why antioxidants may have proven ineffective in human trials include the lack of
stratification, as the extent of oxidative stress is likely to vary between patients. Oxidative
damage may not be reduced by a single antioxidant and pathology may be localised to a
specific area such as an arthritic joint that the therapy does not reach. It may be more
suitable for antioxidant therapy to be applied as a prophylactic measure and not for

treatment of established pathology.

Despite this, a plethora of anti-oxidant drugs have been approved for clinical use including
N-acetylcysteine (NAC, Acetadote®) as an antidote for paracetamol overdose (Aitio, 2006).
Edaravone (3-methyl-I-phenyl-pyrazolin-5-on) is routinely used clinically for the reduction of
neuronal damage after stroke (Watanabe et al., 2008). It reacts strongly with free radicals to

produce stable products. Alpha-Lipoic acid (Dexlipotam) has been approved for the
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treatment of diabetic neuropathy (Ziegler et al., 2004). In its reduced form, the compound is
a potent antioxidant and has been recently introduced a part of a cocktails of antioxidants
known as Zycose for the treatment of diabetes (Stirban, 2008). The antioxidant drug Probucol
is currently undergoing the PROSPECTIVE (Probucol Trial for Secondary Prevention of
Atherosclerotic Events in Patients with Prior Coronary Heart Disease) trial in patients with a

history of CHD as an antioxidant therapy in combination with statins (Yamashita et al., 2016).

1.3. Nrf2 and the antioxidant response

Nrf2 is a bZIP transcription factor of the cap’n’collar subfamily first identified by Moi et al.
(1994) for its ability to bind to the AP1-nuclear factor erythroid 2 (NF-E2) promotor sequence
during a screen of a cDNA library from a hemin-induced erythroleukemia cell line (Moi et al.,
1994). Encoded by NFE2L2 gene, Nrf2 is expressed ubiquitously in humans and mice (Chan
et al., 1996; McMahon et al., 2001; Moi et al., 1994). It is highly expressed in organs exposed
to the external environment, such as the skin and lungs, and those implicated in
detoxification, including the liver and kidneys. It is thought that the role of Nrf2 evolved from
the need survive in an oxygen-rich environment (Gacesa et al., 2016). Venugopal et al.
showed similarity between Nrfl and Nrf2 binding motifs similar to the antioxidant response
element (ARE) in human NAD(P)H dehydrogenase quinone 1 (NQO1) and that this cis-
element responded to transfection with Nrfl and Nrf2 in HepG2 cells (Venugopal and Jaiswal,
1996). They proposed Nrf2 may be key transcription factor in regulating the genetic response
to xenobiotic metabolism (Itoh et al., 1997; Venugopal and Jaiswal, 1996). The Yamamoto
group also observed inducible expression of enzymes like GSTs and NQO1 were lost in liver
of Nrf2 knock out (KO) mice (Itoh et al., 1997). The transcription factor has since been
established as the master regulator of the response to chemical and oxidative stress (Fig 1.2).
Despite the viability of Nrf2 null mice indicating its redundancy during growth and
development (Chan et al., 1996), Nrf2 is also implicated in proliferation, differentiation,
cellular growth and apoptosis (Hinoi et al., 2006; Homma et al., 2009; Niture and Jaiswal,

2012; Zhao et al., 2009).

The 2.2 kb transcript of Nrf2 was predicted to translate to a protein approximately 66 kDa
(Moi et al., 1994). However, sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS-
PAGE) analysis of cellular Nrf2 produces bands at approximately 90 kDa (Lau et al., 2013).
This is thought to be due to the abundance of acidic residues within Nrf2. Nrf2 consists of six

highly conserved Neh (Nrf2-ECH homologous) (ECH = erythroid cell-derived protein with CNC
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homology domains) (Fig 1.2) (Iltoh et al., 1995). The Nehl domain contains a CNC-bZIP
sequence with the cysteine residue (506) that is essential for Nrf2 binding to the ARE and
facilitates heterdimerization with small masculoaponeurotic fibrosarcoma (Maf) proteins to
bind to DNA (Bloom and Jaiswal, 2003). The Neh2 domain contains two motifs (DLG and
ETGE) to which the cytosolic inhibitor of Nrf2, Kelch-like ECH-associated protein 1 (Keap1)
binds (Itoh et al., 1999; Katoh et al., 2005). Deletion of the Neh3 domain resulted in a
‘transcriptionally silent’ Nrf2 protein, despite maintaining the ability to translocate to the
nucleus and bind to DNA (Nioi et al., 2005). This implicates the final residues of the C
terminus are involved transactivation and recruitment of co-activator proteins. The Neh4
and Neh5 domains are also regarded as transactivation domains that interact with cAMP
response element binding protein (CREB) independently (Katoh et al.,, 2001). The Neh6
domain ensures turnover of Nrf2 during stressed conditions and interacts with B-transducin
repeat containing E3 ubiquitin protein ligase (B-TrCp) (Fig 1.2) (Chowdhry et al., 2013;
McMahon et al., 2004).
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Figure 1.2 Overview of the Nrf2-Keap1 pathway

Under basal conditions, the cellular abundance and activity of Nrf2 is repressed through
ubiquitination (Ub) via the Cullin-dependent E3 ubiquitin ligase Cul3 bound to Keapl
homodimers, or Cull bound to B-TrCP. The latter interaction is promoted via GSK-3B -
mediated phosphorylation of Nrf2. Chemical and oxidative stressors activate Nrf2 signalling
via stimulation of the PI3K pathway, or chemical/oxidative modifications of cysteine-
containing pockets (diamonds) in Keapl. The latter process stabilises the Keapl-Nrf2
complex, by inactivating Keapl or stimulating the dissociation of Cul3, allowing newly-
synthesised Nrf2 to accumulate in the cell and translocate to the nucleus, where it forms
heterodimers with Maf proteins and transactivates ARE-regulated genes to coordinate an

adaptive response to chemical/oxidative stress.
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Figure 1.3 Functional domains of Nrf2 and Keap1

Nrf2 includes six highly conserved Neh (Nrf2-ECH homologous) domains. Neh2 is responsible
for interactions with Kelch-like ECH-associated protein 1 (Keap1). Neh4 and Neh5 interact
with co-activator proteins for transactivation, as does Neh3. Neh6 interacts with B-TrCp and
is phosphorylated by GSK3B. Neh1 contains the DNA binding domain to which small Maf
proteins bind. Keapl consists of the bric-a-brac/tram-track/broad complex (BTB),
intervening linker region (IVR) which interact with Cullin3 and other Keap1 molecules to form
homodimers. The double glycine repeats (DGR) and C-terminal region (CTR), also known as

the DC domain, bind with Nrf2.
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1.3.1. Regulation by Keap1

Under basal conditions, Nrf2 is repressed via cytoplasmic tethering and ubiquitination
mediated by the redox-sensitive Kelch-like ECH-associated protein 1 (Keapl) (ltoh et al.,
1999). Keap1” mice do not survive to adulthood due to hyperkeratosis of the gastrointestinal
tract and ulceration of the stomach (Wakabayashi et al., 2003). Mouse embryonic fibroblasts
(MEFs) from the knock out mice exhibited constitutive Nrf2 activation. Yeast two hybrid
analysis identified the strong interaction between Keapl and the Neh 2 binding domain of
Nrf2 (Itoh et al., 1999) (Fig 1.3). Co-immunoprecipitation of Keapl with anti-actin antibody
highlighted direct binding of Keap1 to the actin-cytoskeleton via the Kelch domain facilitating
cytoplasmic tethering of Nrf2 under basal conditions (Kang et al., 2004). The cullin-
dependent E3 ubiquitin ligase complex associates with a Keapl homodimer to facilitate
proteasomal degradation of Nrf2 (Cullinan et al., 2004; Zhang et al., 2004) (Fig 1.2). Inhibition
of the proteasome results in accumulation of Nrf2 protein and induction of Nrf2-regulated

genes (Nguyen et al., 2003; Sekhar et al., 2000; Stewart et al., 2003).

Keapl is endowed with a relatively high number of cysteine residues (27) (Miseta and
Csutora, 2000). These residues are incorporated into the functional domains of the protein
and are sensitive to changes in cellular redox state. The ‘cysteine code’ hypothesis was first
proposed by Kobayashi et al. (2009) following the discovery of distinct sets of cysteine
residues are altered when exposed to a range of Nrf2 activating compounds (Kobayashi et

al., 2009). This enables plasticity of the Nrf2 mediated response to a plethora of stimuli.

The hinge latch hypothesis is based on differential affinity of Keapl homodimers to the ETGE
and DLG motifs within Neh 2 domain of Nrf2 (Tong et al., 2006). Only when both sites are
bound to the Keapl1-Cullin ligase complex, can lysine residues within Nrf2 be ubiquitinated
facilitating its proteasomal degradation. Under conditions of chemical and oxidative stress,
modification of thiols within Keapl inhibit its ability to bind to the DLG motif of Nrf2 and
efficiently target it for ubiquitination, thus inhibiting its proteasomal degradation. Keap1l
molecules become saturated and de novo synthesised Nrf2 translocates to the nucleus.
However, the mechanism by which Nrf2 is able to move freely within the cell is debated.
Partial and complete dissociation of Nrf2 from Keapl was observed following exposure to
electrophiles (Levonen et al., 2004; Niture et al., 2009). Exposure to electrophiles also
resulted in in the loss of Cullin3 from Keap1-Nrf2 complexes (Gao et al., 2013; Rachakonda
et al., 2008). In some instances, exposure to Nrf2 activators including tert-butylhydroquinone

(tBHQ), facilitate ubiquitination of Keapl (Zhang et al., 2005). Others postulate transient
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nuclear shuttling of Keapl supresses Nrf2 (Nguyen et al., 2005). However, this is contested;
Watai et al. observed no change in the cytoplasmic localisation of Keapl in MEFs following
exposure to diethyl malate or the nuclear export inhibitor Leptomycin B (Watai et al., 2007).
Additionally, proteins with motifs comparable to the ETGE sequence, compete with NRF2 for
binding with KEAP1, thus indirectly activating the transcription factor. These include P62 and
DPP3 (Dipeptidyl Peptidase 3) (Lau et al., 2010).

1.3.2. Phosphorylation of Nrf2

Nrf2 contains many serine, threonine and tyrosine residues. Phosphorylation of Nrf2 has
been reported by a myriad of kinases including protein kinase C, tyrosine kinase Fyn, JNK,
ERK, PERK and MAP kinases (Bryan et al., 2013). In particular, MAP kinase P38 phosphorylates
Nrf2 improving its association with Keapl (Keum et al., 2006). Recent evidence also
implicates phosphorylation of Nrf2, mediated by glycogen synthase kinase 3 (GSK-3B), as a
Keapl-independent regulatory mechanism, (Fig 1.2). Salazar et al. highlighted
phosphorylation of Nrf2 by GSK-3f resulted in nuclear exclusion of the transcription factor
(Salazar et al., 2006). This acts independently of Keap1 regulation. Rada et al. demonstrated
GSK-3B inhibitor SB216367 stabilized Nrf2 expression in Keap1” MEFs while an Nrf2 ETGE
motif mutant, impervious to Keap1 degradation, accumulated following GSK-3f inhibition in
HEK293T cells (Rada et al., 2011). Knock down of GSK-3p also resulted in accumulation of
Nrf2 protein. Phosphorylated Nrf2 binds to the adaptor protein B-TrCp (B-transducin repeat-
containing protein) that recruits Cullin-1 to form an E3 ligase. Both McMahon and Rada
groups identified a redox independent degron within Neh 6 of Nrf2 (McMahon et al., 2004,
Rada et al., 2011). The former by analysing deletion mutants in the fibroblast-like kidney cell
line COS1 following exposure to sulforaphane. The latter via bioinformatic analysis of the -
TrCp consensus motif in both mouse and human Nrf2. GSK-3 mediated phosphorylation of
the Ser®* and Ser®* residues within Neh 6 of human Nrf2 allows B-TrCP to bind and facilitate

E3 ligase mediated degradation (Rada et al., 2012).

A second Neh6-based degron, identified by Chowdhry et al., has the amino acid sequence
DSAPGS and can bind to B-TrCp (Chowdhry et al.,, 2013). However, the phosphorylated
binding site described by Rada et al. (amino acid sequence: DSGIS) has a stronger affinity to
the adaptor protein (Rada et al., 2011). Nrf2 target gene expression and GSH levels increased
in the hippocampus of neuron-specific GSK-3p knock out mice and those treated with GSK-

3B inhibitor (Rada et al., 2012). GSK-3p is downstream of multiple kinase cascades: PI3K, AKT,
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mTOR signalling (Maurer et al., 2014). The serine-threonine kinase has been implicated in
glycogen metabolism, Wnt signalling, microtubule stability and apoptosis (Anderton et al.,

2001; Ding et al., 2000; Hoeflich et al., 2000; Yoshino and Ishioka, 2015).

1.3.3. Antioxidant response element-regulated genes

Increases in intracellular concentrations of electrophiles and ROS interfere with the ability of
Keap1l to repress Nrf2, and PI3K signalling inhibits phosphorylation of Nrf2 (Salazar et al.,
2006). This facilitates accumulation of the transcription factor in the nucleus and
upregulation of cell defence genes that contain the cis-acting antioxidant response element
(ARE) within their promoter regions (Fig 1.2). Nrf2 forms heterodimers with Jun and small
Maf proteins for high affinity binding to DNA (ltoh et al., 1997). Originally identified by
Rushmore et al. from rat GSTYal and NQO1, the ARE consensus sequence has since been
revised (Erickson et al., 2002; Nioi et al., 2003; Rushmore et al., 1991; Wyeth W. Wasserman
and Fahl, 1997). Kuosmanen et al. define the core sequence into three motifs: n-‘TGA’-n-
‘TCA’-n-‘GC’ after comparing variation in Nrf2 ChIP-seq datasets (Kuosmanen et al., 2016).
The Nrf2 interactome is thought to include around 7469 transcription factor-DNA
interactions (Papp et al., 2012) Single nucleotide polymorphisms (SNPs) within ARE
sequences can alter Nrf2 binding. Also, SNPs within the Nrf2 promotor are associated with
increased incidence of acute lung injury (Marzec et al., 2007). The first genome-wide study
of Nrf2 binding via ChIP-seq identified 242 high confidence binding sites in the genome of
human lymphoblastoid cells following sulforaphane exposure (Chorley et al., 2012). Common
functions of Nrf2-regulated genes include xenobiotic metabolism, antioxidant defence
systems, the immune response, regulation of the proteasome, haem, lipid and carbohydrate

metabolism (Table 1.1).

The Nrf2 promotor contains two ARE sequences and the transcription factor has been shown,
by chromatin immunoprecipitation, to bind directly to its own promoter region (Kwak et al.,
2002). Autoregulation of Nrf2 by Nrf2-dependant Keap1 expression also occurs, via an ARE
within the Keapl promotor (Chorley et al., 2012). This negative feedback loop ensures
sustained levels of Nrf2 induces Nrf2-dependent production of Keap1 causing suppression of
Nrf2. Nrf2 also regulates expression of Cul3-Rbx1 (Kaspar and Jaiswal, 2010) and its
heterodimeric partner MafG (Yamamoto et al., 2006). Some ARE-regulated genes, such as
sequestosome 1 (p62/SQSTM1), act as both an Nrf2 target and inducer (Copple et al., 2010,
2010). p62 binds to Keapl directly, competing with Nrf2 and forming a positive feedback

loop.

28



Conserved Nrf2 target genes include NAD(P)H dehydrogenase (quinone) 1 (NQO1),
sulfiredoxin 1 (SRXN1) and haem oxygenase 1 (HMOX1) (Table 1.1). Mutation analysis of the
ARE sequence within the promotor region of NQO1 lead to revision of the accepted ARE
consensus sequence of the time (Nioi et al., 2003). Nrf2/- mice had reduced basal expression
and impaired induction of NQO1 (Nioi et al.,, 2003). NQO1 is a cytosolic phase 1 drug-
metabolising enzyme (introduces functional groups to xenobiotics) that forms homodimers
with the cofactor Flavin adenine dinucleotide (FAD). It catalyses the two or four- electron
reduction of quinones to hydroginones (Lars Ernster, 1958). Detoxification of quinones is
essential to avoid ‘redox cycling’ and production of reactive semi-quinones. NQO17" mice
were indistinguishable from wild-type mice aside from increased susceptibility to quinone
toxicity when exposed to the drug menadione (Radjendirane et al., 1998). The enzyme is also
negatively regulated by the transcription factor BACH1 (BTB and CNC homolog 1)
(Dhakshinamoorthy et al., 2005). ChIP analysis of BACH1 overexpression in HepG2 cells
revealed competitive binding to the ARE site with Nrf2 suggesting a balance between the

two transcription factors is needed to regulate ARE-driven genes.

Srxn1 catalyses the ATP-dependent reduction of hyperoxidized peroxiredoxins (Prx) (Biteau
et al.,, 2003). Also known as thioredoxin peroxidases, Prx contain cysteine residues that
enable them to catalyse the reduction of ROS (Chae et al., 1994). Overexpression of Srxnl
prevents hyperoxidation of Prx following oxidative insult (Woo et al., 2005). SRXN1
expression is abolished in Nrf2 knockout mice (Soriano et al., 2008). Hmox1, also known as
Heat shock protein (HSP) 32, is regarded as a typical Nrf2-regulated gene. Haem oxygenases
catalyse the rate limiting step during haem catabolism, cleaving haem to form biliverdin,
carbon monoxide and iron (Eisenstein et al., 1991; Tenhunen et al., 1968). Three isoforms of
haem oxygenase have been identified: the inducible isoform Hmox1 (32 kDa), the
constitutively active isoform Hmox2 (36 kDa) and Hmox3 that lacks catalytic activity. Hmox1
null mice developed iron retention disorders and displayed significant serum iron deficiency
(Poss and Tonegawa, 1997). However, Hmox1l may have additional functions. Nuclear
translocation of Hmox1 was stimulated in rat foetal lung cells (RFL-6) following hypoxic
stress (Suttner et al., 1999) and elevated Hmox1 in hypoxic conditions is associated with
increased activation of antioxidant responsive promotor (Lin et al., 2007). Localisation of
Hmox1 to the mitochondria may indicate a role in the turnover of mitochondrial haem
proteins (Converso et al., 2006). Hmox1 expression is regulated by a plethora of stress-
response transcription factors: HSF, AP-1 and NF-kB (Alam and Cook, 2007a). Inactivation of

Bach1 is also required to induce Hmox1 (Reichard et al., 2007). This occurs independently
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from nuclear accumulation of Nrf2 as removal of the repressor facilitates the low basal levels
of nuclear Nrf2 to induce Hmox1 transcription. Hmox1 is therefore seen as an early indicator

and potential biomarker of general chemical stress.
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Table 1.1 Human genes positively regulated by Nrf2

Evidence for direct binding of Nrf2 to ARE in genes highlighted green. Adapted from (Chorley

et al., 2012; Hayes and Dinkova-Kostova, 2014).

Function Gene Gene Validated ARE References
symbol
Phase 1 - (Agyeman et al.,
drug Aldo-keto reductase family 1, member 2012; Jung et al.,
oxidation, B1 (and 1BB and 1B10) 2013; MacLeod et
reduction AKR1B1 al., 2009)
and . (Agyeman et al.,
hydrolysis é'ldg:jtfcr;gsztig)fam”y 1, member ) GGGTGACTCAGC ~ 2012; Lou et al.,
AKR1C1 AGCTTG 2006)
. (Lou et al., 2006;
élzdo-keto reductase family 1 member TCAGGGTGACTCAGE MacLeod et al.,
AKR1C2 AGCTTG 2009)
ALDH3A  Aldehyde dehydrogenase 3 family, (Agyeman et al.,
1 member Al (and 3A2) 2012; Paek etal.,
2012)
(Agyeman et al.,
CBR1 Carbonyl reductase 1 (and 3) 2012)
EPHX1 Epoxide hydrolase 1 microsomal (Jung et al., 2013)
Prostaglandin reductase 1 (also called (MacLeod et al.,
PTGR1
LTB4DH) 2009)
(Dhakshinamoort
. hy et al., 2005; Li
NQO1 NAD(P)H dehydrogenase [quinone] 1 TCACAGTGACTCAGC A EsvEl,
AGAATC 1992)
NQO2 NQO2 (NAD(P)H Quinone AGGTGGTGATGTTG (Wang and
Dehydrogenase 2 CATCACA Jaiswal, 2006)
Z?jgse 2 CES1A1  Carboxylesterase 1 AGATES;—SQGTACAG (MarLzugr(l))et al,
conjugatio . . (Agyeman et al.,
n MGST1 l;/l;:;odsg)mal glutathione S-transferase 2012; Jung et al.,
2013)
SULT1A  Sulfotransferase family cytosolic 1A (Agyeman et al.,
1 member 1 2012)
UGTIAL UDP Glucuronosyltransferasel family AAACCCGGACTTGGC  (Yueh and Tukey,
polypeptide 1A GCTTGG 2007)
GAAAGCTGACACGG (Miinzel et al.,
UGT1A6 UDP Glucuronosyltransferase Family 1 CCATAGT 2003)
Member A6 TCTGTCTGACTTGGC (Minzel et al.,
AAAAAT 2003)
UGT2B7 UDP Glucuronosyltransferase 2 family =~ AACTACTGACTCGGC  (Nakamura et al.,
polypeptide B7 TGGTCT 2008)
Phase 3 - ABCB6 ATP-binding cassette subfamily B (Chorley et al.,
drug (MDR/TAP) member 6 2012)
transport ABCCL ,:ATePr:kl)r;(:Tg Cassette Subfamily C TCTGT_IF-iT'I_'rGGé(ZI'CAGC (Kurz et al,, 2001)
ABCC2 ATP-binding cassette subfamily C (Agyeman et al.,
(CFTR/MRP) member 2 2012)
ATP-binding cassette subfamily C
ABCC3 (CFTR/MRP) member 3 (Jung et al., 2013)
ABCB11 ATP-binding cassette, sub-family B CCAAGGTGAATCAG  (Weerachayaphor
member 11 CAATTTC n et al., 2009)
Antioxida CCGCTATGACTAAGC (Wangetal.,
nt SAT Sulfate adenylyltransferase GCTAGT 1998)
enzymes (Dreger et al.,
SOD1 Superoxide dismutase AACTAATGACATTTC 2009; Park and
TAGACA Rho, 2002)
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Antioxida GCLC Glutamate-cysteine ligase catalytic TCCCCGTGACTCAGC (Mulcahy et al.,
nt (GSH- subunit GCTTTG 1997)
based) TAACGGTTACGAAGC
GCLM Glutamate-cysteine ligase modifier ACTTTC and (Erickson et al.,
subunit AGACAATGACTAAGC 2002)
AGAAAT
GGT1 Gamma-glutamyltraseferase 1 (Agyeman etal,
2012)
. (Agyeman et al.,
GLRX Glutaredoxin 1 2012)
. (Agyeman et al.,
GLS Glutaminase 2012)
(Banning et al.,
GPX2 Glutathione peroxidase 2 CCAGGATGACTTAGC 2005; Paek et al.,
AAAAAC 2012)
. (MacLeod et al.,
GSR1 Glutathione reductase 2009)
. . GCGCCGTGACTCAGC  (Montano et al.,
GSTP1 Glutathione S-Transferase Pi 1 ACTGGG 2004)
SLC7A11 Cysteine/glutamate transporter (Macleod et al.,
2009)
Antioxida (Chorley et al.,
nt (TXN- PRDX1 Peroxiredoxin 1 TGTAACTGAATCAGC 2012; Kim et al.,
based) ATCAGC 2007)
. . GCAACGTGACCGAG (Chowdhury et
PRDX6 Peroxiredoxin 6 CCCCGEA al,, 2009)
' . CCAGGGTGAGTCGG (Soriano et al.,
SRXN1 Sulfiredoxin 1 CAAAGCC 2008)
TXN Thioredoxin TCACC;;I;I’%ZI’CAGC (Kim et al., 2003)
TCATTCTGACTCTGG
. . CAGTTA and (Hintze et al.,
Thioredoxin reductase 1 TCAGAATGACAAAGC 2003)
TXNRD1 AGAAAT
Carbohydr
ate
metabolis
m and G6PD S:ﬁj;iiéiﬁg;:phatel' (Jung et al., 2013)
NADPH
regenerati
on
. . - (Agyeman et al.,
HDK1 Hexokinase domain containing 1
2012)
MEL Malic enzyme 1, NADP dependent CTGCCATGACTCAGC (Chorley et al.,
cytosolic GCTTCT 2012)
PGD 6-phosphogluconate dehydrogenase (Paek et al., 2012)
(Agyeman et al.,
TALDO1 Transaldolase 2012; Chorley et
al., 2012)
TKT Transketolase isoform 1 (Agyeman etal.,
2012)
UGDH UDP-glucose dehydrolase (Agyeman etal.,
2012)
Haem and
iron - .
. BLVRA Biliverdin reductase A
metabolis (Agyeman et al.,
m 2012)
Biliverdin reductase B (flavin reductase (Agyeman et al.,
BLVRB
(NADPH)) 2012)
(MacLeod et al.,
FECH Ferrochelatase 2009)
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CCTCCATGACAAAGC

. . ACTTTT and .
FTH1 Ferritin heavy polypeptide 1 CCACCGTGACTCAGC (Tsuji, 2005)
ACTCCG
FTHL12  Ferritin heavy polypeptide-like 12 (MacLeod et al.,
2009)
FTHL17  Ferritin heavy polypeptide-like 17 (Agyezr‘r(\)alr;)et al,
e . TCAGCATGACTCAGC (Hintze and Theil,
FTL1 Ferritin light polypeptide AGTCGC 2005)
GGACCGTGACTCAG
CAGGAAA and e Gl
HMOX1 Haem oxygenase (decycling) 1 GGACCGTGACTCAG 2006; MacLeod et
CGAAAAC and al., 2009)
AGACCGTGACTCAGC !
GAAAAC
Lipid . . CAGCTCTGTCCCTGG  (Mooradian et al.,
metabolis AR E GGCTGG 2004)
m TBXAS1 Thromboxane A synthase 1 (Converts AAGGAATGAATCAG (Yaekashiwa and
prostaglandins to thromboxane) CAACTTT Wang, 2003)
Es::z?c?rts ATF3 Activating Transcription Factor 3 TTAAGE_I-_FCGT':(':AACAGC (Kim et al., 2010)
and Guanine Nucleotide Binding Protein (G ETEene
associated GNAI2 Protein), Alpha Inhibiting Activity AGCCTGTGACTGGG Kawai, 2005)
proteins Polypeptide 2 CCGGGGC !
/signal (Chorley et al.,
transducti MAFG MafG protein TCACGCTGACTCAGC 2012; Macleod et
on ACATTG al., 2009)
PPARG Peroxisome proliferator-activated (Chorley et al.,
receptor gamma (PPARy) 2012)
PPARGC Peroxisome proliferator-activated (Chorley et al.,
1B receptor gamma coactivator 1-beta 2012)
N (Chorley et al.,
RXRA Retinoid X receptor alpha 2012)
S100A6 $100 calcium binding protein A6 (cell GACACGTGACTCGG (Lesniak et al.,
cycle progression and differentiation) CAAGGGG 2005)
Ubiquitin - KEAP1 Kelch-like ECH-associated protein 1 (Chorley etal,
proteaso 2012)
me PSMA3 Proteasome (Prosome, Macropain) AGCCAATGAGCGGG (Takabe et al.,
Subunit, Alpha Type, 3 CCTGTTA 2006)
Cytoskelet  Keratin KRT16 GAACCTGGAGTCAG (Endo et al.,
on 16 CAGTTAG 2008)
Immune ETS1 Protein C-ets-1 — expression of AGCGGGTGACCAAG (Wilson et al.,
response cytokine and chemokine genes CCCTCAA 2005, p. 200)
Prostaglandin-Endoperoxide Synthase
PTGS2 2 (inflammatory prostaglandin TTTTAGTGACGACGC (Sherzrggt?’et al,
production) TTAATA )
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1.3.4. Nrf2 activation in response to drug toxicity

While Nrf27- mice survive to adulthood, they exhibit lowered basal and inducible levels of
ARE-regulated genes in multiple tissues (Enomoto et al., 2001). They are highly susceptible
to pathologies associated with exposure to chemical toxicants, such as acetaminophen
hepatotoxicity (Chan et al., 2001; Enomoto et al., 2001), cisplatin nephrotoxicity (Aleksunes
et al.,, 2010) and bleomycin lung fibrosis (Cho et al., 2004). Conversely, tissue-specific
ablation of the KEAP1 gene confers resistance to acute drug toxicity in vivo (Okawa et al.,
2006). Based on these observations, and evidence that Nrf2 pathway activity is perturbed in
diseases with an oxidative stress component, there is an increasing interest in the

therapeutic value of targeting Nrf2 with small molecules (Mutter et al., 2015).

A number of toxic chemicals and drugs have also been shown to induce Nrf2-mediated
adaptive responses in cell and animal models. For example, the bioactivation of
acetaminophen to the reactive metabolite NAPQl has been associated with the rapid
accumulation of Nrf2 and induction of target genes in mouse liver (Goldring et al., 2004).
Importantly, dose-dependent activation of the Nrf2 pathway was evident in animals
receiving non-toxic and toxic doses of acetaminophen (Goldring et al., 2004), highlighting the
ability of Nrf2 to report early chemical stress associated with drug-induced liver injury.
Consistent with these findings, direct application of NAPQI to mouse hepatoma cells has
been shown to cause chemical adduction of selected cysteine residues in Keapl and the
activation of Nrf2 signalling (Copple et al., 2008a). Accumulation of Nrf2 and/or induction of
its target genes have been observed in response to other model hepatotoxins, including
diclofenac (Fredriksson et al., 2014) and carbon tetrachloride (Randle et al., 2008). It has also
been observed in response to nephrotoxins such as cisplatin (Aleksunes et al., 2010) and
cyclosporin A (Wilmes et al.,, 2011), and the neurotoxins 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (Chen et al., 2009) and 6-hydroxydopamine (Tobdn-Velasco et al., 2013).

In addition, many electrophilic skin sensitisers appear to be capable of stimulating Nrf2
signalling; this is the rationale for use of the in vitro Keratinosens™ assay, in which a human
HaCaT keratinocyte cell line equipped with an ARE-regulated luciferase reporter transgene
is used to classify the skin sensitisation hazard associated with new chemical entities (Emter
et al., 2010). The above evidence demonstrates that Nrf2 can respond to diverse chemical

toxins in multiple cell types, both in vitro and in vivo.
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1.4. Identifying oxidative and chemical stressors

Identification of compounds liable to bioactivation and subsequent induction of oxidative
stress is vital for the prevention of drug-induced toxicity. However, monitoring oxidative
stress is hampered by the ephemeral nature of free radicals. A multitude of fluorescent and
chemiluminescent probes have been developed for the indirect quantification of ROS
generation. Oxidative damage to proteins lipids and DNA can be readily assayed. However,
in order to avoid drug-induced oxidative damage, computational platforms to predict a
chemical’s propensity for bioactivation have been established. While these in silico methods
can identify chemical liability, they are not capable of predicting the biological consequences
of metabolic bioactivation in vivo. Therefore, better detection and prediction systems are

needed to avoid drug-induced oxidative stress.

1.4.1. Detection of oxidative stress

Direct measurement of ROS is difficult due to their transient nature and low abundance. For
instance, nitric oxide (‘NO) has a half-life of only 4 seconds (Hakim et al., 1996). Electron spin
resonance (ESR) and paramagnetic resonance (EPR) identifies the unpaired spins of free
radicals but with limited sensitivity. In order to increase signal strength, spin traps are
employed to measure free radicals indirectly. Spin trapping involves the addition of nitroxyl
probes that react with free radicals to generate more stable radical adducts. However the
half-life of the detectable products remains short, for instance, the hydroxyl adduct of PBN
(N-tert-butyl-a-phenylnitrone) has a half-life of 38 s (Janzen et al., 1992). Lack of signal

penetration and potential toxicity of the probes limits their application in human imaging.

Fluorescent and chemiluminescent probes offer a more sensitive and versatile method of
ROS detection. One of the most commonly used probes, dichlorodihydroflurorescein (DCFH-
DA) is oxidised to the fluorescent compound 2',7’-dichlorofluorescein (DCF). DCFH-DA reacts
readily with carbon trioxide (COs'-) and nitrogen dioxide (NO;’) but has low reactivity to the
more abundant H,0; and O»- radicals (Wrona et al., 2005). However, DCFH-DA can react with
oxygen to generate free radicals itself (Yazdani, 2015) and generates artifactual fluorescence
when oxidised by cytochrome C and haem peroxidases (Burkitt and Wardman, 2001).
Chemiluminescent reactions emit light without excessive heat production. The most widely
used probe Lucigenin (bis-N-methylacryidinium nitrate) is oxidised by superoxide to the

intermediate dioxetane, which cleaves spontaneously to the excited product N-
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methylacridone that emits a photon of light (Peters et al.,, 1990). Other luciferin-based

probes such as Luminol and methyl-cypridine-luciferin analogue (MCLA), also lack specificity.

Genetically encoded fluorescent and chemiluminescent protein reporters facilitate
measurement of ROS activity in vivo and ex vivo. HyPer was the first genetically encoded
fluorescent sensor specific for H,0, activity (Belousov et al., 2006). It consists of cpYFP
(circulatory permuted yellow fluorescent protein) inserted into the regulatory region of
OxyR, a prokaryotic H,0,-sensing protein. Subsequent HyPer mutants offer increased
dynamic range and faster redox kinetics (Bilan et al.,, 2013; Markvicheva et al., 2011).
However, in order to achieve reversible fluorescence quenching many fluorescent probes
are pH sensitive, which could lead to erroneous signal (Schwarzlander et al., 2014; X. Wang
et al., 2013). Many genetically encoded sensors employ the luciferase-dependent catalytic
conversion of luciferin to oxyluciferin and bioluminescence for the detection of ROS.
Luciferase genes have been derived from a plethora of species including firefly, clickbeetle,
sea pansy (Renilla reniformis), and Copepod (Huh et al., 2009; Shimomura, 1985; Steghens
et al., 1998). Gaussia luciferase (GLuc) is the smallest known secretory luciferase (Szent-
Gyorgyi et al., 1999). Subsequent variants such as fLuc8 exhibit increased stability to changes
in pH and temperature and extend the half-life of the probe. Peroxy caged luciferin-1 (PCL-
1), a chemoselective bioluminescent probe, facilitates real-time detection of H,0, in mice
(Bittner et al., 2010). Expressed in all tissues, the reporter is sensitive to both inducible and
basal levels of H,0, in vivo. While numerous probes exist for the enhancement of ROS
detection, they are limited by their stability, signal strength, and specificity. Probes may
perturb the system being studied producing artefactual signal. The probe signal may be
stimulated or quenched by off target reactions, such as changes to pH, while specific
measurement of individual ROS is hampered by a probes sensitivity to other ROS and
antioxidants such as the case with DCFH-DA. The recently established chemiluminescent
probes offer an alternative to fluorescent indicators but further optimization is needed to

improve signal strength and stability.

1.4.2. Measurement of antioxidant levels

Measurement of individual antioxidant activity such as GSH can give insight into the extent
of cellular oxidative stress. GSH is a tripeptide thiol present in all tissues that neutralizes free
radicals in combination with many detoxifying enzymes such as glutathione peroxidases and

glutathione-S-transferases (Fig 1.5). Quantification of the ratio between reduced GSH and its
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oxidised state (GSSG) or total GSH levels is possible via a rapid colorimetric assay (Rahman
et al., 2007). Measurement of individual antioxidants are also influenced by bioavailability,
metabolism, location, distribution, fate of anti-oxidant derived radicals and interaction with

other antioxidants/ combinations of radicals.

Wayner et al developed the first assay to quantify ‘total antioxidant capacity’ (TAC) by
measuring oxygen consumption after adding peroxyl radicals to a biological fluid (Wayner et
al., 1985). Low total antioxidant capacity of serum may indicate oxidative stress or increased
susceptibility to oxidative damage. Contrary to their name, TAC assays do not measure the
entire antioxidant capacity, instead the low molecular weight antioxidants such as urate,
ascorbate and thiols, thus correlate poorly with other assays that include quantification of
enzymes such as catalase and superoxide dismutase (Costantini and Verhulst, 2009).
Individual expression patterns of antioxidant molecules give more insight than TAC

assessment (Pompella et al., 2014).

Currently no single biomarker has the specificity, sensitivity and potency to monitor the
response to oxidative stress. While markers of oxidative damage are more stable than
reactive species themselves, these cannot provide predictive insight. In addition, the variable
extent and onset of oxidative damage leads to poor correlation between markers of damage
and levels in healthy tissue. Artificial oxidation from sample handling and oxidised

protein/lipids from dietary sources may also lead to false positives.
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Figure 1.5 The Glutathione system

The reduced form of glutathione (GSH) is generated by glutamate cysteine ligase (GCL) which
converts L-glutamate to y-glutamyl-cysteine in an ATP-dependent reaction. Glutathione
synthetase (GS) converts this product with glycine to GSH (comprised of the amino acids
cysteine, glutamate and glycine). Glutathione-S-transferases (GST) catalyse the formation of
GSH conjugates that facilitate detoxification of xenobiotics. GSH is oxidised (GSSG) by lipid
peroxides and ROS such as hydrogen peroxide (H.0,). Glutathione reductase catalyses the

NADPH-dependent reduction of GSSG. Adapted from (Lehane et al., 2012).
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1.4.3. Identifying potential chemical stressors

Identification of chemicals liable to metabolise into covalently reactive species early in the
drug development process reduces costs and avoids post-market withdrawal. Idiosyncratic
adverse drug reactions, though low in incidence, can be fatal (Uetrecht and Naisbitt, 2013).
Currently, no consensus exists for the reactive metabolite risk assessment strategies because
of the challenges faced when quantifying reactive metabolites and the complex mechanisms
of toxicity (Thompson et al., 2016). A number of in silico techniques have been developed to
predict the reactive nature of drug-candidates. Identifying structural motifs with propensity
to form reactive metabolites is a useful tool to guide drug design. For instance, quantitative
structure-activity relationship (QSAR) modelling predicted candidate drugs with the
propensity to form reactive metabolites based on structures previously associated with that
risk (Liew et al., 2012). Hsiao et al., used density functional theory calculations to predict
sites of metabolism in lead compounds by cytochrome P450 enzymes (Hsiao et al., 2012).
While predictive tools can provide insight into potential formation of reactive species, this
does not imply actual formation nor does it inform on biological consequences of
bioactivation. Relying solely on this approach may rule out or overlook potentially effective

compounds.

The majority of in vitro assays for the detection of reactive metabolites assess covalent
binding of a drug-candidate via ‘trapping’ agents or radiolabelling of the compound.
Nucleophilic trapping agents such as GSH are employed to analyse a compounds liability for
bioactivation. Srivastava et al., highlighted the propensity of lead compounds to from
reactive intermediates using trapping agents GSH and NAC when incubated with human and
rat liver microsomes (Srivastava et al., 2014). Structural modification in succeeding
analogues negated this risk. However, within the body, the metabolite is expected to be
trapped by protective molecules such as GSH and therefore this approach may not accurately

identify compounds liable to bind covalently with proteins in vivo.

Integrated risk assessments incorporate other chemical insults occurring during drug toxicity
in order to reflect more accurately events in vivo. For instance, DILI mechanisms of initial
injury include immune responses, direct cell and mitochondrial stress (Russmann et al.,
2009). It is therefore important to incorporate assessment of actual metabolic activation of
the compound and not exclusively its chemical propensity to from reactive metabolites. The
generation of increasing sophisticated co-cultures aids physiologically relevant risk

assessment. Recently, microphysiological systems have been designed to include immune
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component 3D cultures (Choucha Snouber et al., 2013; Tsamandouras et al., 2017). This
information aids the expansion of adverse outcome pathways (AOPs). Developed by the
Organisation for Economic Co-operation and Development (OECD), AOPs aim to delineate
the underlying mechanisms of toxicity from molecular initiating events (MIEs) and
toxicological endpoints (Ankley et al., 2010; Vinken, 2013). Combining this data along with
structural information about a drug-candidate may increase the specificity and sensitivity of

current methods to detect chemical stressors.

1.5. Monitoring activity of the Nrf2 pathway

While established toxicological endpoints, such as decreases in cellular adenosine
triphosphate levels and leakage of lactate dehydrogenase into cell culture media,
unquestionably demonstrate the ability of a compound to provoke cell death, their
sensitivity is generally not sufficient to identify sub-lethal chemical insults that initiate
adaptive stress responses but do not culminate in overt cytotoxicity. These stress responses
encompass the Nrf2-driven antioxidant response, but also the DNA damage response
(effected by the tumour suppressor p53), the unfolded protein response (effected by
activating transcription factor 4/X-box binding protein 1, in response to endoplasmic
reticulum stress), and the heat shock response (effected by heat shock factors), amongst
others (Jennings et al., 2013). Such responses encapsulate some of the earliest biochemical
signals that precede the initiation of toxic cascades, and can thus provide sensitive and
mechanistic insights into the deleterious effects of a chemical entity (Wink et al., 2014). In
this regard, stress responses represent important components of AOPs. There is much
interest in the value of monitoring stress responses and other components of AOPs to
minimise reliance on animal models and improve the mechanism-based identification of

hazardous chemical entities (Vinken, 2013).

1.5.1. In vitro models

To overcome some of the technical barriers of measuring Nrf2 directly (including a historic
lack of sensitive antibodies for the detection of the low-abundance Nrf2 protein and relative
stability of Nrf2 mRNA during activation of the pathway), researchers have developed novel
strategies for monitoring Nrf2 pathway activity. These include the use of stable ARE-driven

reporters, fluorescent-tagged Nrf2 or target genes and, transcriptomic analysis of dynamic
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changes in gene signatures that have been shown (for example, in ChIP data) to be

representative of the battery of Nrf2-regulated genes.

One example of a stable reporter is 8AREL, established in H4lIE and HEK293 cell lines
(Kratschmar et al., 2012). 8AREL contains an eight times repeated ARE sequence from the
promoters of rat GSTA2 and mouse GSTal controlling a luciferase reporter gene (Wang et
al., 2006). This cell line was used to assess the in vitro therapeutic index of Nrf2 activators
(CDDO-Me, sulforaphane and DMF) (Copple et al., 2014). In addition, the keratinosens™
assay utilizes a luciferase reporter gene directed by Aldo-Keto reductase family 1, member
C2 (AKR1C2) ARE sequence in HaCaT cells to identify the skin sensitization hazard of novel

chemicals (Emter et al., 2010). It has been adopted as an OECD test guideline.

Many other ARE reporters have been constructed. The AREc32 cell line also contains eight
copies of the ARE sequence in human mammary cell line MCF7 (Wang et al., 2006). The Nrf2
CALUX assay utilizes an ARE-luciferase construct consisting of a 4 x ARE sequence: consensus
ARE, NQO1 ARE, hGCLM ARE and hGCLC ARE transfected into the human bone-derived cell
line U20S (van der Linden et al., 2014). The reporter responded to compounds whose toxicity
was due to oxidative stress but failed to respond to drugs that needed bioactivation. This is
one limitation of test systems utilising a homogenous cell culture. Motahari et al. were the
first to generate an ARE-luciferase base reporter driven by a construct containing one copy
of an extended consensus response element (from the NQO1 promotor) (Motahari et al.,
2015). Transfected human hepatoma cells (Huh7) respond as early as 4 h following exposure
to hydroquinone and p-benzoquinone and the antioxidant curcumin. While incorporating a
single ARE element into a reporter provides specificity, multiple ARE elements may increase

the sensitivity of the reporter and better reflect activity of the Nrf2 pathway.

As part of the Tox21 initiative to identify better in vitro models of toxicity assessment, Kim
et al. employed an ARE-bla (B-lactamase) reporter to assess Nrf2 pathway activation
following exposure to a library of 10,000 compounds (Kim et al., 2016). This reporter was
part of a panel designed to assess activation of stress responses prior to cell death that were
consistent with the structure or class of compound. Broad relationships identified in this
study would inform the development of AOPs. Identifying compounds that provoke toxicity
in the early stages of an AOP instead of reaching the toxicological endpoint will aid the
development of assays that avoid toxicity in animals. Aside from ARE-based reporters,
Smirnova et al. highlight the ability of a Neh2-luc reporter to be recognised, ubiquitinated

and degraded by the proteasome (Smirnova et al., 2011). The reporter successfully identified
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Nrf2 activators from a library of 2000 compounds, including a novel activator Genunin. ARE-
based reporter signal follows the stabilization of Nrf2-target gene expression whereas the

Neh based system allows immediate monitoring of drug induced Nrf2 accumulation.

Automated, high-content imaging of cell lines expressing fluorescent-tagged Nrf2 or target
gene products provide insight into subcellular localization of constituents of the Nrf2
pathway in real time. For instance, an SRXN1-GFP reporter has been incorporated in the
novel (geno)toxicity assay: ToxTracker (Hendriks et al., 2012). ToxTracker incorporates
mouse embryonic stem cell lines with either Bscl2-GFP (ATR-Chk1 signalling pathway), Btg2-
GFP (P53 pathway) or SRXN1-GFP reporters and provides mechanistic insight into
oxidative/genotoxic manifestations of toxicity. In order to distinguish DILI compounds that
initiate either Nrf2 or NF-kB defence pathways, Herpers et al. established a novel GFP-
reporter, GFP-SRXN1, expressed in the immortalised human hepatoma cell line HepG2
(Herpers et al., 2016). Through high quality live cell imaging, they also observed altered

nuclear translocation of NF-kB subunit via the reporter GFP-P65.

Holistic profiling of transcriptional changes following oxidative insult has shown substantial
involvement of the battery of Nrf2-regulated genes. For instance, following exposure to
cyclosporine A (CsA) in the human proximal tubule cell line RPTEC/TERT1, the resulting
transcriptomic, metabolomic and proteomic response was integrated to elucidate cell stress-
induced signalling cascades (Wilmes et al., 2013). This was the first study to highlight ‘CsA-
induced stress not linked to primary pharmacology’. Gene expression alone does not give
insight into alternative splicing, post-translational modifications or protein expression. By
employing all three ‘omics’ approaches, Wilmes et al. identified Nrf2 pathway activation
alongside mitochondrial dysfunction and the unfolded protein response in CsA-exposed
cells. NQO1 and Hmox1 were induced at early time points. Transcriptomic analysis of long-
term repeat dose toxicity studies in the RPTEC/TERT1 cell line revealed global and compound
specific responses to particular nephrotoxins (Aschauer et al., 2014). The majority of the
compounds induced a strong Nrf2 response (most prominent: CsA chloroacealdehyde and

cadmium chloride).

Whilst the cytoprotective genes regulated by Nrf2 are relatively well conserved amongst
mammals (Table 1), the majority of these genes are also regulated by other transcription
factors, including those that govern the activity of discrete stress responses (Limonciel et al.,
2015). Therefore, the consolidation of these gene signatures is vital to unravelling the roles

of different molecular pathways in the cellular response to chemicals that have diverse
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pharmacological and toxicological effects. These efforts will be enhanced by detailed
assessments of the gene networks that are regulated by Nrf2 in human primary cells. As the
toxicological phenotypes associated with activation of the Nrf2 stress response become
clearer, it is envisaged that monitoring the activity of this pathway will contribute to the
continuing drive toward in vitro and in silico approaches for predicting the human hazard

posed by chemicals and new drugs.

1.5.2. Invivo models

An important limitation of the above cell-based models is their lack of key physiological traits,
which can limit their predictive value. For example, in the case of drug-induced liver injury,
the current lack of stable hepatocyte cell models that retain the capacity to metabolise many
drugs, and the dedifferentiation of primary hepatocytes following their isolation from liver
tissue (Elaut et al.,, 2006), renders such systems more suitable for identifying direct,
metabolism-independent hepatotoxins. Whilst recent advances in stem cell technology are
increasingly being used to address these shortcomings, state-of-the-art protocols currently
generate only hepatocyte-like cells, given that their complement of cytochrome P450
enzymes and ability to metabolise drugs remains inferior to their primary counterparts
(Takayama et al., 2014). At least until these barriers are overcome, animal models will
continue to provide a unique opportunity to consider aspects of drug disposition in the

toxicological effects of a given compound.

Several lines of transgenic mice have been established with a reporter construct under the
transcriptional control of an ARE. For instance, the ARE-hPAP reporter mice contain the
human placental alkaline phosphatase (hPAP) reporter gene under the control of an ARE
from the promotor of NQO1 (Johnson et al., 2002). Primary cortical cultures from ARE-hPAP
mice exhibited dose-dependent induction of hPAP activity following exposure to tBHQ
alongside induction of endogenous Nqol. Treatment with the antioxidant GSHEE (cell-
permeable GSH) blocked DEM-mediated ARE activation; while LY 294002 (a selective PI3-
kinase inhibitor) blocked tBHQ-mediated ARE activation. Following exposure to the
excitotoxin kainate, as a model of neurodegeneration, the ARE-hPAP reporter mice showed
ARE activation within damaged hippocampus (Kraft et al., 2006). ARE-hPAP mice have been
used as a model of the neurodegenerative disorder Alexander disease that is due to mutated
intermediate filament protein (GFAP) forming Rosenthal fibres. ARE-hPAP mice crossed with

transgenic mice over-expressing hGFAP were more susceptible to kainite-induced seizures
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with alkaline phosphatase activity localised to white matter within the murine brain,

implicating the Nrf2-pathway in progression of this disease (Hagemann et al., 2005).

Hmox1-Luc reporter mice established by Zang et al. facilitates non-invasive imaging of
Hmox1 activity (Zhang et al., 2001a). The transgene consists of the Hmox1l promotor
sequence fused to firefly luciferase. The transgenic line have since been used to analyse
Hmox1 induction to known toxicants including cadmium chloride (CdCl,), doxorubicin and
thioacetamide (Malstrom et al., 2004a). Tissue damage, predominantly in the liver, kidney
and intestines, was more pronounced than luciferase expression. This may be because the
reporter acts downstream of Nrf2. While these transgenic lines hold potential for the in vivo
screening of compounds that induce luciferase signal as a marker of toxicity, a reporter

capable of responding to earlier activation of the Nrf2 pathway may avoid toxic damage.

Oikawa et al. recently established the OKD48-luc mouse model that expresses a
transcriptionally inactive luciferase-tagged human Nrf2, under the transcriptional control of
endogenous Nrf2, mediated through an ARE sequence repeated three times, from the
promotor of GSTYa (Oikawa et al.,, 2012) (Fig 1.6). Microinjection of the transgene into
fertilised embryos facilitated random integration of the reporter gene into the C57BL/6)J
background. Whilst the transgene product is able to interact with Keapl, and is therefore
repressed in the absence of an Nrf2-inducing stimulus, general or oxidative stressors such as
sodium arsenite cause the accumulation of luciferase-tagged Nrf2 via inhibition of Keap1-
mediated turnover and transcriptional induction of the transgene by endogenous Nrf2. This
dual-regulating mechanism produces a bioluminescent signal, detectable via whole animal
and ex vivo organ imaging, upon activation of the Nrf2 response. By facilitating non-invasive,
real-time measurement of Nrf2 activity in vivo, this model provides a platform to examine
the relationship between drug disposition, activation of Nrf2 stress response signalling and

organ-specific drug toxicity.
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OKD48 Reporter
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Figure 1.6 Overview of the OKD48 reporter

The OKD48 transgene consists of the Neh2 domain of human Nrf2 bound to flag-tagged
Luciferase, driven by 3xARE promoter. Dual regulation of construct expression under normal
conditions limits background signal and increases specificity via Keapl-mediated
degradation of endogenous Nrf2 and leaked expression of the fusion protein. In response to
oxidative stress, endogenous Nrf2 transactivates expression of the construct, which evades
repression following inactivation of Keap1. This induces a luminescent signal in the presence

of the substrate luciferin.
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1.6. Therapeutic potential of Nrf2 modulators

The diverse, protective role of Nrf2 makes it an attractive candidate for therapeutic
modulation. A myriad of small-molecule inducers of Nrf2 have been established for clinical
use. Application of in vitro systems to monitor the Nrf2 pathway facilitate high through put
(HTP) screening of potential inducers and provides insight into the chemical structures and
motifs of compounds capable of preventing oxidative stress. Further investigation may aid
the establishment of treatment for a range of diseases with an underlying oxidative stress

component.

1.6.1. Compounds in the clinic

Aside from toxic compounds, a range of small-molecules have been shown to induce Nrf2
therapeutically and are currently undergoing pre/clinical trials (Fig 1.7). The most potent of
these is the triterpenoid CDDO-Me, a methylated variant of CDDO (2-cyano-3,12-
dioxooleana-1,9(11)-dien-28-oic acid), a synthetic triterpenoid. Derived from oleanolic acid,
triterpenoids have been associated with a plethora of therapeutic properties including anti-
tumour, anti-inflammatory, anti-microbial, cardio protective, wound healing, and hepato-
protective effects (Liby and Sporn, 2012). CDDO-Me appears to activate Nrf2 via covalent
modification of cysteine residues in Keapl to stimulate Nrf2 mediated cytoprotective gene
expression (Cleasby et al., 2014; Wong et al., 2016). A 5-fold increase in the mRNA level of
NQO1 has been reported in peripheral blood mononuclear cells (PBMCs) obtained from
patients with advanced solid tumours or lymphomas who received a daily dose of CDDO-Me
for three weeks (Hong et al., 2012). Also known as Bardoxolone methyl, CDDO-Me was a
leading candidate for the treatment of Type 2 diabetes mellitus and chronic kidney disease
in the Phase 3 BEACON trial. Early phase 1 trials indicated and improved eGFR in patients
(Hong et al., 2012). However, the daily 20 mg dose increased the number of heart failure
events via fluid overload resulting in termination of the study (de Zeeuw et al., 2013).
Following reassessment of the cohort, it was clear that only patients with increased risk
factors for heart failure (elevated D-type natriuretic peptide and prior hospitalisation for
cardiac injury) experienced fluid overload (Chin et al., 2014). Therefore, clinical trials
excluding at-risk patients are currently ongoing to assess CDDO-Me for the treatment of
Alport syndrome (CARDINAL, NCT03019185) and CKD patients with comorbidities such as
diabetes melitus (TSUBAKI, NCT02316821). The compound is also undergoing trials for the
treatment of pulmonary hypertension and associated connective tissue disease in the
CATALYST (NCT02657356), and LARIAT trials (NCT02036970). Another synthetic triterpenoid

RTA 408 (Reata Pharmaceuticals Inc.) is currently undergoing phase 2 trials (PRIMROSE) for
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protection against dermatitis, a common side effect of radiation therapy during the
treatment of breast cancer (NCT02142959). Preclinical data in mice highlighted its dose-
dependent reduction of epidermal thickening and skin ulcers after irradiation (Reisman et

al., 2014).

Dimethyl fumarate (Tecfidera® or BG-12) is an oral therapy prescribed for multiple sclerosis
(MS). Derived from fumaric acid, the compound was originally used as a radiosensitizer and
later as and oral treatment for psoriasis (Fumaderm) (Held et al., 1988; Mrowietz et al.,
2007). Two randomised phase 3 clinical trials DEFINE (Determination of the efficacy and
safety of oral fumarate in relapsing-remitting multiple sclerosis) and CONFIRM (Comparator
and an oral fumarate in relapsing-remitting multiple sclerosis) highlighted the reduced risk
of MS progression by 34-38% after 2 years and 44 - 55 % reduction of the annual relapse rate
(Fox et al., 2012; Gold et al., 2012). Adverse events associated with dimethyl fumarate
include gastrointestinal disturbances, elevated aminotransferases and decreased
lymphocyte counts. The electrophilic compound and its metabolite monomethyl fumarate
(MMF) modify cysteine residues within Keapl, including Cys151, resulting in the activation
of Nrf2 (Linker et al., 2011). However, the compounds anti-inflammatory effects may be
modulated by Nrf2-independent mechanisms. Dimethyl fumarate reduces the number of
pro-inflammatory T-cells, resulting in many patients developing lymphopenia (Longbrake et

al., 2016).

Isolated from broccoli, the isothiocyanate sulforaphane is a potent inducer of the Nrf2
pathway (Zhang et al., 1992). This is achieved by reacting with cysteine residues within Keap1
to disrupt Nrf2-Keapl binding (Dinkova-Kostova et al., 2002). Sulforaphane is absorbed,
conjugated to GSH and metabolised through the mercapturic acid pathway in humans. The
anti-apoptotic and anti-inflammatory activity of sulforaphane are independent of Nrf2
activation (Greaney et al., 2016; Kallifatidis et al., 2009). In a randomised double-blind clinical
trial in males suffering from autism spectrum disorder, daily doses of sulforaphane improved
behaviour and verbal communication over an 18 week period (Singh et al., 2014). Phase 1
trials for sulforaphane as a treatment of autism spectrum disorder are currently ongoing
(NCT02561481). Many analogues of sulforaphane have been produced for use in the clinic.
Sulforadex® (SFX-01) is a sulforaphane-cycoldextrin compound with a longer shelf life than
its parent compound. It has completed a randomised, double-blind trial assessing the safety,
pharmacodynamics and pharmacokinetics of Sulforadex in healthy male subjects

(NCT02055716) and is now part of the SAS (SFX01 after subarachnoid haemorrhage) trial,
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currently investigating the efficacy of Sulforadex as a treatment for haemorrhage
(NCT02614742). The compound has also been proposed as a combination therapy with
tamoxifen for the treatment of breast cancer following evidence in primary cell culture that
the combination therapy reverses cancer stem-cell like cell mediated resistance greater than

tamoxifen alone (Simdes et al., 2015).

Veda-1209, developed by Cureveda (USA), is another Nrf2 activator currently undergoing
preclinical testing for the treatment of ulcerative colitis (Gao et al., 2014). The dithiolethione
Oltipraz (4-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione) induces many antioxidant and
phase 2 enzymes that may account for its anti-carcinogenic effects (Ramos-Gomez et al.,
2003; Sharma et al., 2006) and inhibits liver cirrhosis in rodents (Kim et al., 2013). The
compound has completed phase 3 trials for the treatment of liver fat reduction in patients
with non-alcoholic fatty liver disease (NCT02068339). However, in a phase 2 trial, weekly
doses of Oltipraz failed to reduce the number of DNA adducts in the blood or lung epithelial
cells of smokers (Kelley et al., 2005). The compound is also capable of generating superoxide

radicals in human kidney cell culture (Velayutham et al., 2005).

While a number of promising Nrf2-activating compounds have been developed, the
consequences of acute/chronic activation of Nrf2 and underlying mechanisms of action are
unknown. Constitutive activation of Nrf2 occurs in many cancers, generating a favourable
environment for tumour cell survival (DeNicola et al., 2011). In addition, Nrf2 deletion in
ApoE’" mice resulted in a reduction of atherosclerotic lesions, indicating Nrf2 has a pro-
atherosclerotic role (Barajas et al., 2011), whereas overexpression of Nrf2 increased liver
lipogenic gene expression and levels of hepatic cholesterol that may play a role in increased
atherosclerosis (Jiansheng Huang et al., 2010). Keap1 knockout mice are also not viable due
to constitutive activation of Nrf2 in the upper digestive tract (Wakabayashi et al., 2003).
Further understanding of the consequences of pharmacologically targeting Nrf2 is needed to

ensure adverse effects do not outweigh the transcription factors protective effects.
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Dimethyl fumarate Oltipraz

Figure 1.7 Nrf2 inducing compounds
(A) CDDO-Me, a synthetic triterpenoid, is derived from the potent Nrf2 inducer CDDO. (B)
The isothiocynate Sulforadex is an analogue of sulforaphane bound to cyclodextrin (Evgen).

(C) Dimethyl fumarate is a derivative of fumaric acid and (c) Oltipraz is a dithiolethione.
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1.6.2. Identification of Novel Nrf2 modulators

The HTP detection of Nrf2 inducers, via the screening of compound libraries, holds promise
for the identification of novel drug candidates. Many screening platforms utilise in vitro ARE
based reporters and bioinformatics to identify compounds liable to prevent oxidative stress.
For instance, 47,000 compounds were screened using the AREc32 cell line described earlier
(Wu et al., 2012). Chemical structure relationship analysis of hits (238 compounds) inducing
the strongest luminescent signal highlighted the enrichment of four structural motifs. Insight
into the structure of potent Nrf2 activators will aid the design of analogues. Shukla et al.
utilized ARE-bla and ARE-Luc based assays in HepG2 cells to screen a US National toxicology
program library of 1,408 compounds (Shukla et al., 2012). The ARE-bla reporter consisted of
a three times repeat of the ARE form the promotor of NQO1 while the ARE-/uc construct
contained a seven times repeat of the consensus ARE sequence (Simmons et al., 2011). Both
reporter systems were employed as the ARE-/uc reporter identified Nrf2-specific activity in
response to stress, while the ARE-bla assay identified compounds inducing ARE through

complex interactions. It also aided the identification of false positives.

In silico screening offers a cost effective, fast method to identify compounds for drug
development. The quantum model established by Williamson et al., screened over 18 million
commercially available compounds for structures predicted to activate the Nrf2-pathway
(Williamson et al., 2012). The computational process predicts significant potency against
targets based on the structure of known Nrf2 inducers. Top hits were validated in primary
cell culture using an ARE-hPAP reporter. This process identified a novel family of activating

structures with comparable potency of tBHQ.

While primary cell cultures are more physiologically relevant than immortalised cell lines,
prolonged culture conditions and accessibility are limited. Stem cells derived from accessible
tissues and reprogrammed, offer a viable alternative culture system. Hoing et al., developed
a stem cell-based phenotypic assay for the screening of neuroprotective compounds in
microglia (H6ing et al., 2012). Initial in silico analysis identified compounds that were
metabolically stable and able to cross the blood-brain barrier. Co-culture of stem cell-derived
motor neurons and astrocytes expressing GFP were used to screen over 10,000 small
molecules and identify ‘hits’ increasing cell survival. Expression profiling of these cells
implicated many of the hits as Nrf2 activators. Inducers of Nrf2 were also identified using a
cell-based luciferase enzyme fragment complementation (EFC) assay whereby N and C

terminal domains of firefly luciferase fused to respective interacting proteins in the HEK293T
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cell line (Ramkumar et al., 2013). NLuc-Keap1 and CLuc-Nrf2 complexes dissociated following
Nrf2 activation facilitating non-invasive imaging of Nrf2 activation. The most potent
compound identified in the screen, Pterostilbene, reduced luciferase activity significantly in
tumour xenografts of the HEK293T cells in mice following a daily dosing regimen. The search
for Nrf2 inducing compounds has been accelerated, thanks to HTP screening systems
establishing direct evidence for Nrf2 activation or Keapl modification. In silico and in vitro
systems, prioritise chemicals for further detailed mechanism-based higher content studies.
Insight into the compounds activity in relevant cell types and involvement in other stress
response pathways such as DNA damage and inflammation is needed prior to therapeutic

application.

1.7. Thesis aims

Currently, the lack of predictive biomarkers for drug-induced injury hinders the ability to
screen novel compounds for toxicity. Nrf2 is the master regulator of the response to
oxidative stress stimulated by bioactivation of drugs to form chemically reactive metabolites.
Insight into the Nrf2 pathway may aid the analysis of novel or repurposed drug’s propensity
to induced oxidative stress linked to drug toxicity. Additionally, identifying clinically relevant
markers of Nrf2-pathway activity may aid the early identification or status of patients
suffering from drug-induced injury. As DILI is the most common form of drug-induced injury,
the regulation and function of the Nrf2-pathway in liver cell culture is of particular
importance. Therapeutic manipulation of the Nrf2 pathway is becoming more common in
the treatment of diseases with an underlying oxidative stress component. Understanding the
pharmacodynamics of novel Nrf2 activators may aid future generation of effective Nrf2-
inducing compounds. Therefore, this thesis focuses on monitoring the Nrf2 pathway with the
ultimate aim to improve testing strategies to identify chemicals and drugs that are likely to
provoke toxicity in humans. The principle aims of this thesis were to investigate novel ways

to measure activation of the Nrf2 pathway:

1. To characterise the response of Nrf2-Luc mice to organ-specific toxicants APAP and
cisplatin.

2. To assess Nrf2 pathway activity in whole blood as a means of monitoring Nrf2 pathway
status in vivo.

3. To characterise putative novel Nrf2-regulated genes in human liver cells.

4. To develop and use novel Nrf2-responsive reporter platforms to evaluate the

potencies of novel analogues of the Nrf2-activating compound, Sulforaphane.

51



Chapter 2

Chapter 2

Bioluminescent imaging of Nrf2 reveals localised chemical stress associated with drug-

induced organ toxicity
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2.1. Introduction

Nrf2 activation has been implicated in the early stages of drug-induced toxicity. A myriad of
toxic drugs are associated with activation of Nrf2, including APAP and cisplatin (Cho et al.,
2008; Goldring et al., 2004). There is increasing interest in the transcription factor’s ability to
differentiate between drugs likely to produce oxidative or chemical stress and those which
are not toxic. For instance, predictive, Nrf2-based assays such as the ARE-bla reporter from
the Tox21 initiative and Keratinosens™ assay have been developed (Emter et al., 2010; Kim

et al., 2016).

Previous work from this laboratory has shown that the Nrf2 pathway is elevated in the
murine liver following exposure to APAP (Copple et al., 2008b; Eakins et al., 2015; Goldring
et al., 2004). This entailed endpoint analysis of a large number of liver tissues from wild-type
mice, limiting the scope of examination. The recently established OKD48-Luc (hereafter
referred to as Nrf2-Luc) mice provide the ability to monitor the Nrf2-mediated response to
oxidative and chemical stress non-invasively and in real-time (Oikawa et al., 2012). This gives
greater insight into the activity of Nrf2 over time, in the same individual and simultaneously
reduces the number of animals needed in a study. This is in line with current 3R’s guidelines

(Russell and Burch, 1959; Tannenbaum and Bennett, 2015).

Nrf2-Luc mice respond to oxidative stress induced by sodium arsenite, UV radiation (Oikawa
et al., 2012) and, more recently, during the onset of cerebral malaria (Imai et al., 2014).
However, the value of these mice for investigating drug-induced organ toxicity has not been
determined.l hypothesised that the Nrf2-Luc mice would respond to drug-induced organ
toxicity and produce a localised bioluminescent signal to organ-specific forms of chemical
stress. In order to test this hypothesis, Nrf2-Luc mice were exposed to the hepatotoxin APAP
or the nephrotoxin cisplatin and their bioluminescent response quantified alongside classical
markers of toxicity such as alanine transaminase and blood urea nitrogen. The results of
these investigations are presented here and as part of the recent publication ‘Real-time in
vivo imaging reveals localised Nrf2 stress responses associated with direct and metabolism-

dependent drug toxicity’ (Forootan et al., 2017).
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2.2. Materials and Methods

All reagents were purchased from Sigma Aldrich unless otherwise stated.

2.2.1. Animals
All animal experiments were conducted according to the Animals (Scientific Procedures) Act
1986 guidelines under the Home Office project licence PPL 40/3678 and approved by the

University of Liverpool Animal Welfare Committee.

2.2.1.1. Wild-type mice

Male, wild-type C57BL/6J mice between 8-10 weeks old, were purchased from Charles River
and had a 5 day acclimatisation period prior to experimentation. Animals were maintained
in a 12 hour light/dark cycle in a temperature and humidity controlled, specific pathogen-
free environment. Mice were fed CRM (P) diet (Special Diets Services) ad-libitum. Mice were
administered APAP (300 mg/kg) or 0.9 % saline via intraperitoneal (IP) injection in groups of
five mice per experimental time point. Mice were fasted for 16 h prior to administration of

APAP. Mice were culled at 0, 2, 6 and 24 h with a rising concentration of CO,.

Blood was collected via cardiac puncture using a 25 G needle and 1 ml syringe to collect blood
directly from the heart. The needle was removed from the syringe before decanting the
blood into eppendorfs in order to avoid haemolysis. Freshly isolated blood was left to clot at
room temperature for 30 min and centrifuged at 2000 g for 10 min. Serum was decanted

and stored at -80 °C.

2.2.1.2. Nrf2-Luc reporter mice

A breeding colony of Nrf2-Luc C57BL/6J mice were established in Liverpool from founder
mice kindly donated by Dr Takao lwawaki, Gunma, Japan. Initial attempts to generate
homozygous Nrf2-Luc mice were unsuccessful therefore all studies were performed with
heterozygous mice. Litters of 4 week old Nrf2-Luc mice were genotyped by Transnetyx, using
ear snips. Heterozygous Nrf2-Luc were identified using the primers specific for firefly
luciferase. Four separate studies using Nrf2-Luc mice are described in this chapter: one study
using female mice exposed to a single dose of sulforaphane; one male and one female time
course study following a single dose of APAP and one female time course study following the

administration of cisplatin. Mice were selected for each study with similar genotyping scores.

Firstly, wild-type and heterozygote male Nrf2-Luc mice were administered sodium arsenite
as a positive control for the holistic induction of the Nrf2-Luc transgene. Wild-type and

heterozygote Nrf2-Luc mice were administered either 13 mg/kg sodium arsenite via IP
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injection (n=1). Injections were administered using a 1 ml syringe and short (16 mm) 25 G
needle or insulin needle. Mice were anaesthetised and bioluminescence was quantified after
6 h (see section 2.2.2 for protocol). Mice were culled after 6 h by a lethal dose of
pentobarbital (100 mg/kg), a Schedule 1 method. Organs were removed for ex vivo

bioluminescence quantification.

During the APAP studies, male or female Nrf2-Luc mice were fasted for 16 h and given a
single dose of either 0.9 % saline or 300 mg/kg APAP (n=5).. At 2, 6 and 24 h mice were
anaesthetised and bioluminescence quantified. Mice were culled after 24 h by a lethal dose
of pentobarbital and blood was collected by cardiac puncture. Organs were removed for ex
vivo imaging. Following bioluminescence quantification, half of the hepatic central lobe was

fixed and the rest of the liver was snap frozen.

In the cisplatin study, female mice were exposed to 0.9 % saline and 5 mice to 20 mg/kg
cisplatin, administered via IP injection (n=4). At 24, 48, 72 and 96 h the mice were
anaesthetised and bioluminescence quantified. Mice were culled after 96 h with an overdose
of pentobarbital via IP injection and blood collected by cardiac puncture. The kidneys and
livers were removed for ex vivo imaging. From each mouse, one kidney was fixed in formalin

and one kidney was snap frozen.

2.2.2. Bioluminescence imaging

Bioluminescence was quantified using the in vivo imaging system (IVIS) spectrum (Perkin
Elmer, Waltham USA). This machine facilitates non-invasive imaging of live mice and
produces a topographical image of the bioluminescent signal. Firefly luciferase, generated
by the OKD48 transgene, produces light in an ATP dependent reaction with luciferin (Fig 1.6).
In order to visualise the bioluminescent signal, mice were anaesthetised with isoflurane and
either their torsos or backs were shaved with electric clippers. Mice were weighed and
administered 150 mg/kg luciferin via IP injection using short 25 G needles. After 5 min,
bioluminescence was quantified using the IVIS. Up to five mice were placed in the chamber
in nose cones connected to anaesthetic supply. The mice were orientated either on their
front or back, and images were taken using Living Image® Software. Exposure times was set
to ‘Auto’, binning was set to ‘medium’ and F/stop kept at 1 with the excitation filter closed

and emission filter open.

Bioluminescence of organs were also quantified ex vivo. After the animal had been culled,

the organs were dissected and rinsed in phosphate buffered saline (PBS). These were
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subsequently incubated in 150 pg/ml in vivo grade luciferin in PBS for 2 min at room
temperature. The organs were transferred to small petri-dishes and imaged using the IVIS.
Bioluminescence in the region of interest (ROI) was calculated using Living Image® Software

(Fig 2.1).

Organs were rinsed in PBS after imaging and either fixed in 4 % paraformaldehyde or snap

frozen in liquid nitrogen.
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Figure 2.1 Calculation of region of interest
(A) Within the living image software, images were quantified in radiance (p/sec/cm?/sr). (B)
Using the image adjust settings, min and max colour scales were set to the same range for

all images of one experiment. The region of interest (ROI) was defined (red circle) and
quantified (C).
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2.2.3. Alanine transaminase quantification

Alanine transaminase (ALT) catalyses the conversion of a-ketoglutarate and alanine to
glutamate and pyruvate. Clinically, measurement of ALT reflects liver function and is used to
diagnose liver pathophysiology. ALT quantification using lactate dehydrogenase (LDH) and
nicotinamide adenine dinucleotide (NADH) was initially described by Wroblewski and LaDue
(WROBLEWSKI et al., 1956). Herel used the Infinity ALT Kit TR71121 (Thermo Scientific). This
assay utilizes the production of pyruvate to convert a nearly colourless probe to a colourful
product. This signal is proportional to pyruvate quantity. The change in optical density (OD)

is measured over time as this is a kinetic assay for the measurement of enzymatic activity.

Murine serum was thawed only once to avoid ALT degradation and used immediately.
Samples from APAP-treated mice were diluted 1:30 in 0.9 % saline and loaded in duplicate
in a 96 well plate (30 ul / well). Samples from saline-treated mice were loaded neat. Blank
wells were loaded with 0.9 % Saline. Undiluted normal and abnormal control serum (Data
Trol™) were included on the plate as negative and positive controls respectively. The plate
reader and ALT reagent were heated to 37 °C, prior to the addition of 300 ul ALT reagent to
the samples. The OD was measured at 340 nm using a Varioskanner Flash (Thermo Scientific).

ALT activity was expressed in U/L:
ALT activity (U/L): Abs/min x 1746

1746 = [Total reaction volume (ml) x 1000] / [Absorption coefficient of NADH at 340 nm x

sample volume (ml) x cuvette pathlength (cm)]

2.2.4. Glutathione quantification

Total GSH content can be quantified by the 5-5’-Dithiobis(2-nitrobenzoic acid) (DTNB)-based
‘recycling’ method described by Vandeputte et al. (Vandeputte et al.,, 1994). The assay
utilises the following reactions, the latter catalysed by GSH reductase to generate the 5’thio-

2-nitrobenzoic acid (TNB) chromophore:
2GSH + DTNB = GSSG + TNB
GSSG + NADPH + H* = 2GSH + NADPH*
Glutathione stock buffer was generated (11.15 g sodium dihydrogen phosphate

monohydrate NaH,P042H,0 and 1.17 g Ethylenediaminetetraacetic acid (EDTA) in 500 ml

59



Chapter 2

dH,0) at pH 7.4. 100 mg of liver tissue was homogenised in 400 pl GSH stock buffer and 200
ul 6.5 % sulfosalicylic acid using an oscillating mill (Retsch) and magnetic ball bearings, for 3
min at 30 s*. Samples were left on ice for 10 min, then centrifuged at 18000 g for 5 min. The
supernatant was snap frozen and stored at -80 °C. 1 ml of 1 M NaOH was added to the pellet
and incubated at 60 °C for 1 h. Pellets were resuspended and frozen at -80 °C. Total protein

content was quantified by Bradford assay (see section 2.2.7).

1 mM glutathione (in glutathione stock buffer) was prepared. This was diluted 1:10to a 0.1
mM glutathione solution and used to make solutions for the standard curve (1, 2, 5, 10, 20,
40 and 80 nM glutathione in GSH stock buffer). Supernatant samples were defrosted on ice
and diluted 1 in 10 in GSH stock buffer, vortexed and 20 ul added to wells of a 96 well plate
in duplicate. Standard curve samples were loaded in a similar manner. 20 pl GSH stock buffer

was added to each well, to neutralise the pH. The plate was left on ice.

The Daily assay reagent was generated (9.908 mg Ellman’s reagent (DTNB), 7.08 mg NADPH
in 25 ml GSH stock buffer). 10 ml of diluted GSH reductase was generated (in GSH stock
buffer) and kept on ice. The quantity of enzyme to be diluted was based on the following

reaction:
Volume (pl) = [(6.96 units/ml x 10 ml) / (Units/ml of stock reductase)] x 1000

200 pl daily assay reagent was added to each well. After 5 min, 50 pl GSH reductase was

added to each well. The OD was read at 405 nM using the Varioskanner Flash (Thermofisher).

2.2.5. Blood urea nitrogen quantification

Secreted by the kidneys, urea is the product of protein catabolism. Increased levels of
circulating urea are associated with renal pathology, congestive heart failure and diabetes.
Blood urea nitrogen (BUN) levels indicate the amount of nitrogen in the blood from urea.
Developed by Jung et al. quantification of BUN consists of two steps (Jung et al., 1975). Firstly
ortho-phthaldialdehyde reacts with urea. The product undergoes a rapid reaction with
primaquine diphosphate that yields red coloured product proportional to concentration of

urea in the sample.

Serum was thawed once only, to avoid degradation. BUN levels were quantified using
QuantiChrom™ Urea Assay Kit DIUR-500 (BioAssay Systems), following the kit instructions.
Samples were diluted 1 in 50, in dH,0. Samples and standard were loaded in duplicate into

a 96 well plate (5 pl / well). The kit standard contained 50 mg/dL Urea. Distilled H,O was used
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as a blank sample. Samples were incubated with working reagent (Reagent A and B in equal
volumes) for 20 min at room temperature. OD was measured at 520 nm using the

Varioskanner Flash. Urea concentration was calculated in the following manner:

Urea concentration (mg/dL) = [ (OD sample — OD blank) / (OD standard — OD blank) ] x dilution
factor (50) x 50 mg/dL

As blood urea nitrogen is the mass of nitrogen within urea, BUN levels were calculated using

the following calculation:

BUN (mg/dL) = Urea concentration (mg/dL) / 2.14 (MW of urea (60)/ MW of urea nitrogen
(28) = 2.14)

2.2.6. Histological examinations

For the histological and immunohistological examinations, liver sections from the central
lobe, and kidney cross sections were fixed in 10 % buffered formalin for 48 h, trimmed and
routinely paraffin wax embedded. Sections (3-5 um) were prepared and routinely stained
with haematoxylin-eosin (HE). Processing and staining for histology was performed by Dr.
Julie Haigh, Histology Laboratories, Department of Veterinary Pathology and Public Health,

Institute of Veterinary Sciences, University of Liverpool.

The HE-stained sections were examined for any pathological alterations and the changes
consistent with DILI were scored according to a previously applied scoring system (Table 2.2)
(Antoine et al., 2009), whereas changes consistent with drug induced kidney injury (DIKI)
were scored according to a previously published system by Zhang et al. (Table 2.3) (Zhang
et al., 2009) by Prof. Anja Kipar, Laboratory for Animal Model Pathology, Vetsuisse Faculty,

University of Zurich and Institute of Global Health, University of Liverpool.
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Table 2.2 Drug-induced liver injury scoring criteria

From(Antoine et al., 2009)

Score Description
0 Tissues are normal with no hepatic necrosis.
1 Hepatocyte loss and necrosis — minimal to mild
Focal

Limited to centrilobular region
Less than % of affected lobules are necrotic
Associated with vacuolar degeneration or haemorrhages

2 Hepatocyte loss and necrosis — mild to moderate
Focal and multifocal
Extends from central to midzonal lobular region
% of affected lobules are necrotic
Associated with vacuolar degeneration or haemorrhages

3 Hepatocyte loss and necrosis — moderate to severe
Multifocal
May extends from centrilobular to portal region
More than % to % of affected lobules are necrotic
Associated with vacuolar degeneration or haemorrhages

4 Hepatocyte loss and necrosis — severe
Multifocal
More than % of affected lobules are necrotic
Associated with vacuolar degeneration or haemorrhages

5 Massive hepatocyte loss and necrosis — severe, involving entire
lobules
Hepatocytes loss extends from central vein to portal area
Hepatocytes loss extends o adjacent lobules (multilobular necrosis)
Associated with vacuolar degeneration or haemorrhages

Table 2.3 Drug-induced kidney injury score criteria

From (Zhang et al., 2009)

Score

Description

0

Normal tubules, glomerulus, interstitium and vessels

1

Scant number of tubular epithelial cells showing minimal degeneration, mild tubular dilatation, small number of
proteinaceous casts, no regeneration, no definitely significant necrosis or apoptosis. No changes in the
glomerulus, interstitium and vessels

<25% of tubular epithelial cells showing mild degeneration (large cytoplasmic vacuoles, few hyaline droplets in
the cytoplasm), mild degree of tubular dilation and proteinaceous casts, slight change in tubular brush border
loss, acute tubular necrosis in individual cell or small group of cells, a few apoptotic cells, no regeneration. No
changes in the glomerulus, interstitium and vessels

25-50% of tubular cells showing moderate degeneration (multiple large-sized cytoplasmic vacuoles, multiple foci
of hyaline droplets), mild regeneration, moderate tubular brush border loss, moderate tubular necrosis in small
groups of tubule and increased number of apoptotic cells. Little involvement of mild glomerular vacuolization.
No changes in interstitium and vessels

51-75% of tubular epithelial cells showing extensive moderate degeneration; moderate regeneration; severe
tubular brush border loss; severe acute tubular necrosis; large number of apoptotic cells with apoptotic bodies
in clusters of tubules. Little involvement of mild glomerular vacuolization and interstitial lymphocytic infiltration

>75% of tubular epithelial cells showing severe degeneration, regeneration, severe tubular brush border loss,
acute tubular necrosis, large number of apoptotic cells with numerous apoptotic bodies. Mild involvement of
glomerular injury (vacuolization, mesangial cell proliferation, increase in mesangial matrix) and interstitial
lymphocyte infiltration. No significant changes in the vessels
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2.2.6.1. Immunohistochemistry

Consecutive sections (3-5 um) from the paraffin blocks were stained by
immunohistochemistry to detect Iuciferase and Hmox1 expression. Briefly after
deparaffination, sections were pre-treated with EDTA buffer (1mM EDTA, 0.05% Tween 20)
at pH 9, for 20 min at 98 °C (Staining for luciferase) and citrate buffer (10 mM sodium citrate
and 0.05 % Tween 20) at pH 6, for 20 min at 98 °C (Staining for Hmox1), respectively. To avoid
endogenous peroxidase activity, all sections were incubated for 10 min with Peroxidase
blocking reagent (Dako, $2023) at room temperature. All following incubations were
conducted at room temperature. Between each incubation sections are washed with TBS-
Tween (Buffer described in section 2.2.8) for 10 min at room temperature. Sections were
incubated with the primary antibodies: mouse anti-luciferase (Clone Lucil7) ab16466 abcam,
or mouse anti-Hmox1 (clone MA1-112) Thermo Fischer Scientific, diluted 1:100 in Dilution
buffer (Dako) for 1 h. To detect the antibody binding, sections were incubated in Envision
Mouse HPR reagent (Dako) for 30 min. The reaction was visualised by incubating the sections
for 10 min with DAB (3,3'-diaminobenzidine), and counterstained with Gills haematoxylin
(1:20 in dH,0) for approximately 2 sec. Sections from a mouse spleen were used as a positive
control for Hmox1 staining and sections from a mouse tumour exhibiting a luciferase
expressing protein served as positive controls for luciferase. Sections incubated with a non-
reactive mouse monoclonal antibody instead of the primary antibodies served as negative

controls.

2.2.7. Total protein quantification

Protein concentration was determined via Bradford assay (Bradford, 1976). The assay utilises
the coomassie brilliant blue G-250 dye reagent that binds to amino acids facilitating the
colour change from brown to blue which is proportional to protein content. Liver lysates
were defrosted on ice. 15 mg liver tissue was added to 500 pg RIPA buffer and lysed using an

oscillating mill for 3 min at 30 s (Retsch).

A standard curve was generated with known concentrations of bovine serum albumin (BSA).
A 500 pg/ml BSA stock solution was generated in dH,O and diluted to the following
concentrations: 0.25, 0.2, 0.15, 0.1, 0.05 and 0.025 mg/ml. Tissue lysates were diluted 1 in
300 in dH;0. 20 pul of standards or samples were loaded in duplicate in to the wells of a 96
well plate. Distilled H,O was loaded as a blank sample. Protein Assay Dye Reagent

Concentrate (BioRad) was diluted 1 in 4 with dH,0. The diluted reagent was added to the
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plate (200 pl / well) and the plate was incubated at room temperature for 5 min. Absorbance

was measured at 595 nm using the Varioskanner Flash.

2.2.8. Western blotting

Western blotting facilitates the semi-quantitative detection of specific proteins via gel-based
separation and antibody staining (Burnette, 1981). NuPAGE 4x LDS Sample Buffer
(Invitrogen) and NUPAGE 10x Sample Reducing Agent (Invitrogen) were added together in a
ratio 7:3 to generate loading buffer. 5 ul loading buffer was added to 20 pg liver lysate and
incubated at 90 °C for 10 min to denature the protein. Samples were centrifuged briefly and
loaded into wells of NUPAGE Novex 4-12 % Bis-tris Polyacrylamide Gels (Invitrogen).
Precision-Plus Kaleidoscope Protein Standards (BioRad) were included as reference markers.
A 20x 3-(N-morpholino)propanesulfonic acid (MOPS) buffer was generated (209.2 g MOPs,
121.2 g Tris base, 20 g, SDS and 6 g EDTA in 1 L dH,0). Gels were resolved for 1 hat 170 Vin
1 x MOPs buffer.

Once resolved, proteins were transferred to Nitrocellulose Membranes (GE Healthcare,
Amersham). A 10 x Transfer buffer was generated (150.2 g Glycine, 30.3 g Tris base in 1 L
dH,0). The transfer was conducted in Transfer Tanks (BioRad) filled with 1x Transfer buffer
(100 ml 10x Transfer buffer, 200 ml Methanol and 700 ml dH,0) for 1 h at 230 mA.
Confirmation of successful transfer was obtained by incubating membranes for 3 min in

ponceau S solution.

A 20x Tris-buffered saline (TBS) stock solution was generated (175.2 g NaCl, 4.48 g KCl and
60.6 g Tris base in 1 L dH,0) at pH 7. Membranes were blocked with 10 % (w/v) Blotting grade
blocker (BioRad) in TBS-Tween (TBST) (50 ml 20x TBS, 10 ml 10 % (v/v) Tween20 and 940 ml|
dH,0) for 2 h or overnight at 4 °C. Blots were incubated with antibodies listed in Table 2.4 in
2 % (w/v) Blotting grade blocker in TBST. Following secondary antibody incubation, blots

were washed for 30 min with TBST.

Blots were developed with ECL reagent (Perkin-Elmer) and exposed to Hyperfilm™ (GE
Healthcare) in a dark room for 1 — 120 sec. Photographic film was incubated in Developer
(Carestream Health Inc.) diluted 1 in 5 with H,O for 1 min. The film was then incubated in
Fixer (Carestream Health Inc.) diluted 1:5 with H,O for 1 min and rinsed with H,0O. Once dry,
films were scanned and densitometry performed using Imagel (Schneider et al., 2012).

Density of bands were normalised to B actin intensity as a loading control.
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Primary Dilution (in | Incubation Washing Secondary Dilution (in 2 | Incubation
Antibody | 2 % Milk in time steps (using antibody % Milk in time
TBST) TBST) TBST) (h)
B Actin 1:20,000 10 min 4 x5 min Anti-Mouse- 1:10,000 1
(ab6276) HRP (A9044,
Monoclonal Sigma)
Polyclonal
Hmox1 1:5,000 Overnight 3x10 min | Anti-Rabbit- 1:5,000 1
(ab13243) HRP (A9169,
Polyclonal Sigma)
Polyclonal
Keapl 1:2,000 Overnight 3x10min | Anti-Rabbit- 1:5,000 1
(1050-3-2- HRP (A9169,
AP, Protein- Sigma)
tech) Polyclonal
Polyclonal
Txnrd1 1:5,000 Overnight 4 x5 min Anti-Rabbit- 1:5,000 1
(ab124954) HRP (A9169,
Monoclonal Sigma)
Polyclonal
Nqgol 1:2,000 Overnight 4 x 5 min Anti-Goat- 1:5,000 1
(ab2346) HRP (P0449,
Polyclonal Dako)
Polyclonal
Nrf2 1:1,000 Overnight 6 x 10 min | Anti-Rabbit- 1:5,000 1
(16396-1- HRP (A9169,
AP, Protein- Sigma)
tech) Polyclonal
Polyclonal
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2.2.9. Gene expression analysis

Expression of Nrf2 target genes was determined using quantitative (real-time) polymerase
chain reaction (gqPCR). Isolated RNA was converted to cDNA and quantified using the
fluorescent dye SYBR green. This dye intercalates with double stranded DNA to produce a

fluorescent signal (Ponchel et al., 2003).

2.2.9.1. RNA extraction

In this chapter, RNA was isolated using the spin column-based purification RNeasy Mini Kit
(Qiagen, Hilden Germany). Guanidium thiocyanate is used to facilitate binding of nucleic
acids to silica (Boom et al., 1990). The mini kit spin columns contain silica-membranes and
tissues were lysed in a guanidine-thiocyanate containing buffer. This lysis buffer also inhibits

RNase activity within the sample.

Liver tissue was weighed and 20 mg lysed in 350 pl of buffer RLT using the oscillating mill.
Lysates were centrifuged for 3 min at 18,000 g and the supernatant transferred to new
eppendorfs. Samples were vortexed after the addition of 350 pl of 70 % (v/v) ethanol in dH,0
and loaded onto the spin column above a 2 ml collection tube. Spin columns were
centrifuged for 15 sec at 8,000 g and the flow-through discarded. The silica membranes were
subsequently washed with 700 ul buffer RW1 and 500 ul buffer RPE two times. After loading
the buffer, spin columns were centrifuged and flow through discarded. The spin column was
spun at 8,000 g a final time to dry the membrane and RNA eluted in 30 ul RNAse-free dH,0.
The eluate was loaded back onto the spin column and centrifuged a second time to ensure a
high RNA vyield. The yield was quantified using the Nanodrop Spectrophotometer ND-1000
(Labtech International, Heathfield UK). Purity of the samples were based on the 260/280
ratio. Only those with a ratio between 1.9 and 2.1 were used. All RNA samples were stored

at -80 °C.

2.2.9.2. cDNA synthesis

RNA samples were reverse transcribed to cDNA using the GoScript™

Reverse Transcription
System (Promega, Madison USA). In a semi-skirted 96 well plate (Starlab, Hamburg
Germany), between 0.1 - 0.5 ug RNA was added per well, along with 0.5 pl random A primer
(500 pg/ml) and 0.5 pl oligo dt primer (500 pg/ml). Reactions were made up to 10 pl with
dH,0. Reactions included both sets of primers to increase cDNA yield. The plate was sealed
and incubated at 70 °C for 5 min and cooled on ice for 2 min. A master mix was generated (8

pl 5x reaction buffer, 4 ul 25 mM MgCl2, 2 ul 10 mM dNTPs, 2 ul reverse transcriptase and

14 ul dH,0 per reaction) in excess of the total number of reactions and 30 pl added to each
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well. The plate was then incubated at an annealing temperature of 25 °C for 5 min, an
extension temperature of 42 °C for 1 h and inactivation of the enzyme was achieved by

incubating at 70 °C for 15 min. cDNA samples were stored at -20 °C.

2.2.9.3.qPCR

gPCR analysis was conducted using the Via7 gPCR machine (Life technologies, Carlsbad USA).
Reactions were loaded into wells of a semi-skirted 96 well plate. cDNA was diluted 1 in 3 with
nuclease free dH,0 and 6 pl loaded per well. 5 uM primer pair solutions were generated by
diluting the 100 uM stocks and combining both forward and reverse primers (Table 2.5).
Master mixes were generated for each primer combination (10 ul Power SYBR green master
mix (Life technologies, Carlsbad USA) and 4 pl 5 uM primer pair solution per well). 14 pul of
Master Mix were added to each well of a 96 well plate. This made each reaction a final
volume of 20 pl. Each sample was run in duplicate alongside wells with 6 pl Nuclease free
water, substituting cDNA as a negative control. The plate was heated using the Via7 (program
listed in Table 2.6) and fluorescence quantified at 60 °C. Ct threshold was set using Via7™
software v1.2.2. Ct values for each sample were averaged and fold changes generated using

the following equation:
Ct (Gene of interest) — Ct (Housekeeping gene) = ACt
ACt (Experimental sample) — ACt (Control sample) = AACt

(2°2¢t) x 100 = mRNA level (% control)
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Gene Primer Sequence
Mouse Ngol Fwd 5-TTT AGG GTC GTC TTG GCA AC -3’

Rev 5’- GTC TTC TCT GAATGG GCC AG -3’
Mouse Gstal Fwd 5’-CAG CCT GGC AGC CAG AGA -3’

Rev 5’-TCT GTG GCT CCA TCA ATG CA -3’
Mouse Srxnl Fwd 5’- AAA GTG CAG AGC CTG GTG -3’

Rev 5’- CTT TGA TCC AGA GGA CGT CG -3’
Mouse Nrf2 Fwd 5’- CAT GAT GGA CTT GGA GTT GC -3’

Rev 5’- CCT CCA AAG GAT GTC AAT CAA -3’
Mouse Keapl | Fwd 5’- CAC AGC AGC GTG GAG AGA -3’

Rev 5’- CAA CAT TGG CGC GACTAG A -3’
Mouse Hmox1 | Fwd 5’- GTC AAG CAC AGG GTG ACA GA -3’

Rev 5’- ATCACC TGC AGC TCC TCA AA -3’
Mouse Gapdh | Fwd 5’-TGT CCG TCG TGG ATCTGA C -3’

Rev 5’- CCT GCT TCA CCACCTTCT TG -3’

Table 2.6 qPCR Program
Number of | Temperature (°C) Time
cycles
1 95 10 min
40 95 15 sec
60 1 min

2.2.10. Statistical analysis

Standard deviation (SD) was calculated using Graphpad Prism7. All bar graphs shown as

mean + SD. Normality was assessed by Shaprio Wilk test. Statistical significance of unpaired

data was assessed by Student’s T test, for parametric data, or Mann Whitney U test, for data

with a non-parametric distribution. Where F values relating to variance were significant,

Welch’s correction was employed. For multiple comparisons, one-way ANOVA with Tukey’s

post-hoc analysis or Kruskal Wallis with Dunn’s multiple comparisons tests, were used.

Correlations were calculated either by Pearson’s or Spearman’s R test. P value notations are

as follows: */@ P < 0.05, **/@@ P < 0.01 and ***/@@@ P < 0.001.
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2.3. Results

2.3.1. Nrf2-Luc mice characterization

Initial characterization of Nrf2-Luc mice was conducted to identify basal activity of the Nrf2
pathway and GSH levels. This was vital to ensure the transgene did not interfere with gene
expression or the major detoxification pathway of APAP, making the Nrf2-Luc mice more

sensitive or more tolerant to chemical stress.

Untreated male and female wild type and heterozygote Nrf2-Luc mice were culled with a
rising concentration of CO2 and hepatic GSH levels quantified (Fig 2.2 A). No significant
difference was observed between genotypes of male and female by unpaired t-test (P =
0.154 and 0.786 respectively). Basal activity of hepatic Nrf2-regulated transcriptome

revealed no significant difference between WT and Het female mice (Fig 2.2 B).

Oikawa et al. demonstrated the sensitivity of the Nrf2-Luc mice to sodium arsenite (ASN) as
a systemic inducer of oxidative stress (Oikawa et al., 2012). To show mice from our breeding
colony were also sensitive to Nrf2 induction in this manner, one wild-type and one
heterozygous Nrf2-Luc mouse were exposed to 13 mg/kg ASN for 6 h. In vivo
bioluminescence imaging following 6 h exposure revealed a strong signal in the lower
abdominal region (Fig 2.3 A). Ex vivo analysis identified a hepatic luminescent signal specific

to the heterozygous mouse.
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Figure 2.2 Basal expression of glutathione and Nrf2 pathway activity in Nrf2-Luc mice.
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B Ngo1
B Hmox1
B Srxn1
B Gstal

Wild type (WT) and heterozygote (Het) Nrf2-Luc mice were culled with a rising concentration of CO, (n=4) (A) Hepatic glutathione (GSH) levels were quantified

and showed no significant difference between genotypes and sex via unpaired t-test. (B) Basal hepatic activity of the Nrf2-pathway was quantified by gPCR.

No significant differences between WT and Het mice for each gender were calculated by one-way ANOVA.
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Figure 2.3 In and ex vivo bioluminescence of Nrf2-Luc mice exposed to Sodium Arsenite (13
mg/kg).

(A) Male wild-type (WT) and heterozygous Nrf2-Luc mice (Het) (n=1) were exposed to 13
mg/kg sodium arsenite (ASN) by IP injection and their bioluminescence observed after 6 h
using the IVIS spectrum. The liver from each mouse was excised and incubated in luciferin

solution (150 pg/ml in PBS) for 2 min. (B) Ex vivo signal was quantified.
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2.3.2. Response to APAP toxicity in wild type C57BL/6J mice

Firstly, the dose and time needed to induce APAP toxicity in wild type mice of a similar
background to the Nrf2-Luc mice (C57BL/6J) were determined. Male wild type mice were
treated with a single dose of APAP (300 mg/kg) or with 0.9 % saline and five mice culled at
either 2, 6, 24 or 48 h. One mouse, within the 48 h treatment group had to be culled at 8 h
due to surpassing the severity threshold of the procedure. Data from this mouse was
excluded from further analysis. Classical biomarkers of liver injury were monitored including

serum ALT and hepatic GSH levels.

In APAP-treated mice, serum ALT peaked after 24 h exposure to APAP and had decreased by
48 h (Fig 2.4). ALT levels were significantly different to the 0 h treatment group at 6 and 24
h after exposure to APAP (both p < 0.0001). Serum ALT levels in the 6 h saline treatment

group were not elevated.

Glutathione content in the liver was rapidly depleted 2 h following exposure to APAP (Fig
2.5). Subsequent recovery of hepatic GSH content was observed between 6 and 48 h to levels
similar to the saline 6 h treatment group. The 0 h treatment group GSH content significantly
differed from the 2, 24 and 48 h APAP-treatment groups (P = 0.027, 0.033 and 0.026
respectively). The 6 h saline-treatment group was also significantly different to the 0 h group

(P = 0.0032).

Gene and protein expression in the livers of wild-type mice were assessed for Nrf2 pathway
activity. Upregulation of Nrf2-regulated were evident after as little as 2 h exposure to APAP
(Fig 2.6 A). Hmox1, Gstal, Srxn1 and Ngo1 activity peaked at 6h though extent of induction
varied between genes. Hmox1 induction at 2 and 6 h was significantly different to Hmox1
activity in the 0 h treatment group (both p <0.0001). Gstal and Srxn1 activity was significantly
increased at all time-points when compared to the gene activity at 0 h. Gene activity in the
6 h Saline-treated group did not differ from 0 h. However, all genes measured at 6 h were
significantly elevated compared to the 6 h saline treatment group (Hmox1 = p <0.0001, Gstal
= p 0.0025, Srxn1 = p <0.0001, and Ngo1 = p <0.0001). Hmox1 protein expression peaked at
24 h and was significantly different at 6, 24 and 48 h compared to the 0 h treatment group
(All p <0.0001) (Fig 2.6 B and C). When compared to the 6 h saline group, Hmox1 protein

expression was significantly greater in the 6 h APAP treatment group (P = 0.0051).
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Figure 2.4 Elevated serum alanine transaminase in wild-type mice exposed to a single
dose of APAP (300 mg/kg).

C57BL/6) wild-type mice (n=4) were exposed to a single dose of APAP or 0.9 % saline via IP
injection. Blood was collected at 0, 2, 6, 24 and 48 h by cardiac puncture. ALT levels were
significantly different at 2, 6 and 24 h compared to the 0 h treatment group, using Kruskal

Wallis (**P <0.01 and *** P <0.001).
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Figure 2.5 Glutathione depletion in wild-type mice exposed to a single dose of paracetamol
(300 mg/kg). C57BL/6J wild-type mice (n=4) were exposed to a single dose of APAP or 0.9 %
saline via IP injection. Mice were culled at either 0, 2, 6 24 or 48 h. GSH was quantified from
liver lysates. GSH levels were significantly different when compared to 0 h treatment group,

using one-way ANOVA (* P < 0.05).
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Figure 2.6 Upregulation of the Nrf2-pathway in wild-type mice exposed to a single dose of
paracetamol (300 mg/kg).

(A) qPCR analysis of expression of Nrf2-target genes in the livers of wild-type C57BL/6J mice
(n=4) exposed to APAP (300 mg/kg) or 0.9 % saline via IP injection (n=4). (B) Western blot for
Haem oxygenase 1 (Hmox1) of representative liver lysates from 0, 2, 6, 24 and 48 h
exposure. (C) Densitometry of immunoblotting from all liver lysates (n=4). Significant
difference in gene and protein expression compared to 0 h treatment group was calculated
by Kruskal Wallis (* P <0.05, **P < 0.01 and *** P < 0.001) or compared to the 6 h saline
treatment group (@@ P <0.01 and @@ @ P <0.001).
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2.3.3. Nrf2-Luc respond to APAP toxicity

Nrf2-Luc mice were exposed to the hepatotoxin APAP as a model of drug induced liver injury.
A dose of 300 mg/kg had been shown to induce toxicity and activate Nrf2 signalling over 24
h (See 2.3.2). Therefore, a similar dose and time course was used with male and female Nrf2-
Luc mice. In both cases, serum ALT levels were significantly higher than in the saline

treatment group after 24 h exposure to APAP (P = 0.0079 and 0.0002 respectively) (Fig 2.7).

In vivo bioluminescence was quantified at 2, 6 and 24 h following exposure to 300 mg/kg
APAP or 0.9 % Saline. In males, a strong bioluminescent signal within the region of the liver
was seen after 6 h (Fig 2.8). However, the signal strength varied between individuals. Two of
the APAP treated-mice had a strong signal in the liver region that peaked at 6 h and had
reduced by 24 h. In one mouse the signal peaked in the liver region at 24 h, while two mice
failed to show strong luminescence for the duration of the study. Additionally, low levels of
bioluminescence were present in two saline-treated mice. This signal localised to the lungs

and lymph node areas and was not present in the liver region.

Ex vivo analysis highlighted the liver-specific signal of the male APAP treated mice after 24 h
exposure (Fig 2.9 A). Significantly different bioluminescence between saline and APAP —
treated mice was observed in the liver (P = 0.0079) but not the liver or kidneys (Fig 2.9 B). In
three of the mice treated with APAP, there was low bioluminescence in the lungs. This signal
was also present in one of the saline-treated mice suggesting that this may be caused by the

anaesthetic.
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Figure 2.7 Serum alanine transaminase significantly elevated in male and female Nrf2-Luc
mice exposed to paracetamol (300 mg/kg)

Serum ALT levels were significantly increased in both male and female heterozygous Nrf2-
Luc mice 24 h after exposure to a single dose of APAP (300 mg/kg) compared to the saline
treatment group (**P < 0.01 and *** P < 0.001). Significance was calculated by Mann-

Whitney U-test.
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Figure 2.8 In vivo bioluminescence induced in male Nrf2-Luc mice exposed to paracetamol (300 mg/kg)

Male heterozygous mice (n=5) were exposed to a single dose of APAP (300 mg/kg) or 0.9 % Saline via IP injection and their bioluminescence observed at 2, 6

and 24 h using the IVIS spectrum.
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Figure 2.9 Ex vivo bioluminescence induced in male Nrf2-Luc mice exposed to paracetamol
(300 mg/kg)

Male heterozygous mice exposed to a single dose of APAP (300 mg/kg) or 0.9 % saline via IP
injection were culled after 24 h (n=5). The liver, kidney and lung from each mouse was
excised and incubated in luciferin solution (150 pug/ml in PBS) for 2 min. (A) Bioluminescence
was quantified using the IVIS spectrum. (B) Region of interest (ROI) values were calculated
within each petri dish, with significantly greater bioluminescence in the livers from the APAP
treatment group when compared to the saline treatment group (** P < 0.01). This was

calculated by Mann Whitney U test.
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Females exhibited a more consistent and stronger bioluminescent signal following exposure
to APAP, compared to the male mice (Fig 2.10). Bioluminescence almost exclusively from the
liver region was evident after 6 h and in most mice peaked at 24 h, though a substantial signal
in one mouse peaked at 6 h. No bioluminescence was present in the saline treatment group

for the duration of the experiment.

A stronger ex vivo signal was detected in female APAP-treated mice, than in males (Fig 2.11
A). Bioluminescence was present in all livers of the APAP treatment group and was
significantly greater than those from the saline-treated mice (Fig 2.11 B) (P = 0.0079). The
lungs of two APAP-treated mice also had signal resulting in significantly greater
bioluminescence in the lungs from the APAP treatment group when compared to mice
treated with saline (P = 0.317). No bioluminescence was present in the organs of the saline

treatment group similar to the in vivo analysis.

Significant correlation between ALT and bioluminescence was observed in both male (Fig
2.12 A) and female (Fig 2.12 B) APAP-exposure studies. However, ALT values were higher and

more variable in the APAP-treated male mice when compared to their female counterparts.
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Figure 2.10 In vivo bioluminescence induced in female Nrf2-Luc mice exposed to paracetamol (300 mg/kg)

Chapter 2

Female heterozygous mice were exposed to a single dose of acetaminophen (APAP) (300 mg/kg) or 0.9 % Saline via IP injection (n=5). (A) Bioluminescence

was observed at 2, 6 and 24 h using the IVIS spectrum.
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Figure 2.11 Ex vivo bioluminescence induced in female Nrf2-Luc mice exposed to
paracetamol (300 mg/kg)

Female heterozygous mice exposed to a single dose of acetaminophen (APAP) (300 mg/kg)
or 0.9 % saline via IP injection were culled after 24 h. The liver and kidney from each mouse
was dissected and incubated in luciferin solution (150 pg/ml in PBS) for 2 min.
Bioluminescence was quantified using the IVIS spectrum (n=5). (A) Bioluminescence was
observed using the IVIS spectrum. (B) Region of interest (ROI) values were calculated with no
significant difference between bioluminescence in livers from the APAP and Saline treatment

groups (* p £0.05 and ** P < 0.01). This was calculated by Mann Whitney U test.
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Figure 2.12 Serum alanine transaminase and ex vivo bioluminescence in male and female
Nrf2-Luc mice exposed to paracetamol (300 mg/kg)

(A) Ex vivo bioluminescence in the region of interest (ROI) of the livers from the male mice
compared to serum ALT levels at 24 h. (B) ROl and ALT values from female mice (n=5). APAP

treatment groups labelled with animal ID numbers. Statistical analysis was performed using

Pearson’s R test (* p < 0.05 and ** P <0.01).
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Extensive liver damage was also evident following histological analysis of the APAP-treated
mice. In males, large areas of necrosis were present around the portal vein (Fig 2.13 A).
Luciferase and Hmox1 staining also localised to this pericentral area. Four out of the five
APAP-treated mice had a DILI score of 2 (Fig 2.13 B) indicative of moderate hepatocyte loss
from the central to midzonal region (Table 2.2). Luciferase and Hmox1 staining was not
present in the male saline-treated mice. Matched ALT scores were between 1627.7 —3797.7

U/L.

In comparison to males, necrosis was muted in the female APAP-treated mice (Fig 2.14 A).
Although, Luciferase and Hmox1 staining followed a similar pattern to the male APAP-treated
mice. DILI scores were lower than males with three out of the five mice assigned a DILI score
of 1 (Fig 2.14 B). This is indicative of mild necrosis restricted to the pericentral region in less
than 25 % of the hepatic lobules. One female APAP-treated mouse had a DILI score of O,
despite exhibiting the greatest bioluminescent signal at 6 h (Fig 2.10 A). Consistent with the
DILI scores, ALT levels were lower in the female mice compared to the male APAP-treated

mice, ranging between 682.4 — 3055 U/L.

As the females responded in a more consistent manner, they were used for further analysis
of endogenous Nrf2 pathway responses to APAP. In female mice, all the Nrf2-regulated
genes measured in the livers of the mice from the APAP treatment group were significantly
elevated compared to the saline treatment group after 24 h (Fig 2.15 A). At the protein level,
Hmox1 was significantly induced in the APAP group (P = 0.0079) but not Ngo1 (P = 0.54) (Fig
2.15BandC).

Finally, assessment of renal and hepatic Nrf2 pathway activation in wild-type mice
highlighted the significantly greater perturbation of endogenous Nrf2-regulated genes in the
liver, compared to the kidneys of APAP-treated mice (Fig 2.16). This data consolidates the
liver-specific induction of the endogenous Nrf2 pathway alongside the bioluminescent

reporter in response to a hepatotoxic dose of APAP.

83



A. Saline

Chapter 2

H&E

Luciferase

Hmox1

84

(scale = 100 um)

=250 um)

(scale

=250 um)

(scale



Chapter 2

B.
Saline APAP
DIL 0 2 2 2 2 1-3
Score
ALT (U/L) 0.8 2937.6 3247.2 3797.7 3446.7 1627.7

Figure 2.13 Immunohistochemistry of livers from male Nrf2-Luc mice exposed to
paracetamol (300 mg/kg)

(A) Sections of liver tissue from male mice exposed to a single dose of 300 mg/kg APAP or

0.9 % Saline for 24 h were stained with H&E and probed for Luciferase and Hmox1 (n=5).

Substantial necrosis surrounding the portal vein (black arrow) is shown in the light pink

staining of the H&E treated sections (white arrow) from livers exposed to APAP but not

saline. (B) Extent of necrosis is proportional to drug induced liver injury (DILI) score and

alanine transaminase (ALT) levels.

85



Chapter 2

APAP

Saline

A.

(wr ool = 9|e9s)

Animal ID

aseJajlon

L XOWH

86



Chapter 2

B.
Saline APAP
DILI
Seore 0 1 2(-3) 0 1 1(-2)
ALT (U/L) 10.3 682.4 3053.0 1117.9 732.8 2746.2

Figure 2.12 Immunohistochemistry of livers from female Nrf2-Luc mice exposed to
paracetamol (300 mg/kg)

(A) Sections of liver tissue from female mice exposed to a single dose of 300 mg/kg APAP or

0.9 % Saline for 24 h were stained with H&E and probed for Luciferase and Hmox1 (n=5).

Substantial necrosis surrounding the portal vein (black arrow) is shown in the light pink

staining of the H&E treated sections (white arrow) from livers exposed to APAP but not

saline. (B) Extent of necrosis is proportional to drug induced liver injury (DILI) score and

alanine transaminase (ALT) levels.
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Figure 2.15 Nrf2-Luc signal corresponds with upregulation of the Nrf2 pathway in livers of
female Nrf2-Luc mice exposed to paracetamol (300 mg/kg)

(A) gPCR analysis of the livers from female mice exposed to either 0.9 % Saline or 300 mg/kg
APAP for 24 h highlighted induction of Nrf2-regulated genes (n=5). Significant induction
compared to saline treatment group was calculated by Unpaired T test. (B) Western blots of
Nrf2-regulated protein expression and (C) densitometry in these livers also highlighted
significant induction of Hmox1 but not Ngo1, calculated by Mann Whitney U test (* p < 0.05,
**pP <0.01 and *** P <0.001).
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Figure 2.16 Endogenous Nrf2 pathway activity in the livers and kidneys of wild-type mice
exposed to paracetamol (300 mg/kg)

gPCR analysis of the liver and kidneys from male wild-type mice (n=5) exposed to either 0.9
% Saline or 300 mg/kg APAP for 24 h. Significant induction of hepatic Nrf2 pathway compared
to renal gene expression was calculated by Unpaired T test (* p < 0.05, **P <0.01 and *** P

<0.001) (Dotted line = 100 %).
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2.3.4. Nrf2-Luc mice respond to cisplatin toxicity

In order to assess the response to other forms of drug-induced organ toxicity, the Nrf2-Luc
mice were exposed to the nephrotoxin cisplatin under conditions previously shown to
activate Nrf2 signalling in renal tissue (Miyagi et al., 2014). Female Nrf2-Luc mice were used
due to the stronger bioluminescent response they displayed to paracetamol toxicity.
Following 96 h exposure to cisplatin, serum BUN levels were significantly elevated when

compared to their saline-treated counterparts (P = 0.0007) (Fig 2.17).

Bioluminescence in the cisplatin-treated mice localised to the kidney region after 72 h (Fig
2.18). The strength of the signal varied between individuals and was also hampered by the
skin pigmentation of the mice. Large black ‘moles’, typically observed in C57BL/6J) mice
(Curtis et al., 2011), inhibited the signal resulting in partial luminescence in some mice. In the
saline treatment group, no signal was observed in the kidney region. However, low levels of
luminescence were present at the base of the neck in two of the four mice. This signal

intensity faded through the course of the experiment.

In light of the interference from skin pigmentation in some mice, it was particularly important
to perform ex vivo imaging of relevant organs. Ex vivo signal was specific to the kidneys in all
four mice treated with cisplatin (Fig 2.19 A). No signal was present in the livers of the mice
from either treatment group. There was a significant difference between the kidney
bioluminescence in cisplatin and saline treated mice, at 96 h (P = 0.023) (Fig. 2.19 B). In
comparison with matched BUN levels, ex vivo bioluminescence at 96 h significantly differed

between the cisplatin and saline treatment groups (Fig 2.20).
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Figure 2.17 Serum blood urea nitrogen significantly elevated in female Nrf2-Luc mice
exposed to cisplatin (20 mg/kg)

Serum blood urea nitrogen (BUN) levels were significantly higher in the Nrf2-Luc mice treated
with a single dose of cisplatin (20 mg/kg) than those treated with 0.9 % saline after 96 h (n=4)
(*** P <0.001), by Unpaired T test.
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Figure 2.18 In vivo bioluminescence induced in female Nrf2-Luc mice exposed to Cisplatin

(20 mg/kg)
Female heterozygous Nrf2-Luc mice were exposed to a single dose of Cisplatin (20 mg/kg) or
0.9 % Saline via IP injection and their bioluminescence observed at 24, 48, 72 and 96 h using

the IVIS spectrum (n=4).
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Figure 2.19 Ex vivo bioluminescence induced in female Nrf2-Luc mice exposed to Cisplatin
(20 mg/kg)

Female heterozygous mice exposed to a single dose of Cisplatin (20 mg/kg) or 0.9 % saline
via IP injection were culled after 96 h. The liver and kidney from each mouse was dissected
and incubated in luciferin solution (150 pug/ml in PBS) for 2 min. (A) Ex vivo bioluminescence
was quantified using the IVIS spectrum (n=4). (B) Bioluminescence of the kidneys were
significantly increased in the cisplatin treatment group when compared to the saline-treated

group (* p £0.05) via Mann Whitney U test.
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Figure 2.20 Serum BUN and ex vivo bioluminescence in female Nrf2-Luc mice exposed to
cisplatin (20 mg/kg)

Comparison of serum BUN (blood urea nitrogen) levels obtained at 96 h with ex vivo
bioluminescence in region of interest (ROI) of kidneys from female heterozygous mice (n=4).
Data points labelled with animal ID numbers. Statistical analysis was performed using

Pearson’s R test (* p < 0.05).
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Necrosis was evident in the proximal tubule region of kidneys from the cisplatin-treated mice
(Fig 2.21 A). Hmox1 and luciferase staining co-localised to this region also. The extent of

staining was proportional to the DIKI score and BUN values (Fig 2.21 B).

gPCR analysis of the kidneys from cisplatin-treated mice revealed only Gstal expression was
significantly upregulated in the cisplatin treatment group, when compared to the vehicle
control group (Fig 2.22 A) (P = 0.28). Renal Hmox1 was elevated at the protein level in kidneys
of mice treated with cisplatin for 96 h although not significantly different to the saline
treatment group (Fig 2.22 B and C) (P = 0.091). Analysis of Nrf2-pathway activation in the
livers of cisplatin-treated mice revealed no significant induction of Nrf2-regulated genes (Fig

2.23).
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Figure 2.21 Immunohistochemistry of female Nrf2-Luc mice exposed to Cisplatin (20
mg/kg)

Mice were culled after 96 h (n=4). (A) Sections of renal tissue were stained with H&E and

probed for Luciferase and Hmox1. Luciferase and Hmox1 staining localised to the proximal

tubule (black arrow). H&E staining shows significant damage in this region also. (B) Extent of

necrosis is proportional to drug induced kidney injury (DIKI) score and blood urea nitrogen

(BUN) levels.
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Figure 2.22 Gene and protein expression in kidneys of female Nrf2-Luc mice exposed to
Cisplatin (20 mg/kg)

(A) gPCR analysis of the kidneys from female mice exposed to either 0.9 % saline or 20 mg/kg
cisplatin for 96 h (n=4). Significant differences between saline and cisplatin treatment groups
calculated by Mann Whitney U test (* p < 0.05). (B) Western blot for Haem oxygenase 1
(Hmox1) in liver lysates from 96 h exposure. (C) Densitometry of the Hmox1 protein
expression was not significantly increased compared to saline-treated mice. This was

calculated by Unpaired T Test.
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Figure 2.23 Gene expression in livers of female Nrf2-Luc mice exposed to Cisplatin (20
mg/kg)

gPCR analysis of the kidneys from female mice exposed to either 0.9 % saline or 20 mg/kg
cisplatin for 96 h highlighted no significant induction of Nrf2-regulated genes by Student T-
Test (n=4).
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2.4. Discussion

Here, | have performed real-time, in vivo bioluminescence imaging of transgenic Nrf2-Luc
mice to test the hypothesis that localised activation of Nrf2 represents a marker of chemical
stress associated with organ-specific drug toxicity. Following exposure to APAP, upregulation
of the hepatic Nrf2 pathway alongside classical markers of toxicity was observed in wild-type
mice. A similar response was seen in Nrf2-Luc mice exposed to APAP, accompanied by liver-
specific bioluminescence in vivo and ex vivo. The bioluminescent signal intensity correlated
with serum ALT and degree of hepatic tissue damage. In response to cisplatin, Nrf2-Luc mice
exhibited a kidney-specific bioluminescent signal in vivo and ex vivo, proportional to renal
tissue damage that coincided with activation of the renal Nrf2 pathway. These findings
further support the use of Nrf2 as a marker of chemical stress associated with drug toxicity
and demonstrate the value of Nrf2-Luc mice for identifying localised stress responses

through real-time in vivo bioluminescence imaging.

There is increasing interest in the value of stress response pathways as indicators of cellular
perturbation that could lead to overt toxicity. This is emphasised by the integration of
adaptive stress response pathways as vital components of adverse outcome pathways
(AOPs) to clarify the underlying mechanisms of toxicity rather than rely on toxicological
endpoints to identify chemical liabilities (Vinken et al., 2013). Current in vitro platforms
include a plethora of cell-based reporters established in primary hepatocytes and cell lines
for the detection of Nrf2 pathway activation associated with DILI (Kim et al., 2016; Wink et
al., 2017). However, these in vitro platforms cannot inform in vivo distribution of a
compound. While cisplatin induced an ARE-driven fluorescent reporter in HepG2 cells,
observed by Wink et al., no hepatic bioluminescent signal was present in the Nrf2-Luc mice
exposed to the drug in this chapter. Whole-body distribution is therefore important to
consider in the analysis of in vitro data. The Nrf2-Luc mouse model reflects organ-specific
insult. However, a delayed response was observed when compared to the endogenous
pathway induction seen in the WT time-course study. This may be due to the requirement
for accumulation of endogenous Nrf2, to upregulate the transgene at the protein level prior
to luminescent signal generation. Despite this, endogenous protein matched transgene
bioluminescent signal, therefore allowing chemical/oxidative stress responses detected in
cell-based models to be placed in a whole-body context, with consideration of drug
distribution and pharmaco/toxicokinetics. Further analysis of compounds identified in these

screens for extra-hepatic activity using the Nrf2-Luc model would also be of interest.
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In response to APAP and cisplatin, the intensity of the Nrf2-Luc bioluminescent signal
reflected the extent of drug-induced tissue insult. Indeed, on a cellular level, exposure to a
single hepatotoxic dose of APAP resulted in the co-localisation of Hmox1 and luciferase
staining in centrilobular hepatocytes specifically, consistent with the known pathology of
APAP (Hinson et al., 2010). However, the bioluminescent signal varied greatly between mice.
For instance, one female mouse with the strongest bioluminescent signal, had a DILI score
of 0 and moderate increase in serum ALT, perhaps due to the protective response of Nrf2
pathway activation. Additionally, the response to APAP differed greatly between genders.
Males exhibited, on average, higher serum ALT levels, DILI scores and lower Nrf2-Luc
bioluminescent signal when compared to APAP-treated females. It is widely accepted that
male C57BL/6J mice are more susceptible than females to APAP-induced liver damage (Dai
et al., 2006; McConnachie et al., 2007; Mohar et al., 2014). This is thought to be due to
excessive GSH depletion and preferential adduction of mitochondrial Prdx6 in males (Mohar
et al.,, 2014). While similar levels of NAPQI-mediated covalent binding were recorded
between genders, female C57BL6-129/Sv mice exhibited slower metabolism of APAP, lower
basal expression of CYP1a2 and lower induction of cypla2 and 3all, along with GSTpi mRNA
levels significantly lower than in males (Dai et al., 2006). Female Nrf2-Luc mice, on average,
had stronger ex vivo liver bioluminescence than APAP-treated males. Rohrer et al. observed
lower induction of hepatic Nrf2 in female mice compared to male mice following exposure
to APAP (Rohrer et al., 2014). This may be due to the extensive damage seen in male liver

tissue, resulting in depleted transgene activity.

In response to cisplatin, renal bioluminescence was induced in female Nrf2-Luc mice. This
was clearly evident in ex vivo analysis despite the muted in vivo signal due to skin
pigmentation. Significantly elevated BUN levels confirmed nephrotoxicity in the cisplatin-
treatment group. This was proportional to the amount of luciferase and Hmox1 staining
around the proximal tubules. As a chemotherapeutic, intercalation of cisplatin with DNA
halts cellular proliferation, however, it primarily targets the S3 segment of the proximal
tubule due to basolateral drug-transporters such as OCT2 which facilitate the accumulation
of the drug within these cells (Hu et al., 2017). In order to avoid dark skin pigmentation, it
would be necessary to cross the Nrf2-Luc strain into C57BL/6J albino mice. This would also
reduce the duration of anaesthesia suffered by the mice as the signal may penetrate through

the white hair, removing the need for shaving the mice prior to imaging.
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While activation of renal Hmox1 was observed at the protein level, the Nrf2-regulated
transcriptome did not significantly differ between cisplatin and saline treatment groups at
96 h. Microarray analysis of WT C57BL6 mice exposed to 20 mg/kg cisplatin at 0, 24, 48 and
72 h by Pelegrini et al revealed Nrf2 pathway activation peaked at 24 h (Pellegrini et al.,
2014). BUN levels peak at 96 h post-cisplatin exposure, in many strains of mice, including
C57BL6 (Parrish et al., 2009; Sharkey, 2013). Yet it is possible that 96 h is too late a time point
to observe upregulation of Nrf2-regulated genes at the mRNA level, whereas protein levels

such as Hmox1 remained significantly higher than in the vehicle control group.

Further assessment in more detailed dose and time-course studies are required to reveal the
sensitivity of the Nrf2-Luc reporter to subtle chemical/oxidative stress that are not
associated with overt organ injury. Other applications of the OKD48 mouse model to study
cerebral malaria (Imai et al., 2014) and periodontitis (Kataoka et al., 2016) highlight the
tissue-specific expression of Hmox1 coincides with bioluminescent signal. This is similar to
our findings. The latter study assessed luminescence over seven days. The ability of the Nrf2-
Luc model to monitor chronic exposure to oxidative insult may render it useful for monitoring

adaptation in the context of chronic dosing.

Many probes exist for the real-time, in vivo detection of ROS during hepatocellular injury
from APAP. Shuhender et al. utilize CF-SPN nano-probes, for the detection of ROS and OONO"
s, to show in real-time the inhibition of APAP associated hepatotoxicity by ABT, GSH and the
CYP2E1 inhibitor trans-1,2-dichloroethylene (Shuhendler et al., 2014). Vasquez et al.
generated near-infra red imaging probes to monitor cell death (Annexin-Vivo 750),
inflammation (MMPSense-750-FAST) and metabolism (Transferrin-Vivo 750) which were
stimulated following 18-22 hours exposure to 300 mg/kg APAP in C57BL6 mice (Vasquez and
Peterson, 2017). These probes are administered to mice prior to imaging and react either
with ROS entities themselves or downstream pathways induced by oxidative damage.
Advantages of the use of probes compared to transgenic mice include the use of WT mice,
avoiding the necessity of extensive breeding programs that require large numbers of
animals. Probes are also more sensitive to temporal changes in ROS than the delayed
transcription of the Nrf2-Luc transgene. However, redox-sensitive probes cannot inform on

the biological response to ROS, only their presence.

Other bioluminescent Nrf2-based reporter models have been utilised for measuring
responses to drug toxicity, including the Hmox1-Luc mice (Malstrom et al., 2004b). This

transgenic reporter consists of the Hmox1 promotor region controlling the expression of
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firefly luciferase and responded to toxic exposure to cadmium chloride, doxorubicin and
thioacetamide (Malstrom et al., 2004b). Bioluminescence correlated with endogenous
Hmox1 induction. However, Hmox1 expression is repressed by Bach1 and regulated by many
other transcription factors (Alam and Cook, 2007b; Fuse et al., 2015; Sun et al., 2014).
Therefore, activation of the pathway may be missed when relying solely on the Hmox1

promotor or produce false positives when activation is driven by other transcription factors.

McMahon et al. generated a Hmox1l reporter model consisting of multiple reporter
molecules including a B galactosidase, human chorionic gonadotrophin (hCG) and firefly
luciferase, all under the control of the endogenous Hmox1 promotor (McMahon et al., 2018).
Exposure of heterozygous reporter mice to BHA activated hepatic Nqol, Gstal and Gstm1 at
the protein level but not Hmox1 or the luminescent reporter after 96 h exposure. Dissimilar
to our findings, treatment with APAP did not produce a significantly different luminescent
response compared to the saline treatment group after 24 h. This is likely due to the lack of
repeated ARE sequence, facilitating amplification of the endogenous transcription factor

activation.

Unlike other lines of transgenic mice established with a reporter construct under the
transcriptional control of an ARE (Johnson et al., 2002; Zhang et al., 2001b), the Nrf2-Luc
model offers insight into the induction of Nrf2 in response to toxicity in a non-invasive
manner. As such, our studies entailed a detailed analysis of Nrf2 activity in real time and a
substantial reduction in number of animals required, complying with the current 3R’s
guidelines. This allows multiple measurements to be collected throughout a study instead of
relying on end-point analysis, directed at specific tissues.l propose the utility of this model
would be best served within the latter stages of pre-clinical testing rather than as an initial
screening tool. Further assessment is needed to identify the sensitivity of the model to other
DILI training compounds. The apparent embryo lethality of the homozygote Nrf2-Luc mice is
a substantial limitation of the model as half to a third of each litter is wild-type and unusable.
This lethal recessive phenotype may be due to the location of the transgene, disrupting vital
gene function and further characterisation of the transgene locus within the Nrf2-Luc mice

genome is needed.

In conclusion, Nrf2-Luc mice offer a novel insight into the activation of Nrf2 during the early
stages of chemical stress associated with organ-specific drug toxicity. In response to acute
hepato- and renal-toxicity, bioluminescent signal coincided with the cell-specific response to

insult. This model provides holistic visualisation of chemical/oxidative stress resulting in the
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evocation of the Nrf2-mediated stress response. Incorporation of the model into pre-clinical
testing may aid the identification of toxic liabilities. In light of the emerging role of Nrf2 as a
therapeutic target by drugs such as CDDO-Me, the utility of the Nrf2-Luc mice to screen

therapeutic compounds would also be of interest.
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Chapter 3

Blood-based analysis of Nrf2 pathway activity
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Chapter 3

3.1. Introduction

The emerging role of Nrf2 as a therapeutic target and in the response to drug toxicity have
resulted in the establishment of numerous approaches to monitor activation of the Nrf2
pathway in cells and tissues. The work in Chapter 2 demonstrates the use of transgenic Nrf2-
Luc mice for monitoring in vivo Nrf2 response in real-time, through bioluminescent imaging.
However, at present there is a lack of non-invasive methods for measuring Nrf2 activity in

wild-type animals in vivo or in patients.

Recently, interest in the circulating transcriptome as a source of potential medical
biomarkers has grown. For example, cell-free mRNA has provided a wealth of biomarkers for
the diagnosis and prognosis of cancer therapies (Garcia et al., 2008; Silva et al., 2007).
Albumin mRNA can be used to assess hepatic complications in patients following liver
transplant (Chan et al., 2013) and hepatocellular carcinoma recurrence (Cheung et al., 2008).
Small, regulatory molecules known as microRNAs (miRNAs) are also detectable in plasma
(Mitchell et al., 2008) and hold potential as non-invasive biomarkers for a range of diseases
(Chen et al., 2008; Nielsen et al., 2012; Wang et al., 2010). Following DILI, miR-122 has been
shown to be more sensitive to hepatotoxicity than ALT and AST (Antoine et al., 2013; Starkey
Lewis et al.,, 2011). Toxicogenomic profiling following DILI highlighted the rapid gene
expression changes in blood compared with classical markers of liver injury (Bushel et al.,
2007). However, analysis of blood-based mRNA expression is limited, mostly to studies in
rats (Bushel et al., 2007; Lobenhofer et al., 2008). Moreover, a specific investigation of the
response of the blood mMRNA complement to stimulation of the Nrf2 pathway has not been

performed.

The ability to monitor Nrf2 activity in the blood may provide insight to the
pharmacodynamics of Nrf2 modulating compounds and evidence for the role of Nrf2 in
response to drug toxicity in humans. In this chapter, | assess the utility of murine whole blood
to monitor Nrf2 activation. Following, exposure to APAP, APAP and N-acetyl cysteine (NAC),
or the Nrf2 activator CDDO-Me, | ask whether whole blood can reflect toxicological and

pharmacological changes in the Nrf2-pathway in vivo.
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3.2. Materials and Methods

3.2.1. Animals
All mice used in these studies were wild-type male C57BL6 mice aged 8- to 10-week-old or
8-week-old BALB/c mice purchased from Charles River (Wilmington, USA). These were

maintained under the same conditions described in section 2.2.1.

3.2.1.1. Whole blood analysis studies

Firstly, mice were fasted for 16 h and exposed to 300 mg/kg APAP or 0.9 % saline by IP
injection (See section 2.2.1). At 6 and 24 h the mice were culled with a rising concentration
of CO,. Blood was collected by cardiac puncture and 100 pl added to RNAprotect tubes
(Qiagen, Hilden, Germany). Each tube was inverted 8 times before being stored in the fridge.
The rest of the blood was placed in a separate Eppendorf and left to clot at room
temperature for 30 min. Serum was isolated by centrifugation at 2000 g for 10 min and
stored at -80 °C. The liver and kidneys were snap frozen in liquid nitrogen and stored at -80

°C.

In the second study, fasted mice were exposed to either APAP or saline at 0 h, using the same
method applied in the first study. Subsequent IP injections of either 500 mg/kg NAC or 0.9 %
Saline were administered at 1 and 12 h post-APAP dosing. NAC at this dosage abrogates APAP
hepatotoxicity in the short term (Lundbéck et al., 2016). Mice were culled at 24 h with a rising

concentration of CO, and blood and tissue were collected, as above.

The third study comprised of mice exposed to 10 mg/kg CDDO-Me or 100 % DMSO via IP
injection. This dose was shown previously to be tolerable and activate the Nrf2 pathway
(Shelton et al., 2015; Walsh et al., 2014). Mice were culled with a rising concentration of CO,

at 6 and 24 h. Blood and tissue were collected as above.

As repeated exposure is more likely in the clinic (Hong et al., 2012), in the fourth study, mice
were exposed to three doses of DMSO or CDDO-Me. At 0, 72 h and 144 h (day 3 and 6),
Balb/c mice were administered either 3 mg/kg CDDO-Me or 100 % DMSO via IP injection. At
this dose, CDDO-Me has been shown to activate the Nrf2 pathway after 24 h by ITRAQ
analysis in C57BL6 mice (Walsh et al., 2014). Mice were culled with a rising concentration of

CO; at 150 and 172 h (6 and 28 h after the final dose).

3.2.2. Histology

See section 2.2.6. DILI scoring criteria listed in Table 2.2.
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3.2.3. RNA extraction, cDNA synthesis and qPCR

RNA was extracted from the whole blood using the RNeasy Protect Animal Blood Kit (Qiagen,
Hilden, Germany). RNAprotect tubes, containing 100 pl whole blood, were left at room
temperature overnight to increase RNA yield. The blood was centrifuged at 5000 g for 3 min
and the supernatant was discarded. The pellet was vortexed in 1 ml RNAse-free water and
pelleted at 5000 g for 3 min. The supernatant was discarded and the pellet was vortexed in
240 ul buffer RSB until dissolved. This solution was added to 200 pl RBT buffer and 20 pl
Proteinase Kand incubated for 10 min at 55 °Cin a shaker-incubator at 800 rpm. The solution
was added to a QlAshredder column (Qiagen, Hilden, Germany) and centrifuged at 18 000 g
for 3 min. The flow through was added to 240 pl of 100 % ethanol and vortexed.

The solution was added to an RNeasy MinElute spin column, which was placed above a 2 ml
collection tube and centrifuged for 1 min at 8000 g. The column was washed with 350 pl
buffer RW1 and centrifuged at 8000 g for 15 sec. On column DNase digestion was performed
using 10 ul DNase 1 stock solution and 70 pl RDD buffer. The columns were incubated at
room temperature for 15 min and 350 pl RW1 buffer was added before being centrifuged at
8000 g for 15 sec. The column was centrifuged in a similar manner after the addition of Buffer
RPE. A solution of 80 % (v/v) ethanol in dH,0 was generated and 500 pl added to the column
before being centrifuged at 8000 g for 2 min. The column was placed in a new 2 ml collection
tube and centrifuged at 18 000 g for 5 min with the lid of the column open to dry the
membrane. RNA was eluted in 30 pl REB buffer by centrifugation at 8000 g for 1 min and the

yield was quantified using the Nanodrop.
RNA extraction from tissue was conducted in a similar manner to section 2.2.9.

For reverse transcription and SYBR green gPCR analysis see section 2.2.9. Additional qPCR
primers for murine genes are detailed in Table 3.1. Gene expression quantified in 96 well-

plate format normalising Ct values to GAPDH levels.
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Table 3.1 Additional Mouse qPCR primers

Gene Primer Sequence
Fwd 5" AAGAGAGTGAGGGGTCAG 3’
AMBD ey 5" CAGGGGCCTTCTGAGTAAT 3’
Apoaz |FW 5" CACAGAATCGCAGCACTGTTC 3’
Rev 5 GCTCCTTCCAGGCTACAGAT 3'
papz | W0 5 GGTTGCCATGTCTCCTT 3'
Rev 5 CGGATTTCTACAGGGGTA 3’
| Fwd 5’ CGGTCCATAGCGTTCT 3'
Nphs2 I pev 5" AGCCAAGGCCAAAGAA 3'

3.2.4. ALT quantification

See section 2.2.3.

3.2.5. Statistical analysis

See section 2.2.10.
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3.3. Results

3.3.1. Validation of organ-specific qPCR primers

Liver- and kidney- specific primers were designed to assess the levels of tissue-specific genes
in whole blood following liver damage (Fig 3.1 A, B, C and D) (sequences listed in Table 3.1).
The liver-specific a-1-microglobulin/bikunin precursor (Ambp) has been shown to circulate
in blood following APAP exposure and treatment with other hepatotoxic compounds in rats,
concurrently with ALT (Miyamoto et al., 2008; Okubo et al., 2013). Additionally, elevated
Apolipoprotein A2 (Apoa2) has been recorded in plasma of C57BL6 mice following APAP
administration (K. Wang et al.,, 2013). GTEx, lllumina, BioGPS, and CGAP SAGE datasets,
collated in the Genecards database, indicated tissue specific expression of these transcripts.
Both Podocin (Nphs2) and aquaporin 2 (Agp2) are exclusively expressed in the kidney. None

of these genes have been reported to be regulated by Nrf2.

The tissue specificity of the genes was validated in livers and kidneys from mice exposed to
0.9 % saline for 24 h (Fig 3.1 E and F). In the livers, Ct values of liver-specific genes were much
lower than kidney-specific genes. In the kidneys, Ct values of kidney-specific genes were
lower than liver-specific Ct values. When normalised to housekeeping gene expression, ACt
values of organ-specific primers were lower in the tissue of origin indicating higher

expression and tissue specificity.
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Podocin (NPHS2)
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E . Liver(Saline 24h) House keeping Liver-specific Kidney specific
Gene Gapdh Ambp Apoa2 Nphs2 Agp2
Average Ct 15.49 +0.39 (15.46+0.29(|14.15+0.54(27.80+1.25|28.08 + 1.85
Average ACt n/a 0.15+0.09 |-1.16 +0.46(12.12 +1.40/12.40+ 1.93
F_ Kidney (Saline 24 h) House keeping Liver-specific Kidney specific
Gene Gapdh Ambp Apoa2 Nphs2 Agp2
Average Ct 15.32 +0.93 (26.47+0.41|25.52+£0.23{20.61+0.4120.00+£0.41
Average ACt n/a 11.28+2.14/9.25+2.24 | 4.44+0.32 | 3.83+0.31

Figure 3.1 — Validation of organ specific primers

Screenshots from http://www.genecards.org of liver—specific Alpha-1-

Microglobulin/Bikunin Precursor (Ambp) (A) and Apolipoprotein A2 (Apoa2) (B), and kidney-
specific Podocin (Nphs2) (C) and aquaporin 2 (Agp2) (D) gene expression. Data based on
GTEX, Illumina, BioGPS, and CGAP SAGE datasets. Cts and ACts from gPCR analysis of mouse
liver (E) or kidney (F) lysates from animals exposed to 0.9 % saline for 24 h shown as mean +

SD (n=5).
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3.3.2. Blood-based analysis of Nrf2-pathway response to APAP

To investigate the response of the blood-based Nrf2 pathway following liver injury, whole
blood samples were taken from mice exposed to a single dose of 300 mg/kg APAP. In these
mice, serum ALT was significantly elevated at 6 and 24 h compared to their saline-treated
counterparts (Fig 3.2 A) (P = 0.0343 and 0.0013 respectively). This coincided with activation
of the Nrf2 pathway in liver tissue (Fig 3.2 B). Hmox1, Srxn1 and Gstal expression were all
significantly induced at 6 h (All p values <0.0001) compared to the 6 h saline-treatment
group. Gstal expression remained significantly elevated at 24 h (P = 0.0002). Liver-specific

genes AMBP and APOA2 were not significantly induced at either time-point.

In the kidneys, activation of the Nrf2-pathway activity was evident at 6 h (Fig 3.2 C) with
Hmox1 and Srxn1 significantly upregulated (P = <0.0001 and 0.0339). However, these fold
changes were lower than those observed in the liver at 6 and 24 h. Kidney-specific genes

Nphs2 and Agp2 were not induced at either time-point.

Whole blood gPCR analysis revealed significantly elevated Gstal levels in the APAP-treated
mice at 24 h compared to the saline treatment group (Fig 3.2 D) (P = <0.0001). Hmox1

expression increased after 24 h exposure, but varied considerably between mice.

To test the hypothesis that Nrf2-regulated mRNA was present in whole blood as a result of
release into circulation following cell damage, liver- and kidney- specific gene expression was
measured in the whole blood samples. At 24 h, liver-specific ACts in the APAP-treated mice
were significantly lower than time-matched vehicle controls (Fig 3.3) (Both Ambp and Apoa2
P values <0.001). The expression levels of kidney-specific genes did not differ between
treatment groups and ACts were large in all cases. However, there was considerable
variability within groups. Therefore, elevated Nrf2-regulated gene expression in whole blood
coincides with release of liver-specific mRNA into circulation, following APAP-induced liver

damage.

115



ALT Activity UIL

6000
40004

20004
1500 -

1000

Liver mRNA level (% Saline)

L]

Time (h)

116

L e

Chapter 3

e 0.9 % Saline
m 300 mg/kg APAP

Ngot
Hmox1
Srxnt
Gstat
Ambp
Apoa?



Chapter 3

C. Kidney

1500 -

mm Ngof
< 3 Hmox1
E% 1000 4 m Srxnft
g:’e mm Gsiat
TEE 5004 = Nphs2
X9 mm Agp2

0«

) >
Time (h)
D. & Whole blood
=
‘® 3000-
u: - B Ngof
=
= Hmaox 1
1]
2 2000- mm Srxnft
g mm Gstal
o
E 1000-
=}
[=]
o
=
a .
g ”
s ) >
Time (h)

Figure 3.2 Induction of Nrf2 pathway in whole blood following a toxic dose of paracetamol
Male C57BL6 mice were administered either 0.9 % Saline or 300 mg/kg acetaminophen
(APAP) by IP injection (n=5). Blood was collected by cardiac puncture at 6 and 24 h. (A) Serum
ALT levels were significantly different between saline and APAP treatment groups. qPCR
analysis of gene expression in murine livers (B), kidneys (C) and whole blood (D) showing
activation of Nrf2-regulated genes. Significant difference in ALT levels and gene expression
compared to time-matched saline treatment groups were calculated by one-way ANOVA and

Kruskal Wallis (* P <0.05, **P < 0.01 and *** P <0.001) (Dotted line = 100 %).

117



Chapter 3

151 3
I*_ mm Ambp

g Em Apoa?
T 101 mm Nphs2
% Bl Agp2
@ T
© 5-
c
=

04

> ) o o
& ¥ « \a
P v o NS

Figure 3.3 —Increased liver-specific gene expression in whole blood of paracetamol-treated
mice

ACts of liver-specific genes (Ambp and Apoa2) compared to kidney-specific gene (Nphs2 and
Agp2) in whole blood for mice exposed to 0.9 % saline or 300 mg/kg acetaminophen (APAP)
for 6 and 24 h. Mean ACt + SD shown. Significance between time-matched APAP and Saline

treatment groups were calculated by one-way ANOVA (*** P <0.001).
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3.3.3. Blood-based analysis of Nrf2-pathway following intervention of APAP Toxicity

To ascertain whether changes in the whole blood levels of Nrf2-regulated genes were
proportional to liver damage, APAP-treated mice were administered two doses of NAC at 1
and 12 h. In mice administered this intervention, there was significantly lower serum ALT
activity (Fig. 3.4) (P = <0.0001). Histological analysis revealed pericentral necrosis in the
APAP-treated mice (Fig 3.5 A). Hmox1 staining was also present in the region surrounding
the portal vein. Compared to the APAP + Saline treatment group, necrosis and Hmox1
staining was muted in the APAP + NAC treated tissues. DILI scoring of liver tissue was
proportional to serum ALT (Fig 3.5 B). Four of the five livers of APAP + NAC treated mice had
a DILI score of between 0-1, while one mouse exposed to APAP+NAC presented with higher
serum ALT and a DILI score of 1-2. In the APAP + Saline treatment group, all mice scored

between 1-2.

The hepatic Nrf2-pathway was upregulated in the APAP + Saline and the APAP + NAC treated
mice (Fig 3.6 A). When compared to saline-treated mice, Srxn1 and Gstal were upregulated
significantly in the livers of APAP-treated mice (P = 0.019 and <0.0001). Gstal was also
significantly elevated in the APAP + NAC treatment group (P = 0.216). Ngo1 was elevated in
these groups but not significantly. Hmox1 expression was elevated in the APAP-treated mice
but not APAP + NAC treated mice. Gstal expression was significantly reduced in the APAP +
NAC treated livers compared to the APAP + Saline treatment group (P = <0.0001). Expression
of liver-specific genes Ambp and Apoa2 did not differ significantly in APAP + Saline or APAP

+ NAC treatment-groups compared to controls.

In the kidneys, Ngol and Gstal were significantly induced in the APAP-treated mice when
compared with the saline treatment group (Fig 3.6 B) (P = <0.0001 and 0.0493 respectively).
Ngol expression was significantly reduced in the kidneys of APAP + NAC treated mice, when
compared to the APAP + Saline treatment group (P = <0.0001). There was little difference in
expression of the other genes across treatment groups. Expression of kidney-specific genes

Nphs2 and Agp2 did not differ between groups.

Analysis of whole blood revealed significant induction of Hmox1 in the APAP-treated mice
compared to the vehicle control group (Fig 3.6 C) (P = 0.0002) and APAP + NAC treatment
group (P = 0.0108). Hmox1 was elevated in whole blood from the APAP + NAC treatment
group but this was not significant when compared to expression in saline treated mice. Gstal
expression was very variable in the APAP + Saline treated mice and to a lesser extent in the

APAP+NAC treated mice.
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Organ-specific gene expression in whole blood from this study, again was extremely variable
(Fig 3.6 D). However, the mean ACt values for liver-specific genes in the APAP + Saline group
were lower (AMBP: 5.55 and APOA2: 3.56) than the mean ACt in the APAP+NAC (AMBP: 8.10
and APOA?2: 5.86) and control treatment groups. While not significant, this indicates a trend
towards lower ACts in liver-specific gene expression in the APAP + Saline group indicative of
the release of liver-specific genes into the circulation being proportional to the degree of
liver injury. Kidney-specific ACts did not vary between groups. Therefore, damaged
hepatocytes remain a potential source of the Nrf2-regulated mRNA in whole blood, as

expression levels were relative to the extent of perturbation.
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Figure 3.4 — Muted elevation of serum alanine transaminase in response to N-
acetylcysteine exposure following paracetamol toxicity

Male C57BL6 mice were administered either 0.9 % Saline or 300 mg/kg acetaminophen
(APAP) by IP injection (n=5) at 0 h. At 1 and 12 h exposure, mice were administered 500
mg/kg N-acetylcysteine (NAC) or 0.9 % Saline. Blood was collected by cardiac puncture at 24
h and serum ALT levels quantified. Significant difference between treatment groups were

calculated by one-way ANOVA (*** P <0.001).
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Figure 3.5 — Muted necrosis and Hmox1 staining in mice administered N-acetylcysteine in response to paracetamol toxicity

Male C57BL6 mice were administered either 0.9 % Saline or 300 mg/kg acetaminophen (APAP) by IP injection (n=5) at 0 h. At 1 and 12 h post-APAP exposure,
mice were administered 500 mg/kg N-acetylcysteine (NAC) or 0.9 % Saline. All groups were culled after 24 h. (A) Sections of the central hepatic lobule were
stained with H&E and probed for Hmox1. Necrosis surrounding the central vein (black arrow) is shown in the light pink staining of the H&E treated sections.
Hmox1 staining was also present in the pericentral region. (B) Extent of necrosis is proportional to drug induced liver injury (DILI) score and alanine

transaminase (ALT) levels.
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Figure 3.6 — Gene expression in tissues and whole blood from mice treated with
paracetamol and N-acetylcysteine

Male C57BL6 mice were administered either 0.9 % Saline or 300 mg/kg acetaminophen
(APAP) by IP injection (n=5) at 0 h. At 1 and 12 h exposure, mice were administered 500
mg/kg N-acetylcysteine (NAC) or 0.9 % Saline. Blood was collected by cardiac puncture at 24
h. gPCR analysis of gene expression in murine livers (A), kidneys (B) and whole blood (C)
highlighted activation of Nrf2-regulated genes (Dotted line = 100 %). (D) ACts of liver-specific
gene (Ambp and Apoa2) compared to kidney-specific gene (Nphs2 and Agp2) expression in
whole blood samples. Mean ACt + SD shown. Significant difference in gene expression
compared to Saline + Saline group (* p £0.05, ** p <0.01 and *** p <0.001) or APAP + Saline

compared to APAP + NAC (@ p < 0.05 and @@@ p < 0.001) were calculated by one-way
ANOVA and Kruskal Wallis.
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3.3.4. Blood-based analysis of Nrf2-pathway response to therapeutic Nrf2 stimulation

Following administration of CDDO-Me, hepatic Srxnl expression was significantly elevated
after 6 and 24 h, when compared to time-matched DMSO-treated counterparts (Fig 3.7 A) (P
=<0.0001 and 0.0066 respectively). Ngol and Gstal were significantly elevated in the livers
of CDDO-Me-treated mice after 24 h exposure, compared to the DMSO-treatment group

(Both P values <0.0001). Liver-specific gene expression did not differ between groups

In the kidneys of CDDO-Me-treated mice, Nqo1, Hmox1 and Srxn1 were induced significantly
at 6 h (Fig 3.7 B) (P = 0.0008, 0.0008 and <0.0001 respectively). Ngol and Srxnl gene
expression was also significantly greater than the DMSO-treated mice at 24 h (P = <0.0001
and 0.0154). In general, the induction of Nrf2-regulated genes was lower in kidneys than in
the liver. Expression of kidney specific genes Nphs2 and Agp2 did not change at either time-

point.

Whole blood gPCR analysis revealed significant elevation of Srxn1 and Gstal in CDDO-Me-
treated mice after 24 h exposure compared to the DMSO-treatment group (Fig 3.7 C) (P =
0.0453 and 0.0001 respectively). Consistent with a lack of tissue damage, liver- and kidney-
specific ACt values in whole blood from mice exposed to CDDO-Me or DMSO showed no

significant differences but varied greatly within treatment groups (Fig 3.7 D).

To recapitulate repeated exposure to CDDO-Me, as seen in the clinic (Ongoing trials include
CATALYST (NCT02657356), and LARIAT (NCT02036970)), BALB/c male mice were exposed to
three consecutive 3 mg/kg doses via IP injection. Hepatic Nrf2-pathway induction was
evident at 6 h after the final dose of CDDO-Me (Fig 3.8 A), with significant induction of Srxn1
and Gstal compared to time-matched DMSO-treated mice (P = <0.0001 and 0.0193
respectively). Ngol, Srxn1 and Gstal were significantly upregulated 28 h after the final dose
of CDDO-Me (All p <0.0001). Induction of the Nrf2 pathway in livers following chronic
exposure to CDDO-Me was less than the fold changes measured after a single dose of CDDO-

Me (Fig 3.7 A). However, variability within treatment groups was reduced.

Renal Nrf2 pathway activity was induced at 6 h after the final dose of CDDO-Me (Fig 3.8 B),
with significantly greater levels of expression of Ngo1, Hmox1, Srxn1 and Gstal compared to
the time-matched DMSO-treatment group (P = 0.014, <0.0001, <0.0001 and 0.0175
respectively). At 28 h after the final dose of CDDO-Me, both Ngol and Gstal were
significantly induced (All P <0.0001).
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Whole blood gPCR analysis revealed variable changes in Nrf2-regulated genes within
treatment groups (Fig 3.8 C). Elevations of Nrf2-regulated transcripts were observed after 6
h although variability within groups resulted in these changes not being significantly different
from time-matched DMSO-treated controls. ACts of organ-specific genes were also
extremely variable between individual mice (Fig 3.8 D). Aside from the variability within
groups, this data highlights the activation of Nrf2-regulated gene expression in whole blood

following therapeutic induction in mice exposed to CDDO-Me.
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Figure 3.7 Induction of Nrf2 pathway in tissues and whole blood by CDDO-Me

gPCR analysis of gene expression in the livers (A), kidneys (B) and whole blood (C) of male
C57BL6 mice, exposed to either 100 % DMSO or 10 mg/kg CDDO-Me by IP injection for 6 or
24 h (n=5 animals) (Dotted line = 100 %). (D) ACts of liver-specific gene (Ambp and Apoa?2)
compared to kidney-specific gene (Nphs2 and Agp2) in whole blood samples. Mean ACt + SD
shown. Significant differences in gene expression compared to time-matched DMSO

treatment groups were calculated by one-way ANOVA and Kruskal Wallis test (* P <0.05 and
*** P <0.001)
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Figure 3.8 Upregulation of the Nrf2 pathway in response to chronic exposure to CDDO-Me
gPCR analysis of gene expression in the livers (A), and kidneys (B) and whole blood (C) of
male BALB/c mice, exposed to three doses of either 100 % DMSO or 3 mg/kg CDDO-Me by
IP injection over the course of 6 days (n=5 animals). Tissues were collected 6 or 28 h after
the final dose of CDDO-Me (Dotted line = 100 %). (D) ACts of liver-specific gene (Ambp and
Apoa2) compared to kidney-specific gene (Nphs2 and Agp2) expression in whole blood
samples. Mean ACt + SD shown. Significant differences in gene expression compared to time-
matched DMSO treatment groups were calculated by one-way ANOVA (* P <0.05 and *** P
<0.001).
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3.4. Discussion

In this chapter, | analysed activity of the Nrf2 pathway, in vivo, in whole blood following
toxicological and pharmacological stimulation. Induction of Nrf2-regulated transcripts in
response to APAP exposure, was muted in mice administered NAC, the antidote to APAP
toxicity. This coincided with reduced liver-specific but not kidney-specific transcripts in whole
blood. Following exposure to the therapeutic Nrf2-inducing compound CDDO-Me, murine
whole blood exhibited variable induction of Nrf2-regulated mRNA. Further analysis into the
expression patterns within the sub-components of whole blood may shed light on the source

and potential function of these RNA molecules.

Previously, extensive toxicogenomic profiling of blood following DILI in rats has showed that
gene expression changes in blood preceded elevation of classical markers of liver injury
(Bushel et al., 2007; Lobenhofer et al., 2008) and that these transcripts can accurately predict
extent of toxicity, mirroring ALT level (J. Huang et al., 2010; Zhang et al., 2012). In this
chapter, APAP exposure resulted in significant induction of both the renal and hepatic Nrf2
pathway after 6 h. However, significant activation of the pathway in whole blood was only
evident after 24 h exposure, alongside induction of liver-derived transcripts Ambp and
Apoa2. This coincides with the findings of Umbright et al. who showed that many genes
upregulated in the rat liver following APAP-induced damage, were also upregulated in the
blood (Umbright et al., 2010). Microarray analysis of RNA from leukocytes, isolated from rats
administered APAP, highlighted induction of Nrf2-regulated genes Thioredoxin reductase 1
(Txnrd1), Peroxiredoxin 5 (Pdrx5) and Ngol. In an earlier study, Prdx5 was induced over two-
fold and Srxnl showed a 21-fold increase in plasma from rats following APAP-induced
hepatotoxicity (Wetmore et al., 2010). In addition to elevated Nrf2-regulated mRNA, liver-
specific transcripts were only increased with hepatotoxicant exposure, APAP or D-
galactosamine, and not myotoxic doses of bupivacaine HCl. Next-generation sequencing of
total RNA from plasma of female C57BI6 mice exposed to 350 mg/kg APAP revealed changes
in the levels of 1459 transcripts within plasma — the majority of which were increased
following APAP overdose (K. Wang et al., 2013). Comparable to our findings, Wang et al.
observed elevated Gstal alongside glutathione reductases and synthetases in the liver at 24
h post-APAP administration. Apoa2 was identified as one of the 5493 transcripts present in

both liver and plasma.

Loss of hepatic GSH-dependent enzymes such as GSTA1 in Nrf2 KO mice result in the strain’s

sensitivity to chemical stressors (Chanas et al., 2002). In humans, liver necrosis associated
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with hypertension resulted in elevated GSTA1 protein levels in plasma (Knapen et al., 1998).
Omics profiling of blood and urine from healthy human volunteers after oral administration
of 4 doses of APAP in the form of two 500 mg tablets every 6 h over 24 h (resulting in a total
dose of 4 g) lead to upregulation of transcripts associated with the oxidative stress response
25 h after the first dose (Jetten et al., 2012). Glutathione-S-transferases such as GSTM3
mRNA were elevated in whole blood compared to 0 h samples, although expression varied
between donors. Fannin et al. also observed distinct transcriptional gene expression
signatures in peripheral blood from six healthy volunteers exposed to a single dose of 4 g
APAP compared to the placebo-treated control group (Fannin et al., 2010). After 48 h, down-
regulation of genes associated with oxidative phosphorylation were observed in the APAP-
treatment group. However, out of the 795 differentially expressed genes, Nrf2 pathway
activity was not observed. The authors reported greater variability in gene expression
patterns within the earlier 24 h time-point. Larger cohort analysis is needed to avoid skewed
datasets from variable populations. Additionally, insight into expression patterns in the

peripheral tissues of APAP-treated patients may inform mechanisms underlying toxicity.

Circulating RNA can originate from a variety of sources. Passive release of mRNA into
circulation can occur during tissue necrosis (Wetmore et al., 2010). Active secretion of mRNA
transcripts has been documented in association with exosomes, microvesicles and apoptotic
bodies (Halicka et al., 2000; Skog et al., 2008; Valadi et al., 2007). In this chapter, qPCR
analysis highlighted significantly increased levels of liver-specific genes (Ambp and Apoa2) in
whole blood samples compared to time-matched, saline-treated controls. Kidney-specific
gene expression (Nphs2 and Agp2) remained low across treatment groups. This highlights
the presence of liver-specific and NRF2-regulated transcripts in whole blood after 24 h

exposure to APAP that may be derived from damaged hepatocytes following DILI.

Bioactivation of APAP to NAPQI occurs in the liver, however reactive metabolites may
migrate into circulation. Radioactively-labelled APAP exposure led to dose-dependent
radioactive labelling of haemoglobin alongside hepatic and renal proteins in mice (Axworthy
et al., 1988). The authors surmised that these effects were due to migration of reactive
metabolites from the liver to erythrocytes, and not direct alkylation of haemoglobin by APAP
within erythrocytes, due to the similarity of the dose-response curves of APAP binding to
liver proteins and haemoglobin, and the fact that activation of cytochrome P450 enzymes,
via IP administration of phenobarbital or 3-methylcholanthrene, did not alter the ratio of

haemoglobin- to liver protein-adducts. Interestingly, APAP overdose in cats and dogs causes
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haemolysis and methaemoglobinemia due to the generation of the deacetylation product of
APAP: p-aminophenol by erythrocytes (McCONKEY et al., 2009). Inactive forms of NAPQI
have been detected in circulation as cysteine conjugates (Muldrew et al., 2002) or bound
covalently to proteins. For instance, NAPQIl-albumin adducts have been detected at low
levels in serum from mice exposed to APAP (Switzar et al., 2013). In vitro, increased protein
content of culture medium has been observed following exposure of PHHs to NAPQI (McGill
et al., 2013). This indicates the potential for NAPQI itself being released into circulation
alongside APAP-protein adducts. Mass spectrometric analysis of NAPQI and its conjugated
forms would shed light on the potential for the induction of the Nrf2 pathway in whole blood

to be the result of effects in blood cell, themselves.

To assess the hypothesis that the increase of Nrf2-regulated genes within whole blood is
proportional to extent of hepatotoxicity and thus more likely to be the result of mRNA
leaking from damaged hepatocytes, mice were administered APAP and the antidote, NAC.
Intervention of APAP toxicity, by repeated exposure to NAC, resulted in reduced pericentral
necrosis and co-localised Hmox1 staining. In the liver, GSTA1 and in the kidneys, NQO1
expression was reduced significantly after 24 h. Interestingly, reduced Nrf2 pathway activity
was also identified in the whole blood of mice exposed to both APAP and NAC. Circulating
miRNA levels rapidly decline in APAP overdose patients receiving NAC therapy (Krauskopf et
al., 2015; Ward et al., 2014). However, little is known about the modulation of circulating
mMRNA following exposure to NAC. Here, liver-specific mRNA transcripts were reduced in
whole blood from mice exposed to APAP and NAC compared to mice treated with APAP and
saline. Complete suppression of Nrf2-regulated gene induction was not expected due to the
1 h delay in NAC treatment, following exposure to APAP. However, further analysis is needed
to confirm that the liver is the source of these Nrf2-regulated transcripts and to identify the

mechanism of mRNA release in response to APAP toxicity.

Evidence suggests that exosomal shuttling of RNA can confer protection in recipient cells
following oxidative stress (Eldh et al., 2010). Nrf2-regulating miRNAs have been detected
within exosomes extracted from serum of rats experiencing chronic heart failure, that were
not present in sham controls (Tian et al., 2017). Overexpression of these miRNAs in
cardiomyocytes in vitro resulted in downregulation of Nrf2, consistent with observations of
Nrf2 downregulation in murine models of heart failure. This raises the question of whether
functional Nrf2-transcripts are actively secreted into circulation following liver injury.

Without thorough characterization of exosomes derived from hepatocytes following DILI one
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cannot confirm Nrf2 pathway activation was due to Nrf2-mRNA cargo within exosomes or
other vesicles. Further analysis of exosomal content may confirm the presence of Nrf2-

activating and/or Nrf2-regulated mRNA released in response to APAP toxicity.

Aside from liver-derived exosomes, Nrf2 transcripts can be actively expressed by cells
circulating within whole blood. Hematopoietic cells, including lymphocytes, dendritic and
mast cells secrete exosomes (Blanchard et al., 2002; Skokos et al., 2001; Théry et al., 2001).
Additionally, platelet-derived extracellular vesicles are secreted in response to agonists such
as thrombin and lipopolysaccharide (LPS) (Aatonen et al., 2014). Ex vivo analysis of peripheral
blood mononuclear cells (PBMCs) in culture highlight their sensitivity to Nrf2 modulation. For
example, during the first in human trial of CDDO-Me, PBMCs isolated from participants at
both 2 and 22 days after exposure and cultured ex vivo, exhibited increased expression of

Ngol (Hong et al., 2012).

Here, in response to acute CDDO-Me exposure, both the renal and hepatic Nrf2 pathways
were activated at 6 and 24 h. This was similar to previous analysis of the renal activation of
Nrf2 pathway in wildtype mice, after 24 h exposure to CDDO-Me (Shelton et al., 2015). This
coincided with significant induction of Srxn1 and Gstal in whole blood after 24 h exposure.
A potential source of these Nrf2-regulated transcripts in whole blood are circulating blood
cells themselves, as triterpenoids have been shown to influence PBMC gene expression.
PBMCs and neutrophils isolated from healthy donors, exposed to CDDO-Im and CDDO-Me ex
vivo, exhibited increased expression of antioxidant genes and were protected against LPS-
induced oxidative damage (THIMMULAPPA et al., 2007). However, in PBMCs from patients
with septic shock, treatment with CDDO-Me resulted in increased Ngol and decreased
Hmox1 expression (Noel et al., 2014). Monocytes from healthy donors treated with 50 nM
CDDO-Me in vitro exhibited induced Ngol at 8 and 16 h post LPS stimulation (Noel et al.,
2014). PBMCs from burn victims and healthy donors, treated with CDDO-Me exhibited
induced NQO1 and HMOX1 (Eitas et al., 2017). Primary peripheral blood lymphocytes from
C57BL6 mice, immunised with MOG 33-55 (Model of experimental autoimmune
encephalomyelitis), and stimulated with repeated doses of CDDO-TFEA (a triterpenoid
analogue of CDDO-Me) over 5 days and cultured ex vivo, exhibited induced Nrf2 and Hmox1

MRNA levels compared to vehicle-treated mice (Pareek et al., 2011).

Here, chronic exposure to CDDO-Me resulted in similar Nrf2-pathway activation in the liver
and kidneys, with lower fold changes than the single dose study but less variability within

groups. However, the Nrf2 pathway was not significantly induced in whole blood. This may
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be due to time or dose not being sufficient to maintain maximal induction of the pathway. It
is also important to note that this study was conducted in the BALB/c background and may

not be directly comparable with the acute CDDO-Me study in C57BL6 mice.

A prominent finding, following the assessment of circulating mRNA in response to toxicant
exposure is the chemical-specific gene expression profiles observed in blood samples. These
expression profiles were capable of discerning organ-specific toxicities in rodents (Umbright
et al., 2010; Wetmore et al., 2010) and can differentiate toxic and non-toxic doses (Bushel
et al., 2007). Lobenhofer et al. identified overt drug ‘signatures’ in transcriptional profiles of
whole blood from rats exposed to a panel of eight acute hepatotoxicants (Lobenhofer et al.,
2008). These transcriptomic markers, when applied to an independent study, were able to
predict APAP-induced liver toxicity in rats with 92.1 % accuracy (J. Huang et al., 2010). While
the results presented in this chapter show that Nrf2-regulated gene expression in whole
blood was not evident until latter time points and therefore could not compete with current
clinical markers of DILI, non-invasive sampling for Nrf2 pathway activation in blood may aid

pre-clinical screening of drug candidates.

Throughout this chapter, whole blood analysis revealed variable gene responses within
treatment groups that may be due the inter-individual variability. Future studies with larger
cohorts may better take this variability into account in order to be identify outliers.
Additionally, there is debate as to the length of transcripts in circulation. Many claim the
concentration of mRNA in plasma is misrepresented due to the fact that most circulating
RNAs are not full length (K. Wang et al., 2013; Zhong et al., 2008). However, one of the
longest human mRNA transcripts recovered from the serum of patients suffering from oral
squamous cell carcinoma, included 93.4 % of the full length GAPDH sequence indicating
intact cell-free mRNAs are present in circulation (Li et al., 2006). These intact cell-free RNA
molecules are likely to be protected within vesicles (EI-Hefnawy et al., 2004). To be confident
of the extent of induction of Nrf2-regulated genes in whole blood, optimisation of primers
annealing across different regions of the transcripts are needed. Moreover, factors such as
diet and exercise can significantly impact gene expression in peripheral blood cells (Radom-
Aizik et al., 2008; van Erk et al., 2006). Further studies would need to control for these

variables.

While the data in this chapter confirms the presence of Nrf2-regulated transcripts in whole
blood in response to APAP toxicity and that induction of these mRNA are muted in mice

receiving the antidote, NAC, further work is needed to identify the sources of these
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transcripts. It is appealing to surmise that these transcripts are released into circulation from
damaged liver cells. Other circulating RNA molecules such as miR122 have been shown to
confer protective effects on peripheral tissues following acute kidney injury in rodents (Fan
et al., 2016). Analysis of vesicles such as exosomes, released from hepatocytes following
toxicity may identify a potential source of these transcripts. Alternatively, Nrf2-regulated
transcripts may be derived directly from circulating blood cells. Another interesting question
is the function of these transcripts within whole blood. Does Nrf2-regulated mRNA within
whole blood retain functionality and does this provide protection to peripheral tissues? The
increasing use of Nrf2 activating compounds in the clinic demands thorough characterisation
of the response to drug exposure. Ultimately more detailed time course and whole blood
fraction analysis is needed to fully characterise the response of the circulating Nrf2-pathway

to pharmacological and toxic stimuli.
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Chapter 4

Investigation of putative Nrf2-regulated genes in human hepatocytes
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4.1. Introduction

Activation of the NRF2-mediated protective response to chemical and oxidative stress, is an
early event in adverse outcome pathways, following exposure to many compounds
associated with DILI (Herpers et al., 2016). As a result, NRF2-regulated genes are increasingly
being incorporated into assays for the assessment of compounds liable to provoke toxicity.
Many ARE-based reporters incorporating single or repeated cis-elements of promoter
regions from a particular NRF2-regulated gene have been reported for the detection of
NRF2-activating compounds (Kim et al., 2016; Motahari et al., 2015; Shukla et al., 2012).
Primary human hepatocytes (PHH) are considered the ‘gold standard’ of in vitro DILI
assessment due to their maintenance of liver-specific functionality for up to 72 h post-
isolation (GOmez-Lechdn et al., 2014). Despite this, little is known about the molecular
landscape of the NRF2 pathway in PHH. Therefore, thorough characterisation of the PHH
NRF2 pathway is vital. Previous work from this laboratory included microarray analysis of
PHHs transfected with siRNA targeting NRF2 or KEAP1 (Manuscript in preparation). This
dataset can be used to identify putative novel NRF2-regulated genes that may act as useful
molecular markers of the NRF2 pathway and potentially reflect perturbations associated
with DILL. In this chapter, | aim to define the regulatory sites responsible for the NRF2-
dependent activation of putative novel Nrf2-regulated. Additional insight into the regulation
of NRF2-target gene induction may provide novel means of monitoring the NRF2 pathway in
response to chemical and oxidative stress and improve predictive models for drug safety

assessment.
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4.2. Materials and Methods

All materials and reagents were sourced from Sigma (Poole, UK) unless otherwise stated.

4.2.1. Bioinformatic analysis
In response to small interfering RNA (siRNA), genes significantly downregulated by siNRF2

and significantly upregulated by siKEAP1 in PHH were collated.

Initial comparison of this shortlist of genes to other human microarray datasets was achieved
using the publicly available datasets GSE28813 and GSE38332 (Agyeman et al., 2012; Singh
et al.,, 2013). Singh et al. assessed NRF2 pathway activity following siRNA-mediated
knockdown of NRF2. When multiple probes were included, the smallest value relating to the
most downregulated probe, was used. Agyeman et al. compared NRF2 pathway activation
following siKEAP1 or sulforaphane exposure. In this instance, where multiple probes were
included, the highest upregulated probe following siKEAP1 and sulforaphane exposure was

considered.

The response of the putative Nrf2-regulated genes to toxic stimuli known to activate NRF2
signalling via exposure of PHH to butylated hydroxyanisole (BHA) and diethyl maleate (DEM)
was assessed using the TG-GATES dataset (lgarashi et al., 2014). Data was accessed via
Toxygates, a platform for accessing the TG-GATES database (Nystrém-Persson et al., 2013).
The fold change of gene expression following 24 h exposure to low, medium and high doses
were considered. Where multiple probes were used for a specific gene, the probe with the

highest fold change was included in the analysis.

Assessment of ARE sequence location within and around the gene locus was achieved using
data from the mathematical algorithm for ARE sequence identification developed by
Kuosmanen et al. (Kuosmanen et al, 2016). This model, based on chromatin
immunoprecipitation (ChIP-Seq) data, scored potential ARE sites throughout the genome by
their predicted propensity for NRF2 binding. Data kindly provided by Prof. Anna-Liisa
Levonen, was uploaded to the human genome assembly GRCh37/hg19 in the University of
California Santa Cruz (UCSC) Genome Browser and was categorised in individual ‘tracks’
based on predicted NRF2-binding strength: strong, medium-strong, medium, medium-weak
and weak. Screen shots of binding regions within the gene or 5 kb upstream of the gene start

site were collected.

We utilised data generated by Chorley et al. documenting the NRF2 binding following

sulforaphane treatment in human lymphoblastoid cells (Chorley et al., 2012). The publicly
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available ChIP-Seq dataset, was uploaded to human genome assembly NCBI36/hgl18 in the
UCSC genome browser. Data from vehicle and sulforaphane treated cells were uploaded in
separate ‘tracks’. If either track included a ‘peak’ region, the data view scaling of both tracks
were configured to the highest peak. Screen shots of ‘peak’ regions within and under 5 kb to
the gene start site were compiled. The location of ARE sites from the Kuosmanen dataset

was compared to the Chorley dataset to identify active ARE sites.

4.2.2. Antioxidant response element-reporter construction

Promoter regions spanning 1-2 Kb upstream of the gene start site ATG were synthesised
(GeneMiill, Liverpool, UK). NQO1 and SRXN1 ARE sites were included as positive controls.
During analysis of the SRXN1 promotor region, an ARE element was identified -274 to -193
bp from the transcriptional start site of SRXN1 responsible for its regulation (Singh et al.,
2009). However, this sequence contains two putative ARE sites. Constructs of both ARE sites

were synthesised.

Johnson et al. identified the region within LOC344887 as the site responsible for activation
and therefore the region 1kb around this ARE was included instead of the promotor region
for synthesis (Johnson et al., 2016). Mutated ARE sequences within the inserts were designed

by replacing the bases T with G and A with C and vica-versa (Table 4.1).

The OR5T3 promotor locus was included as a negative control as it contained no ARE sites
and was not modulated by NRF2 in our analysis. These regions were sub-cloned into the

pGL4.20 vector (Promega, Madison, USA) using Kpnl and Nhel restriction sites.
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Table 4.1 Wild-type and mutated ARE sequences within synthesised constructs
Wild type (WT) and mutated (MUT) ARE sequences. The SRXN1 promotor region contains

two potential ARE sites, which were mutated individually or in combination.

Insert ARE1 ARE2
F2RL2 WT TGCTCTGTCAC n/a
F2RL2 MUT GTAGAGTGACA n/a
LOC344887 WT GTGACAGAGCG n/a
LOC344887 MUT TGTCACTCTAT n/a
NQO1 WT GTGACACAGCT n/a
NQO1 MUT GTGACTCAGCA n/a
TRIM16L WT GTGACACAGCT n/a
TRIM16L MUT TGTCACACTAG n/a
SRXN1 WT TGCAAACTCAC CTGAGTCAGCC
SRXN1 ARE1 MUT GTACCCAGACA CTGAGTCAGCC
SRXN1 ARE2 MUT TGCAAACTCAC AGTCTGACTAA
I 1
SRXN1 ARE 1+2 MUT GTACCCAGACA AGTCTGACTAA

4.2.2.1. Preparation of inserts for cloning
Inserts from the synthesised construct were either isolated and purified following restriction
digestion (Kpnl and Nhel) from MIDI prepped DNA (QlAgen, Hilden, Germany) or, when

these yields were low, amplified from these plasmids using PCR.

4.2.2.2. PCR amplification of inserts

Inserts were amplified in reactions using an M13 forward primer (M13) 5’-
GTTTTCCCAGTCACGAC-3’ and a vector-specific reverse primer (Promoter_reverse) 5'-
AGCGCCCAATACGCAAGG-3’ (Table 4.2) and amplified for 35 cycles with 58 °C annealing and
an extension stage of 1 min/Kb product. Following PCR, a small amount of the reactions were

resolved on 1.5 % agarose gels to ensure amplification.
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Table 4.2 Q5 polymerase PCR reaction conditions

Reagent Volume (pl)
5x Q5 buffer 10
10 mM dNTPs 1
5 uM Forward Primer 25
5 uM Reverse Primer 2.5
Template (25 ng/ul) 1
DNase-free H20 325
Q5 polymerase 0.5

4.2.2.3. Restriction enzyme digestion and gel extraction
Following amplification, inserts were incubated with 0.5 pl Dpn1 (NEB, Hitchin, UK) for 30
min at 37 °C to digest methylated DNA. Reactions were cleaned up using the Wizard® SV gel

and PCR clean-up system following the kits instructions (Promega, Madison, USA).

Inserts and pGL4.20 plasmid were digested with Kpn1-HF and Nhel-HF restriction enzymes
(New England Biosciences, Ipswich, USA) in 80 ul reactions (Table 4.3) for 2 h, at 37 °C.
Reactions were subsequently resolved on a 1.5 % agarose gel for 1 h, at 135 V. Inserts were
excised from the gel using a scalpel and purified using the Wizard® SV gel and PCR clean-up
system. Inserts from MIDI prepped DNA were obtained by digestion as described above and

purified from the remainder of the plasmid by gel extraction.
Digested pGL4.20 was resolved with uncut plasmid and the rest of the reaction cleaned up.

The concentration of all digest products was measured using the Nanodrop
Spectrophotometer ND-1000 (Labtech International, Heathfield, UK) and inserts ligated into
digested pGL4.20. Briefly, 50 ng pGL4.20 was ligated with increasing ratios of insert DNA (1:1,
1:2 and 1:4) and 50 ng/ul T4 ligase (NEB, Hitchin, UK). Ligation reactions were incubated

overnight at 4 °C prior to transformation.
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Table 4.3 Insert digestion reaction

Reagent Volume (pul)
10 ug plasmid DNA X
10x CutSmart buffer 8
Kpnl-HF 2
Nhel-HF 2
DNase-free H20 Up to 80

4.2.2.4. Transformation of pGL4.20 ligations

Ligation reactions were incubated with competent STBL3 Escherichia coli (Thermo Fischer
Scientific, Waltham, USA) on ice for 30 min prior to heat shock at 42 °C for 1 min. Following
recovery on ice for 2 min, super optimal broth with catabolite repression (SOC) medium was
added to bacteria and incubated for 1 h at 37 °C with shaking. Bacteria were subsequently

plated onto agar plates containing 100 pg/ml Carbenicillin and cultured at 37 °C overnight.

4.2.2.5. Colony screening

Successful ligation into pGL4.20 was initially determined by screening transformed colonies.
Screening PCR reactions consisted of an RV3 forward primer and an insert-specific reverse
primer (Table 4.4 A), and were amplified with GoTaqg Polymerase (NEB, Hitchin, UK) (Table
4.4 B). Colonies were picked using a pipette tip and added to the PCR reactions by pipetting
up and down. Reactions were amplified over 35 cycles with 58 °C annealing temperature and
extension stage of 1 min/Kb product. PCR products were resolved on a 1.5 % agarose gel.
Plates were left at room temperature to allow colony regrowth and positive colonies were

picked into 5 ml LB medium containing 0.1 pug/ml Carbenicillin for overnight culture.

All positive clones were purified and sent for Sanger sequencing (Source-Biosciences,
Rochdale, UK) to confirm correct integration and sequence of the insert using forward primer
(RV3) 5 CTAGCAAAATAGGCTGTCCC 3’ and reverse primer 5° GGTGGCTTTACCAACAGTACCG
3’. Correct clones were MIDI prepped (Qiagen, Hilden, Germany). DNA was quantified using
the Nanodrop. Purity of the samples were based on the 260/280 ratio. Only those with a

ratio between 1.7 and 1.9 were used.
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Table 4.4 Colony screening reactions

(A) Screening primers (B) PCR reactions to confirm successful transformation of plasmids.

A.
Primer Sequence
F2RL2 Screening primer 5’ — CACACAGATTTCTACCCAG - 3’
LOC344887 Screening primer | 5" — CACCACATCCAGTTAATCAC -3’
NQO1 Screening primer 5’ — CTTCCCTATAACTGCTATCTC -3’
TRIM16L Screening primer 5" - CTGTTTGGCTCTTGTGG — 3’
ORS5T3 Screening primer 5’ — GATAAACAAGGTACAGAGG — 3’
SRXN1 Screening primer 5’ — GCTTGTCTTCGACCGAG — 3’
Forward primer RV3 5’ — CTAGCAAAATAGGCTGTCCC - 3’
B.
Reagent Volume (ul)
™ 5
OneTaq polymerase
10 uM Screening primer pair 1
DNase-free H20 4

4.2.3. Cell culture
All cells lines were maintained at 37 °C with 5 % CO,. HepG2 cells were cultured in media
consisting of Dulbecco’s Modified Eagle’s medium (DMEM), supplemented with 10 % (v/v)

heat-inactivated Foetal bovine serum (FBS) and 1 % (v/v) Penicillin / streptomycin.

Once confluent, cells were dissociated from culture flasks with trypsin. Briefly, the monolayer
was washed with 5 ml 0.02 % (v/v) Ethylenediaminetetraacetic acid (EDTA) in PBS. This was
then replaced with 2 m1 0.25 % Trypsin and incubated at room temperature for 1 min. Trypsin
was removed and the flask incubated at 37 °C for 5 min. Cells were resuspended in media
and counted using a haemocytometer. HepG2 cells were dissociated through a 21G needle
prior to counting. Cells were passaged every 4 days up to 25 passages before being discarded.

Cultures were regularly tested for mycoplasma using the ‘eMyco kit’ (Lonza, Slough, UK).

4.2.3.1. Primary hepatocyte isolation
Surgical excess tissue from hepatobiliary surgery performed at Aintree Hospital (Liverpool,

UK) was obtained with informed consent. Ethical approval was granted by the NReS
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committee Northwest Liverpool Central. Written consent was taken from all patients and the
study protocol adhered to the 1975 Declaration of Helsinki. Liver parenchyma was taken
from non-cancerous margins and ideally, with most of the outer capsule intact. Tissue was
stored on ice in perfusion buffer (10 mM HEPES, 5 mM KCI, 136 mM NaCl and 0.5 % (w/v)
glucose (Thermo-Fisher Scientific, Waltham, USA) in dH,0) for approximately 30 min during

transport to the University laboratories.

PHH were isolated by Dr Amy Schofield, Dr Monday Ogese and Dr Laleh Kamalian via two-
step collagenase digestion as previously described (LeCluyse et al., 2005). The tissue was
weighed and transferred to a laminar flow cabinet for digestion. Firstly, the sample was
perfused with perfusion buffer until the tissue appeared blanched in colour, indicating the
removal of blood. This was achieved using a Heidolph Pump Drive 5006 (Thermo Fischer
Scientific, Waltham, USA) at a flow-rate of between 15-30 ml/min, depending on tissue size

and capsule integrity.

The tissue was then perfused with digestion buffer (0.5 mg/ml Collagenase IV (400-600
U/mg) and 700 uM CaCl, in perfusion buffer) at a similar flow rate, until the tissue appeared
to crack and sag beneath the capsule. Perfusion with digestion buffer did not exceed 20 min.
At this point, the capsule was minced with sterile scissors and the cell suspension passed
through a 125 um nylon mesh (Clarcor UK, Warrington, UK) to remove large undigested
material. The suspension was centrifuged at 80 g for 5 min at 4 °C and gently resuspended
in Williams E medium. Cells were counted, and viability assessed using Trypan blue. Only cell
suspensions with > 75 % viability were used for experiments. Cells were resuspended in
complete medium (1 % (v/v) insulin-transferrin-selenium (Life Technologies, Carlsbad, USA),
2 mM L-glutamine, 100 nM dexamethasone and 1 % (v/v) penicillin/streptomycin in Williams
E medium) and plated at 250 000 cells/cm? in collagen-coated plates (Corning Life Sciences,
Amsterdam, Holland). After 3 h, culture medium was replaced to remove any unattached

cells.

4.2.3.2. Drug treatment

Cells were seeded in a 6 well-plate at 1 million cells per well, per 2 ml media, 24 h prior to
treatment to allow adherence. 100 or 200x stock solutions were generated for each drug
concentration. Drug-treated media was generated by diluting the stock solutions 1 in 200
and used to replace existing media. The resulting concentration of DMSO was 1 or 0.5 % per

well respectively. CDDO-Me and Doxycycline (DOX) was purchased from Sigma (Poole, UK).
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4.2.3.3. Transfection

Cells were reverse transfected using jetPEI™ (Polyplus, New York, USA). The pRL-SV40
construct was kindly donated by Johnathan Po, University of Liverpool and pSB-tet-NRF2 by
Dr. Nick Harper, University of Liverpool. DNA was diluted to 12.5 ng/ul in 150 mM NaCl. jetPEl
reagent was diluted 1 in 20, in 150 mM NaCl. All solutions were vortexed before adding 10
pl (125 ng) diluted DNA to 10 pl diluted jetPEl per well. These transfection reactions were
vortexed and incubated at room temperature for 20 min while a cell suspension of 25 000
cells per 180 ul medium was generated for each transfection reaction. Cell suspension and
transfection reactions were combined and 200 pl added dropwise to the wells of a 96 well

plate.

For Western blotting, cells in 12 well-plates were reverse transfected in a similar manner.
The ratio of reagents per well in this instance was 100 000 cells per 800 pl media with 200 pl
transfection reaction. Transfection reactions consisted of 2 ul jetPEI™ in 100 ul 150 mM NaCl

and 250-1000 ng plasmid DNA in 100 pl 150 mM NaCl.

Subsequent drug treatments were achieved by replacing the media 24 — 48 h post

transfection with drug-treated media, as described previously.

4.2.4. In vitro luciferase assays

All luminescence assays were performed in white-walled 96 well plates (Greiner Bio-one,
Kremsminster, Austria) to avoid signal interference between wells. To measure expression
of Firefly luciferase, cells were incubated with in vivo grade D-luciferin (Promega, Madison,
USA). Cells were washed with PBS and 100 pl 150 pg/ml luciferin in PBS was added to each
well. Plates were incubated at room temperature for 5 min and luminescence quantified

using the Varioskanner Flash.

To quantify both Firefly luciferase and Renilla luciferase expression, Bright-Glo and Renilla-
Glo luciferase assay kits (Promega, Madison, USA) were used. Medium was removed, and
Cell lysis was achieved by adding 200 pl 1x Glolysis buffer (Promega, Madison, USA) to each
well, and shaking the plate for 5 min at 700 RPM on an Orbit™ plate shaker (Labnet, New
Jersey, USA). 100 ul of the cell lysates were transferred to a second white-walled 96 well
plate and placed on ice. The Bright-Glo assay was performed on the first plate. 20 pl Bright-
Glo reagent was added to each well and the plate was shaken at 700 RPM for 15 sec.
Luminescence was quantified using the Varioskanner Flash. To the second plate, 20 ul

Renilla-Glo reagent was added. This plate was shaken for 15 sec at 700 RPM and incubated
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atroom temperature for 10 min. Renilla luciferase expression was then quantified in a similar

manner.

4.2.5. qPCR and Western blotting
gPCR analysis described in section 2.2.8. In this chapter, primers designed for human gene
products were used (Table 4.5). Western blotting completed using the method described in

section 2.2.9.

Table 4.5 Human qPCR primers

Gene Primer Sequence
FIRL2 Fwd 5'- ACT GAG GTG AAA TTG TGC TCCA -3’
Rev 5’- TTT CCA TGC CAC TCT GAC AA -3’
Fwd 5'- CTG GAG AAC GTC AAG CGA CT -3'
Locs93887 Rev 5'- GGG ATG CCA ATG GAC CAG AA -3'
NQO1 Fwd 5'- AGG ACC CTT CCG GAG TAA GAA -3’
Rev 5'- TGG AAG CCA CAG AAA TGC AGA -3’
NRE? Fwd 5'- GAG AGC CCA GTC TTC ATT GC -3’
Rev 5'- TTG GCT TCT GGA CTT GGA AC -3’
SRXNI Fwd 5'- GAT CCG GGA GGA CCC AGA CA -3’
Rev 5'- CAA GGA GGC TGC TAC TGC AA -3'
GAPDH Fwd 5'- GGC CTC CAA GGA GTA AGA CC -3’
Rev 5'- AGG GGT CTA CAT GGC AACTG -3’
Fwd 5'— CCA ATG TAA GTT GTG AACG - 3
TRIM16L Rev 5'— GAA ACC TAG ATG AGA GAT GG - 3'
OR5T3 Fwd 5'— GAC TCC ACT TTCACA GG - 3'
Rev 5'— CTT CAG TCT TGT TCT TCA GT - 3'
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4.3. Results

4.3.1. Bioinformatic analysis reveals putative NRF2-regulated target genes

Previous work from our laboratory identified genes modulated by NRF2 in PHH (Manuscript
in preparation). To generate these data, PHH were transfected with either siRNA targeting
either NRF2 or KEAP1 for 48 h. Gene expression in samples was assessed using the SurePrint
G3 human gene 8x60K v2 microarray kit (Agilent technologies, Santa Clara, US). Transcripts
that were both significantly up-regulated in response to KEAP1 knockdown and down-
regulated following NRF2 silencing were selected as they exhibited proportional activity to

NRF2 and therefore may be potential markers of NRF2 activity.

Initially, the list of genes most responsive to NRF2 pathway modulation in PHH was compared
to the literature (See examples in Table 1.1) for prior evidence of direct regulation by NRF2.
This resulted in a subgroup of 77 genes without previous direct association with NRF2 (Table

Al).

To further refine this list of putative Nrf2-regulated genes, bioinformatic analysis was
applied. Firstly, | compared similar siRNA microarray datasets for evidence of the
responsiveness of the genes to NRF2 regulation (Fig 4.1 A). As many Nrf2-regulated are
implicated in the response to chemical stress, genes were analysed for their sensitivity to
activation by toxic stimuli known to induce NRF2 (Fig 4.1 B). Finally, potential ARE sites within
the promoter regions of the remaining genes were identified and their activation in response

to sulforaphane exposure assessed (Fig 4.1 C).
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A. 54 genes were also modulated within
other microarray datasets following
perturbation of the NRF2 pathway
(Agyeman et al., 2012; Singh et al., 2013).

76 genes from PHH microarray not
previously associated with direct
regulation by NRF2
(+ NQO1, SRXN1 and OR5T3).

B. 38 genes respond of genes to toxic stimuli
(BHA and DEM) within the TG-GATEs database
(lgarashi et al., 2014).

C. 17 genes contain potentially functional ARE
sites within their promoter or enhancer regions
(Kuosmanen et al., 2016; Chorley et al., 2012)

Figure 4.1 Work flow of microarray hit comparison with existing datasets.

The 76 potentially novel Nrf2-regulated genes were compared in turn with other microarray
datasets in which cells were exposed to siNRF2 or siKEAP1 (A). Secondly, the dataset was
compared to gene expression profiles of primary human hepatocytes (PHH) exposed to toxic
compounds, known to stimulate Nrf2 activity (B). Finally, location of predicted ARE sites
within gene promoter regions and evidence for the site’s potential for activation were
assessed using Kousmanen motif discovery algorithm and Chorley ChIP-Seq dataset within
UCSC genome browser (C). Analysis included positive (NQO1 and SRXN1) and negative
(OR5T3) controls throughout.

4.3.1.1. Comparison with other microarray datasets
Firstly, the responsiveness of the 76 potentially novel NRF2-regulated genes to siRNA
modulation of the pathway in other human cell lines was assessed, utilising previously

published microarray datasets (Table A1) (Agyeman et al., 2012; Singh et al., 2013).

Singh et al. (GSE38332) evaluated the transcriptomic response of A549 lung cancer cells to
siNRF2 compared to non-targeting siRNA (luciferase siRNA) as a control. 266 transcripts were
down-regulated to 50 % or lower, than control-treated cells (Singh et al., 2013). These
repressed genes were mainly associated with carbohydrate and xenobiotic metabolism
pathways. From the 76 genes modulated by NRF2 in PHH, 23 were not present in the Singh
dataset. OR5T3 expression was not assessed. Out of the 56 genes measured, 8 genes were
expressed at a similar level to samples exposed to control siRNA, 35 were down regulated

between 99 — 50 % of the control group and 13 genes were down regulated to <50 %
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expression (Table Al). Within the top 10 most down-regulated genes included NQO1 and
SRXN1.

Agyeman et al. (GSE28813) assessed NRF2 induction following exposure to sulforaphane or
KEAP1 knockdown in MCF10A, a human breast epithelial cell line. Significant modulation of
1710 transcripts were observed in response to KEAP1 knockdown while 6378 transcripts
were up- or down-regulated more than 1.5-fold by sulforaphane. 879 transcripts were
induced by both stimuli. From the 76 potentially novel NRF2-regulated genes in PHH, 24
genes were not measured in the Agyeman datasets, additionally OR5T3 was not measured.
However, 55 genes were measured in both Agyeman datasets (Table Al). In response to
siKEAP1, 44 genes were induced, 18 of which were induced over 200 % compared to cells
transfected with control siRNA. The 10 most upregulated genes included NQO1 and SRXN1
(Table Al). In response to sulforaphane exposure, 44 out of the 76 transcripts were induced
alongside NQO1 and SRXN1 (Table Al). Over 200 % induction compared to vehicle treated
controls were seen in 29 of these transcripts. Genes activated over two-fold by both siKEAP1
and sulforaphane exposure included: LOC344887, MAP2, F2RL2, SPP1, ADHFE1, EID3, SRXN1,
ABHD4, TRIM16L, SULT1A2, NQO1, KYNU, ALDH3A1, IKBKG, PPARA, and MLLT11.

In comparison with the Agyeman dataset, 12 genes were shared across datasets that were
down-regulated by at least 50 % by siNRF2 treatment and upregulated over two-fold by both
SiKEAP1 and sulforaphane exposure, compared to vehicle controls. These genes were:
ALDH3A1, F2RL2, KYNU, LOC100506922, LOC344887, MAP2, MYEOV, NQO1, NRG1, SFN,
SPP1, and SRXN1. Therefore, comparison of putative Nrf2-regulated genes identified by this
laboratory with other microarray datasets following modulation of NRF2, highlights similar
gene expression patterns in other human cell lines. This further supports the hypothesis that

these genes are indeed directly regulated by NRF2.

4.3.1.2. Response to toxic stimuli

To identify genes that responded to toxic stimuli, known to activate hepatic NRF2 signalling,
| assessed the 77 genes (alongside positive and negative control genes) for modulation by
the compounds butylated hydroxyanisole (BHA) and diethyl maleate (DEM) (Hiemstra et al.,
2017; Yuan et al., 2006). The carcinogen BHA is bioactivated to electrophilic metabolites
including tert-butylhydroquinone (tBHQ) capable of activating the NRF2 pathway via
modification of KEAP1 cysteine residues (Abiko et al., 2011). DEM depletes glutathione via
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sulfhydryl group alkylation resulting in induction of oxidative stress and activation of NRF2-
regulated genes (Katsuoka et al., 2005; Kaur et al., 2006). Here, | utilise the TG-GATES
database, which consists of gene expression data from PHH exposed to a wide range of

hepatotoxic compounds (Igarashi et al., 2014).

In response to a 200 uM dose of BHA in vitro, 34 genes from our microarray dataset were
included in the top 1000 hits collated in the TG-GATES database (Table A1). SRXN1 and NQO1
were induced over two-fold compared to vehicle-treated controls. Fold changes in response
to BHA ranged from 116 — 402 % across the 36 genes. Likewise, PHH exposed to 1500 uM
DEM exhibited induction of 21 genes from the list of 76 and controls: NQO1 and SRXN1 (Table
4.8). Expression levels of these genes ranged from 133 — 1532 % in DEM-treated cells,
compared to vehicle-treated controls. The most upregulated of which was F2RL2. Where
multiple probes for the same target were used, the probe with the highest fold change was
included only. The negative control gene OR5T3 was not present in the top 1000 hits
modulated by BHA or DEM.

Therefore, there is some homology between NRF2 pathway activity in response to siRNA and
toxic stimuli in PHH. Putative NRF2-regulated genes that respond to both would make
exciting candidates for novel markers of NRF2 pathway activation in response to chemical

stress.
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4.3.1.3. Sequence-based analysis

To identify candidate ARE sites within and around the promotor of genes modulated by NRF2
in PHH, | utilised data from Kuosmanen et al. documenting ARE sequence variation in the
human genome (GRCh37/hgl9) (Kuosmanen et al.,, 2016). In this study, AREs were
categorised by the probability of NRF2-binding and given a strong to weak value. All 76 genes
contained at least a weak ARE within, or 2 kb upstream of, the gene start site: ATG (Data not
shown). OR5T3, a gene not modulated by NRF2 in PHH, was used as a negative control (Table

4.6).

To identify functional AREs, | compared these data to locations of NRF2-binding to the human
genome (NCBI36/hgl8) (Chorley et al., 2012). The authors exposed six different human
lymphoid cell lines to sulforaphane and NRF2-binding sites were identified by chromatin
immunoprecipitation sequencing (ChIP-Seq). From the 242 high-confidence NRF2-binding
sites identified by Chorley et al., 17 were within or close to the promotors of the 76 genes
not previously associated with direct regulation by NRF2 (Table 4.6). These genes contained
‘peak’ regions on the genome wide density plots exhibiting a density greater than 50 units.

The negative control, OR5T3 did not contain an NRF2-binding site within the Chorley dataset.

When compared with the Kuosmanen dataset, many ChIP-Seq ‘peak’ regions aligned with
predicted ARE sites (For example see Fig 4.2). As both datasets were affiliated with different
genomes, | compared the location of ARE from the Kuosmanen dataset with the ChIP-seq
peaks of the Chorley dataset manually. Out of the 17 putative NRF2-regulated genes
exhibiting a peak in response to sulforaphane exposure, 3 were aligned with Strong ARE, 6
with medium strong, 3 with medium, 4 with medium weak and 1 with weak AREs (Table 4.6).
The positive control genes NQO1 and SRXN1 aligned with strong and medium strong sites

respectively.

Therefore, | identified a subgroup of putative NRF2-regulated genes associated with
functional ARE sites responsive to sulforaphane exposure, providing strong evidence for

direct regulation by NRF2.
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Figure 4.2 Alignment of ChIP-Seq peaks with predicted antioxidant response elements
ChlP-seq regions identified by Chorley et al. at the NQO1 locus to which NRF2 binds, in response to sulforaphane (SFN) exposure (A) and (B) corresponding
predicted ‘strong’ ARE site, identified by Kuosmanen et al., circled in red (Chorley et al., 2012; Kuosmanen et al., 2016).
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Table 4.6 Genes with antioxidant response elements responsive to sulforaphane

Green = Genes included in further analysis
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4.3.1.4. Gene shortlist

Following comparison with similar microarray datasets based in alternative cell lines,
expression analysis in response to chemical stress, and location of ARE sites around the
promoter that respond to sulforaphane exposure, | decided to focus on a subgroup of

putative NRF2-regulated genes for further analysis: F2RL2, TRIM16L and LOC344887.

Expression of F2RL2 and LOC344887 were significantly altered in other microarray datasets
modulating the NRF2 pathway (Table 4.6). Additionally, all three genes were significantly
upregulated by sulforaphane (Agyeman et al., 2012). While TRIM16L was not considerably
down-regulated by siNRF2 exposure in the Singh dataset, the response to siKEAP1 and
sulforaphane exposure in both the Agyeman and Chorley datasets provide strong evidence
for its direct regulation by NRF2. In response to toxic stimuli, all three genes were induced
by BHA but only LOC344887 and F2RL2 were activated by DEM. Despite significant activation
by sulforaphane in the Agyeman dataset, F2RL2 was not associated with a ChIP-seq peak
(Chorley et al., 2012). Due to the gene’s significant induction to toxic stimuli and modulation

in Singh and Agyeman datasets, F2RL2 was included for further analysis.

4.3.2. Putative NRF2-regulated gene activation in human liver cells

To confirm the response of these potentially novel NRF2-regulated genes, PHH were exposed
to NRF2-activating compounds: CDDO-Me and sulforaphane for 24 h. gPCR analysis revealed
significant induction of F2RL2 and TRIM16L by CDDO-Me, compared to gene expression in
vehicle-treated cells (P = 0.0005 and 0.0021 respectively) (Fig 4.3 A). Following sulforaphane
exposure, F2RL2 expression was also significantly elevated compared to the DMSO
treatment group (P = < 0.0001) (Fig 4.3 B). While changes in the other genes in response to
both CDDO-Me and sulforaphane were not significant, expression levels in all four donors
were clearly elevated compared to vehicle-treated cells. Variability between donors may be
due to differences in pathology, age and weight (Fig 4.3 C). For instance, Donor 207 was the
only patient suffering from COPD and taking a substantial list of medications, displayed the
greatest induction of NQO1 and F2RL2 in response to NRF2 induction.

In HepG2 cells, exposure to CDDO-Me resulted in upregulation of F2RL2 and LOC344887 (Fig
4.4 A). F2RL2 was significantly induced (P = <0.0001). This effect was NRF2 dependent as
target gene activation by CDDO-Me was inhibited in HepG2 cells transfected with siNRF2. In

these samples NRF2 was significantly knocked down to between 29 -15 %, compared to cells
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transfected with siCON and exposed to DMSO (Fig 4.4 B) (P = 0.0001). In cells transfected
with siNRF2 and exposed to CDDO-Me, TRIM16L expression was significantly reduced
compared to cells transfected with control siRNA and exposed to CDDO-Me (P = = <0.0001).
As a similar response was evident between PHH and HepG2 cells, the immortalised cell line
was chosen for transfection with luciferase promotor-reporter constructs (the generation of

which is described in 4.3.3).
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Figure 4.3 Gene expression in primary human hepatocytes exposed to CDDO-Me

Primary human hepatocytes (PHH) isolated from four donors were exposed to either 100 nM
CDDO-Me (A) or 10 uM sulforaphane (B) for 24 h. Gene expression normalised to cells
treated with 0.5 % DMSO. Significant induction compared to vehicle-treated cells was
assessed by one-way ANOVA or Kruskal Wallis (** P <0.01 and *** p <0.001) (Dotted line =
100%). Age, body mass index (BMI,) comorbidities (such as chronic obstructive pulmonary

disease (COPD)) and medication taken by the donors (C).
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Figure 4.4 Gene expression in HepG2 cells exposed to CDDO-Me

HepG2 cells were transfected with siNrf2 or siCON for 24 h and exposed to 100 nM CDDO-
Me or 0.5 % DMSO for a further 24 h (n=4). (A) gPCR analysis HepG2 cells transfected with
siNrf2 and exposed to DMSO. (B) gPCR analysis of HepG2 cells exposed to siNRF2 or siCON
and CDDO-Me. (Dotted line = 100 %) Significant differences in gene expression between
siCON + CDDO-Me and siCON+ DMSO treated samples was calculated by one-way ANOVA
(@@@ p <0.001). Significant differences between siCON and siNrf2 + CDDO-Me treatment
groups were also calculated by one-way ANOVA (*** p < 0.001).
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4.3.3. Clone construction

In order to investigate potential ARE target sites through which Nrf2 mediates the expression
of F2RL2, LOC344887 and TRIM16L, | next generated luciferase reporters under the control
of the relevant gene promotor regions. Promotor regions were synthesised commercially by
GeneMiill, Liverpool (For example Fig Al). Mutated ARE sequences within the inserts were
designed by replacing the bases T with G and A with C and visa-versa (Table 4.1). These
inserts were sub-cloned into the pGL4.20 vector (Fig A2) utilising the restriction sites for Kpn1
and Nhel within the multiple cloning site of pGL4.20 (Fig A3 A). Successful linearization of
the vector (Fig A3 B) and digestion of the WT and MUT inserts (Fig A3 C) were achieved using
the restriction enzymes Kpnl and Nhel. The TRIM16L WT insert was amplified by PCR due
to repeatedly low DNA yield by miniprep. DNA products were extracted from the agarose

gels, cleaned up and ligated with the pGL4 vector (For example Fig A4).

Transformed bacteria were screened for successful clone integration and miniprepped DNA

sequenced (Fig 4.5 A to D). Fidelity of the WT and MUT ARE sequences were maintained.
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A. LAATCCGCAGTCACAGTGACTCAGCAGAATCTGAGCCTAGd B. TTTGAGATGGAGTGTTGCTQTGTCACCCAGGCTTGCTCAgﬂ
TTTAGGCGTCAGTGTCACTGAGTCGTCTTAGACTCGGATC WAACTCTACCTCACAACGAGACAGTGGGTCCGAACGAGTGA
TCCGCAGTCACAGTGACTCAGCAGAATCTGAGCCTAG I TTGAGATGGAGTGTTGCTCTGTCACCCAGGCTTGCTCACT]
AAATCCGCAGTCACAGTGACTCAGCAGAATCTGAGCCTAGG I TTGAGATGGAGTGTTGCTCTGTCACCCAGGCTTGCTCACT]
A\ A AN A 4 [ i A A WT
Yy '\A\;A‘L\L\A/\r WAL V\AAM\‘JV‘/\ AN o JATAWVNATAR H AN J/ MANAN
AAATCCGCAGTCACACGTCAGACTACGAATCTGAGCCTAGG rTTGAGATGGAGTGﬂéTRGKéTéKCKbCAGGCTTGCTCAcT
MUT 1 ‘ MUT f\
'\LMA\\/\“J‘\; AN 0N /QAML/\ AMAA WA /\-“/\ A /L[\A AAAAMAAAAN A
NQO1 F2RL2
C. D.
TGT“CTCCAGCCTGGGTGACAGAGCG“GACTCCGTCTCAA4 AGTGACCAATGGTCT GTGACAC  AGCTCTCAGGAGACCCTGA
ACATGAGGTCGBACCCACTGTCTCGCTCTGAGGCAGAGTT TCACTGGTTACCAGA CACTGTG  TCGAGAGTCCTCTGGGACT]
Y -
TGTACTCCAGCCTGGGTGACAGAGCGAGACTCCGTCTC WGTGACCAATGGTCT GTGACAC  AGCTCTCAGGAGACCCTGA
TGTACTCCAGCCTGGGTGACAGAGCGAGACTCCGTCTCAAA WGTGACCAATGGTCT GTGACAC  AGCTCTCAGGAGACCCTGA!
WT WT
/\~ h“"‘/\ﬁl/\wl' WA AAL\/\/\JA_L A P /\/\ A /\A\“‘\“" AN
TGTACTCCAGCCTGGTGTCACTCTATCGACTCCGTCTCAAA PGTGACCAATGGTCTTGTEACACTAG====CTCAGGAGACCCTGA
MuT : | MUT W \ W
A “ /\/ AMAANAAMAAAN VAN A/

LOC344887 TRIM16L

Figure 4.5 Confirmation of pGL4 clones by Sanger sequencing
Aligned sequences of wild type (WT) (Top) pGL4-WT (middle) and pGL4-MUT (bottom) sequences of NQO1 (A), F2RL2 (B), LOC344887 (C) and TRIM16L (D)
promotor reporter constructs. ARE site highlighted green. Misaligned MUT ARE sequences highlighted red. Genomic WT sequence from UCSC genome Hg38.
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4.3.4. Assessment of SRXN1 antioxidant response elements

Inclusion of AREs from both NQO1 and SRXN1 were considered as positive controls for the
promotor-reporter assay. Utilising a similar luciferase-based promotor-reporter assay, Singh
et al. identified an NRF2-responsive element -274 to -193 bp from the transcriptional start
site of SRXN1 (Singh et al., 2009). However, | noticed this sequence contains two putative
ARE sites (Fig 4.6). Both sequences fall within ChIP-Seq region of NRF2-binding identified by
Chorley et al. (Chorley et al., 2012) (Table 4.6). Further analysis is needed to identify the
necessity of either/both of these ARE sites for NRF2-dependent activation and so WT and

MUT constructs of both ARE sites were synthesised in a similar manner to section 4.3.3.

5’ CGGTGCGTCACCCGCGCCCCTCCCGCCCCGCGACCTGCAAACTCACCCTGAGTCAGCCCGCCCGGGCGTTTCCACTCCCCG 3’

I ' 1 ¥ ' T T T =
3’ GCCACGCAGTGGGCGCGGGGAGGGCGGGGCGCTGGACGTTTGAGTGGGACTCAGTCGGGCGGGCCCGCAAAGGTGAGGGGL 5’

ARE #1 ARE#2

Figure 4.6 Potential ARE sites within the SRXN1 promotor
The region -274 to -193 bp from the transcriptional start site of SRXN1, identified by Singh et
al. as an NRF2-responsive element (Singh et al., 2009). However, this sequence contains two

putative ARE sites highlighted.
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4.3.5. ARE-reporter construct response to pharmacological induction of NRF2

Initial transfections were conducted in the readily transfectable HEK293T cell line. Following
24 h exposure to CDDO-Me, luminescence was quantified in the transiently transfected cells
(Fig 4.7 A). Cells transfected with the empty pGL4 vector and the negative control construct
pGL4-OR5T3 WT did not produce a luminescent response greater than their vehicle-treated
counterparts. pGL4-NQO1 WT transfected cells produced significantly greater luminescence
than those transfected with pGL4-NQO1 MUT, following CDDO-Me exposure (P = <0.0001)
(Fig 4.7 A). Amongst the novel gene reporters, only cells transfected with pGL4-Trim16L WT
and pGL4-Trim16L MUT produced luminescence greater than DMSO-treated counterparts
(Fig 4.7 B). Unexpectedly HEK293T cells transfected with pGL4-TRIM16L MUT produced more

luminescence than those exposed to pGL4-TRIM16L WT. However, these data are only n=1.

Following successful transfection in HEK293T cells, the construct response to CDDO-Me was
assessed in HepG2 cells. When transiently transfected with the pGL4-constructs and exposed
to CDDO-Me for 24 h, a similar luminescent response to the HEK293T cells were observed
(Fig 4.8 A). Following induction of NRF2 by CDDO-Me, pGL4-NQO1 WT produced a
significantly stronger luminescent signal than the mutant construct (P = <0.0001). Cells
transfected with pGL4-TRIM16L MUT also produced significantly greater luminescence than
cell transfected with pGL4-TRIM16L WT (P = <0.0001), consistent with the findings in
HEK293T cells.

Firefly luminescence (fLuc) induced by CDDO-Me was subsequently normalised to renilla
luminescence (rLuc) expression to account for in-well transfection efficiency and potential
discrepancies in cell viability (Fig 4.8 B and C). In this assay HepG2 cells were co-transfected
with the constitutively active, rLuc-based, pRL-SV40 construct. Both fLuc and rLuc activity
were normalised to DMSO-treated, equivalently transfected cells. fLuc activity was then
expressed as a percentage of rLuc activity. When normalised to renilla luciferase expression,
luminescence did not differ greatly from the initial analysis. HepG2 cells transfected with
pGL4-NQO1 WT produced significantly more luminescence than the mutated construct (P =
0.0286) (Fig 4.8 B). Cells transfected with pGL4-OR5T3 did not produce a luminescent
response to CDDO-Me exposure. Therefore, while positive and negative control promotor-
reporter constructs exhibited expected luminescence values, lack of induction of F2RL2 WT,
LOC344887 WT and TRIM16L WT greater than their MUT counterparts (Fig 4.7 C), indicated

potentially indirect mechanisms for NRF2 activation in response to CDDO-Me exposure.

167



Chapter 4

250 -
A. . B.
H
o ] 200
3 200
= —
a 8
s 150
£ 150+ H
3 2
c
o
S 100 g 100
o T 3
£ 2
c
E 504 E 504
- =
)
0 0

N o S & & &
b:} Q'.’;\ \“é \“0 "l:éx q,‘xg q;\é\ 4\‘*) G}’éﬁ \}x)\
&~ O £ o & & F & & ¢
N Ow u‘\o Sl ol W dy 0,9? & &
3 b o O »
SIS &£ & ¥ hvo & &
< Q & o Q

Figure 4.7 pGL4-construct response to CDDO-Me in HEK293T cells

Luminescence in HEK293T cells transiently transfected with promoter-reporter constructs
and exposed to 100 nM CDDO-Me for 24 h. (A) Luminescent response of empty vector,
positive and negative control plasmids (n=3). (B) Luminescent response of WT and MUT
constructs (n=1). Luminescence normalised to DMSO-treated, transfected counterparts.
Significant difference between WT and MUT construct luminescence calculated by Student’s

T test (*** p<0.001). Mean + SD shown.
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Figure 4.8 pGL4-construct response to CDDO-Me in HepG2 cells

(A) Luminescence in transiently transfected HepG2 cells following exposure to 100 nM
CDDO-Me for 24 h (n=3). Luminescence normalised to 0.5 % DMSO-treated, transfected
counterparts. Significance difference of wild-type (WT) and mutant (MUT) construct
luminescence was calculated by one-way ANOVA. (B) Firefly (fLuc) and renilla (rLuc)
luciferase expression was subsequently quantified in HepG2 cells co-transfected with either
the empty vector, positive or negative control constructs and pRL-SV40, then treated with
CDDO-Me in a similar manner (n=3). fLuc normalised to rLuc activity and expressed as a
percentage of the DMSO-treatment groups. (C) fLuc expression of pGL4- WT and MUT
constructs normalised to rLuc of pRL-SV40 vector in transiently transfected HepG2 cells
stimulated with CDDO-Me (n=1). Significant difference between WT and MUT construct
luminescence calculated by one-way ANOVA or Kruskal Wallis (* p £0.05 and *** p <0.001).

Mean + SD shown.
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4.3.6. ARE-reporter response to overexpression of NRF2

To minimise off target effects of pharmacological activation of the NRF2 pathway, construct
luminescence in response to NRF2 overexpression was assessed. As similar luminescence
expression was evident with and without normalisation to rLuc expression of the pRL-SV40
control plasmid, this control was not included in further experiments. Induction of NRF2 was
achieved using the pSB-tet-NRF2 inducible construct (Fig A5). This plasmid utilises the
‘tetracycline (Tet) on’ system, established by Gossen et al., whereby the constitutively active
Tet repressor binds to the TRE promotor region, inhibiting transcription (Gossen et al., 1995).
In cells transfected with pSB-tet-NRF2, repression of the NRF2 sequence is relieved following
exposure to the tetracycline analogue, Doxycycline (DOX). This results in NRF2
overexpression. Firstly, HEK293T cells were transfected with increasing amounts of pSB-tet-
NRF2, and NRF2 expression was induced by treatment with 6 pg/ml DOX for 24 h (Fig 4.9 A).
Similar levels of NRF2 protein expression, compared with 24 h exposure to 100 nM CDDO-
Me and 2 h exposure to 10 uM MG132 were observed. To identify the optimal concentration
of DOX for induction of the pGL4-reporter constructs in HepG2 cells, cells transfected with
either pGL4-NQO1 WT or MUT constructs were exposed to increasing concentrations of DOX
for 24 h (Fig.4.9 B). When normalised to DMSO-treated equivalents, doses of 5-8 ug/ml DOX
induced the greatest difference between pGL4-NQO1 WT and MUT luciferase expression.
Time course analysis revealed luminescence in HepG2 cells transfected with pGL4-NQO1 WT

peaked at 12 h exposure to DOX (Fig 4.9 C).

Based on these preliminary experiments, HepG2 cells transfected with the pGL4 promotor
constructs were exposed to 6 pg/ml DOX and luminescence quantified after 12 h (Fig 4.10).
Luminescence was normalised to DMSO-treated equivalents. Cells transfected with pGL4-
NQO1 WT produced significantly greater luminescent response to NRF2 overexpression
compared to those transfected with pGL4-NQO1 MUT (P = 0.0026). Cells transfected with
the other pGL4 reporters exhibited a similar luminescent response to that induced by CDDO-
Me (Fig 4.12 A). Therefore, despite testing alternative methods for NRF2-activation, the
luminescence expression patterns of cells transfected with either WT or MUT constructs

remained similar.
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Figure 4.9 Optimisation of NRF2 overexpression by pSB-tet-NRF2

(A) Western blot of HEK293T cells transfected with increasing amounts of pSB-tet-NRF2 and

exposed to either 1 % DMSO or 6 pug/ml Doxycycline (DOX) in comparison with untransfected

HEK293T cells treated with 1 % DMSO, 6 ug/ml DOX or 100 nM CDDO-Me for 24 h or 10 uM

MG132 for 2 h. (C) Luminescence in HepG2 cells co-transfected with pSB-tet-NRF2 and

exposed to increasing concentrations of DOX. Luminescence was quantified after 24 h (n=1).

(C) Time course analysis of pGL4-NQO1 induction at 2, 6, 12 and 24 h post DOX administration

(n=1) (dotted line = 100 %).
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Figure 4.10 pGL4-construct response to NRF2 overexpression in HepG2 cells

HepG2 cells were co-transfected with a promotor-reporter construct and pSB-tet-NRF2.
After 12 h, NRF2 overexpression was induced via exposure to 6 pg/ml Doxycycline.
Luminescence normalised to DMSO-treated, transfected counterparts (n=3). Significant
difference in WT compared to MUT construct induction was calculated by One-way ANOVA
and Kruskal Wallis (*** p <0.001). Mean + SD shown.
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4.3.7. SRXN1 ARE assessment

To assess the necessity of both ARE sites within the binding-region identified by Singh et al.
as responsible for SRXN1 activation, WT and MUT reporter constructs were generated. In
CDDO-Me-treated, transiently transfected HepG2 cells, pGL4-SRXN1 WT luminescence was
greater than the three mutant-ARE-constructs (P = <0.0001 for all) (Fig 4.11 A). Interestingly,
luminescence was not significantly different between the pGL4-SRXN1 ARE1, ARE2 or ARE
1+2 mutants. When normalised to rLuc expression of a constitutively active construct, a
similar expression pattern was observed, indicating transfection with the pGL4-SRXN1 WT
and MUT constructs did not affect cell viability and transfection efficiency varied little

between wells (Fig 4.11 B).

In response to NRF2-overexpression, significantly greater luminescence was observed in
HepG2 cells transfected with pGL4-SRXN1 WT compared to cells transfected with MUT
constructs (P = <0.0001 for all) (Fig 4.11 C). Again, the luminescence responses between the

pGL4-SRXN1 ARE1, ARE2 and ARE 1+2 mutants did not significantly differ.

Therefore, while luminescence from cells transfected with the pGL4-SRXN1 WT construct
was significantly greater than the other constructs in response to both CDDO-Me exposure
and Nrf2 overexpression, luminescence of the pGL4-SRXN1 ARE1, ARE2 and ARE 1+2 mutants
did not differ. Thus, highlighting the role both sites play in this extended ARE site during
SRXN1 activation by NRF2.
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Figure 4.11 Induction of wild-type but not mutant pGL4-SRXN1 constructs following NRF2 activation

Luminescence of (A) HepG2 cells transiently transfected with promoter-reporter constructs and exposed to 100 nM CDDO-Me or 0.5 % DMSO for 24 h (n=3).
Significance difference of wild-type (WT) and mutant (MUT) construct luminescence was calculated by one-way ANOVA. (B) Firefly (fLuc) and renilla (rLuc)
luciferase activity was quantified in HepG2 cells co-transfected with pGL4-SRXN1 constructs and pRL-SV40, exposed to CDDO-Me or its vehicle control (n=1).
fLuc was normalised to rLuc activity. (C) Luminescence of HepG2 cells co-transfected with pGL4-SRXN1 constructs and pSB-tet-NRF2, exposed to 6 pg/ml

Doxycycline (DOX) or 1 % DMSO for 12 h. Significant difference in WT compared to MUT construct induction was calculated by one-way ANOVA (*** p <
0.001). Mean + SD shown.
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4.4. Discussion

Thorough understanding of the regulatory role of NRF2 in human hepatic cells may inform
models of pathway activation for the identification hepatotoxic compounds. The aim of this
chapter was to determine whether NRF2 directly regulates the expression of Coagulation
factor Il receptor-like 2 (F2RL2), NmrA-like family domain containing 1 pseudogene
(LOC344887) and Tripartite Motif Containing 16 Like (TRIM16L), via specific ARE elements
located in the promoter regions of these genes. Data mining publicly accessible datasets
revealed these genes responded to NRF2 modulation by genetic and pharmacological stimuli
(Agyeman et al., 2012; Igarashi et al., 2014; Singh et al., 2013). In particular, both LOC344887
and TRIM16L exhibited responsive elements to sulforaphane exposure that aligned with ARE
binding sites (Chorley et al.,, 2012; Kuosmanen et al., 2016). ARE sites identified via
bioinformatic analysis were sub-cloned into the luminescent pGL4.20 vector. In response to
NRF2 overexpression and pharmacological induction by CDDO-Me in vitro, the pGL4-Nqgo1l
WT and pGL4-SRXN1 WT constructs produced significantly stronger luminescent signals than
their mutant counterparts. The negative control plasmid pGL4-OR5T3 was not induced under
any conditions. However, the luminescent response of wild-type pGL4-F2RL2, -LOC344887
and -TRIM16L were never greater than cells transfected with their mutant counterparts,
indicating the promotor regions included in this analysis may not be solely responsible for

NRF2-mediated gene activation.

LOC334887 is a transcriptionally active, duplicated pseudogene containing an RNA
polymerase 2 and various transcription factor binding sites, identified by combining large-
scale RT-PCR-Seq of pseudogenes with gene annotation datasets including HAVANA (Human
and vertebrate analysis and annotation) (Pei et al., 2012). Located on chromosome 3, the
pseudogene contains 10 introns and is associated with 8 mRNA splice variants (Thierry-Mieg
and Thierry-Mieg, 2006). Initially described by Jacq et al., pseudogenes share similar
sequences to functional genes but lack protein-coding ability due to the accumulation of
mutations, absence of transcriptional activity or ability to encode RNA (Jacq et al., 1977).
They may arise from the incorporation of mRNA into the chromosome (processed
pseudogenes) or the accumulation of mutations over time (unprocessed and unitary
pseudogenes)(reviewed by Groen et al.,, 2014). The encyclopaedia of DNA elements
(ENCODE) project identified 863 pseudogenes within the human genome that are
transcriptionally active and related to active chromatin (Pei et al., 2012). Expression of non-

coding RNA can act as endogenous siRNA or conversely compete with its functional paralog
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for mRNA binding complexes resulting in enhanced stability and translation of mRNA

associated with the parent gene of the pseudogene.

Induction of LOC344887 in vitro has been demonstrated following exposure of cells to: 1,2,4-
benzenetriol (A reactive metabolite of benzenoxide) (Miyahara et al., 2014), cigarette smoke
(Boylston and Brenner, 2014), airborne free radicals (Sun et al., 2012), and sodium arsenate
(Qiu et al., 2015). Johnson et al. describe LOC344887 mediated co-activation of NRF2
resulting in induction of NQO1 (Johnson et al., 2015). The authors treated colon cell lines
with NRF2 inducers, sulforaphane, oltipraz and tert-butylhydroquinone, which resulted in
induction of LOC344887. The pseudogene was also sensitive to knock down of NRF2.
Chromatin immunoprecipitation identified potential NRF2 and MAFk binding regions while
RNA immunoprecipitation supplied evidence for direct binding to MafK. The authors
hypothesized that LOC344887 acts as a scaffold for MafK/NRF2 or other transcription factors
on the promoter region of NQO1. Johnson et al. identify the ‘TGACAGAGCCG’ sequence
(named ARE2) between exonl and 2 as the location of NRF2 and Mafk co-localisation. This
ARE site was incorporated into our pGL4-LOC344887 WT vector. However, the authors also
note the binding of MafK to the ARE1 sequence (TGACACTGCA) in the pseudogene’s
promotor region. This ARE site was part of the 390 bp region deleted in the CRISPR/Cas9
knock out cell line. The ARE1 sequence was not included in our promotor reporter analysis
and, if MafK is an essential cofactor for expression of LOC344887 in hepatocytes stimulated
with sulforaphane, may therefore be the reason for the lack of induction of the pGL4-

LOC344887 WT plasmid.

F2RL2 encodes protease activated receptor 3 (PAR3), a member of the G protein coupled
receptor family. The gene extends across two exons encoding the signal peptide and mature
protein, seven transmembrane helices, a pro-domain, three intracellular loops, three
extracellular loops and a carboxyl terminus (Kahn et al., 1998). PAR3 also contains a hirudin-
like binding domain within the amino terminus, to which prothrombin binds. There are four
PARs present in humans and mice which are activated following proteolysis of the N-
terminus either by thrombin or other proteases including trypsin and coagulation factors
(Reviewed by Coughlin, 2000). Originally identified by Ishihara et al., there is little evidence
to suggest PAR3 functions autonomously and is therefore classed as an non-signalling
receptor (Ishihara et al., 1997). However, increasing evidence indicates its role as a cofactor

for activation of other PARs including heterodimerization with PAR1 (Mclaughlin et al.,
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2007). X-ray crystallography highlighted the role of PAR3 as a cofactor for the activation of
PAR4 via cleavage of prothrombin (Bah et al., 2007).

Knockdown of PAR3 in human pancreatic adenocarcinoma (PANC1) cells lead to: faster
adhesion to plastic and madrigal-coated plates, slower ‘wound closure’ in a 2D assay, and
increased expression of integrins and E-cadherin (Segal et al., 2014). While, knock down of
PAR3 in human osteoarthritis synovial fibroblasts (OASFs) significantly abolished thrombin
mediated upregulation of HMOX1 (Liu et al., 2012). Exposure to a PAR3 agonist, resulted in
significant increases in HMOX1. It is thought that thrombin induces HMOX1 via PAR1 and
PAR3 interactions with NRF2 signalling in OSAFs. Other proteases have been shown to
activate Nrf2-regulated: PAR2 activates NQO1 in keratinocytes (HaCaT cells) by stabilizing

NRF2 to facilitate its translocation (Kim et al., 2014).

Similar to LOC344887, increased expression of F2RL2 alongside HMOX1 was evident
following treatment with 1% cigarette smoke extract in human bronchial epithelial cells
(Boylston and Brenner, 2014). F2RL2 is down-regulated in activating transcription factor 3
(ATF3) KO mice (Akram et al., 2010). ATF3 has been shown to interact directly with NRF2 in
order to repress NRF2 pathway activation (Brown et al., 2008). However, microarray analysis
of global gene expression within the non-small cell lung cancer (NSCLC) cell line A549,
revealed down-regulation of F2RL2 in comparison to untreated cells, following 48 h of
stimulation with 50 uM quercitrin, a potent antioxidant and NRF2 activator (Cincin et al.,

2014). This may be due to the 48 h time point or tissue specific F2RL2 activity.

TRIM16L, also known as TRIM?70, shares significant homology to the TRIM16 sequence (Yu
et al., 2016). As members of the tripartite motif-containing (TRIM) family, these genes
contain a motif consisting of a ring domain, at least one B-box domain and an associated
coiled-coil domain in the N-terminus (Hatakeyama, 2011). In response to laminar sheer
stress, microarray analysis of human umbilical vein endothelial cells (HUVECs) identified
upregulation of TRIM16 alongside NRF2-regulated genes including HMOX1, NQO1 and GCLM
(Warabi et al., 2004). Other members of the TRIM family, such as TRIM21 have been shown
to regulate NRF2 expression via direct ubiquitination of P62, inhibiting KEAP1 degradation,
resulting in suppression of NRF2 pathway activity (Pan et al., 2016). In human non-small cell
lung carcinoma tumours with mutations in KEAP1 and exons within the KEAP1 binding sites
of NRF2, both TRIM16 and TRIM16L mRNA expression was elevated compared to tumours
without these mutations (Goldstein et al., 2016). However, the role of TRIM16L and its place

in the NRF2 pathway are yet to be discovered.
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In this chapter, | utilised a luciferase-based promotor-reporter assay to determine the ARE
sites responsible for NRF2-mediated activation. This technique, among others, has been used
previously, to identify NRF2-regulation of genes. The electrophoretic mobility shift assay
(EMSA) and super-shift assay document the slower migration of DNA-protein complexes
through a gel compared to DNA alone (Fried and Crothers, 1981; Garner and Revzin, 1981).
However, these ‘peak’ regions often span large areas, impeding identification of exact
binding sequences. Herel applied mutational analysis of promotor regions of putative NRF2-

regulated genes to provide direct evidence of NRF2 binding to putative ARE sites.

The consensus ARE sequence has undergone many revisions. Initial identification of the motif
in rat GSTA1 and NQO1 revealed the sequence RGTGACNnnGC (R=A or G) (Rushmore et al.,
1991). Assessment of mouse Gsta2, Nqol, Gstpl, and Ftl indicated
TMANNRTGAYNNNGCRWWWW (W=A/T M=A/C) was more representative (W. W.
Wasserman and Fahl, 1997). Observation of two ARE sites within the human GCLM promoter
revised the sequence to T,G/T,A,C/T,NNNGCA (Erickson et al., 2002). Comparison of well-

established ARE motifs across human, mouse and rat genomes confirmed nucleotides

TNANNNNGC were constant and TGACNNNGC as the most-likely core consensus sequence
(Wang et al.,, 2007). However previous mutational analysis by Nioi et al. highlighted
divergence between mouse and human ARE sequences, stating a universal ARE consensus
sequence may not be possible (Nioi et al., 2003). In this chapter ARE sequences from NQO1,
F2RL2, LOC344887 and TRIM16L, included in our mutational analysis, all contained the
TGACNNNGC motif (Table 4.1).

Despite using both genetic and pharmacological methods of NRF2 activation, luminescence
in cells transfected with pGL4-LOC344887 and pGL4-F2RL2 WT and MUT constructs were not
significantly different. Lack of differential activation of WT and MUT construct luminescence
may suggest these genes are not regulated by NRF2. However, this is unlikely as
bioinformatic analysis highlighted modulation in variety of cell types exposed to different
stimuli known to modulate NRF2 (Agyeman et al., 2012; Igarashi et al., 2014; Singh et al.,
2013). Expression may be indirectly regulated by the transcription factor. Nrf2 has been
shown to modulate miRNAs that influence transcription of other genes (Chorley et al., 2012;
Singh et al., 2013). In Nrf27 fibroblasts, rescue of GCLC promoter-reporter construct
activation, in response to tBHQ via Nrf2 overexpression was inhibited when activator protein
1 (AP-1) transcription factor binding sites within the GCLC promoter were mutated (Yang et
al., 2005). Additionally there is cross-talk between NRF2-regulated genes and those

containing xenobiotic response elements (XRE) sites regulated by the transcription factor
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aryl hydrocarbon receptor (AHR) (Yeager et al., 2009). Many of the genes listed in Table Al
had XRE sites close to the gene start site (data not shown). NRF2 itself is regulated by AHR
(Miao et al., 2005). Conversely NRF27 mice exhibited reduced expression of AHR and NRF2
has been shown to directly bind to an ARE site 250 bp upstream from the transcription start
site of AHR (Shin et al., 2007). Alternatively, the promotor elements included in the reporter
constructs may not contain the specific ARE sequence or additional enhancer sites necessary
for activation. For instance, the ARE sites identified in the Kuosmanen dataset upstream of
the F2RL2 start site, do not align with a binding site within the Chorley dataset. One way to
assess this would be to co-transfect promotor-reporter and trans-acting enhancer-reporter
constructs similar to those utilized in massively parallel reporter assays (MPRAs) to identify

sequences necessary for gene activation.

In response to different forms of NRF2 stimulation, pGL4-TRIM16L MUT luminescence was
consistently significantly greater than in cells transfected with the WT construct.
Introduction of another ARE site within the MUT construct may explain the additional
luminescent activity however none were found. Interestingly, both 1 kb inserts contained
the canonical AP-1 binding site, or TPA-responsive element (TRE): TGAGTCA, 52 base pairs
from the transcription start site. This may be the reason for the substantial induction of
luminescence observed in cells transfected with pGL4-TRIM16L WT and MUT constructs,
compared to the other reporters. CDDO-Me is thought to activate AP-1 via induction of c-
Jun expression (Zou et al., 2004). Additionally, c-JUN-Nrf2 heterodimers have been shown to
activate Nrf2-regulated genes such as CYP2J2 (Lee and Murray, 2010). Generation of
constructs with promotor regions of different lengths (i.e. 100/200/500 bp from
transcription start site) would aid identification of the site responsible for pGL4-TRIM16L WT
and MUT reporter construct activation. Diminished activation of luminescence following
knock down of AP-1 expression, in cells transfected with the pGL4-TRIM16L constructs would
also highlight the role the TRE site plays in the reporter activation. Additionally, sequential
base changes to the ARE within the TRIM16L promotor would highlight the region

responsible for increased luminescence seen in the pGL4-TRIM16L MUT construct.

The ARE region identified by Singh et al. as the NRF2 binding site in A549 lung cells, when
stimulated by tBHQ, contains two ARE sites (Singh et al., 2009). Mutation of one or both ARE
sites in the promotor region of SRXN1, identified by Singh et al., showed no difference in
luminescent response (Singh et al., 2009). This lack of significant induction of luminescence

in cells transfected with MUT constructs with either or both ARE sites compromised,
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compared to pGL4-SRXN1 WT, indicates potential for the extended ARE site to be essential
for NRF2-mediated regulation. Consistent with our findings, Soriano et al. mutated bases

within the ARE2 region (mutations highlighted in bold: CTGCAAACTCACCCTGAGTCAGCCC)

that lead to diminished activation of luciferase-based reporter constructs exposed to CDDO-
TFEA in neuronal cells (Soriano et al., 2008). One possibility is that the active ARE site bridges
the two mutant constructs. Point mutational analysis across the entire extended sequence

would highlight the exact region required for NRF2 binding.

In this chapter, mining of publicly available transcriptomic datasets corroborated our
microarray analysis of genes sensitive to NRF2-pathway modulation in PHH. Activation of
potentially novel NRF2-regulated genes F2RL2, TRIM16L and LOC344887 were assessed by
promotor-reporter assay. Further assessment of the promoter and potential enhancer
elements of these genes, either by ChIP or EMSA of PHH lysates, is needed to confirm the
direct or indirect NRF2-mediated induction of these transcripts. Assessment of multiple ARE
sites in the promotor region of SRXN1, highlighted, for the first time, the necessity of both to
facilitate transcription in response to NRF2 stimulation. Ultimately, delineation of the Nrf2-
regulated transcriptome will shed light on the role of the pathway within the cell and provide

markers to improve assessment of NRF2 pathway activity.
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Chapter 5

Use of Nrf2 reporter genes to assess the potencies of novel sulforaphane analogues
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5.1. Introduction

The dietary isothiocyanate sulforaphane is currently undergoing clinical trials for the
treatment of a range of different diseases including schizophrenia (NCT02880462), autism
(NCT02909959), lung cancer (NCT03232138), skin aging following UV exposure
(NCT03126539), prostate cancer (NCT01950143), colon cancer (NCT01344330) and type 2
diabetes (NCT02801448). The electrophilicity of isothiocyanates facilitates the formation of
covalent bonds with cysteine residues (Lewis et al., 2017). Dinkova-Kostova et al. recorded
cysteine modifications of murine Keap1l in the presence of sulforaphane using UV-VIS and
mass-spectroscopy (Dinkova-Kostova et al., 2002). In particular, the cysteine residue C151 in
the BTB domain of KEAP1 mediates NRF2 activation as expression of a mutant KEAP1-C151
protein repressed NRF2 pathway activation by sulforaphane (Zhang and Hannink, 2003). This
was confirmed using biotin-switch technique whereby unstable cysteine adducts were
biotinylated and precipitated using streptavidin beads (McMahon et al., 2010). Additionally,
sulforaphane has also been shown to augment NRF2 synthesis by promoting ribosomal
internalization of NRF2 mRNA for protein synthesis (Li et al., 2010). Recently, Clulow et al.
identified over 500 proteins potentially liable to modification by sulforaphane (A. Clulow et
al., 2017). Sulforadex® (SFX-01), the a-cycoldextrin coated sulforaphane produced by Evgen
pharma, is currently undergoing clinical trials for the treatment of sub arachnoid

haemorrhage (NCT02614742) and metastatic breast cancer (NCT02970682).

Regulatory authorities such as the OECD have endorsed the integration of cell-based
reporters for screening compounds in a medium- to high-throughput manner for NRF2
pathway activation linked to certain forms of drug toxicity (Emter and Natsch, 2015; Mutter
et al., 2015). Initiatives such as ToxCast and Tox21 demonstrate the utility of in vitro high-
throughput screening to identify activation of NRF2 (Huang et al., 2016; Richard et al., 2016).
The latter employed fluorescent reporters such as SRXN1-GFP to inform on the mechanisms
of toxicity in human cell lines. Conversely, a number of ARE-driven reporter cell models have
been used to screen for the therapeutic activation of NRF2 (Ramkumar et al., 2013; Wu et
al., 2012). For instance, the luminescent AREc32 cell line established by Wang et al.,
identified NRF2-inducers from a panel of 54 natural dietary compounds such as curcumin

and quercetin (Wang et al., 2006; K. C. Wu et al., 2014).

Here, | exemplify the use of a rat liver cell line, H4lle-8AREL, stably transfected with a
luciferase reporter driven by an eight times repeated ARE sequence from the promotor of

rat Gsta2 (Kratschmar et al., 2012), to assess the potencies of a sulforaphane analogue series
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to guide the selection of back up compounds for the SFX-01 development program. To
improve the human relevance of this approach, | also describe the generation of a luciferase
reporter under the control of a quintupled ARE sequence and demonstrate its use as a

screening tool for NRF2 activators in human HepGz2 liver cells.

184



Chapter 5

5.2. Materials and Methods

All reagents were purchased from Sigma unless otherwise stated.

5.2.1. Cell culture, drug treatment and reverse transfection
H4lle-8AREL cells, kindly donated by Prof. Alex Odermatt (Basel University, Switzerland),

were cultured in conditions similar to those previously described in section 4.2.3. Culture
media consisted of DMEM supplemented with 1x Non-essential amino acids (Life
Technologies, Carlsbad, USA), 10 mM HEPES (Life Technologies, Carlsbad, USA), 1 % (v/v)
Penicillin/streptomycin and 10 % heat-inactivated FBS. Cells were seeded 25,000 cells per

well of a 96 well plate.

Sulforaphane and its analogues were produced by Dr. Noureddine Khiar (Consejo Superior
de Investigaciones Cientivicas, Seville, Spain) with support from EVGEN pharma (Liverpool,
UK). Drug treatments were conducted in a similar manner to those described in section
4.2.3.2, in a 96 well-plate format. Concentrations at which there is 200 % luciferase activity,
proportional to NRF2 activity (CD values) were calculated using Graph-pad prism previously
described (Copple et al., 2014). Briefly, non-linear regression of the concentration-response

curves facilitates interpolation of the CD concentration.

HepG2 cells were transiently transfected with plasmids as previously described in section
4.2.3.3. Induction of the pSB-tet-NRF2 plasmid was achieved upon exposure of HepG2 cells

to 6 ug/ml Doxycycline (DOX) in comparison with vehicle-treated cells (1 % DMSO).

5.2.2. Annealed Oligo cloning
Annealed oligonucleotides provide a fast, cost-effective method of generating short double-

stranded DNA sequences. Primers are first heated to break any hydrogen bonds and
generate single-stranded DNA sequences. Subsequent slow cooling facilitates hybridisation
of the complementary sequences. The following primers were annealed and ligated into the
linearized pGL4 plasmid (Table 5.1). Forward and reverse primers were incubated at 94 °C
for 10 min in 10 pl reactions consisting of: 1 ul 100 uM Fwd primer, 1 pul 100 uM Rev primer,
1 ul 10x ligase buffer and 7 ul dH,0. Reactions were left to cool slowly to room temperature
for 1 h. Inserts were diluted 1 in 12.5 with dH,0. Ligation reactions consisted of: 0.5 ul 50 ng
linearized pGL4.20, 4 ul of diluted insert, 1 ul 10x ligase buffer, 0.5 ul T4 ligase and 4 ul dH0.
These were incubated at 16 °C overnight. Bacteria were transformed, and successful ligations
screened and sequenced in a similar manner to section 4.2.2.3. HepG2 cells were reverse

transfected with either the pGL4-5xARE WT, MUT or empty vector.
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Table 5.1 Annealed oligo cloning primers

WT and MUT ARE sequences underlined.

Insert Primer | Sequence

NQO1 ARE 5x WT Fwd 5’ — CCCCGTGACTCAGCACCCGTGACTCAGCACC
CGTGACTCAGCACCCGTGACTCAGCACCCGTGACT
CAGCACCCG -3’

Rev 5’ — CTAGCGGGTGCTGAGTCACGGGTGCTGAGTC
ACGGGTGCTGAGTCACGGGTGCTGAGTCACGGGT
GCTGAGTCACGGGGGTAC -3’

NQO1 ARE 5x MUT | Fwd 5’ — CCCCCGTCAGACTACCCCGTCAGACTACCCC
CGTCAGACTACCCCGTCAGACTACCCCGTCAGACT
ACCCCG -3’
Rev 5’ — CTAGCGGGTAGTCTGACGGGGTAGTCTGA

CGGGGTAGTCTGACGGGGTAGTCTGACGGGGTA
GTCTGACGGGGGTAC-3’

5.2.3. ATP quantification

ATP was quantified using the Cell-Titer-Glo kit (Promega, Madison, USA). 20 ul ATP reagent
was added per well of a 96 well-plate. The plate was shaken for 1 min at 700 RPM. 100 pl of
cell lysate was transferred from each well to a white-walled 96-well plate (Greiner Bio-one,
Kremsmiunster, Austria) and incubated for 5 min at room temperature. Luminescence was

quantified using the Varioscan Flash.

5.2.4. Invitro luciferase assays
See section 4.2.4.

5.2.5. Statistical analysis
See section 2.2.10. Non-Linear regression was calculated using Prism.
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5.3. Results

5.3.1. Sulforaphane analogues produce a bioluminescent response in H4lle-8AREL cells
Firstly, concentration-dependent activation of the 8AREL reporter was assessed in response
to established and clinically used NRF2 activators (Fig 5.1 A and B). At toxic concentrations
of CDDO-Me and sulforaphane, both luminescence and cellular ATP content decreased. CD
values associated with these compounds were 0.001 and 0.829 uM respectively. SFX-01 is
sulforaphane coated in a-cyclodextrin. No induction of luminescence or loss of cell viability
was observed following treatment with the coating substrate alone (Fig 5.1 C). However, SFX-
01-treatment resulted in a CD value of 1.468 uM comparable to that of sulforaphane (Fig 5.1
D). The resulting rank order of potency as inducers of the 8AREL reporter was CDDO-
Me>>sulforaphane>SFX-01 (Fig 5.1 E).

Subsequently, | applied this screening technique to determine the potency of NRF2-
activiating compounds on a larger scale. The H4lle cell line was subsequently exposed to 42
sulforaphane analogues, as part of the SFX-01 development program in collaboration with
EVGEN Pharma (Liverpool, UK). CD values were calculated, and compounds ranked for their
NRF2 activating potencies (Table A2). These ranged from 1.45 to 89.33 uM. The sulforaphane
parent compound (EVG01) was assessed as a positive control and, out of all the compounds
included in the SFX-01 program, produced a CD value much lower than the experimental

compounds (1.45 uM).
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Potencies and toxicities of (A) CDDO-Me, (B) Sulforaphane, (C) a—cyclodextrin and (D) Sulforadex® (SFX-01). H4lle cells were exposed to the indicated

concentrations of drug or vehicle control. Following 24 h exposure, luciferase-reporter activity (bold line) and ATP content (dotted line) were quantified (n=4).

Mean and SD shown. CD values were calculated by non-linear regression (E).
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To assess the relative potencies of the sulforaphane analogues compared to the parent
compound, CD values were calculated from dose-response curves documenting activity of
the H4lle-8AREL reporter. Identification of analogues with similar potencies to sulforaphane

may provide candidates for clinical application.

To calculate the CD values of the sulforaphane analogues, non-linear regression of the dose-
response curve, excluding toxic concentrations associated with luminescence reduction was
applied. Apart from five compounds (EVG07, EVG08, EVG11l, EVG12 and EVG31), all
analogues exerted a two-fold enhancement of luminescence in comparison with vehicle-
treated controls (Fig A6). Seventeen compounds had CD values exceeding 20 uM, ranging
from between 20.04 + 3.17 to 89.33 + 18.39 uM (Fig A7). Of these compounds, EVG15 had
the lowest CD value (Fig A7 A), whereas EVG33 had the highest CD value (Fig A7 Q). Of the
remaining compounds, CD values ranging from 15.17 + 7.44 to 19.63 = 5.27 uM were
observed from five analogues (Fig A8), whereas, fifteen of the compounds generated CD
values below 15 uM ranging from 11.04 + 2.31 to 14.80 + 8.36 uM (Fig A9). EVG01 and EVGO0?2,
with CD values of 1.453 + 0.24 and 5.493 + 2.28 uM respectively, exhibited potencies closest

to the parent compound, sulforaphane (Fig A10).

Taken together, these findings demonstrate a broad range of potencies for the analogues of
the SFX-01 development program. Additionally, all analogues are less potent than the parent

compound and commercially-available sulforaphane.
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5.3.2. Construction and validation of pGL4-5xARE reporter

To generate a bioluminescent reporter that could be transiently (and ultimately stably)
transfected into human cells, wild-type (WT) and mutated (MUT) quintupled consensus ARE
constructs (5xARE) were synthesised and sub-cloned into the luminescent pGL4.20 vector
(Fig 5.2 A). The mutated ARE sequence was generated by replacing the nucleotide bases T
with G and A with C, and vica-versa. A string of three cytosine nucleotides was used to
separate each ARE repeat sequence, similar to the repeat regions within the eight-times
repeated AREc32 reporter (Wang et al., 2006). Both WT and MUT constructs were
successfully sequenced (Fig 5.2 B and C).

To validate successful generation of WT and MUT reporter constructs, luminescence was
quantified in transiently transfected HepG2 cells exposed to 100 nM CDDO-Me for 24 h. This
dose of CDDO-Me had previously been shown to induce the Nrf2-pathway in HepG2 cells
(See Chapter 4). Following CDDO-Me exposure, HepG2 cells transfected with pGL4-5xARE
WT produced significantly greater luminescence compared to those transfected with pGL4-
5xARE MUT, when normalised to transfected cells treated with 0.5 % DMSO (P = 0.0018) (Fig
5.3 A). Luminescence normalised to renilla luciferase signal in cells co-transfected with the
pPRL-SV40 construct, highlighted a similar increase in WT luminescence compared to controls
(Fig 5.3 B). Therefore, this indicated that cell viability and transfection efficiency were not

influencing the strength of luminescent responses.

To assess the reporter’s sensitivity to other forms of NRF2 stimulation, the response of the
5xARE constructs to NRF2 overexpression, induced by doxycycline (DOX) exposure of HepG2
cells co-transfected with either WT or MUT reporter constructs and pSB-tet-NRF2 was also
measured (Fig 5.4). Comparison against DMSO-treated controls, whereby NRF2
overexpression was not induced, demonstrated significantly greater luminescence from WT-

transfected cells than in the MUT-transfected counterparts (P = 0.0052).

As findings demonstrated that the pGL4-5xARE WT construct was more responsive to NRF2
induction by chemical and pharmacological stimuli than the mutant construct, | subsequently
utilized this ARE reporter, in HepG2 cells, to characterise a subset of sulforaphane analogues

with a range of potencies.
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The five times repeated ARE sequences (5XARE) of wild-type (WT) or mutated (MUT) human NQO1 were sub-cloned into the pGL4.20 vector (A). Miniprepped

DNA from bacterial colonies transformed with pGL4-5xARE WT or MUT constructs were screened (B) for successful insert ligation (*) prior to sequencing. (C)

Sanger sequencing confirmed insert integration (MUT ARE sequences highlighted red).
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Figure 5.3 Response of pGL4-5xARE reporter to CDDO-Me in HepG2 cells
HepG2 cells transfected with wild-type (WT) or mutant (MUT) pGL4-reporter constructs exposed to either 100 nM CDDO-Me or 0.5 % DMSO and luminescence
quantified after 24 h (A) (n=3). HepG2 cells co-transfected with pRL-SV40 and luminescence normalised to rLuc expression (B) (n=1). Significant difference in

WT compared to MUT construct induction was calculated by Students T-test (** p < 0.01). Mean + SD shown. Solid line = baseline against which normalisation

was performed.
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Figure 5.4 Response of pGL4-5xARE reporter to NRF2 overexpression

HepG2 cells co-transfected with pSB-tet-NRF2 and either wild-type (WT) or mutant (MUT)
pGL4-reporter constructs. Cells were exposed to 6 pg/ml Doxycycline or DMSO and
luminescence quantified after 12 h (n=3). Significant difference in WT compared to MUT
construct induction was calculated by students t-test (** p < 0.01). Mean + SD shown. Solid

line = baseline against which normalisation was performed.
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5.3.3. pGL4-5xARE reporter activated by sulforaphane analogues in HepG2 cells

To investigate the human relevance of the ARE reporter screening approach, selected
sulforaphane analogues from the SFX-01 development program were assessed for their
potency to activate the pGL4-5xARE reporters and the pGL4-NQO1 WT plasmid (generated
in chapter 4) in HepG2 cells. Cells transfected with the reporters were exposed to increasing
concentrations of compounds shown previously to have high, medium or low CD values
when evaluated in the H4lle-8AREL cell line. These compounds were EVG33 (CD = 89.33 uM)
(Fig A7 Q), EVG40 (CD = 34.914 uM) (Fig A7 N), and EVGO1 (CD = 1.45 puM) (Fig A10 A).

In cells transfected with pGL4-NQO1 WT, only EVG40 and EVGO1 induced a two-fold greater
luminescence than vehicle-treated controls (Fig 5.5 A), producing CD values of 2.009 uM and
0.717 uM respectively. In pGL4-5xARE-transfected cells, EVG40 and EVGO1 had CD values of
8.035 uM and 3.729 uM respectively (Fig 5.5 B). These cells were also observed to display
more variable luminescent responses than pGL4-NQO1 WT-transfected cells, based on the
size of the standard deviation. Additionally, as mentioned, CD values of EV40 were vastly

different between the two NQO1-based reporters (Fig 5.5 C).

In summary, here | observed a similar trend in the rank order of sulforaphane analogue

potencies but absolute CD values varied greatly between cell lines and reporter constructs.
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Figure 5.5 Response of pGL4-NQO1 and 5xARE reporter constructs to sulforaphane analogues in HepG2 cells
HepG2 cells, transfected with either pGL4-NQO1 WT (A) or pGL4-5xARE WT (B) and exposed to the parent compound EVGO1 and analogues identified to
induce the NRF2 pathway in the H4lle cell line at high (EVG33), medium (EVG40) or low (EVG01) concentrations (n=3). After 24 h, luminescence was quantified.

CD values (C) were calculated following non-linear regression analysis.
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5.4. Discussion

The data in this chapter summarises the characterisation of a range of sulforaphane
analogues, generated as part of the SFX-01 development program. Here | show the
application of the rat hepatoma cell line H4lle-8AREL for the medium-throughput screening
of these analogues, to assess the relative potencies needed to activate the NRF2 pathway.
Following the construction of a similar luminescent reporter plasmid containing multiple
consensus AREs (pGL4-5xARE WT), | hypothesised analogous luminescent responses would
be induced in transiently transfected human hepatocarcinoma, HepG2 cells. The similar
trend in rank order of analogue potencies towards activation of ARE-based reporters gives
confidence in the ability of the 5xARE-reporter to predict the potencies of novel activators

to induce the NRF2 pathway.

The potency of electrophilic, canonical NRF2 activators such as sulforaphane, are determined
by their reactivity towards KEAP1 thiols including the highly reactive C151 but also cysteines
within the KELCH domain (Hu et al.,, 2011). This is mediated by the highly reactive
isothiocyanate group (-N=C=S). Previous assessment of sulforaphane analogue potencies
have focused on the compounds ability to double NQO1 activity. Initially this was quantified
using a colorimetric assay in which reduction of the dye 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) is proportional to enzyme activity (Prochaska and
Santamaria, 1988). Utilizing this technique, Posner et al. assessed activity of linear
sulforaphane analogues, replacing sulfoxide group (C-SO-C) with other polar groups, to
induce Ngo1l in mouse Hepalclc? cells (Posner et al., 1994). However, none were as potent
as sulforaphane itself, indicating the importance of the sulfoxide group as well as the
isothiocyanate group to activate NRF2. By replacing the isothiocyanate group with
alternative sulfoxythiocarbamate groups, Ahn et al. produced analogues of sulforaphane
capable of forming stable adducts with KEAP1 (Ahn et al., 2010). The length of the methylene
bridge between the isothiocyanate and sulfoxide groups is also important as modification

reduced potency (Zhang et al., 1992).

Although the focus of this chapter was not on deciphering detailed structure activity
relationships of the analogues, it was apparent that most compounds with non-determined
CD values contained a ‘trioxaundecane’ group. Additionally, many compounds containing the
‘heptaoxatricosane-1-sulfinamide’ group exhibited CD values greater than 25 uM. The
addition of extensive structures to the compound may cause steric hinderance, interfering

with the interaction with its target site and reducing potency. None of the analogues
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exhibited a modified isothiocyanate group. Modification of this region may yield analogues

with greater potency towards the Nrf2 pathway.

Several ARE-based reporter assays have been established for the high-throughput screening
of Nrf2 activating compounds. Previous work from our laboratory has demonstrated the
application of the H4lle-8AREL cell line for the assessment of therapeutic index of Nrf2
activating compounds such a CDDO-Me (Copple et al., 2014). In this chapter, induction of
luminescence in HepG2 cells following exposure to EVG40, EVG33 or EVGO1 resulted in a
similar rank order of potencies towards activation of the pGL4-5xARE WT or pGL4-NQO1 WT
reporter, established in chapter 4. This was comparable to the compounds’ potency towards
the 8AREL reporter in H4lle cells, i.e. EVGO1>EVG33>EVG40. This trend, observed in a limited
number of compounds is encouraging. Previous assessment of NRF2 activators using the
H4lle cell line have shown strong correlation with potencies calculated by induction of Ngo1
in the murine Hepalclc? cell line (Copple et al., 2014; Dinkova-Kostova et al., 2005). The
contrast between absolute potencies observed in this chapter may be explained by the

differences in cell line and reporter constructs.

While absolute CD values differed greatly between ARE-based reporters exposed to the same
sulforaphane analogue, this is likely due to inherent differences in the assays. Inclusion of
multiple repeated ARE sites have previously been shown to increase luciferase-based
reporters sensitivity to pathway activation (Nguyen et al., 1994; Wang et al., 2006). Here, |
observed lower CD values in cells transfected with pGL4-NQO1 WT rather than pGL4-5xARE
WT. For example, EVGO1 produced CD values of 0.717 uM and 3.729 uM respectively.
Luminescence was more variable in the pGL4-5xARE transfected cells for all compounds
measured when compared to the responses quantified in pGL4-NQO1 WT transfected cells.
This may be due to the inclusion of the extended promotor region in the pGL4-NQO1 WT
plasmid, providing opportunity for the recruitment of other cis-acting factors to aid
transactivation compared to the limited five-times repeated consensus sequence

incorporated within pGL4-5xARE.

One limitation of this dataset is the lack of transfection efficiency assessment. Although
characterisation of the pGL4-5xARE reporter in response to CDDO-Me, showed no obvious
detriment to cell viability or transfection efficiency (Fig 5.3 B). The application of NQO1-based
reporters when basal expression of NQO1 in HepG2 cell line is substantial (Gray et al., 2016),

may also influence the lack of reporter induction in this cell line. Analysis of the induction of
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pGL4-SRXN1 WT construct (previously characterised in Chapter 4) in HepG2 cells exposed to
these compounds, would give credence to this theory. Comparison of the ability of selected
sulforaphane analogues to activate the NQO1-based reporter in the recently established
HUH7-1x-ARE-Luc cell line (Motahari et al., 2015), would also be of interest. Motahari et al.
generated the pGL4.26-1x-ARE-Luc reporter consisting of a single copy of the ‘extended’
NQO1 ARE sequence (Motahari et al., 2015). HUH7 cells, stably transfected with this
reporter, produced luminescence in response to both toxic (hydroquinone and p-

benzoquinone) and therapeutic (Curcumin) activation of the NRF2 pathway.

A limitation of these ARE-based reporter assays is the inclusion of only one form of ARE
sequence from a single NRF2-regulated gene. The data from previous chapters highlights the
differential responses of the array of NRF2-regulated genes to different stimuli. Reporter
constructs consisting of multiple ARE sequences could be advantageous, as reliance on
expression of a single gene of interest may miss NRF2 pathway activation from exposure to
certain compounds; ultimately generating false-negative results. To this effect, Rizzi et al.
established a bicistronic reporter under the control of repeated ARE sequences from the
promotor regions of Hmox1, Ngo1, GstYa and Gsr (Rizzi et al., 2017). These transgenic mice
produced a bioluminescent response to ASN across tissues although interestingly,
luminescence in muscle was not as high as the induction of endogenous Hmox1 expression.
It would be interesting to see the region of the multiple ARE reporter construct to which
NRF2 binds as ARE sequence variation has been shown to influence binding affinity of NRF2-

small MAF complexes (Kuosmanen et al., 2016).

Construction of an Neh2-Luc reporter facilitated the monitoring of Nrf2 stabilisation in
response to drug exposure (Smirnova et al., 2011). The inclusion of the Nrf2 domain instead
of an ARE-site from a downstream gene allows monitoring of direct Nrf2 activation but does
not provide evidence that this accumulation leads to functional pathway induction. Inclusion
of this site into a B-galactosidase (LacZ) reporter construct, generated a signal faster than
ARE-based luciferase reporters within MEFs exposed to DEM and tBHQ (Hirotsu et al., 2011).
However, inclusion of the Neh2 region only, is not sensitive to NRF2 activators that do not

target KEAP1 binding.

Within the extended ARE site included in the reporter assay developed by Hirotsu et al. is
an AP-1 binding site (Hirotsu et al., 2011). Incorporation of multiple reporter assays would

provide more evidence of off-target effects of compounds and the specificity of the drug to
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activate the Nrf2 pathway. Off-target effects of sulforaphane include inhibition of histone
deacetylase (Myzak et al., 2004), and reduced activation of NF-kB (Heiss et al., 2001). High-
throughput toxicity screens are beginning to incorporate a range of reporters driven by ‘hub’
genes of major toxicity pathways to identify chemicals liable to toxicity (Herpers et al., 2016;
Steinberg et al., 2017; Wink et al., 2017). Employment of a similar panel of redox sensitive
transcription factors for screening Nrf2-activating compounds may aid the identification of

off-target modification of cysteine residues by electrophilic compounds.

The utility of cell-based reporters for the screening of compound libraries is limited by the
physiological relevance of current in vitro models. For instance, comparison of in vivo toxicity
data from the ToxRefDB database with in vitro data from phase 1 of the ToxCast™ initiative,
highlighted the inability of in vitro assays to mimic individual diversity, bioactivation of a
compound and toxico-kinetics (Knudsen et al.,, 2011). Additionally, assessment of NRF2-
pathway activation in a single cell line dose not facilitate visualisation of the holistic pathway
response. Extra-hepatic activation of the NRF2 pathway was not considered in these data.
Luciferase reporter constructs have been utilised within 3D cultures to monitor cell viability
in an environment more relevant to that seen in vivo. For instance, hepatocellular carcinoma
HUH1 cells in 2D and 3D spheroids cultures expressing a B-catenin luciferase reporter
produced differing responses when exposed to drugs known to inhibit wnt signalling (Takai
et al., 2016). HCT116 cells stably transfected with a pTRAF-Nrf2 reporter were used to
monitor transcription factor expression and localisation throughout spheroid formation
(Kipp et al., 2017). The Nrf2-Luc mouse model described in chapter 2 offers insight into Nrf2
pathway activation across multiple tissues. Many compounds in the clinic pleiotropically
activate NRF2, for instance the breast cancer drug, tamoxifen induces NQO1 (Krishnamurthy
etal., 2012) and NSAIDs upregulate HMOX1 within the gastric mucosa (Aburaya et al., 2006).

Assessment of off-target modifications of cysteine residues by electrophilic activators of

NRF2 is essential to avoid adverse effects and ensure potency towards KEAP1 binding.

In conclusion, the H4lle-8AREL luminescence-based reporter cell line can be applied on a
medium throughput scale to screen compounds for their potency to activate the NRF2
pathway. Construction and characterisation of NQO1 ARE-based human reporter constructs,
highlighted in this chapter, provide a model for assessment of NRF2 pathway activation
within a human cell line. While absolute CD values differed between reporters exposed to

the same compound, a similar trend in rank order of potencies across ARE-based reporters
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in rat and human hepatocyte cell lines is encouraging. Development of sensitive assays for
the in vitro assessment of Nrf2 activators are of increasing value as the number of

therapeutic Nrf2-modulating compounds entering the clinic grows.
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6.1. Introduction

The transcription factor NRF2 has been increasingly implicated in response to drug-induced
toxicity. Electrophilic compounds have been found to directly modulate KEAP1 repression of
the NRF2 pathway (Bryan et al., 2013). Activation of the NRF2 pathway to sub-toxic
concentrations of compounds (Goldring et al., 2004), demonstrate the transcription factor’s
utility to provide sensitive insight into the mechanisms of a toxic chemical entity, making it
an attractive pre-clinical marker of chemicals liable to cause toxicity. Additionally, a growing
number of pathologies have been implicated with an underlying oxidative stress component.
In response to this a range of NRF2-activating agents have begun clinical trials as antioxidant-
based therapies (Fox et al., 2012; Gold et al.,, 2012; Liby and Sporn, 2012). Thorough
characterisation of the NRF2-mediated oxidative stress response is therefore vital, not only
to provide effective therapeutic strategies, but also to improve pre-clinical safety assessment
of drugs liable to induce oxidative damage. This thesis aimed to assess novel methods of
monitoring NRF2 pathway activation, to improve testing strategies to identify chemicals and
drugs that are likely to provoke toxicity in humans and potent activators of the NRF2 pathway

with therapeutic potential.

6.2. Key aims and major findings

The major aims of this thesis were:

1. To characterise the response of Nrf2-Luc mice to organ-specific toxicants APAP and
cisplatin.

2. To assess Nrf2 pathway activity in whole blood as a means of monitoring Nrf2 pathway
status in vivo.

3. To characterise putative novel Nrf2-regulated genes in human liver cells.

4. To develop and use novel Nrf2-responsive reporter platforms to evaluate the potencies

of novel analogues of the Nrf2-activating compound, Sulforaphane.

The major findings of this thesis were:

1. Data from Nrf2-Luc mice studies show the sensitivity of the mouse model to organ-
specific toxicity. The bioluminescent signal localizes to the site of toxicity and reflects

the extent of damage.
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2. Quantification of Nrf2-regulated mRNA in whole blood revealed their presence in
circulation following DILl. Levels of these transcripts were muted following
administration of NAC highlighting damaged hepatocytes as a potential source of the
Nrf2-regulated mRNA.

3. Bioinformatic analysis of putative novel Nrf2-regulated genes corroborated microarray
analysis of genes sensitive to Nrf2 modulation in PHH and identified potential ARE
sequences responsible for regulation. However, mutational analysis indicated these
sequences are not responsible for induction of F2RL2, LOC344887 and TRIM16L on
their own, i.e. without enhancer elements.

4. Data from promoter-reporter assays show that the sequence responsible for Nrf2-
mediated activation of SRXN1 consists of two consecutive ARE sites that are both
essential for gene transcription.

5. Using well established and novel ARE-based luciferase reporters, | show similar rank
order of potency of analogues of sulforaphane within the SFX-01 development program

towards activation of NRF2 in rat and human hepatic cell lines.

6.3. General discussion of findings

6.3.1. Expanding the tool box for monitoring NRF2 pathway activation

Novel methods for monitoring the activity of cytoprotective responses mediated by NRF2 is
vital due to the lack of sensitive, non-invasive strategies currently used. The Nrf2-Luc mouse
model offers, the ability to monitor whole-body activation of the NRF2 pathway non-
invasively (Oikawa et al., 2012). The data presented in chapter 2 highlights the utility of the
bioluminescent Nrf2-Luc mouse model to monitor activation of the pathway in response to
organ-specific drug-induced toxicity. In response to hepatotoxic doses of APAP or
nephrotoxic doses of Cisplatin, luminescence was measured non-invasively in organs
undergoing damage. This bioluminescent signal correlated closely with traditional markers
of toxicity and reflected pathological scoring of the affected tissues. Application of the Nrf2-
Luc model in late stage pre-clinical toxicity testing on subgroup of compounds would
facilitate the detection of chemicals liable to provoke chemical/oxidative stress in vivo. A key
advantage of this model is the holistic visualization of NRF2 activation provides data on

potential off-target effects, offering an overview of pathway modulation during late stage
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preclinical assessment. Further development of immortalized cell lines from these mice,

could also be utilized for HTP toxicity testing within specific tissues.

Additionally, methods for monitoring activation of the NRF2 pathway in peripheral,
accessible tissues such as blood, may provide insight into pharmaceutical assessment. In
chapter 31 aimed to assess the ability of the circulating NRF2-regulated transcriptome to
reflect organ-specific toxicity. These data show a muted induction of NRF2-regulated
transcripts in C57BL6 mice receiving the antidote for APAP-induced hepatotoxicity, NAC,
compared to mice receiving APAP alone. This aligns with previous studies highlighting the
correlation of many mRNA transcripts with the extent of APAP-induced liver damage in
rodents (Umbright et al., 2010; K. Wang et al., 2013; Wetmore et al., 2010). Monitoring
markers of the Nrf2-pathway in peripheral tissues that reflect organ-specific insult, may hold
prognostic value in the clinic. While other biomarkers of DILI are elevated in the early stages
of toxicity such as miR-122 (Starkey Lewis et al., 2011), Nrf2 activity may inform the
cytoprotective capacity of the compromised organ, indicative of the extent of damage. Drug
induced toxicity is a substantial burden to both the clinic and pharmaceutical industry.
Implementation of peripheral tissue assessment during pre-clinical testing may aid the

identification of drugs liable to toxicity and therefore enhance current assessment platforms.

6.3.2. Role of NRF2 in toxicity testing

Activation of the NRF2 pathway forms a common stage in many adverse outcome pathways.
PHH are considered the gold standard for toxicity assessment, but little is known about the
NRF2 pathway in these cells. In chapter 41 aimed to identify the ARE sites responsible for the
activation of potentially novel Nrf2-regulated, implicated in PHH as being responsive to both
NRF2 and KEAP1 knockdown. In comparison with other microarray datasets, it became
apparent that F2RL2, LOC344887 and TRIM16L were responsive to NRF2 modulation in
additional cell lines and contained potentially active AREs close to their transcription start
site. Unexpectedly, the data in this chapter suggests NRF2 does not directly regulate the
above-mentioned genes via the ARE sites identified here. This may be due to lack of inclusion
of vital enhancer sites. For instance, Johnson et al. identify the ARE site incorporated within
our reporter assays as the site of Nrf2 binding to the LOC344887 locus, via ChIP-seq (Johnson
et al., 2016). However, an additional ARE sequence to which the authors show MAFG/K

interacts, was not included in our reporter constructs. It is therefore likely that inclusion of
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additional enhancer sites within the LOC344887 promoter region may be essential for Nrf2-
dependent activation of the pseudogene. Assessment for other transcription factor binding
sites may reveal indirect regulation of these genes by NRF2. A key finding from this chapter
is the extended ARE sequence in the promotor of SRXN1 consists of two consecutive ARE
sequences, identified by Soriano et al. and Singh et al. (Singh et al., 2009; Soriano et al.,
2008).However, these data, for the first time, highlight the essential nature of both

sequences for Nrf2-dependent activation.

Identification of the specific stimuli Nrf2 responds to and the downstream pathway activity
in response to chemical/oxidative stressors will inform the utility of incorporating the
pathway in risk assessment. For example, a distinct set of Nrf2-regulated genes were
upregulated in response to carcinogens and DILI-related compounds with a propensity to
induce hepatotoxicity (Souza et al., 2017). Nrf2 has been shown to influence and be
regulated by other stress response pathways (Rushworth et al., 2012; Wakabayashi et al.,
2014), and therefore combining models from multiple stress-response pathways may be
required to more completely predict risk of toxicity. Discussions from a recent workshop
suggested a tiered approach to pathway-based toxicity risk assessment, moving away from
animal-based toxic end-point analysis (Middleton et al., 2017). Firstly, chemicals would be
assessed for their ability to activate a broad range of stress response pathways in tissues
liable to exposure such as the liver and kidneys. Following tiers would focus on impeded cell
viability and function in relation to pharmacokinetic/pharmacodynamic data. Utilizing this
approach, it would be interesting to see if chemicals liable to bioactivation are associated

with perturbation of multiple stress response pathways or a specific subset.

Incorporation of Nrf2 pathway responses within predictive computational platforms to
model the chemical and cellular events implicated in AOPs may aid risk assessment.
Integration of data from in vitro ARE-based assays improved the sensitivity of predictive
models of drug sensitivity assessment (Hirota et al., 2018; Jaworska et al., 2015). However,
to minimize assumptions in computational models, generation of in vitro systems with
greater physiological relevance is necessary. Acute exposure of single cell models cannot
inform the effects of chronic exposure, especially as many cell lines exhibit impaired
metabolic activity to primary cells (Hart et al., 2010). Establishment of cell models, such as
3D HepG2 spheroid cultures that exhibited increased CYP450 metabolism compared to 2D

cultures (Ramaiahgari et al., 2014), that are amenable to HTP toxicity screening will better
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inform modelling platforms. Further development of in vitro models combining multiple
organs within a single bioreactor, such as the heart-lung-liver organ-on-a-chip model
developed by Skardal et al. (Skardal et al., 2017) may provide insight into the influence of
drug distribution on the likelihood of an organ-specific stress-response occurring in vivo.
However, at present these assays cannot rival the context provided by in vivo models such

as the Nrf2-Luc mouse.

A key factor that must be agreed is the level of NRF2 activation necessary to imply pre-
emptive toxicity and not solely an adaptive response. Definition of these ‘tipping points’
corresponding to adverse or adaptive outcomes will inform risk assessment frameworks. For
instance, activation of stress response pathways was dampened at toxic doses of the model
oxidant, zinc, in bronchial epithelial cells, when compared to activation at recoverable
exposures (Currier et al., 2016). Identification of the dose and time at which this threshold
of activation is likely to be breeched is challenging and will need further time-course analysis
in physiologically relevant models to inform AOPs. To monitor pathways associated with
overt toxicity instead of specific toxicological endpoints, these in vitro measurements must
be related to in vivo exposure and responses of known chemicals liable to toxicity.
Specifically, NRF2 activity in response to toxic moieties should be compared to the relative
activity of the transcription factor induced by therapeutic drugs to gauge the likelihood of
stress occurring in patients. Relating pathway activation in AOP models to actual levels of
human exposure is also needed to increase the translational relevance of this framework. In
patients, it is unlikely this threshold will be the same between individuals. Mutations within
NRF2 and KEAP1 strongly influence pathway activity (Konstantinopoulos et al., 2011; Levings
et al.,, 2017). Additional individual adaptive responses may be compromised due to co-

pathologies, sub-clinical infections and polypharmacy.

6.3.3. Future of NRF2-based therapeutics

Therapeutic activation of the NRF2 pathway has been shown to be beneficial in a variety of
different disease pathologies. As more NRF2-activating compounds undergo clinical trials for
the therapeutic pathway induction, it is vital to develop robust, translational ways to test
their potency. The data presented in chapter 5, utilises the luminescent H4lle-8AREL cell line
to assess the potencies of sulforaphane analogues as part of the SFX-01 development

program. A key finding of this chapter was the reduced potency towards NRF2 pathway
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activation in all analogues, compared to the parent sulforaphane compound. In addition,
following the development of luminescent reporter plasmids, a similar rank order of
potencies of a small group of sulforaphane analogues to activate different ARE-based
reporters in both H4lle and HepG2 cells, was observed. Similar commercially available HepG2
cells expressing an ARE-Luc reporter (BPS bioscience San Diego, USA) have been used for the
assessment of novel Nrf2 activating compounds, that correlated with endogenous Nrf2
pathway activation (Khoo et al., 2018). This cell line produced an ECso for sulforaphane at
1.16 uM, similar to our findings, however, the exact ARE sequence in this reporter cell line is

commercially protected.

Electrophilic compounds, such as CDDO-Me and sulforaphane, have the potential for off-
target effects due to their pleotropic modification of thiol groups. Considering this, a range
of non-electrophilic activators of NRF2 are an exciting addition to therapeutic activators. This
includes the development of peptides and small molecules that disrupt interactions between
KEAP1-NRF2 via the ETGE sequence, KEAP1-CUL3 or homodimers of KEAP1 (Hancock et al.,
2012; Jiang et al., 2014). These may be more specific than electrophilic NRF2-activators,
however it is important to note KEAP1 interactions with other proteins such P62 through the
STGE motif which shares significant homology to the ETGE sequence (Komatsu et al., 2010).
Targeting of competitive binding partners for KEAP1 may reveal a potent class of NRF2-
activating compounds. Alternatively, targeting other regulatory molecules that influence
NRF2 such as those targeting the NEH6 phosphodegron (Rojo et al., 2012), or specific
ubiquitin ligases (Lo et al., 2017, p. 23; T. Wu et al., 2014, p. 1) have been shown to activate
the NRF2 pathway. Ultimately, further understanding of NRF2-pathway regulation and the
location of specific deleterious ROS generation is vital for the development of effective, safe

therapeutic activators of NRF2.

To this effect, robust screens for the development of novel NRF2 activators have been
established. Many ARE-driven luciferase assays, in a variety of cell lines have been used to
screen activators of the Nrf2 pathway, including astrocytes (Ajit et al., 2016), pulmonary cells
(Thekkeveedu et al., 2017), and hepatocytes (Copple et al., 2014). Conversely these reporters
have also been used to screen for NRF2 inhibiting compounds (Choi et al., 2017). Methods
to monitor Nrf2-pathway modulation in patients are limited to the analysis of peripheral
tissues such as blood. Assessment of Nrf2-pathway activation in the DEFINE and CONFIRM

clinical trials for the use of DMF to treat multiple sclerosis, was achieved by quantification of
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NQO1 and HMOX1 mRNA in whole blood isolated from DMF-treated patients (Gopal et al.,
2017). Significant induction of these genes was observed after 12 and 48 weeks respectively.
The authors also assessed PBMCs cultured from healthy volunteers to ex vivo stimulation
with DMF which also lead to up regulation of these Nrf2-regulated genes (Gopal et al., 2017).
Reliable assays for the assessment of Nrf2-regulated proteins in circulation have yet to be
established. Elevated Nrf2 pathway activity has also been observed in peripheral tissues of
patients suffering from pathologies with an underlying oxidative stress component, including
synovial fluid extracted from patients with rheumatoid or osteo-arthritis (NRF2 mRNA
correlated with preoperative reactive metabolite levels) (Kondo et al.,, 2017). The
establishment of robust methods to monitor Nrf2 pathway modulation in accessible patient
tissues will aid the pharmacodynamic assessment of Nrf2 activators and decipher the

therapeutic role of NRF2 activation relative to other off target effects of a compound.

Additionally, the development of sensitive screening platforms will aid the generation of
targeted antioxidant therapies. Oxidative eustress emphasises the beneficial effects of redox
signalling that are not associated with oxidative damage (Sies, 2018). Targeted antioxidant
therapies at specific intracellular locations of aberrant ROS generation are essential to avoid
interference with reactive species necessary for stress-response hormesis. Additionally, the
effects of sustained therapeutic NRF2 activation on the diverse role of the transcription
factor to regulate processes such as protein turnover and glucose metabolism are yet to be
assessed (Hirotsu et al., 2012). The risks and therapeutic effects of NRF2 pathway
modulation in man are not fully understood. Further insight into chronic exposure of
antioxidant therapies in disease models are needed and the emerging therapeutic strategies

entering the clinic are well primed to provide answers.

6.4. Conclusions and future directions

The growing need to monitor NRF2 pathway activity in response to toxicological and
therapeutic stimuli has prompted the generation of novel methods of assessing modulation
of the transcription factor. This thesis has characterised both in vivo and in vitro novel
methods of Nrf2 pathway assessment. The ability to monitor the status of the NRF2 pathway
across the whole body, in the Nrf2-Luc mouse model, allows an overview of organs that
might not have been assessed in the early stages of pre-clinical toxicity testing. Additionally,

this study has assessed potential the Nrf2-dependent regulation of putative novel NRF2-
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regulated genes. Understanding the regulation of the Nrf2 pathway fully will aid the
development of novel NRF2 activating compounds but also improve toxicity assessment.
Delineation of the specific expression profiles of NRF2-regulated genes following chemical
insult may provide insight into the type of ROS being generated and its sub-cellular
localisation. Identifying the point at which activation of the NRF2 pathway switches from
providing an adaptive response to responding to adverse conditions will improve toxicity
assessment by informing phenotypic outcomes. In vitro assays with increasing physiological

relevance provide the context for NRF2 induction and resultant modulation of the pathway

Several further studies should be conducted to validate and build upon the findings of this
thesis. In chapter 2, the Nrf2-Luc mouse model was assessed for its ability to respond to
organ specific toxicity. Future studies utilising these mice should investigate the sensitivity
of this model to respond to stress not associated with overt toxicity to identify major ‘tipping
points’ within Nrf2 pathway activation. This would aid delineation of MIEs within AOPs.
However, this would be dependent on the sensitivity of the transgene to subtle changes in
Nrf2 activity. Additionally, application of Nrf2-Luc mice to assess a wider range of compounds
liable to toxicity in various organs. This would aid the definition of the group of toxic moieties
associated with Nrf2 activation during toxicity and will inform the integration of the model

into preclinical screening of compounds.

In this thesis | describe the modulation of mMRNA transcripts within murine whole blood in
response to APAP-induced hepatotoxicity. Future work to establish the source of the Nrf2
regulated transcripts is vital to show whether these elevations reflect organ-specific injury.
Our data highlights the muted induction of Nrf2-regulated transcripts in response to
hepatotoxic intervention implicating damaged hepatocytes as a potential source.
Assessment of hepatocyte secretions in culture media following APAP-induced toxicity may
reveal the presence of vesicle/protein-bound Nrf2-regulated mRNA. The functionality of
these Nrf2-regulated transcripts could be assessed by treatment of cells with Nrf2-regulated
mMRNA from exosomes/conditioned media to assess the ability of the transcripts to influence
basal gene expression in recipient cells or provide protective effects against subsequent
damage to recipient cells. One limitation of the data in this chapter is the lack of assessment
in human whole blood. The human blood-based NRF2 pathway is modulated in response to

type 2 diabetes (Siewert et al., 2013) and myeloproliferative neoplasms (Hasselbalch et al.,
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2014). Measurement of Nrf2-regulated mRNA in blood samples from DILI patients may

highlight the translational relevance of these findings.

This study has assessed ARE sites within the promoter-regions of potentially novel Nrf2-
regulated genes for their ability to interact with NRF2. Further analysis of other ARE sites
close-to or within the putative Nrf2-regulated genes transcription start site may identify the
ARE sequence necessary for activation. Identification of these regions could be informed by
ChlP-seq analysis of PHH to identify cell-specific NRF2 binding regions. Additionally, inclusion
of enhancer sites within promotor-reporter constructs may facilitate NRF2 interactions.
Identification of essential co-factors needed for gene activation could be assessed by
stimulating Nrf2 activation in cells with specific MAFs knocked down. Aside from F2RL2,
LOC344887 and TRIM16L other genes from microarray analysis are worth investigating, such
as Pannexin 2 (PANX2), EP300 interacting inhibitor of differentiation 3 (E/D3) and Secreted
phosphoprotein 1 (SPP1) as these genes were all modulated by stimuli in bioinformatic

analysis.

Finally, the utility of ARE-based reporters for the screening of compounds has been
demonstrated in this thesis. The generation of stably transfected human cell lines with lower
basal Nrf2-pathway activity may facilitate a luciferase-based signal with greater range, that
reflect endogenous Nrf2 pathway activation. Ultimately generation of reporter constructs
such as those described by Rizzi et al. consisting of multiple ARE sequences, will facilitate a
more sensitive, representative signal of pathway induction to various stimuli (Rizzi et al.,

2017).
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Appendix
Table Al Putative NRF2-regulated gene bioinformatic analysis
Green = Genes identified for further analysis (- = not measured in dataset, * = not present in

top 1000 genes upregulated by drug).
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MPP3 (MAGUK p55 subfamily member 3) 77% 145% 82% 149% 317% 118% *
(MPP3), transcript variant 1, mRNA [NM_001932]
Cell division cycle 14B (CDC14B), transcript
DC14B ¥ 138% % 106 177% 175% 2659
CDC14 variant 2, mRNA [NM_033331] 78% 38% 85% 06% 77% 75% 65%
Glutathione S-transferase alpha 5 o
1809 _ 1739 2979 * *
GSTAS (GSTA5), mRNA [NM_153699] 78% 80% 73% 97%
Amine oxidase, copper containing 3 (AOC3), o o o o " . o
A0C3 transcript variant 1, mRNA [NM_003734] 78% 123% 101% 89% 450% 198%
0oT0S Otospiralin (OTOS), mRNA [NM_148961] 78% 130% 99% 88% 132% * *
CES1P2 Carboxylesterase 1 pseudogene 2 (CES1P2), 79% 156% } } } 187% 137%

non-coding RNA [NR_033740]
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Aldehyde dehydrogenase 3 family, member A2
ALDH3A2 (ALDH3A2), 79% 147% 48% 196% 144% * *
transcript variant 1, mRNA [NM_001031806]
Tudor domain containing 6 (TDRD6), o o o . o « «
TDRD6 transcript variant 1, mRNA [NM_001010870] 81% 125% 92% 130% 130%
Neurolysin (metallopeptidase M3 family)
NLN 81Y 1349 519 1607 148% 116% *
(NLN), mRNA [NM_020726] % % % % % %
Neuregulin 1 (NRG1), transcript variant
NRG1 81Y 129% 46% 133 7919 3939 150%
HRG-gamma, mRNA [NM_004495] % % % % % % %
Arylacetamide deacetylase (AADAC), o o o o o o .
AADAC mRNA [NM_001086] 82% 117% 100% 85% 96% 162%
SFXN5 Sideroflexin 5 (SFXN5), mRNA [NM_144579] 82% 119% 88% 175% 120% * *
Saccharopine dehydrogenase (putative) o o . o o o «
SCCPDH (SCCPDH), mRNA [NM_016002] 82% 135% 100% 121% 124% 156%
Family with sequence similarity 162, member A
FAM162A 83 116% 98 123 579 117% *
(FAM162A), mRNA [NM_014367] % % % % % %
CutC copper transporter (CUTC),
cuTC 83 129% 57% 134 116% 1949 *
mRNA [NM_015960] % % % % % %
Transcription elongation factor B (Sll),
TCEB3 polypeptide 3 84% 126% 73% 107% 126% 124% 271%
(110kDa, elongin A) (TCEB3), mRNA [NM_003198]
Solute carrier family 22 (organic cation
transporter), member 3 o o o o o « .
SLC22A3 [Source:HGNC Symbol;Acc:10967] 84% 120% 99% 96% 64%
[ENST00000392145]
ENST‘;OZ(;OOSM Uncharacterized protein [ENST00000594829] 85% 117% - - - * *
Basic proline-rich protein-like
LOC100506922 86 120% 41% - - * *
(LOC100506922), mRNA [XM_005263848] % % %
Intestinal cell (MAK-like) kinase (ICK), o o o o o . *
ek transcript variant 2, mRNA [NM_016513] 86% 114% 104% 204% 97%
Peroxisome proliferator-activated receptor alpha
PPARA (PPARA), 88% 119% 93% 218% 392% 203% 182%
transcript variant 5, mRNA [NM_005036]
Olfactory receptor family 5 subfamily T member 3
OR5T3 (OR5T3), 104% 102% - - - b e
mRNA [NM_001004747.1]
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Figure A1 NQO1 WT GeneMill plasmid map

Plasmid map of NQO1 WT, a representative construct from GeneMill.

NQO1 WT (GeneMill)

Figure A2 pGL4.20 plasmid map
Plasmid map of pGL4.20 Luc/Puro vector.

pGL4.20 Luc/Puro
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Figure A3 Sub-cloning promoter regions into the pGL4.20 vector
(A) Multiple cloning site (MCS) of pGL4.20 and (B) a gel to show digestion of the vector with Kpnl and Nhel. (C) Removal of promotor inserts from GeneMill

constructs following restriction digest with the enzymes Kpnl and Nhel

A. B '~ C. -
. A
5 2 S
—
(242) KpnI  Nhel (251) (g_ f E § E <
3E D E N 3 5 E
cE 5L o v O O )
DX Z X o~ O g
— - L — z @)

Linearized vector = 5377 bp
Uncut vector = 5404 bp
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Figure A4 NQO1 WT GeneMill plasmid map
Final promotor-reporter plasmid following insertion into pGL4.20. Location of the ARE

highlighted blue.

pGL4-NQO1 WT

Figure A5 pSB-tet-Nrf2 plasmid map

Map of the inducible Nrf2 over-expression plasmid pSB-tet-Nrf2.

pSB-tet-NRF2
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Table A2 Summary of EVGEN analogue potencies

heptaoxatricosane

Evgen ID Compound Structure Compound Name CD (uM) | SD (pM)
EVGO1 Q L .
(sulforaphane) NN N 1-isothiocyanato-4-(methylsulfinyl)butane 1.45 0.24
0
EVGO02 O~ /\/g 1-isothiocyanato-2-(2-(2-(methylsulfinyl)ethoxy)ethoxy)ethane 5.49 2.28
$=C=N o ~
o
EVG14 N0 o S\ 1-isothiocyanato-23-(methylsulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 11.04 2.31
S//C \</\ >;\/
2 o 1-isothi 23 ifl hyl-ph Isulfinyl)-3,6,9,12,15,18,21
EVG22 //N/\/O{Aofvs -isothiocyanato-23-(o-trifluoromet y.—p enylsulfinyl)-3,6,9,12,15,18,21- 11.14 0.48
€ 6 heptaoxatricosane
EVGO09 C,N/\/O{Aoi\/sT\Nj 1-isothiocyanato-11-(pyridine-2-sulfinyl)-3,6,9-trioxaundecane 11.27 0.45
s//
0 Ph
EVG25 C,/N/\/o\é/\oi\/s‘wj/\)\Ph N-(isopentyl)-N-(methyl)-11-isothiocyanato-3,6,9-trioxaundecane-1-sulfinamide 11.78 6.24
S’/
0
EVGO3 NSO oIS 1-isothiocyanato-11-(butylsulfinyl)-3,6,9-trioxaundecane 11.94 3.46
n ol
2
EVG18 C,N/\/%ﬂo)ewsj@\ 1-isothiocyanato-23-(p-tolylsulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 12.33 | 1.42
S’/
Q
EVG13 ,,N/\/O{ﬂof\/svc':s 1-isothiocyanato-11-(1,1,1-trifluoromethyl-ethanesulfinyl)-3,6,9-trioxaundecane 12.47 1.00
§C 2
2
A~ S CF3 K . Ere hic_bp _ . _ _
EVG23 s”ch {AOXV Q 1-isothiocyanato-23-(3,5-bis-trifluoromethyl-phenylsulfinyl)-3,6,9,12,15,18,21 1288 196

CF3
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: O
/N/\/0\</\O>/\/S\N
2 H

EVG32 ) 11-isothiocyanato-N-(phenyl)-3,6,9-trioxaundecane-1-sulfinamide 13.27 3.63
s*©
0
EVGA2 ch/\/o{ﬁoivs\H 23-|soth|ocyanato—N-(4-tr|quoromethylbgnzyl)‘—3,6,9,12,15,18,21—heptaoxatr|cosane- 13.46 177
s” oF 1-sulfinamide
3
0
EVGO5 ~0 S 1-isothiocyanato-11-(benzylsulfinyl)-3,6,9-trioxaundecane 13.90 5.57
o o y (benzylsulfinyl)
~_0 S
EVGO06a s’/CCN {Aoiv © 1-isothiocyanato-11-(thiophenyl)-3,6,9-trioxaundecane 14.13 4.67
0 Ph
EVG24 ,,N/\/O{ﬁofvsvah N-(isopentyl)-11-isothiocyanato-3,6,9-trioxaundecane-1-sulfinamide 14.29 2.81
§C 2 H
9
EVG17 s//c,,n/\/%ﬁo)ewS@ 1-isothiocyanato-23-(phenylsulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 14.32 | 4.05
Q
/\/o S i . _ _ _ . _ i
EVG04 s’/ch {ﬁoiv \</ 1-isothiocyanato-11-(tert-butylsulfinyl)-3,6,9-trioxaundecane 14.80 8.36
=
o i om , i i , "
EVG37 N/\/O{ﬂofvéw Q/ N-(4-ethynylphenyl)-23 lsoth/ocyanc;tf) 3,6,‘3,12,15,18,21 heptaoxatricosane-1 15.17 7 44
€ 5 N sulfinamide
2
/N/\/O\<AO>/\/S CF3
EVG10 e 2 \©/ 1-isothiocyanato-11-(3,5-bis-trifluoromethyl-phenylsulfinyl)-3,6,9-trioxaundecane 15.56 2.36
CFy
Q
~_0 S. o~ i : N _ e 1. . .
EVG27 N \</\0>/V N 11-isothiocyanato-N-(propyl)-3,6,9-trioxaundecane-1-sulfinamide 18.54 5.97
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EVG26 N-(tert-butyl)-11-isothiocyanato-3,6,9-trioxaundecane-1-sulfinamide 19.54 5.79
e
e
~_0O 4 r . ya — i . _ _
EVG19 S//C/’N \</\°>;\/ 1-isothiocyanato-23-(benzylsulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 19.63 5.27
2
EVG15 ,N/\/%Aoyvs\/ 1-isothiocyanato-23-(ethylsulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 20.04 3.17
< 6
Q
EVG30 s/,C/’N/\/OVOZVS\H/\@ N-(benzyl)-11-isothiocyanato-3,6,9-trioxaundecane-1-sulfinamide 20.09 2.40
Q
EVG29 c/,N/\/o{AoZVS‘I\O 1-((2-(2-(2-(2-isothiocyanatoethoxy)ethoxy)ethoxy)ethyl)sulfinyl)piperidine 20.94 2.39
S//
0
EVGO6 s/,C"N/\/O{AOyZ\/S\@ 1-isothiocyanato-11-(phenylsulfinyl)-3,6,9-trioxaundecane 21.18 6.60
e
EVG35 ,N/\/O{Aof\/s\,\, 23-isothiocyanato-N-phenyl-3,6,9,12,15,18,21-heptaoxatricosane-1-sulfinamide 25.00 5.71
& 6 H
F F
o) . . . .
n 23-isothiocyanato-N-(2,4,6-trifluorophenyl)-3,6,9,12,15,18,21-heptaoxatricosane-1-
0 S. 25.37 7.
EVG38 S//c’/N/\/ \</\0>;\/ Hj@/ Sulfinamide 5 3 99
e
EVG20 1-isothiocyanato-23-(pyridine-2-sulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 25.53 2.06

. N/\/O\</\o>/\/3 N\
.C* 6 |
S =
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CF;

o] N-(3,5-bis(trifluoromethyl)phenyl)-23-isothiocyanato-3,6,9,12,15,18,21-
EVG39 o 3 h . Ifi i 25.63 3.25
,C’N/\/ {Ao%v N CF, eptaoxatricosane-1-sulfinamide
Q
EVG41 N/\/O\<AO>/\/S\N N-benzyl j i i j 1
) - yl-23-isothiocyanato-3,6,9,12,15,18,21-heptaoxatricosane-1-sulfinamide 27.04 4.83
sC 6 H
EVG34 ,N/\/O{Aofvs N N-isobutyl-23-isothiocyanato-3,6,9,12,15,18,21-heptaoxatricosane-1-sulfinamide 27.80 1.17
sC 6 H
t O
EVG36 /N/\/O{/\(,)/VS\N 23-isothiocyanato-N-(p-tolyl)-3,6,9,12,15,18,21-heptaoxatricosane-1-sulfinamide 29.72 4.72
& 6
o
EVG16 ,N/\/O{/\oyvs\{/ 1-isothiocyanato-23-(tert-butylsulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 32.50 9.71
€ 6
~_0 S
EVGO07a N {Aoyzv @\ 1-isothiocyanato-11-(4-methyl-thiophenyl)-3,6,9-trioxaundecane 33.34 13.94
0
0 @[ | N-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-23-isothiocyanato-3,6,9,12,15,18,21-
0 S\ 4 7 2%~ 4 7 7 4 1 1
EVG40 s//ch/\/ {Aoﬁ\/ N S heptaoxatricosane-1-sulfinamide 34.9 95
Q
EVG28 c’/N/\/O{AOEVS\']‘/\/ 11-isothiocyanato- N-(propyl)-N-(methyl)-3,6,9-trioxaundecane-1-sulfinamide 48.08 | 19.07
S’/
Q
EVG21 s//c,,N/\/o{ﬁo%\/S\Nﬁﬁ 1-isothiocyanato-23-(pyrimidine-2-sulfinyl)-3,6,9,12,15,18,21-heptaoxatricosane 71.12 15.61
P4
Q
EVG33 C,IN/\/O{AOZVS\HK N-(tert-butyl)-23-isothiocyanato-3,6,9,12,15,18,21-heptaoxatricosane-1-sulfinamide| 89.33 18.39
S’/
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EVGO7 CZN/\/O%OZVS@\ 1-isothiocyanato-11-(p-tolylsulfinyl)-3,6,9-trioxaundecane ND
S//
Q
s
EVGOS /CCN/\/O\</\O>;\/ \O\ 1-isothiocyanato-11-(p-methoxy-phenylsulfinyl)-3,6,9-trioxaundecane ND
s OMe
2
EVG11 c,,N/\/O{/\o);VS\@\ 1-isothiocyanato-11-(p-fluoro-phenylsulfinyl)-3,6,9-trioxaundecane ND
s”
F
i
o S OMe i ; 11-(m- - i - -tri ND
EVG12 //C"N/\/ {Ac,);v \©/ 1-isothiocyanato-11-(m-methoxy-phenylsulfinyl)-3,6,9-trioxaundecane
2
EVG31 N0 o Sy N-(benzyl)-N-(methyl)-11-isothiocyanato-3,6,9-trioxaundecane-1-sulfinamide ND
&C 2 |
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Figure A6 Sulforaphane analogues with non-defined CD values

Concentration-response curves of 8AREL reporter luminescence in the H4lle cells, after 24 h exposure to sulforaphane analogues (n=3): EVG07 (A), EVG08

(B), EVG11 (C), EVG12 (D) and EVG31 (E). CD values undetermined. Mean and SD shown.
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Figure A7 Sulforaphane analogues with CD values greater than 20 uM

Concentration-response curves of 8AREL reporter luminescence in the H4lle cells, after 24 h exposure to sulforaphane analogues (n=3) (A-Q). Curve fit

calculated via non-linear regression. Mean and SD shown.
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Figure A8 Sulforaphane analogues with CD values between 15 and 20 uM

Concentration-response curves of 8AREL reporter luminescence in the H4lle cells, after 24 h exposure to sulforaphane analogues (n=3) (A-E). Curve fit

calculated via non-linear regression. Mean and SD shown.
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Figure A9 Sulforaphane analogues with CD values between 10 and 15 pM

Concentration-response curves of 8AREL reporter luminescence in the H4lle cells, after 24 h exposure to sulforaphane analogues (n=3) (A-O): EVG14(A),
EVG22 (B), EVGO09 (C), EVG25 (D), EVGO3 (E), EVG18 (F), EVG13 (G), EVG23 (H), EVG32 (), EVG42 (J), EVGO5 (K), EVGO6a (L), EVG24 (M), EVG17 (N) and

EVGO04 (0). Curve fit calculated via non-linear regression. Mean and SD shown.
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Figure A10 Compounds in the SFX-01 program with CD values less than 10 puM

Concentration-response curves of 8AREL reporter luminescence in the H4lle cells, after 24 h exposure to sulforaphane analogues (n=3): EVGO01 (A) and EVG02

(B). Curve fit calculated via non-linear regression. Mean and SD shown.
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