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ABSTRACT

Diabetic kidney disease (DKD) is a complication of diabetes with significant morbidity and
limited therapeutic options. With increasing diabetes prevalence there is an urgent need for
better understanding of DKD pathogenesis with the goal of identifying more effective
treatments and prevention approaches. Oxidative stress is a known contributor to DKD, but
efforts to target this by pharmacological upregulation of the antioxidant transcription factor
Nuclear factor-erythroid factor 2-related factor 2 (NRF2) in DKD clinical trials have not led
to new therapeutics. This project investigated how oxidative stress influences DKD, with
three key objectives and findings:

a) I characterised the effects of oxidative stress in podocytes, finding evidence for a
bimodal effect of NRF2, and the identification of new candidate NRF2-regulated genes.
Pharmacological induction of NRF2 in the podocytes using NRF2 agonist CDDO-Im or
NRF?2 activation/inhibition with CRISPR-dCAS9 were assessed for their effect on tBHP-
induced stress induction: both a 50% inhibition of NRF2 expression or exposure to 30 nM
CDDO-Im for 6 hours were found to be protective.

b) I identified a novel role for the Microtubulin Associated Protein Tau (MAPT) gene in
protection against oxidative stress. In immortalised human podocytes, MAPT
transcriptomic expression increased with tBHP-induced oxidative stress. In the
neuroblastoma cell line SH-SY5Y, which expresses high levels of Tau, Tau KO led to
increased oxidative stress, reversible by re-expressing Tau, but not fully rescued by NRF2
upregulation or microtubule stabilisation.

c¢) I began to develop a more physiological model for the analysis of Tau-associated
oxidative stress, by deletion of MAPT in induced pluripotent stem cells (iPSC), and

optimisation of my oxidative stress assay in human iPSC-derived kidney organoids.
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Diabetes is a chronic metabolic disorder characterised by defects in the body’s ability to
regulate glucose and maintain insulin homeostasis (Gupta et al., 2023). Over 500 million
adults were living with diabetes as of 2021, an increase of approximately 29% from 20135,

though as many as half these people are unaware of their diagnosis (Collaborators, 2023).

There are two main subtypes of diabetes, type 1 diabetes (T1D), classified as a failure of
insulin production due to autoimmune damage to the pancreatic 3 cells, and type 2 diabetes
(T2D), due to insulin resistance and failure of -cell insulin production. T2D accounts for
90% or more of all cases (Galicia-Garcia et al., 2020). While the aetiology and management
of T1D and T2D differ, diabetic kidney disease (DKD) is a chronic complication affecting

30-40% of people with both T1D and T2D.

Enhancing our understanding of the physiological changes occurring in a diabetic milieu,
such as haemodynamic alterations, hormonal imbalances and protein glycation, is thus a
crucial focus for research, as insights into the pathogenesis of diabetic complications can

identify new avenues for treatment and disease management.

In this thesis, I focus on the role of oxidative stress, a key characteristic of a diabetic tissue
environment and linked to DKD. I explore the pathways involved in oxidative damage in
renal podocytes, with particular focus on the antioxidant transcription factor Nuclear factor-
erythroid factor 2-related factor 2 (NRF2), and characterise a new role for the microtubule

binding protein Tau in oxidative injury.

1.1 Definition and diagnosis of diabetic kidney disease
Most of the burden of diabetes, 80% of cases, is borne by lower- and middle-income

countries, where prevalence is rising faster than in high-income regions, often in the context
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of limited resources to manage diabetes and its complications. By 2045, 1 in 8 adults, or
nearly 800 million people will be living with diabetes, with the rise in T2D driven by

increasing levels of obesity (Sun et al., 2022) (Koye et al., 2018).

With this increasing prevalence comes an increase in complications such as diabetic
retinopathy, cardiovascular disease and DKD (Gheith et al., 2016b) (Teo et al., 2021) (Wei et
al., 1998). The 10-year mortality with diabetes is estimated at 11.5%, rising to 31.1% with
chronic kidney disease (CKD) alongside diabetes (Afkarian et al., 2013). A large prospective
study in Mexico City, where access to diabetic drugs is limited, showed that people living
with diabetes for more than 10 years have a 12-fold increase in mortality compared to the
general population, with the steepest increase in deaths due to renal disease (Herrington et al.,
2018). In the UK, despite access to drugs for glycaemic control, there are nearly 14,000
deaths related to diabetes annually, with over 22,000 people living with diabetes requiring
dialysis or a kidney transplant, and diabetes responsible for 530 myocardial infarctions every
week. Diabetes is estimated to cost the NHS at least £10 billion per year, equivalent to 10%

of its entire budget (Whicher et al., 2020) (UK Renal Registry, 2022).

DKD is the most common cause of renal failure worldwide. Diagnosis is usually clinical,
defined by the presence of albuminuria (>3.4 mg/mmol) and progressive reduction in
estimated glomerular filtration rate (¢GFR) in the context of diabetes (> 10 yrs duration of
T1D, may be present at diagnosis in T2D) and in the absence of signs or symptoms of other
primary causes of kidney disease (American Diabetes Association, 2022). In most cases
therefore a renal biopsy for histological diagnosis is not performed (Sugahara et al., 2021).
The calculation of eGFR uses the reciprocal of serum creatinine and factors such as age,

gender and historically ethnicity (Levey et al., 2009) (Gama et al., 2021)
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1.2 The structure and function of the renal glomerulus

The human kidney contains around 1 million nephrons. Each nephron comprises a renal
corpuscle, made up of a glomerulus containing a bundle of capillaries surrounded by
Bowman’s capsule, and a renal tubule (Figure 1.1). The glomerular filtration barrier is a
tripartite structure consisting of a basement membrane, fenestrated endothelial cells and the
interdigitating podocyte cells (Pollak et al., 2014) (Haraldsson et al., 2008). Within the
glomerular structure, there are also mesangial cells which form the vascular pole, and parietal
epithelial cells lining Bowman’s capsule. The glomerular filtration unit functions to allow the
passage of water, electrolytes and small molecules into the urinary space or filtrate, while

preventing the loss of larger proteins from the blood space.
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Figure 1.1 A. Gross anatomy of the human kidney and structure of the nephron Source:
(Dewangan, 2023) B. Scanning electron micrograph showing podocyte morphology. Source:
(Ichimura et al., 2015). CB = Cell body; P — primary process. C-D Transmission electron
micrographs of the human glomerular capillary wall. C Healthy kidney with arrows
indicating endothelial fenestrations, arrowheads represent filtration slits between podocyte
foot processes and asterisks indicate actin filaments in podocyte cytoplasm. D Proteinuric
kidney with podocytes undergoing effacement and flattening of the actin filaments —

indicated with asterisks. GBM — glomerular basement membrane Source: (Mathieson,
2012)
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1.2.1 Glomerular endothelial cells

The first part of the glomerular filtration barrier is the endothelial cells lining the glomerular
capillaries. These are fenestrated, with 60-80 nm transcellular holes for water permeability,
and coated in a negatively-charged glycocalyx which is thought to contribute to the charge
selectivity of the glomerular filtration barrier (Bohrer et al., 1978). Molecules that cross this
barrier must then navigate the thick extracellular glomerular basement membrane (GBM)
comprised of type 4 collagen, laminins, nidogen and heparin sulphate proteoglycans. This

extracellular material is synthesised by both endothelial cells and the podocytes.

1.2.2 Podocytes
Podocytes are highly specialised, terminally differentiated visceral epithelial cells that form a
layer around the glomerular capillaries due to their complex network of long interdigitating

foot processes (FP) (Figure 1.1B).

Under physiological conditions, podocytes show minimal expression of proliferation-
associated markers such as Ki-67, Cyclin A and Cyclin Bl and an instead express cyclin-
dependent kinase inhibitor p57 (Nagata et al., 1998) (Shankland and Wolf, 2000) (Pavenstadt
et al., 2003). However, the conventional idea that podocytes do not regenerate in adults has
been challenged by evidence from genetic fate mapping studies in mice suggesting that
following injury and podocyte loss, podocytes can partially be replaced by the parietal
epithelial cells that populate Bowman’s capsule (Wanner et al., 2014). Differentiated
podocytes consist of a cell body and major processes that extend outward to form
interdigitating FPs encircling the glomerular capillaries. Differentiated podocytes have both
cytoplasmic microtubules and actin-like microfilaments. Between the interdigitating FPs lies
the slit diaphragm (SD), essential for solute efflux across the glomerular wall (Andrews,

1981) (Kriz et al., 1994). This SD is made up of key podocyte-specific proteins including
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Nephrin, Podocin, Synaptopodin and Nephl (Boute et al., 2000) (Lenkkeri et al., 1999)
(Mundel et al., 1991) (Kestild et al., 1998) (Mundel et al., 1997). The SD is a critical
component of the filtration barrier, such that genetic absence of nephrin or podocin results in
severe early-onset proteinuric kidney disease (Welsh and Saleem, 2011) (Martin and Jones,
2018). Nephrin, encoded by NPHS1, is the main extracellular SD protein (Ruotsalainen et al.,
1999), and via phosphorylation it complexes with binding partners such as CD2AP as a
signalling scaffold (Shih et al., 2001). This signalling is supported by direct interactions with
the lipid raft-associated podocin, encoded by NPHS2, which multimerises to recruit lipids to
the plasma membrane (Schwarz et al., 2001). Transmembrane Nephl similarly contributes to
both the SD and intracellular actin signalling, and interacts with junctional protein ZO-1,
supporting SD integrity (Sagar et al., 2017) (Ning et al., 2020) Actin-binding synaptopodin
may regulate podocyte actin-cytoskeletal dynamics via Rho GTPase, although the lack of
phenotype in unchallenged synaptopodin knock-out mice suggests this function may be

required only in the context of renal injury (Ning et al., 2020).

1.2.3 Mesangial cells

The mesangial cells are specialised pericytes that maintain the single nephron glomerular
filtration rate due to their contractile properties and contribute to the function of the nephron
via phagocytosis, clearing macromolecules that have managed to cross the endothelial barrier
(Ziegler et al., 2021) (He et al., 2021). Thus, contributing to the glomerular charge and size

selective barrier, filtering blood while preventing the loss of molecules larger than 70 kDa.

1.2.4 Therenal tubules
Approximately 150 L of urinary filtrate are generated per day, so the renal tubule must
reabsorb most of the filtered salt and water, this occurs predominantly in the proximal tubule.

More distally in the tubule, further salt and water reabsorption is precisely modulated to
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maintain fluid and electrolyte homeostasis, and the tubule also provides metabolic regulation

of acid base balance.

1.3 Risk factors for diabetic kidney disease

DKD develops in 30- 40% of people with both T1D and T2D and the risk is higher with
duration of diabetes, poor glycaemic control, hypertension, smoking or family history
(Brancati et al., 1997). Genome-wide association studies have identified a small number of
genes associated with DKD, for example TENM2, DCLK] and GABRR (Sandholm et al.,
2022) (van Zuydam et al., 2018). These associations include genes linked to known basement
membrane disease such as COL4A43, and tubulointerstitial disease, such as UMOD (van

Zuydam et al., 2018) (Salem et al., 2019).

1.4 Renal Glomerular changes in diabetic kidney disease
In this section current understanding of the roles of specific renal structures in diabetic renal

damage is described.

1.4.1 Histological changes in diabetic kidney disease

The diabetic milieu alters renal morphology, generating a distinct constellation of structural
changes, even if individually these changes could be observed in other renal disorders
(Fioretto and Mauer, 2007). Some of these alterations, such as basement membrane
thickening and podocyte effacement, are postulated to underlie renal insufficiency due to
their importance in maintaining the integrity of the kidney filtration barrier. Others, such as
the appearance of Kimmelstiel-Wilson nodules and mesangial expansion impact the overall
integrity of the glomeruli with or without directly affecting the morphology of a component

of the filtration barrier (Zhou et al., 2022) (Fioretto et al., 1994).
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1.4.2 The glomerular basement membrane in diabetic kidney disease

Disruptions to the GBM are an early indicator of renal damage. Dysfunction or loss of GBM
proteins including laminin and Collagen 4 are known causes of monogenic proteinuric kidney
disease (Bull et al., 2014) (Barker, 1990). Basement membrane components including
collagenous (type IV collagen) and non-collagenous (glycoproteins laminin and nidogen and
the heparan sulfate proteoglycan agrin) molecules are altered in diabetes. For instance, there
is an overproduction of the collagen amino acid hydroxylysine and decreased expression of
laminin and heparan sulfate in people living with diabetes relative to those not living with
diabetes (Beisswenger and Spiro, 1973) (Shimomura and Spiro, 1987). Basement membrane
thickening can precede albuminuria — in T1D, glomerular basement thickening can be
observed as early as 1.5 to 2 years from disease onset despite normoalbuminuria (QOsterby,
1972) (Saxena et al., 2008), suggesting that GBM changes may be very early step in DKD

pathogenesis, but a causative mechanism is not fully understood.

1.4.3 Glomerular endothelial cells in diabetic kidney disease

Glomerular endothelial cells have a negatively charged glycocalyx layer on their luminal
surface consisting of proteoglycans bound to the glycosaminoglycans heparan sulphate, and
hyaluronan that is suggested to aid permselectivity (Oohira et al., 1983) (Dane et al., 2015)
(Florian et al., 2003) (Bohrer et al., 1978). In both T1D and T2D, evidence of decreased
endothelial fenestration has been observed, alongside the development of proteinuria and
decreased GFR (Weil et al., 2012) (Toyoda et al., 2007) , and it has been suggested that a
deviation in the net charge of the epithelial cells could be an important component of disease
pathology, due to impaired repulsion of polyanions including albumin (Chang et al., 1975)
(Guimaraes et al., 2003) (Osicka et al., 1996). Experimental data on immortalised glomerular

endothelial cells exposed to high glucose concentrations showed they had decreased
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expression of heparan sulfate with an associated increase in albumin permeability (Singh et
al., 2011). However, although murine conditional KOs of the heparan sulfate agrin gene have
severe glomerular basement membrane charge defects, they show no abnormalities in

filtration (Harvey et al., 2007).

1.4.4 Podocytes and diabetic kidney disease

Since podocytes are largely irreplaceable, podocyte loss is a key contributor to renal damage
in proteinuric diseases. Indeed, most monogenic forms of nephrotic syndrome, a severe form
of proteinuria, are due to mutations in podocyte-specific genes (Preston et al., 2019). In both
T1D and T2D with microalbuminuria, the expression of the podocyte slit diaphragm-specific
protein nephrin in the kidney is lower than in healthy controls and changes from a punctate to
a granular cellular distribution (Doublier et al., 2003). Podocin and synaptopodin are also less
abundant in biopsies of T2D patients with DKD (Langham et al., 2002), while urinary
podocyte mRNAs are detectable in T2D prior to the development of microalbuminuria
(Fukuda et al., 2020). Observational data, initially in Pima Indians with T2D, shows a
correlation between podocyte loss, proteinuria and glomerulosclerosis (Pagtalunan et al.,
1997). Taken together these findings indicate that podocyte damage and loss are early

changes in DKD and contribute to progression and renal damage.

In DKD podocytes undergo effacement. This term describes a flattening, retraction, widening
and shortening of foot processes. A gradual simplification of interdigitation results in a loss
of the slit diaphragms, by electron microscopy these changes result in replacement of distinct
foot process architecture with a flat cytoplasmic layer (Fig 1.1C and D). Effacement involves
several changes in the podocytes which limit their normal function as part of the filtration

barrier. For example, involving de-differentiation, sometimes considered as an epithelial to
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mesenchymal transition, with reduced expression of specific markers such as nephrin, and an
increase in mesenchymal markers such as vimentin and nestin, alongside an increase in
cellular proliferation (Herman-Edelstein et al., 2011). These changes disrupt the slit
diaphragm, and thus the integrity of the selective filtration barrier. Additionally, effacing
podocytes exhibit increased apoptosis, dependent on an increase in TGF-beta (TGF- )
expression, via increased expression of both mitogen-activated protein kinase p38 and

caspase-3 (Schiffer et al., 2001) (Li et al., 2004).

1.4.4.1 Effects of hyperglycaemia and insulin on podocytes

In vitro models offer some insights into the mechanism by which a hyperglycaemic
environment could induce podocyte effacement: in cultured mouse podocytes
hyperglycaemia-dependent hypertrophy is itself dependent on parathyroid hormone-related
protein (PTHrP) (Romero et al., 2010). Cultured human podocytes exposed to high glucose
(20 mM) undergo de-differentiation and a switch from oxidative phosphorylation to lactic
acidosis, with altered expression of regulators of oxidative metabolism. This is dependent on
reduced expression of myocyte-specific enhancer factor 2C (MEF2C) and myogenic factor
(MYF5), with a similar profile observed in the human diabetic kidney (Imasawa et al., 2017).
Podocytes express insulin receptor (IR) and are insulin sensitive, able to rapidly increase
cellular glucose uptake via GLUT1 and GLUT4 in response to insulin (Coward et al., 2005).
Prolonged exposure of both human conditionally immortalised and primary murine
podocytes to a ‘diabetic’ environment in vitro, with high glucose plus high insulin, TNF and
IL-6, results in insulin resistance via IR protein degradation (Lay et al., 2017). Podocyte-
specific deficiency in GLUT4 in db/db mice, a diabetic mouse model that is protected from
glomerular hypertrophy, suggests a direct role for hyperglycaemia in DKD via the podocyte

(Guzman et al., 2014).
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In addition to the central role for podocytopathy, the development of DKD may also be
influenced by adaptation and sclerosis of mesangial cells, and later in disease progression
may depend in part on the extent of tubular damage (Alsaad and Herzenberg, 2007).
However, given the central role podocyte loss has in DKD I chose to initially focus on these

cells for the research presented in this thesis.

1.5 The pathogenic basis of diabetic kidney disease

Diabetes is associated with microvascular and macrovascular damage affecting the muscle,
skin, eyes, heart, brain and kidneys. Nearly all patients with T1D and two thirds of T2D
patients develop retinopathy (Scanlon, 2008) (Mathur et al., 2004). In comparison, between
20% and 40% of people living with diabetes develop DKD (Gheith et al., 2016a) (Jefferson et
al., 2008). Hyperglycaemia induces specific metabolic and non-metabolic changes affecting
both the vasculature and tissues directly and underlying DKD pathology. These can be
broadly divided into haemodynamic changes, inflammation and metabolic factors including
oxidative stress. Whilst acknowledging that these factors overlap and interact, I will here
consider them in turn with an emphasis on oxidative stress given its relevance to the aims of
this thesis.

Understanding these factors is could be essential in identifying novel DKD treatments and in

the repurposing of existing ones for DKD management.

1.5.1 Haemodynamic changes — hypertension and hyperfiltration
Atherosclerosis, vascular inflammation, endothelial dysfunction and structural remodelling
lead to micro- and macrovascular complications (Petrie et al., 2018). This vascular injury is

itself driven by hyperglycaemia via reactive oxygen species (ROS), intracellular production
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of advanced glycation end-products (AGE) and protein kinase C (PKC) (Brownlee, 2005).

Oxidative injury will be discussed in more detail in section 1.5.3.

High blood pressure promotes the loss of kidney function while DKD enhances the likelihood

of increased blood pressure (BP) (Harjutsalo and Groop, 2014).

The latter is due to the central role of the kidneys in BP regulation, controlling sodium
handling and thus intravascular volume via mechanisms including the renin-angiotensin-
aldosterone system (RAAS). RAAS blockade is an established treatment that reduces

proteinuria and slows the progression of diabetic nephropathy (Brenner et al., 2001).

Both systemic hypertension and raised intraglomerular pressure contribute to kidney damage
in diabetes. Systemic hypertension commonly co-exists with diabetes, with both diseases
sharing risk factors including obesity and dyslipidaemia. Hypertension promotes
hyperfiltration, one of the earliest signs of DKD. Glomerular hyperfiltration refers to either a
filtration rate of between 125 ml/min/1.73m? to 175 ml/min/1.73m? or a filtration fraction of
above 18.7+ 3.2% depending on whether the emphasis is on the whole kidney or single
nephron hyperfiltration (Huang et al., 2011) (Helal et al., 2012) (Tonneijck et al., 2017). In
animal studies, glomerular hypertrophy precedes hyperfiltration, associated with
hyperglycaemic induction of somatostatin, insulin growth factors and insulin growth factor
binding proteins (Flyvbjerg et al., 1999) (Flyvbjerg et al., 1989). In T2D, hyperfiltration,
inferred by initially high eGFR, is associated with later DKD progression and an increase in
all-cause mortality (Penno et al., 2020) (Magee et al., 2009) (Cherney et al., 2014)

(Ruggenenti et al., 2012).

The pathogenesis of glomerular hyperfiltration is complex but can occur due to either a net

reduction in the afferent glomerular arteriolar resistance or a net increase in the efferent
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arteriolar resistance, in either case resulting in increased intraglomerular pressure. This is
influenced by angiotensin I, the difference between the mean pressures of the glomerular
capillary and the proximal tubule (transmembrane hydraulic pressure gradient) and the
permeability and area of the filtration surface as determined by the ultrafiltration coefficient

(Cherney et al., 2014).

Reductions in proinsulin C-peptide, indiscriminate opening of the ATP-sensitive K+
channels, nitric oxide (NO) bioavailability, increases in angiotensin II and increases in COX-
2 prostanoids brought on by hyperglycaemia can promote a net increase in glomerular
pressure (Carmines et al., 1996) (Troncoso Brindeiro et al., 2008) (Cherney et al., 2008)
(Nordquist et al., 2008). For example, the RAAS system is chronically activated in long-
standing diabetes, and angiotensin II promotes efferent and afferent vasoconstriction leading
to increased renovascular resistance (Lovshin et al., 2018). This vascular theory for
hyperfiltration sits alongside the tubular theory, which postulates that hyperfiltration occurs
due to a combination of an enhanced proximal tubular sodium and glucose reabsorption, with
upregulation of sodium-glucose cotransporters and sodium-hydrogen exchangers. Increased
proximal sodium reabsorption leads to lower sodium delivery to the juxtaglomerular macula
densa located in the distal convoluted tubule. As low sodium here can indicate low
circulating volume, the macula densa cells respond via a system of tubuloglomerular
feedback, by reducing adenosine signalling, which lowers afferent arteriolar resistance, in
addition to promoting renin release and thus RAAS activation (Tonneijck et al., 2017).
Currently, the mainstays of treatment for DKD target these pathways, namely RAAS
inhibition with ACE inhibitors, Angiotensin II receptor blockers or mineralocorticoid
receptor antagonism and inhibition of proximal sodium (and glucose) reabsorption via the
sodium glucose co-transporter 2 (SGLT2) (The et al., 2023) (Brenner et al., 2001) (Bakris et

al., 2020)
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1.5.2 Inflammation
Although renal immune infiltration is not a central hallmark of DKD histology, systemic

inflammation occurs early in disease, preceding microalbuminuria (Scurt et al., 2019)

Immune involvement in DKD includes both innate and adaptive responses. Inflammatory
markers including tumour necrosis factor receptor 1 (TNFR1) correlate with mortality in
people with DKD and are emerging as new biomarkers or potential therapeutic targets. For
example, proteinuria directly increases expression of the chemokine IL-8 in proximal tubular
cells, orchestrating immune infiltration by promoting neutrophil chemotaxis (Tang et al.,
2003, Leto and Geiszt, 2006) (Wada et al., 1994) (Saulnier et al., 2014). Chronic damage to
cells by high glucose or glycation leads to apoptosis and the release of damage-associated
molecular patterns (DAMPS) recognised by innate pattern recognition receptors including
Toll like receptors (TLRs), overexpressed in glomeruli with DKD (Verzola et al., 2014).
TLRs trigger production of intracellular reactive oxygen species (ROS) and mediate an NF-
kB driven pro-inflammatory response with release of TNF-a, IL-6 and IL-13, which
contribute to fibrosis (Tang and Yiu, 2020). Kidney injury also promotes monocyte
recruitment and differentiation. Macrophages are present in the glomeruli and interstitium in
DKD, and animal models implicate CCR2 mediated macrophage recruitment in pathogenesis

(Awad et al., 2011) (Klessens et al., 2017).

While innate immune dysfunction is well characterised in DKD, the role of the adaptive
immune system is less well understood. However, renal T cell infiltration is increased in
people with T2D, and in a transgenic CD8 T cell model (OT1), podocytes stimulated by
cytokines can present peptide and stimulate T-cell activation (Li et al., 2020) (Liu et al.,

2023).
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1.5.3 Oxidative stress

The term oxidative stress was initially described by Helmut Sies as the imbalance between
oxidants and antioxidants in favour of the former, with the potential of causing damage (Sies,
2000). Within the body, oxidants such as superoxides, hydroxyls and hypochlorous acid can
be a protective mechanism against infection. For instance, neutrophils undergoing
phagocytosis transfer electrons from nicotinamide adenine dinucleotide phosphate (NADPH)
to molecular oxygen, via NADPH oxidase, to form superoxides. Superoxides are then
converted to other oxidants that kill microorganisms (DeLeo and Quinn, 1996) (Dahlgren

and Karlsson, 1999) (Leto and Geiszt, 2006).

Microsomal and mitochondrial electron transport chains generate hydrogen peroxide (Boveris
et al., 1972). Peroxides, superoxides and other highly reactive oxidants are collectively called
ROS, a subgroup of free radicals with an unpaired electron in their atomic orbital rendering
them unstable (Lobo et al., 2010). Modulation of ROS to establish an equilibrium with
antioxidants involves an array of metabolic processes. For example, superoxide dismutase
converts superoxides into hydrogen peroxides that are then mopped up by either catalases or
glutathione reductases. Likewise, a-tocopherol and urate block ROS activity by retarding
lipid peroxidation chain reactions and scavenging free radicals. However, if unchecked, the
high reactivity of ROS allows these molecules to setup a chain reaction that modifies
lipoproteins, membranes and DNA with ramifications for the pathophysiology of diseases
(Betteridge, 2000). Excessive production of free radicals and subsequent oxidative stress are

thus hallmarks of cancer, diabetes and neurological disease.
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1.5.3.1 Oxidative stress as a driver of diabetic vascular disease

Oxidative stress has been proposed as a common factor contributing to the associated
disorders of insulin resistance, dyslipidaemia and cardiovascular risk (Ceriello and Motz,
2004). (Lee et al., 2017). The state of hyperglycaemia in diabetes results in increased
production of mitochondrial ROS and oxidative stress via disruption of mitochondrial
respiratory chain enzymes including xanthine oxidases, lipoxygenases, cyclooxygenases,
nitric oxide synthases, and peroxidases, with upregulation of NADH oxidases (Yu et al.,
2006) (Volpe et al., 2018). Autooxidation of excessive glucose can also stimulate oxidative
stress (Wolff and Dean, 1987), as can free radical generation by non-enzymatic glycation
products or the production of AGE and their interactions with their receptors (RAGE) (Yim
et al., 2001) (Mullarkey et al., 1990). Glycation can also worsen oxidative injury by
inactivating antioxidant enzymes such as superoxide dismutase (Morgan et al., 2002). Under
conditions of high glucose, there is increased activity of the aldose reductase dependent
polyol pathway, whereby glucose is converted to sorbitol and then fructose. This process
depletes NADPH, consequently reducing synthesis of the intracellular antioxidant
glutathione, and instead generates nicotinamide adenine dinucleotide (NADH), a substrate for

NADH oxidase, promoting super oxide production (Tang et al., 2012).

Endothelial dysfunction is an early event in atherosclerosis, and ultimately contributing to
micro- and macrovascular complications in diabetes (Johnstone et al., 1993) (Shi and
Vanhoutte, 2017). This endothelial damage appears to be mediated directly and indirectly via
oxidative stress. Endothelial cell apoptosis can be induced in vitro by fluctuating glucose
levels via protein kinase C (PKC) dependent NADPH oxidase activation, while in vivo
endothelial nitric oxide synthase (eNOS) deficiency exacerbates rodent diabetes models,

inducing earlier onset and more pronounced renal damage (Zhao et al., 2006).
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The expression of AGE and RAGE are elevated in atherosclerotic plaques from diabetic
compared to non-diabetic subjects and associated with increased inflammation, and the
accumulation of advanced oxidation products including oxidised low-density lipoprotein may
trigger endothelial activation via RAGE (Burke et al., 2004) (Guo et al., 2008). Oxidative
stress may cause vascular damage via increased lipid peroxidation, since inhibition of this

pathway ameliorates wound healing defects in diabetic mice (Altavilla et al., 2001).

A further driver of diabetic endothelial damage is activation of the NOD-like receptor pyrin
domain 3 (NLRP3) inflammasome that leads to the generation of IL-1 and IL-18 and is
linked to atherosclerosis (Abderrazak et al., 2015). This occurs in direct response to high
glucose, but also due to increases in mitochondrial ROS and AGE, with depletion of
intracellular potassium identified as a possible shared final pathway of NLRP3 activation

(Wang et al., 2020) (He et al., 2016).

1.5.3.2 Oxidative stress and diabetic kidney disease

The nephron is often considered particularly vulnerable to oxidative injury owing to the high
mitochondrial content of proximal tubular cells and podocytes (Duann and Lin, 2017). In
diabetes, as unregulated increased glucose uptake occurs in renal cells including podocytes it
fuels the mitochondrial respiratory chain via oxidative phosphorylation, with resultant
production of ROS by partial reduction of O» to the reactive superoxide (Coward et al., 2005)
(Nishikawa et al., 2000). While both superoxide and NO may have functional signalling roles
in the healthy kidney, for example in tubulo-glomerular feedback, elevated levels of ROS and
NADPH oxidase (NOX) are thought to lead to oxidative stress with DNA damage and cell
death in DKD (Liu et al., 2004). These free radicals promote increased activity of the renin-
angiotensin signalling pathway via the proximal tubule AT1 receptor, which results in

sodium retention and hypertension, and increased expression of inflammatory and fibrotic
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markers including TGF-f3, ultimately contributing to fibrosis and loss of renal function
(Banday and Lokhandwala, 2011) (Gray et al., 2013). In addition to the generation of new
ROS, there may be defects in the antioxidant response. For example, cultured fibroblasts
from people with T1D and DKD fail to increase production of antioxidant enzymes,
including catalase and glutathione peroxidase, in response to high glucose, compared to

healthy controls or T1D without DKD (Ceriello et al., 2000).

Despite the accepted dogma that oxidative stress is central to DKD, clinical trials of
antioxidant therapies have had only mixed results. While NOX4 inhibition protected from
renal damage in the T1D streptozocin-induced mouse diabetic model, phase II clinical trials
of a NOX1/4 inhibitor in T2D did not reduce albuminuria, with the outcome of a similar trial
in T1D awaited (Jha et al., 2014) (Elbatreek et al., 2019) (Reutens et al., 2020). High-dose
folic acid has been trialled, with the objective of providing co-factor so that NOS can drive
production of NO rather than superoxides. However, this failed to show a benefit in a phase

III trial in T2D (Elbatreek et al., 2019).

Inhibition of the renin angiotensin pathway is the mainstay of treatment for DKD, reducing
protein leak and slowing the decline in eGFR, beyond their effects on blood pressure (Lewis
et al., 1993). While these drugs have pleiotropic effects, they have long been known to have
antioxidant properties, which may contribute to their reported efficacy (Chopra et al., 1992).
Similarly, SGLT2 inhibition is effective in slowing progression of DKD, providing a much-
needed new tool in the treatment of DKD, and may reduce free radical generation or promote
antioxidant activity, in addition to blood pressure lowering and anti-hyperglycaemic effects

(The et al., 2023) (Yaribeygi et al., 2019).

NRF2 is a transcription factor that regulates the expression of over 1,000 genes involved in

antioxidant defence, detoxification and metabolism (Zang et al., 2020). Under physiological
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Figure 1.2 NRF2/KEAP 1 pathway. KEAP1-NRF2 complex leads to degradation of
NRF2 under basal conditions. In response to oxidative stress or following exposure to
NRF?2 agonists, de novo NRF2 migrates to the nucleus, binds to genes with antioxidant
response elements (ARE) and activates their expression. Source: (Ahmed et al., 2017)
conditions, NRF2 complexes with Kelch-like ECH-associated protein 1 (KEAP-1) in the
cytoplasm, leading to the transcription factor’s ubiquitination and degradation (Figure 1.2).
Modifications to cysteine residues of KEAP-1 in response to oxidative stress or NRF2
pathway activators result in de novo NRF2 migrating to the nucleus where it heterodimerises
with bZIP proteins. Thus, it forms a transactivation complex that binds to and induces genes
with antioxidant response elements (ARE), including heme oxygenase 1 (HMOXI) and
NAD(P)H quinone dehydrogenase 1 (NQOI) (Wang et al., 2016a, Reichard et al., 2007).
Activation of these downstream effectors promotes antioxidant pathways to avert the redox
imbalance. As a key regulator of antioxidant response NRF2 has, therefore, been considered
an attractive therapeutic target in DKD. While a phase III clinical trial of the NRF2-activating
drug bardoxolone methyl was terminated early due to increased risk of heart failure, the
earlier phase II study had demonstrated a promising increase in estimated glomerular

filtration rate (eGFR) (de Zeeuw et al., 2013) (Pergola et al., 2011). Moreover, KEAP-1, as

the principal negative regulator of NRF2 has been considered a possible target for drugs in
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chronic diseases such as cancers, metabolic and inflammatory and autoimmune diseases
(Cuadrado et al., 2019). Inhibitors of KEAP1 such as naphthalene bis-sulfonamide
compounds could be novel drug targets but progress into clinical trials has been limited

(Marcotte et al., 2013).

The mixed results in trials of drugs targeting oxidative pathways may reflect our as yet
limited comprehension of the essential drivers of DKD. Better understanding of the complex
cellular responses to oxidative stress is a critical first step towards the design of therapies
linked to mechanism. In this context, the role of NRF2 in oxidative stress will be considered
in more detail, with reference to existing evidence of a link to the microtubule associated Tau

protein.
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1.6 Tau, oxidative stress and NRF2

1.6.1 Tau protein in neurodegenerative disease

The microtubule-associated protein tau (MAPT) gene encodes the protein, tubulin associated
unit (Tau). Tau’s canonical role is to bind tubulin to facilitate the assembly and stabilisation
of microtubule structure (Weingarten et al., 1975). In humans, the Tau gene is located on
chromosome 17q31.21 and contains 14 exons assigned to its four core domains: exons 1, 2
and 3 are part of the N-terminal domain, exons 4, 4a, 5, 6, 7, 8 constitute the proline-rich
domain, 9, 10, 11 and 12 make up the microtubule-binding domain while finally, exons 13
and 14 encode the C-terminal domain (Mukrasch et al., 2009). The human MAPT gene
undergoes alternative splicing. Currently, based largely on work in the brain, there are six
well-validated isoforms that vary in the number of N-terminal inserts (ON, 1N or 2N) and C-
terminal repeat domains (3R or 4R) (Figure 1.3). Isoform expression patterns are influenced
by factors including developmental stage and disease (Bachmann et al., 2021). In addition,
Tau undergoes many post-translational modifications such as phosphorylation, truncation and
acetylation with hyperphosphorylation observed in neurological disease (Bramblett et al.,

1993).

The development of hyperphosphorylated, insoluble and filamentous Tau is a hallmark of
human neurodegenerative diseases collectively called tauopathies. These diseases, which
include Alzheimer’s disease (AD), frontotemporal dementia, corticobasal degeneration and
progressive supranuclear palsy, have distinct clinical and biological manifestations such as
the accumulation of amyloid beta protein in Alzheimer’s patients (Zhang et al., 2022).
However, they are grouped together as they feature alterations in Tau’s isoform balance and /
or post-translational modifications leading to Tau aggregates. For example, in AD and

Parkinson’s disease, abnormally phosphorylated Tau aggregates in neurons lose their
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physiological microtubulin-binding and stabilising functions (Alonso et al., 1994b). Despite
this apparent loss of function, clinical trials with drugs that stabilise the microtubule have
been unsuccessful (Hung and Fu, 2017) (Tsai et al., 2020) An alternate hypothesis is that
altered Tau is pathogenic due to a gain of function, supported by evidence in mice that the
injection of abnormal Tau can trigger ‘propagation’ or spreading Tau aggregation
(Clavaguera et al., 2009).
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Figure 1.3 The MAPT gene, the six known isoforms and big Tau generated through
alternate splicing.

1.6.2 Association between Tau and oxidative stress with reference to NRF2

Tauopathy severity correlates with upregulation of oxidative stress markers in the brain
(Castellani et al., 1995, Smith et al., 1996) and cerebrospinal fluid (Pratico et al., 2000a).
Elevated lipid peroxidation and decreased antioxidant activity are also early features of
murine AD models, in which combined amyloid beta and tau protein modification,
mimicking frontotemporal dementia and AD, results in deregulation of the oxidative
phosphorylation system, with reduced NADH ubiquinone oxidoreductase activity linked to
mutant Tau (Resende et al., 2008, Rhein et al., 2009b). Transgenic mice homozygous for the
rare human pathogenic Tau mutation P301L are an established model for frontotemporal

dementia; aged P301L mice have mitochondrial dysfunction with modified lipid
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peroxidation, increased antioxidant activity and higher levels of ROS than WT (David et al.,
2005). Finally, overexpression of Tau in cultured neurons impairs peroxisome transport and
increases sensitivity to oxidative stress (Wang et al., 2016b). These findings indicate an
association between altered Tau and oxidative stress. However, deletion of Mapt in mice,
while altering microtubule stability, was not associated with any neurological phenotype

except in aged mice as might be expected (Harada et al., 1994b) (Ikegami et al., 2000).

In vitro Tau binds to complexes involved in both RNA processing and translation, and in
chromatin remodelling and splicing (Geeth Gunawardana et al., 2015) (Montalbano et al.,
2021). Tau also appears to protect neuronal genomic DNA from damage (Sultan et al., 2011),
and this appears to hold in vivo: when hippocampal segments of Mapt’~ mice were compared
to WT mice, impaired hippocampal neuron DNA and RNA integrity under hyperthermia-
induced oxidative stress was observed (Violet et al., 2014). Alongside this stress increase, the
mRNA levels of Nrf2, as well as its downstream effectors Hmox1 and y-glutamine cysteine
synthase (GES) increased in the Mapt”~ mice relative to the control (Jara et al., 2018). NRF2
deficiency in AD prone mice exacerbates both neuronal oxidative stress and learning and

memory. (Rojo et al., 2017).

Nrf2 binds to an antioxidant response element (ARE) within intron 1 of the MAPT gene and
induces MAPT transcription in response to hypoxia. Human polymorphisms in this ARE are
associated with altered MAPT mRNA levels, with SNP rs242561 associated with increased
MAPT expression and protection from supranuclear palsy, Parkinson's disease, and
corticobasal degeneration (Wang et al., 2016b). These data would suggest that at least in
mice, and perhaps also in humans, Tau could have a physiological functional role in
oxidative stress response. The broadening of Tau’s role into biological processes ubiquitous

to all living cells has promoted research into Tau beyond non-neurodegenerative diseases.
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However, despite findings in Tau deletion models, most work has focused on post-
translationally modified Tau, and loss of the protein remains under explored in human cells
(Sola et al., 2020b). The role of Tau in oxidative stress in human cells is untested, and it is

not known whether this is dependent on NRF2.

1.7 Models to study diabetic kidney disease

1.7.1 Invivo models

While there are numerous rodent models of diabetes, many of these do not develop advanced
renal disease. Kidney injury is strain dependent, with C57BL/6J mice relatively resistant to
diabetic and indeed non-diabetic kidney disease (Qi et al., 2005). Some of the more

commonly used models are discussed below.

1.7.1.1 DKD in T1D murine models

Non-obese diabetic (NOD) mice, a model for T1D in which the disease develops
spontaneously and results from autoimmune destruction of the pancreatic islet beta cells,
develop early kidney damage, with albuminuria, matrix mesangial expansion, and podocyte
loss at 40 days after diabetes onset (Dot et al., 1990). Akita mice, carrying a spontaneous
mutation in the pre-pro insulin gene, /ns/, likewise develop mesangial expansion and
albuminuria similar to early human DKD, but without mesangiolysis or nodular sclerosis.
There is strain-dependent phenotypic variability with some IgA deposition described that
may be contributing to non-DM related renal injury (Chang and Gurley, 2012). Streptozocin
is toxic to B cells, and the streptozocin-induced model of T1D is commonly used and
develops mainly tubular injury. When combined with genetic deletion of endothelial nitric

oxide synthase (eNOS) these animals develop more mesangial damage with nodules and
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mesangiolysis. However, there is likely some direct contribution from streptozocin to renal

toxicity (Leiter, 1982).

1.7.1.2 Diabetic kidney disease in T2D murine models

The db/db leptin deficient mouse is commonly used to model obese, insulin-resistant T2D
(Szabadfi et al., 2014). Early diabetic nephropathy can take over a year to develop, though
when combined with eNOS (through gene mutation) in the susceptible C57Bl/6 KS strain
(containing a DBA2 strain region), more pronounced renal disease develops by week 26 with
albuminuria, podocyte loss and mesangial expansion, making this one of the few in vivo
models of more advanced kidney disease (Zhao et al., 2006). Ob/Ob insulin-resistant mice,
when bred on the black and tan brachyuric strain background, show rapidly progressive
disease, with proteinuria and podocyte loss by 8 weeks, mesangial expansion by 10 weeks,
and advanced DN by 18 weeks including some interstitial fibrosis. This rapid progression
may make this strain amenable to treatment to try to reverse renal damage. However, leptin-
deficient mice are infertile, making breeding time consuming and complex (Hudkins et al.,

2010) (Alpers and Hudkins, 2011).

1.7.1.3 Limitations of current in vivo models

Pathways or genes highlighted in murine models do not always translate to human disease, in
part because of the genetic divergence between our species, the inbred nature of the
laboratory animal compared to human genetic heterogeneity, and the failure of models to
fully recapitulate human disease mechanisms. Experimental work in vivo can be slow and
costly, and accurately measuring cellular responses in vivo is complex. While rodent models
of DKD have been important experimental tools, they often exhibit only relatively mild or
late onset renal involvement, and this is typically background strain dependent. In some

models, renal damage may be at least in part due to non-diabetic mechanisms or toxicity. /n
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vitro models can address some of these limitations by providing more rapid and flexible

methods to study and manipulate human cells.

1.7.2 Invitro models

1.7.2.1 Celllines

Tubulointerstitial fibrosis is a final common pathway in kidney disease, and in DKD, the
extent of interstitial fibrosis correlates with risk of progression (Nath, 1992). Proximal
tubular epithelial cells can be subjected to high glucose, TGF- B, glycated proteins,
angiotensin II or hypoxia in order to mimic the diabetic milieu (Slyne et al., 2015). For
example, rat renal proximal tubular epithelial cells exposed to AGE-modified bovine serum
albumin (BSA) exhibit increased matrix metalloprotease (MMP2) activity and ROS which

could be reversed by angiotensin II inhibition (Fukami et al., 2014).

Podocyte injury is a central event in DKD development and experiments in podocytes under
high glucose conditions have demonstrated release of ROS species that trigger p36 MAPK
and NADPH oxidase signalling pathways, leading to podocyte apoptosis (Eid et al., 2009)
(Susztak et al., 2006). In vitro study of podocyte injury has progressed owing to the
availability of immortalised human and murine podocyte cell lines. These cells express a
temperature sensitive SV40 promotor, such that they proliferate at 33°C, permitting routine
culture, with a fibroblast like morphology, but on transfer to 37°C for 10-12 days, cease
proliferation and differentiate to adopt an enlarged flattened morphology, expressing key

podocyte-specific markers including nephrin and podocin (Saleem et al., 2002).

Human mesangial cells similarly apoptose under high glucose conditions, but glucose can
also promote mesangial cell proliferation, via inhibition of hydrogen sulphide synthesis

(Mishra et al., 2005) (Ding et al., 2017).
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However, standard culture medium already contains supraphysiological levels of glucose,
making the relevance of high glucose in vitro systems to the human diabetic environment
questionable. Very high glucose concentrations (25 mmol/L or more) will exert an osmotic
effect that may explain some observed in vitro cellular injury. Exposure to a combination of
high glucose, insulin and proinflammatory cytokines may provide a more disease-informative

system (Lay et al., 2017).

Much of the work in proximal tubular cells is in cells of non-human origin and may be less
applicable to clinical disease. Primary cells can dedifferentiate very quickly, and
immortalised cell lines can lose characteristics of the parent lines. Causing perturbations in
cell physiology by environmental or genetic manipulation does not necessarily imply in vivo
causation, and carefully designed rescue experiments are required to demonstrate specificity
of effects. Cell monocultures also fail to replicate the complex cellular cross talk and
structure of the glomerulus or tubule. Thus, there is a need for more sophisticated models to

better represent human kidney pathology.

1.7.2.2 Kidney-on-a-chip

Organ-on-a-chip technology uses microfluidic and microchannel cell co-culture systems to
replicate tissue and organ level function. Fluid flow, pressure and chemical gradients can be
controlled to modulate cellular organisation and function. Using podocytes differentiated
from induced pluripotent stem cells (iPSCs) co-cultured with endothelial cells, separated by a
laminin membrane, a ‘glomerulus-on-a-chip’ system, differential clearance of albumin and
inulin can be demonstrated, mimicking the free filtration of inulin but not the large molecule
albumin by the glomerular filtration barrier (Musah et al., 2017). Exposure of such a system
to high glucose results in increased permeability of the barrier to albumin, endothelial

dysfunction and production of ROS (Wang et al., 2017).
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1.7.2.3 Kidney organoids

Organoids are miniaturised 3-dimensional in vitro models that mimic some of the biological
and functional complexity of the organ, due to self-organising multicellular structure.
Typically, organoids are derived from stem cells (pluripotent, foetal or adult) and
differentiated by culturing with tissue specific combinations of growth factors and
extracellular components (Hofer and Lutolf, 2021). Organoids offer advantages over animal
models: they are faster and less expensive to generate, may be easier to manipulate, are
generated from human cells, and provide an ethical opportunity to reduce and replace animal

work.

However, in vitro cell and tissue engineering approaches still face limitations. Most
organoids represent a foetal-like developmental stage rather than adult cellular physiology,
and complex structures and functions may not be replicated. Additionally, heterogeneity
presents challenges with reproducibility and scale (Y1 et al., 2021). Human kidney organoids,
for example, share some transcriptomic similarity with the foetal kidney, but do not replicate
renal filtration or develop a vasculature (Combes et al., 2019). Nevertheless, recent
experiments with subcapsular transplantation of organoids in immunodeficient mice suggest
size-selective glomerular sieving of dextrans and formation of a vascular network (van den
Berg et al., 2020) (Low et al., 2019). Kidney organoids have been particularly useful to
explore renal developmental patterning, but when combined with iPSC gene editing can also
recapitulate renal genetic disease such as polycystic kidney disease due to PKD1 mutations
(Freedman et al., 2015). Kidney injury models using renal organoids have also been
developed, typically for nephrotoxin-mediated injury with a view to drug screening, e.g.
using cisplatin (Digby et al., 2020). A recent paper described exposure of organoids to hemin,
to model haemolysis-induced oxidative stress, such as might occur in sickle cell disease, and

used this to identify the anti-fibrotic 4-(phenylthio) butanoic acid as a possible therapeutic
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agent for hemin induced oxidative stress (Przepiorski et al., 2022). To date, an established
kidney organoid model for DKD has not been fully developed, though this is an active area of
research: for example, a model in which organoids are exposed to high oscillating glucose

levels leads to increased extracellular matrix deposition (Garreta et al., 2022).

1.8 Summary
In this thesis I use in vitro models to study oxidative stress pathways relevant to DKD. |
aimed to answer three key questions:
1. How does oxidative stress alter RNA and protein level pathways in renal podocytes,
and how does NRF2 influence this?
2. Does Tau have a functional role in the oxidative stress response?
3. Can better models be developed to study renal oxidative stress?
To address these questions, in Chapter 3 I describe NRF2-dependent and independent
transcriptomic and proteomic signatures of oxidative stress in human podocytes. In
Chapter 4 I applied gene editing to define a role for Tau in protection from oxidative
injury in a neuronal cell line, and in Chapter 5 I established tools to explore the function

of Tau in a multicellular context using kidney organoids.
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Chapter 2
Materials and Methods
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2.1 Cell Culture and Maintenance

SH-SYS5Y cells (from ATCC) were maintained in culture flasks in a complete media of
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco), 100 international units (U/ml)
penicillin, 100 pg/ml streptomycin (Sigma-Aldrich), 1% L-glutamine (Sigma-Aldrich) and
10% foetal bovine serum (FCS) (Sigma-Aldrich). Cells were passaged every three days by

washing with phosphate buffered saline (PBS) (Sigma-Aldrich), incubated with trypsin-
ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) at 37°C for 5 minutes followed by

neutralisation with 10% FCS in PBS. They were centrifuged at 500 g for minutes and pellets
resuspended in complete media. Cell counting was performed using a haemocytometer and

reseeding at 20,000 cells per cm?. Cells were maintained at 37°C and 5% CO..

Podocytes used in this work were a gift from Professor Moin Saleem, University of Bristol.
These cells were created from human podocytes derived from a nephrectomy specimen and
transfected with temperature-sensitive T antigen transgene tsA58 T (Saleem et al., 2002).
This transgene allows cell proliferation at the permissive temperature of 33°C but induces
cell differentiation at 37°C. The cells were cultured as described in the original publication
such that either at the permissive or non-permissive temperatures, they were incubated with
5% COz> in a complete media containing RPMI1640 (Gibco) with 10% fetal calf serum
(FCS), 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco) with 1% insulin-transferrin-
selenium (Gibco). Proliferating cells were passaged every three days in a similar manner to
the SH-SYSY cells. For differentiation, cells were moved to a 37°C incubator and showed
markers of differentiated podocytes such as nephrin and synaptopodin after 12 days at this

non-permissive temperature.
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LentiX-293T (Takarabio) were cultured in high glucose DMEM (Sigma-Aldrich) with 10%

FBS. Cells were passaged twice a week and split in a 1:20 ratio.

2.2 Genomic DNA Analysis

2.2.1 DNA extraction for routine PCR

500 ul of QuickExtract (Lucigen) solution was added to 10 cells, vortexed for 15 seconds
and incubated at 65°C for six minutes. The solution was then vortexed for 15 seconds,
incubated at 98°C for two minutes and quantified using a Nanodrop ND-1000 UV/VIS

Spectrophotometer (Thermo Fisher Scientific).

2.2.2 DNA extraction for Whole Genome Sequencing (WGS)

Gentra Puregene Kit (Qiagen) was used to extract DNA from 5 x 10° cells according to the
manufacturer’s protocol. Concentration of DNA yielded was between 300 ng/ul and 700
ng/ul, with A260/280 absorbance ratio of 1.8 and A260/230 ratio of 2. 17 pl of each sample
was submitted for long range WGS in our Centre. Further experimental details on whole

genome sequencing can be found in 2.7.4.4.

2.2.3 PCR amplification and gel electrophoresis

Unless otherwise described, polymerase chain reactions (PCR) were performed using 500 ng
of DNA in a total reaction volume of 25 ul together with water, 5 pul 5x OneTaq reaction
buffer (NEB), 0.5u1 10mM dNTP (Thermo Fisher Scientific), 0.5ul of 10 vM forward primer
and 0.5l of 10uM reverse primer and 0.125ul OneTaq DNA polymerase (NEB).
Thermocycling conditions were as follows: 30 seconds initial denaturation at 94°C 34 cycles
of 94°C for 30 seconds, annealing at 50-70°C (primer specific) for 30 seconds, and 68°C for
60 seconds. The final extension was at 68°C for 5 minutes. The final holding temperature

was at 4°C. Samples were run on 1% agarose gels with SybrSafe stain (Thermo Fisher
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Scientific) for 45 minutes at 100z V. Visualisation was performed using GelDoc

transilluminator system (Bio-Rad).

2.2.4 Sanger sequencing

Amplicons of interest were cut and cleaned up using the Qiaquick gel extraction kit (Qiagen)
according to the manufacturer’s instruction. Following quantification of DNA concentration,
Sul of PCR product at 10ng/ul was submitted for sequencing with 5 pul of primers at

3.2pmol/ul. Sequencing was performed by Source Bioscience.

2.3 Gene Expression Studies

2.3.1 RNA extraction

One ml of TRIzol (Invitrogen) was added to 1 — 5 x 10° cells and incubated at room
temperature (RT) for 5 minutes followed by 200 pl of Chloroform. Samples were vortexed
for 15 seconds and incubated at RT for 3 minutes before centrifugation at 12000 g for 15
minutes at 4°C. The top-most aqueous phase was collected and added to 500 ul of
isopropanol. The resulting solution was centrifuged for 10 minutes at 12000 g at 4°C and the
pellet washed twice with 75% ethanol, then dried and resuspended in diethyl pyrocarbonate
(DEPC)- treated water. RNA was quantified using Nanodrop ND-1000 UV/VIS
Spectrophotometer (Thermo Fisher Scientific) with A260/280 absorbance ratio of ~ 2 and
A260/230 ratio of >2. For each 1 ug of RNA, 1 ul of 10x reaction buffer with MgCl, 1 ul of
DNase I and 10 ul of DEPC-treated water as provided by Thermo Fisher Scientific’s DNase |
(EN0521)) was mixed and incubated at 37°C for 30 minutes. 1 ul of 50 mM EDTA (Thermo
Fisher Scientific) was added to the RNA solution and incubated for a further 65°C for 10
minutes. The final concentration of the RNA was then quantified before use for

experimentation.
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2.3.2 cDNA synthesis
A reaction mix of 4 ul 5x LunaScript RT Supermix (NEB) and 800 ng RNA, made up to 20

ul with DEPC-water, was incubated at 25°C for 2 minutes, 55°C for 10 minutes and 95°C for

1 minute.

2.3.3 Quantitative PCR (qPCR)

Gene expression was measured using PowerTrack SYBR Green qPCR master mix (Thermo
Fisher Scientific) comprising 5 pl master mix, 0.5 pl of reverse and forward primers at 10
UM concentrations and 5ng of cDNA in a 10 pl reaction volume with water. The
thermocycling conditions were 95°C for 2 mins, and 40 cycles of 95°C for 5 seconds plus
60°C for 30 seconds in a QuantStudio 6 Flex real-time PCR system (Thermo Fisher
Scientific). Cycle threshold (Ct) values were analysed using the 272" method with

normalisation performed against two housekeeping genes — GAPDH and Beta actin.

2.4 Protein Expression Studies

2.4.1 Cell Lysis and protein quantification

Five to ten million cells washed in cold PBS were lysed on ice for 10 minutes using a
cocktail of radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich), 0.1% sodium
dodecyl sulphate (SDS) (Thermo Fisher Scientific) and cOMPLETE protease inhibitor
(Roche). Samples were then sonicated for 10 minutes — 30 seconds on and 30 seconds off —
using Bioruptor Pico sonicator (Diagenode) and centrifuged at 13,000 rpm for 5 minutes. The
supernatant was collected and quantified using Qubit 4 fluorometer (Thermo Fisher

Scientific).

2.4.2 Western blotting

Loading buffer was prepared using 4x Laemmli buffer (Bio-Rad) and 10% 2-

mercaptoethanol. Lysates were diluted in loading buffer and incubated at 99°C for 10
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minutes. Samples were loaded into wells of 4-20% Mini-Protean gels (Bio-Rad) alongside a
protein ladder (Cell Signal). Gels were run for 20 minutes at 100 V then at 130 V for 60
minutes. The gels were activated using ultraviolet light on a ChemiDoC MP Imaging System
(Bio-Rad) before performing a wet transfer at 100 V for 40 minutes onto a 0.2 um
polyvinylidene difluoride (PVDF) membrane. Blots were blocked with 5% Amersham ECL
blocking agent (Cytiva) in tris-buffered saline (TBS) supplemented with 0.1% Tween-20
(TBST) (Sigma Aldrich) for 1 hour at RT. Blots were incubated overnight in antibody
dissolved in blocking solution before three ten-minute washes with TBST. Blots were
incubated at RT in secondary antibodies solutions for an hour and washed as described.

Membranes were visualised using LI-COR’s Odyssey CLx.

2.4.3 Immunofluorescence

Unless otherwise stated, immunofluorescence images were obtained as follows: cells were
seeded onto cover slips in 24-well plates overnight, fixed with 2% paraformaldehyde for 20
minutes at RT and washed three times with PBS. A permeabilization solution of PBS with
0.1% Triton-X 100 (Thermo Fisher Scientific) was added to the cells and incubated at RT for
10 minutes. The cells were blocked in 1% bovine serum albumin (BSA) (Thermo Fisher
Scientific) in PBS for 1 hour. Primary and secondary antibody solutions were prepared in
blocking solutions with an hour incubation for each. Three washes of 10 minutes each
between antibody incubation were performed using PBS supplemented with 0.1% Tween-20
(PBST). Nuclear staining was performed at RT for 5 minutes using 4',6-diamidino-2-
phenylindole (DAPI) (Thermo Fisher Scientific) diluted in PBS followed by a PBST wash.
Cover slips were mounted using VECTASHIELD antifade mounting medium (Vectorlabs).

Imaging was performed on Leica SP8 SMD X Confocal Microscope.
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2.4.3 Flow cytometry

One to five million cells were harvested and washed with PBS. Live cell staining was
performed by diluting cells in a 100 pl solution of Zombie NIR fixable stain in PBS
(BioLegend) at RT for 20 minutes. Cells were washed three times in PBS with 5% FCS and
ultracentrifuged at 2,000 rpm for 2 minutes. The cells were then fixed in ice cold methanol on
ice for 20 minutes and washed three times with PBS with 5% FCS. Primary and secondary
antibody solutions were prepared in PBS with 5% FCS with each incubation lasting 30
minutes. Cells were sorted using a BD FACSCANTO flow cytometry system and analysed

using Flowjo (BD).

2.5 Lentiviral Transduction

Lentiviral production was performed using Lenti-HEK293T cells cultured without antibiotics
to 80 — 85% confluence. Two hours before transfection, the medium was replaced with Opti-
MEM reduced serum media (Thermo Fisher Scientific). The packaging plasmids pMD2.G
(Addgene #12259) and psPAX2 (Addgene #12260) and the plasmid of interest were used at a
ratio of 1:3:4 with the Lipofectamine transfection reagent (Thermo Fisher Scientific)
according to the manufacturer’s instruction. Lentiviral supernatant was harvested from the
cells 48 and 72 hours after transfection and stored at 4°C before ultracentrifugation at 22,000
rpm for 2 hours at 4°C in a swinging-bucket rotor. The pellet was resuspended in 50 pl of
ice-cold PBS. Transduction of cells was carried out as follows: the 50 pl lentiviral
resuspension was added to 60 cm dish. One million cells were resuspended in complete
media supplemented with 10 pg/ml protamine sulfate were added and cultured for three days

before antibiotic selection if necessary (puromycin selection was performed at 10 pg/ml).
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2.6 Chapter 3- Specific Methods
2.6.1 Induction of oxidative stress in podocytes using tBHP

Podocytes were differentiated at 37°C for 13-14 days with a media change every three days.
Five hundred thousand differentiated cells were then treated with 100 uM of tert-Butyl
hydroperoxide (tBHP), as Luperox tBH70X (Millipore, 458139-25 ml) or water control.

Subsequently, the cells were harvested and assayed.

2.6.2 Live cell and peroxidised lipid quantification

Cell culture media was removed, and the cells were washed with cold PBS to remove dead
cells and debris. The remaining cells were dissociated with 5 ml trypsin with EDTA (Thermo
Fisher Scientific, 25200056) and the trypsin neutralised with culture media. The live cells
were washed with PBS and counted by haemocytometer, stained with trypan blue to exclude
dead cells. Lipid peroxidation or malondialdehyde (MDA) assay kit (Abcam, AB118970)
was used following the manufacturer’s protocol for calorimetry quantification as follows.
Harvested, counted cells were lysed using 300 ul of malondialdehyde lysis buffer with 3ul
butylated hydroxytoluene (BHT) and sonicated at 4°C for 10 minutes, cycling 10 seconds on
and 10 seconds off. The cell solution was then centrifuged at 13,000 g for 10 minutes to
remove insoluble material. Supernatant was collected and stored at 4°C until ready to use.
Standard solutions of MDA from 0 —100 um were prepared in double deionised water.

Two hundred pl of each of the standards and the lysed cell supernatant were added to 96-well
plates. 600 pl of thiobarbituric acid (TBA) was added to each well and the resulting solution
incubated for 60 minutes at 95°C to form the MDA-TBA adduct. The solution was then
cooled to room temperature in an ice bath for 10 minutes. Two hundred pl of each of the
MDA-TBA adduct solutions was aliquoted to create a triplicate set for each of the conditions

and the absorbance measured immediately on a microplate reader at OD 532 nM. The mean
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average reading for each triplicate set was calculated. The mean value of standard 1 (0 uM
background) was subtracted from all the standard and lysate samples. Using the concentration
of the standards and the corrected values, a line of best fit was plotted and used to calculate
the concentration for the cell lysate samples. To calculate the MDA concentration per number
of live cells, the MDA concentration extrapolated from the standard curve was multiplied by
four giving the total MDA concentration in nmol. Then this value was divided by the number

of live cells used for the assay giving a unit of nmol/cell.

2.6.3 Quantifying carbonylated protein expression with carbonyl assay kit

Five hundred thousand cells suspended in 150 pl of water were homogenised by sonication
with Bioruptor Pico sonicator (Diagenode) for 10 minutes, cycling 30 seconds on and 30
seconds off. The cell lysates were treated with 15 pl of streptozocin at RT for 15 minutes
before centrifuging at 12,000 g for 5 minutes, and the supernatant collected. This supernatant
containing the total protein was then quantified using Qubit 4 fluorometer (Thermo Fisher
Scientific). One hundred pl of sample containing 0.5 — 2 mg protein was used per assay. A
reagent background control of 100 ul of water was also used. Each 100 pl lysate was added
to 10 Oul 0.1% 2,4-Dinitrophenylhydrazine (DNPH) and vortexed and incubated for 10
minutes at room temperature. Thirty pl of Trichloroacetic Acid (TCA) was added to each
sample, vortexed and placed on ice for 5 minutes before spinning at 12,000 g for 2 minutes.
The supernatant was discarded, and the pellet was kept undisturbed. 500ul of cold acetone
was added to each sample, placed at -20°C for 5 minutes to wash the pellet. The acetone was
then removed from the pellet. This step was repeated before adding 200 pl of guanidine
solution and sonicating for 1 minute to dissolve the protein. One hundred pl of the resulting
solution was added to a 96-well plate and the OD at 375 nm was measured using a microplate

reader. The reagent background solution OD was also quantified. The precise amount of total
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protein in each guanidine-dissolved protein was quantified using Qubit 4 fluorometer
(Thermo Fisher Scientific). For the analysis, the OD reading for the reagent background
solution was subtracted from the readings for each sample of interest. The carbonylated
protein in the sample was calculated using the formula:
C=[(OD 375 nm)/6.364) x (100)] nmol/well
where:
OD 375 nm is the optical density reading of the sample of interest following reagent
background solution deduction.
6.364 is the extinction coefficient using the enclosed 96 well plate.
in mM (=22 mM-1 cm-1 x 0.2893 cm path length in well)
C is the Carbonyl in your sample well (nmol)
To calculate the amount of carbonylated protein per total protein CP:
CP = nmol carbonyl per mg protein
=(C/P)x 1000 x D
where:
P is the total protein per sample
D is the dilution or concentration step applied to sample

1000 is the factor to convert pug to mg.

2.6.4 qPCR for podocyte-specific markers

The qPCR was performed according to the procedure described in 2.3.3 using the list of

primers below:

51



Oligonucleotide name

Sequence

Nephrin_F (Navarro-Munoz et al.,
2011)

AGGAGAGCGGGACACTCAGA

Nephrin_R (Navarro-Munoz et
al., 2011)

CCTCAGGGAGCGGTAATACG

Podocin_F (Navarro-Munoz et al.,
2011)

TCACTGAAATTCTTCTAGAGAGGAAGAG

Podocin_R (Navarro-Munoz et
al., 2011)

CCCAAATACAGGTCACTGAATCC

Synaptopodin_F (Sun et al., 2019)

CATTGACATCCAGCCCAACACC

Synaptopodin_R (Sun et al.,
2019)

TGGCCGTCCTGTTGACCACT

GAPDH_F (Du et al., 2015)

GTCTCCTCTGACTTCAACAGCG

GAPDH R (Du et al., 2015)

ACCACCCTGTTGCTGTAGCCAA

Beta actin_F (Zhang et al., 2017)

CACCATTGGCAATGAGCGGTTC

Beta actin_R (Zhang et al., 2017)

AGGTCTTTGCGGATGTCCACGT

The primers were designed based on previously reported publications as shown in the table

above. Both GAPDH and beta actin were used as gPCR housekeeping genes for each

experiment comparing the tBHP-treated cells with those cells treated with water to ensure the

appropriate baseline was set in response to the experimental condition. This was in line with

previous studies using qPCR to assess the effect of oxidative stress on the expression of

genes of interest (Junaid et al., 2021) (Zainuddin et al., 2010).
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2.6.5 Immunofluorescence

Following treatment with either tBHP or the water vehicle, the harvested cells were washed
with PBS. They were then fixed and permeabilised with ice cold methanol on ice for 20
minutes. The cells were derivatised with DNPH (Phillip Harris) for 20 minutes at room
temperature. The cells were washed five times with TBST. The cells were blocked in 1%
bovine serum albumin (BSA) (Thermo Fisher Scientific) in PBS for an hour. Primary and
secondary antibody solutions were prepared in blocking solutions with an hour incubation for
each. Three washes of 10 minutes each between antibody incubation was performed using
PBS supplemented with 0.1% Tween-20 (PBST). Nuclear staining was performed at room
temperature for 5 minutes using DAPI (Thermo Fisher Scientific) diluted in PBS followed by
a PBST wash. The following antibodies were used for immunofluorescence: anti-nephrin

(AF4269-SP), anti-synaptopodin (SC-515842), anti-DNP (A150-117A).

2.6.7 Transcriptomic experiment for tBHP treatment of podocytes

Following treatment with tBHP or vehicle control for 24 hours, 5 x 10° cells differentiated
podocytes were treated with 1 ml of TRIzol (Invitrogen) and incubated at room temperature
for 5 minutes after which 200 pl of chloroform was added. Samples were vortexed for 15
seconds and incubated at room temperature for 3 minutes before centrifugation at 12,000 g
for 15 minutes at 4°C. The top-most aqueous phase was collected and added to 500 ul of
isopropanol. The resulting solution was centrifuged for 10 minutes at 12,000 g at 4°C and the
pellet washed twice with 75% ethanol. The pellet was dried and resuspended in DEPC-
treated water. RNA was quantified using Nanodrop ND-1000 UV/VIS Spectrophotometer

(Thermo Fisher Scientific) with A260/280 absorbance ratio of ~ 2 and A260/230 ratio of >2.
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The integrity of the RNA was also measured using RNA ScreenTape (Agilent) with all
values above 8. Thirty pul of RNA was submitted to Oxford Genomic Centre for RNA

sequencing at concentrations between 10 and 30 ng/pik RNA.

Fifty million reads were obtained for each sample. The total reads per sample were mapped
onto the Hg38 genome build to identify the region of sequence mapping. An assessment of
the clustering between the samples was performed and a PCA plot of the top 500 variable
genes generated. Differentially expressed genes were identified between groups using the
DESeq?2 Bioconductor package (Love et al., 2014). The list of upregulated genes was
identified as those with an adjusted p value of < 0.05 and a logofoldchange of <1 the
downregulated genes were populated as those with an adjusted p value of <0.5 and a
logzfoldchange of > -1. These were the recommended thresholds for the DeSeq2
Bioconductor package which while stringent eliminated the possibility of noise being

mistaken as experimental differences (Love et al., 2014). The differentially expressed genes

were analysed for their biological and molecular pathways using EnrichR which identifies

those pathways in which a significant proportion of differentially expressed genes are

represented. (Xie et al., 2021) (Chen et al., 2013b) (Kuleshov et al., 2016)

1

2.6.8 NRF2 induction with 1-2-Cyano-3,12-dioxooleana-1,9 (11)-dien-28-oyl]
imidazole (CDDO-Im)

Two and hundred fifty thousand differentiated podocytes were seeded onto 60 cm dishes
overnight. The cells were treated with 10 nM, 20 nM, 30 nM and 40 nM CDDO-Im or 40 nM

of DMSO in cell culture media and incubated for 6 hours. The cells were then harvested and
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assayed. For those experiments in which cells were primed with CDDO-Im and then treated
with tBHP, the CDDO-Im or the DMSO was removed after six hours of treatment followed
by a rinsing of the cells with fresh media three times before tBHP at 100 uM or water

prepared in media was added to the cells for 24 hours.

2.6.9 CRISPR-dCAS9 activation and inhibition of NRF2

Guide RNAs were selected from published CRISPR1 and CRISPRa libraries (Horlbeck et al.,
2016). The top five guide RNAs, as ranked by features predicted to optimise efficacy and
reduce off target effects, were selected for NFE2L2 (NRF2) activation inhibition. None of the

guides selected overlapped. The table below details the guides used for activation and

inhibition:

Guide Name Protospacer sequence dCRISPR activation or inhibition
LentiSamv2 NRF2 0 | GTGTCGTGATGCGTAGACGG Negative control
LentiSamv2 NRF2 1 | GGCAAGAAGCTCGCGGTCCG Activation
LentiSamv2 NRF2 2 | GCAGGCGGGGGCCTAGAGG Activation
LentiSamv2 NRF2 3 | GGGAGGGCAAACTGAACGC Activation
LentiSamv2 NRF2 4 | GCCAACCTGTCCCTTGGCCC Activation
LentiSamv2 NRF2 5 | GGCAGGAAAGGGCCAACCGA Activation
LentiKRAB NRF2 0 | GCTGCATGGGGCGCGAATCA Negative control
LentiKRAB NRF2 1 | GAGCCCGAGGGCGAACGGGT Inhibition
LentiKRAB NRF2 2 | GCACGAGCCCGAGGGCGAAC Inhibition
LentiKRAB NRF2 3 | GAGGCGCGGCGCGGACAGGG Inhibition
LentiKRAB NRF2 4 | GACATATATAAAGTACTCAG Inhibition
LentiKRAB NRF2 5| GATTCTCTTCTGTGCTGTCA Inhibition

Both negative controls were scrambled sequences which did not target regions within the

human genome (Ruf et al., 2021) (Tripathi et al., 2021).

2.6.9.1 Cloning of guide RNAs
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Equimolar amounts of oligonucleotide pairs for each guide RNA were annealed by
incubation at 95°C for 5 minutes in a thermocycler and slow cooling to RT in an annealing
buffer consisting of 50 mM Tris-HCI pH 7.5 (Thermo Fisher Scientific), 10 mM MgCl,
(Sigma Aldrich), I mM ATP (Sigma Aldrich) and 10 mM Dithiothreitol (DTT) (Sigma
Aldrich). A combined digestion ligation was performed using T7 ligase buffer (NEB), fast
digest enzyme BSMBI (Thermo Fisher Scientific), 100mM DTT (Thermo Fisher Scientific),
T7 ligase (NEB), Bovine serum albumin (BSA) (Thermo Fisher Scientific) annealed
oligonucleotides (diluted at 1:10), LentiSamV2 plasmid (Addgene #75112) or pLV hU6-
sgRNA hUbC-dCas9-KRAB-T2a-Puro (Addgene #71236). The resulting solution was
incubated at 37°C and 20°C for 5 minutes for 15 cycles in a thermocycler. Then the product
of the digestion ligation was used to transform SURE2 supercompetent E. coli cells (Agilent)
according to the manufacturer’s instructions. For selection, the transformed cells were
cultured on Luria broth agar plates prepared with 100pug/ml ampicillin (Thermo Fisher
Scientific) overnight at 37°C. Colony PCR was performed from the resulting clones using
CPPT/CTS FWD standard primer (AGAAAAGGGGGGATTGGGGGGTAC) and the
reverse sequence of the guide RNA oligos at an annealing temperature of 61°C following the

PCR protocol detailed in 2.2.3.

2.6.9.2 Transfection of HEK293T with positive clones and packaging plasmids to make
lentivirus.

The packaging plasmids pMD2.G and psPAX2 and the LentiSAMv2 or pLV hU6-sgRNA
hUbC-dCas9-KRAB-T2a-Puro with the guide RNA inserts were used at a ratio of 1:3:4 with
the Lipofectamine transfection reagent (Thermo Fisher Scientific), Harvesting and

transduction was as described in 2.5 Lentiviral Transduction.
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2.6.9.3 gPCR for KEAP1 and NRF2 expression following CRISPR-dCAS9 activation and inhibition

RNA extraction and qPCR were performed as described in 2.3 with the following primers:

Oligonucleotide name Sequence
KEAP 1 _F (Lan et al., 2020) TTCGCCTACACGGCCTC
KEAP 1 _F (Lan et al., 2020) GAAGTTGGCGATGCCGATG
NRF2_F (Fan etal., 2017) TCTGACTCCGGCATTTCACT
NRF2 R(Fan etal., 2017) GGCACTGTCTAGCTCTTCCA
GAPDH_F (Duetal., 2015) GTCTCCTCTGACTTCAACAGCG
GAPDH_R (Du et al., 2015) ACCACCCTGTTGCTGTAGCCAA
Beta actin_F (Zhang et al., 2017) CACCATTGGCAATGAGCGGTTC
Beta actin_R (Zhang et al., 2017) AGGTCTTTGCGGATGTCCACGT

The primers were used under the conditions for which their publications suggested.

2.6.10 Performing Oxyblot

Loading buffer was prepared using 4x Laemmli buffer (Bio-Rad) and 10% 2-
mercaptoethanol. Lysates were diluted in loading buffer and incubated at 99°C for 10
minutes. Samples were loaded into wells of 4-20% Mini-Protean gels (Bio-Rad) alongside a
protein ladder (Cell Signal). Gels were run for 20 minutes at 100 V then at 130 V for 60
minutes. The gels were activated using ultraviolet light on a ChemiDoC MP Imaging System
(Bio-Rad) before performing a wet transfer at 100 V for 40 minutes onto a 0.2 um PVDF

membrane.

The blots were blocked with 5% Amersham ECL blocking agent (Cytiva) in TBST for 1 hour
at RT. Blots were incubated in a housekeeping antibody (either GAPDH or Cyclophilin-B;
product numbers in 2.6.11) for 1 hour at RT and washed three times with TBST. The blots
were then incubated with the appropriate LI-COR IRDYE secondary antibody for the

housekeeping primary antibody for an hour at room temperature and washed three times in
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TBST (2.6.11). Then the blot was derivatised in 1% DNPH prepared in 2 N HCI for 10
minutes at room temperature and washed three times with 2 N HCI before being blocked in
5% Amersham ECL blocking agent for 1 hour. Finally, the blot was incubated for 1 hour
with anti-DNP antibody (A150-117A) prepared in blocking solution, washed three times with
TBST and incubated with anti-goat secondary antibody (LI-COR 926-32214). The blot was
washed three times antibody dissolved in blocking solution before three ten-minute washes

and visualised using LI-COR’s Odyssey CLx.

2.6.11 Western blot

The western blots were performed as described in 2.4.2 with the following antibodies:

Antibody Source
NRF2 Abcam (Ab62352)
HMOX1 Thermo Fisher Scientific (MA1-112)
Cyclophilin-B Abcam (ab236760)
GAPDH Santa Cruz (SC-365062)
LI-COR 680RD goat anti mouse secondary 926-68070
antibody
LI-COR 800CW goat anti rabbit secondary 925-32211
antibody

2.6.12 Flow cytometric quantification of oxidative stress

Following treatment with tBHP or the water vehicle control, media was removed, and cells
washed with cold PBS and trypsinised as described previously. The trypsin digest was
neutralised using media and the resuspended cells centrifuged at 500 g for 5 minutes and the
supernatant discarded. The cell pellet was resuspended and transferred to a 96-well plate.
Cells were incubated with NIR Zombie live/dead stain (BioLegend) for 15 minutes at room
temperature and washed three times with 5% FCS (Thermo Fisher Scientific) in PBS. An
unstained control well was incubated with 5% FCS in PBS without stain. For each wash, the

cells were centrifuged at 500 g for 5 minutes. The cells were then fixed in ice cold methanol
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on ice for an hour and washed three times with 5% FCS in PBS. They were then derivatised
using 0.1% DNPH in HCI at room temperature for 20 minutes and washed five times with
5% FCS in PBS. A control well for derivatisation was also prepared in which the cells were
treated with 0.1% HCI. Following derivatisation, the cells were incubated with anti-DNP
antibody (A150-117A) for 30 minutes on ice and washed with 5% FCS in PBS. They were
then incubated with anti-goat secondary antibody (A-11055) for 30 minutes and washed three
times with 5% FCS in PBS. In total there were four control wells: unstained, live/dead stain
only, primary with secondary antibodies but no live-dead stain and secondary only. In those
cases where other antibodies were tested together with the anti-DNP antibody in the same
well of cells, the single stains for each antibody were also used for control. Cells were sorted
using BD FACSCANTO flow cytometry system and analysed using the Flowjo software

(BD).

2.6.14 Mass spectrometry proteomics experiment for podocytes

For the proteomics study with the podocytes, the following conditions were tested

simultaneously:
Cell line Experimental Condition 1 | Experimental Condition 2
WT podocytes CDDO-Im treated Water treated
WT podocytes CDDO-Im treated tBHP treated
WT podocytes DMSO treated Water treated
LentiKrab NRF2 0 DMSO treated tBHP treated
LentiKrab NRF2 1 DMSO treated tBHP treated

The cells were harvested following treatment by removing the culture media and washing
with PBS and trypsinised. The cells were centrifuged at 500 g for 5 minutes, the supernatant

was removed, and the cells were lysed using 1% SDS, centrifuged 12,000 g for 5 minutes at
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4°C and the supernatant collected. The amount of protein was quantified using Qubit 4
fluorometer and 10 pl of each sample was run on a protean gel as follows:

Loading buffer was prepared using 4x Laemmli buffer (Bio-Rad) and 10% 2-
mercaptoethanol. Lysates were diluted in loading buffer and incubated at 99°C for 10
minutes. Samples were loaded into wells of 4-20% Mini-Protean gels (Bio-Rad) alongside a
protein ladder (Cell Signal). Gels were run for 20 minutes at 100 V then at 130 V for 60
minutes. The gels were imaged using ultraviolet light on a ChemiDoC MP Imaging System
(Bio-Rad). Each sample had a minimum of 15 pg of protein submitted for the proteomic
experiment. The samples were enzymatically digested and analysed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using an Ultimate 3000 UHPLC
coupled to an Orbitrap Fusion Lumos Mass Spectrometer as previously described (Dellar et
al., 2023): The data was acquired in a data-independent acquisition (DIA) mode such that the
MSI1 scans were acquired with 120,000 resolution and an m/z of 350-1650, an AGC target of
5e5 and a maximum injection time of 20 ms. MS/MS scans were obtained at 30,000
resolution and the normalised higher energy collisional dissociation was set at 30%. The raw
mass spectrometry files were analysed in DIA-NN v8 using automatically generated
precursor ions produced in silico from a protein sequence database. To obtain differentially
expressed proteins between the groups, the output from DIA-NN was analysed in R using the
Bioconductor workflow package DEP1.25.0. Proteins with missing values were filtered out
unless identified in 2/3 replicates of at least one condition. Data was background corrected
and normalisation performed using variance stabilising transformation, and remaining
missing values imputed using k-nearest neighbour before differential expression analysis. To
identify differentially expressed proteins ‘“est diff” which performs a differential enrichment
test based on protein-wise linear models and empirical Bayes statistics using limma was used

(Ritchie et al., 2015). False discovery rate was estimated using ‘fdrtool’ package which
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works by calculating both tail-area based FDR values (p values) and density-based local FDR

(z-scores and t-scores) (Strimmer, 2008).
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2.7 Chapter 4- Specific Methods
2.7.1 Establishing a stable inducible CAS9-expressing SH-SY5Y cell line.

2.7.1.1 Lentiviral transduction of SH-SY5Y neuroblastoma cells

The packaging plasmids pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260) and
the inducible CAS9 plasmid pCW-CAS9 (Addgene #50661) were used at a ratio of 1:3:4
with the Lipofectamine transfection reagent (Thermo Fisher Scientific) and lentivirus
harvested and added to cells for transduction as described earlier before antibiotic selection

with puromycin at 10ug/ml for a week. To induce CAS9 expression, the cells were treated

with doxycycline at 0.75 pg/ml for 72 hours.

2.7.1.2 Quantification of CAS9 expression in the inducible CAS9-expressing SH-SY5Y cell line

gPCR was performed using the conditions described in 2.3 using the primers:

Primer Name Sequence
GAPDH F (Duetal., 2015) S’GTCTCCTCTGACTTCAACAGCG
GAPDH F (Duetal., 2015) 5S’ACCACCCTGTTGCTGTAGCCAA
Beta Actin Forward (Zhang et al., 2017) 5’CACCATTGGCAATGAGCGGTTC
Beta Actin Reverse (Zhang et al., 2017) 5’AGGTCTTTGCGGATGTCCACGT
CAS9 Forward (Yang et al., 2018) 5S’GAAAGTTCGACAATCTGACCAAGG
CAS9 Reverse (Yang et al., 2018) S’TGCCACGTGCTTTGTGATCTG

2.7.2 Transfection of SH-SY5Y-CASO cells with MAPT sgRNA

sgRNA for exon 1 and exon 4a were obtained from Synthego at a concentration of 1 ug/pl.
Sequence for exon 1 was 5’GACACGGACGCUGGCCUGAA and for exon 4a 5’
UGGAGAGGAAAUCCACAGGAG. These two guides were selected because they had the
lowest off-target effect and highest target efficiency using algorithm from three primer design
platforms: Benchling, CHOPCHOP and IDT. The control sequence was a proprietry product
from Synthego which is a scrambled sequence which cannot target human genome (Negative

Control sgRNA (mod) #1).
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Reverse transfection of cells was performed using RNAimax transfection reagent (Thermo
Fisher Scientific) according to the manufacturer’s instruction. After 72 hours, single cells
were sorted into wells of a 96-well plate using a Sony SH800z Cell Sorter and cultured in

complete SH-SY5Y culture media to confluence.

2.7.3 Induction of oxidative stress with tert-butyl hydroperoxide (tBHP)

For SH-SYS5Y cells, 3 x 10° cells were seeded on 60 cm dishes and treated with 15 uM
Luperox tBHP (Sigma Aldrich) or water control for 24 hours. After 24 hours, the medial was
removed and the cells washed with PBS. Cells were then scraped and collected into a 10 ml
Falcon tube, centrifuged at 500 g and the supernatant removed. The pellet was then collected

for subsequent assays.

2.7.4 Genomic DNA analyses
2.7.4.1 Long range PCR between exon 1 and 4a

Following DNA extraction and quantification, the exon 1 forward primer
5’GGATGGGCGGCCAACTGTTAGAGAG and the exon 4a reverse primer
5’AAACAAGGTGGGTAGCACGG were used at an annealing temperature of 66°C
following the protocol of NEB’s Phusion high fidelity DNA polymerase. The PCR product
was run on a 1% gel and the amplicons of interest cleaned up as described earlier before

sending for Sanger sequencing.

2.7.4.2 Exon 1 and exon 4a specific PCRs

PCR was performed as described in 2.23 using the following primers: 5’

CGAAGTGATGGAAGATCACG and 5 AAACAAGGTGGGTAGCACGG in exon 1 and
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5 GCTTCTAGGAGACCTGCACC and 5 TTTTGTGTCCTCTCCCAAAG in exon 4a at an

annealing temperature of 51°C.

2.7.4.3 Analysis of Sanger sequencing traces
Sanger sequence traces were visualised on the Snapgene Software (version 6.1). Alignment
of WT and edited traces was performed using Synthego’s ICE analysis platform (Synthego,

2019)

2.7.4.4 Whole genome sequencing

PacBio HiFi long range WGS library preparation and sequencing were performed by the
Oxford Genomics Core. For each cell line sample, one SMRT (8 M) flow cell was used.
Sequencing was performed on the PacBio Sequel Ile platform. For the WT cell line, 23.45
Gb HiFi reads were generated (mean read length 9.23 Mb). For the MAPT 42 cell line, 26.91
Gb HiFi reads were generated (mean read length 12.79 Mb). Analysis of WGS was
performed by Jia-uan Zhang in the Todd/Wicker group as follows: HiFi sequencing reads for
each cell line were separately aligned to the GRCh38 reference genome (without fix patches
and alternative haplotypes) using pbmm?2 (https://github.com/PacificBiosciences/pbmm?2)
with parameter --preset ccs. Joint structural variant calling was subsequently performed using
pbsv (https://github.com/PacificBiosciences/pbsv) with parameter --ccs and tandem repeat
annotation. Identified variants meeting all of the following criteria were selected for
subsequent analyses: (1) located on chromosome 1-22 or chromosome X; (i1) genotypes
available for both samples; (ii1) not annotated as being imprecise or involving tandem

repeats; (iv) sequencing depth (DP).
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2.7.5 Gene expression analysis

2.7.5.1 Reverse Transcriptase PCR for MAPT isoforms

cDNA from the cell lines were produced as described in 2.3.2 and used in a reverse
transcriptase PCR with the primers below using Taqg DNA polymerase (NEB) according to
the protocol detailed in 2.2.3 and the stated annealing temperatures.

2.7.6 Protein Analysis

2.7.6.1 Western blotting

This was performed according to the protocol described in 2.4.2. Three pl Tau recombinant

protein (Sigma Aldrich) was run alongside all sample. Tau 12 (MAB2241) and Tau 46 (SC-

Isoform Forward (5'-3") Reverse (5'-3") T
ON CTTCTCCTCCTCCGCTGTC CTGCTTCTTCAGCCTTTCAGG 54°C
IN CTTCTCCTCCTCCGCTGTC ATGCCTGCTTCTTCAGCTTC 53°C
2N CTTCTCCTCCTCCGCTGTC GAGCTCCCTCATCCACTAAGG 55°C
232rtPCR| CTTCTCCTCCTCCGCTGTC TCACAAACCCTGCTTGGC 56°C
232gPCR|GGATGGGCGGCCAACTGTTAGAGAGIGGCCTCAAGGGATCCTCCTGCCTG| 61°C

32274) antibodies were used at concentrations of 1:1,000 and 1:250, respectively.
Cyclophilin-B antibody (ab236760) was used at a concentration of 1:1000 or GAPDH
antibody (SC-365062) at 1:500 as the loading controls. The secondary antibodies IRDye
680LT Goat anti-rabbit IgG (926-68071) and IRDye 800CW Goat anti-mouse [gG (926-

32210) were used at a concentration of 1:10,000.

For free tubulin and polymerised tubulin, the SH-SYS5Y cells were washed twice with 1 ml of
buffer A (containing 0.1 M MES (pH 6.75), I mM MgS0O4, 2 mM EGTA, 0.1 mM EDTA,
and 4 M glycerol) at 37 °C. After incubating the cells at 37 °C for 5 min in 400 ml of free
tubulin extraction buffer (buffer A plus 0.1% Triton X-100 and pro- tease inhibitors), the

extracts were centrifuged at 37 °C for 2 min at 16,000 g. The supernatant fractions contained
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free tubulin that had been extracted from the cytosol. The cell pellet and lysed cells in a
culture dish were dissolved in 400 ml of 25 mM Tris (pH 6.8) with 0.5% SDS, which
contained tubulin in its original polymerized state (i.e., microtubules). Equal amounts of total
proteins from the free and polymerized tubulin fractions were analysed by Western blot
analysis using an anti-tubulin antibody (ATNO02) at 1:200.

2.7.6.2 Immunofluorescence

Antibodies used for immunofluorescence are shown below and were used at a concentration
of 1:50. For standard immunofluorescence, the protocol is as in 2.4.3. For the polymerised
tubulin immunofluorescent assay, cells were washed in extraction buffer (80 mM
PIPES/KOH, pH 6.8, | mM MgC12, 1 mM EGTA, 30% glycerol, I mM GTP), incubated for
30 seconds with extraction buffer containing 0.02% (wt/vol) saponin, and washed with
extraction buffer, with each step at 37°C. This was to remove the free tubulin. Subsequently,

the immunofluorescence staining protocol described in 2.4.3 was followed.

Antibody Source
Tau 46 Santa Cruz (SC-32274)
NRF2 Abcam (Ab62352)
HMOX1 Thermo Fisher Scientific (MA1-112)
KEAPI Thermo Fisher Scientific (TA502059)
Tubulin polyclonal antibody Cytoskeleton (ATN02)
Anti-DNP antibody Bethyl Laboratory (A150-117A)
LI-COR 680RD goat anti 926-68070
mouse secondary antibody
LI-COR 800CW goat anti 925-32211
rabbit secondary antibody
LI-COR 800CW anti-goat 926-32214
secondary antibody

2.7.6.3 Mass Spectrometry Proteomics

The following cell lines and test conditions were included in the mass spectrometry

proteomics experiment, carried out as described previously in 2.7.3:
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Cell line Experimental Condition
WT SH-SY5Y Water control
WT SH-SY5Y tBHP treated
MAPT A2 Water control
MAPT A2 tBHP treated
MAPT A4 Water control
MAPT A4 tBHP treated

Four replicates were tested for each cell line/condition combination. After 24 hours of
treatment with either tBHP or water vehicle control, the culture media was removed, and the
cells were washed with PBS and trypsinised. The cells were centrifuged at 500 g for 5
minutes, the supernatant was removed. The cells were washed three times with PBS and the
pellet of cells stored at -80°C until they were dispatched frozen to the Ralser laboratory in
Berlin for testing. The sample preparation and data processing used was identical to that

which was previously described in section 2.6.14.

2.7.7 Fluorescent In-situ Hybridisation (FISH)

FISH was performed by Daniela Moralli at the CHG. BAC RP11-782E1 (localised at chr17:
43,983,233-44,203,399, hg19), overlapping the MAPT locus was used as probe. In addition, a
probe for the centromere of chromosome 17 (RP11-227J24) and BAC RP11-579A4 mapping
to the band distal to MAPT (chr17: 56594950-56914115, hgl19) were used to position the
MAPT locus on chrl7. The probes were hybridised to metaphase spreads from 100 SH-SY5Y
cells (metaphases and interphases). As a control for the FISH experiment, the BACs were

labelled and hybridised to metaphase spreads from a diploid control cell line.
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2.7.8 Oxidative Stress Flow Cytometry

Each treatment condition was performed in triplicates as described in 2.7.3. Oxidative stress

was measured in live cells as described in:

2.6.12 Flow cytometric quantification of oxidative stress.

2.7.9 Transfection of MAPT KO cells with plnducer20-Tau or pinducer 20

2.7.9.1 Lentiviral transduction of MAPT 72 and MAPT /4

The packaging plasmids pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260) and
the plasmids pInducer20 Tau (Addgene #92201) or the control plasmid pInducer20 (#44012)
were used at a ratio of 1:3:4 with the Lipofectamine transfection reagent (Thermo Fisher
Scientific) according to the manufacturer’s instruction. Lentiviral supernatant was harvested
from the cells 48 and 72 hours after transfection and stored at 4°C before ultracentrifugation
at 22,000 rpm for 2 hours at 4°C in a swinging-bucket rotor. The pellet was resuspended in
50 pl of ice-cold PBS. Transduction of cells was done as follows: Fifty pl lentiviral
resuspension was added to a 60 cm dish. One million cells were resuspended in complete
media supplemented with 10 pg/ml protamine sulfate and added to the lentivirus and cultured

for three days. The cells were not selected with antibiotics.

2.7.9.2 Western blot for MAPT 72 and MAPT 7*** transduced with pinducer20 Tau or
plnducer20.

This was carried out as described in section 2.7.6.1 using Tau 12 antibody (MAB2241) and
GAPDH 12 (SC-365062). IRDye 800CW Goat anti-mouse 1gG (926-32210) was used for

detection.
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2.7.10 CDDO-Im treatment of SH-SY5Y cells as a primer before tBHP treatment

Three million WT SH-SY5Y, MAPT 42 and MAPT A% cells were seeded onto 60 cm dishes
overnight. The cells were treated with 100 nM CDDO-Im or 100 nM of DMSO in cell culture
media and incubated for 6 hours before treatment with 15 uM tBHP Luperox (Sigma

Aldrich) for 18 hours. The cells were then harvested and assayed according to the flow

cytometry protocol described in 2.7.8.

2.8 Chapter 5 — Specific Methods

2.8.1 Differentiation of kidney organoids

The timeline for the differentiation of the kidney organoids is shown below:

hiPSC Diff Protocol Self-Organization 3D
Organoids
-7 -6 -5 -4 -3 -2 -1
Seed hiPSCs Change media | Change media | Change media | Change media | Change media | change media
onto 24 well APEL with APEL with APEL with APEL with APEL with half and half
plates PFH and PFH and PFH and PFH and PFH and APEL with
E8 CHIR99021 CHIR99021 CHIR99021 CHIR99021 FGF9/Heparin | PFH and
200 to 300ul FGF9/Heparin
media
7+0 7+1 7+2 7+3 7+4 7+5 7+6
3d day 1ml APEL with Patterning APEL with Can swap
media 6 well PFH and starts PFH and APEL for E6
plate FGF9/Heparin FGF9/Heparin | From this
DISSOCIATIO point change
N media every
CHIR PULSE other day
5uM 1h No
Apel FGF9/HEPAR
FGF9/Heparin IN
7+7 7+8 7+9 7+10 7+11 7+12 7+13
MEDIA MEDIA MEDIA MEDIA
CHANGE CHANGE CHANGE CHANGE
7+14 7+15 7+16 7+17 7+18 7+19 7+20
MEDIA MEDIA FIX (FOR ICC, | Prolonged Prolonged
CHANGE CHANGE IHC) MEDIA
CHANGE
7+21 7+22 7+23 7+24 7+25
Prolonged Prolonged Prolonged Prolonged Prolonged
MEDIA MEDIA MEDIA
CHANGE CHANGE CHANGE
FIX (FOR ICC,
IHC) 6b




For 2D differentiation 80,000 cells were seeded on 24-well plates in 300 pl of E8 media (day
-7). On the next day, 300 pl of APEL2 medium (STEMCELL Technologies) was added with
8 uM CHIR99021(Tocris) and protein-free hybridoma (PFH) (Thermo Fisher Scientific
12040-0770), titrated for each batch between 1% and 10%. On day -5, -4 and -3 media was
refreshed with APEL2 with CHIR99021. This step keeps the cells on the glomerular pathway
of differentiation.

On day -2, 200 ng/ml of FGF9 (RnD systems) and 1 pg/ml Heparin (Thermo Fisher
Scientific) in APEL 2 media were added to the cells. On day -1 media is refreshed by
replacing half of the spent media with fresh APEL 2 with FGF9. On Day 0 cells are

dissociated in preparation for 3D differentiation.

3D Differentiation — Day 7+0

A transwell plate (PICM03050-CM) was prepared by adding 1 ml of APEL 2 media with
PFH and 5 puM CHIR99021 and submerging the filter in the media, ensuring no bubbles
between the filter and the media and leaving the plate with the transwell in an incubator to
equilibrate. Cells were then gently washed cells in a 24-well plate with PBS. One ml of
TryplE (Thermo Fisher Scientific) was added and incubated at 37°C for 1 minute. Following
this, cells were observed under a microscope for clumps, the cells should not be single celled
at this stage. Following APEL 2 with PFH neutralisation cells were gently pipetted up and
down to break up large clamps, transferred cells into 15 ml falcon tubes and centrifuged at
1,400 rpm for 4 minutes leaving an aliquot for cell counting. Next cells were resuspended in

APEL 2 media with PFH and aliquoted into 500,000 cells per Eppendorf tube.
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The tubes were centrifuged at 400 g for 1 minute rotated 180° and centrifuged again. This
step was repeated for a total of four spins changing the orientation of the tube each time. A
Pasteur pipette was used to suck up the pellet and place on the transwell, excess media from
the Pasteur pickup was also collected with a P200 pipette. Four to five organoids were placed
per transwell and incubated in CHIR99021 media for an hour. After 1 hour, organoids were
transferred to a fresh 6-well plate with 1 ml of APEL 2 media with 200 ng/ml FGF9, PFH
and lug/ml heparin and equilibrate at 37°C. Media was changed on day 7+2 and 7+4. On day
7+5, the media was changed from APEL 2 to E6 (Thermo Fisher Scientific) without heparin

and FGF9. This media was refreshed every other day until day 7+18 or 7+25.

2.8.3 Immunofluorescence for podocytes and hiPSCs
Two hundred and fifty thousand 13-day differentiated podocytes and 500,000 hiPSCs were
seeded onto cover slips within 24-well plates. Staining was performed as described in 2.4.3

Immunofluorescence. All the antibodies tested are listed in section 2.8.2.

2.8.2 Immunofluorescence for kidney-specific organoids

After differentiation, the organoids were transferred to glass bottom Ibidi plates (Thistle
Scientific) and fixed with 2% paraformaldehyde (PFA) at 4°C for 20 minutes. The PFA was
removed, and the organoids were washed three times with PBS. One hundred and fifty pl of
blocking buffer (10% donkey serum (Sigma Aldrich)/0.3% TritonX (Thermo Fisher
Scientific) / PBS) into the Ibidi plates containing organoids. The organoids were then blocked
at RT for 2-3 hours, gently keep shaking the dish using a rocker during incubation. The
primary antibodies (listed below) were prepared in blocking buffer at 1:200 and the organoids

were incubated at 4°C overnight.
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Antibody Source
Nephrin BioTechne (AF4269-SP)
Synaptopodin Santa Cruz (SC-515842)
GATA 3 Cell signalling Technology (5852S)
E-Cadherin BD Biosciences (610182)
SOX 17 BioTechne (AF1924-SP)
WT 1 Santa Cruz (SC-7385)
LRP2 Sapphire Bioscience (NBP2-39033)
Tau 46 Santa Cruz (SC-32274)
Alexa fluor anti-mouse 546 Thermo Fisher Scientific (A-11003)
Alexa fluor anti-goat 488 Thermo Fisher Scientific (A-11055)
Alexa fluor anti-sheep 594 Thermo Fisher Scientific (A-11016)
Alexa fluor anti-rabbit 488 Thermo Fisher Scientific (A-11008)

The primary antibody solution was then aspirated off the dish and organoids were washed
with PBTX (0.3% TritonX/PBS) six times, 10 minutes each with gentle shaking. Then they
were incubated with secondary antibodies (1:400) of choice in PBTX at 4°C overnight.

The secondary antibody solution was then aspirated off and the organoids were incubated
with DAPI (1:1,000 dilution) in PBS for 5 mins. The organoids were washed with PBS for 10
minutes, three times and dehydrated by incubating in 25%, 50% ,75% and 100% methanol
solutions for 5 minutes. They were then cleared using 1:2 benzyl alcohol to benzyl benzoate

solution for 24 hours and imaged using a Leica SP§ SMD X Confocal microscope.

2.8.3 Oxidative stress induction in organoids

Fully differentiated kidney organoids (7+25 days of differentiation) were treated with either
50 uM or 200 uM tBHP (Luperox) for 24 hours in APEL 2 media. The control organoids
were treated with water vehicle. After 24 hours, the media was aspirated and the organoids

were washed with PBS.
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2.8.4 Immunofluorescence for oxidative stress in organoids

Following treatment with either tBHP or water, the organoids were transferred to glass
bottom Ibidi plates (Thistle Scientific) and fixed with 2% paraformaldehyde (PFA) at 4°C for
20 minutes. The PFA was removed, and the organoids were washed three times with PBS.
One hundred and fifty pl of blocking buffer (10% donkey serum (Sigma Aldrich) /0.3%
TritonX (Thermo Fisher Scientific) / PBS) was added to the Ibidi plates containing
organoids. The organoids were derivatised with 0.1% DNPH for 20 minutes and washed five
times (10 minutes each) with TBST. The organoids were then blocked at room temperature
for 2-3 hours, with gentle shaking using a rocker during incubation. The primary antibodies
were prepared in blocking buffer at 1:200 and the organoids were incubated at 4°C overnight.
The primary antibody solution, Nephrin, E-Cadherin, DNP, was then aspirated off the dish
and organoids were washed with PBTX (0.3% TritonX/PBS) six times, 10 minutes each with
gentle shaking. Then they were incubated with secondary antibodies (1:400) of choice in
PBTX at 4°C overnight. The secondary antibody solution was then aspirated off. The
organoids were washed with PBS for 10 minutes, three times and dehydrated by incubating in
25%, 50% ,75% and 100% methanol solutions for 5 minutes. They were then cleared using
1:2 benzyl alcohol to benzyl benzoate solution for 24 hours and imaged using Leica SP8

SMD X confocal microscope.

2.8.5 MAPTKO in hIPS cells

The MAPT KO cells were generated by Dr Phalguni Rath using the forward sgRNA
GAUCACGCUGGGACGUACG in exon 1 and the reverse sgRNA in exon 9
UCGGCUCCACUGAGAACCUGA using electroporation as follows: 50 pl vitronectin
(Thermo Fisher Scientific) was added to 48-well plates and incubated for an hour at room

temperature. A transfection mix of 1ul sgRNA (Synthego), 0.6 ul CAS9 RNP (Synthego) and
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4.4 pl of buffer R (Thermo Fisher Scientific) was mixed by pipetting followed by a short spin
and incubated at room temperature for 15 minutes. The cells were prepared for
electroporation during this time: spent media was removed, and TrypLE (0.5ul/6-well plate)
was added and incubated for 5 minutes at 37°C. DMEM/F12 (2 ml/well of 6-well plate; 5 ml
per T25 flask) was added to the cells to dilute TrypLE and all the cells were collected and
centrifuged at 100 g for 5 minutes at room temperature. The supernatant was discarded and
the cells resuspended in 10 ml DMEM/F12. The cells were again centrifuged at 100 g for 5
minutes at room temperature, the medium was discarded and the cells resuspended in 1 ml E8
medium. Cell viability was checked using Trypan Blue. Ten thousand cells/transfection
prepared in E8 medium were collected into a falcon tube, centrifuged at 100 g and following
removal of the E§ media resuspended in 7 pl of buffer R. Then the cell suspension was added
to the RNP mix and kept on ice for 5 minutes. The cells were electroporated using following
parameters for KOLFC2 hIPS cells) — 1200 volts, 30 ms, 2 pulses and seeded directly in one
well of vitronectin coated 48-well plate containing 200 ul E8 media with RevitaCell
supplement. After 24 hours, the cells were checked for viability. Media was then changed and
the cells grown for a further 48 hours. The cells were dissociated using TrypLE and seeded in
ultra-low density (2,000-5,000 cells in 60 mm dish) for single-cell cloning. Collect remaining
cells for genomic DNA isolation to verify cutting efficiency. Expanded single cell clones and
PCR performed using the following primers: forward 5’CAGAACTTATCCTCTCCTCT and

reverse 5’GGTCCGTGTCGGGATGGGG and sequence amplicon.

2.8.6  Nuclei isolation from human renal biopsy

Nuclei isolation from healthy human renal biopsy was performed by Jessica Kepple as
follows: single nuclei were isolated from fresh or liquid nitrogen flash frozen renal biopsies

using the 10X Genomics Chromium Nuclei Isolation Kit with RNase Inhibitor 16 rxns (PN-
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1000494), with protocol modifications including supplemented RNase inhibitor and FACS
sorting. The day prior to the nuclei isolation, polypropylene 1.5 ml Eppendorf tubes were
coated with 10% BSA (MACS BSA Stock Solution, Miltenyi Biotec, 130-091-376) overnight
at 4°C to be used during nuclear isolation experiment. Human renal biopsies (5-12 mg)

were homogenized using kits pestle on ice in 200 pl of chilled lysis buffer supplemented with
additional 0.2 U/ul RNase inhibitor. The samples were incubated on ice from 10 minutes in
additional 300 pl of lysis buffer with 0.2 U/ul RNase inhibitor. The homogenate was
transferred to a Nuclei Isolation Column in a 10%BSA precoated collection tube and
centrifuged at 16,000 rpm for 20 seconds at 4°C. The column was then discarded and the
supernatant was resuspended with gentle mixing 15x times with a pipet, then centrifuged at
500 g for 3 min at 4°C. The pellet was resuspended and washed with 500 ul of the Debris
Removal Buffer with 0.2 U/ul of RNase inhibitor and mixed by gently pipetting fifteen times.
The resuspension was then centrifuged at 700 rpm for 10 minutes at 4°C and supernatant was
discarded. The pellet was resuspended in 200 pl of Wash Buffer and filtered through a 40-um
FLOWMI cell strainer (SP Bel-Art, 136800040) and counted using a haemocytometer.
Samples with more than 1 million nuclei were then FACS sorted to clean up the sample using
Sytox-7AAD Live dead staining. Samples with below 1 million nuclei after washing were

filtered a second time with the 40-um FLOWMI cell strainer.

Single cell RNA-sequencing

Gene libraries from isolated human renal single nuclei were constructed with droplet-based
single-cell RNA sequencing (scRNA-seq) using the Chromium Next Gen Single Cell 3’
Reagent v3.1 Dual Index Kit. Single nuclei were loaded at 1,000 nuclei/pl for a targeted
10,000 nuclei per sample depending on starting biopsy weight. Libraries were then sent to the

Oxford Genomics Centre for Illumina NovoSeq6000 Sequencing. Subsequent [llumina runs
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were demultiplexed and the resulting fastq files were processed through the 10X Genomics
Cellranger pipeline on the command line. Filtered gene matrix data was then analysed in R

using the Seurat package.

2.9 Statistical Analysis

Statistical analyses were performed using Prism 9 (GraphPad Software). Unless otherwise
stated, data is shown as mean with standard error of the mean (SEM). Comparisons between
two groups for continuous data have been undertaken using Student’s T-test. Where more
than two groups are compared, p-values for multiple T-tests were corrected for multiple
comparisons using the Holm-Siddk method. Results were reported as significant if Peorrected
<0.05 and uncorrected P values are also shown. Statistical analysis of proteomic data is

described in section 2.6.14 Mass spectrometry proteomics experiment for podocytes.
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Chapter 3

A Multiomic Investigation of
Oxidative Stress in Podocytes
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3.1 Introduction and Aims

In this Chapter, I investigated the role of the transcription factor nuclear factor erythroid 2-
related factor 2 (NRF2; encoded by the NFE2L2 gene) in the response to oxidative stress in a
human podocyte cell line, with the following aims:
a. Establish an oxidative stress induction protocol in immortalised podocyte cells and
determine the consequent global changes in gene expression and protein abundance.
b. Define how suppression or upregulation of NRF2 expression alters the oxidative
stress response in podocytes.
c. Assess the proteins and biological pathways disrupted in response to oxidative stress,
with NRF2 modulation. In particular:
I.  Proteins that are modulated in response to NRF2 overexpression and
inhibition, suggesting that they are NRF2-regulated genes
II.  Conversely, proteins altered in response to oxidative stress but not modified
by NRF2 manipulation, suggesting non-NRF2 related oxidative stress
pathways.
Given current understanding of the role of NRF2, I hypothesised that if a credible method of
inducing oxidative stress in the podocytes was developed, upregulating NRF2 would protect
the podocytes from oxidative stress induction. I proposed that an assessment of pathways
from a proteomic or transcriptomic dataset, this observation would be explainable with the

activation of genes involved in the NRF2/KEAP1 pathway such as HMOX1 and NQOI.

Overall, this approach aimed to define novel NRF2-dependent or -independent genes or

pathways of relevance to oxidative stress response and DKD, as potential future therapeutic

targets.
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3.2 Results

Aim 3a: Establish an oxidative stress induction protocol in immortalised podocyte cells and

determine the consequent global changes in gene expression and protein abundance

3.2.1 Four-hour treatment of podocytes with Tert-Butyl hydroperoxide increases
peroxidised lipids but does not change expression of podocyte-specific markers
As previously described, there is an assortment of ways of inducing oxidative stress within
cell lines. I wanted a method which ensured sufficient cell viability for live cells to be
interrogated, induced oxidative stress in the live cells sufficiently to show a quantifiable
difference in peroxidised lipid and carbonylated protein in treated cells compared with
control and crucially affected the expression of podocyte-specific markers in a manner that
reflected their expression in DKD patient. I began by assessing the effect of a variety of
reagents on podocyte viability. As shown in Table 1, okadaic acid at 5 nM had the most
significant effect on cell death with minimal effect on cell viability from the five glucose
concentrations and from 4-hour treatment with 100 uM tBHP. As is described in the appendix
1.3, further exploration of the glucose conditions for their comparison with mannitol showed
no significicant difference between oxidative stress levels hence these conditions were not

explored further despite the high cell viability. Instead I focused on tBHP.

Table 1: Effect of oxidative stress induction condition on podocyte viability

Condition

5nM I0mM | 20mM | 30 mM | 40 mM | 50 mM 4-hour
okadaic | glucose | glucose | glucose | glucose | glucose | 100 uM
acid tBHP

Cell viability <10% 99% 97% 95% 93% 91% 93%
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Tert-Butyl hydroperoxide (tBHP) is an established model substance for the induction and
evaluation of oxidative stress in cells and tissues, promoting lipoperoxidation of membrane
phospholipids via peroxyl and alkoxyl radicals and depleting reduced glutathione by
oxidation (Davies, 1989) (Schnellmann, 1988). However, the effect of tBHP on oxidative
stress in podocytes in vitro has not been studied. To establish a protocol to induce oxidative
stress in the human podocyte LY line, an initial 100 uM concentration of tBHP was chosen,
based on its ability to induce oxidative stress in kidney proximal tubular cells — tBHP-treated
cells showed increased amounts of glutathione disulphide and peroxidised lipids
(Schnellmann, 1988). Exposure of the AB podocyte line — a human immortalised podocyte
cell also produced by Saleem et al using an identical process as the LY cells (Methods): at
this concentration of tBHP for 2 hours did not alter intracellular Ca?*, suggesting podocytes
remain viable with 100 uM tBHP, although oxidative injury was not assessed (Schenk et al.,

2018).

Following exposure to 100 uM tBHP cytotoxicity was assessed and levels of peroxidised
lipid in podocytes measured as a read out for oxidative stress. Because the expression of
podocyte-specific markers is altered in DKD patients, these markers were also measured in

the stressed podocytes (Wang et al., 2008, Kostovska et al., 2020).
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Figure 3.1 Effect of 100 uM tBHP for 4 hours (A-C) and 24 hours (D-G) on podocyte
viability, expression of podocyte-specific markers and on peroxidised lipids. A Percentage of
dead cells for water-treated and tert-butyl hydroperoxide (tBHP)-treated cells, measured by
haemocytometer with trypan blue staining. B Mean malondialdehyde (MDA) per cell for
water-treated and tBHP treated podocytes by colorimetric quantification of supernatant. C
Quantitative polymerase chain reaction (QPCR) measurement of cDNA. Fold change in
expression with tBHP relative to water treated cells is shown for podocyte specific markers
as indicated using 2-ddCt. D Percentage of dead cells in water-treated and tBHP-treated cells
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by trypan blue staining. E MDA concentration per cell for water-treated and tBHP-treated
podocytes by colorimetric quantification of supernatant. F Fold change in expression by
qPCR for podocyte specific markers following treatment of cells with tBHP compared to
water. G Carbonylated protein measured by carbonyl content assay ***p<0.001, ****
p<0.0001. Error bars represent the standard deviation. Results for A and C are from data
obtained from three independent repeats.

An initial treatment duration of 4 hours was selected based on published data in a murine lens
epithelia cell line, in which 130 uM tBHP was eliminated by cells in culture after 4-6 hours
(Spector et al., 2002). In response to 100 uM tBHP for 4 hours, mean average podocyte cell
death was 7% versus 0.04% in water-treated controls (Figure 3.1A). Exposure to tBHP
resulted in an increase in peroxidised lipid, as measured by elevated MDA (Figure 3.1B) but

no difference was detectable in the expression of three podocyte-specific markers,

synaptopodin, nephrin and podocin (Figure 3.1C).

3.2.2 24-hour treatment of podocytes with tBHP decreases expression of synaptopodin
and nephrin while increasing levels of peroxidised lipids
To establish if longer exposure to tBHP could induce changes in podocyte gene expression,
the time in culture was increased to 24 hours. After 24 hours of tBHP treatment, the mean
percentage of dead cells was 13% compared to 0.037% in control cells (Figure 3.1D).
Oxidative stress increased compared to control, as measured by both peroxidised lipid (MDA
assay) (Figure 3.1E), and carbonylated protein level (Figure 3.1G). The expression of both
synaptopodin and nephrin was lower after 24 hours tBHP exposure relative to control as
measured by quantitative polymerase chain reaction (qQPCR), though podocin expression was

not altered (Figure 3.1G).

In summary, following exposure to 100 uM tBHP for 24 hours, oxidative stress is induced,

and expression of podocyte-specific markers reflects observations in DKD, suggesting a
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pathologically relevant response, while maintaining an acceptable high level of cell viability.
This treatment protocol was used for all subsequent oxidative stress experiments on

podocytes including the transcriptomic and proteomic experiments described in this Chapter.

3.2.3 Perturbations in biological pathways in tBHP-treated podocytes

In order to assess the biological pathways altered in the podocytes in the context of oxidative
stress, RNA sequencing (RNA-Seq) and mass spectrometry (MS) proteomics were
performed. In the transcriptomic experiment, triplicates of 24-hour 100 uM tBHP-treated
podocytes and water-treated control podocytes were compared. For the proteomic study, the
effect of tBHP treatment on podocytes formed part of a larger experiment in which other

conditions were investigated (explained in detail later in the Chapter).

3.2.3.1 Podocyte transcriptomic changes with oxidative stress

RNA-seq data per sample clustered by condition (tBHP versus control) based on both
principal component analysis (PCA) multidimensional scaling and pairwise comparisons of
all the transcripts (Figure 3.2A and B). All three samples for each condition were used for the

subsequent analyses.

To account for genes with very low expression and improve the reliability of log fold change
estimates, shrinkage was performed. Shrinkage considers the fact that some genes such as
stress-induced genes have greater deviations from their mean independent of experimental
conditions while others — including housekeeping genes — have tighter controls. Thus, it
ensures that such deviations are not mistaken as experimental differential expression (Wu et
al., 2013). After shrinkage was performed, 2,525 genes were upregulated while 2,696 were

downregulated.
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Figure 3.2 Comparison of genes expressed in podocytes with or without tBHP treatment. A
Multidimensional scaling principal component analysis showing variance in expressed genes
in triplicates of water-treated and tBHP-treated podocytes. B Heatmap showing the results of
pairwise comparisons between the samples treated with either tBHP or water (Analysis by
Fiona Hamey).

3.2.3.2 Genes upregulated with oxidative stress in podocytes

To identify molecular functions, biological pathways and cellular structures most perturbed
by oxidative stress, I determined the overlap between the differentially-expressed genes and
pathway databases including Gene Ontology (GO) Molecular function 2021 and Reactome
2022 (Xie et al., 2021, Kuleshov et al., 2016, Chen et al., 2013a). The enrichment analysis is
performed for the input up- and down-regulated gene lists, against a selected background
library to generate the graphs. Volcano plots were generated based on the corresponding odds
ratio (x-position) and p-value (y-position) from the results. Significantly enriched gene sets

are highlighted in colour.

Statistically, the most different GO molecular function term was RNA-binding
(G0O:0003723) in tBHP-treated podocytes versus control with 253/1,406 genes in the RNA-
binding set upregulated (18% overlap) (Figure 3.3A). These include the fused in sarcoma

(FUS) gene involved in the regulation of transcription, splicing and transport of RNA, Ul
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small nuclear ribonucleoprotein 70 kDa (snRNP70), which is critical for the formation of the
U1snRNP component of the spliceosome, and heterogeneous nuclear ribonucleoprotein
particle U (hnRNP U), important for the normal splicing of pre-mRNA (Ye et al., 2015)

(Spritz et al., 1987) (Kwiatkowski et al., 2009).

MAPT, encoding the microtubule protein Tau, was also amongst the RNA-binding genes
upregulated in response to oxidative stress (Figure 3.3D). Four GO terms associated with
DNA binding also upregulated with high probability (Figure 3.3A): 155 genes were
upregulated in GO:0003677 DNA binding (2,510 genes in term, 6.2% overlap), 132 for
GO0:0043565 sequence-specific DNA binding (1,678 genes in term, 7.9% overlap), 123 for
G0:0003690 double-stranded DNA binding (1,660 genes in term, 7.4% overlap) and 132 for
GO0:1990837 sequence-specific double-stranded DNA binding (1,567 genes in term, 8.4%
overlap). Fifty-two genes were shared amongst all these four DNA binding GOs indicating
that these ontologies are overlapping subsets of DNA binding. Consistent with RNA and
DNA binding related-pathway modulation, the nucleus is the top cellular location for proteins
encoded by upregulated genes in podocyte oxidative stress by p value (Figure 3.3B).
Regarding molecular functions, upregulated genes include known microtubular beta tubulin
genes, TUBB1 and TUBB4A, Kinesin-like proteins K/F14 and KIF21B), and mitochondrial

genes, cytochrome cl CYC/ and NADH ubiquinone oxidoreductase subunit NDUFAI.
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Figure 3.3 Upregulated genes in response to tBHP treatment of podocytes for 24 hours A
Manhattan plot showing molecular functions enriched for upregulated genes in podocytes
with tBHP. B Top cellular components within which upregulated genes are expressed. C Top
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biological pathways perturbed in podocytes with tBHP. D Normalised MAPT expression in

podocytes treated with or without tBHP. **p<0.01.

I then investigated the biological pathways that overlap with the set of upregulated genes
using an alternative pathway analysis tool (Xie et al., 2021) (Chen et al., 2013b) (Kuleshov
al., 2016). I interrogated the upregulated genes against the current database on Enrichr,
Reactome 2022. Three of the top ten pathways related to cellular stress and the
NRF2/NFE2L2/KEAP1 pathway (Figure 3.3C). Thirty-five genes specifically overlapped
between the upregulated gene set and the KEAP1/NRF2 pathway ((31% overlap) while 28
overlapped between the upregulated genes and the nuclear events mediated by
NRF2/NFE2L2 pathway (35% overlap), amongst which are downstream effectors of NRF2
such as heme oxygenase 1 (HMOX1) and NADPH quinone dehydrogenase 1 (NQOI).
Altered G1/S transition and mitosis (Figure 3.3C) may reflect terminally-differentiated
podocytes attempting to re-enter the cell cycle under stress and consequently undergoing

mitotic cell death (Lasagni et al., 2013).

et
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Figure 3.4 Downregulated genes in response to tBHP treatment of podocytes for 24 hours A
Manhattan plot for molecular functions perturbed in podocytes with tBHP. B Volcano plot
identifying cellular components within which downregulated genes are expressed. C Volcano
plot illustrating biological pathways most of the downregulated genes contribute to.
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3.2.3.3 Genes downregulated with oxidative stress in podocytes

RNA-seq analysis of podocytes treated with tBHP versus control podocytes identified 2,696
downregulated genes. The GO molecular function most disrupted based on p value was
cadherin binding, CDH1, encoding E-cadherin, and CDH2, encoding N-cadherin were
downregulated alongside MYH9, ITGB1 and EPCAM (Figure 3.4A). De-differentiation in
diseased podocytes features a transition from P-cadherin to N-cadherin (May et al., 2014).
The top predicted cellular location of proteins encoded by downregulated genes was the
endoplasmic reticulum lumen by p value (Figure 3.4B), including reduced expression of
ADAM17, encoding a disintegrin and metalloproteinase linked to renal fibrosis and
previously described as activated by oxidative stress or mitochondrial damage (Mulder et al.,
2012) (Brill et al., 2009). COL2A1, a type 1 collagen found in embryonic kidney and

SERPINA I, encoding the serine protease alpha 1 antitrypsin, was also downregulated.

Sterol biosynthesis was the top pathway in five databases, including Reactome 2022,
Bioplanet 2019, Wikipathway 2021and Kegg 2021 (Figure 3.4C). This was due to decreased
expression of genes encoding enzymes involved in sterol or cholesterol synthesis including
SOLE, IDI1, SREBF2 and HMGCR. Of the podocyte-specific markers previously queried
with qPCR (Figure 3.1F), only SYNPO, but not NPHS1, was detectable as downregulated in
response to oxidative stress, highlighting that while RNA-seq provides an unbiased overview

it can be less sensitive than methods such as qPCR for individual genes.

89



3.2.3.4 Changes in the podocyte proteome in response to oxidative stress
Mass spectrometry (MS) proteomics to assess the effect of tBHP on podocytes formed part of
a larger experiment including WT and NRF2-modulated podocyte lines, described in detail
later in this Chapter. A full list of these conditions is provided in Table 3.1. Here, Conditions
1 and 2 were compared. These cells were treated for 6 hours with 30 nM dimethyl sulphoxide
(DMSO) control followed by 18 hours exposure to water control (Condition 1) or 100 uM
tBHP Condition 2). This duration was slightly shorter than the 24 hours used for the

transcriptomics experiment in order to standardise to subsequent conditions.

Table 3.1 Proteomics conditions for human immortalised podocytes

Condition Cell line 0-6 hours 6-24 hours

1 Wildtype 30 nM DMSO water

2 Wildtype 30 nM DMSO 100 puM tBHP
3 Wildtype 30 nM CDDO-Im water

4 Wildtype 30 nM CDDO-Im 100 puM tBHP
5 LentiKkRAB_NRF2_0 control 30 nM DMSO water

6 LentiKRAB_NRF2_0 control 30 nM DMSO 100 uM tBHP
7 LentiKRAB_NRF2_1 30 nM DMSO 100 uM water
8 LentiKRAB_NRF2_1 30 nM DMSO 100 puM tBHP

Across the six samples within these two conditions (three replicates per condition), similar
numbers of peptides were detected with a mean of 6,750 unique proteins identified (SD = 99)
(Figure 3.5A). The variance between samples explained by principal component 1 (PC1) was

54.9% and distinguished Condition 1 from Condition 2 (Figure 3.5B).

Twenty-four proteins were upregulated under Condition 2 (oxidative stress) in comparison
with Condition 1 (control) (log> fold change cut off of + 0.58 and adjusted p-value < 0.05)
(Figure 3.5C), with the NRF2-regulated heme oxygenase HMOXI1 the top upregulated
protein by fold change and p-value. Over one third (37.5%) were broadly involved in protein

metabolism and modification (Table 3.2).
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Table 3.2 Proteins upregulated in tBHP-treated wildtype podocytes versus control by gene
ontology biological process

GO Biological Process

Overlapping Genes

Post-translational protein modification
(GO:0043687)

C4A, TF, IL6, ITIH2, AFP, SERPINC1, MFGES,
APOB, F5

Cellular protein metabolic process (GO:0044267)

C4A, TF, IL6, ITIH2, AFP, SERPINC1, MFGES,
APOB, F5

Acute phase response (GO:0006953)

ITIH4, CEBPB, IL6

Cellular protein modification process (0006464)

C4A, TF, IL6, ITIH2, AFP, SERPINC1, MFGES,
APOB, F5

Acute inflammatory response (GO:0002526)

ITIH4, CEBPB, IL6

Platelet degranulation (GO:0002576

ITIH4, TF, A2M, F5

Response to hydrogen peroxide (GO:0042542

IL6, HMOX1, HBA1

Regulation of neurogenesis (G0O:0050767

IL6, SERPINF1, FAIM

Regulated exocytosis (GO:0045055

ITIH4, TF, A2M, F5

Regulation of lipid storage (GO:0010883)

IL6, APOB

Of the 24 proteins upregulated under Condition 2, five were also upregulated in the

transcriptomic dataset: interleukin 6 (/L6), which plays an important role in inflammation in

addition to B cell maturation, the transcription factor CCAAT enhancer binding protein

(CEBPB), which has proinflammatory genes including /L6 as its targets, FAS apoptotic

inhibitory molecule FAIM, which reduces oxidative stress-dependent loss of cell viability by
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Figure 3.5 Proteomic analyses of differentially expressed genes in response to tBHP. A
Number of proteins detected per replicate in podocytes treated with water control or tBHP
after DMSO control (Conditions 1 and 2 in Table 3.1). B PCA plot for variance within
replicates and between conditions for the top 5,000 proteins. C Differentially-expressed
genes between tBHP treated cells versus water-treated cells. Blue labels are upregulated in
tBHP-treated cells and red labels are downregulated in tBHP-treated cells. Vertical and
horizontal red lines represent cut offs for log» fold change of +/- 0.58 while the horizontal
line represents a cut-off of 0.05 for p(adjusted) values. D Western blot showing expression of
Tau protein in SH-SYSY lysates at increasing total protein concentration and in differentiated
podocytes using Tau 12 antibody

decreasing protein aggregation; DLG associated-protein 4, DLGAP4, which has a role in
actin cytoskeleton dynamics and the formation of adherens junctions; and HMOX1 (Romero
et al., 2022) (Stein and Yang, 1995, Maeda et al., 2010, Kaku and Rothstein, 2020).
Podocytes express IL-6 receptors, and also express the proinflammatory cytokine IL-6, with
increased expression in podocytes exposed to stress or lipopolysaccharides. IL-6 signalling to

podocytes leads to increased cell motility via Signal transducer and activator of transcription

3 (STAT3) and myosin light chain (Lee et al., 2012) (He et al., 2018).
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Eight proteins were downregulated with oxidative stress (log> fold change cut off of - 0.58
and adjusted p value < 0.05), with Ras-related protein Rab-1A (RAB1A) showing the greatest
fold change and the lowest p value (Figure 3.5C). RAB1A is a small GTPase with a role in
vesicle transport and membrane trafficking from the endoplasmic reticulum to the Golgi, and
may also have a role in signal transduction and autophagy (Schoéppner et al., 2016). In rat
podocytes, bradykinin promotes RABIA expression (Tan et al., 2005), suggesting a link
between RAB1A and the kallikrein-kinin system (KKS), which triggers release of
bradykinin. KKS activity has been implicated in DKD, correlating with risk of diabetic

nephropathy in patients with type 1 diabetes (Harvey et al., 1992).

In contrast to the transcriptomic data, Tau was not detected at the protein level by MS,
although Tau-associated tubulin proteins, TUBB3, TUBB, SFN and FAMO98A, were the most
frequent proteins downregulated with oxidative stress (Barbier et al., 2019). Moreover, as
shown in 3.5D, lysates from 12-day differentiated LY podocyte cells do not express levels of
Tau protein detectable with Tau 12 antibody on a western blot. This is in spite of a strong

signal detection on SH-SYS5Y neuroblastoma cells.

Of the podocyte-specific markers in Figure 3.1F, only synaptopodin was detected at the

protein level, and this was not differentially expressed between the two groups.

In conclusion, treating differentiated podocytes with 100 uM tBHP for 24 hours induces
cellular oxidative stress as measured by increased peroxidised lipids and carbonylated
protein. This was further confirmed by transcriptomic evidence of activation of genes
involved in the NRF2/KEAP1 pathway, and proteomic analysis highlighting upregulation of

NRF2-regulated HMOX1 and oxidative stress pathway associated proteins. Oxidative stress
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induction also upregulates the expression of MAPT at the mRNA level along with other genes
associated with RNA-binding. Functional changes are suggested by the altered expression of
podocyte-specific markers such as synaptopodin and nephrin as well as IL-6 signalling.
These results indicate a model in vitro system to explore pathways of potential relevance to

DKD.

3.2.4 A flow cytometric method to quantify oxidative stress

The most common method for determining oxidative stress in live cells is to measure
carbonylated protein. Typically, this is done by immunoblotting of cell lysates with an
antibody recognising 2,4-dinitrophenylhydrazine (DNPH). The same antibody is also used
for immunofluorescence methods (Reznick and Packer, 1994) (Levine et al., 1994). Both
approaches are at best semi-quantitative. Moreover, since neither of these methods
distinguish live from dead or dying cells, differences in cell death could influence the assay.
For this project, knowing that the tBHP treatment affects cell viability (Figure 3.1A/D), it
would be important to measure oxidative stress specifically in live cells. An optimal platform
would be more quantitative than western blotting or immunofluorescence, while versatile

enough to quantify multiple proteins simultaneously in live cells.

I therefore designed a modified flow cytometric method based on the quantification of
carbonylated protein as an established surrogate for oxidative stress (see Methods 2.6.12).
Using flow cytometry permits counter staining and gating for live cells prior to assessing

carbonylated protein levels. This is an advance on conventional immunoblot methods.
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Aim 3b. The relationship between NRF2 and oxidative stress in podocytes

3.2.5 NRF2 inhibition using CRISPR-dCAS9

The transcriptomics analyses confirmed that the anti-oxidant NRF2/KEAP1 pathway is
activated in response to tBHP and also indicated an increase in MAPT, raising the question of
whether these genes are co-regulated or interacting during the oxidative stress response,
which I will further explore in Chapter 4. To better understand NRF2-dependent and -
independent cellular responses in podocytes, I tested the effect of knockdown of NFE2L2, in
the context of the cellular response to oxidative stress. Podocytes were transduced with a
lentivirally-packaged catalytically inactivated ‘dead’ Cas9 fused to a Kruppel-associated box
repressor with one of five different guide RNAs targeting the NFE2L2 promotor region, or an
empty vector as control, and subjected to antibiotic selection, to obtain five independent
podocyte cell lines identified as LentiKRAB NRF2 1, 2, 3, 4 or 5 respectively and a control

line known as LentiKRAB NRF2 0 (Thakore et al., 2015).

I set the threshold for significant decrease in expression as a fold change < 0.5 relative to
control cells. With this as a baseline, although there was an overall decrease in the expression
of the NRF2 regulating gene KEAPI in LentiKRAB NRF2 1, 2, 3, 4 or 5 cells compared to
the control cells, this decrease was above the set threshold of < 0.5 (Figure 3.6A). However, a
decrease in expression of NFE2L2, of between 50-80% compared to control, was observed in
LentiKRAB NRF2 lines 3, 4 and 5 (Figure 3.6B), indicating successful knockdown. A
smaller but still significant reduction in NFE2L2 was also detected in LentiKRAB NRF2

lines 1 and 2 relative to the LentiKRAB_ NRF2 Ctrl cell line.

The effect of NRF2 downregulation on oxidative stress was then assessed by quantifying the

level of basal oxidative stress under normal culture conditions. Only LentiKRAB NRF2 3
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and 4 lines had less basal oxidative stress than control NRF2 0 cells. (p values of 0.003 and
0.036, respectively) (Figure 3.6C). Next, the podocyte cells were treated with 100 uM tBHP
for 24 hours, and oxidative stress was measured by carbonylated protein, by DNPH
immunoblot and by DNPH flow cytometry, to validate the flow cytometry assay (see
Materials and Methods) and to measure the effect of NRF2 knockdown on response to
oxidative stress. Comparison across the two methods showed consistent results, validating the

flow-based system (Figure 3.6D and E).
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Figure 3.6 Inhibition of NRF2 with CRISPR-dCAS9 in podocytes. A Fold change in KEAP1
expression of LentiKRAB NRF2 1 to 5 compared to Ctrl (LentiKRAB NRF2 0) measured
by qPCR B Fold change in NRF2 expression of LentiKRAB NRF2 1 to 5 compared to Ctrl
(LentiKRAB_NRF2 0) by qPCR. C Flow cytometrically quantified basal carbonylated
protein in live LentiKRAB NRF2 0 to 5 cells in the absence of tBHP D Oxyblot western
blotting for DNPH in LentiKRAB NRF2 0 to 5 cell lines treated with tBHP. with intensity
bar on the right. E Flow cytometrically quantified carbonylated protein in live cells exposed
to tBHP. * P<0.05, ** p<0.01, *** p<0.001. Error bars represent standard deviation.

The cell lines with the largest decreases in NFE2L2 mRNA expression LentiKRAB NRF2 4
and 5, exhibited increased oxidative stress, consistent with the established protective function
of NRF2 in the antioxidant response. In contrast, a lower reduction in NFE2L2 expression,

around 50% in LentiKRAB NRF2 1 to 3, unexpectedly appears to be associated with

96



protection against oxidative stress (Figure 3.6B and 3.6E). Thus, the effect on oxidative stress
in the edited cell lines appears to be dependent on the extent of NRF2 knockdown, although
this result cannot fully exclude clonal effects, or off target effects beyond the targeted

CRISPR interference.

The flow cytometry-based assay for proportion of live cells expressing carbonylated protein
was used as the read out for oxidative stress for the experiments described in the remainder of

this chapter and in Chapter 4.

3.2.6 NRF2 activation using CRISPR-dCAS9

Since NRF2 activates antioxidant pathways, priming the cells by increasing NFE2L2 via
CRISPR-CASY9 might be expected to protect the cells against oxidative stress. To increase
NRF2 expression I used the CRISPR synergistic activation mediator system (CRISPR SAM),
in which a dead Cas9 targets transcriptional activators at the NFE2L2 promotor (Thakore et
al., 2015). Five different guides were cloned into the CRISPR SAM plasmid, to generate
lentivirus with which podocytes were transduced, generating five independent cell lines
named LentiSamv2 NRF2 1 to 5. The control cell line, LentiSamv2 NRF2 0, was

transduced with virus generated from the empty plasmid.

I set the threshold for significant increase in expression as a fold change of >1.5 relative to
the control cells. In comparison to control, all five cell lines had an increase in expression of
both KEAPI and NFE2L?2 (Figure 3.7A/B). However, although the increase in expression of
NFE2L2 was above the threshold for all the cell lines, the increase in KEAPI expression was
above the set threshold for LentiSamv2 NRF2 2 to 5. The extent of KEAPI increase appears

to correlate with the degree of NFE2L?2 increase.
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While the correlation between KEAPI and NFE2L?2 at the RNA level could suggest positive
feedback of NRF2 to KEAPI (Figure 3.7A and B), the increase in KEAPI mRNA may
simply reflect the established role of KEAP1 in down regulating NRF2 in response to
oxidative stress, though this was not observed with NRF2 inhibition by CRISPR-KRAB,

even in cell lines with increased stress (Figure 3.6).

Despite the known function of NRF2 as an antioxidant regulator, in response to tBHP
treatment all five edited cell lines showed increased proportion of cells expressing
carbonylated protein relative to control (Figure 3.7C). This increase in carbonylated protein
was unexpected, and could potentially be due to some off-target effects of gene editing or to
toxicity induced by supraphysiological levels of NRF2. To understand whether this was

specific to the genetic manipulation, pharmacological induction of NRF2 was explored.
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Figure 3.7 Effect of NRF2 activation by CRISPR-dCAS9 in podocytes on oxidative stress
response. A Fold change in KEAP1 expression in LentiSamv2 NRF2 1 to 5 cell lines
compared with control cell line Lentisamv2 NRF2 0 measured by qPCR. B Change in NRF2
expression in podocytes activated for NRF2 expression by CRISPR-dCAS9 by qPCR. C
Proportion of carbonylated protein expressing cells for Lentisamv2 NRF2 0 to 5 cell lines in
response to 100 uM tBHP, measured by flow cytometry gated for live cells. * p<0.05,
**#p<0.01. Results from three replicate experiments. Error bars represent standard deviation.
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3.2.7 Pharmacological induction of NRF2 expression in podocytes

In order to avoid genetic manipulation, and to evaluate dosing effects, I primed the podocyte
cells with the NRF2 inducer 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl] imidazole
(CDDO-Im) prior to the induction of oxidative stress. Western blot for both NRF2 and the
downstream protein HMOX1 in cell lysate, following 6 hours exposure to CDDO-Im (10 to
40 nM), or DMSO control, demonstrated dose-dependent increases in expression of both

proteins indicating successful induction of functional NRF2 (Figure 3.8A).
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Figure 3.8 CDDO-Im priming of podocytes and response to tBHP treatment. A western blot
showing effect of 6-hour exposure to 10-40 nM CDDO-Im on expression of NRF2 and
HMOXT1 with Cyclophilin-B (Cyclo-B) as loading control. B Flow cytometry measurement
of carbonylated protein expressed by live podocytes treated with wither DMSO or CDDO-Im
for 6 hours and then treated with either water or 100 uM tBHP for 18 hours. *p<0.05,
**#p<0.01, ns = not significant. Displayed result one of three replicates. Error bars represent
standard deviation.

At concentrations of CDDO-Im above 10 nM, cells showed increased oxidative stress under
standard culture conditions compared to the DMSO control, in a dose-dependent manner
(Figure 3.8B). However, following tBHP treatment the proportion of cells exhibiting
oxidative stress was lower with 10 nM, 30 nM or 40 nM CDDO-Im compared to DMSO
control, consistent with the function of NRF2 as an antioxidant, though this effect was not
observed with 20 nM CDDO-Im. Uniquely with 30 nM CDDO-Im, oxidative stress also

decreased with tBHP exposure relative to resting conditions. These results were consistent

over three independent experiments (Figure 3.8B).
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Taken together the results of the CRISPR-dCAS9 and CDDO-Im NRF2 manipulations
indicated that both suppression and upregulation of NRF2 can result in an increase in the
level of oxidative stress in podocytes under resting conditions. However, either low levels of
NRF?2 inhibition or 30 nM CDDO-Im pharmacological NRF2 upregulation appear protective
from oxidative injury induced by tBHP. The mechanism for these observations, or how a
primed state of upregulated or suppressed NRF2 influences response to oxidative injury, is
unclear. I therefore explored the pathways modulated by oxidative stress and NRF2 further

using MS proteomics.
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Aim 3C. Assessing the biological pathways disrupted in response to podocyte oxidative stress

with NRF2 modulation

By comparing the biological pathways involved in cellular response to oxidative injury, with
and without NRF2 modulation, I hypothesised that oxidative stress pathways could be
designated as NRF2 dependent or independent. I designed a mass spectrometry proteomics

experiment that compared the conditions described in Table 3.1.

3.2.8 Proteomics defines novel NRF2-regulated or candidate antioxidant proteins.

To explore NRF2-dependent and -independent antioxidant response pathways as potential
therapeutic targets for DKD, I wanted to understand how manipulation of NRF2, under
physiological conditions or with induction of oxidative stress, would alter podocyte cellular
processes. To this end I explored the impact on the proteome of CDDO-Im NRF2

upregulation and CRISPR-dCAS9 NRF2 inhibition.

The finding that 50% NFE2L2 down regulation appeared to reduce oxidative stress was
unexpected (Figure 3.6). Likewise, NRF2 induction was expected to be protective against
tBHP injury, but this varied by CDDO-Im dose, being most evident at 30 nM CDDO-Im.
Taken together these results might indicate complex or bimodal effects of NRF2, though
some non-NRF2 related perturbation shared between the stress resistant cell lines cannot be

excluded.

I chose to study the LentiKRAB-NRF2-1 cells and CDDO-Im at 30 nM concentration since
both these conditions protected from protein carbonylation (Figure 3.6 and Figure 3.8). This

approach focused on potential protective pathways, and aimed to minimise confounding
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factors, by comparison of populations with similar levels of oxidative stress. The proteomic
experiment was designed to answer three questions: firstly, what pathways are altered in
podocytes under oxidative stress (this analysis is described above in section 3.2.3.4),
secondly, can novel NRF2-regulated proteins be defined, and finally, are there cellular
proteomic changes following tBHP treatment, common to both the CDDO-Im 30 nM and
LentiKRAB-NRF2 treatments in comparison to WT cells, thereby suggesting candidate (non-

NRF2 driven) antioxidant targets?

For the second question, to explore whether these protein changes are NRF2 driven, I cross-
referenced the proteins altered by tBHP treatment in unmanipulated podocytes (Condition 1
versus Condition 2) with the set similarly altered by tBHP treatment following NRF2
upregulation with CDDO-Im and altered in an opposing direction by NRF2 inhibition.
Bidirectional consequences with NRF2 up and down regulation suggest NRF2-regulated
proteins, but also suggest these may not be responsible for the reduction in oxidative stress

with tBHP observed in both these cell lines compared to WT.

For the third question, I identified proteins modulated by oxidative stress in WT podocytes,
but unchanged or changing in an opposing direction in both CDDO-Im treated and
LentiKRAB NRF2-1 cells with stress compared to resting. This aimed to identify candidate

non-NRF2 regulated proteins with potential as antioxidant targets.

CDDO-Im may have non-NRF2 mediated effects, since the similar drug Bardoxolone Methyl
inhibits NFkB as well as activating NRF2 (Chin et al., 2014). One strategy to determine
potential off-target effects of CDDO-Im would have been to compare CDDO-Im to CRISPR

NRF?2 induction. However, I rejected this strategy because all five LentiSAM cell lines
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resulted in increased oxidative stress compared to control, raising questions about biological

relevance (Figure 3.7C).

Triplicates of each of the cell lines of interest and conditions shown in Table 3.1 were
submitted together as part of a single experimental design with all the samples run
simultaneously via mass spectrometry, allowing comparisons between any of the groups
analysed here. Gene names are used as a standardised nomenclature representing the detected

proteins.

3.2.9 NRF2-modulated proteins in the oxidative stress response

The next analysis examined how NRF2 influences the podocyte proteome in the context of
oxidative stress induced by 100 uM tBHP, in order to detect candidate NRF2-mediated
proteins in the stress response. I focused on changes in protein abundance in CDDO-Im
treated cells with tBHP (Condition 4) versus DMSO control with tBHP (Condition 2), which
are reversed, when NRF?2 is suppressed, i.e. in LentiKRAB_NRF2 1 cells exposed to tBHP

(condition 8) versus control LentiKRAB NRF2 0 exposed to tBHP (condition 6).

LentiKRAB NRF2 1, with 50% decrease in NFE2L2 expression, showed less cell death and
oxidative stress relative to the control cell line LentiKRAB NRF2 0 in response to tBHP
(Figure 3.6). After tBHP treatment, 28 proteins were downregulated in the

LentiKRAB NRF2 1 cell line (condition 8) relative to the LentiKRAB _NRF2 0 cells
(condition 6) while 19 were upregulated. The upregulated genes included NRF2’s
downstream target HMOX1 despite the inhibition of NRF2 in the LentiKRAB NRF2 1 line
(Figure 3.6). This could suggest some NRF2-independent HMOX1 activation (Kirby et al.,

2018) (Kang et al., 2014) (Wright et al., 2009). However, since the suppression of NRF2 was
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measured by mRNA and under normal culture conditions, it is possible that with tBHP, the
LentiKRAB NRF2 1 cells, despite lower ‘resting” NRF2, might have an enhanced NRF2

response to oxidative stress relative to LentiKRAB _NRF2 0 controls.

Fifty-seven proteins were upregulated while 51 were downregulated in the CDDO-Im with

tBHP cells (Condition 4) relative to the DMSO control with tBHP-treated cells (Condition 2).

3.9
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Vs Vs
DMSO control with tBHP (57) LentiKRAB_NRF2_0 with tBHP (28)
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Figure 3.9 Venn diagram to show overlapping proteins between condition 4 vs 2 and
condition 8 vs 6. A Proteins upregulated in condition 4 vs. 2 but down regulated under
conditions 8 vs 6. B Proteins downregulated in condition 4 vs 2 but upregulated under
conditions 8 vs 6. Condition 4 vs 2 = cells primed with CDDO before tBHP versus cells
primed with DMSO before tBHP. Condition 8 vs 6 = tBHP-treated LentiKRAB NRF2 1
versus tBHP-treated LentiKRAB NRF2 0 (See Table 3.1 for conditions).

Therefore, to identify the NRF2-dependent proteins, I analysed those proteins with a

bidirectional expression under NRF2 repression or activation when compared to tBHP-
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treated control cells. Four proteins met these criteria (Figure 3.9A): DDX17, ACTA1 and
SRSF2, were positively correlated with NRF2 levels, indicating NRF2 could upregulate these

proteins. Conversely the results suggest ZNF90 might be supressed by NRF2 (Figure 3.9B).

Dead box RNA helicase 17 (DDX17) mRNA increases with NRF2 induction using
sulforaphane in monocyte-derived dendritic cells (Vierbuchen et al., 2023), consistent with
my findings. ACTAI, actin alpha 1, encodes the dominant actin subtype in adult skeletal
muscle filaments, aiding muscle contraction, with lower expression in streptozocin-induced
diabetic rats (Yamazaki et al., 2012). Within the kidney, ACTA1 is expressed in podocytes,
where a dynamic actin cytoskeletal structure is central to function in the glomerular filtration
barrier (Rinschen et al., 2018). In an in vitro Schwann cell model of diabetic peripheral
neuropathy, NRF2 expression increases expression of ACTAI1 via increased expression of
HIF1a, promoting cell survival and proliferation (Chen et al., 2023). Serine and arginine rich
splicing factor 2 (SRSF2) and Zinc finger protein 90 have not previously been linked to
NRF2 to my knowledge, and therefore these represent novel targets of NRF2 in renal

oxidative stress in the podocyte.
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Finally, I explored the third question above: possible shared oxidative stress
response/protective pathways in the NRF2 knockdown and overexpression cell lines. For this
I identified proteins similarly upregulated or downregulated in both Condition 4 and
Condition 8 relative to tBHP alone (Condition 6 or 2 controls respectively). The NRF2
downstream target proteins HMOX 1 and LCP1 were more abundant, and SHMT1 was less
abundant, in both 8 versus 6 and 4 versus 2 (Figure 3.10 A and B). While increased HMOX1
might be expected in the CDDO-Im treated cells, the similar rise in the NRF2-inhibited cell
line could be due to NRF2-independent HMOX1 regulation or some priming of the stress
response as previously discussed. Elevation of this known antioxidant factor might explain
the unexpected protective effect of CRISPR inhibition of NRF2 with LentiKRAB NRF2 1.
Lymphocyte cytosolic protein 1 (LCP1) is a ROS-regulated protein that induces high cellular
adhesion, promotes actin binding and the assembly of actin (Koide et al., 2017) (Balta et al.,
2019). Serine hydroxy methyltransferase 1 (SHMT1), suppressed in both low and high NRF2
states with tBHP versus tBHP alone, catalyses the one-carbon reversible reaction central to
redox regulation and the synthesis of methionine and purines within the cytoplasm, and is
downregulated under hypoxic conditions in LNT-229 and G55 cells (Pikman et al., 2022)

(Locasale, 2013) (Engel et al., 2020). Hence, HMOX1, LCP1 and SHMTT are potentially
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acting as ‘NRF2 independent’ antioxidant response proteins.

3.10
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Figure 3.13 Proteins differentially expressed in podocytes in response to NRF2 modulation.
Venn diagram of proteins overlapping between A those upregulated in cells treated with
CDDO-Im and tBHP versus tBHP alone (condition 4 vs 2) and also upregulated in
LentiKRAB NRF2 1 cell treated with tBHP vs LentiKRAB NRF2 0 controls treated with

tBHP (Condition 8 vs 6) B As in A but downregulated in both comparisons.

3.3 Summary

In this chapter I show that with exposure to tBHP at 100 uM for 24 hours, oxidative stress
can be induced in differentiated immortalised human podocytes, alongside reduced levels of
key podocyte-specific proteins nephrin and synaptopodin. I validated a novel adaptation of

the assay for carbonylated protein using flow cytometry to quantitate oxidative injury.
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Applying transcriptomic and proteomic approaches, I identified biological pathways
dysregulated in podocytes in response to oxidative stress including RNA- and DNA-binding
and the antioxidant NRF2/KEAP1 pathway. I also showed that at the transcriptomic level,
MAPT expression in podocytes is increased in response to oxidative stress.

I then modulated NRF2 expression in the cells both pharmacologically and through CRISPR-
dCAS9 gene editing to explore the effects of NRF2 manipulation on the podocyte oxidative
stress response. I found dose-dependent effects on oxidative stress, with increased protein
carbonylation in the context of 80% reduction in NRF2 but reduced oxidative injury with ~

50% reduction in NRF2 levels, following tBHP, compared to WT.

CRISPR activation of NRF2 unexpectedly increased protein carbonylation. While this could
be genetic confounding, a similar, and dose dependent, increased in oxidative stress under
normal culture conditions was found with pharmacological NRF2 activation with CDDO-Im.
However, this was not the case following treatment with tBHP, where at a dose of 30 nM,
CDDO-Im reduced carbonylated protein compared to cells in which NRF2 was not
manipulated. Contrasting the effects of oxidative stress induction on cells with increased or
suppressed NRF2 highlighted four proteins that appear NRF2 regulated during the response
to oxidative stress. Two of these proteins, ACTA1 and DDX17, have been linked to oxidative
stress and the NRF2 pathway in other cell types, which is supportive of my results, and that

ZNF90 and SRSF2 as novel NRF?2 target proteins.
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Chapter 4

The role of Tau in neuroblastoma
cell oxidative stress response
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4.1 Introduction

In Chapter 3, I found that MAPT expression increased at the transcriptomic level in response
to oxidative stress in human immortalised podocytes in vitro (Figure 3.3D). These findings,
and the existing data suggesting a link between Tau and oxidative stress, particularly in Nrf2
deficient mice, provided justification to continue to investigate this potential association
(Violet et al., 2014). I had hypothesised that the absence of Tau protein would increase the
susceptibility of the cells to oxidative stress induction leading to increased cell death and high
protein carbonylation. However, at the protein level, Tau was not detectable in the human
podocyte cell line (Figure 3.5D) so I studied the effect of MAPT deletion in a

the neuronal cell line, SH-SYSY, that expresses high levels of Tau protein in the context of

both basal culture conditions and induced oxidative stress.

SH-SYS5Y cells are neuroblast-like cells subcloned from the neuroblastoma cell line SK-N-
SH, generated from the bone metastasis of a tumour of the neural crest element of the
sympathetic nervous system, in a 4-year old child in 1973 (Biedler et al., 1978, Biedler et al.,
1973). SH-SYS5Y cells have been pivotal to neuronal research because of their human origin,
ease of maintenance and expression of neuronal cell characteristics, such as
acetylcholinesterase and muscarinic receptors (Kovalevich and Langford, 2013) (Adem et al.,
1987). They also express Tau within the cell body, nucleoli and neurites (LoPresti et al.,

1992).

A recent study described the knockout (KO) of the Tau gene MAPT in SH-SYSY cells,
reporting an effect on p53 and cell fate (Sola et al., 2020a). In this chapter, I assessed Tau
expression in these cells (designated 232P), and found evidence suggestive of persistent
expression of a truncated Tau protein. Therefore, I used CRISPR-Cas9 gene editing to
generate two clones of a novel full MAPT KO SH-SY5Y line, designated MAPT--A2 and
MAPT--A4 that did not express any Tau protein. I made phenotypic comparisons between
WT, the partial KO 232P and full MAPT KO in the context of oxidative stress induction
(Figure 4.1).
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Generate or obtain a MAPT KO SH-SY5Y cell line
and validate genetic and functional deletion

Quantify basal and induced oxidative stress in
WT and KO cells using flow cytometry

Rescue phenotype with exogenous Tau
expression

Mass spectrometry for differentially expressed
genes

Figure 4.1 Chapter 4 Experimental Outline.
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4.2 Results

4.2.1 Targeting exon 1 with CRISPR/Cas9 does not fully remove MAPT expression

The MAPT KO SH-SYS5Y 232P cell line was obtained from the authors (Sola et al., 2020a).
232P was generated by targeting exon 1 of the MAPT gene using CRISPR-Cas9 gene editing,
producing a 515 bp insertion and a 1 bp insertion (Sola et al., 2020a). I investigated the
expression of Tau by western blot on lysates generated from these cells alongside WT SH-
SYSY cell lysates, and the immortalised human podocytes described in Chapter 3 using the
N-terminal Tau 12 and C-terminal Tau 46 antibodies. The absence of a detectable Tau signal
in the podocytes corroborated the results from the proteomics and western blotting previously
shown in Figure 3.5. The WT 232P cells, while showing no signal with the N-terminal Tau
12 antibody, had a detectable band with Tau 46 of approximately 70 kDa (Figure 4.2A and
B), which could be consistent with the 515 bp insertion and a form of the Tau protein missing

the Tau 12 epitope.

Figure 4.2
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Figure 4.2 Western blotting to show expression of Tau in 232P cell line. Lysates from
232P, WT SH-SYS5Y cells (WT), unedited WT SH-SYS5Y cells expressing CAS9 but no
sgRNA (WT CAS9), and podocytes (Pods) were run alongside the recombinant Tau ladder.
A is a blot stained with the N-terminal Tau 12 antibody while B is the C-terminal Tau 46
antibody. Cyclophilin B (Cyclo-B) was used as loading control, expected size 23 kDa.

One possibility is that the 70 kDa band detected by Tau 46 may represent an epitope on the
neuron-specific microtubule associated protein 2 (MAP2) that has a similar sequence to the

C-terminus of the Tau protein (Boban et al., 2019a) (Kosik et al., 1988b). However, although
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cultured podocytes express MAP2 this 70 kDa band is absent in the lysates obtained from

these cells (Figure 4.2B) (Smoyer and Mundel, 1998).

In addition, we used fluorescent in situ hybridisation (FISH) to test for aneuploidy for
chromosome 17q21.31. This showed that 76% of the 232P cells were triploid while 19.5%
were tetraploid or higher, indicating aneuploidy levels higher than the also predominantly

triploid parental SH-SYS5Y line (Figure 4.3).

Figure 4.3
A
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SHSY5Y - 28% 71% 1%
232 - 3.90% 76.40% 17.60%  1.90%

Figure 4.3 Fluorescent in situ hybridisation results for WT and 232P SH-SYSY cells. A
is a metaphase spread from WT SH-SYSY cells. B is a metaphase spread for 232P cells.
Yellow arrows represent the two normal MAPT copies on chromosome 17. The red arrows
show translocated derivatives. C shows the results of the copy number analysis of the MAPT
locus according to the number of signals observed per cell. (FISH data generated by Daniela
Moralli)

To better characterise the genomic editing of MAPT in 232P, PCR was performed on
genomic DNA from 232P and WT SH-SYS5Y cells, using a forward primer 137 bp upstream
of the first exon 1 nucleotide and reverse primer 220 bp downstream of exon 2’s last
nucleotide (232gPCR primer pair). Two larger bands were detected in 232P but not in WT
cells. The largest band corresponds to the size (1,055 bp) expected in the case of a 515 bp

insertion as reported in the original paper (Sola et al., 2020a) (Figure 4.4A red asterisks).
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Two bands below 600 bp were present in both the WT and the 232P cell lines (Figure 4.4A
black and yellow asterisks). The band of approximately 400 bp was smaller than expected for
WT MAPT, but confirmed by sequencing to align to a region in exon 7 of the MAPT gene,
suggesting some off-target amplification, while the larger band of approximately 550 bp
aligned to the targeted N-terminal region of the MAPT gene including exon 1 and intron 2 in
both WT and 232P cells. Comparison of this sequence in 232P to WT cells showed that this
allele in 232P cells had a single cytosine insertion just before the PAM site, expected to
introduce a frameshift. From the sequence, this frameshift is predicted to result in a stop

codon Figure 4.4 within exon 1. No WT sequence was detected.

A 100bp B
et 3 100bp
Ladder WT _232P

1.00kb|

Figure 4.4 gDNA PCR and RT-PCR comparing 232P cells with WT SH-SYSY cell. A
WT (WT) and 232P genomic DNA were amplified using the 232gPCR primer pair and run
on a 1% agarose gel alongside a 100bp ladder. Tau band (*) and non-specific band ( )
detected in both the WT cells the 232P cells. Two larger bands were only detected in the
232P cells (*). B Using the 232rtPCR primer pair which targets the ON3R isoform
specifically, two amplicons of 300 and ~80bp were observed for the WT and the 232P cells
respectively.

To understand how these edits influence the RNA transcripts, cDNA from 232P and WT cells
was analysed using reverse transcription PCR (RT-PCR) with the 232rtPCR primer pair
(Materials and Methods). A band of approximately 300 bp was seen for the WT cells but this

was absent or very faint in the 232P cells which showed a smaller band of less than 100 bp
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not present in WT (Figure 4.4B). Sequencing of these bands showed that in 232P the 5’UTR
is spliced to exon 4 thus skipping the intervening exon 1. Thus, in the 232P cell line targeting
exon 1 has resulted in expression of an RNA transcript that lacks the N-terminal region of the
MAPT gene. However, if the C-terminal Tau 46 antibody is specific to Tau protein, then it
appears that the loss of exon 1, with its transcription start site, is insufficient to fully inhibit
gene expression and protein translation, which could suggest the existence of alternative start

sites.

The possibility of an alternate start site is supported by experiments targeting MAPT using
morpholinos against functional regions, including the start codon, splice donor sites and
splice acceptor sites, in which cells lacking the start codon still expressed Tau. When
targeting exon 1, the 5’UTR spliced directly onto exon 4 in the SH-SYS5Y cells with some
persistent Tau protein expression, although a 77% decrease relative to the WT untargeted

cells (Sud et al., 2014a).

The large Tau isoform, known as Big Tau, is the result of the inclusion of exon 4a (753 bp) as
well as exons 2 (87 bp) and 3 (86 bp). In the SH-SYSY cells, treatment with okadaic acid
enhances the expression of this isoform (Boban et al., 2019a). In the absence of a credible
start site in exons 2, 3 or 4, I hypothesised that on disrupting exon 1’s transcription start site,
an alternative start site in exon 4a may allow for generation of a truncated protein devoid of
the N-terminal exons 1, 2, 3 and 4, with their combined size of 372 bp. Instead, a protein with
intact sequence downstream from exon 4a would be detectable using an antibody targeting

the C-terminus.

Therefore, I concluded that an editing approach that targeted exon 1 and exon 4a together

might generate a more complete deletion of Tau. Using CRISPR-Cas9 with two guide RNAs,
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this could occur in two ways. Firstly, both the known start site in exon 1 and the proposed
start site in exon 4a could be disrupted by indels around each of the two PAM sites,
detectable using primer pairs specific to each targeted site. Secondly, it could also be possible
for a large deletion between the two sites to take place, as has been previously reported with a

dual guide CRISPR-CAS9 gene editing approach (Spagnuolo and Blenner, 2021).

4.2.2 Dual guide CRISPR/Cas9 to delete MAPT in SH-SY5Y cells

As shown in Figure 4.3A most of WT SH-SYS5Y cells (71%) are triploid for the MAPT gene
and 28% are diploid. This mixed population of cells were transduced with lentivirus to
generate a cell line expressing an inducible Cas9, known as SH-SY5Y-CAS9. Following
treatment with doxycycline for 72 hours Cas9 mRNA expression increased approximately
10-fold in comparison with uninduced SH-SY5Y-CASO cells (Figure 4.5A). Subsequently,
the induced cells were simultaneously transfected with both exon 1 and exon 4a guides.
Single clones of the transfected cells were expanded and tested at the genomic,

transcriptomic and proteomic levels for MAPT expression.

4.2.2.1 Genomic PCR shows a large deletion and indels in two SH-SY5Y clones transfected with

dual sgRNA guides

Genomic long-range PCR was performed on clones expanded after transfection, using a
forward primer upstream of the exon 1 sgRNA guide and a reverse primer downstream of the
4a guide. A 22 kb band in WT DNA corresponding to the region of interest was also
observed faintly in the edited DNA lines, but two clones also had a smaller band of about 550

bp absent in the WT (Figure 4.5B). These clones were designated as MAPT'*? and MAPT"-

A4
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The 550 bp band was sequenced and aligned to the reference genome. This confirmed that in
MAPTA? and MAPT'-** a deletion between the exon 1 and exon 4a PAM sites was present
(Figure 4.5C). The SH-SYS5Y cells are triploid for the MAPT gene (Figure 4.3), and the
22,000 bp amplicon expected and observed in the WT cells were also seen in MAPTA? and
MAPT-A%, Therefore, to test whether this larger band is an unedited allele or contains indels
around the individual guides, primers specific to each of the exons were used to amplify the

regions around the two PAM sites.

Sequence analysis of 22 kb PCR amplicons from MAPT"-A? and MAPT'-A4 predicted that
both cell lines shared a 1 bp insertion after the exon 1 sgRNA PAM site with a distribution of
approximately 50%. The remaining 50% of the distribution was accounted for by a 9 bp
deletion. No WT alleles were observed. A similar analysis using exon 4a primers also
showed a 1 bp and a 3 bp insertion accounting for 43% and 46% of the edit distribution, plus
a possible 2 bp insertion accounting for 2% of the distribution. Both MAPT-A? and MAPT"-A*
shared very similar editing profiles indicating they are likely to be subclones from the same

parent cell.

Thus, using a dual set of guides within exons 1 and 4a led to a large deletion alongside
smaller indels, both frameshift and in frame, with no WT alleles in either MAPT"-A? and

MAPT 54,

Assessment of off-target editing using whole genome sequencing (WGS) was performed on

MAPTA% and WT cells to corroborate the results of the Sanger sequencing and to screen for

off-target edits which could potentially affect the results of any assays carried out on the
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cells. Since large indels are possible with dual guide CRISPR editing, a long range WGS

approach was used (PacBio HiFi sequencing).

After alignment to the reference human genome (GRCh38) and variant calling (Methods),
private insertion or deletion (indel) variants that were called in MAPT”-A?but not in WT were
filtered and then reviewed manually based on read alignment patterns visualised with
Integrative Genomics Viewer (IGV) to select for mutations caused by CRISPR-CAS9

(Thorvaldsdottir et al., 2013).

Four variants (all non-coding) met all of the following criteria and were selected as private
homozygous mutations: (i) MAPT"-A? genotyped as homozygous for the alternative allele
(1/1) and WT genotyped as homozygous for the reference allele (0/0); (i1) allele depth (AD) =

0 for the reference allele in MAPT"-A%; (iii) AD = 0 for the alternative allele in WT.

Seven indel variants (three exonic, including the desired variant in MAPT) met all of the
following criteria and were selected as private heterozygous variants: (i) AD = 0 for the
alternative allele in WT; (i1)) AD > 2 for the alternative allele in A2 (ii1) located within 30 kb
distance from one of 495 in silico predicted CRISPR-CAS9 target sites with four or less

mismatches identified using CRISPOR (Figure 4.6A) (Concordet and Haeussler, 2018).

Among these 11 private variants in MAPT"-*2, manual review confirmed that none of the
homozygous variants and only two heterozygous variants, were sufficiently supported by
read alignment patterns. Most variants that were considered false positives were caused by
imbalanced sampling during sequencing, i.e. different haplotypes were sampled for WT and

MAPT-*2 cell lines, evident by the distribution of cis variants on the same reads.

118



The two heterozygous supported variants comprised the desired variant in MAPT (Figure

4.6B-D), and a 46.6 kb deletion that removed one copy of the ADAM29 coding exon.

Figure 4.6
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Exon 1

MAPT-42

Wildtype
Sequence = ACCAAGAGGGTGACACGGACGCTGGCCTGAAAGGTTAGTGGACAGCCATGCACAG
Gane [¢] E [ D T D A G L K 3
MAPT
Exon 1 sgRNA:
GACACGGACGCTGGCCTGAAAGG
Exon 4a

MAPT'-42

20 kb deletion

Wildtype

Gene

MAPT
Exon 4a sgRNA:
CCCTGTGGATTTCCTCTCCA

Figure 4.6 Whole genome sequencing result of clone MAPT"-A?in comparison with WT
SH-SYS5Y cells. A shows the location of variants in MAPT"-A* within 30 kb of in silico
predicted off-target sites B shows Integrated Genomics Viewer (IGV) visualisation for a ~20
kb deletion between exon 1 PAM site and exon 4a PAM site. C In comparison to the WT
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cells, MAPT"-*? cells have two smaller indel events at exon 1 on different alleles: a 9 bp
deletion and a 1 bp insertion after the PAM site of exon 1. D At the exon 4a PAM site, there
is a 3 bp insertion and 1 bp insertion in trans, independent of the ~20 kb deletion. (Analysis
of whole genome sequencing data by Jiayuan Zhang)

ADAM29 is a member of a family of type 1 transmembrane proteins involved in cellular
adhesion, fusion and transduction (Alonso et al., 2018b). It is known to contribute to cell
survival and neuronal cell differentiation, with decreased expression leading to cellular
apoptosis (Alonso et al., 2018b). Notably the KO clones had no differences in cell survival

compared to the WT. There was no evidence that the deletion of one copy of ADAM?29 had a

phenotypic effect.

4.2.2.2 Undetectable Tau in MAPT"*? and MAPT"-**with N-terminal or C-terminal antibodies

MAPT-*? and MAPT"-** protein lysates were interrogated using the N-terminal Tau 12
antibody and the C-terminal Tau 46 antibody. In contrast to the 232P cells, no protein was
detectable by either of the two antibodies in MAPT'2 or MAPT-** (Figure 4.7). In
conclusion, the two clones MAPT"-A? and MAPT"-*4, generated by targeting the triploid SH-
SYSY cell line in both exon 1 and exon 4a, do not express detectable Tau protein due to a
combination of indels and a large deletion in the Tau gene. To control for clonal effects, both

clones were used in subsequent phenotyping experiments.

4.2.3 MAPT/*2and MAPT/** clones have decreased tubulin polymerisation compared to

WT SH-SY5Y cells or the 232P cell line

The role of Tau in promoting and maintaining microtubule polymerisation is well-established

(Hernandez-Vega et al., 2017). Clones MAPT"-*? and MAPT"-** were investigated for tubulin
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Figure 4.7
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Figure 4.7 Western Blot of WT SH-SYS5Y lysate compared with 232P cell line, MAPT-A?
and MAPT “-** clones and podocytes. A Lysates from WT SH-SYSY cells (WT), MAPT
A2 MAPT “-** and podocytes (Pods) were run alongside the recombinant Tau ladder. The blot
was probed with N-terminal Tau 12 antibody and cyclophilin-B (Cyclo-B) as the loading
control. B The 232P cell line was also included in the lysates for the western alongside the
WT, podocytes, MAPT"-*2, MAPT “-A* clones. Here, the blot was probed with Tau 46
antibody targeting the C-terminus.

Cyclo-B

polymerisation in comparison with WT SH-SY5Y cells and the 232P cell line. Using both

western blots and immunofluorescence, polymerised and free tubulin were quantified.

By western blot (Figure 4.8A), the signal intensity was less for the MAPT"-A? and MAPT"-**
cell lines compared to the WT cells. The 232P cells, while showing a decrease in comparison

to the WT cells, was not as low as in either MAPT'-A? and MAPT-*4.

This observation was confirmed by immunofluorescence measurement of polymerised
tubulin. By immunofluorescence, while no signal is detected in either MAPT"-A% or MAPT'-A*
for polymerised tubulin, both the WT and the 232P cells show comparable intensity (Figure
4.8B). This indicates that in the absence of Tau expression in MAPT"-A? and MAPT"-*4, there
is a reduction in proportion and abundance of polymerised tubulin, suggesting a defect in

Tau-mediated tubulin polymerisation.

122



Figure 4.8
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Figure 4.8 Western blot and immunofluorescence images comparing polymerised
tubulin expression in WT (WT), 232P, MAPT"-*2, MAPT "-** SH-SY5Y clones. A Lysates
for free and polymerised tubulin were extracted from all the four cell lines. The resulting blot
was probed using anti-tubulin antibody with cyclophilin-B as the loading control. B Cells
cultured on coverslips were treated with an extraction buffer to remove the free tubulin
leaving behind the polymerised tubulin before fixation and staining. The nucleus is stained
with DAPI (blue), polymerised tubulin is in yellow.

4.2.4 Oxidative stress in MAPT/"A2and MAPT/-4

Based on the finding that MAPT expression increased in podocytes under conditions of
oxidative stress (Chapter 3), the MAPT"-A? and MAPT"-A4 cells were investigated for
oxidative stress under normal ‘basal’ culture conditions, and for their response to tBHP-
dependent oxidative stress induction, compared to the WT and the 232P cell lines.

Under basal standard culture conditions, the proportion of live cells was equivalent between
the Tau mutant and WT lines (Fig 4.9A, ‘untreated’ black circles). However, the proportion
of cells expressing carbonylated protein was higher in MAPT"A? and MAPT"-** compared
with the WT, despite no measured loss of cell viability, though unchanged in the 232P cells

(Figure 4.9B, ‘untreated’ black circles).
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In response to treatment with 15 uM tBHP to induce oxidative stress, there was an increase in
cell death in all lines. MAPT"-A? and MAPT"-**, but not 232P, had higher levels of cell death
than WT (Figure 4.9A, treated). All four cell lines exhibited increased oxidative stress, as
measured by proportion of cells expressing carbonylated protein, in response to tBHP
compared to the basal condition. The proportion of cells with carbonylated protein after tBHP
treatment was higher in MAPT"-? and MAPT"-** compared to WT cells, but not in 232P
compared to WT (Figure 4.9B, treated). Taken together these findings indicated that MAPT"-

A2 and MAPT-A* SH-SY5Y cells have an enhanced basal and induced level of oxidative

stress.
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Figure 4.9 Absence of Tau increases oxidative stress and cell death in SH-SYS5Y cells.
WT, 232P, MAPT"-*? and MAPT -2 cells were treated with 15 uM tBHP (treated red
circles) or water (untreated black circles) for 24 hours. Cells were harvested, stained with
live/dead stain and derivatised with DNPH before staining with anti-DNP antibodies for
carbonylated protein, assayed by flow cytometry. A Percentage of live cells. B Percentage of

live cells expressing carbonylated protein, gated by DNP expression. (* p<0.05, ** p<0.01,
*a* p<0.001)
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4.2.5 Rescue of Tau expression in MAPT/*2and MAPT/** reversed the oxidative stress
signature

To test whether the oxidative stress phenotype in the MAPT"-*> and MAPT"-** cells could be
explained by factors other than the absence of Tau, I next re-expressed Tau in these cells,

since rescue of the oxidative stress phenotype by Tau overexpression would support a Tau

specific effect.
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Figure 4.10 Tau rescue with pINDUCER20-Tau reverses oxidative stress signature in
clones A2 and A4 cells. A MAPT-A? and MAPT -** cells were transduced with either
pINDUCER20-Tau or pINDUCER20 followed by induction with doxycycline. Both MAPT"
A2 and MAPT -4 cells with pINDUCER20-Tau express Tau at a larger size than the WT due
to the c-Myc tag. B WT (WT), 232P, MAPT"-*? and MAPT “-A* cells transduced with
pINDUCER20 or pINDUCER20-Tau were treated with 15 uM tBHP for 24 hours or water.
Percentage of live cells in treated and untreated cells. In black is the control and in red is the

tBHP-treated cells. C Percentage of live cells expressing carbonylated protein gated by DNP
expression. (* p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001)
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MAPTA% and MAPT'-*4 cells were transduced with a lentiviral construct to express the Tau-
441 isoform with a c-Myc tag under a tetracycline inducible ubiquitin C promotor
(pINDUCER20-Tau), or an empty vector control (p)INDUCER20) (Meerbrey et al., 2011).
Multiple Tau isoforms exist, and alternative splicing of exons 2, 3 and 10 have been
associated with tauopathies with evidence of isoform-specific protein interactions (Hutton et
al., 1998) (Malkani et al., 2006) (Terada et al., 2005) (Liu et al., 2016, Trabzuni et al., 2012).
It has been postulated that increased inclusion of exon 3 could increase protection against
oxidative stress (Wang and Mandelkow, 2016). Tau-441 was chosen as the exogenously

expressed isoform since it includes exons 2, 3 and 10.

Transduction of MAPT"-A? and MAPT"-A4 cells with pINDUCER20-Tau and subsequent
induction with doxycycline leads to Tau expression (Figure 4.10A). The size of the Tau
protein as determined by probing with Taul2 is higher than observed in the WT cells because
of the c-Myc tag. MAPT'-A? and MAPT"-* cells transduced with control pINDUCER20 did
not show expression of Tau. As expected, the N-terminal Taul2 antibody did not detect Tau

in the 232P cells (Figure 4.10A).

In response to tBHP, cell death increased in the MAPT-A% and MAPT"-** cells lacking Tau
expression compared to WT, as seen previously (Figure 4.9A, treated), but remained
equivalent to WT following tBHP treatment in induced pINDUCER20-Tau cells (Figure

4.10B, treated).

Under basal conditions, MAPT"-A? and MAPT"-A* transduced with pINDUCER20-Tau had

lower proportions of cells with oxidative stress than WT cells (Figure 4.10C, untreated). In

comparison, control pINDUCER20 MAPT"-A% and MAPT"-** cells exhibited a larger
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proportion of carbonylated protein-expressing cells than WT as previously observed (Figure

4.10C, untreated).

Moreover, with tBHP treatment, the pINDUCER20-Tau MAPT"-A? and MAPT"-* also
showed lower proportions of cells with oxidative stress compared to MAPT-A? and MAPT""
A4 and compared to WT treated or untreated cells, demonstrating a complete rescue of the
oxidative stress phenotype in MAPT"-*> and MAPT'-* by reinstating Tau expression (Figure
4.10C, treated). These control rescue findings confirm that the increase in oxidative stress in
MAPTA? and MAPT'-* neuronal cells is due to absence of Tau protein implying that Tau is
required for protection from oxidative injury, at least in the in vitro cultured SH-SYSY cell

line.

4.2.6 NRF2 and KEAP1 expression increases in the absence of Tau
Since NRF?2 is a key regulator of the intracellular oxidative stress response, the impact of loss

of Tau on NRF2 expression and localisation was investigated.

NRF2 was undetectable by immunofluorescence in the WT and 232P cells under the usual
culture conditions. By contrast, nuclear and cytoplasmic NRF2 were detected in MAPT"-A2
and MAPTA4 consistent with the observed increased oxidative stress (Figure 4.11). The
percentage of live cells expressing the NRF2 repressor KEAP1 by flow cytometry increased

in MAPT-A% and MAPT"-4, but not 232P, when compared with WT (Figure 4.12A).
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Figure 4.11

232P

MAPT-/-A4 ?MAPT-/-AZ

Figure 4.11 NRF?2 localisation in SH-SYS5Y cell lines with or without detectable Tau
expression. WT (WT), 232P cells, MAPT-A? and MAPT “-** immunofluorescence are shown
with DAPI nuclear staining shown in blue, NRF2 stained in green.

4.2.7 Polymerisation of tubulin with Paclitaxel does not rescue the stress phenotype in

MAPT cells

Since the KO cells had diminished polymerised tubulin (Figure 4.8), I tested whether loss of
the tubulin polymerisation function of Tau contributes to the oxidative stress phenotype. If
this was the case, I hypothesised that by enhancing the polymerised tubulin within these cells

the oxidative stress signature could be reversed.

Tubulin polymerisation was induced by treating both KO cell lines, the WT cells, and the
rescued KO cells with Paclitaxel at 1 nM for 24 hours. Paclitaxel is a chemotherapeutic that
causes a mitotic block by stabilising microtubules (Carlier and Pantaloni, 1983). MAPT/-A?
and MAPT"-A cells were found to have an elevated proportion of cells with protein
carbonylation compared to WT, not reversed with Paclitaxel treatment. Indeed, the

percentage of cells with oxidative stress was increased in the MAPT"" paclitaxel groups
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relative to untreated MAPT" lines. This increased sensitivity to Paclitaxel in MAPT"-4? and

MAPTA4% cells, resulting in oxidative stress, was fully rescued in the pINDUCER20-Tau

MAPT -2 and MAPT"-** (MAPT""™) cell lines (Figure 4.12B).
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Figure 4.12 Effect of Tau manipulation on NRF2-dependent pathways. A Expression of
KEAP1 Protein in SH-SYS5Y cell lines. WT (WT), 232P, MAPT"-? and MAPT "-A* cells
were compared for their expression of KEAP1 using flow cytometry (** p<0.01, ***
p<0.001) B Paclitaxel at 1nM for 24 hours exacerbates the redox imbalance in MAPT KO cell
lines. WT (WT), MAPT"-22, MAPT"-A? with Tau-441-Myc, MAPT 7-** and MAPT “-A* with
Tau-441-Myc cells were either treated with 1 nM Paclitaxel or DMSO as a vehicle control for
24 hours. In black is the DMSO control and in blue is the Paclitaxel treated cells.
(*p<0.0.05). C 100 nM CDDO-Im for 24 hours partially rescues the oxidative stress
phenotype in MAPT KO cells. WT (WT), MAPT"-*? and MAPT “-4* cells were either treated

with 100nM CDDO-Im or DMSO as a vehicle control for 24 hours. In black is the control
and in blue is the tBHP-treated cells. (*p<0.0.05)
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4.2.8 MAPT/*2and MAPT/**cell lines show decreased expression of microtubule and tubulin
binding proteins alongside modifications in RNA and cadherin binding proteins in comparison
to WT.

To understand pathways that are altered in the absence of Tau, the MAPT-A? and MAPT"'-44
proteome, without tBHP (untreated), was compared with WT cells untreated. The replicates
that had most commonality according to Figure 4.15B were compared such that all the

replicates of the WT cells treated with water vehicle control, all the replicates of MAPT"-A?

and replicates 1, 2 and 3 of the MAPT"-A* treated with water were analysed.

Three hundred and five proteins were upregulated in MAPT”-*? untreated, and 463 in MAPT"-
A4 in comparison to WT untreated, and 174 of these were shared in both MAPT KO clones,
most of which were RNA- and cadherin-binding proteins (Figure 4.14A and C). Ninety-six
proteins were downregulated in MAPT"-4? compared to WT, and 225 in MAPT"-** compared
to WT, 40 of these were shared, confirming the loss of Tau function, and subsequent down
regulation of other proteins that interact with microtubules, tubulin and actin such as
Neurofilament Heavy Polypeptide (NEFH), Kinesin Family Member 1A (KIF1A) and
Leucine-Rich Pentatricopeptide Repeat Motif-containing (LRPPRC) proteins. Nevertheless,

the most downregulated molecular pathway was RNA binding (Figure 4.14B and D).

4.2.9 Dissecting differentially expressed proteins in the MAPT/*2and MAPT/*cell lines in
comparison to WT in the context of oxidative stress induction

The proteomic signature of RNA- and cadherin-binding in the untreated Tau KO cells
compared to WT mirrors the findings in the tBHP treated WT cells. This may reflect the
increased basal oxidative stress observed in the MAPT"-42 and MAPT"-** cell lines (Figure

4.9A/B). To compare cell populations with similar levels of oxidative stress and focus on the
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Figure 4.14
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Figure 4.14 Differentially expressed proteins in response to loss of MAPT expression in
SH-SYS5Y cells. A Venn diagram of proteins upregulated in both MAPT"-*? and MAPT *-A*
with water control in comparison with WT SH-SYS5Y cells with water control. B Venn
diagram of proteins downregulated in both MAPT"A? and MAPT --** with water in

131



comparison with WT SH-SYS5Y cells with water. C Top ten pathways with the most overlap
with the proteins upregulated in both MAPT"-A? and MAPT “-**in comparison with WT SH-
SYSY cells as shown in A D Top ten pathways with the most overlap with the proteins
downregulated in both MAPT"-A? and MAPT “-**in comparison with WT SH-SY5Y cells as
shown in B.

differences due to loss of Tau, I compared the MAPT"-A? and MAPT'-** cells without tBHP
treatment to tBHP treated WT cells. Differences between these groups should be due to Tau,
though I could not exclude effects of tBHP beyond oxidative stress induction, or residual
differences in the level of oxidative stress contributing to the set of differentially-expressed
proteins. In order to enrich for Tau effects, I focused on those proteins with expression
altered in opposing directions in the WT tBHP group versus MAPT KO cells at basal

conditions. I also required that the protein was differentially expressed in both MAPT KO

lines.

One hundred and seventy-four proteins were upregulated in both KO cell lines without tBHP
compared to WT BHP treated cells, and 35 of these were also downregulated in WT cells
treated with tBHP compared to WT untreated cells, suggesting that the observed upregulation
in Tau KO cells is not a function of tBHP treatment, and may therefore indicate a Tau
deletion mediated effect (Figure 4.15A). Likewise, 40 proteins were downregulated in the
both KO cell without tBHP compared to WT tBHP treated cells, and 21 of these were also
upregulated in WT cells treated with tBHP compared to WT untreated cells (Figure 4.15B).
A list of these proteins is shown in Tables 4.1 and 4.2 with highlighted biological pathways

and molecular functions shown in Tables 4.3 and 4.4.
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Figure 4.15
A B

Up in MAPT-/-A2 no tBHP Up in MAPT-/-A4 no tBHP  Down in MAPT-/-A2 no tBHP  Down in MAPT-/-A4 no tBHP
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Figure 4.15 Differentially-expressed proteins in MAPT KO SH-SYSY cells in
comparison to WT SH-SYSY cells treated with 15 uM tBHP for 24 hours. A Venn
diagram of proteins upregulated in both MAPT"-A? and MAPT -A*but downregulated in WT
cells treated with tBHP in comparison with WT SH-SYS5Y cells. B Venn diagram of proteins
downregulated in both MAPT-A? and MAPT “-**but upregulated in WT cells treated with
tBHP in comparison with WT SH-SY5Y cells.
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Table 4.1 : Proteins upregulated in knockout clones but dowregulated widltype cells treated with tBHP

AHCTF1 DNAJB5 HDLBP PABPC1 | SND1 | AHCTF1 DNAJB5
AIFM1 DYNC1H1 HNRNPM PDIA3 SSB AIFM1 DYNC1H1

CCDC86 ECH1 HSPAS PHB2 TPR CCDCB86 ECH1
COPA EEF1A1 LDHB PLEC TRAP1 COPA EEF1A1
COPB2 EFTUD2 MACROH2A1 PURA VASP COPB2 EFTUD2

Table 4.2 : Proteins downregulated in knockout clones but dowregulated widltype cells treated with tBHP

AASDHPPT EIF3A INA MVP NUP210 PRPF4B PHIP
CHGB GANAB ITGA2 MYH9 OGDH SPTBN1 VARS1
DYNC1H1 HPCAL1 LRPPRC MYL12A PDIAG STRAG VGF

Table 4.3 : Top 5 pathways deregulated by differentially expressed genes in tables 4.4 and 4.5

Term Overlapping genes

Oxidative Phosphorylation LDHB, AIFM1, ECH1, OGDH, PHB2, LRPPRC
Mitotic Spindle DYNC1H1, MYH9, LRPPRC, SPTBN1
Hypoxia HSPAS5, HDLBP, MYH9, ENO1

Glycolysis COPB2, HSPA5, HDLBP, ENO1

Peroxisome MVP, ECH1, PABPC1

Table 4.4 : Top 5 molecular functions deregulated by differentially expressed genes in tables 4.4 and 4.5

Term

Overlapping genes

RNA Binding (GO:0003723)

PDIA3, DYNC1H1, SSB, DDX27, HDLBP, PRPF4B,
ENO1, SND1, LRPPRC, EEF1A1, EFTUD2, HNRNPM,
PURA, GANAB, ZNF638, TPR, MYH9, CCDC86,
PABPC1, SPTBN1,GCN1, PLEC

Cadherin Binding (GO:0045296)

VASP, HSPA5, YWHAB,HDLBP, MYH9,ENO1, SND1,
SPTBN1, GCN1, PLEC

mRNA Binding (GO:0003729)

HNRNPM, SSB, ZNF638, TPR, HDLBP, PABPC1,
LRPPRC

Ankyrin Binding (GO:0030506)

SPTBN1, PLEC

Poly(U) RNA Binding (GO:0008266)

SSB, PABPC1
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4.3 Summary

The aim of this research was to investigate the role of Tau in oxidative stress by manipulating
a cell line with robust expression of the MAPT gene, SH-SYSY. In an SH-SYS5Y cell line
previously reported to be a MAPT KO I found expression of a truncated version of the Tau
protein potentially detectable with the C-terminal antibody, Tau 46 (Figure 4.2). Therefore,
using CRISPR-CAS9 gene editing, I generated two new cell lines in which Tau expression is
undetectable either with N-terminal or C-terminal antibodies. Basal oxidative stress, as
quantified by the proportion of cells expressing carbonylated protein, is higher than in these
Tau KO cells in the WT, alongside reduced tubulin polymerisation. Upon rescuing the KO
cells by inducing Tau overexpression in them, both the basal and induced oxidative stress
signature observed in the KO cells were fully reversed indicating that the increased oxidative

stress phenotype is due to loss of Tau (Figure 4.9).

To establish a possible mechanism by which Tau could be influencing oxidative stress in the
SH-SYS5Y cells, I measured the NRF2 levels in the KO cells in comparison to the WT and
furthermore treated the KO cell lines with the NRF2 activator, CDDO-Im. The incomplete
rescue of the oxidative stress phenotype in the CDDO-Im treated KO cells suggests that
Tau’s role in oxidative stress is either not, or only partially dependent, on NRF2 (Figure

4.12).

Finally, I used MS proteomics to identify proteins whose expression differed in the KO cells
treated with water (with high oxidative stress) relative to the tBHP-treated WT cells whose
oxidative stress levels were also high. This identified 56 altered proteins with opposing
effects with Tau deletion compared to oxidative stress in the presence of Tau. These can be

considered candidate Tau-regulated proteins that may be important in the antioxidant
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response, of which 50% are involved in RNA binding while 20% are involved in cadherin

binding (Figure 4.14).
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Chapter 5

Modelling Oxidative Stress in
Kidney Organoids
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5.1 Introduction

An aim of this project was to investigate the role of Tau in DKD. In Chapter 3, I found that in
response to oxidative stress induction using tBHP, differentiated human podocytes expressed
increased mRNA levels of the Tau gene MAPT. The association between MAPT expression
and oxidative stress could not be investigated any further with the immortalised human
podocyte cell line because neither the podocytes in their resting state nor those treated with
tBHP expressed Tau protein at a level detectable with western blotting or
immunofluorescence. This contrasts with findings in mice, where the Tau4R isoform is
detectable in podocytes in vivo (Valles-Saiz et al., 2022). Thus, further work in Chapter 4
with deletion of MAPT was completed on human neuronal cells that express high levels of
Tau. These results supported a role for Tau in the oxidative stress response in SH-SY5Y
cells, but the question remains as to the role of Tau in human DKD. In this Chapter I aimed to

establish a toolkit to investigate the role of Tau in a human kidney model.

As described in Chapter 1, kidney organoids provide 3-dimensional self-organising
multicellular structures that can mimic tissue level development and some function (Takasato
et al., 2015). Manipulation of Tau in renal organoids could circumvent the lack of detectable
Tau in immortalised podocytes and provide a model system that represents both glomerular

and tubular components of the nephron.

As prerequisite steps towards this aim, it is necessary to better understand Tau mRNA
expression in healthy human kidney, to establish an in-house protocol to generate and
characterise kidney organoids from human induced pluripotent stem cells (h[PSCs) and to
measure their expression of Tau protein.

Methods to induce and quantify oxidative stress in the organoids are then explored, and the

gene editing approach developed in Chapter 4 to delete MAPT in neuronal cells applied to the
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1PSCs, to establish a platform for future work exploring the function of Tau in the context of

oxidative injury in the diabetic kidney.

139



5.2 Results

5.2.1 MAPT is expressed in human kidney in the proximal tubule and podocytes.

To establish the cell type-specific expression of the Tau encoding gene MAPT in the human
kidney, a human kidney single nuclei RNA sequencing (snRNA-Seq) dataset was analysed,
generated from a single healthy renal biopsy core. SnRNA-Seq can provide better
representation of glomerular cell types than scRNA-Seq, in which glomerular cells, already
only 3-5% of renal cortex cell types, are relatively depleted due to their poor dissociation
under scRNA-Seq lysis protocols, as well as reducing artefactual stress signatures (Wu et al.,

2019).

The snRNA-Seq dataset comprised 5,162 nuclei, and clustered into 23 populations
represented by uniform manifold approximation and projection (UMAP) (Figure 5.1A). The
proximal tubule is divided into segments S1-3 based on microscopic appearance and
function. Eighty to 90% of filtered glucose is reabsorbed in the most proximal segment, S1,
via the sodium glucose co-transporter 2, SGLT2, encoded by SLC542, S2 has the highest
levels of the organic anion transporter 1, SLC2246, and amino acid transport occurs in S3 via
AGT]1 encoded by SLC7A413. Such markers allow annotation of the proximal tubule clusters
by segment. MAPT mRNA was expressed predominantly in the proximal tubular clusters,
and found in all three segments, though most abundantly in S1 (Figure 5.1B). While this is
evidence of mRNA-level renal expression, the Human Protein Atlas database also supports a
proximal tubular and glomerular distribution of Tau protein (Figure 5.1C) (Uhlen et al.,

2015)
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Figure 5.1 A. Uniform manifold approximation and projection (UMAP) of nuclei identified
by snRNA-Seq in healthy human kidney, with annotated clusters. PC = principal cell (of
collecting duct), PT = proximal tubule, annotated by segment (S1-3). DCT = distal
convoluted tubule, LH= loop of Henle, TAL = thick ascending loop, IC = intercalated cells
(type A or B), CDT = collecting duct. Endo = endothelial (mixed endo population includes
podocytes and mesangial cells), B.Violin plot showing expression of MAPT across snRNA
clusters. C. Protein expression of Tau in kidney from the Human Protein Atlas
(https://www.proteinatlas.org/ ) following incubation with antibody HPA069570. Red arrow
represents Tau in the glomeruli. Black arrows indicating Tau protein in the proximal tubules.
(snRNA-Seq data analyses completed by Jessica Kepple)

5.2.2 Differentiation of kidney organoids from human induced pluripotent stem cells.

As a baseline prior to hiPSC differentiation, I assessed the expression of nephrin,
synaptopodin and WT1, as podocyte specific markers, GATA binding protein-3 (GATA-3)
for the distal tubule, E-cadherin for epithelial cells, and SRY-Box Transcription factor 17
(SOX17) for endothelial cells, in hIPSCs and compared this to differentiated immortalised
human podocyte cells as a positive control for the podocyte markers. As expected,
undifferentiated hiPSCs expressed very low or undetectable levels of synaptopodin, GATA-
3, E-cadherin and SOX17, with some non-specific weak staining for nephrin in comparison
with podocytes, which were positive for nephrin, synaptopodin, WT1 and E-cadherin, with
some SOX17 fluorescence suggesting some non-specific binding with this antibody, and
negative staining for tubular marker GATA3. This established a baseline for later

phenotyping of the differentiated organoids (Figure 5.2A to E).

To generate renal organoids iPSCs were cultured in a matrigel and exposed to sequential
treatment of growth factors CHIR99021, a highly selective inhibitor of glycogen synthase
kinase (GSK-3) that acts as a Wingless/Integrated (Wnt) activator, and fibroblast growth
factor 9 (FGF9), and transferred to a transwell system(Takasato et al., 2016, Takasato et al.,

2015).
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Initial attempts to replicate the published organoid protocol in-house did not reproduce the

morphology or the markers anticipated. Therefore, further optimisation of the protocol was

NEPHRIN MERGE NEPHRIN MERGE
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Figure 5.2 Expression of podocyte and endothelia markers in undifferentiated human
induced pluripotent stem cells (hiPSCs) and differentiated immortalised human podocytes.
DAPI is used for nuclear staining. A — synaptopodin (SYNPO) B — nephrin C — GATA
binding protein 3 (GATA-3) D — E-cadherin (E-Cad) E — SRY-box 17 (SOX 17) and Wilms
tumour protein (WT1).
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undertaken, with support from the Lennon group (University of Manchester). It was found
that while the transwell membrane on which the hiPSCs are seeded for differentiation are
supplied with four different membranes, successful organoid production required the
hydrophilic Polytetrafluoroethylene (PTFE). We also found that the protein free hybridoma
used as a supplement for the culture media requires titration for each batch to identify the
appropriate concentration for differentiation. Depending on the batch, a concentration
between 1% and 10% could be required. Moreover, we reduced the number of organoids per
transwell from ten to four as larger numbers of organoids per transwell inhibited

differentiation.

5.2.3 Kidney organoids express kidney markers.

Using this revised protocol (Methods), the organoids developed changes in structure with
increasing patterning and definition between days 3, 5 and 10 of differentiation (Figure
5.3A). After 30 days of differentiation, organoids were stained with a panel of antibodies
against the following kidney protein markers: SOX17, nephrin, synaptopodin, GATA-3 and
E-cadherin, plus LDL-receptor related protein 2 (LRP2) as a proximal tubular marker. The IF
results indicated a complex structure with de novo expression of kidney-specific markers, not
present in the iPSCs prior to differentiation (Figure 5.3B-E). Nephrin and synaptopodin,

podocyte-specific markers, were co-localised (Figure 5.3B).

The epithelial marker E-cadherin stained well defined tubular structures, with weak GATA-3
staining suggesting these might be distal tubule/collecting duct (Figure 5.3C). In other
regions, E-cadherin was detected in less well-defined structures independent of GATA-3
(Figure 5.3D). LRP2 encodes the protein megalin, and the observed LRP2 positivity in the

organoids suggested proximal tubular differentiation. (Figure 5.3E). Overall, the IF results
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indicate successful generation of kidney organoids with evidence of both glomerular and

tubular tissue representation.
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Figure 5.3 Structural changes in hiPSCs with differentiation into kidney organoids A Early
changes in cell patterning during organoid differentiation. All images taken with 20x
objective. Days represent the number of days following CHIR99021 treatment and transfer
into transwell plates. B-D Expression of podocyte-specific markers in kidney organoids. 30-
day differentiated kidney organoids stained with B — SRY-box 17 (SOX 17), nephrin and
synaptopodin (SYNPO), C — GATA-3, nephrin and E-Cad, D — low density lipoprotein-
related protein 2 (LRP2), nephrin and E-Cad. Diamidino-2-phnenylindole (DAPI) is used in
all the images for staining the nuclei. (Organoids generated by Phalguni Rath, staining
performed by Belinda Ameyaw)

5.2.4 Kidney organoids express Tau
I then assessed if the renal organoids express Tau. Based on the human kidney snRNA-seq
and Human Protein Atlas data it was hypothesised that Tau protein might be detected within

the podocytes and/or proximal tubules. [F with the C-terminal Tau antibody, Tau 46, detected

146



Tau protein in the kidney organoids that co-localised with the podocyte-specific marker
nephrin, but not the proximal tubule protein LRP2 (Figure 5.4), However, the widespread
peripheral distribution of nephrin in these organoids was not typical for glomeruli and so
non-specific staining or immature development cannot be excluded. These findings confirm
Tau expression in the kidney organoids, and suggest this might localise with glomerular
structures. The lack of Tau co-localisation with the proximal tubular marker LRP2 may
indicate that Tau is absent from the organoid proximal tubule, which could be due to some
incomplete differentiation of the proximal tubule cell type in the organoid, or the early
embryonic stage. Kidney organoid proximal tubule cells represent an immature
developmental stage, with only low expression of the main water transport channel Agp/ and

organic anion transporters (Wilson et al., 2022).

Treatment of kidney organoids with tBHP shows increased oxidative stress.

To establish a platform for the study of oxidative stress it was necessary to optimise an assay
to both induce and then measure stress in the organoids. Kidney organoids were tested for
their response to two concentrations of tBHP, 50 uM or 200 uM for 24 hours, compared to
equivalent concentrations of DMSO. As in the previous chapters, a DNP-based test was used
as a surrogate read-out for oxidative stress. By IF, both concentrations of tBHP-induced
increased oxidative stress in the organoids in comparison to control, with the highest intensity
with 200 uM tBHP (Figure 5.5). Two hundred uM tBHP for 24 hours induced widespread
cellular oxidative stress, However E-cadherin and nephrin intensity appeared largely
unchanged between the control organoids and those treated with tBHP, with tubular

structures still visible (Figure 5.6).
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NEPHRIN

Figure 5.4 MAPT expression in kidney organoids. 30-day differentiated kidney organoids
stained with Diamidino-2-phnenylindole (DAPI) for the nuclei, low density lipoprotein-
related protein 2 (LRP2) for the proximal tubule, nephrin for the glomerular and Tau 46 for
the Tau protein. All four stains combined to create the merged image.

5.2.5 Neuronal cells differentiated from MAPT"- hiPSCs do not express WT Tau protein.

A future aim is to determine the effect of loss of Tau on the response to oxidative stress in
kidney organoids. This requires both a kidney organoid oxidative stress protocol, as
described above, and the generation of organoids with deletion of MAPT. For the latter,
hiPSCs were edited using the dual guide CRISPR-CAS9 gene editing described in Chapter 4,
but with the second sgRNA in exon 4a replaced with a sgRNA targeting exon 7. This
amendment to the editing approach was required due to loss of edits with hiPSC passage
using the exon 1 and 4a pair.

To make an initial assessment of the deletion efficacy, the edited hiPSCs were expanded into

colonies from isolated single-cells and then differentiated into neuronal cells. Neuronal cells
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provide a useful tool to check deletion because of their high WT expression of Tau protein.
Four WT and four edited clones were assessed by western blot (WB). All four WT clones
expressed a detectable band between 32 kDa and 57 kDa with either an N-terminal antibody,
Tau 12 (Figure 5.7A) or a C-terminal antibody, DAKO A0024 (Figure 5.7B). In contrast, the
four clones in which gene editing was performed lost these signals. Instead, smaller bands
between 22 kDa and 25 kDa were observed in these clones alongside a weak band above 60

kDa. These blots indicate absence of the full-length WT Tau protein in the edited organoids.

5.3 Summary

I have established a set of tools for future work to explore the function of Tau in the human
kidney, building on the evidence from Chapter 4 that Tau has a role in the oxidative stress
response in neuronal cells. Firstly, I found evidence of Tau expression in healthy human
kidney, in proximal tubule and glomeruli. Next, we established a protocol to generate kidney
organoids from hiPSC cells, and showed that these cells form tubular and glomerular
structures, and express Tau, which appears to be co-localised to the podocyte-specific marker
nephrin. By IF I showed that oxidative stress can be induced and quantified in these
organoids with preservation of tissue structure and differentiation markers. Finally, |
confirmed the generation of Tau™ organoids. Together these experiments provide a strong

basis to translate the neuronal Tau findings to a model more relevant to DKD.
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5.5

DAPI OXIDATIVE STRESS (DNP) MERGE
200uM DMSO

50uM tBHP

200uM tBHP

Figure 5.5 Response of kidney organoids to oxidative stress. Differentiated kidney organoids
treated with either 200 uM dimethyl sulfoxide (DMSO) — untreated, S0uM tert-butyl
hydroperoxide (tBHP) or 200 uM tBHP for 24 hours. Oxidative stress indicated in green by 2
,4 Dinitrophenol (DNP) antibody.
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5.6

200uM DMSO 200uM tBHP-Treated
OXIDATIVE STRESS (DNP) NEPHRIN OXIDATIVE STRESS (DNP) NEPHRIN

Figure 5.6 Effect of 200 uM tBHP for 24 hours on morphology of kidney organoids.
Differentiated kidney organoids treated with either 200 uM of dimethyl sulfoxide (DMSO) or
200 uM tert-butyl hydroperoxide (tBHP) were stained with 2,4 Dinitrophenol (DNP), nephrin
and E-cadherin (E-Cad) with the final image a merge of the three individual stains.
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5.7
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Figure 5.7 Western blot of MAPT KO human induced pluripotent stem cells (hiPSCs) —
10,000 cells per lane, differentiated into neuronal cells. A N-terminal Tau 12 and B C-
terminal Dako A0024 fluorescent blots for 4 independent WT and MAPT KO clones. Tau
expression within the kidney. (Western Blotting undertaken by Phalguni Rath)
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Chapter 6

Discussion
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6.1 Introduction
The aims of this project were to explore the effects of oxidative stress in renal podocytes as
model for diabetic kidney disease, to test the hypothesis that Tau protein has a functional role

in the oxidative stress response, and to explore new models to study renal oxidative injury.

To this end, in Chapter 3 I established a model to induce oxidative stress in immortalised
human podocytes using tBHP, and using this model, investigated alternative proteins within
the NRF2-KEAP1 pathway that could be druggable targets to diabetes-dependent oxidative
stress. Podocyte RNA-seq identified increased MAPT transcription in oxidatively-stressed
podocytes relative to water vehicle control cells. However, since Tau protein expression in
immortalised human podocyte cells was below the level of detection, an alternative strategy

was required to further explore the observed association between oxidative stress and Tau.

Therefore, in Chapter 4, I used the neuroblastoma cell line SH-SY5Y, which expresses high
levels of Tau, to study how the loss of Tau affected response to oxidative stress. Oxidative
stress was elevated in MAPT KO cells compared to WT, a phenotype rescued by exogenous
expression of Tau. By MS proteomics, both tBHP and loss of Tau alter the expression of
RNA-binding proteins. Within the context of high oxidative stress, a group of 56 proteins
correlated specifically with the loss of Tau, and could thus represent newly-identified Tau-

regulated proteins relevant to the antioxidant response.

In Chapter 5, I returned to diabetes and the kidney, establishing a kidney organoid system to

test genetic drivers of the antioxidant response. In kidney organoids generated from hiPSCs,

expressing glomerular and tubular markers, I induced and quantified oxidative stress. |
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suggest in future studies the use of these organoids to test the impact of Tau loss on these cell

structures and morphology, and susceptibility to oxidative stress.

In this discussion, I will explore the implications, limitations and future opportunities

presented by the findings presented in this thesis.

6.2  Oxidative stress modelling and NRF2 modulation

6.3.1 An oxidative stress model in human podocytes

Much of the work in this thesis depends upon in vitro induction of oxidative stress in cell
lines. More work will be needed to establish whether these findings can be extrapolated to
other cell types, or to in vivo physiology. Despite this caveat, the in vitro model provides an
efficient and readily manipulatable system to test cellular responses.

One important consideration was the method of stress induction. Oxidative stress can be
induced by compromising the cell’s defence mechanisms or increasing by the generation of
oxidising agents. Inhibition of cellular defence can be attempted by RNA interference to
suppress superoxide dismutase or by pharmacologically inhibiting glutathione with
buthionine sulfoximine (Kim et al., 2010, Martin et al., 2009a, Martin et al., 2009b). Despite
good specificity, the former can be time-consuming while the latter has a short window of
activity due to clearance (Koch and Hill, 2017). Therefore, induction using oxidising agents
1s more commonly used to induce stress, deploying a range of agents including heavy metals,
ionising radiation, paraquat, hydrogen peroxide, glutamate, potassium bromate or tBHP
(Goffart et al., 2021) (Wang et al., 2019). Aside their varying mechanisms of action, factors
including their toxicity to handle, stability and off-target effects are important considerations
in choosing a mode of inducing oxidative stress in a cell model. For instance, hydrogen

peroxide, a commonly used inducer of oxidative stress in cellular models and convenient to
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use, works by stimulating Fenton reaction between the peroxide and the Fe?* ions to generate
hydroxide free radicals (Ransy et al., 2020). However, the hydrogen peroxide in the cell
medium is removed by cells over time, at a rate dependent on cells type and density,

introducing experimental variability (Wagner et al., 2013).

For this study, tBHP, a stable analogue of hydrogen peroxide, metabolised within the cells by
cytochrome P450 or haemoglobin into unstable free radical intermediates, including as tert-
butoxyl and methyl radicals, was selected as an agent previously used in podocytes, with
minimal toxicity in handling and chemically stable under cell culturing conditions (Hix et al.,
2000, Minotti et al., 1986, Anderson et al., 1967). tBHP treatment is stable for up to 24 hours,
and achieved induction of stress and downregulation of podocyte specific gene expression.
The choice of stress induction agent may influence the nature of the stress response. A
comparison of tBHP and hydrogen peroxide in the human cancer cell line HepG2 found that
only tBHP increased the levels of superoxide dismutase and glutathione peroxidase
(Slamenova et al., 2013). Therefore, it is possible that some effects observed in this thesis
might not be replicated with other oxidative agents. However, tBHP has broad mechanisms
of action, mirroring in vivo oxidative injury pathways, including inhibition of NADPH
resulting in the depletion of antioxidant glutathione, production of radicals that initiate lipid
peroxidation, reduction of the mitochondrial membrane potential and DNA damage by single
stranded breaks. These mechanisms mimic the mitochondrial glutathione loss and consequent
mitochondrial stress observed in DKD (Wedel et al., 2020, Wang et al., 2019, Zavodnik et

al., 1998) (Davies, 1989) (Brownlee, 2001).

Measurement of carbonylated protein or lipid peroxidation, and the results of the podocyte

transcriptomic analysis, confirmed effective induction of stress. Following 24 hours of
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exposure to 100 uM tBHP, in addition to NRF2-KEAP1 pathway activation, DNA-binding
proteins are upregulated, and cholesterol biosynthesis and sterol deregulation pathways were
downregulated due to decreased expression of two rate-limiting enzymes 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR) and squalene monooxygenase (SQLE) (Xu
et al., 2023, Stormo et al., 2012). The latter finding is consistent with inhibition of NADPH,

the reducing agent for synthesis of lipids, including cholesterol.

The strongest finding from the transcriptomic analysis was that induction of oxidative stress
in the podocytes results in dysregulation of RNA-binding proteins. RNA-binding proteins
have been linked to paraquat sensitivity and response to oxidative stress in Jurkat cells,
including those involved in translation initiation such as eI[F4G1 (Turner and Turner, 2021).
Consistent with this, tBHP increased podocyte e[F4GI expression in the present study. The
function of RNA-binding proteins in the oxidative stress response remains unclear. However,

one hypothesis is a link to their role in the formation of stress granules.

Stress granules are part of a cell’s first line of defence against stress. They are non-
membranous organelles containing RNA-binding proteins and stalled pre-initiation
translation complexes such as T-cell intracellular antigen 1 (TIA1), GTPase-activating
protein-binding protein 1 (G3BP1) and polyadenylate-binding protein 1 (PABP1) (Marcelo et
al., 2021). Increased stress granules are found in diseases such as amyotrophic lateral
sclerosis, frontotemporal lobar degeneration, and Alzheimer’s disease, and could act as sites
for pathological protein aggregation (Wolozin and Ivanov, 2019, Fan and Leung, 2016,
Marcelo et al., 2021). Their formation requires downregulation of NLR Family Pyrin Domain
Containing 3 (NLRP3) and upregulation of DEAD-Box Helicase 3 X-Linked (DDX3X)

(Samir et al., 2019). Notably in the podocyte transcriptome, oxidative stress induced
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upregulation of NLRP3 and downregulation of DDX3X. This could suggest impaired stress
granule formation, and further experiments to quantify stress granules and their contents
could illuminate the functional consequences of RNA-binding protein changes in oxidative

stress.

A novel finding in the stressed podocytes was increased MAPT expression, alongside
upregulation of other microtubule-interacting genes such as TUBB, TUBB4A and KIF'I A, in
response to tBHP. Murine Mapt KOs have an exaggerated oxidative stress response
compared to WT mice, supporting a role for Tau in oxidative stress response (Violet et al.,
2014). The results from the transcriptomic data are the first evidence of such an association in
a human cell line. However, Tau was not amongst the differentially-expressed proteins in
stressed podocytes. Indeed, Tau protein was not detected in the podocyte cell line by the N-
terminal antibody (Tau 12) or the C-terminal antibody (Tau 46) western blotting, indicating
that Tau protein is very weakly or not at all present in the cells. This might reflect low rates

of translation, rapid degradation, or novel isoforms lacking the antibody epitopes.

Mapt mRNA and Tau protein have been reported in the rat kidney at a level approximately
30% of that found in the brain (Alonso et al., 2018b). In human tissues stained with anti-Tau
antibodies, medium to high levels of Tau are found within both glomeruli and tubules
(Ponten et al., 2008). Mouse kidneys interrogated for Tau using a GFP reporter showed
expression of the Tau4R protein isoform within glomerular podocytes based on
immunofluorescence localisation (Valles-Saiz et al., 2022). Thus in vivo data suggested that

there is renal, and potentially, podocyte Tau expression.

While lack of Tau protein could be specific to the cultured cell line, examination of human
kidney snRNA-seq data suggested that MAPT mRNA in the kidney is predominantly found in

the proximal tubule. Nevertheless, since oxidative stress and podocyte injury are both central
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to DKD, the podocyte cell line provided a model to explore NRF2-KEAP1 pathways and

potential druggable targets for renal antioxidant therapy.

6.2.2 Modulation of NRF2 in podocytes using CDDO-Im and CRISPR-dCAS9 suggests the
effects of NRF2 may be both dose and stress context dependent.

Clinical trials of the NRF2 agonist Bardoxolone in DKD and chronic kidney disease patients,
while suggesting positive effects on the slope of eGFR, have not been successful, in part due
to safety concerns including an increased risk of cardiac failure (Nangaku et al., 2020, de
Zeeuw et al., 2013, Pergola et al., 2011). Identifying alternative targetable NRF2 pathway
genes could provide effective approaches to protect from oxidative stress. The proteomic

dataset generated here provide a starting point.

The results of CRISPR/Cas9 inhibition of NRF2 suggested that while robust inhibition led to
increasing oxidative stress, more modest downregulation resulted in reductions in oxidative
stress relative to WT cells. The consequences of upregulating NRF2, both genetically and
pharmacologically in podocytes were also somewhat unexpected: CRISPR activation of the
NRF2 gene in all five cell lines had significantly higher oxidative stress than the control cell
line, despite NRF2’s role as an antioxidant. This could be due to some off target or otherwise
toxic effects of the CRISPR SAM activation system, or might indicate that excessive NRF2 is
itself damaging. Some ROS activity is required in cells, in the kidney for example, ROS is
required for solute and water reabsorption and vessel wall tension (Munoz et al., 2018)
(Ishimoto et al., 2018). Thus, it is conceivable that both too little, and too much, antioxidant

activity can be pathological.
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Consistent with this possibility, using CDDO-Imidazole, a drug similar to Bardoxolone,
which upregulates NRF2, under resting conditions there was a dose-dependent increase in
stress. By contrast, CDDO-Im protected podocytes against tBHP-dependent oxidative stress
in a reproducible bimodal pattern, reaching maximum protection at 30 nM for 6 hours.
These findings suggest that the level of oxidative stress before introducing an NRF2 agonist
could influence the outcome of the treatment in a complex and potentially unpredictable

manner.

To quantify oxidative stress in cells I developed a flow cytometric oxidative stress assay.
Redox imbalance generates many markers including superoxides, hydroxyl radicals,
hydrogen peroxides, peroxidised lipids, damaged DNA and carbonylated proteins. With half-
lives ranging from 10 seconds to days, the stability of these molecules influences their

suitability as stress read-outs (Sies, 1993).

These molecules can be quantified by methods including comet assays, which involve
quantification of oxidation of guanine to 8-oxo-7,8-dihydro-2'-deoxyguanosine (SOHdG or
8-0x0d(G); derivatization of the carbonyl group with 2,4-dinitrophenylhydrazine to form a
dinitrophenylhydrazone (DNP) or malondialdehyde (MDA) readouts as surrogates for lipid
peroxidation, each with its own limitations in levels of accuracy, reproducibility and
specificity (Murphy et al., 2022) (Muruzabal et al., 2021) (Hawkins et al., 2009). The lipid
peroxidation MDA assay utilises thiobarbituric acid reactive substances (TBARS), which
interact with other organic molecules aside the intended aldehydes, limiting specificity (Yin
and Porter, 2003) (Lapenna et al., 2001). Carbonylated proteins are arguably the gold
standard for oxidative stress quantification due to their stability, with many semi-quantitative

readouts available (Luddi et al., 2020, Dalle-Donne et al., 2003). Accumulation of
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carbonylated protein aggregates can lead to toxicity and ultimately cell death, and has been
linked to disease progression in diseases including CKD, diabetes and Alzheimer’s (Fedorova
et al., 2014). Here, the versatility of flow cytometry for single cell multi-parametric analysis
was combined with the confidence of quantifying carbonylated protein with DNP-

derivatisation.

Quantitation of per live cell oxidative stress can reveal heterogeneity within a cell population.
I compared a maximum of three markers at a time. However, there is potential to design a
more extensive panel. This could be applied to study the effect of oxidative stress on proteins
linked to some of the pathways highly dysregulated in response to tBHP including stress

granule proteins, RNA-binding proteins and DNA-interacting proteins.

6.3 Tau as an antioxidant in neuronal cells

6.3.1 Taudeletion in neuronal cells

Because podocytes had no detectable Tau protein, a neuronal cell line, SH-SY5Y, known to
express high levels of Tau was chosen to model the effects of Tau deletion. Tau’s canonical
role is to bind tubulin to facilitate the assembly and stabilisation of microtubule structure
(Weingarten et al., 1975) (Alonso et al., 1994a) (Alonso et al., 2018a). However, several lines
of evidence suggested an association with oxidative stress. In mice, KO of the Mapt gene
enhanced both basal and hyperthermia-induced oxidative stress (Violet et al., 2014).
Moreover, an antioxidant response element within intron 1 of the MAPT gene has been
reported to interact with NRF2, and while oxidative stress induced by hyperoxia increased
Mapt expression, this effect was lost in Nrf2 KO mice (Wang et al., 2016a). Taken together,

these reports suggest a possible role for Tau in oxidative stress response in mice.
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Mapt has also been implicated in DKD: Mapt KO mice may have reduced creatinine
clearance compared to WT mice and have disrupted glomerular microtubules (Valles-Saiz et
al., 2022). In biopsies of DKD patients, there is a decrease in MAPT expression in the
tubulointerstitium. Given these findings, and the finding in Chapter 3 that MAPT expression
increased in human podocytes in vitro under oxidative stress, I investigated the effect of

knocking out the MAPT gene on basal and induced oxidative stress.

In the MAPT KO mice targeting exon 1 singularly appeared to be an effective strategy in
eliminating Tau expression in vivo (Sud et al., 2014b). However, in the SH-SYS5Y
neuroblastoma cells, an existing cell line with an exon 1 indel generated a truncated protein
whose function, at least in terms of tubulin polymerisation and redox homeostasis, was
equivalent to WT cells. An explanation for this may lie in the gene editing methods adopted:
in the mice, a replacement-type or ends-out targeting vector containing a PGK-neo cassette in
the same transcriptional orientation as the Tau gene and a PGK-tk cassette on the upstream
side of the construct was employed such that exon 1 was substituted for by the PGK-neo
cassette leaving the rest of the gene intact but not translated (Gong and Golic, 2003). In
contrast, CRISPR-CAS9 was used to edit the 232P cells. Increasingly, mRNA dysregulation,
chromosome instability and exon skipping have been highlighted as limitations of the
CRISPR-CASY (Tuladhar et al., 2019) (Rayner et al., 2019). The skipping of exons has been
previously reported in a case where multiple oligonucleotides were used to reduce MAPT

mRNA expression and Tau protein levels (Sud et al., 2014b).

In 232P cells, it appears that by targeting exon 1 singularly, the resulting indel led to the

exclusion of this exon but the generation of a truncated protein. Hence, an N-terminal

antibody with an epitope within exon 1 did not detect Tau in the 232P cells whereas a C-

162



terminal antibody did. It is possible that a different exon 1 edit could have a more effective
outcome, for example by inducing frameshift and nonsense mediated decay. However.

identifying suitable guides can be challenging.

Mapt KO mice generated by targeting exon 1 have no detectable Tau using several antibodies
including Tau 12 and Tau 46 (Harada et al., 1994a) (Petry et al., 2014) (Dawson et al., 2001).
In principle, cells could be isolated from these mice and primary cells cultured for further
analysis. However, murine models do not always recapitulate human disease physiology, and
the Mapt KO mice do not exhibit an overt neuronal phenotype, with subtle defects only with

ageing in certain strains and no convincing evidence for renal impairment.

To circumvent this limitation, a dual guide CRISPR/Cas9 approach was used targeting exons
1 and 4a simultaneously to generate a new full KO of the MAPT gene in human SH-SY5Y
cells. In this way, the anticipated outcome is a deletion between the two PAM sites (Canver
et al., 2014). Because the SH-SYSY cells were shown to be triploid for MAPT expression
(Figure 4.3), a deletion on all three alleles was unlikely but the prospect of a combination of
edits resulting in the inhibition of Tau expression was expected to be enhanced by this
approach. Deletion of a large region can, however, increase the risk of unwanted off target
edits (Chen et al., 2014). To screen for this a global assessment was performed using long
range whole genome sequencing, designed so that over half of all data are in reads greater
than 20 kb, to detect large deletions (Rhoads and Au, 2015). The Pacbio sequencing analysis
confirmed the results of the gene editing observed using Sanger sequencing. This analysis did
not detect any homozygous edits in coding genes, but did identify one probable heterozygous
off-target edit in the ADAM?29 gene. ADAM?29 belongs to a family of membrane-anchored

glycoproteins that mediate cell matrix interactions with no known link to oxidative stress
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response (Edwards et al., 2009, Chen and Wang, 2018). Overall the long-range sequencing

findings gave confidence in the specificity of the CRISPR editing.

The approach of using dual guides to target MAPT provides a large deletion between the two
guides, but also resulted in alleles without a large deletion. These smaller edits still appeared
to have disrupted Tau expression, as evidenced by western blot for both C and N terminal
Tau. Alongside a decrease in polymerised tubulin, the absence of Tau increased both basal
and induced oxidative stress in the neuroblastoma cell line (Figure 4.9). Consistent with this
the NRF2-KEAP1 pathway was activated in the KOs, with many of the proteins upregulated

in the KO cells also increased in WT SH-SY5Y cells treated with tBHP.

Several Tau antibodies exist, targeting different Tau domains or to detect Tau proteins with
specific post-translational modifications including phosphorylation (Flores-Rodriguez et al.,
2015) (McHugh et al., 2015). Tau 12 and Tau 46 are specific antibodies targeting the
proximal part of the N-terminal domain and the most distal segment of the C-terminal
domain, respectively (Flores-Rodriguez et al., 2015). Hence, they were used as confirmatory
antibodies for Tau expression. However, the Tau 46 antibody also cross-reacts with MAP2
(Kosik et al., 1988a) (Boban et al., 2019b), due to shared sequences between MAP2 and Tau
within their most carboxy terminals at the Tau 46 binding site (Kosik et al., 1988a). In mice,
deletion of Tau is compensated by increased expression of other MAP proteins including
MAP2 (Harada et al., 1994) ((Ma et al., 2014). The WT SH-SYS5Y lysate had two distinct
bands, the smaller of which disappeared in the 232P cell lysate. However, no signal was
detected with Tau 46 antibody in the immortalised podocytes, either for the Tau band or the
upper band thought to correspond to MAP2 (Figure 4.2B). Neither band was detectable in the

MAPT”-A2 and MAPT--A4 lysates, and since the guide RNAs used here do not target
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sequences in MAP2, the possibility remains that the persistent 232P band with Tau 46 is Tau

specific, which could explain the 232P cell’s phenotypic similarity with WT SH-SY5Y cells.

The phenotypes observed in the absence of Tau were restored with exogenous Tau
expression, confirming a Tau-specific effect. Thus, this work provides strong evidence that

Tau is required in redox homeostasis in SH-SY5Y neuroblastoma cells.

6.3.2 Interpretation of effect of modulation of tubulin polymerisation on the MAPT
deletion oxidative stress phenotype

Based on the differentially expressed proteins within the MAPT--A2 and MAPT--A4 clones,

some observations can be made about the impact of loss on Tau on the SH-SY5Y

neuroblastoma cells. Firstly, loss of Tau changes the expression of proteins involved in

maintaining the microtubule, cytoskeleton and tubulin interaction. This association, together

with the decrease in polymerised tubulin in MAPT”A2 and MAPT--*4 clones suggests

microtubule disruption as a candidate instigator for redox imbalance.

Oxidative stress has a negative effect on microtubule integrity and tubulin structure
(Goldblum et al., 2021) (Lee et al., 2005) (Drum et al., 2016) (Valen et al., 1999).
Microtubule and tubulin interacting proteins such as KIF1A, TUBAITA and MAP1B were
dysregulated in the MAPT"" clones compared to WT, and polymerised tubulin decreased in
the absence of Tau, consistent with the idea that loss of Tau could drive redox imbalance via
a dysfunctional microtubular system. The overexpressed Tau used to rescue, Tau-441,
contains all four microtubule binding exons, and in our model restores tubulin polymerisation

to levels comparable to the WT. However, demonstrating targeting microtubule function to
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test this idea is challenging, because the agents available have broad-ranging or poorly

understood mechanisms of action.

When Paclitaxel, a known microtubule-stabilising drug, was added to the KO cells, this
restored tubulin polymerisation, but the oxidative stress phenotype persisted. This could
suggest that Tau’s involvement in oxidative stress may be independent of its function in
tubulin polymerisation. However, non-specific cell toxicity due to Paclitaxel cannot be
excluded. Paclitaxel’s potency is not limited to the polymerisation of tubulin, it belongs to a
family of drugs which include colchicine, nocodazole and rotenone, all of which are
fundamentally cytoskeletal drugs (Dutta et al., 2022). They do, however, have other
biological roles related to oxidative stress induction. For instance, rotenone enhances the
formation of reactive oxygen species through its strong inhibition of the mitochondrial
respiratory chain’s complex I (Palmer et al., 1968) (Heinz et al., 2017). Similarly, Paclitaxel
increases oxidative stress and apoptosis by increasing the activation of JNK and p38
(Meshkini and Yazdanparast, 2012) (Faridi et al., 2017) (Zhao et al., 2019, Ramanathan et
al., 2005). Priming cells with antioxidants that do not act on tubulin polymerisation decreases
the effect Paclitaxel has on redox disruption (Ramanathan et al., 2005) (Faridi et al., 2017).
Thus, the observed oxidative stress with Paclitaxel could be downstream of increased tubulin
polymerisation or occur independently. The present data could therefore suggest that the loss
of Tau may be make the cells more vulnerable to Paclitaxel-induced oxidative stress, rather

than addressing the question of tubulin function in the Tau antioxidant pathway.

The stress response with loss of Tau was only partly rescued by upregulation of NRF2, and

so the mechanism by which Tau acts as an antioxidant remains to be answered. A further

observation from the Tau deletion proteomics is altered expression of RNA-binding proteins,
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stress granule formation and tight junctional proteins with loss of Tau, but these signatures
are also features of increased oxidative stress. Hence, further experimental work will be

required to delineate the mechanism by which Tau modulates the oxidative stress response.

While Tau’s canonical role is to bind tubulin, to facilitate the assembly and stabilisation of
microtubule structure, increasingly other Tau functions are recognised (Weingarten et al.,
1975) (Alonso et al., 1994a, Alonso et al., 2018a). For instance, there is evidence from in
vitro models to show a decrease in protein synthesis and ribosomal biogenesis mediated by

the N-terminal domain of the human Tau protein (Evans et al., 2021).

With oxidative stress implicated in cancer, diabetes, and Alzheimer’s disease, an antioxidant
role for Tau could be relevant for our understanding of the pathobiology of Tauopathies and

other chronic diseases.

In the MAPT"-A2 and MAPT"-*4 clones, the increase in carbonylated protein under normal
culture conditions suggests that the cells are in redox imbalance even without exogenous
oxidative stressors. In this context, the proteomics highlights decreased expression in the
predominantly RNA-binding proteins PHIP, CCAR1, SRRT, PCBP2, PRPF4 and EIF3A in
the MAPT”-*? and MAPT”-** cells compared to WT, with all these genes increasing in
expression with overexpression of Tau in SH-SY5Y cells (Montalbano et al., 2021). Tau
binds to DNA with residues in the proline-rich and the microtubule-binding domains (Wei et
al., 2008). In the Tau 441, Taul-255 and Tau256-441 isoforms the RNA-interacting region is
located at the N-terminus, in proline-rich domains between residues 1 and 255 (Geeth
Gunawardana et al., 2015). Based on this the 232P cells lacking just the exon 1 might interact
similarly to the WT with nucleic acids, while the MAPT-"A? and MAPT--A* would have lost

this function. If RNA-binding proteins are important in redox homeostasis this could explain
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the differences observed in the MAPT”-A%2 and MAPT--A* cells in comparison to either the
WT or the 232P cells. However, since in the WT SH-SYS5Y cells oxidative stress induction in
the presence of Tau is also accompanied by a disruption in the RNA-binding proteins, the

RNA binding signature may simply reflect non-specific effects of increased oxidative stress.

While treatment of SH-SYSY cells with tBHP has been previously reported, this is the first
time the global proteome has been assessed in this cell line (Drummond et al., 2017) (Cai et
al., 2016). The finding of RNA-binding modulation with stress could be linked to dysfunction
in organelles which have a unique composition of mRNA and RNA-binding proteins (Decker
and Parker, 2012) (Hubstenberger et al., 2017) (Stroberg and Schnell, 2017, West et al.,

2016).

The formation of non-membranous organelles such as processing-bodies, paraspeckles and
stress granules is observed in neurodegenerative diseases such as amyotrophic lateral
sclerosis (ALS), Creutzfeldt-Jakob disease, frontotemporal lobar degeneration and
Alzheimer’s disease (Harley et al., 2021) (Vanderweyde et al., 2012) (Liu-Yesucevitz et al.,
2010). This may act as a countermeasure to cellular stress through the generation of
translationally repressed mRNAs, proteins related to mRNA decay and the maintenance of
proteins that protect against oxidative stress such as heat shock proteins (Stroberg and

Schnell, 2017) (Vanderweyde et al., 2012) (Gilks et al., 2004, Chernov et al., 2009).

As is the case for podocytes, the WT SH-SYSY cells upregulate expression of proteins
related to stress granule formation in response to tBHP treatment, likely as an attempt to
protect against oxidative injury. For example, the cytotoxic granule associated RNA-binding

protein TIA1, with its Prion-like aggregation domain, together with PABPC1, which
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promotes the stability and translation of polyadenylated mRNAs, are upregulated in the WT
cells treated with tBHP compared to untreated WT (Gilks et al., 2004) (Kedersha et al.,
1999). Tau has also been proposed to regulate the expression of TIA1. In brain tissues from
mouse Tau KOs, the TAI interactome is disrupted and key RNA-binding proteins such as
EWSR1, SNRNP70 and RPL7 are dysregulated in comparison to the WT (Vanderweyde et
al., 2016). In addition, overexpression of TIA1 potentiates the increased levels of Tau
phosphorylation seen with Tau overexpression on exposure to arsenite to induce oxidative
stress (Vanderweyde et al., 2012). Conversely, TIA1 inhibition decreases the accumulation of
Tau oligomers, suggesting a bi-directional relationship between the proteins (Apicco et al.,

2018).

Neither the KO cells treated with tBHP nor their vehicle controls show increases in
expression of stress granule-related proteins compared to WT cells. However, the EIF3A
protein, required for the assembly of stress granules in the human cell line U20S (Ohn et al.,
2008) , is downregulated in the MAPT”-4? and MAPT--44KO cell lines with or without tBHP
(Vanderweyde et al., 2012) which could be consistent with a putative defect in stress granule
formation mechanisms in the absence of Tau. In summary, it is possible Tau mediates an
antioxidant protective effect by promoting stress granule formation, perhaps via alterations in

RNA-binding proteins.

The finding that in human neuronal cells in vitro, Tau has a role in the oxidative injury
response, is important given the central role of oxidative injury in many disease pathologies,
including DKD, and the importance of Tau in neurodegenerative disease. In tauopathies such
as Alzheimer’s disease, redox imbalance occurs alongside the hyperphosphorylation of Tau

into neurofibrillary tangles and the formation of amyloid-beta-containing plaques: patients
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show increased expression of oxidative stress markers including oxidised and nitrous
advanced glycation elements, and the peroxidised lipid surrogate isoprostane 8,12-iso-iPF»a-
VI in cerebrospinal fluids relative to healthy individuals (Batkulwar et al., 2018) (Pratico et

al., 2000b).

Murine experiments support a link between these arms of disease pathophysiology: in mice
whose amyloid beta and Tau proteins had been modified to reflect both frontotemporal
dementia and Alzheimer’s disease, deviations from redox homeostasis occurred with
alterations in the oxidative phosphorylation system (Rhein et al., 2009a). However, the
relationship between Tau and oxidative response remains poorly understood. For example, it
1s not known whether the resulting redox imbalance is the outcome of a gain-of-function by
hyperphosphorylated Tau or the loss of physiological Tau function. Future experiments to
measure oxidative stress in neuronal cell lines with mutated or hyperphosphorylated Tau
could address these questions. Additionally, experiments in other cell lines, in primary cells
or in more complex multicellular models such as organoids will be required to understand if
the findings extrapolate to other tissues and to the in vivo setting, particularly in the context

of DKD.

6.4 Exploring oxidative stress and Tau expression in kidney organoids

In Chapter 5, I developed tools that can be used to ask if Tau has a role in oxidative stress
response in a kidney organoid. Kidney organoids should reflect the complexity of the
kidney, expressing important markers of the both glomerular and tubular cell types.
Achieving this was challenging due to the sensitivity of the protocol to batch number of
reagents, type of membrane and number of organoids per membrane. Protocols were

developed in collaboration with the Lennon Lab, Wellcome Centre for Matrix Biology,
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University of Manchester, based on the method described by Takasato et al (Takasato et al.,
2015). One challenge was identifying the right conditions under which differentiation into
specific kidney tissues or cells was enhanced. Depending on the duration and dosage of FGF9
or CHIR99021, the cellular landscape of the kidney organoid could vary (Wu et al., 2018)
(Takasato et al., 2015). This raises potential issues of experimental variability and limits the

potential to scale up organoid experiments.

Even when successfully differentiated, kidney organoids are comparable to foetal kidneys
within the first or second trimester of development, (Khoshdel-Rad et al., 2022, Takasato et
al., 2015, Wu et al., 2018), and, therefore, cannot fully recapitulate the environment of adult
chronic kidney disease such as DKD. Nevertheless, organoids provide an opportunity to test
oxidative stress in a multi-cellular renal context, amenable to genetic modification. This is

useful for exploration of Tau agnostic to which renal cell types are most important.

Recently, new approaches have been proposed to increase the cellular complexity of kidney
organoids. These include co-culturing the organoids with other cell lines or altering the
environmental cues within which the organoids grow to promote maturity. For instance, by
growing hiPSCs to a monolayer followed by a three-dimensional microenvironment and
applying defined renal inductive signals including CHIR 99021, FGF9a and activin A,
organoids reflective of the second-trimester of human foetal kidneys with a more complex
structure were generated (Garreta et al., 2019). Alternatively, using a combination of fluidic
shear stress and coculture with human endothelial cells, vascularisation of kidney organoids

and maturity of tubular epithelia has been described (Homan et al., 2019).
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These advances suggest possible strategies for future work to establish a more complex and
biologically relevant organoid system with which to address the effect of genetic changes,

including loss of Tau, on responses to oxidative stress.

The organoid protocol established in Chapter 5, nevertheless, appears sufficient for the next
steps for this project, to differentiate MAPT KO hiPSCs into kidney organoids and test
whether this modulates the oxidative stress response. One important test is to confirm that the
Tau is deleted in the KO hiPSCs, Since Tau protein expression is not detectable in the iPSCs
this can be confirmed at the protein level only after differentiation, as shown in Chapter 5 in
neuronal cells. WT kidney organoids express Tau but further work is needed to explore
cellular localisation. In future work the KO organoids can be assessed for Tau expression, to
confirm renal organoid deletion, and for their expression of key kidney markers including
nephrin, e-cadherin and GATA-3, and assessed for any Tau-dependent effects on structure

and morphology under standard culture conditions.

WT and MAPT KO kidney organoids could be treated with tBHP at the tested concentration
of 200 nM for 24 hours, to interrogate the effect of the oxidative stress induction on the
structure and viability of the organoids with and without Tau protein. As with the SH-SY5Y
cells, Tau protein could be reintroduced into hiPSCs to determine if this would rescue the

phenotype observed with the loss of Tau protein expression.

A global assessment of transcriptomic and protein expression with and without Tau protein in
response to tBHP-dependent oxidative stress in organoids would be instructive in identifying
pathways and proteins critical to oxidative stress response pathway in the kidney, and

highlight possible mechanisms by which Tau might affect these responses. This could include
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use of scRNA-seq and recently-developed spatial transcriptomic and proteomic approaches,

with the goal of identifying genes, proteins and pathways of importance in human DKD.

Overall, the results from this work highlight new candidate NRF2-regulated proteins within
the podocyte oxidative stress response that could be therapeutic targets relevant to DKD,
reveal a new role for Tau in the anti-oxidant response in neuronal cells in vitro, and initiate
the development of further models to explore Tau and oxidative stress in a complex renal

organoid system.
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The first step in developing the flow cytometric protocol was to assess if using the live/dead
stain NIR zombie, I could segregate live podocytes from dead podocytes. For this, I treated
12-day differentiated podocytes with 100 uM tBHP for 24 hours or with water as a control.
Cells from each condition were divided into two groups, one group was incubated with PBS
as an unstained compensation control. The second group from each experimental condition
was then pooled and stained with NIR zombie at 4°C before rinsing the cells with PBS as
following the protocol described previously in the methods. The mixed population of
conditions ensured that both dead and live cells were in the pool of cells being assessed for
live/dead staining. The unstained compensation control and the NIR zombie cells were sorted

and analysed with the gating parameters as shown below in Appendix 1.1.

Following multiple replicating results of Appendix 1.1, podocytes were treated with tBHP or
water for control as previously described. After 24 hours, the cells from both conditions were
stained as above for live/dead cell populations. Then, cells were for each experimental
condition were either derivatised with DNP as described in the methods or incubated with
2M hydrochloric acid (no derivatisation). Cells were then incubated with anti-DNP antibody
and FITC 488 secondary antibody (Method) before sorting. The compensation conditions
were no staining, NIR Zombie only, DNP with FITC 488 and FITC 488 secondary antibody
only. As shown in Appendix 1.2, in both tBHP treated and water treated cells, there are
significantly low number of cells with oxidative stress as detectable by DNP derivatisation.
Instead, derivatisation increases this ration significantly although in the tBHP treated cells,
there are approximately twice as many cells in the DNP positive pool compared with those in

the water treated cells.
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Appendix 1.1 FACs gating strategy to identify live podocytes. Sorting gates to assess the
podocyte cell size, granularity and viability to exclude debris and define singlets and live

cells.
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All cells were gated for singlets and live cell populations as shown previously in Appendix

1.1
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