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Abstract

Mutations in the progranulin (GRN) gene are a major cause of frontotemporal dementia
(FTD), resulting in haploinsufficiency of the soluble protein progranulin (PGRN). While
mitochondrial dysfunction is considered a key mediator in the pathogenesis of several
neurological disorders, the impact of PGRN haploinsufficiency on mitochondrial activity
remains largely underexplored. The overall aim of this thesis was to characterise the role of

mitochondria in GRN-related FTD.

Initially, | conducted a comprehensive characterisation of mitochondria in GRN knockdown
immortalised cell lines, fibroblasts from patients with GRN pathogenic mutations and iPSC-
derived neurons and astrocytes. This involved biochemical, molecular and genetic
approaches. Subsequently, | investigated the role of mitochondria in human post-mortem
brains diagnosed with frontotemporal lobar degeneration (FTLD), comparing FTLD-GRN
cases with sporadic FTLD-TDP cases and controls. Finally, | optimised histopathology
techniques and developed semi-automatic quantitative techniques to identify and measure

neuropathological changes in FTLD-GRN cases.

The experimental work in PGRN-deficient in vitro and human post-mortem brains revealed
mitochondrial bioenergetic deficits, decreased mitochondrial mass, and mtDNA
maintenance defects. These findings collectively establish the presence of mitochondrial
dysfunction in GRN-related FTD. The data strongly implicate mitochondria as organelles
affected by PGRN deficiency, suggesting that mitochondrial dysfunction is involved in GRN-
related FTD pathogenesis. Consequently, mitochondria emerge as potential therapeutic

targets for treating FTLD-GRN patients.



Impact Statement

The role of mitochondria has been extensively studied in various forms of FTD associated
with genetic mutations such as C9orf72, MAPT and CHCHD10. However, there is a notable
gap in the academic literature exploring the molecular mechanisms underlying GRN-related

FTD pathogenesis, particularly from a mitochondria-centric approach.

From a non-clinical perspective, this is the first study to our knowledge to comprehensively
characterise the role of mitochondria in GRN-related FTD, especially employing post-
mortem brains from FTLD-GRN patients. The identification of PGRN haploinsufficiency
inducing mitochondrial dysfunction adds a layer of complexity of the disease, implicating
mitochondria in the development of GRN-related FTD. These findings not only pave the way
for further investigation into the causal link between mitochondria, the gene GRN and FTD
but also contribute foundational knowledge for future research expanding the role of

mitochondria in other neurodegenerative diseases.

On the clinical front, there are no current disease-modifying treatments that halt or reverse
the progression of FTD. The discovery of mitochondrial dysfunction in PGRN-deficient
models opens avenues for developing novel therapeutic strategies to alleviate and
potentially one day prevent the progression of clinical syndromes in patients with GRN-
related FTD. This breakthrough extends our understanding of the broader role of
mitochondria in health and disease, offering potential targets for treating other
neurodegenerative diseases, including amyotrophic lateral sclerosis, Alzheimer’s disease

and Parkinson’s disease.
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1.1 Frontotemporal dementia

1.1.1 The frontotemporal dementia syndrome

Frontotemporal dementia (FTD) encompasses a spectrum of progressive
neurodegenerative disorders characterised by executive, behavioural and language
dysfunction!. FTD is the second most common cause of young-onset dementia after
Alzheimer's disease (AD), with an estimated lifetime risk of 1 in 7422. Symptoms manifest
between the ages of 40 and 60, when patients experience nerve cell loss due to the atrophy

of the frontal and temporal lobes.

Several clinical variants of FTD have been identified (Fig. 1.1). The most common form is
the behavioural variant FTD (bvFTD)3, which is characterised by a plethora of clinical
manifestations, such as behavioural inhibition, apathy or inertia, loss of sympathy or
empathy, hyperorality, preservative or compulsive behaviours and dysexecutive

neuropsychological profile.
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clinical behavioural
manifestations variant  speech or language variant (PPA) motor variant
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Figure 1.1 Schematic representation of FTD classification. FTD is classified into three different
variants depending on the clinical manifestations: behavioural variant (bvFTD); primary progressive
aphasia (PPA) affecting speech or language variant (including non-fluent variant, nfvPPA; semantic
variant, svPPA; and logopenic variant, IvPPA), and motor variant (including corticobasal syndrome,
CBS; progressive supranuclear palsy syndrome, PSPS; and amyotrophic lateral sclerosis-
frontotemporal spectrum disorder, ALS-FTSD). FTD leads to the pathological disorder FTLD, which
can be divided into four different categories: (1) FTLD-tau divided into 3 R (Pick’s disease, PiD), 4 R
(corticobasal degeneration, CBD; globular glial tauopathy, GGT; progressive supranuclear palsy,
PSP; and argyrophilic grain disease, AGD), and 3/4 R (MAPT mutations and neurofibrillary tangle
disease, NTD) depending on the most predominant isoform of tau; (2) FTLD-TDP divided into type
A (mainly associated with mutations in GRN and less often in C9orf72 and TBK1), type B (mainly
associated with mutations in C90rf72 and less often in TBK1), type C, type D (VCP mutations), and
type E; (3) FTLD-FUS including atypical FTLD with ubiquitin inclusions (aFTLDU), neuronal
intermediate filament inclusion disease (NIFID) and basophilic inclusion body disease (BIBD); and
(4) FTLD-UPS (ubiquitin proteasomal system) caused by CHMP2B mutations.
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The second type of variant is primary progressive aphasia (PPA) that is divided into three
subcategories presenting speech and language impairment. People with non-fluent variant
primary progressive aphasia (nfvPPA) present apraxia of speech and agrammatism,
together with poor understanding of complex sentences, and spared object knowledge and

single-word comprehension®.

The semantic variant primary progressive aphasia (svPPA) is characterised by poor
confrontation naming and single-word comprehension, impaired object knowledge, surface
dyslexia, with repetition and speech production generally spared’. Lastly, the logopenic
variant primary progressive aphasia (IVPPA) is diagnosed by impaired single-word retrieval
and repetition of phrases and sentences*. In addition, FTD can present a spectrum of motor
syndromes, including corticobasal syndrome (CBS) and progressive supranuclear palsy
syndrome (PSPS) which involve parkinsonism. A third clinical diagnosis is amyotrophic
lateral sclerosis—frontotemporal spectrum disorder (ALS—FTSD), where there is an overlap

between FTD and ALS®.

Currently, there are no disease-modifying treatments that halt or reverse the progression of
disease, and clinical management focuses on alleviating the symptoms. This emphasises
the need for a better understanding of the pathological mechanism, with the aim to improve

treatments and identify potential biomarkers and therapeutic strategies.
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1.1.2 Neuropathology of FTLD

Frontotemporal lobar degeneration (FTLD) denotes the neuropathological diagnosis of the
heterogeneous FTD clinical syndrome. It is characterised by the progressive degeneration
of the frontal and temporal lobes of the brain. A broad range of neuropathological
mechanisms and protein accumulations have been identified in FTLD, which has led to the
classification in four major subtypes: FTLD-tau, FTLD-TDP, FTLD-FUS and FTLD-UPS (Fig.

1.1)6-9,

e FTLD-tau (40% of the cases) is characterised by the aggregation of the microtubule-
associated protein tau in neurons and/or glia. This can be subclassified depending
on the predominant tau isoform in the microtubule binding domain, which can contain
3 or 4 repeats (3R or 4R) of ~32 amino acids. Several conditions associated with
tauopathy include Pick’s disease''!, corticobasal degeneration', globular glial
tauopathy'®, progressive supranuclear palsy'® and argyrophilic grain disease’.
FTLD-tau can also be caused by mutations in the gene microtubule-associated

protein tau (MAPT)E, which present clinical and pathological heterogeneity.

e FTLD-TDP (50% of the cases) is defined by the accumulation of the transactive
response (TAR) DNA binding protein of 43 kDa (TDP-43), leading to the formation of
tau-negative, TDP-43- and ubiquitin-positive inclusion bodies. FTLD-TDP has been
further subdivided in five types (type A, B, C, D and E) based on ubiquitin, TDP-43
and phospho-TDP immunohistochemistry (IHC)'®. FTLD-TDP type A is primarily
associated with progranulin (GRN) mutations, the gene that encodes for the protein
progranulin (PGRN), which plays an important role in lysosomal function and
microglial responses in the central nervous system (CNS)'®. Type B is mainly

characterised by mutations in the gene chromosome 9 open reading frame 72
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(C90rf72), which presents a phenotypical overlap with ALS®. Types C and E are not
associated with familial mutations but typically with sporadic FTD; and type D is linked

to mutations in the gene VCP'".

e FTLD-FUS (5-10% of the cases) is characterised by the co-aggregation of the RNA-
binding protein fused in sarcoma (FUS), Ewing sarcoma protein and TATA-binding
protein-associated factor 15 (TAF15)8. Three rare diseases are associated with
FTLD-FUS, including atypical FTLD with ubiquitin inclusions, neuronal intermediate

filament inclusion disease and basophilic inclusion body disease.

e FTLD-UPS is defined by the detection of proteins of the ubiquitin-proteasome system
(UPS) and the absence of tau, TDP-43 and FUS inclusion bodies. This is caused by
truncation mutations in the gene charged multivesicular body protein 2B

(CHMP2B)'.

On rare occasions, no inclusion bodies can be detected in patients, which are consequently

classified as FTLD-ni (no inclusions).
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1.1.3 Genetics of FTD

Familial cases account for 30% of the FLTD cases, with sporadic cases being responsible
for the remaining 70% of the cases'. However, the heritability of the clinical phenotypes has
shown variability from 48% in bvFTD patients to only 12% in PPA patients'®. Autosomal
dominant mutations in GRN, C9orf72 and MAPT are responsible for the majority of inherited
FTD. Of these, C9orf72 is the most common genetic cause of FTD being present in 7%-
12% of cases, followed up by GRN and MAPT, each of them causing 5-10% of all FTD%
(Fig. 1.2). Over the years, other genes have been identified to cause FTD, including
presenilin 1 (PSEN1), valosin-containing protein (VCP), charged multivesicular body protein
2B (CHMP2B), TAR DNA binding protein (TARDBP), FUS RNA binding protein (FUS),
ubiquilin 2 (UBQLNZ2), sequestosome 1 (SQSTMT), triggering receptor expressed on
myeloid cells 2 (TREMZ2), coiled-coil-helix-coiled-coil-helix domain containing protein 10
(CHCHD10), TANK-binding kinase 1 (TBK1), optineurin (OPTN), cyclin F (CCNF), and T

cell-restricted intracellular antigen 1 (TIA1).
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Figure 1.2 Timeline of frontotemporal dementia’s gene discovery. MAPT (1988), GRN (2006)
and C9orf72 (2011) are the three main disease-causing genes (yellow). Other genes that cause FTD
at a lower frequency are PSEN1 (2000), VCP (2004), CHMP2B (2005), TARDBP (2008), FUS
(2009), UBQLN2 (2011), SQSTM1 (2012), TREM?2 (2013), CHCHD10 (2014), TBK1 (2015), OPTN
(2015), CCNF (2016), TIA1 (2017) (green).
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Age of onset varies across each genetic form of FTD. Whilst most cases with MAPT
mutations have complete penetrance, both GRN and C9orf72 mutations display age-related
penetrance, with some cases in their 80s and 90s who are yet to develop symptoms?'. The
hexanucleotide G4C2-repeat expansion in C9orf72 is the most common mutation causing
FTD-ALS in Caucasian populations®2223. In C9orf72 long expansion carriers, the
relationship between the age of onset and the repeat expansion length still remains
unclear?*. However, a study identified that a polymorphism at rs9357140, containing two
overlapping genes (LOC1071929163 and C6orf10), was associated with a decrease in the

age of onset in GG carriers by 6 years in comparison to AA carriers?>.

There are no clear sex-related differences in the clinical diagnosis of FTD, although a recent
study suggests that neurodegeneration needs to be more severe in women to produce
similar behavioural and executive symptoms to those in men?6. There is also geographical
variability across different genes. For instance, mutations in GRN are predominant in the
Basque country and Northern Italy?’?8, whereas 8% of the FTD patients in Sardinia are

caused by a TARDBP mutations?®.

There are two major international collaborative studies: the Genetic FTD Initiative (GENFI)

in Europe and Canada (http://www.genfi.org.uk/), and the Advancing Research and

Treatment in Frontotemporal Lobar Degeneration (ARTFL) and Longitudinal Evaluation of
Familial Frontotemporal Dementia Subjects (LEFFTDS) studies in the United States of
America. These studies are playing an important role in elucidating and sharing detailed
phenotype of both presymptomatic and symptomatic FTD mutation carriers, developing

clinical trials and identifying clinical biomarkers®°.

In the quest to unravel the complexities of FTD and its various subtypes, the study of the

gene GRN stands out as a critical focus. As highlighted, FTD poses significant challenges,
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with limited therapeutic options available to mitigate its progression. Understanding the role
of GRN mutations in the development of the pathogenesis is of paramount importance in
our pursuit of effective treatments and diagnostic biomarkers. The following section will
delve deeper into the significance of studying the gene GRN and explore its potential
implications for the future of FTD research, the typical neuropathological profile and

uncovered disease mechanisms.

24



1.2 Overview of progranulin-related frontotemporal dementia

1.2.1 The gene GRN and the identification of pathological mutations

The gene GRN is located on chromosome 17 at cytogenetic band 17921, 1.7 Mb
centromeric of the gene MAPT (Fig. 1.3)'6. It consists of 12 protein-coding exons and a 5'
non-coding exon. In humans, the gene encodes for PGRN, a 593 amino acid long protein

with a predicted molecular weight of 68.5 kDa.

The protein is composed of multiple tandem repeats of a highly conserved 12-cysteine
granulin motif. Human PGRN contains seven and a half granulin domains. The granulin
domains are named from the N-terminus of PGRN to the C-terminus: granulins p, G, F, B,
A, C, D and E. The “p” domain is called paragranulin and only has the first 6 cysteines of a
full domain, whereas the other granulin domains contain 12 cysteines. The structural and
functional differences conferred by the cysteine composition are not clearly understood.
Each granulin is encoded by two non-identical exons®' and 11 folds into a prototypic
structure consisting of B-hairpins stapled together by six disulphide bonds as revealed by 2-
dimension nuclear magnetic resonance spectroscopy®?. The proteases elastase, proteinase
3 and matrix metalloproteinase can cleave PGRN into the individual granulin peptides.
Whether the biological activity is determined by the precursor, cleavage product or both is

not clear.
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Figure 1.3 The chromosome 17, GRN gene, mRNA and PGRN protein structures.

In 2006, the identification of the first human GRN mutations linked to FTD marked a
significant milestone'®33, Since then, over 170 GRN mutations have been identified in FTD

patients (https://www.ftdtalk.org/what-is-ftd/genetics/grn-mutations/). The majority of these

are nonsense and frameshift mutations that introduce premature stop codons, resulting in
nuclear degradation of the mutant mRNA34. These mutations have led to GRN-linked
neurodegeneration through a  “loss-of-function” mechanism, which induces
haploinsufficiency of the PGRN protein expression®. Other GRN mutations result in gene

deletion®, affecting the initiation of protein translation3’, production and secretion32.

The clinical phenotypes associated with GRN mutations vary greatly among patients. The
most common clinical manifestations are bvFTD and nfvPPA. Mild Parkinsonism is also
found in some patients, and on certain occasions, clinical manifestations cannot be
distinguished from Parkinson’s disease (PD) or AD. Rarely, patients with GRN mutations

can present motor neuron disease, CBS or PSPS.
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In 2012, a study found homozygous GRN mutations in two siblings who had neuronal ceroid
lipofuscinosis, a lysosomal storage disease®®. Although it is not well understood how
neuronal ceroid lipofuscinosis is related to FTD, this highlights the importance of the role of

PGRN in lysosomes and its potential role in neuronal proteases.
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1.2.2 Neuropathology of GRN-related FTD

GENFI and ARTFL/LEFFTDS studies, together with other individual studies, have made
significant contributions to the characterisation of the phenotype across the lifespan of GRN
mutation carriers, identifying potential biomarkers through fluid, imaging and cognitive

profiling.

Two main fluid biomarkers have been proposed for GRN-related FTD: PGRN and
neurofilament light chain (NfL). Low PGRN levels constitute a sensitive and specific marker
to detect pathogenic GRN mutations*°. These have been detected in blood, cerebrospinal
fluid (CSF) and serum from presymptomatic genetic FTD patients*'. This decrease has been
reported from the earliest timepoint available during adulthood and has remained relatively
stable over time. The recovery of the PGRN level to physiological standards can be used as

a reference when evaluating disease-modifying clinical trials to treat GRN-mutation patients.

Increased NfL levels in blood and CSF are seen in GRN-related FTD, indicating axonal
damage?®?. Its concentration reflects the intensity and progression of the disease, and
longitudinal studies have reported a three-to-four-fold increase in CSF NfL after disease
onset*3. Although an increase in NfL has been observed in other neurological disorders,
making an NfL change not exclusive to GRN-related FTD, its levels could be explored as a

complementary biomarker during clinical trials.

Due to the role of PGRN in inflammation, the identification of neuroinflammatory biomarkers
can expand the development of the pathology. For instance, increased levels of the soluble,
anti-inflammatory TREM2 protein have been detected in the CSF of GRN mutation
carriers*. Further exploration of other fluid biomarkers and brain morphological changes will
contribute to the understanding of the PGRN disease mechanism, progression and survival,

as well as monitor the success of clinical trials.
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By employing imaging techniques, white matter abnormalities are the earliest change
observed in GRN mutation carriers, occurring around 15 years prior to onset. This is followed
by grey matter abnormalities, and then by white matter hyperintensities. In presymptomatic
GRN carriers, grey matter atrophy is present about 10 years prior to symptom onset in the
frontal, parietal, insular cortex and striatum*°. Notably, an asymmetrical pattern of brain
atrophy can be observed around 5 years prior to onset, but this difference is negligent at

advanced stages®.

Structural neuroimaging studies of genetic FTD have additionally demonstrated an increase
in atrophy as the disease worsens, with GRN mutation carriers presenting faster rates of
atrophy during the symptomatic period, and a more rapid change in volume loss, in
comparison with other groups*8. In addition, novel processing techniques enable the study
of subregions within brain structures. A study looking at hippocampal subfield volume
showed that the presubiculum and subiculum had the largest volume differences from
controls?’. In contrast to other genetic groups, white matter hyperintensities have been
observed in GRN mutation carriers, with the frontal and occipital regions being the most
affected*®. This has been suggested to be due to white matter microglial activation and
microglial dystrophy#°. Finally, from a cognitive perspective, cognitive impairment has been
observed around disease onset, generally alongside alterations in executive function and

verbal fluency, which are characteristic phenotypes of FTD.
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1.2.3 Disease-modifiers in GRN-related FTD

Potential factors modifying disease onset and disease risk in GRN mutations carriers have
been identified. In 2010, the first genome-wide association (GWA) study in FTD identified
common genetic variability in the gene transmembrane protein 106B (TMEM106B) which
encodes for the type 2 transmembrane protein TMEM106B5%°. Single-nucleotide
polymorphisms (SNPs) in the gene were strongly associated with GRN mutation carriers,
denoting the gene TMEM106B as one of the most significant disease-modifying factors. The
GDNF family receptor alpha 2 (GFRAZ2) has also been identified as a disease risk factor in

GRN carriers®!.

Another GWA study in 2010 also found an association between the chromosome 1p13.3
sortilin locus with plasma PGRN levels, implicating sortilin as an important regulator of
GRN?®2, Later in 2016, a GWA study discovered a significant association between plasma
PGRN levels and SNPs on chromosome 10 at the prosaposin (PSAP) and cadherin 23

(CDH23) locus®3.

Gene and protein expression are also modified by factors beyond SNPs in genes. For
instance, PGRN expression can be regulated by miRNAs, post-transcriptional regulators of
gene expression, as observed in brains from patients diagnosed with GRN-related FTD%4-
%_ In addition, increased methylation of the GRN promoter has been reported in peripheral
blood mononuclear cells and brains of GRN mutation carriers®-%®, suggesting that
methylation could also play a disease-modifying role. An increased understanding of the
genetic aetiology of FTD will facilitate the characterisation of pathology mechanisms and the

identification of potential therapeutic strategies.
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1.2.4 GRN-related disease mechanisms

PGRN is capable of modulating multiple biological pathways (Fig. 1.4) and its pleiotropic
function has led to the protein being given different names across literature, including PC
cell-derived growth factor (PCCDF), acrogranin, proepithelin, granulin-epithelin precursor
and epithelial transforming growth factor®®-%2. The nomenclature GRN for the gene and
PGRN for the protein were used in this thesis. Some of the most relevant functions of PGRN
are lysosomal homeostasis regulation, neuroinflammation, microglial regulation, nerve

regeneration promotion and cell proliferation and death.
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Figure 1.4. Roles of PGRN in the human body.

PGRN has been suggested to play a role in the function and formation of lysosomes. For
instance, for unknown reasons, PGRN deficiency leads to an increase in the transcriptional
activity of TFEB, which is the master regulator of lysosomal biogenesis®. In addition, the
promoter of GRN contains TFEB binding sites®3. As a consequence, PGRN impairment can
lead to lysosomal defects. TFEB altered transcription has additionally been reported to affect
mitochondrial quality control and biogenesis pathways during early lysosome dysfunction as
a compensatory mechanism®*, suggesting a potential mechanism linking PGRN, lysosomes

and mitochondria.
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The involvement of PGRN in inflammation has been largely described. PGRN is involved in
wound healing, increasing the accumulation of neutrophils, macrophages, blood vessels,
and fibroblasts in the wound®. PGRN has also been described as a ligand and antagonist
of the inflammatory cytokine tumour necrosis factor (TNF) receptors®®. Interestingly, full-
length PGRN plays an anti-inflammatory role, whereas granulins are pro-inflammatory®’. At
a cellular level, PGRN plays an inhibitory role in excessive microglial activation*®. Microglia
are the immune cells of the CNS, regulating brain inflammation and infections. The loss of
PGRN can therefore lead to activated microglia, which consequently releases complement
proteins and pro-inflammatory cytokines with downstream consequences, including

lysosomal defects, cellular stress and TDP-43 proteinopathy®8.

PGRN is a growth modulating factor involved in the promotion of nerve regeneration and
brain development. More specifically, the protein stimulates adult neurogenesis in the
dentate gyrus of the hippocampus®, the proliferation of PC-12 (rat adrenal gland
pheochromocytoma)’® and male-specific brain differentiation”!. PGRN has also been shown
to regulate neurite outgrowth and enhance neuronal survival’>3. In a study using primary
neuronal culture, the knockout of GRN led to a decrease in neurite outgrowth and branching,
and the overexpression of PGRN was able to rescue the phenotype, confirming the growth

factor role of PGRN"4,

Overall, investigating the pathological phenotype of GRN mutations across biological
processes, such as the interface with mitochondrial function, is important for understanding
the disease and developing therapeutic strategies. Although there is increasing evidence
that mitochondrial dysfunction is involved in other genetic types of FTD, especially related
to C9orf72 and MAPT mutations, little is known whether PGRN haploinsufficiency affects
the role of mitochondria. Therefore, this thesis focused on the gene GRN to elucidate
whether mitochondrial dysfunction plays a role in GRN-related FTD.
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1.2.5 GRN expression across tissues and cell types

GRN is expressed in many tissues and cell types throughout the body’. This includes both
the CNS and peripheral tissues, including cell types like fibroblasts which will be used in this
thesis. Based on the Human Protein Atlas, GRN expression does not majorly differ between
the different brain regions. While FTLD-GRN primarily affects the frontal and temporal lobes
of the brain, the distribution of GRN expression across other brain regions explains how the
pathological changes can also extend beyond the two main regions and involve other brain

areas to varying degrees.

At a single cell level in the CNS, GRN is preferentially expressed by neurons and microglia.
In murine models, the depletion of PGRN resulted in severe microglial pathology,
highlighting the role of the protein in neuroprotection and neuroinflammation?. Interestingly,
when comparing these two cell types, the expression of GRN mRNA is >50-fold enriched in
microglia compared to neurons’®. It is therefore important to note the importance of

neuronal-microglial crosstalk when investigating progranulin biology.
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1.3 Meet the star of the show: mitochondria

Mitochondria are membrane-bound cell organelles that conduct an orchestra of cellular roles
regulating bioenergetics, metabolism and homeostasis. Their well-known role in generating
around 90% of the cellular energy has coined mitochondria as the “powerhouse of the cell”’”.
However, the identification of the involvement of mitochondrial dysfunction in disease has
expanded the characterisation of mitochondrial biology. This has been reflected in the
compendium of literature and how the roles of mitochondria extend to Ca?* homeostasis,
haem biosynthesis, antioxidant defence, vitamin and cofactor metabolism, apoptosis
defects, inter-organellar interactions, the immune system, stem cell regulation and DNA
repair (Fig. 1.5)"889, An introduction to mitochondrial history, biology and functions relevant

to this thesis will be described in this section.
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Figure 1.5 Schematic representation of mitochondrial biology. Abbreviations: aatRNA,
aminoacyl-tRNA; CoQ, coenzyme Qo; cys, cysteine; Cyt ¢, cytochrome c; dATP, deoxyadenosine
triphosphate; dCTP, deoxycytidine triphosphate; dGTP, deoxyguanosine triphosphate; dNs (dA, dG,
dT and dCTP), deoxynucleosides; dTTP, deoxythymidine triphosphate; Fe, iron; H, hydrogen; IMM,
inner mitochondrial membrane; IMS, inner mitochondrial space; mMRNA, mature RNA; mtDNA,
mitochondrial DNA; OMM, outer mitochondrial membrane; rRNA, ribosomal RNA; S, sulphur; tRNA,
transfer RNA; AWm, mitochondrial membrane potential.
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1.3.1 The history behind mitochondria

The first observations of intracellular structures representative of mitochondria date back to
the 1840s, when physiologist Albert von Kolliker even suggested that these had
membranes®'. In 1890, the pathologist Richard Altmann established them as cell organelles
and called them “bioblasts” which appeared ubiquitous throughout the cell®2. He proposed
that bioblasts originated from parasites and had their independent metabolic processes. The
microbiologist Carl Benda would later coin the term “mitochondrion” in 1898 derived from
the Greek terms pitog (mitos), meaning "thread", and xovdpiov (chondrion), meaning

"granule".

In the first century of mitochondrial discovery, most of the work aimed to understand the
bioenergetics role of mitochondria. In 1912, Kingsbury suggested these organelles were
involved in cell respiration, although this was exclusively based on morphological
observations. It was later in the 1920s when queer-icon physiologist Otto Heinrich Warburg
elucidated the nature and mode of action of a so-called “respiratory enzyme” named
Atmungsferment based on experimental work using extracts of guinea-pig liver®*. The
disentangling of the mitochondrial oxidative phosphorylation (OXPHOS) system culminated
as a result of structural and biochemical observations due to advances in fractioning and
spectrophotometric methods®. Some of the highlights included elucidating the process of
cellular respiration using one oxygen molecule to form two adenosine triphosphate (ATP)
molecules, Lipmann’s concept of the role of phosphate bonds in cellular conversion®, and
Claude’s structural identification of cytochrome ¢ and other OXPHOS enzymes. The
outstanding question still remained as to the exact mechanism underpinning the transfer of
electrons. The answer laid in 1978 Nobel laureate Peter Michell's work in chemiosmosis,
where an electrochemical gradient was formed in the inner membrane, and protons pumped
through the ATP synthase complex synthesised ATP from adenosine diphosphate (ADP)
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and inorganic phosphate®’. The working mechanism of ATP synthase was later further
clarified by Boyer and Walker, who won the Nobel Prize in Chemistry in 199788 Qverall,
these discoveries led to the cell biologist Philip Siekevitz coining the popular term
“‘powerhouse of the cell” in 1957, which is still being used in our current times when referring

to mitochondria®°.

Up until the 1950s, early scientists had used the redox Janus Green dye to stain
mitochondria and foresight conclusions about mitochondrial structure and functions. Early
theories, despite later being proven, postulated mitochondria as a reducing site required for
respiration and as a “bearer of genes”®'.92, It was not until 1952 when the first high-resolution
micrographs replaced the Janus Green stains, enabling a more detailed analysis of the
mitochondrial structure®!. This confirmed the membrane surrounding the organelle, and
additionally the discovery of the inner mitochondrial membrane (IMM) which folds up in

ridges and the variation of the mitochondrial size and shape between different cells.

A new era of mitochondrial biology developed with the discovery of the mitochondrial
genome in yeast models®3. The development of methods for mapping the mitochondrial
genes enabled the full sequence of the mitochondrial genome in 1981 and the discovery of
mitochondrial ribosomes, also known as mitoribosomes?8'-%4. This led to the development of
theories that the mitochondrial genome was inherited in a bacterial fashion, which would
lead to the postulation of the endosymbiotic theory. This stated that mitochondria descend
from specialised bacteria that got engulfed by the early ancestors of today’s eukaryotic cells
and survived the process of endocytosis®, partially giving mitochondria its unique

morphology.
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1.3.2 Mitochondrial membrane and structure

Mitochondria are ubiquitous, double membrane-bound cell organelles, ranging between
0.75 and 3 pm?in size%. The outer mitochondrial membrane (OMM) contains pore-forming
membrane proteins, known as porins, which facilitate the movement of ions and small,
uncharged molecules into and out of the mitochondrion. Any larger molecules, especially
proteins, are imported by special translocases. On the other hand, the IMM presents a tight
diffusion barrier for ions and molecules (e.g., ATP, ADP and small metabolites). This is
regulated by highly specific, membrane-embedded transport proteins. The selectivity of ions
or molecules in the inner membrane requires an electrochemical membrane potential (AYm)
of about 180 mV, which is generated by the complexes of the OXPHOS process. The inner

and outer membranes are separated by the intermembrane space (IMS), a ~20 nm gap. The

space within the inner membrane is known as the matrix, where several biological processes
take place including the tricarboxylic (TCA) cycle, fatty acid oxidation and mitochondrial
genome maintenance. The pH of the matrix is high at 7.9 to 8, which is needed to maintain
the trans-membrane electrochemical gradient that drives ATP gradient®”. Finally, the inner
membrane forms invaginations, called cristae, that extend into the matrix and increase the

surface area available to produce energy through the OXPHOS process.

The import of roughly 90% of the nuclear-encoded mitochondrial proteins require the
recognition of positively charged mitochondria-targeting sequences (MTS) at the N-terminal
signal sequence. The transport of proteins into the mitochondria is regulated by protein
translocases of the outer (TOM) and inner (TIM) membrane that can form a TOM/TIM
supercomplex spanning the intermembrane space. Briefly, the TOM complex is formed by
TOM20, TOM22 and TOM70 receptors, which recognise and bind to the positively charged
MTS. The pre-peptide is then channelled through the protein TOM40%. If pre-peptides are

destined to the IMM or the matrix, the MTS will be recognised by TIM50 and TIM17 and
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channelled by TIM23%. The TIM complex is supported by the pre-sequence translocase-
associated motor which contains HSP60 and other chaperones to translocate pre-proteins
into the matrix by ATP hydrolysis and proton gradient'®. An alternative translocase TIM22
regulates the translocation of multiple domain-containing transmembrane proteins such as

OXPHOS proteins™01,

Lipids are fundamental for the structural and functional integrity of mitochondrial
membranes. Comprising the mitochondrial bilayers, lipids provide stability, fluidity and
flexibility, shaping the intricate network of these essential organelles. Without these lipid
components, the structural and functional integrity of mitochondria would be compromised,

impacting overall cellular health and vitality.

Mitochondria are capable of synthesising different phospholipids, including phosphatidic
acid (PA), phosphatidylglycerol (PG), cardiolipin (CL), and phosphatidylethanolamine (PE).
CL is particularly considered to be the signature mitochondrial phospholipid, constituting
approximately 15-20% of the total mitochondrial phospholipid content. CL has been
associated with a wide range of functions, such as bioenergetics, mitochondrial dynamics,
membrane architecture, apoptosis, mitophagy and protein import'90.192.103 ' |n mammals, the
de novo CL biosynthesis is a multi-step process that takes place within the IMM and which

is illustrated in Fig. 1.6.

Overall, phosphatidic acid is transported from the endoplasmic reticulum into mitochondria,
where it is catalysed by several enzymatic reactions which catalyse the formation of
premature CL (pCL). This is then remodelled into the transient intermediate phospholipid,
monolysocardiolipin (MLCL), which is re-acylated by tafazzin (TAZ) to generate mature CL

with its characteristic four acyl chains.
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Figure 1.6 Biosynthesis and remodelling pathways of cardiolipin. Abbreviations: Acyl-CoA,
acyl-coenzyme A; CDP-DAG, cytidine diphosphate-diacylglycerol; CL, cardiolipin; CLS1, CL
synthase; CMP, cytidinemonophosphate; CoA-SH, coenzyme A (unconjugated); CTP,
cytidinetriphosphate; FFA, free fatty acid; G3P, glycerol-3-phosphate; H.O, water; IMS,
intermembrane mitochondrial space; LPC, lyso-phosphatidylcholine; LPE, lyso-
phosphatidylethanolamine;  MLCL, monolysocardiolipin; MLCLAT1,  monolysocardiolipin
acyltransferase 1; OMM, outer mitochondrial membrane; PA, phosphatidic acid, PC,
phosphatidylcholine; pCL, premature CL; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
PGP, phosphatidylglycerol phosphate; PGS1, phosphatidylglycerol phosphate synthase; P;,
inorganic phosphate; PLA2, phospholipase A2; PP, inorganic pyrophosphate; PRELID1, PRELI
Domain Containing 1; PTPMT1, protein-tyrosine phosphatase mitochondrial 1; TAMM41, TAM41
mitochondrial translocator assembly and maintenance homolog; TAZ, tafazzin; TRIAP1, TP53

regulated inhibitor of apoptosis 1 (obtained from Bautista, 2023"%4).

CL exists with a diverse array of acyl-chain compositions that exhibit variations in chain
length and saturation. Alterations in the molecular conformation of CL can offer valuable
insights into issues related to impaired CL synthesis and remodelling'®, shedding light on
disease pathophysiology. An increasing body of evidence has linked abnormalities in CL
metabolism and content to human diseases, including neurodegeneration'®, cancer'?’, and
cardiovascular and metabolic disorders'®. Understanding the full spectrum of tissue-
specific CL acyl chains is of utmost importance for advancing analytical assays and

interpreting changes in CL composition under pathological circumstances.
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1.3.3 The mitochondrial genome

Mitochondria have their own DNA (mtDNA) which contains 16,569 base pairs in length. The
human mitochondrial genome is maternally inherited, and it comprises 37 genes that encode
for 13 mitochondrial proteins, 2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs)
(Fig. 1.7)'%_ It has a circular shape with two strands distinguished as the heavy strand and
the light strand. The heavy strand contains 28 genes, encoding for 12 proteins, 2 rRNAs and
14 tRNAs; whereas the light strand contains the remaining 9 genes, encoding for the protein
MT-ND6 and 8 tRNAs''%1"1 The prevalence of maternally inherited pathogenic mtDNA
variants is estimated to be one in every 500 births''?, which are caused by either germline
inheritance, intrinsic ageing or external factors, such as foreign chemical products in healthy

individuals'3,

In addition to mitochondrial-encoded proteins, the nuclear genome plays an important role
in coding mitochondrial-localised proteins. It has been estimated that around 1,500 nuclear
and mitochondrial genes are needed for mitochondrial function. An inventory of 1,136
human and 1,140 mouse genes encoding for proteins with strong evidence of mitochondrial
localisation has been catalogued in the MitoCarta 3.0 compendium'4. The dual genomic
localisation and the large number of genes responsible for mitochondrial dysfunction mean
that they can present multiples modes of inheritance: maternal (related to mtDNA), X-linked,

autosomal dominant or recessive, or sporadic (de novo).
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Figure 1.7 Map of the human mitochondrial genome. The outer circle represents the H-strand
and the inner circle represents the L-strand. The genes encoding for 13 mitochondrial proteins and
2 rRNAs are depicted by shaded boxes. The 22 tRNA genes are depicted by dots, the single letter
code of their amino acids and their codon sequence if carrying serine or leucine (obtained from

Taanman, 1999'%).

The regulation of mitochondrial molecular genetics through mtDNA maintenance,

transcription and translation is essential for mitochondrial survival and function.
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Mitochondrial DNA maintenance

A balanced pool of the building blocks deoxyribonucleotide triphosphates (dNTP) is
necessary for the maintenance of the mtDNA. The supply of the mitochondrial ANTP pool is
mostly dependant on the mitochondrial nucleotide salvage pathway. This pathway recovers
pre-existing deoxynucleosides during the degradation of DNA and RNA, and converts them
into dNTPs in the mitochondrial matrix. The first step in the phosphorylation of pyrimidine
deoxyribonucleoside is carried out by the mitochondrial thymidine kinase 2 (TK2). The
function of this enzyme is to phosphorylate deoxycytidine and thymidine to generate
deoxycytidine monophosphate (dCMP) and thymidine monophosphate (TMP), respectively.
There are also specific transporters that can import cytosolic nucleosides and nucleotides

into the mitochondrial matrix, contributing to the available pool of dNTPs.

The maintenance of mtDNA depends on a series nuclear-encoded proteins that have a role
in the mtDNA replication machinery and the nucleotide pool maintenance. The mtDNA
machinery, also known as the replisome, is formed by a series of enzymes including the
DNA polymerase Y (POLG and POLGZ2), the TWINKLE helicase (TWNK), mitochondrial
topoisomerase |, mitochondrial RNA polymerase, RNase H1 (RNASEH1) and the

mitochondrial genome maintenance exonuclease 1 (MGEM?1).
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Mitochondrial DNA transcription and translation

The transcription of mtDNA originates in the heavy strand and light strand promoters. As a
summary, transcription initiation is driven by a DNA-dependant RNA polymerase called
POLRMT in association with mitochondrial transcription factor A (TFAM) and mitochondrial
transcription factor B2 (TFB2M). TFAM also plays a role in packing mtDNA into
supramolecular assemblies called nucleoids, of which there are about 1000 per cell15.116,
Nucleoids are roughly spherical, have a diameter of around 100 nm, which each containing
a copy of mtDNA'". Transcription initiation is followed by transcription elongation in
coordination with the transcription elongation factor (TEFM), and finally by transcription

termination that is majorly regulated by a mitochondrial termination factor 1 (MTERF1)'"8,

The process of mitochondrial translation involves mitochondrial tRNAs, aminoacyl-tRNA
synthetases (ARSs), tRNA modification enzymes, mRNA processing and mitoribosomes.
Mitochondrial tRNAs help to decode mRNA sequences from the mtDNA into a protein, which
are necessary to encode the 13 essential subunits of the OXPHOS complex. ARSs are
enzymes that catalyse the attachment of the appropriate amino acid onto its cognate tRNA,

and any further tRNA modulation may be carried out by tRNA modification enzymes.

The last step of protein translation occurs in the mitoribosomes. These are attached to the
inner membrane in humans to facilitate the co-translational integration of highly hydrophobic
nascent polypeptides. Mitochondrial rRNAs (MT-RNR1 and MT-RNRZ2) and nuclear-
encoded genes are required to synthesise the mitoribosomal protein subunits, assembly

and recycling factors, and translation initiation, elongation and termination factors.
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1.3.4 Oxidative phosphorylation and other bioenergetic pathways

Bioenergetics is considered the main function of mitochondria, leading to the generation of
ATP through the process of OXPHOS. Other bioenergetic pathways taking place in the

mitochondria include the TCA cycle, fatty acid oxidation and antioxidant biosynthesis.

The OXPHOS system

The OXPHOS complex in humans, which is highly preserved during evolution, is located in
the IMM. It consists of five enzyme complexes alongside the mobile electron carriers
Coenzyme Q1o (CoQ1o) and cytochrome c. As proposed in Mitchell’'s chemiosmotic
hypothesis, a proton-motive force is generated by the transfer of electrons from complexes
| to IV, also known as the electron transport chain (ETC). This enables the complex V, an
ATP synthase enzyme, to catalyse the phosphorylation of ADP to ATP in a process known
as chemiosmosis. A visual representation of the OXPHOS system can be found in Figure

1.8.
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Figure 1.8 Mitochondrial oxidative phosphorylation process. Abbreviations: ADP, adenosine
diphosphate; ATP, adenosine triphosphate; Cl, complex I; Cll, complex Il; Clll, complex llI; CIV,
complex; CoQ, coenzyme Q1o; cyt c, cytochrome c; FAD(H>), flavin adenine dinucleotide (hydrogen);
H*, proton; H.O, water; n, number; NAD(H), nicotinamide adenine dinucleotide (hydrogen); P;,
phosphate; TCA, tricarboxylic acid cycle.

Complex | (Cl), also known as NADH:ubiquinone oxidoreductase, consists of 45 subunits
and is approximately 1 MDa. The essential energy transduction involves fourteen “core”
subunits, divided into two domains. Seven subunits, referred to as ND subunits, are encoded
by the mitochondrial genome and comprise the hydrophobic Q-module. The other seven
core subunits are nuclear-encoded and constitute the hydrophilic matrix-facing N-module. A
third module known as the P-module pumps protons across the IMM''®. The remaining 31
subunits are nuclear-encoded, with 26 of them being crucial for maintaining ClI stability'2°.
Assembly of the complex follows a sequential process, commencing with the assembly of
the Q-module, followed by the P-module, and concluding with the incorporation of the N-
module. Cl operates by oxidizing reduced nicotinamide adenine dinucleotide (NADH), a
reducing by-product of the TCA cycle. NADH is the main donor of electrons in the

mitochondria and the oxidation/reduction process of NADH/NAD" is as follows:
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NADH + H* + CoQ + 4 H*n) = NAD* + CoQH?* + 4 H*(out)

The flavin group of NADH binds to the tip of the N-module and undergoes oxidation.
Subsequently, two electrons are transported through a series of iron-sulphur clusters'’,
reducing ubiquinone to ubiquinol and facilitating the pumping of four protons across the IMM
per molecule of NADH'?2, CI exhibits reversible activity, allowing it to utilize the proton-
motive force to convert NAD* back to NADH, a crucial process for regulating the cellular
NAD*/NADH ratio. Cl is also the main generator of reactive oxygen species (ROS) by
reducing molecular oxygen to the superoxide radical, which affects not only mitochondrial
disorders but also a wide spectrum of health and disease areas, including

neurodegenerative disorders'??, ischemia/reperfusion injury’?* and ageing'%°.

Complex II (Cll), known as Succinate-CoQ oxidoreductase, consists of four nuclear-
encoded subunits. The first two subunits are a flavoprotein (SDHA) and an iron-sulphur
protein (SDHB), which form a hydrophilic head; and the two others are hydrophobic
membrane anchor subunits, SDHC and SDHD. SDHB contains three iron-sulphur clusters,
whereas SDHC and SDHD contain one haem b group and a ubiquinone-binding site. ClI
operates by oxidising reduced succinate, another reducing agent formed during the TCA

cycle. The oxidation/reduction process of succinate/fumarate is as follows:

Succinate + CoQ = Fumarate + CoQH:

Cll oxidizes succinate to fumarate using flavin adenine dinucleotide (FAD) as a cofactor
within the SDHA subunit, which houses the enzyme's active site. The flavin group accepts
two electrons, which then migrate along the iron-sulphur clusters in the SDHB subunit to
reduce ubiquinone to ubiquinol. Due to the lower energy of electrons from FADH2, Cll does

not contribute to proton pumping across the IMM. Metabolic alterations to Cll subunits have
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wider implications on cellular processes, ranging from mitochondrial diseases to

neurodegenerative diseases and tumours'26-128,

Both Cl and CII donate their electrons to CoQ1o which transfers the electrons to ClII. Other
roles of CoQ1o include acting as an antioxidant to remove free radicals, inhibiting lipid

peroxidation, and aiding in the generation of the antioxidant a-tocopherol, a type of vitamin

E129

Complex Il (Clll), also known as coenzyme Q:cytochrome ¢ oxidoreductase, encompasses
11 subunits, including the respiratory subunits cytochrome b, cytochrome c¢7, and an iron-
sulphur cluster known as the Rieske iron-sulphur protein (RISP). The mitochondrial gene
MT-CYB encodes cytochrome b, which contains two haem groups crucial for electron
transfer within the complex. Upon assembly, CIIl promptly forms dimers, which are
considered the functional units of the enzyme. Electron transfer through CIIl occurs via the
Q cycle, involving the oxidation of two ubiquinol molecules from Cl and CII in divergent
electron transfer steps. Overall, CllIl oxidizes CoQ1o and reduces cytochrome c, releasing a

total of four protons into the IMS.

CoQH2 + 2 cyt ¢ (Fe3*) + 2 H*in) = CoQ + 2 cyt ¢ (Fe?*) + 4 H*ou)

Additionally, Clll has dual roles as an electron transducer and as a regulator and producer
of ROS. Crucially, ClIl can form and release superoxides into the cytosol, which is thought
to play a role in ageing as part of the free radical theory of ageing'°. Mutations in CllI-related
genes have been associated with exercise intolerance'3!, septo-optic dysplasia’? and

multisystem disorders'33,

Cytochrome c is another mobile electron carrier that transfers electrons between Clll and

complex IV. The haemprotein is capable of undergoing oxidation and reduction, conferring
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it antioxidant properties'®*. Cytochrome c also plays a role in apoptosis when released from

the mitochondrial to the cytosol’3S.

Complex IV (CIV), known as cytochrome c¢ oxidase (COX), belongs to the haem-copper
oxidase superfamily, a group of proton-pumping enzymes. CIV consists of 14 subunits, with
three core catalytic subunits encoded by mtDNA (MT-CO1, MT-CO2, and MT-CO3). The
complex contains two haem groups, called haem a and haem a3, and two copper centres'36.
The catalytic subunits facilitate the oxidation of cytochrome c¢ to reduce molecular oxygen,

leading to the recruitment of two protons from the matrix to form a water molecule:

2 cytc (Fe?*) + 2 H* + %2 O2 + 2 H*in) = 2 cyt ¢ (Fe?*) + H20 + 2 H*(ou)

Due to the high amount of potential energy in the CIV, dysfunctional COX has been linked

to mitochondrial disease'®”, neurodegenerative disease’, and ageing'®.

Finally, the proton-motive force generated across the ETC enables the generation of ATP in
complex V (CV), known as FiFo ATP-synthase. CV consists of two subcomplexes that
synthesize ATP through rotary catalysis. The Fo subcomplex serves as a proton pore,
generating torque that allows the catalytic F1 subcomplex to synthesize ATP. CV catalyses

the conversion of ADP to ATP, the primary energy currency of the cell, as follows:

ADP + Pi + 3H*out) = ATP + H20 + 3 H*(in)

While two components of the peripheral stalk are mitochondrial-encoded, the remaining
subunits and assembly factors are nuclear-encoded. CV defects have been associated with
ATP deficiency and pathogenic events, including cardiovascular’9,

neurodegenerative'#'142 and neurocognitive diseases’#3.
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Mitochondrial supercomplexes theory

Although the complexes were individually described, mitochondrial complexes assemble in
larger, supramolecular structures known as supercomplexes or respirasomes that do not
follow a canonical structure. A traditional fluid model was originally considered where
individual complexes were dispersed across the IMM. Then in 1955, the first theory of
supercomplexes was stated'#4, which was later supported by independent experiments

isolating supercomplexes from bacteria and yeast'4%146,

The most reported supercomplexes are Complex I/Ill, Complex I/lII/IV, and Complex IlI/IV.
The trigger leading to respiratory enzymes appearing in their free-floating form or as part of
supercomplexes remains unclear. One of the main hypotheses for respirasome formation
involved the lipid composition of the membranes, especially the presence of the
mitochondrial lipid CL'’. Another hypothesis states that the mitochondrial membrane

potential mediates the assembly or disassembly of supercomplexes’8.

Their physiological role is still being characterised, with several studies suggesting that their
organised structures reduce oxidative damage and increase metabolism efficiency. For
instance, Schafer and colleagues demonstrated that Cl and Clll presented a higher activity
in the supercomplex I/lII/IV than in the supercomplex /Il due to the presence of CIV'49, In
addition, supercomplexes enable the stabilisation of Cl as observed by the destabilising

effect on Cl due to mutations in either ClIl or CIV148,
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The TCA cycle feeding OXPHOS

The TCA cycle is comprised by a series of chemical reactions that release stored energy.
This metabolic pathway requires fuel sources to maintain the TCA cycle, such as acetyl-
CoA, pyruvate and fatty acids. This leads to a chain of enzymatic reactions creating by-
products like citrate and succinate. Two of the main metabolic coenzymes are reduced
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which
are transported to the ETC for the donation of electrons to the complexes and proton

pumping out of the matrix.

Downstream effects of impaired TCA cycle metabolites can cause defects in chromatin
modification, DNA methylation and post-translational protein modification’®. This has been
reflected on alterations of the cell function and fate, which have linked mitochondria to the
immune system and oncogenesis'®'. Although this mechanism is not fully understood, it is
hypothesised that metabolic impairments may be sensed as hypoxia, which would trigger

the activation of growth-promoting transcriptional pathways.
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1.3.5 Mitochondrial quality control

Whilst mitochondria are essential for cell survival and metabolic regulation, mitochondrial
dysfunction causes respiratory defects, ROS accumulation, pro-apoptotic molecules, and
eventually death. Mitochondria have therefore developed intricate quality control
mechanisms to counteract mitochondrial defects and maintain cellular homeostasis. These

mechanisms encompass mitochondrial biogenesis, proteostasis, dynamics and mitophagy.

Mitochondrial biogenesis

The process of mitochondrial biogenesis is important to generate a new pool of mitochondria
and regulate OXPHOS, maintaining a delicate equilibrium to replace defective ones. The
pathway of mitochondrial biogenesis is coordinated by the peroxisome proliferator-activated
receptor y coactivator-1a (PGC-1a) and nuclear receptors’®?. PGC-1a induces the nuclear
respiratory factor 1 and 2 (NRF1 and NRF2), and subsequently the activation of TFAM,
which is involved in the replication and transcription process of mtDNA as previously
described'®3. Hence, PGC-1a is commonly referred to as the master regulator of
mitochondrial biogenesis and the mitochondrial biogenesis pathway is synthesised as PGC-
1a-NRF-TFAM which is essential for the synthesis of mtDNA, proteins and new

mitochondria.

Other upstream factors regulate PGC-1a and biogenesis, including NAD-dependent
deacetylase sirtuin 1 (SIRT1), AMP-activated kinase (AMPK), and the transcription factor
cAMP-response element-binding protein (CREB)'*'%_ Interestingly, AMPK may activate
PGC-1a by direct phosphorylation or by indirect stimulation of SIRT1'57. Therefore, the
AMPK-SIRT1-PGC-1a axis is considered pivotal to maintain a healthy pool of mitochondria

under stressful conditions.
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Mitochondrial proteostasis

In humans, only 13 proteins are encoded by the mitochondrial genome. Therefore, most of
the mitochondrial proteins (around 99% of them) are encoded by the nuclear DNA,
synthesised as precursors in the cytosol and imported into the mitochondria through the
protein import machinery for posttranslational assembly. Dysfunction of mitochondria may
lead to increased accumulation of ROS, which can cause protein unfolding and DNA
mutations, leading to further organellar damage. To counteract this, mitochondria have
developed a sophisticated protein quality control system aiming at restoring the

mitochondrial function.

The mitochondria unfolded protein response (UPR™) is a major process that senses
defective mitochondrial proteins, communicates with the nuclear genome and cascades a
series of reactions that correctly translate, fold and degrade proteins within the organelles
in response to stress’8. The UPR™is comprised by chaperones (e.g., heat shock proteins)
that fold and assemble proteins, and by proteases (e.g., the i-AAA protease, the m-AAA
protease, LON, and ClpXP) that eliminate damaged proteins'®. Another process involves
the ubiquitin—proteasome system in which proteins of the OMM are tagged with a lysine 48-

linked polyubiquitin chain for degradation.
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Mitochondrial dynamics

Mitochondria engage in several dynamic behaviours including fusion, fission and transport
that are critical for mitochondrial health and normal functioning. The dynamics machinery is
required for buffering intracellular molecules such as calcium, efficient trafficking, OXPHOS

and homogenisation of the mitochondrial population.

Mitochondrial fusion is the process of overcoming the energetic barrier to bring two
mitochondria together and allowing them to fuse. This allows two mitochondria to share
components, such as DNA and proteins, and repair each other. The fusion of the OMM is
regulated by mitofusins, especially Mfn1 and Mfn2, whereas the fusion of the IMM is
mediated by optic atrophy 1 (OPA1). On the other hand, mitochondrial fission relies on the
GTPase dynamin-related protein 1 (DRP1), which is encoded by the gene DNM1L, and it
pinches off the membrane stalk between the two mitochondria daughters. DNM1L is also
involved in peroxisomal fission, highlighting the crosstalk between the two organelles'.
Several DRP1 binding proteins have been established, including the mitochondrial fission

factors MFF and MIEF2.

Beyond mitochondrial fusion and fission, mitochondrial transport ensures the trafficking and
distribution of mitochondria based on changes in metabolic activity and demand, as well as
the physiological or pathological stress. This process is mostly coordinated by the KIF5—

Milton—MIRO complex and is involved in synaptic homeostasis and neurodegeneration6’.

Finally, it is important to note the role of mitochondrial autophagy, also known as mitophagy,
in degrading and recycling defective mitochondria'®?. During mitophagy, defective
mitochondria are engulfed by phagophores, forming autophagosomes, which then fuse with

lysosomes for the removal of their contents.
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1.4 Mitochondrial dysfunction as a cause of FTD

1.4.1 Mitochondria in health and disease

Over the last decades, a better understanding of the roles of mitochondria have highlighted
the involvement of organelle in health and disease. Mitochondrial dysfunction has been
associated with multiple pathologies, beyond mitochondrial disorders, providing insights into
novel mechanisms and offering a new pharmacological target for the treatment of a wide
range of diseases. At this stage, it is important to indicate that the term “mitochondrial
dysfunction” refers to the mitochondria potentially still working, but not to the full extent of its
capacity in comparison to healthy, normal conditions. Therefore, the observation of
mitochondrial dysfunction across diseases may play an important role in the development

of the pathogenicity.

A strong clinical, radiological or histological suspicion of metabolic impairments can suggest
a potential defect in mitochondria, and an understanding of common genotype-phenotype
correlations may instigate the correct prognosis and treatment of the syndrome'®3, The
concept of mitochondrial diseases or disorders encompass a group of heterogeneous
disorders generally characterised by defective cellular energy production®4. These could be
subdivided into primary mitochondrial disorders (PMDs) generally due to pathogenic mtDNA
or nuclear DNA mutations encoding for OXPHOS or function, or into secondary
mitochondrial dysfunction (SMD) due to either environmental factors or germline mutations
in genes not directly encoding for OXPHOS or mitochondrial function®4. Throughout this
thesis, | consistently referred to both groups as mitochondrial disorders, delving into the
mechanisms by which mitochondrial dysfunction can emerge and contribute to disease, with

a primary focus on GRN-related FTD.
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Mitochondrial dysfunction may arise as a result of genetic mutations, ageing, infections or
insufficient physical activity. Hence, the clinical, genetic and biochemical complexities of
mitochondrial disorders lead to diagnostic odysseys for affected patients. There are no
universally accepted robust diagnostic criteria to diagnose mitochondrial disorders, which
emphasises the need for wide genetic screening to identify the responsible genetic variants
in individual patients. Phenotypic clinical manifestations can be used to identify
mitochondrial disorders and their associated genetic variants. However, clinical
manifestations from PMDs can be linked to diverse genetic variations that complicates the
diagnosis and treatment of patients. For instance, Leigh syndrome, a progressive
neurodegenerative disorder, has been associated with nearly 100 disease genes encoded

by either mtDNA or nuclear DNA'65.

Conversely, the same genetic variant may lead to different clinical phenotypes across
individuals and tissues. For mtDNA disorders, this may be partly explained by a difference
in heteroplasmy, which depends on the proportion of mutant mtDNA and tissue segregation.
In that case, a biochemical threshold has been hypothesised for the amount of mutated
mtDNA that determines the degree of mitochondrial manifestations. This threshold could be
related to genetic modifiers which affect either mtDNA or nuclear DNA, environmental
modifiers such as metabolic stress and stress, or even effects mediated via mitochondrial

biogenesis and/or mitophagy'66.

The development of revolutionary techniques to analyse and identify variants in our genome
in the last decade has been reflected in an exponential increase in the identification of novel
genes associated, directly or indirectly, with mitochondrial function and dysfunction. This
has facilitated a further characterisation of the cellular roles of mitochondria in health and

disease, and the genetic mechanisms leading to mitochondrial disorder.
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Indeed, pathological mutations in all 37 open reading frames in mtDNA have been identified,
with multiple mtDNA mutations associated with mitochondrial disease and other disorders

(www.mitomap.org). Thus, mtDNA integrity is essential for a correct mitochondrial function

and genomic variants can lead to mitochondrial pathologies. Pathogenic variants in these
nuclear genes can cause a group of diseases known as mtDNA maintenance defects
(MDMD). These conditions are characterised by mtDNA synthesis defects that can occur
either by mtDNA depletion or mtDNA multiple deletions. This leads to impaired mtDNA-
encoded protein synthesis, leading to downstream energy production dysfunction and

affecting energy-dependent organs.

The interest in investigating the role of mMtDNA deletions and depletions have increased over
the last decade as diseases have been associated with impaired mtDNA integrity. Deletions
are caused by qualitative downstream mitochondrial genomic effects that come from the
loss of mtDNA molecule fragments'®’, whereas depletion is characterised by a quantitative
reduction in mtDNA content'®8. There are two suggested pathomechanisms that aim to
explain how pathogenic mutations in the replication machinery can cause mtDNA deletions.
On one hand, the stalling of the replication fork can lead to the formation of secondary
structures which may be bypassed by the replication slippage mechanism. On the other
hand, upon the stalling of the replication fork, single- and double-stranded breaks may be
formed causing rearrangements in the mtDNA. The effect in mtDNA integrity is additionally
age- and tissue-dependent, and its impairment commonly present in PMDs, as well as

neuromuscular disorders, cancer and neurodegenerative diseases'®.

Pathogenic mutations in both mtDNA and nuclear DNA have been linked to defects in the
OXPHOS subunits, as well as the activity and assembly of the OXPHOS complexes and
supercomplexes. Since mitochondria orchestrate the production of most of the ATP found
in cells, the dysfunction of the organelle and OXPHOS primarily affects those organs with a
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high ATP demand, such as the brain, skeletal muscle or heart, although virtually any organ
or tissue may be affected'”?. Consequently, mitochondrial dysfunction has been associated
with multiple human diseases, commonly reporting a defect in mitochondrial respiratory
capacity or energy production. Some of the most explored diseases in which mitochondrial
dysfunction plays a role in the pathological mechanism include type 2 diabetes'”!, cancer'’?,
cardiovascular diseases'”® and neurodegenerative diseases'’*. Over the next subsection, |

will be discussing the studies reporting how mitochondrial dysfunction may affect FTD.
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1.4.2 Evidence of mitochondrial dysfunction as an origin for FTD

Given the essential role of mitochondria in neuronal viability, defects in these organelles can
result in neuronal dysfunction and death. The presence of mitochondrial dysfunction has
been consistently observed in various neurodegenerative disorders, including AD and PD.
In the last decade, studies have increasingly characterised the role of mitochondria in both
FTD and FTD/ALS syndrome, employing a wide range of models such as immortalised cells,
drosophila, rodents and human samples. This section provides an overview of key findings
that link mitochondrial dysfunction with FTD, with the exception of the gene GRN, which will

be discussed in the following subsection.

There are two closely related approaches to study the state of mitochondria in FTD, one
based on FTD-related genes (e.g. GRN, c9orf72 and MAPT) and the other one being the
effect by FTD-linked proteinophaties (e.g. TDP-43, FUS and tau). Increasing evidence has
suggested strong associations between mitochondrial dysfunction and cases of FTLD with

mutations in the genes C90rf72, MAPT and CHCHD10'75-177,

The GGGGCC repeat expansion in the C90rf72 gene is the most common genetic cause of
ALS and FTD'"8. One of the main suggested pathological theories linked to C90rf72 repeat
expansions involves the formation and accumulation of RNA foci and dipeptide repeat (DPR)
proteins, including poly(GP), poly(GR), and poly(GA). Notably several studies have reported
different mechanistic links between C9orf72, DPR proteins and mitochondrial function by
investigating immortalised cell lines, animal and human models. For example, by studying
primary cortical excitatory neurons in an inducible mouse model of poly(GR) toxicity, a study
in 2019 demonstrated that C9orf72-associated poly(GR) preferentially bound to CV
component ATP5A1, increasing its ubiquitination and degradation’?. This induced

mitochondrial defects, such as impaired mitochondrial trafficking and decreased complexes
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activity. In another study, Metha et al. showed dysfunctional bioenergetics and axonal
homeostasis, as well as reduced mitochondrial-encoded transcript expression in C9orf72
ALS/FTD motor neurons'®. Boosting mitochondrial bioenergetics though PGC-1a
overexpression restored dysfunctional homeostasis, suggesting a potential underlying
mechanism and therapeutic strategy. Across literature, other proposed mechanisms linking
mitochondria and C9orf72 involved a disruption of the ER-mitochondria tethering and
signalling’”® and UPR™ activation'8%. Taken together, these representatives studies suggest

that mitochondrial function may be comprised by C9orf72 genetic impairment.

Both c90rf72 and GRN genes have been classified within the subtype FTLD-TDP, which is
characterised by TDP-43 proteinopathy. The interaction between TDP-43 and mitochondria
was first reported in 2016 by Wang and colleagues who demonstrated that TDP-43 enters
mitochondria'®!, later reporting that the increase in TDP-43 expression induced
mitochondrial damage and activated the UPR™ 82 Several lines of evidence have proven
that TDP-43 plays a role in mitochondrial function by interacting with the mtDNA or nuclear
DNA'83.184 " mitochondrial Ca?* buffering'®, cellular homeostasis and protein quality
control'®. Multiple mechanisms have been suggested, with TDP-43 triggering mtDNA
release to activate the inflammatory cGAS/STING pathway as one of the most supported
hypotheses'®. The relevance of the protein as a pathogenic factor in FTD and ALS has

coined TDP-43 as a target for emerging therapies'?.

The MAPT gene is the second most common genetic cause of FTD, together with the GRN
gene. Mutations in MAPT are characterized by the aggregation of the microtubule-
associated protein tau, to which mitochondrial proteins have been reported to bind to'88. A
study showed that induced pluripotent stem cells (iPSC)-derived neurons with FTD tau
mutations led to a decrease in mitochondrial bioenergetics '8, strengthening the mechanistic
link. Mitochondrial hyperpolarization was also observed in iPSC-derived neurons from
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patients with frontotemporal dementia and parkinsonism linked to chromosome 17, leading
to oxidative stress and neurodegeneration'”®. Further work in these iPSC-derived neurons
with the FTD-related 10+16 MAPT mutation also demonstrated that the overproduction of
mitochondrial ROS affects neuronal excitability and cell fate, and this can be restored by

mitochondrial antioxidants'8°.

In contrast to the previously discussed FTD-related genes, CHCHD 10 encodes for a protein
directly involved in mitochondrial function. This protein is located in the IMS, forming part of
the mitochondrial contact site and cristae organizing system (MICOS) complex'®,
CHCHD10 mutations cause MICOS complex disassembly, mitochondrial cristae loss and
decreased mtDNA nucleoid number and organisation. As a consequence, there is an
observed accumulation of mtDNA deletions in skeletal muscle'”’. Interestingly, a recent
report has proposed a new mechanistic hypothesis by which CHCHD10 normally
suppresses the activity of the fusion enzyme OMA1, and CHCHD10 mutations trigger

mitochondrial integrated response stress and affect mitochondrial dynamics™’.

Beyond the conventional gene- or proteinopathy-specific strategies to identify FTD
mechanisms related to mitochondrial dysfunction, another research approach consists of
characterising overarching FTD mechanisms without distinguishing between molecular
subtypes or associated genes. This may be due to the hypothesis that there are shared
pathological hallmarks, such as TDP-43 pathology, or due to studies not having enough
biological samples with the same mutated gene to have sufficient statistical significance,
and therefore grouping all the FTD cases together. As an example of studies not
differentiating between FTD cases when characterising mitochondria, Wei and colleagues
assessed the mitochondrial genome in 236 FTLD brain tissues and 351 controls’®?. They
observed an increase in heteroplasmic mtDNA variants, but no changes in the mtDNA copy
number (MtDNAcn). Only 13% of those cases were diagnosed with GRN-related FTD, and
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it would be interesting to identify whether PGRN deficiency is specifically leading to the

abnormalities in mtDNA.

Finally, in the human brain, lipids make up over 50% of the dry weight, and they sustain the
structure and function of the CNS. Therefore, there has also been an interest in employing
lipidomic techniques to characterise mitochondrial lipids. For instance, by using HPLC-MS,
Phan and colleagues reported a decrease in CL total levels in the serum of sporadic FTLD
cases'®, suggesting the existence of a causal link between CL metabolism, mitochondrial
dysfunction and FTD pathogenesis. While impaired mitochondrial function and altered CL
content represent molecular hallmarks of FTD, their direct contribution to disease

pathogenesis remains unclear.

Overall, there is an umbrella of mitochondrial defects occurring across different FTD
syndromes. However, it is still uncertain whether mitochondrial dysfunction is involved in

GRN-related FTD pathogenesis.
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1.4.3 Suggested involvement of mitochondrial dysfunction in GRN-related FTD

Most of what it is known about the role of PGRN on mitochondrial function has been studied
in  non-FTD models, including diabetic nephropathy'®,  lung cancer'®,
cholangiocarcinoma’® and hepatocellular carcinoma'¥. In summary, these studies suggest
that PGRN acts as a regulator of mitochondrial homeostasis, affecting mitochondrial
biogenesis and mitophagy. In addition, PGRN has been shown to regulate cell proliferation
and apoptosis across several models, including ischemic mice and human thyroid cancer

cell lines198.199,

Exploring the compendium of literature on FTD over the last few years, a few studies have
attempted to characterise a link between PGRN deficiency and mitochondrial dysfunction.
One of the earliest attempts to characterise the state of mitochondria in a PGRN-deficient
model was carried out in 2012 using iPSC-neurons derived from GRN mutation carriers?®,
They observed that iPSC-derived neurons did not show any PGRN-dependent
mitochondrial dysfunction under different doses of rotenone and hydrogen peroxidase, two
mitochondrial stressors. Although they discussed that mitochondrial dysfunction was not
present in GRN-related FTD, they also raised concerns whether this was due to cultured
neurons not reflecting the real human model. Furthermore, they questioned whether
mitochondrial dysfunction might develop at a later stage in the progression of FTD in

patients.

One year later in 2013, an Australian team investigated cerebral glucose metabolism
changes in presymptomatic FTLD patients with GRN mutations and non-carriers from five
families by using [18F]-fluorodeoxyglucose-PET?°'. They reported anterior brain glucose
hypometabolism in FTLD-GRN patients, providing evidence for the first time of metabolic

alterations in patients with GRN mutations, although mitochondria per se were not explored.
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After nearly a decade, in 2021, a Polish lab observed parkin downregulation in fibroblasts
derived from patients with GRN mutations2%2. Whilst parkin partners MFN2 and VDAC1 were
decreased in fibroblasts with a transient GRN knockdown (KD), these proteins were
unaltered in fibroblasts from patients with GRN mutations. This could be due to

compensatory responses to lifelong PGRN deficiency that are absent in the transient KD.

Several studies have performed lipidomic assays shedding light into the presence of
mitochondrial dysfunction in GRN-related FTD. In 2022, an American study carried out
HPLC-mass spectrometry in human post-mortem brains, with the aim of investigating
gangliosidosis, and observed a decrease in CL abundance in the frontal lobe of patients
diagnosed with GRN-related FTD in comparison to controls??3. The CL levels in sporadic
FTLD-TDP patients was also decreased, but not significantly, suggesting GRN mutations
specifically induce a more striking mitochondrial dysfunction phenotype. A year later in 2023,
an Australian team reported increased levels of long chain (C16-C20) acylcarnitines in the
frontal grey matter of FTD patients with GRN mutations?®*. Bearing in mind that
acylcarnitines serve as carriers to import fatty acids into mitochondria for subsequent [3-
oxidation, their accumulation is associated with defective fatty acid B-oxidation?%®. This could

indirectly suggest the presence in mitochondrial dysfunction in GRN-related FTD.

Finally, also in 2023, a Spanish lab reported impaired mitophagy and increased
mitochondrial mass in a transient GRN-KD SH-SY5Y neuroblastoma model, largely
attributed to TDP-43 accumulation?’6, They also noted a decrease in mitochondrial
membrane potential and ATP levels in patient-derived lymphoblasts. Notably, the inhibition

of TDP-43 restored the mitochondrial membrane potential in GRN KD SH-SY5Y cells.
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Overall, these preliminary studies hint at mitochondrial dysfunction in PGRN-deficient
models, yet a comprehensive characterisation, especially in human post-mortem brain
tissue, is lacking. Therefore, the investigation of the effect of PGRN deficiency on
mitochondrial function could shed light on the development of GRN-related FTD

pathogenesis.

In this PhD thesis, the role of mitochondria was characterised by using in vitro PGRN-
deficient models, encompassing stable GRN KD immortalised cell lines, skin fibroblasts from
patients with GRN pathogenic mutations and iPSC-derived neurons and astrocytes. Human
post-mortem brains from FTLD-GRN cases were additionally assessed in comparison with
sporadic FTLD-TDP cases and controls. By employing bioenergetic, biochemical and
molecular approaches, mitochondrial dysfunction was identified across PGRN-deficient in
vitro models and human tissues. Specifically, PGRN haploinsufficiency induced bioenergetic
deficit due to defective mitochondrial respiration, accompanied by a decrease in
mitochondrial mass, biogenesis and content, along with an impairment in mtDNA with
increased deletions. Additionally, histopathological techniques were optimised and
developed, observing brain region-specific increases in phosphorylated TDP-43 (pTDP-43)
accumulation in FTLD-GRN patients. In summary, this PhD project identified mitochondrial
dysfunction as a pathological hallmark associated with GRN-related FTD, which presents a

promising therapeutic target for FTD patients.
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1.5 Hypothesis and Objectives

The hypothesis of this thesis proposed that mitochondrial dysfunction plays a role in GRN-
related FTD. The overarching aim focused on a comprehensive characterisation of the
mitochondrial phenotype across PGRN-deficient in vitro and human models to investigate
the presence of mitochondrial pathology in FTLD-GRN patients. Additionally, the long-term
objectives of this PhD thesis encompassed gaining a deeper understanding of the
development of FTLD pathology, enhancing overall diagnosis and prognosis, and facilitating

the identification of novel therapeutic strategies.

The specific aims of this thesis as discussed across chapters were:

1) To characterise the state of mitochondria in shGRN KD immortalised cell lines

from a genetic, biochemical and molecular approach (Chapter 3);

2) To validate and explore the in vitro results in skin fibroblasts derived from
presymptomatic patients with GRN pathogenic mutations and in iPSC-derived
neurons and astrocytes, particularly assessing mitochondrial genomics

(Chapter 3);

3) To investigate the presence of mitochondrial function or dysfunction in human

post-mortem brains from FTLD-GRN patients (Chapter 4);

4) To optimise and develop novel histopathological techniques to characterise

human post-mortem brain sections from FTLD patients (Chapter 5).
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Methods under the sea of madness (watercolours) — by Dr Marie Sion
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2.1 H4 and SH-SY5Y cell culture

Human neuroglioma H4 cells were generously provided by Professor Hélene Plun-Favreau
(UCL). They were cultured in Dulbecco's modified Eagle Medium (DMEM, Thermo Fisher
Scientific) supplemented with high glucose and 10% (v/v) heat-inactivated fetal bovine

serum (FBS).

SH-SYSY cells were purchased from ATCC. They were cultured in DMEM F-12 and
GlutaMAX (Thermo Fisher Scientific) containing 10% FBS, 100 U/mL penicillin and 100

mg/mL streptomycin.

All the cell lines were grown at 37°C under standard conditions (5% COz, ambient O2, 95%
relative humidity) and regularly tested for mycoplasma. Upon reaching ~80% confluency,
cells were trypsinised, pelleted at 200 x g for 5 min, and washed with Phosphate Buffered
Saline (PBS). For passaging, the cell pellet was then resuspended in its corresponding fresh
DMEM media containing all the supplements and transferred to a cell culture flask for
expansion. Experiments were conducted on H4 and SH-SY5Y cells with the same passage

number between 6 and 16.
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2.2 Fibroblasts from presymptomatic patients with GRN mutations

Fibroblasts from five presymptomatic patients harbouring GRN pathogenic mutations were
kindly donated by Professor Jonathan Rohrer (UCL). The fibroblasts from the
presymptomatic cases were compared to fibroblasts from six control individuals to assess
the effects of PGRN deficiency on mitochondrial function. Case demographics for control

and patient fibroblasts were described in Table 2.1.

Case ID Clinical Sex (F/M) Genetic
diagnosis mutation
1 Control F -
2 Control M -
3 Control M -
4 Control F -
5 Control F -
6 Control F -
7 FTLD-GRN F GRN C31fs
8 FTLD-GRN M GRN C31fs
9 FTLD-GRN F GRN R493X
10 FTLD-GRN F GRN C31fs
11 FTLD-GRN M GRN V141fs

Table 2.1 Case demographics for human fibroblasts with GRN mutations. Abbreviations: F,
female; M, male.

Fibroblasts were grown in DMEM (Thermo Fisher Scientific) containing high glucose, 10%
(v/iv) FBS, 100 U/mL penicillin and 100 mg/mL streptomycin, and 1% sodium pyruvate
(Thermo Fisher Scientific). Fibroblasts were grown at 37°C under standard conditions (5%
COz2, ambient Oz, 95% relative humidity) and regularly tested for mycoplasma. Upon
reaching ~80% confluency, cells were trypsinised, pelleted at 200 x g for 5 min, and washed
with PBS. For passaging, the cell pellet was then resuspended in fresh DMEM media
containing all the supplements and transferred to a cell culture flask for expansion.

Experiments were conducted with the passage numbers between 6 and 16.
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2.1 RNA from iPSC-derived neurons and astrocytes

Professor Selina Wray’s lab (UCL) generated and kindly gave us RNA extracted from iPSC-
derived cortical neurons and astrocytes from three FTD patients carrying GRN mutations,
and from control lines. For the iPSC lines derived from patients with GRN mutations, Wray’s
lab used the same skin fibroblasts employed in this PhD project, with two patients having

the GRN R493X mutation and the third patient having a GRN C31fs mutation.

Additionally, from Wray’s lab, RNA was obtained from a CRISPR series of neurons and
astrocytes from the human iPSC Neurodegenerative Disease Initiative (iINDI)?%7 with an

isogenic control, heterozygous and homozygous R493X mutation lines.

Limited extracted RNA was available, and one to three biological replicates were employed
for each genetic condition, which restricted the statistical power and the capability to carry

out statistical analysis.

The work at Wray’s lab on these iPSC-derived neurons and astrocytes remains unpublished
as of the submission of this thesis, and consequently the derivation process was not

included.
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2.2 Cohort of brains from FTLD patients

Brains from twenty-seven cases (17 FTLD and 10 controls) were selected from the Queen
Square Brain Bank (QSBB). The Materials Transfer Agreement (MTA) included ethical
approval to work with the samples for research purposes (UCLMTA-6-21). Case
demographics can be found in Table 2.2. The final cohort consisted of 17 different FLTD
cases, including seven with GRN mutations (FTLD-GRN; three C31fs, two R493X, one
Q130fs and one IVS3-7T>G; all FTLD-TDPA) and ten with sporadic FTLD-TDP cases
without GRN mutations (sporadic FTLD-TDP; three FTLD-TDPA, three FTLD-TDPB and
four FTLD-TDPC). White the underlying pathologies may differ between FTLD-GRN cases
and sporadic FTLD-TDP subtypes, including these cases facilitated a preliminary yet
comprehensive exploration of FTLD heterogeneity, common pathways, and potential

therapeutic targets.

Controls were requested to be “age- and sex-matched” with the FTLD cases. For the GRN
pathogenic variants, there were no restrictions on gene variants. Individuals with a higher
Braak and Braak stage have been reported to exhibit less mitochondrial activity?®®, and
variations in the Braak and Braak stage could impact mitochondrial comparisons between
groups. Therefore, the criteria for the requested controls excluded cases with age-related

TDP-43 and tau proteinopathies, and with Braak and Braak stage above 2.

Snap-frozen brains were obtained from all twenty-seven cases. However, formalin-fixed
paraffin-embedded (FFPE) brain sections were obtained only from eighteen out of all the
cases, as indicated in Table 2.2. The lower number of cases for FFPE sections is due to the
histopathology experiments (Chapter 5) being considered a pilot research project explored
in this PhD. Depending on the findings from this thesis, there may be an expansion and

request for additional FFPE sections from the remaining cases.
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Case Sex ramilial np 43 Genetic Ageat  Ageat  Disease PMD  Braak  FFPE
ID (M/F) history type Mutation onset death duration (hours) stage sections?
(Y/N) (years) (years) (years)
Controls (n=10)
1 F - - - - 71 - 76.2 1 X
2 M - - - - 101 - 60.6 I X
3 F - - - - 96 - 60.0 Il X
4 F - - - - 86 - 120.0 I X
5 M - - - - 69 - 168.0 I
6 F - - - - 71 - 79.0 na
7 M - - - - 71 - 38.8 na
8 M - - - - 76 - 39.1 na
9 F - - - - 78 - 30.8 Il
10 F - - - - 84 - 53.6 Il
4M / 6F 80.3+3.6 72.6£13.4
FTLD-GRN (n=T7)
11 M Y A GRN C31fs 53 61 8 72.6 na X
12 M Y A GRN C31fs 50 55 5 29.3 I X
13 M Y A GRN R493X 59 70 11 44 1 na X
14 F Y A GRN Q130fs 62 68 6 96.0 na X
15* F Y A GRN C31fs 59 66 7 115.0 Il
16 F Y A GRN IVS3-7T>G 57 72 15 42.3 na
17 M Y A GRN R493X 60 71 11 901 na
4M / 3F 57116  66.1+2.3 9.0+1.3  69.9+12.1




Sporadic FTLD-TDP (n=10)

18 M N A - 51 60 9 40.4 I X
19 M Y A - 47 72 25 29.5 I X
20 M na A - 46 53 7 33.1 I X
21 M N B - 67 69 2 69.1 na X
22 F Y B - 62 83 21 30.1 I X
23 F N B - 63 67 4 48.0 na X
24 M N C - 64 74 10 38.4 I X
25 F N C - 53 65 12 57.7 na X
26 M N C - 58 71 13 54.1 na X
27 M N C - 70 83 13 59.8 Vv X
7™M/ 3F 58.1+2.7 69.7x3.0 116122 46.0+4.4

Table 2.2 Clinical meta-data of all human post-mortem brains. Post-mortem delay refers to the time interval between death and tissue processing,
serving as an indicator of tissue preservation quality. The male/female distribution and the mean + standard error of the mean (SEM) can be found at
the bottom of each group for the different parameters. Abbreviations: F, female; M, male; N, no; n, number of cases; na, not available; PMD, post-

mortem delay; Y, yes. *Case with C9orf72 mutation
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The following brain regions were obtained: superior frontal gyrus (white and grey matter),
tip of the temporal pole (white and grey matter), and cerebellum (Fig. 2.1). These regions
were selected to identify potential brain region-specific changes in mitochondrial function.
The frontal and temporal lobes were chosen due to their known pathological involvement in
GRN-related FTD. The cerebellum was included as a “control” region expected to be free

from proteinaceous inclusions compared to the frontal and temporal lobes.

v
) &

Figure 2.1 Visualisation of the brain regions explored in this PhD thesis. Brain regions denote
the superior frontal lobe, tip of the temporal pole and cerebellum (left to right).

In addition, both white and grey matter were explored to identify any neuropathological
differences. Albeit mitochondria are present and active in both brain matters, their functions
and distribution can vary within these regions. On one hand, the grey matter primarily
consists of neuronal cell bodies, dendrites, and synapses which require a high energy
demand supplied by mitochondria to support the neuronal signalling and the synthesis of
neurotransmitters. On the other hand, the white matter is comprised by nerve fibres, also
known as axons, that required mitochondrial energy to enable axonal transport and maintain
myelin sheaths. Remarkably, the difference between both brain matters is reflected in the
metabolic rate which is approximately 25-50% higher in the grey matter than in the white
matter20®210 Therefore, it would be insightful to identify grey or white matter-specific

changes in the mitochondrial phenotype.
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In this thesis, the following abbreviations were used when comparing between the different
brain regions: frontal grey (FG), frontal white (FW), temporal grey (TG), temporal white (TW)

and cerebellum (CBM).
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2.3 Lentiviral shRNA transduction

Human embryonic kidney 293 cells expressing the SV40 large T antigen (HEK293T) were
seeded in T25 flasks at 70% confluence in DMEM containing high glucose, 10% (v/v) heat-
inactivated FBS, 100 U/mL penicillin and 100 mg/mL streptomycin at 37°C with 5% COz2 in
a humidified incubator. The following day, HEK293T cells were reverse transduced with
pGIPZ lentiviral short hairpin RNAs against GRN (shGRN). Control transduction was
performed using non-targeting shRNA (shCTR). Lentiviral shRNA transduction was carried
out in 5mL DMEM high glucose final volume containing 750uL Optimem, 13 uL p3000™, 18
ML p3000 Reagent, 6 ug DNA, 7.5 ug psPAX, and 6 ug VSV-G. On day 2, the virus was
filtered using acetate filter 0.45 and added to H4 and/or SH-SYSY cells at 60% confluence.
On day 5, the virus was discarded and the H4 and/or SH-SY5Y cells were incubated in their
own media. The next day, cells were selected for three days using 2 ug/mL puromycin. Non-

transduced cells were used as a control to test antibiotic resistance.

Three different shGRN pGIPZ vectors from Dharmacon were tested to induce a GRN KD in
SH-SY5Y and H4 (V2LHS_ 266570, V3LHS 327101 and V3LHS_351385). Reverse
transcription-quantitative polymerase chain reaction (RT-gPCR) was used to measure the
transcript expression of the GRN gene (Fig. 2.2). Vector V2LHS 266570 showed the
strongest GRN mRNA KD in both SH-SY5Y and H4 cells, and it was therefore chosen for
the experimental work reported in this thesis. GRN mRNA levels were routinely monitored
across passages using RT-gPCR to confirm the stable KD was still present in the transduced
cell lines. If the transduced cell lines reached passage number 16 or if GRN mRNA levels

were no longer decreased, a new line of H4 or SH-SY5Y cells was transduced.
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Figure 2.2 GRN transcription expression in a) SH-SY5Y neuroblastoma and b) H4 neuroglioma
cells transduced with different shGRN lentiviral vectors. Data are expressed as meantSEM,

where each data point represents a technical replicate.
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24 Cell proliferation assay

Cellular proliferation was assessed using an Agilent xCELLigence Real-Time Cell Analysis
instrument. 20,000 H4 cells per well were seeded in a glass E-Plate 16, recording cell index
(electrical impedance) every 30 min for 96h under standard conditions (5% CO2, ambient
O2, 95% relative humidity). Data were baseline corrected to medium-only-containing wells.
The cell proliferation assay was performed by our collaborator Dr Daniel De Jesus (Queen

Mary University).
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2.5 Trypan blue cell viability

Cell viability was determined using 0.4% Trypan Blue Solution (Thermo Fisher Scientific).
This method was based on the principle that live cells possessed intact cell membranes that
did not take up the dye Trypan Blue, whereas dead cells are permeable and can take up the
dye. Therefore, dead (non-viable) cells would be blue and live (viable) cells would remain
unstained. Trypsinized cells were centrifuged and the pellet was resuspended in PBS. A 1:1
mix dilution of the cell suspension and 0.4% Trypan Blue dye were incubated at room
temperature for 3 min. A sample was added to a haemocytometer, where both dead stained
and live unstained cells were counted by eye under a light microscope as illustrated in Figure
2.3. The percentage of viable cells was calculated by diving the total number of viable cells

per mL by the total number of cells per mL.

Live

Dead

Figure 2.3 Representative image of Trypan Blue staining on H4 neuroglioma cells under a

light microscope. Arrows indicate dead cells stained blue and live cells that are unstained.
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2.6 Assessment of the mtDNA copy number

Proteinase K digestion buffer was previously prepared using 100 mM Tris-HCI (pH 8.5), 5
mM EDTA, 0.2% SDS, and 200 mM NaCl. Proteinase K (ITW Reagents) was resuspended

in 1 mM CaCl2, 50% glycerol and 20 mM Tris-HCI (pH 7.4).

For H4, SH-SY5Y and fibroblast cell lines, the premix including 240.5 uL Proteinase K
digestion buffer, 7.5 ul Proteinase K and 2 pL 1:100 B-mercaptoethanol (BME) was added.
The point of the pipet tip was used to loosen the cell pellet at the bottom of the tube. The
tubes were flicked or inverted to ensure the even distribution of buffer to cells, and digested
overnight at 55°C. The following day, 250 pL of Proteinase K digestion buffer and 170 pl 5
M NaCl were added, followed by inversions for 5 min, and centrifuged at high speed
(>25,0009) for 15 min at 4°C. The supernatant was transferred to a fresh tube, mixed by
inversion in 800 pL 100% EtOH and 1 pL GlycoBlue (Thermo Fisher Scientific), and
centrifuged again at high speed (>25,000 g) for 15 min at 4°C. The supernatant was
discarded and the pellet was washed with 500 yL 70% EtOH, inverted and centrifuged at
maximum speed for 5 min at 4°C. The ethanol was removed and the pellet was left to air-
dry overnight, protected from light. Finally, the DNA was resuspended in 30 uL Tris-EDTA

(TE) buffer and 1 uL RNAse A, mixed by flicking and incubated for 1 hour at 55°C.

A similar protocol was employed for the DNA extraction from human post-mortem brains.
Briefly, ~27 mg of the frozen human brain sample were resuspended in 490.5 pL Proteinase
K digestion buffer, 7.5 ul Proteinase K and 2 pL 1:100 BME, homogenised and incubated
for overnight digestion at 55°C. The following day, 10 pyL Proteinase K were added and
digested for an additional hour at 55°C. Then, 250 uL of Proteinase K digestion buffer and
170 pl 5 M NaCl were mixed in, followed by inversions for 5 min, and centrifuged at high

speed (>25,0009) for 15 min at 4°C. The supernatant was transferred to a fresh tube and
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800 pL 100% EtOH and 1 pL GlycoBlue were added, mixed by inversion and centrifuged at
high speed (>25,000 g) for 15 min at 4°C. The supernatant was discarded and the pellet
was washed with 500 pyL 70% EtOH, inverted and centrifuged at maximum speed for 5 min
at 4°C. The ethanol was removed and the pellet was left to air-dry overnight, protected from
light. Finally, the DNA was then resuspended in 98 pL TE buffer and 2 yL RNAse A, mixed
by flicking and incubated for 1h30 at 55°C to obtain the DNA. The Agilent 4200 TapeStation
system was used to quantify the DNA concentration and ensure a high DNA integrity

number, indicating a highly intact DNA.

The mtDNAcn was determined using TagMan Fast Advance Master Mix (Thermo Fisher
Scientific), according to manufacturer’s protocol, and qPCR reactions were undertaken
using a QuantStudio 5 thermal cycler (Thermo Fisher Scientific). The fast Tagman cycling
program was one cycle at 95°C for 20 sec (polymerase activation), and 40 cycles at 95°C
for 1 sec (denaturation) and at 60°C for 20 sec (annealing/extension). Two sets of probes
quantified mitochondrial fragments in the mitochondrial genome (MT-CYB and MT-ND1)
relative to a single copy region of a nuclear gene (GUSB and B2M, respectively) using the
AACq method?'!. All experiments were run in triplicate and details on the probes (Integrated

DNA Technologies) are shown in Table 2.3.

Gene target Probe and primer sequences (5’ to 3’)

Probe: /SHEX/ATCATCCGC/ZEN/TACCTTCACGCAAT/3IABKFQ/
Primer 1: GATGTGTAGGAAGAGGCAGATAAA

Primer 2: CCACATCACTCGAGACGTAAAT

Probe: /56-FAM/AAGAGTGGT/ZEN/GCTGAGGATTGGCA/3IABKFQ/
Primer 1: ACGATGGCATAGGAATGGG

Primer 2: TGGTACGAACGGGAGGT

Probe: /SHEX/CCATCACCC/ZEN/TCTACATCACCGCCC/3IABKFQ/

MT-CYB
(VIC-labelled)

GUSB
(FAM-labelled)

(VI"(’;’_TI;’E)’ZL g Primer 1: CCCTAAMAACCCGCCACATCT
Primer 2: GAGCGATGGTGAGAGCTAAGGT
som Probe: /56-FAM/ATGTGTCTG/ZEN/GGTTTCATCCATCCGACA/3IABKEQ)

Primer 1: CCAGCAGAGAATGGAAAGTCAA

(FAM-labelled)  pyjer 0. TCTCTCTCCATTCTTCAGTAAGTCAACT

Table 2.3 List of human TagMan assays probes for mtDNAcnh measurement from Integrated

DNA Technologies.
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Validating MT-CYB/GUSB and MT-ND1/B2M probes for multiplex assay

Two pairs of probes MT-CYB/GUSB and MT-ND1/B2M were validated for multiplex assay
to interrogate a potential interaction between the probes when measuring mtDNAcn in
human brains. This validation process what carried out based on Belmonte and colleagues’
paper?'2. Using a series of dilutions of human brain DNA in triplicate replicates, the average
fluorescence signal curve (ARn) for each dilution of the human brain DNA showed a
proportional shift in both probes (Fig. 2.4a, 2.4d). After calculating the linear regression
analysis of the average Cq values plotted as a function of DNA concentration, the slopes of
the probes in each pair in the multiplex assay were in close agreement (Fig. 2.4b, 2.4e).
When the delta Cq (ACq) values were plotted as a function of DNA, the slope of the
multiplexed reaction (0.178 for MT-CYB/GUSB and 0.122 for MT-ND1/B2M) revealed a
modest effect of DNA concentration on the ACq values (Fig. 2.4c, 2.4f). These results
validated the use of both pairs of probes for multiplex assays to quantify relative mtDNAcn

abundance.
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Figure 2.4 Validation of the multiplex mtDNAcn assay using Tagman MT-CYB/GUSB and MT-ND1/B2M
probes. a Log plots of the fluorescence signal (ARn) for MT-CYB (Hex) and GUSB (FAM) Tagman probes in
a dilution series of human brain total DNA preparation in multiplex assays. Each dilution was performed in
triplicate replicates and shown in the figure is an average curve for each dilution. b Average Cq values of MT-
CYB/GUSB plotted as a function of DNA concentration. Slopes were determined by linear regression (both
are R220.99). ¢ Delta Cq values of MT-CYB/GUSB were plotted as a function of DNA in the multiplex assay.
d Log plots of the fluorescence signal (ARn) for MT-ND1 (Hex) and B2M (FAM) Tagman probes in a dilution
series of human brain total DNA preparation in multiplex assays. Each dilution was performed in triplicate
replicates and shown in the figure is an average curve for each dilution. e Average Cq values of MT-ND1/B2M
plotted as a function of DNA concentration. Slopes were determined by linear regression (both are R?=0.99).

f Delta Cq values of MT-ND1/B2M were plotted as a function of DNA in the multiplex assay.
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2.7 Next-Generation Sequencing

Prior to next-generation sequencing (NGS) of the mtDNA of human post-mortem brains,
long PCR was performed using GoTaq® Long PCR Master Mix to amplify the mtDNA. The

following primers were employed:

mt16426F (L16426) F5'-CCGCACAAGAGTGCTACTCTCCTC-3

mt16425R (H16425) 5'-GATATTGATTTCACGGAGGATGGTG-3'.

For the long PCR assay, 1.5 yL human genomic DNA (200 ng) were mixed with 25ul
GoTag® Long PCR Master Mix (Promega) and 1 pL long PCR control primer pair. The long
PCR cycling program was one cycle at 95°C for 2 min (initial denaturation), 30 cycles at
92°C for 30 sec (denaturation) and at 55°C-69°C for 14:30 min (annealing/extension), and
one last cycle at 72°C for 10 min (final extension). The PCR products were analysed by
0.8% gel electrophoresis (Fig. 2.5) and made visible at ~16.6 kb by UV illumination following
ethidium-bromide staining, confirming the amplification of the mtDNA. Shanti Lu and Micol
Falabella amplified the mtDNA, and Cathy Woodward processed the NGS data using

eKLIPse analysis.
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M 1 2 3 4

20 kb

Figure 2.5 Amplification of ~16.6 kb mtDNA from human brain genomic DNA using GoTaq®
Long PCR Master Mix. Lane M contains Lambda DNA/Hindlll Markers. Lane 1 is empty and does
not show any product. Lanes 2 to 4 contain mtDNA PCR products from three different patients. Each

lane contains 10 pl of the amplification reaction.
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2.8 RNA extraction

RNA was extracted using the RNeasy Micro Kit (QIAGEN) and DNA was removed using the
DNA-free™ Kit (Thermo Fisher Scientific). Quality of the extracted RNA was assessed by
the A260nm/A280nm absorbance ratio (Nanodrop One, Thermo Fisher Scientific). The
cDNA synthesis was carried out using High-Capacity cDNA Kit (Thermo Fisher Scientific).
The experimental work was performed according to manufacturers’ protocols. All
experiments were run in triplicate and the gene expression levels were normalised to the

B2M results using the AACq method?'".
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2.9 Reverse transcription-quantitative PCR

RT-gPCR was used to detect and quantify RNA. First RNA was transcribed into
complementary DNA (cDNA), which was then used as a template for PCR. This technique
used a fluorescent probe to measure the amount of amplification product after each PCR
cycle. The Tagman assay was employed to detect and amplify cDNA, enabling the
measurement of one (singleplex) or more than one (multiplex) simultaneous probes in the
same cDNA sample. The Tagman assay uses a hydrolysis-based probe that detects the

amplification by degradation of the probe by Taq polymerase and release of the fluorophore.

Tagman assays for gene expression analysis

For singleplex TagMan RT-gPCR assays, 2.5 uyL cDNA (diluted 1:5-1:10) were mixed with
5 yL TagMan Fast Universal PCR Master Mix (2x) (Thermo Fisher Scientific), 0.5 yL
TaqMan assays probe (20x) and 2 pL of H20. For multiplex TagMan RT-qPCR assays, 2.5
ML cDNA (diluted 1:5-1:10) were mixed with 5 yL TagMan Fast Universal PCR Master Mix
(2x) (Thermo Fisher Scientific), 0.5 uL of each TagMan assays probe (20x) and 1.5 pL of
H20. The fast Tagman cycling program was one cycle at 95°C for 20 sec (polymerase
activation), and 40 cycles at 95°C for 1 sec (denaturation) and at 60°C for 20 sec
(annealing/extension). All reactions were set up in technical triplicates, and RT-qPCR was
performed in an Applied Biosystems QuantStudio 5 Real-Time PCR System. Details on the

TagMan primer/probe assays are shown in Table 2.4 and Table 2.5.
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Gene Target

Assay ID

Details Company

ATP5A1
CLS1
COXbA
GRN
MT-ATP6
MT-CO1
MT-CO3
MT-CYB
MT-ND1
MT-ND6
MT-RNR1
NDUFB8
PRELID1
SDHB
TRIAP1
UQCRC2

Hs00900735_m1
Hs00219512_m1
Hs00362067_m1
Hs00963707_g1
Hs02596862_g1
Hs02596864_g1
Hs02596866_g1
Hs02596867_s1
Hs02596873_s1
Hs02596879_g1
Hs02596859 g1
Hs00428204 m1
Hs02638995_ g1
Hs01042481_m1
Hs00429934_ g1
Hs00996395 _m1

FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe
FAM-labelled MGB probe

B2M
GAPDH

Hs00187842_m1
Hs02786624_g1

VIC-labelled MGB probe
FAM-labelled MGB probe

Table 2.4 List of human TagMan assays probes for transcripts measurement from Thermo

Fisher Scientific.

Gene Target

Probe and primers sequences (5’ to 3’)

TAMMA41
(FAM-labelled)

Probe:/56-FAM/TAGACGAAA/ZEN/GCCAGACTCAGCTCCT/3IABKFQ/
Primer 1: GCAAGATCCTGTCTCACTTCC
Primer 2: GAACACAAAGTCCAGCATAGC

PGS1
(FAM-labelled)

Probe: /56-FAM/TTGGAACAG/ZEN/GAGCTGGTGGACTG/3IABKFQ/
Primer 1: GCAGATAAGAGTAGCCAAGAGG'
Primer 2: GGAAACTTTGCTTGGAGTGAC

PTPMT1
(FAM-labelled)

Probe:/56-FAM/ACCATGAAC/ZEN/GAGGAGTACGAGACGA/3IABKFQ/
Primer 1: AGCTGGTACAGGACGAGAA
Primer 2: GTCATGTCTACTGTGCTGAGC

TAZ
(FAM-labelled)

Probe: /56-FAM/AGGTTCCAG/ZEN/ATGTGGCGGAGTTTC/3IABKFQ/
Primer 1: CCAATCACCAGTCCTGCAT
Primer 2: TCCTTGGTGAAGCAGATGTC

Table 2.5 List of human TagMan assays probes for transcripts measurement from Integrated

DNA Technologies.



2.10 Western Blot

H4 and fibroblast cell pellets for sodium dodecyl sulphate (SDS)-polyacrylamide gel
electrophoresis (PAGE) were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
0.25% sodium deoxycholate, 1 mM EDTA, 1% NP-40; Sigma-Aldrich), supplemented with
1X complete protease inhibitor cocktail (Roche Molecular Diagnostics). Lysates were
incubated on ice for 30 min and centrifuged at 13,000 x g for 15 min at 4°C after which the
supernatant was obtained. The protein concentration was estimated using the Coomassie
protein assay reagent (Thermo Fisher Scientific) and the absorbance was measured at 595

nm in a Tecan Spark plate reader.

Then, 20-50 ug protein were mixed with dH20 and x1 NuPAGE LDS sample buffer
(Invitrogen) containing 2.5% (v/v) beta-mercaptoethanol, and denatured for 5 min at 95°C.
Equal amounts of the protein and Precision Plus Protein Dual Xtra Standards (Bio-Rad)
were separated on NUPAGE 4-12% Bis-Tris gels (Invitrogen) using x1 NUPAGE MOPS SDS
Running Buffer (Life Technologies) for 2 hours at 80-120 V. Proteins were then transferred
to a Trans-Blot Turbo 0.2 um nitrocellulose membrane (Bio-Rad) using the Trans-Blot Turbo
Transfer System. Membranes were blocked with blocking solution (LI-COR) for 1 hour with
agitation on a plate shaker. Primary antibodies were diluted in the blocking solution and
applied overnight at 4°C with agitation on a plate shaker. The primary antibody was
removed, and the membranes were washed three times in TBST (x1 TBS and 0.1% (v/v)
Tween-20) for 15 min each time with agitation on a plate shaker. Membranes were incubated
with the secondary antibodies in a dilution in the blocking solution for 1 hour at room
temperature with agitation on a plate shaker. The secondary solution was removed and the
membranes were washed three times in TBST, 15 min each time with agitation in a plate
shaker. Table 2.6 shows the list of the primary and secondary antibodies that were used in

this PhD project. Signal intensity was detected with the LI-COR Odyssey infrared Imager at
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680 and 800 nm, and image analysis was carried out using ImagedJ v.2.0.0 software (NIH,

USA).

Human post-mortem brains for SDS-PAGE were extracted using x1 protein solubilising
solution (PSS, 1 M 6-aminocaproic, 50 mM bistris at pH 7.0), supplemented with 0.5% (v/v)
n-Dodecyl-B-D-Maltoside and 0.1% (v/v) protease inhibitors (1M PMSF, 1 pg/mL Leupeptin
and 1 pg/mL Pepstatin A) and incubated on ice for 15 min, with vortex every 5 min to ensure
resuspension. Cells were centrifuged at 13,000 g for 15 min at 4°C and the supernatant was
collected. The protein concentration was estimated using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific) and the absorbance was measured in a BioTek Cytation1
imaging reader at 562 nm wavelength, according to manufacturer’s protocol. Total protein
extracts were resolved on 4-20% Criterion TGX protein gels (Bio-Rad) and then transferred
to a Trans-Blot Turbo nitrocellulose membrane (Bio-Rad). Signal intensity was detected by
chemiluminescence using Clarity Western ECL Substrate (Bio-Rad) in the Bio-Rad
ChemiDoc Imaging and image analysis was carried out using Imaged v.2.0.0 software (NIH,

USA).
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The following antibodies were used in this PhD project:

Antibody Species Dilution Incubation Company Z::;ua
Primary antibodies for SDS-PAGE

GAPDH Rb 1:10000 overnight Proteintech 60004-1-Ig
HSP60 Rb 1:1000 overnight Cell Signalling 4870
MIC60 Rb 1:1000 overnight Proteintech 10179-1-AP
MT-ATP8 Ms 1:6000 overnight Abcam ab243667
MT-CO1 Ms 1:1000 overnight Abcam ab14705
MT-CYB Ms 1:3000 overnight Abcam ab219823
MT-ND1 Rb 1:1000 overnight Proteintech 19703-1-AP
OXPHOS cocktail Ms 1:500 overnight Abcam ab110411
PGC-1a Rb 1:500 overnight Novus NBP1-04676
PGRN Gt 1:200 overnight R&D AF2420
TFAM Rb 1:500 overnight Sigma SAB1401383
TOMM20 Rb 1:3,000 overnight St. Cruz Biotec. C0614
VDAC Rb 1:1000 overnight Cell Signalling D73D12
B-Actin Rb 1:10000 overnight Proteintech 60008-1-Ig
B-tubulin Rb 1:6,000 overnight Abcam ab6046
GAPDH Rb 1:10000 overnight Proteintech 60004-1-Ig
'Primary antibodies for BN-PAGE and CN-PAGE

NDUFB6 Ms 1:1,000 overnight Abcam ab110244
SDHA Ms 1:1,500 overnight Abcam ab14715
UQCRC2 Ms 1:1,000 overnight Abcam ab14745
MT-CO2 Ms 1:6,000 overnight Abcam ab110258
ATP5A Ms 1:6000 overnight Abcam ab14748
ISecondary antibodies for fluorescence

IRDye® 680LT Gt anti-Ms  1:10000 1h at RT LI-COR 926-68020
IRDye® 800CW  Gtanti-Rb  1:10000 1h at RT LI-COR 926-32211
IRDye® 800CW Dk anti-Gt  1:10000 1h at RT LI-COR 926-32214
ISecondary antibodies for chemiluminescence

Gt anti-Ms 1:4,000 1h at RT Dako P0447

Gt anti-Rb 1:4,000 1h at RT Dako P0448

Rb anti-Gt 1:4,000 1h at RT Dako P0449

Table 2.6 List of primary and secondary antibodies used for western blot SDS-PAGE, BN-
PAGE and CN-PAGE. Overnight incubation occurs at 4°C. Abbreviations: BN, blue native; CN, clear
native; Dk, donkey; Gt, goat; Ms, mouse; PAGE, polyacrylamide gel electrophoresis; Rb, rabbit; RT,

room temperature; SDS, sodium dodecyl sulphate.
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Identifying the best loading control for western blot SDS-PAGE quantification of

human post-mortem brains

Quantification of the western blot SDS-PAGE experiments required the identification of the
best loading control. Three different housekeeping proteins (B-tubulin, B-actin and GAPDH)

and one mitochondrial marker (TOMZ20) were assessed.

Equal protein amounts from human post-mortem brains, including 10 controls and 7 patients
with GRN mutations, were ran in western blot SDS-PAGE (Fig. 2.6). GAPDH displayed the
most stable signal across the different samples, followed closely by ACTB, whereas [3-
tubulin and TOM20 were not as consistent across brain samples. Hence, GAPDH was

employed as the loading control for human brains when running WB SDS-PAGE.

CTRs FTLD-GRN
B_tUb - ——— — — e — N — = _'——_

Figure 2.6 Identification of the best loading control for western blot SDS-PAGE quantification
of human post-mortem brains. Western blot showing the protein expression of B-tubulin, B-actin,
GAPDH and TOM20.
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2.11 Seahorse assay

Cellular oxygen consumption rate (OCR) was quantified using the Seahorse XF96
Extracellular Flux Analyzer (Seahorse Bioscience). 15,000 H4 cells per well were seeded
one day before in a Seahorse XF96 Cell Culture Plate. Prior to the experiment day, the XF
sensor cartridge was hydrated with 200 pyL of Seahorse XF Calibrant Solution, incubated
overnight at 37°C in a CO2-free incubator. The next day, adherent cells were washed with
XF Assay Medium (comprising 1 gL-' Seahorse XF Glucose, 1 mM Seahorse XF Pyruvate,
2 mM Seahorse XF L-Glutamine, all in Seahorse XF DMEM Medium) and incubated for one

hour at 37°C in a CO2-free incubator.

Compounds from Sigma that selectively target the OXPHOS system were introduced to
assess the mitochondrial bioenergetics. These drugs included rotenone to inhibit Cl,
antimycin A to inhibit CllI, oligomycin to inhibit CV, and FCCP as an uncoupler of OXPHOS
by transporting protons across the IMM (Fig. 2.7a). OCR measurements were recorded
before and after the addition of 25 uL of each corresponding compound through injection
ports labelled A to D in the following order: (A) 5 uM oligomycin, (B) 1 uM FCCP, (C) 2 uM
FCCP, and (D) 0.5 yM/0.5 uyM Antimycin A/Rotenone. These compounds facilitated the
assessment of five distinct OCR parameters: basal respiration, proton leak, ATP-linked
respiration, maximal respiration, and non-mitochondrial oxygen consumption. The non-
mitochondrial oxygen consumption value was subtracted from all other parameters to obtain

accurate mitochondria-specific values (Fig. 2.7b).

After measurements, H4 cells were stained with 5 uM Hoechst 33342 (Thermo Fisher
Scientific) for 30 min. The number of cell nuclei, which served as a proxy for cell count, was
quantified in each well using ImageXpress. This count was then used to normalise the

Seahorse OCR experimental readings.
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Figure 2.7 Seahorse XF Analyser experimental design and theoretical trace. a Experimental
design utilised oligomycin, FCCP and Rotenone/Antimycin A, consecutively. b Theoretical trace
depicting basal respiration, OCR associated with ATP turnover, proton leak, maximal respiration,

spare reserve capacity, and non-mitochondrial oxygen consumption.
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2.12 Blue Native- and Clear Native-Polyacrylamide Gel Electrophoresis

Native protein extraction and quantification

In order to isolate the intact protein complexes, cell pellets were lysed in x1 protein
solubilising solution (PSS, 1 M 6-aminocaproic, 50 mM bistris at 7.0 pH), supplemented with
0.5% (v/v) n-Dodecyl-B-D-Maltoside (DDM) and 0.1% (v/v) protease inhibitors (1M PMSF,
1 mg/mL Leupeptin and 1 mg/mL Pepstatin A) and incubated on ice for 15 min, with vortex
every 5 min to ensure resuspension. Cells were centrifuged at 13,000 g for 15 min at 4°C
and the supernatant was collected. The protein concentration was estimated using the
Pierce™ BCA Protein Assay Kit and the absorbance was measured in a BioTek Cytation1

imaging reader at 562 nm wavelength following the manufacturer’s protocol.

Gel pouring protocol

The following components were prepared as follows: Acrylamide-bis (48% acrylamide, 1.5%
bis-acrylamide (49.5%T 3%C) at 4°C), 3x gel buffer (1.5 M 6-aminocaproic acid, 150 mM
bis-tris at 4°C), 10% ammonium persulphate (APS) at 4°C, and water-saturated butanol (1:1

volumes of ddH20 and butan-2-ol).

Gradient 3-12% gels were prepared using a gradient gel pouring apparatus and a pump.
200 pL H20-saturated butanol were added after the 3-12% gradient solutions had been
poured. After polymerisation, the butanol was rinsed and the 3% stacking gel solution was

added together with the comb.
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The 3%, 12% and stack gel solutions were mixed as follows:

3% solution 12% solution 3% stack solution
Acrylamide-bis 0.744 mL 2.44 mL 0.38 mL
3x gel buffer 3.96 mL 3.3 mL 2.0 mL
ddH20 3.55mL 251 mL 3.12mL
APS 70 uL 35 uL 50 uL
TEMED 10 uL 5uL 5uL
Glycerol - 1.98 g -

Table 2.7 Preparation of 3% solution, 12% solution and 3% stack solution used for gel

pouring. Abbreviations: APS, 10% Amonium persulphate; TEMED, Tetramethylethylenediamine.

Running of BN-PAGE and CN-PAGE

BN-PAGE and CN-PAGE were run to either quantify the mitochondrial complexes assembly
expression or the mitochondrial complexes activity. Regardless of the objective, BN-PAGE
and CN-PAGE were run relatively the same way, except for the cathode buffer being used.

The following buffers were prepared in advance and stored at 4°C:

Buffer Measurement Components

AB BN-PAGE and CN-PAGE 50 mM bistris at pH 7.0
CBa BN-PAGE Cl-V 50 mM tricine, 15 mM bistris, 0.02% Serva blue G

atpH 7.0
CBb  BN-PAGE CI activity 50 mM tricine, 15 mM bistris at pH 7.0
CBc CN-PAGE, CV assembly 50 mM tricine, 15 mM bistris, 0.05% Triton X-100,
and activity 0.05% DOC

. L o o
CBd  CN-PAGE, Cll activity 50 mM tricine, 15 mM bistris, 0.02% DDM, 0.05%

DOC
For transfer of BN-PAGE . ,
B and CN-PAGE 25 mM tris-base, 192 mM glycine, 20% methanol

Table 2.8 Preparation of buffers for BN-PAGE and CN-PAGE. CI activity and CV assembly were
used using both BN-PAGE and CN-PAGE as part of the optimisation protocol. Abbreviations: AB,
anode buffer; BN, blue-native; CI-V, complexes | to V; CBa, cathode buffer A; CBb, cathode buffer
B; CBc, cathode buffer C; CBd, cathode buffer D; CN, clear-native; DDM, n-Dodecyl-B-D-Maltoside;
DOC, sodium deoxycholate; TB, Towbin's buffer.

For BN-PAGE, equal protein amounts were mixed in x1 PSS buffer, supplemented with

0.5% (v/v) DDM, and loading buffer (1 M 6-aminocaproic acid, 5% Serva blue G). For CN-
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PAGE, equal amounts of the protein were mixed in x1 PSS buffer, supplemented with 0.5%

(v/v) DDM, 5% glycerol and x1 Ponceau S solution.

Gels were assembled in a Mini-PROTEAN Tetra Cell and the inner chamber was filled with
cathode buffer A (CBa), cathode buffer B (CBc) or cathode buffer D (CBd) depending on the
experiment as specified on Table 2.8, and anode buffer (AB) was added into the tank to
cover the anode. For BN-PAGE detection of CI-V assembly, gels were run at 100 V for 15
min, and then run at 4 mA fixed current per gel — or 8 mA for two gels — until the front ran
off. For BN-PAGE in-gel activity staining of Cl, gels were run at 100 V for 15 min using CBa,
followed up by a change of cathode buffer to cathode buffer B (CBb) at 4 mA fixed current
per gel until the front ran off. For CN-PAGE in-gel activity staining of Cll and CV, gels were
run in their corresponding cathode buffers at 100 V for 15 min, and then run at 4 mA fixed

current per gel until the front runs off.

Transfer of BN-PAGE and CN-PAGE

The Immobilon®-P PVDF transfer membrane was briefly submerged in methanol, following
equilibration in Towbin's buffer (TB). The gel holder cassette was assembled in the following
order: sponge, 1 Whatman 3MM paper, gel with samples, wet transfer membrane, 1
Whatman 3MM paper and sponge. The Mini Trans-Blot cell was inserted in the Bio-Rad
Mini-PROTEAN electrophoresis system and submerged in TB. The blot was transferred at
100 V for 1.25 h. Once the protein was transferred, the membranes were wet in methanol
three times and washed in PBS-T (phosphate-buffered saline 0.3% TWEEN 20).
Membranes were blocked with 10% (v/v) milk powder in PBS for 1 hour with agitation on a

plate shaker, followed by two rinses in PBS-T.

Primary antibodies were diluted in PBS-T and applied overnight at 4°C with agitation on a

roller mixer. The primary antibody was removed, and the membranes were washed three
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times in PBS-T for 10 min each time with agitation on a roller mixer. Membranes
were incubated with the secondary antibodies in a dilution in PBS-T for 1 hour at room
temperature with agitation on a roller mixer. The secondary solution was removed and the
membranes were washed three times in PBS-T, 10 min each time with agitation in a roller
mixer. Table 2.6 shows the list of the primary and secondary antibodies that were used with
BN-PAGE and CN-PAGE. The membrane was incubated with 1:1 Peroxide
Solution:Luminol/Enhancer Reagent Clarity Western ECL Substrate (BioRAD) for 5 min,
signal intensity was detected with ChemiDoc™ Imaging System and image analysis was

carried out using ImageJ.

BN-PAGE and CN-PAGE in-gel activity staining

BN-PAGE and CN-PAGE were also run for in-gel activity staining of the mitochondrial Cl,
Clland CV. Gels were briefly rinsed with dH20 after transfer, and followed up by the staining

which varies between the different complexes:

e NADH dehydrogenase (ClI) stain: 30 ml 2 mM Tris-HCI (pH 7.4), 3 mg NADH and 75

mg of nitroblue tetrazolium (NBT).

e Succinate dehydrogenase (ClI) staining: 30 ml 2 mM Tris-HCI (pH 7.4), 84 mM Na+

succinate, 0.2 mM N-methylphenazonium methylsulphate and 2.5 mg/ml of NBT.

e ATPase (CV) staining: 50 ml 34 mM Tris, 270 mM glycine, 14 mM MgSO4, 0.2%

Pb(NOs)2, 8 mM ATP (pH 7.8) were added to the gel and incubated for 1-2 hours at
37°C with agitation. After dH20 washes, the gel was briefly incubated with 1%
ammonium sulphide (S(NHa4)2) solution. This converts the white Pb3(POa)2 precipitate

into a black/brown PbS precipitate.
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Once the signal desired has been achieved, colour images were captured using a mobile
phone for illustration purposes. Black-and-white images were acquired with ChemiDoc™

Imaging System and bands were quantitatively analysed using ImageJ.

Identifying the best relative measurement for BN-PAGE and CN-PAGE quantification

of H4 cells

Quantification of the BN-PAGE and CN-PAGE experiments required the identification of the
best relative measurement. Four different markers were assessed: stain-free gel, stain-free
blot, B-tubulin and TOMM20. CI and CII signal obtained from BN-PAGE were used in this

optimisation protocol.

The samples used for BN-PAGE and CN-PAGE were mixed with x1 Laemmli sample buffer
(Bio-Rad). Equal amounts of the protein and protein marker were separated on 4-12% Mini-
PROTEAN TGX Stain-Free Precast Gels (Bio-Rad) using x1 Tris/Glycine/SDS Running
Buffer (Bio-Rad). Visualisation of the protein separation was captured using a stain-free
imager in the pre-transferred gel (Fig. 2.8). The proteins were transferred to a Trans-Blot
Turbo 0.2 um PVDF membrane (Bio-Rad) using the Trans-Blot Turbo 29 Transfer System,
and the protein was visualised by capturing a stain-free image of the blot (Fig. 2.8). Blocking,
primary antibodies, secondary antibodies and read-outs were performed as previously
mentioned. B-tubulin was employed as a standard protein marker and TOM20 as a
mitochondrial mass marker (Fig. 2.8). Table 2.8 contains information on these two

antibodies.
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Figure 2.8 Identification of the best relative measurement for BN-PAGE and CN-PAGE
quantification of H4 cells. Western blot and summary bar showing the shGRN H4 complexes signal
relative to stain-free gel, stain-free blot, B-tubulin and TOMM20. Data are expressed as mean+SEM,

where each data point represents a technical replicate; one-way ANOVA with Tukey’s multiple

The relative complex signal over the stain-free gel displayed the most statistically significant
decrease in complexes assembly, while both the stain-free blot and B-tubulin presented a
similar trend with a modest decrease. Finally, the relative signal over TOM20 was the only
not significant decrease, implying that mitochondrial mass may affect the observed

OXPHOS assembly changes, a topic that will be discussed in this thesis. In summary, -
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tubulin was selected as the preferred relative measurement due to its status as a well-
established housekeeping protein and its relative complex assembly signal falling within the

range between the stain-free gel and the stain-free blot.

Optimising the assessment of CV assembly

The signal from the different complexes was initially assessed using BN-PAGE. However,
CV did not maintain a stable native form when using BN-PAGE, and the split signal
originated from the CV, the F1 subcomplex of CV and the ATP5A protein (Fig. 2.9a). This
limitation made the quantification of CV inaccessible. As an optimisation step, CV signal was
measured in CN-PAGE, in which the native form was better preserved with no F+«
subcomplex or ATP5A signal (Fig. 2.9b). The scientific rationale was that the cathode buffer
used in the CN-PAGE employed Triton X-100 and 0.05% sodium deoxycholate, which are
milder non-ionic detergents that preserved better the CV structure?'32'4, Therefore, CN-

PAGE was employed to measure and quantify CV signal.

shCTR shGRN K shCTR shGRN K4
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Figure 2.9 Comparison of CV signal using a) BN-PAGE and b) CN-PAGE in H4 cells.
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2.13 Citrate synthase activity assay

Citrate synthase is a nuclear-encoded mitochondrial matrix enzyme involved in the TCA
cycle. Citrate synthase activity can be used as a mitochondrial enzyme marker to quantify
the presence of mitochondrial content in a sample. Overall, citrate synthase catalyses the

following reaction:

Acetyl-CoA + oxaloacetate? + H20 — citrate3- + CoA-SH + H*

where the presence of the free sulfhydryl (SH) groups of the released CoA-SH represents

citrate synthase activity.

The citrate synthase activity assay was based on Srere's method?'®, in which free SH can
be measured by using 5,5'-dithiobis-(2-nitrobenzoate), also known as DTNB or Ellman's
reagent. The reaction of DTNB with the -SH group on CoA resulted in a colorimetric increase
at 412 nm due to mercaptide ion's strong absorption (¢ = 14,150 M-! cm™'), which was
measured at pH 7.4-9.0. Protein extraction was performed using Triton-X. The assay
solution was prepared at a final concentration of 100 mM Tris-HCI (pH 8.0), 200 uM Acetyl-
Coenzyme A (Sigma-Aldrich), 100 uM oxalacetic acid (Sigma-Aldrich) and 200 uM DNTB
(Sigma-Aldrich). 10 yL of each sample were added to 990 uL of the assay solution, and 200
WL of each sample mixture were added in triplicates to a 96-well plate. An additional water
blank was used. Absorption was measured against time using BioTek Gen5 Data Analysis

Software in a BioTek Cytation 1 imaging plate reader at 412 nm, pre-warmed at 30°C.

102



Citrate synthase activity was calculated as follows:

citrate synthase activity = (mean Vmaxsample - mean Vmaxwater) / (€*p) * DF / PC

where mean Vmax was the mean of the maximum rate of the triplicates, € was the absorption
molar (14,150 M-' cm'), p was the path length in centimetres (0.85 cm), D was the dilution
factor (1000/volume of sample), and PC was the protein concentration for each sample
(mg/mL, previously calculated). The final activity was calculated based on the average of

the different biological examples, expressed as pmol min-' mg-'.
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2.14 Cytochrome c oxidase activity assay

The COX activity assay measured the rate of oxidation of reduced cytochrome ¢, a haem
protein that transfers electrons between CIIl and CIV of the respiratory chain. This method
was carried out based on Wharton and Tzagoloff's paper?'¢, which provides a read-out of

mitochondrial activity employing a spectrophotometric approach.

Ferrocytochrome ¢ was prepared by the reduction of 1 g of horse heart ferricytochrome ¢
(Sigma-Aldrich) with 13 mg of L-ascorbic acid in 100 mL of 100 mM KP; at pH 7.0, followed
by extensive dialysis in 10 mM K* phosphate buffer at pH 7.0 at 4°C, and was stored at
-80°C. This protocol used a Hitachi spectrometer pre-warmed at 30°C. Samples were
measured at a wavelength of 550 nm. 750 pL of ddH20 and 100 L of 0.1 M K* phosphate
buffer were added to a cuvette, which was warmed at 30°C in a water bath. 140 uL of
reduced ferrocytochrome ¢ were added to the mix in two cuvettes, and once the absorbance
stabilised after 30-40 sec, 10 pL of K* ferricyanide were added to the reference cuvette. The
difference in the content of reduced cytochrome c¢ between the reference and blank cuvettes

represented the maximum absorbance.

For the H4 samples, 5 pL of the protein suspension (dilution 1:200) were added to the mix
instead of K* ferricyanide, and the absorbance was measured over 5 min. For the brain
samples, 10 uL of the protein suspension (1:100) were mixed instead. Each sample was
measured in three or four technical replicates to ensure high precision. The COX activity
was measured using the absorbance values for four time pointst=0, 1,2 & 3 (wheret=0

represents the start of the reaction rate) and the following formulae:

cyt c activity = > (In At=0 - In A (t=n)) * DF / PC
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where ) was the average of different technical replicates, In was the natural logarithm, A
was the absorption, n was the time points (min), DF was the dilution factor (1000/volume of
sample), and PC was the protein concentration (mg/mL, previously calculated). The final
activity was calculated based on the average of the different biological examples, expressed

as k min"" mg™'.
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2.15 IHC staining of pTDP-43 in human FFPE brains

For pTDP-43 staining, FFPE brain sections were baked for 1 hour at 60°C. IHC staining was
performed in the BenchMark ULTRA IHC System according to the validated protocol at the
National Hospital for Neurology and Neurosurgery (NHNN), Queen Square, the UK's largest
dedicated neurological and neurosurgical hospital. The protocol included deparaffinisation
at 72°C, followed by three washes with EZ Prep (mild detergent), antigen retrieval with CC1
(tris-based buffer) for 32 min at 91°C, washes with reaction buffer (tris-based buffer), and
OptiView Peroxidase Inhibitor for 4 min at 36°C. After washes with reaction buffer, the
sections were incubated with the primary antibody pTDP-43 (phosphorylated Ser409/410,
1:2,000, CosmoBio, CAC-TIP-PTD-P01) for 44 min at 36°C, followed by washes with
reaction buffer. Then, the slides were incubated with the reagents in the OptiView DAB IHC
Detection Kit: OptiView HQ Universal Linker for 8 min at 36°C, OptiView HRP Multimer for
8 min at 36°C, OptiView H202 and OptiView DAB simultaneously for 8 min at 36°C, and
OptiView Copper for 4 min at 36°C; all with washes in between. This detection kit is an
indirect, biotin-free system for detecting primary antibodies by producing a visible brown
precipitate. Tissues were counterstained with haematoxylin for 12 min and then bluing
reagent for 4 min to create a brown-blue contrast that facilitates the detection of pTDP-43
staining. Finally, the slides were placed in the HistoCore SPECTRA Workstation (Leica
Biosystems), where they underwent dehydration through graded alcohols, were cleared in

xylene and then coverslipped.

The specificity of the pTDP-43 antibody was validated by using a slide with cortical region
of a patient brain with confirmed pTDP-43 proteinopathy from the NHNN (Fig. 2.10). It is
important to note that pTDP-43 staining is known to vary between cases and may extend
beyond pathological TDP-43. These considerations will be taken into account when

interpreting the quantification results.
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Figure 2.10 Positive control validating the pTDP-43 antibody. Arrows indicate some of the pTDP-
43 aggregates. Scale bar = 50 ym.

Developing a quantification method to assess pTDP-43 signal in FFPE brains

The pTDP-43-stained sections were digitally scanned on the Hamamatsu NanoZoomer S60
scanner. Images were loaded into QuPath software for the quantification of pTDP-43 burden
in the human post-mortem brains of FTLD-GRN patients in comparison to controls and

sporadic FTLD-TDP patients.

A semi-automatic method was developed to accurately detect and quantify pTDP-43 burden.

A combination of scripts and manual inputs were used and the workflow was as follows:

1t STEP: Ten random squares, each 500x500 um, were drawn and analysed in the area of

interest within each region for each case.

2"d STEP: The following scripts shown in Figure 2.11 were developed and ran on QuPath.
The values for the Stain 1 (Haematoxylin) and Stain 2 (3,3'-diaminobenzidine, DAB) were

initially calculated as an average of the value across different regions and cases.
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Subsequently, the parameters were manually adjusted to optimise the detection of DAB

signal, based on visual observations.

1 //3etting image to Brightfield with DAB 3staining
2 getImageType ('BRIGHTFIELD H DRE')
3
4 getting Itain parametera
§ getColorDeconvolutionStains(’
8 " "0.618 0.619 438",
7 376 370 T1E™,
g
g
1g defining annotations
11 annotations = getinnotaticonObjects()
12 {anno annotations) {
13 cell = PathObjects.createCellObject{anno.getROI(), . . 1

14 getCurrentHierarchy() .addCbject {cell)
}

Figure 2.11 QuPath scripts to quantify pTDP-43 burden. Note that the function
setColorDeconvolutionStains (lanes 5-8) and the function runPlugin (lanes 19-22) were distributed
as columns for easier visualisation for the thesis, but these functions should be continuous lanes

when running on QuPath. Comments can be found explaining the scripts.
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3 STEP: The following key parameters were obtained after running the script: pTDP-43
DAB area, number of single pTDP-43 DAB spots, number of pTDP-43 DAB clusters (i.e.,
several single spots closely neighbouring each other), and estimated number of pTDP-43
DAB spots (i.e., including single spots and individual spots forming the clusters). A
representation of pTDP-43 differentiating between clusters (dark brown) and single spots

(orange) can be found in Figure 2.12.
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Figure 2.12 Single spots and clusters of pTDP-43 in human brain sections. a pTDP-43 antibody
in human post-mortem brain. b After running the scripts, QuPath distinguishes between single spots

(orange) and clusters (brown). Scale bar = 20 ym.
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4t STEP: Since there is not an agreement on the best quantification method of pTDP-43
burden, three different quantitative approaches were explored and compared to select the
best one(s):

1) Percentage of pTDP-43-stained area: based on the surface area that is pTDP-43-
stained over the total area.

pTDP-43-stained area
Total area

pTDP-43 burden (% stained/mm?) =

The remaining two approaches focused on the QuPath software’s classification of pTDP-
43-stained inclusions in stained sections. One approach quantified the number of clusters,
the characteristic hallmark of pTDP-43 aggregations. The other approach identified
individual spots of pTDP-43, encompassing both multiple spots forming clusters and single
spots, the latter of which may not necessarily be considered pathologically relevant. In

summary, these two approaches were:

2) Number of pTDP-43 clusters: counting the number of pTDP-43 clusters over the total
area.

Number of pTDP-43 clusters
Total area

pTDP-43 burden (# clusters/mm?) = Z

3) Total number of pTDP-43 spots: accounting for individual pTDP-43 spots that may
be gathered in clusters or single spots.

Number pTDP-43 spots
Total area

pTDP-43 burden (# spots/mm?) = z
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2.16 IHC staining of MT-CO1 in human FFPE brain samples

Figure 2.13 presents an overview of IHC staining for MT-CO1 in FFPE brain sections. The
process involves a biotinylated secondary antibody, a streptavidin conjugated HRP

(Horseradish Peroxidase) and DAB for protein localisation.

1. Selection of o .
FFPE brain slide — 2. Bake 60°C — | 3. Deparaffinisation

!

4. Antigen retrieval
(91°C)

Tris buffer
Citrate buffer

10. Nuclei
counterstain

9. DAB substrate — 5. Blocking serum

1 l

8 Streptavidin-HRP 7. 2°7 antibody
conjugate (biotinylated)

AN AN

—_— 6. 1°¥ antibody

Figure 2.13 Overview of workflow for peroxidase-streptavidin IHC staining. Abbreviations: Ag,
antigen; B, biotin; DAB, diaminobenzidine; FFPE, formalin-fixed paraffin-embedded; HRP,
horseradish peroxidase.

Brain sections were baked for 1 hour at 60°C. Deparaffinisation and antigen retrieval were
performed in the DISCOVERY ULTRA Research Staining System (Roche Diagnostics). The
sections were deparaffinated, washed three times with EZ Prep (mild detergent) at 69°C,

followed by antigen retrieval with CC1 (tris-based buffer) for 16 min at 91°C and then CC2

(citrate-based buffer) for 16 min at 91°C.
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Manual staining was performed for the remaining steps due to its superior results compared
to machine staining for the antibody MT-CO1. After washing with EZ Prep, sections were
circled with a hydrophobic liquid blocker pen and blocked with 5% sheep serum (Sigma-
Aldrich) in PBS + 0.5% bovine albumin serum (BSA, Sigma) for 1 hour at room temperature
(RT). The primary antibody MT-CO1 (1:200, Abcam, ab14705) was diluted in PBS + 0.5%
BSA, and the sections were incubated with the primary antibody solution for 1h at RT,

followed by five washes of 3 min with PBS + 0.1% BSA.

To develop biotin-streptavidin amplification, slides were incubated with IgG biotinylated anti-
mouse secondary antibody (1:200, Cytiva, RPN1004), diluted in PBS + 0.5% BSA, for 1
hour at RT and then washed with PBS + 0.1% BSA. The sections were then incubated in
streptavidin-HRP conjugate (1:100, Cytiva, RPN1231) for 1 hour at RT and washed with
PBS + 0.1% BSA. Hydrogen peroxide and DAB tablets (Sigma-Aldrich, D4168) were
dissolved separately in a ratio of 1 tablet:500 pL distilled water and added to the sections,
which were incubated for 15 min at RT. After distilled water washes, nuclei were
counterstained using Harris’ Haematoxylin (VWR, 1:15) for 45 sec, followed by tap water
rinses. Finally, slides were placed in the HistoCore SPECTRA Workstation (Leica

Biosystems) for dehydration through graded alcohols, clearing in xylene, and coverslipping.

The IHC staining of MT-CO1 followed the standard operating protocol within the Department
of Neuropathology, Queen Square. However, the original protocol did not include a blocking
step, leading to a high background signal in the negative control staining (Fig. 2.14a), which
compromised the reproducibility and validity of MT-CO1 staining. To address this issue, an
additional blocking step using sheep serum successfully eliminated the background signal

in the negative control (Fig. 2.14b).
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Figure 2.14 Optimisation of the peroxidase-streptavidin staining adding a blocking serum. a
Negative control staining without blocking step. b Negative control staining using sheep blocking

serum. Scale bar = 2.5 mm
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2.17 MT-ND5 RNAscope ISH assay

RNAscope in situ hybridisation (ISH) is a molecular biology technique used to detect and
localise DNA and/or RNA molecules, enabling visualisation of the spatial distribution and

abundance of specific gene patterns within cells and tissues.

A simplification of the RNAscope ISH protocol involves 1) permeabilization to allow probes

access to DNA/RNA, 2) hybridisation of ~20 double Z probe pairs to the complementary

sequence, 3) amplification (typically based on chromogenic or fluorescent detection

methods), 4) spatial signal visualisation, and 5) data analysis and quantification (Fig. 2.15).

e -
>z —

Figure 2.15 Schematic representation of the RNAscope ISH workflow. The protocol consists of
five main steps: 1) permeabilisation of the tissue, 2) probe hybridisation, 3) signal amplification (the
yellow beads represent the probe and the green objects are amplifiers), 4) visualisation, and 5) data
analysis and quantification (Adapted from ACDBio website).

With the aim of targeting mtDNA, an innovative aspect of this experimental work involves
the utilisation of a sense strand MT-ND5 probe (Hs-MT-ND5-sense, ACDBIo). Specifically
designed for the RNAscope assay, this custom-designed mitochondrial 20ZZ probe targets
the reverse complement sequence of 238-1527 of NCBI Reference Sequence:

NC_012920.1 (mitochondrial genome coordinates 12337-14148), binding exclusively to the

negative strand of mtDNA and not RNA
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Optimising the MT-ND5 CISH RNAscope assay in skeletal muscle

Previously, MT-ND5 staining had only been carried out in fresh-frozen skeletal muscle using
fluorescence techniques. Leveraging the optimised RNAscope Multiplex Fluorescent V2
Assay (ACDBIo), this technique was used to detect the MT-ND5 probe in skeletal muscle
as a proof-of-concept of the results typically obtained from RNAscope (Fig. 2.16). This
showcased the characteristic punctate signal indicative of successful hybridisation and
amplification of the probe to the mtDNA target. While this project predominantly focused on
RNAscope chromogenic in situ hybridisation (CISH), the protocol for fluorescent RNAscope

was not described, but can be found in [?'7] or on the manufacturer's ACDBio website.

Figure 2.16 MT-ND5 signal using RNAscope fluorescence in fresh-frozen skeletal muscle.
Scale bar = 250 pm.

To minimise autofluorescence in FFPE brain sections, the experimental work required the
optimisation of the MT-ND5 probe using RNAscope CISH staining. As part of the

optimisation pipeline, | interrogated whether the use of formalin fixation and antigen target
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retrieval could disrupt the binding sites of the probe in the epitopes, and consequently the
specificity of the mtDNA probe. 7 ym serial sections of fresh-frozen skeletal muscle were
prepared by Darren Chambers using the CM1860 UV Cryostat (Leica Biosystems). | then
used for hybridisation of the MT-ND5 probe using the RNAscope 2.5 HD Reagent Kit-RED
assay (ACDBio). This technique will be described in more detail later in the next subsection
as part of the brain experimental optimisation. Half of the sections were preserved as fresh
frozen, while the other half underwent formalin fixation with 10% neutral buffered formalin
(NBF) for 2 hours, followed by antigen retrieval. Three different RNAscope probes from
ACDBIio were applied to fresh-frozen and formalin-fixed sections: MT-ND5, ubiquitin as

positive control, and a negative control probe (Fig. 2.17).

MT-ND5 demonstrated successful performance in both fresh-frozen and formalin-fixed
skeletal muscle sections, displaying a ubiquitous-like signal distribution with variations in
mtDNA levels among different fibres. Positive and negative controls were effective,
producing abundant ubiquitous signal and an absence of signal, respectively. Surprisingly,
MT-ND5 signal was stronger in formalin-fixed skeletal muscle sections compared to fresh-
frozen sections. This result may be attributed to the formalin fixation better preserving tissue
integrity during the pretreatment process. In addition, the antigen retrieval step may be
exposing epitopes more effectively in formalin-fixed sections than in fresh-frozen sections
which did not undergo antigen retrieval. Hence, itis evident that the MT-ND5 probe performs
well with RNAscope CISH staining of formalin-fixed skeletal muscle within the specified
duration of fixation. However, it should be noted that tissue type and duration of fixation may
affect staining outcomes, and this conclusion may not directly apply to the FFPE brain

sections.
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Fresh-frozen Formalin-fixed

Ubiquitin MT-ND5

Negative

Figure 2.17 Validating RNAscope mtDNA probes in fresh-frozen and formalin-fixed skeletal

muscles. Scale bar = 50 ym.
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Optimising the MT-ND5 CISH RNAscope assay in brain samples

Once the mtDNA probes had been validated in formalin-fixed skeletal muscles, RNAscope
CISH was carried out in FFPE brains. An overview of the RNAscope 2.5 HD Reagent Kit-

RED assay is represented in Figure 2.18.

[ Bake slides (1 hour at 60°C) j
E Pretreat brain sections J

Deparaffinise FFPE sections (~20 min at RT)
Apply RNAscope hydrogen peroxide (10 min at RT)
Perform antigen target retrieval (15 min boiling)
Apply RNAscope Protease Plus

he RNAscope 2.5

Hybridise MT-ND5 probe (2 h at 40°C)
Hybridise Amp 1 (30 min at 40°C)
Hybridise Amp 2 (15 min at 40°C)
Hybridise Amp 3 (30 min at 40°C)
Hybridise Amp 4 (15 min at 40°C)

Hybridise Amp 5 (30 min at RT)

Hybridise Amp 6 (15 min at RT)

Detect the signal (10 min at RT)
Counterstain the slides (1 min at RT)

Mount slides

.

Figure 2.18 Overview of workflow for the RNAscope 2.5 assay. Abbreviation: FFPE, formalin-
fixed paraffin-embedded; RT, room temperature.

FFPE brain sections were selected and baked for 1 hour at 60°C. They were then
deparaffinised by incubation in xylene for 5 min at RT, fresh xylene for 5 min at RT, 100%
ethanol for 2 min at RT and fresh 100% ethanol for 2 min at RT . After completely drying the
slides in an oven for 5 min at 60°C, sections were incubated with hydrogen peroxide for 10

min at RT and washed in distilled water. Antigen retrieval was performed in boiling
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RNAscope 1X target retrieval reagent for 15 min followed by a brief rinse in distilled water

and transfer to 100% ethanol for 3 min at RT. The slides were left to dry overnight at RT.

The following day, a barrier was created around each sample using a hydrophobic liquid
blocker pen. Brain sections were incubated with RNAscope Protease Plus for 30 min at
40°C, followed by washes in distilled water. For the RNAscope 2.5 assay, the following steps
were followed: MT-ND5 probe hybridisation for 2 hour at 40°C, Amp 1 hybridisation for 30
min at 40°C, Amp 2 hybridisation for 15 min at 40°C, Amp 3 hybridisation for 30 min at 40°C,
Amp 4 hybridisation for 15 min at 40°C, Amp 5 hybridisation for 30 min at RT and Amp 6
hybridisation for 15 min at 40°C, all of them followed by washes in x1 wash buffer. Fast RED-
B and Fast RED-A were mixed in a 1:60 ratio and added to the sections for 10 min at RT.
The slides were then counterstained in Haematoxylin, washed with tap water, dried for at
least 15 min at 60°C, briefly submerged in xylene and coverslipped. Finally, the stained

sections were digitally scanned using a Hammatsu NanoZoomer S60 scanner.

The specificity of the MT-ND5 probe was validated by adding 200 U/mL DNase | (QIAGEN)
or 50ug/mL RNase A (Thermo Fisher Scientific) for 30 min at 40°C to brain sections. This
step took place between the antigen target retrieval and the RNAscope Protease Plus steps.
DNase | treatment results in the elimination of the MT-ND5 probe expression (Fig. 2.19a),
whilst RNase A treatment did not cause any effects (Fig. 2.19b), confirming that the probe

specifically binds to DNA and not RNA.
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Figure 2.19 Validation of the MT-ND5 RNAscope probe in brain sections. a DNase | and (b)

RNase A treatment of brain tissues. Arrows indicate MT-ND5 signal. Scale bar = 50 pm.
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Developing a quantification method to assess MT-NDS$ signal in FFPE brains

Based on the validation and optimisation of the MT-ND5 probe in skeletal muscles and
brains, RNAscope CISH was carried out in FTD sections as previously described. After
scanning, stained images were loaded into QuPath software to quantify the MT-ND5 spots
in the FG and FW regions across FTLD-GRN cases, sporadic FTLD-TDP cases and
controls. A semi-automatic method was designed for the quantification of MT-ND5 spots,
which required a combination of coding scripts and minimal manual inputs. A summary of

the workflow is described as follows:

1t STEP: Ten random squares, each 500x500 um, were drawn and analysed in the area of

interest within each region for each case.

2" STEP: The following scripts shown in Figure 2.20 were developed and ran on QuPath.
Stain vectors for haematoxylin and the MT-ND5 probe were initially estimated based on the
average of tissue expression across different biological cases (Fig. 2.20a). Subsequently,
the parameters were adjusted to optimise the detection of MT-ND5 spots, ensuring the
quantification of specific probe signal while minimising non-specific signal, based on visual
observations. The annotation was then manually selected and loaded on the scripts (Fig.
2.20b) to detect the nuclei from the haematoxylin stain, generating an object from the
annotation. Finally, the object from the annotation was manually selected and the scripts on

Fig. 2.20c were ran to quantify the number of MT-ND5 spots.
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12 it.zetLocked 1
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Figure 2.20 QuPath scripts to quantify MT-ND5 spots using RNAscope assay. Note that the
function setColorDeconvolutionStains on (a) (lanes 5-8) and the functions runPlugin on (b) (lanes 2-
8) and on (c) (lanes 2-5) were distributed as columns for easier visualisation for the thesis, but these
functions should be continuous lanes when running on QuPath. Comments can be found explaining
the scripts.

122



A visual explanation of the scripts can be found in Figure 2.21. Overall, the scripts were run
on the scanned brain section (Fig. 2.21a), enabling the identification and quantification of
the haematoxylin-stained nuclei (Fig. 2.21b) and the MT-ND5 spots generated by the probe

(Fig. 2.21c). An overlap of both detections can be found in Figure 2.21d.

Haematoxylin stain

Scanned brain OO Yo ; Combined stains
| z 3 \ .-.’ @ . (@ z

MT-ND5 stain

Figure 2.21 Visual workflow of MT-ND5 spots quantification. a Original scanned brain. b Scripts
detecting haematoxylin-stained nuclei. ¢ Scripts detecting MT-ND5 spots. d Combination of both
MT-ND5 (pink) and haematoxylin (red) stains. Scale bar = 20 ym.

34 STEP: The following key parameters were obtained after running the script: number of
nuclei and number of MT-ND5 spots. The number of MT-ND5 spots were then normalised

to the area of the annotation and averaged across the ten annotations to give mean values

in each region.
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Finally, a validation of this new semi-automatic quantitative method was performed by

comparison of the results to a manual counting of the MT-ND5 spots. Measurements were

taken in annotations across the FG and FW regions in various FTD cases and controls. The

validation was assessed through a Pearson’s correlation test (Fig. 2.22), demonstrating a

robust correlation in both regions (R? = 0.975, p < 0.0001 for FG and R? = 0.965, p < 0.0001

for FW). These results confirmed the development of a fast and consistent quantitative

method.
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Figure 2.22 Comparison of the semi-automatic quantitative method and manual count for MT-

ND5 spots measurement. Strong Pearson’s correlation in the (a) FG and (b) FW. Each dot

represents an annotation measured in the brain section. Pearson’s correlation test.
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2.18 Statistical analysis

GraphPad Prism 9 was employed for statistical analysis and graph representation. Data are
reported as mean + standard error of the mean (SEM) of at least three biological replicates.
Significance was determined using Student’s f-test or one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison test. Correlation was determined using

Pearson's chi-squared test. Outliers analysis was conducted using Grubbs’ test.
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Investigating mitochondria in
PGRN-deficient in vitro models

Neuronal ocean (watercolours) — by Javier S. Bautista
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3.1 Introduction

The use of in vitro models for neurodegenerative studies

The nature of neurodegenerative diseases is characterised by the progressive loss of
structure or function of neurons, primarily affecting the CNS. The limited availability of
effective drugs for the treatment of neurodegenerative diseases reflects the complexity in
aetiology and pathogenesis. In the timeline of drug development, basic research represents
the initial milestone, usually carried out by a combination of in vitro models, animal models
and human tissues. This is then followed up by drug discovery, pre-clinical studies, clinical
trials and the review of the drug by Medicines and Healthcare products Regulatory Agency
(MHRA) in the United Kingdom (UK) and the Food and Drug Administration (FDA) in the
United States of America (USA). However, the recent failure of several clinical trials targeting
neurodegenerative diseases highlights the need of better models to understand the
pathomechanisms and to identify suitable therapeutic targets?'®2'°, Therefore, during the
basic research phase, the selection of optimal in vitro models with a high physiological
relevance is essential to bridge the gap between the experimental results to pre-clinical

animal models and humans.

In vitro models, derived from the Latin term “in glass”, refer to experiments conducted in a
controlled environment outside a living organism, typically in a laboratory setting. These
offer numerous advantages, including cost-effectiveness, ethical considerations, and the
ability to control variables. Traditionally, in vitro models involved 2D-layer immortalised cell
lines in cell culture flasks or plates that were derived from various tissues and organs, such
as Henrieta Lacks (HelLa) cells, SH-SY5Y cells and H4 cells. These immortalised cell lines
have been modified or selected to continue proliferating indefinitely, effectively bypassing

the normal cellular aging and senescence that occurs in most primary cells. This removes
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the need to use tissue, although they may present genetic abnormalities in comparison to
normal human cells??°. Immortalized cell lines have become indispensable tools, enabling
the exploration of various aspects of cell biology, disease mechanisms and drug

development.

Patient-derived human fibroblasts, which are common connective tissue cells, offer unique
advantages for investigating the pathophysiology of neurodegenerative diseases. One of
the key advantages of using this model is their ease of accessibility through minimally
invasive skin biopsies. By culturing patient-derived fibroblasts, specific genetic mutations or
pathological features can be investigating which provide a valuable platform for modelling
the progression and physiology of neurodegenerative diseases. However, they may become
senescent and grow slowly, especially in older individuals. While challenges remain, the use
of fibroblasts as a cellular model for the study of neurodegenerative diseases offers a

promising avenue of research, which can additionally be used to derive iPSCs.

By reprogramming fibroblasts into iPSCs and subsequently differentiating them into various
cell types such as neurons, researchers can create patient-specific neuronal models for the
study of neurodegenerative diseases. This methodology enables the investigation of
disease mechanisms in a cellular context, assessing specific genetic mutations,
environmental factors, or other variables impacting neuronal function and survival. This
approach is particularly advantageous when studying diseases with complex aetiologies,
such as AD and PD, providing a powerful tool for personalized medicine and drug discovery.
Finally, although not used in this thesis, organoids represent another type of in vitro model
with more sophisticated 3D structures that maintain key structural and functional aspects of

real organs, closely mimicking the behaviour of neurons and brain tissues??'.
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These in vitro cellular tools have expanded our understanding of the pathophysiology of
conditions like AD, PD, Huntington's, ALS and FTD. Collectively, immortalised cell lines,
patient-derived fibroblasts and iPSCs are enabling the exploration of disease mechanisms,
the conduction of drug screenings and the development of potential therapies. The
continued advancements in these models promise to unlock new insights and therapeutic

breakthroughs in the pursuit to mitigate and control neurodegenerative diseases.
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Characterising mitochondria in GRN-related FTD using in vitro models

The characterisation of mitochondria in neurodegenerative diseases has traditionally relied
on the use of in vitro models due to the limited access to brain samples from FTD patients.
Therefore, several culture models have been developed to study the pathogenicity of
mitochondria in FTD, identifying potential pathomechanisms and drug targets. These are
easy to genetically manipulate, providing with preliminary insights into the state of

mitochondria.

In contrast to brain biopsies, human skin fibroblasts biopsies are not as invasive, providing
patient-derived human cultures that possess the same genetic variance related to
pathogenicity. Notably, fibroblasts reproduce metabolic changes observed in neurons, and
reported mitochondrial dysfunction in fibroblasts can correlate with features observed in

patients with neurodegenerative diseases??2223,

Nowadays, cross-validation of the results in different experimental models is necessary to
ensure the findings hold true across various approaches or systems, confirming their
robustness and generalisability. This helps ensure that the observed effects or outcomes
are not specific to a single model but are consistent and reproducible in different
experimental setups or contexts. As an example, the 2014 study reporting a link between
the FTD-related CHCHD10 gene and mitochondrial function employed patients’ fibroblasts
to demonstrate respiratory chain deficiency and abnormal mitochondrial structure'’’. In
addition, they used Hela cells to confirm the previous results, genetically overexpressing
mutant CHCHD10 and demonstrating an increase in mitochondrial network fragmentation

and defective cristae maintenance.

The generation of iPSC-derived cells (e.g., neurons, microglia and astrocytes) have

additionally enabled the characterisation of mitochondrial pathology in specific cell types
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relevant to FTD. For instance, a study generated c9orf72 iPSC-derived motor neurons from
patients’ fibroblasts and observed mitochondrial bioenergetic deficit and dysfunctional
axonal homeostasis, which phenotype was later confirmed in human post-mortem
samples'”®. Another study generated iPSC-derived neurons from patients of FTDP-17 with

10+16 MAPT mutation and observed oxidative stress and neurodegeneration'78,

This PhD project initially sought to determine whether mitochondrial dysfunction was
involved in GRN-related FTD by using three in vitro models. These cell culture models
included immortalised cell lines (specifically H4 neuroglioma cells and SH-SY5Y
neuroblastoma cells), primary human skin fibroblasts and iPSC-derived neurons and
astrocytes. Regarding the immortalised cell lines, H4 cells are derived from the brain of a
37-year-old white male with neuroglioma, and SH-SY5Y cells are derived from a bone
marrow biopsy of a 4-year-old girl with metastatic neuroblastoma. Although SH-SYS5Y cells
are widely used in FTD research, their low expression of PGRN protein in comparison to H4
cells draws a significant limitation in their use to study GRN-related FTD??4. Thus, due to the
higher PGRN expression levels in H4 cells, the neuroglioma cell line was mostly used for

the characterisation of mitochondria.

Fibroblasts from presymptomatic patients with GRN pathogenic mutations were used to
validate the results obtained from the experimental work in H4 cells, exploring the
mitochondrial molecular biology and any correlations between PGRN expression and

mitochondrial function.

The final PGRN-deficient model in this thesis employed RNA extracted from iPSC-derived
neurons and astrocytes. The deficiency of PGRN in neurons and astrocytes has been

identified as key player in the development of GRN-related FTD, promoting synaptic
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degeneration, neuronal stress, and TDP-43 proteinopathy?2%-227. Therefore, these two cell

types represent an optimal model for the study of the neurodegenerative disease.

The iPSC lines were derived from four controls, three FTD patients with GRN mutations and
an isogenic CRISPR series with control, heterozygous and homozygous R493X mutation
lines. Heterozygous GRN mutations closely resemble the FTLD-GRN phenotype with PGRN
haploinsufficiency, whereas homozygous mutations recapitulate neuronal ceroid
lipofuscinosis-like phenotypes. Therefore, the two different degrees in GRN expression
levels between heterozygous and homozygous mutations may indicate a GRN expression-

dependent effect on mitochondrial function.

Overall, by employing these three different PGRN-deficient models, this chapter will
characterise the state of mitochondria and provide new insights into the pathological

hallmarks of GRN-related FTD.
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3.2 Aims

The overall aim of this chapter was to characterise the state of mitochondria in three different

in vitro models of GRN-related FTD from a biochemical, molecular and genetic approach.

The specific aims were:

e To generate a shGRN H4 cell model to characterise mitochondrial activity, function

and genome in a PGRN-deficient model;

e To develop a shGRN SH-SY5Y cell model to briefly characterise mitochondria and

compare its results to H4 cells;

e To investigate the molecular biology of mitochondria in skin fibroblasts derived from
presymptomatic patients with GRN pathogenic mutations by exploring the mtDNA,

transcripts and protein levels;

e To characterise the effect of GRN mutations in mitochondrial-encoded mRNA
transcripts using iPSC-derived neurons and astrocytes, including a CRISPR series

with an isogenic control, heterozygous and homozygous GRN mutation lines.
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3.3 Materials and methods

Mitochondrial characterisation was carried out across various PGRN-deficient in vitro
models, including immortalised cell lines (H4 neuroglioma and SH-SYS5Y neuroblastoma
cells), fibroblast from patients with pathogenic GRN mutations (a summary of the
demographics is presented in Table 2.1), and iPSC-derived neurons and astrocytes.
Mitochondria were predominantly investigated in the shGRN H4 cells based on to the
robustness of the GRN KD model, the fast growth rate of the cell line facilitating the
acquisition of material for all the experiments, and the physiological relevance of PGRN in

microglia and consequently the closely related neuroglioma model.

A wide range of biochemical and molecular genetic techniques were carried out to
investigate mitochondria in the in vitro models. The GRN KD validation was validated and
characterised in the H4 cells by RT-gPCR, western blotting, cell proliferation assay and
trypan blue cell proliferation, and in the SH-SY5Y cells by RT-gPCR. PGRN deficiency was
also interrogated in the fibroblasts by RT-gPCR and western blotting. Mitochondrial
bioenergetics in the shGRN H4 cells were measured by Seahorse assay, BN-PAGE, CN-
PAGE and COX activity assay. Mitochondrial mass, biogenesis and content in the shGRN
H4 cells were assessed by western blotting and citrate synthase activity assay.
Mitochondrial genomics were investigated in the H4 cells by gPCR, RT-gPCR and western
blotting, in the SH-SY5Y cells and the fibroblasts by gPCR and RT-qPCR, and in the iPSC-
derived neurons and astrocytes by RT-qPCR. Finally, mitochondrial- and nuclear-encoded
proteins were quantified in the H4 cells and the fibroblasts by western blotting. Detailed

materials and methods can be found in chapter 2.

134



3.4 Results

Validation and characterisation of the shGRN H4 cell model

A stable GRN KD was generated in H4 neuroglioma cells using a lentiviral shRNA vector.
The efficiency of gene KD was validated using RT-qPCR and western blotting (Fig. 3.1a,
3.1b), which confirmed a decrease in GRN transcription expression and PGRN deficiency.
The shGRN H4 cell model was consequently employed to characterise the role of PGRN

deficiency in mitochondrial function.
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Figure 3.1 Validation and characterisation of the shGRN H4 cell model. a Relative expression
of GRN mRNA in H4 cells analysed by RT-qPCR (n=5). b Representative western blot and summary
graph bar showing significant decrease in PGRN protein (n=5). ¢ Real-time cell proliferation of
shCTR and shGRN H4 cells over 100 h using xCELLigence (n=5). d Comparison of delta cell index
area under the curve between shCTR and shGRN cells (n=5). e Cell viability comparing shCTR and
shGRN H4 cells (n=4). Data are expressed as mean+SEM, where each data point represents an

independent passage, and it is the average of at least three technical replicates; unpaired t-test.

135



Real-time proliferation measurements of ShGRN H4 cells showed a significant decrease in
comparison to control cells over 100 h (Fig. 3.1c, 3.1d). Additionally, shGRN H4 cells
exhibited a 5% decrease in cell viability (Fig. 3.1e). These findings suggested that PGRN
deficiency leads to less healthy cells, which may be partially attributed to a slight increase

in cell death, consistent with previous studies'99228,
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PGRN deficiency induces mitochondrial bioenergetic deficit in shGRN H4 cells

Energy generation represents the core function of the organelle and any changes may
indicate mitochondrial dysfunction. Therefore, bioenergetics were initially assessed by
measuring the oxygen consumption rate using the SeahorseFlux Analyser. A decrease in
basal respiration, proton leak, ATP-linked respiration and maximal respiration was observed
in shGRN H4 cells (Fig. 3.2a, 3.2b). These findings suggested an impairment in the ETC

and/or mitochondrial substrate provision, necessary for electron flow maintenance.

Since the ETC is comprised by five different mitochondrial complexes, | proceeded to
investigate whether the impairment in the assembly of a specific complex was involved in
the mitochondrial bioenergetic deficits. The assembly of the mitochondrial complexes was
interrogated using BN-PAGE (CI-IV) and CN-PAGE (CV). The assembly of (CI-IV) was

found impaired, whereas CV assembly remained intact (Fig. 3.2c).

To assess the impact of impaired complexes assembly on their activity, this parameter was
measured using BN-PAGE (Cl) and CN-PAGE (Cll and CV) in-gel activity assay following
established methods?'4. Cl activity was significantly decreased, whilst Cll and CV showed a
trend towards a decrease (Fig. 3.2d). COX activity as a proxy for CIV was
spectrophotometrically measured, showing a reduction that further localised the impairment
in mitochondrial activity and bioenergetic deficits (Fig. 3.2e). Overall, these observations

suggested mitochondrial dysfunction as a pathological manifestation in GRN-related FTD.
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Figure 3.2 PGRN deficiency causes impaired mitochondrial bioenergetics in H4 cells. a
Representative oxygen consumption rate curves as measured by the Seahorse Analyser,
normalised to the total count of nuclei. b Summary bar graph of basal respiration, proton leak, ATP-
linked respiration and maximal respiration (n=4). ¢ Representative BN-PAGE (CI-IV) and CN-PAGE
(CV) and summary bar graph showing the signal of the native complexes, relative to the SDS-PAGE
membrane (n=4). d Representative BN-PAGE (Cl) and CN-PAGE (Cll and CV) and summary bar
graph showing the complexes in-gel activity, relative to the SDS-PAGE membrane (n=4). e COX
activity measurement in shGRN H4 cells (n=4). Data are expressed as mean+SEM, where each
data point represents an independent passage, and it is the average of at least three technical

replicates; unpaired f-test.
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PGRN insufficiency decreases mitochondrial mass and biogenesis in shGRN H4 cells

Following the observation of an impairment in mitochondrial bioenergetics, | investigated
whether this was due to a change in mitochondrial mass. By measuring different protein
markers, it was determined that TOM20 protein levels, and consequently mitochondrial
mass, were decreased, whilst VDAC and HSP60 showed no changes (Fig. 3.3a, 3.3b). A
decrease in mitochondrial mass could be due to a downregulation of PGC-1a, the
mitochondrial master regulator of biogenesis and function which has been associated with
neurodegenerative disorders??°23. PGC-1a protein levels were indeed significantly reduced
in shGRN H4 cells (Fig. 3.3c), which may account for the decrease in mitochondrial mass
and bioenergetics in GRN-related FTD. Finally, the decrease in mitochondrial content was
additionally confirmed by a decreased in citrate synthase activity in shGRN H4 cells (Fig.

3.3d).
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Figure 3.3 Decreased mitochondrial mass in shGRN H4 cells. a Representative western blot and
summary bar graph showing the relative protein expression of TOM20 (n=4). b Representative
western blot and summary bar graph showing the relative protein expression of HSP60 and VDAC
(n=4). c Representative western blot and summary bar graph showing the relative protein expression
of PGC-1a (n=4). d Citrate synthase (CS) activity assay measurement in shGRN H4 cells (n=4).
Data are expressed as mean+SEM, where each data point represents an independent passage, and

it is the average of at least three technical replicates; unpaired t-test.
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Normalising mitochondrial dysfunction read-outs to the mitochondrial content

While the previous read-outs of mitochondrial parameters were normalised to a
housekeeping protein or to the total protein concentration, there remained an outstanding
question regarding whether the observed decrease in mitochondrial complexes assembly
or activity was due to an impairment in mitochondrial respiration, a decrease in mitochondrial
content, or both. To address this question, | normalised the complex assembly results
obtained by BN-PAGE and CN-PAGE (Fig. 3.2c), as well as COX activity (Fig. 3.2e), by the
mitochondrial content according to the citrate synthase activity assay (Fig. 3.3d). Notably,
neither the signal of the native complexes nor the COX activity were significantly reduced
anymore (Fig. 3.4a, 3.4b), although they still presented a trend towards a decrease. This
suggested that the decrease in complexes assembly and the COX activity were partly
attributed to the decrease in mitochondrial content in PGRN-deficient H4 cells, although

other factors may also be involved.
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Figure 3.4 Normalising complexes assembly signal and COX activity by citrate synthase in
shGRN H4 cells. a Summary bar graph showing the signal of the native complexes, normalised to
citrate synthase (CS) (n=4). b Summary bar graph showing the COX activity, relative to citrate
synthase (n=4). Data are expressed as meantSEM, where each data point represents an

independent passage, and it is the average of at least three technical replicates; unpaired t-test.
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PGRN deficiency reduces the expression of the mitochondrial-encoded genome in

shGRN H4 cells

The recognition of mtDNA damage and dysfunction in neurodegenerative disorders
underscores the heightened vulnerability of neurons to mitochondrial metabolic
alterations?®'. In investigating the repercussions of PGRN deficiency on the mitochondrial
genome, mtDNA was assessed in sShGRN H4 cells, revealing a significant decrease (Fig.
3.5a). Strikingly, the protein level of the mitochondrial transcription factor A (TFAM), crucial
for mtDNA maintenance, exhibited a concurrent decrease (Fig. 3.5b), inferring an

impairment in mtDNA integrity.
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Figure 3.5 Decreased mtDNA in shGRN H4 cells. a Relative abundance of mtDNAcn in shGRN
H4 cells (n=5). b Representative western blot and summary bar graph showing the relative protein
expression of TFAM (n=5). Data are expressed as meantSEM, where each data point represents

an independent passage, and it is the average of at least three technical replicates; unpaired t-test.
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At the transcriptional expression level, there was a significant decrease in five out of seven
mitochondrial-encoded transcripts (MT-ND1, MT-ATP6, MT-COX3, MT-CYTB and MT-ND6)

(Fig. 3.6a). However, there was no change in nuclear-encoded transcripts (Fig. 3.6b).
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Figure 3.6 Decreased mitochondrial-encoded RNA transcripts in shGRN H4 cells. a Relative
expression of mitochondrial-encoded transcripts (n=3-4). b Relative expression of nuclear-encoded
transcripts (n=3). Data are expressed as meantSEM, where each data point represents an

independent passage, and it is the average of at least three technical replicates; unpaired t-test.
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Similarly, the distinctive impact of PGRN deficiency on mitochondrial genomics was
substantiated by a decrease in the protein level of the mitochondrial-encoded MT-ND1 (Fig.
3.7a). No significant alterations were observed in nuclear-encoded OXPHOS proteins (Fig.
3.7b) Noteworthy is the absence of change in the expression of the mitochondrial-encoded
MT-CO2 protein, hinting at the possibility that mitochondrial dysfunction could selectively
impact specific complexes. Overall, these results suggested that mitochondrial dysfunction
may constitute a specific pathological hallmark of GRN-related FTD, although further

validation is required across diverse in vitro models and human tissues.
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Figure 3.7 Decreased mitochondrial-encoded proteins in shGRN H4 cells. a Representative
western blot and summary bar graph showing the relative protein expression of MT-ND1 (n=4). b
Representative western blot and summary bar graph showing the relative protein expression of
nuclear-encoded proteins (n=4). Data are expressed as meantSEM, where each data point
represents an independent passage, and it is the average of at least three technical replicates;

unpaired f-test.
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Preliminary investigation of CL-related genes in shGRN H4 cells

A decrease in CL total levels has been previously reported in human FTLD-GRN brains?%.
To interrogate the state of CL in shGRN H4 cells, | proceed to carry out a preliminary
investigation of the transcription expression of genes involved in the CL de novo
biosynthesis and remodelling pathways. This did not demonstrate any changes (Fig. 3.8),
which could indicate that PGRN deficiency does not affect the transcription expression of
CL-related genes. However, it is still unknown whether CL abundance or species are
affected, and therefore, future research should explore CL employing HPLC-MS techniques

in shGRN H4 cells as well as human tissues'%4,
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Figure 3.8 Exploring transcription expression of CL-related genes in shGRN H4 cells (n=3).
Data are expressed as mean+SEM, where each data point represents an independent passage, and

it is the average of at least three technical replicates; unpaired t-test.
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Replicating the results in SH-SY5Y neuroblastoma cells

SH-SY5Y neuroblastoma cells were used to replicate the results obtained in H4 cells. The
same transduction process than in H4 cells was employed to generate a stable GRN KD
using a lentiviral shRNA vector. The PGRN KD was validated using RT-gPCR (Fig. 3.9a).
In contrast to the H4 cells, the mtDNAcn showed no difference between shGRN SH-SY5Y
cells and controls (Fig. 3.9b), presenting a large variation within the biological replicates.
Although the mtDNAcn results could not be recapitulated, the expression of mitochondrial-
encoded transcripts was reduced (Fig. 3.9c¢) and the nuclear-encoded transcripts remained
mostly unchanged (Fig. 3.9d), suggesting that a specific decrease in mitochondrial-encoded

mMRNA was still observed.
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Figure 3.9 Replicating the mRNA results in shGRN SH-SY5Y neuroblastoma cells. a Relative
expression of GRN mRNA in SH-SY5Y cells analysed by RT-gPCR (n=3). b Relative abundance of
mtDNAcn in shGRN SH-SY5Y cells (n=4). ¢ Relative expression of mitochondrial-encoded
transcripts (n=3). d Relative expression of nuclear-encoded transcripts (n=3). Data are expressed
as meantSEM, where each data point represents an independent passage, and it is the average of
at least three technical replicates; unpaired t-test.
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Validating PGRN-deficiency in fibroblasts derived from patients with GRN mutations

Fibroblasts from presymptomatic patients with pathogenic GRN mutations, as well as from
controls, were used to investigate the impact of PGRN deficiency on mitochondrial function.
Mutations in GRN have been documented to result in comparable clinical manifestations®’.
This stands in contrast to the MAPT gene, where different mutations can give rise to
phenotypic and neuropathological variability, involving different mechanisms?32. To test this
hypothesis, this thesis discerned between the different GRN mutations (C31fs, R493X and

V141fs) when investigating their effects on mtDNA, mRNA and proteins levels in fibroblasts.

PGRN deficiency was validated by measuring the GRN transcripts using RT-gPCR and
PGRN protein levels by western blotting (Fig. 3.10). The decrease in both measurements
confirmed the use of the fibroblasts as a PGRN-deficient model.
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Figure 3.10 Validation of PGRN-deficient fibroblasts obtained from FTD patients with GRN
mutations. a Relative expression of GRN mRNA in fibroblasts analysed by RT-gPCR (n=5 FTLD-
GRN, n=6 controls). b Representative western blot and summary bar graph showing a decrease in
PGRN protein (n=5 FTLD-GRN, n=6 controls). Data are expressed as mean+SEM, where each data

point represents an independent biological sample; unpaired t-test.
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PGRN deficiency leads to impaired mitochondrial genomics in fibroblasts

Mitochondrial genomics was assessed by extracting DNA and measuring the mtDNAcn of
the PGRN-deficient fibroblasts. The mtDNAcn was assessed using both MT-ND1/B2M and
MT-CYB/GUSB set of probes (Fig. 3.11a, 3.11b), which successfully replicated a reduction
of the mtDNAcnh in patient fibroblasts. Interestingly, PGRN protein levels were positively
correlated with mtDNAcnh [r(9)=.556, p=.070 for MT-ND1/B2M and r(9)=.792, p=.011 for MT-
CYB/GUSB, Pearson’s correlation, Fig. 3.11c], suggesting a relation between PGRN-

deficiency and mitochondrial dysfunction in GRN-related FTD.
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Figure 3.11 Measurement of mtDNA in PGRN-deficient fibroblasts. Relative abundance of
mtDNAcn using (a) MT-ND1/B2M and (b) MT-CYB/GUSB in fibroblasts from patients with GRN
mutations (n=5 FTLD-GRN, n=6 controls). ¢ Pearson’s correlation between PGRN protein
expression and mtDNA relative expression (n=5 FTLD-GRN, n=6 controls). Data are expressed as
meantSEM, where each data point represents an independent biological sample; unpaired t-test,

Pearson’s correlation.

Mitochondrial-encoded and nuclear-encoded RNA transcripts showed no difference across
samples, potentially due to the large variation between individual cases (Fig. 3.12a, 3.12b).
Similarly, protein expression of the OXPHOS cocktail and mitochondrial mass markers

(MIC60, HSP60 and TOMZ20) showed no difference (Supplementary Fig. 3.12c, 3.12d).
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Figure 3.12 PGRN deficiency does not show any changes at the mRNA or protein levels in
PGRN-deficient fibroblasts. a Relative expression of mitochondrial-encoded transcripts (n=5
FTLD-GRN, n=6 controls). b Relative expression of nuclear-encoded transcripts (n=5 FTLD-GRN,
n=6 controls). ¢ Representative western blot and summary bar graph showing the relative
expression of OXPHOS-encoding proteins (n=5 FTLD-GRN, n=6 controls). d Representative
western blot and summary bar graph showing the relative protein expression of mitochondrial
markers (n=5 FTLD-GRN, n=6 controls). Data are expressed as mean+SEM, where each data point

represents an independent biological sample; unpaired t-test.
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To ascertain whether different GRN mutations have specific effects on mitochondrial
function, Grubbs' test was performed to identify any outliers in the dataset. Overall, the
mutations C31fs and R493X did not exhibit significant differences. However, the mutation
V141fs had a lower mtDNAcn and protein level compared to the other mutations (Fig. 3.11,
3.12c, 3.12d). Although the Grubbs’ test confirmed that the results for the mutation V141fs
deviated the furthest from the rest, the difference reached statistical significance (p<0.05)
only for TOM20 at the protein level. This value was kept to maintain consistency in the
number of biological replicates in the statistical analysis. Moreover, given the limited
representation of the mutation V141fs with only one patient, out of a small cohort of 5
patients, it posed a challenge to discern whether the decrease in mtDNAcn and protein

levels was mutation-specific or merely patient-specific.
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Exploring a correlation between mRNA and proteins

Due to the high variability in mRNA across the different patients’ fibroblasts, mostly at the
mitochondrial-encoded transcripts, Pearson’s correlation was carried out to explore a
potential relationship between the transcriptional expression of GRN and the other explored
genes. The aim was to determine whether there was any existing correlation between GRN
and mitochondrial- or nuclear-encoded transcripts according to the results obtained from
RT-gPCR in both human FTLD-GRN and controls fibroblasts. As seen in Table 3.1, GRN
MRNA expression was statistically, positively correlated to the NDUFB8 and UQCRC2
transcripts, as well as positively, but not significantly, correlated to the MT-ND6, SDHB and
CObA transcripts. These results suggested that GRN transcripts expression had a
weak/moderate correlation with nuclear-encoded transcripts, but not with mitochondrial-

encoded transcripts.

Pearson's correlation

mitochondrial-encoded transcripts nuclear-encoded transcripts
MT-RMR1| MT-ND1 | MT-CO1 | MT-ATP6 | MT-CO3 | MT-CYB | MT-ND6 | NDUFES | SDHE |[UQCRC2| COX5A | ATPSA
p-value| 03393 | 0.3703 | 0.8280 [ 0:9929 | 0.7863 | 0.5963 | 0.0788 | 0.0270 | 0.1195 [ 00985 | 0.0791 0.2248
r-value | -0.3381 | 0.3181 0.0791 0.0032 | 0.0987 | 0.1914 | 0.5800 | 0.6602 | 04974 | 0.6912 [ 05507 | 0.3985

GRN

Table 3.1 Pearson’s correlation between GRN transcripts expression and mitochondrial- and
nuclear-encoded transcripts in controls and PGRN-deficient fibroblasts. The colour of each
box represents the degree of statistical significance, with red indicating a highly significant difference,

blue a non-significant difference and white a borderline/trend difference.
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As with the mRNA RT-gPCR results, there was a high variability in protein levels between
the different samples based on the western blot SDS-PAGE results. Pearson’s correlation
was carried out to explore a potential relationship between PGRN and the other protein
levels. As seen in Table 3.2, PGRN expression was statistically, positively correlated only
to HSP60 protein expression in fibroblasts, with a low correlation with the other investigated

proteins.

Pearson's correlation

OXPHOS proteins mitochondrial mass markers
NDUFB8 | SDHB |UQCRC2 | MT-CO2 | ATPSA | MICED | HSPGO | TOM20
p-value | 02306 | 02455 | 08673 | 06545 | 04854 | 08725 | 0.0477 | 04500
r-value | 03940 | 03826 | 00572 | 01523 | 02357 | 00550 | 0.6069 | 02333

PGRN

Table 3.2 Pearson’s correlation between PGRN protein expression and OXPHOS proteins or
mitochondrial mass markers protein expression in controls and PGRN-deficient fibroblasts.
The colour of each box represents the degree of statistical significance, with red indicating a highly

significant difference, blue a non-significant difference and white a borderline/trend difference.
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Characterising transcription expression in iPSC-derived neurons and astrocytes

From Wray’s lab, RNA was extracted from GRN-mutated iPSC-derived neurons and
astrocytes. From this material, cDNA synthesis and RT-qPCR were carried out. The
transcripts expression was then assessed, exploring whether mitochondrial-encoded
transcripts were reduced as in shGRN H4 cells (Fig. 3.6a) or whether they were unaltered
as observed in fibroblasts from patients with GRN mutations (Fig. 3.12a). Both iPSC-derived
neurons and astrocytes from FTLD-GRN patients showed a decrease towards a trend in
GRN transcription levels (Fig. 3.13a, 3.13b). Although neurons showed a decrease in MT-
ND1 transcripts, the transcripts MT-CYB in neurons and MT-ND1 in astrocytes were not
changed. The lack of a change in mitochondrial-encoded transcripts in comparison to the
shGRN H4 model may be due a milder decrease in GRN transcripts, suggesting that the

level of GRN KD may influence the variability in the expression of transcripts.

Isogenic controls for both neurons and astrocytes were additionally derived with
heterozygous and homozygous GRN R493X mutations. Interestingly, heterozygous
mutations did not show any change, whereas the homozygous mutation showed a strong
trend towards a decrease in transcripts expression (Fig. 3.13c, 3.13d). In the neurons, this
extended to all the tested mitochondria-related transcripts, including mitochondrial- and
nuclear-encoded transcripts. This suggests a GRN expression-dependent threshold after
which mitochondrial dysfunction may arise, and that both neurons and astrocytes behave

similarly.
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Figure 3.13 Transcripts expression in iPSC-derived neurons and astrocytes. mRNA expression
of iPSC-derived (a) neurons and (b) astrocytes from individuals with GRN mutations (n=3). mRNA
expression of isogenic iPSC-derived (¢) neurons and (d) astrocytes with heterozygous and
homozygous GRN R493X mutations (n=1-3). Data are expressed as mean+SEM, where each data
point represents an independent induction, and it is the average of three technical replicates;

unpaired t-test.
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3.5 Discussion

In this chapter, the state of mitochondria was assessed across three in vitro PGRN-deficient
models, including shGRN immortalised cell lines, fibroblasts from patients with GRN
pathogenic mutations and iPSC-derived cells. This investigation revealed that PGRN
deficiency led to a mitochondrial bioenergetic deficit, decreased mitochondrial mass and

biogenesis, and affected the mitochondrial genome.
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Mitochondrial dysfunction is involved in the shGRN H4 cell line

The use of immortalised cell models to explore GRN-related FTD may be considered useful
for an initial characterisation of the effect of PGRN deficiency on mitochondrial function?33,
The validation and characterization of the shGRN H4 cell model confirmed its suitability as
a PGRN-deficient model, revealing a decrease in cell proliferation and viability, consistent

with prior research findings?3*23%,

The assessment of mitochondrial bioenergetics in shGRN H4 cells provided valuable
insights into the impact of PGRN deficiency on cellular respiration. The observed reductions
in basal respiration, proton leak, ATP-linked respiration, and maximal respiration indicated
a bioenergetic deficit, potentially related to an alteration of the ETC. Spare capacity was not
calculated due to the observed high variability in the Seahorse results associated with this
parameter. Further investigation into the assembly and activity of mitochondrial complexes
revealed notable findings, such as impaired assembly of CI-IV that suggested a disruption
in the structural integrity of the ETC. In addition, the activity of all the complexes was
decreased, with a significant difference in CI and CIV, reinforcing the notion of impaired
mitochondrial activity and bioenergetics in shGRN H4 cells. These findings collectively

indicated mitochondrial dysfunction as a pathological manifestation in GRN-related FTD.

Given the importance of mitochondrial bioenergetics, it is thus important to better understand
the impact of PGRN haploinsufficiency in other factors of mitochondria that may drive the
phenotype into a pathological state. In the present study, a decrease in mitochondrial mass
was detected in the shGRN H4 cells. These results contradicted the findings observed in
Rodriguez-Perifidan and colleagues’ study who reported increased mitochondrial mass?2°.
Their results may be a response to a compensatory mechanism due to their PGRN-deficient

model being a transient GRN KD in SH-SY5Y neuroblastoma cells since their model did not
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account for life-long adaptations to germline GRN mutations observed in human post-
mortem brains or even in a stable shGRN model. This raises important discussions on the
choice of the best in vitro models for neurodegenerative disease studies and the importance

of validation in human samples?3.

A repeating component of mitochondrial dysfunction in neurodegenerative diseases is the
decrease in mitochondrial biogenesis?37-238 which disruption has been reported in C9orf72-
related FTD?*°. Exploring the role of the master regulator PGC-1a by western blotting
demonstrated a decrease in biogenesis in shGRN H4 cells. Some of the effects of a
reduction in mitochondrial biogenesis include a reduction in mitochondrial mass, impaired
energy production and cellular metabolism, increased oxidative stress and overall
mitochondrial dysfunction?®. Strikingly, these established effects on mitochondrial function

closely resemble the mitochondrial phenotype characterised in the shGRN H4 cells.

Based on these findings, it could be proposed that PGRN deficiency induces mitochondrial
dysfunction by reducing PGC-1a through an unidentified mechanism. To validate this
hypothesis, a rescue experiment could be conducted to elevate PGC-1a and evaluate
whether it restores a normal mitochondrial phenotype. A similar experiment was performed
in human C9orf72 iPSC-derived motor neurons in which the overexpression of a PGC-1a
lentivirus rescued the bioenergetic deficit and axonal length phenotype'’S. Curiously, while
gene therapy has demonstrated promising results in in vitro and in vivo mice AD models, its
clinical translation has shown limited benefits in clinical trials?4%24'. This underscores the
need for cautious interpretation of results from pre-clinical models and emphasises the
importance of further research to delineate the underlying mechanisms and assess

translational potential.
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The decrease in mitochondrial biogenesis was confirmed by a decrease in citrate synthase
activity, indicating a decrease in mitochondrial content. This prompted the hypothesis that
the impairment in mitochondrial complexes assembly and activity may be due to a reduction
in content. By normalising the mitochondrial complexes assembly and COX activity read
outs by citrate synthase, the mitochondrial parameters were still reduced, but not
significantly. This suggested that the mitochondrial bioenergetic deficit was partially due to
a reduction in mitochondrial content, but other factors such as dysfunctional ETC may also

be playing a role.

The mtDNA in shGRN H4 cells was compromised, as evidenced by a decrease in both
mtDNAcn and TFAM protein levels. The specific decrease in mitochondrial-encoded
transcripts and the protein MT-ND1 additionally demonstrated that PGRN deficiency
induced mitochondrial dysfunction. However, it is still unknown whether the decrease in
mtDNAcnh was due to a specific mechanism targeting mtDNA or due to an overall decrease
in mitochondrial content. A decrease in mtDNAcn and quality has been observed across
different neurodegenerative diseases?*?>243, making further experimental work in other
PGRN-deficient models essential to better validate the pathological relevance of impaired

mMtDNA in GRN-related FTD.

The findings in shGRN H4 cells contribute to a better understanding of the
pathophysiological phenotype underlying PGRN deficiency and highlight the potential for
targeted therapeutic interventions in the future. Future research is warranted to validate
these observations in additional in vitro models and human tissues, ultimately advancing our

comprehension of the role of mitochondria in GRN-related FTD.
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Interpreting mitochondrial dysfunction in the shGRN SH-SY5Y cell model

In contrast to the results observed in H4 cells, the shGRN SH-SY5Y cells did not show a
change in mtDNA, with a large variation between biological replicates. However, the specific
decrease in mitochondrial-encoded transcripts expression, but not nuclear-encoded ones,

was still present.

The differences in nature between the two human immortalised cell lines may partly explain
the variation in results, with H4 cells being considered more glial-like whereas SH-SY5Y
cells are more neuron-like. This could suggest that the effect of PGRN haploinsufficiency on
mitochondrial dysfunction may depend on the cell type. Therefore, H4 cells could be
considered a model more closely related to microglia in which PGRN may play a more
physiologically relevant role. In addition, a study reported that the levels of total PGRN levels
were higher in H4 cells that in SH-SY5Y cells??4. Thus, a reduction in PGRN in H4 cells may
induce a more strenuous impact on the cellular physiology, leading to mitochondrial

dysfunction, in comparison to PGRN-deficient SH-SY5Y cells.
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Decreased mtDNAcn in fibroblasts could be explored as a diagnostic biomarker

Fibroblasts from presymptomatic patients with familial GRN mutations were consecutively
used to characterise mitochondria and compare the results to those obtained from shGRN

immortalised cell lines.

The PGRN-deficient fibroblasts presented a significant decrease in the mtDNAcn confirming
the previous results obtained from shGRN H4 cells. Previous studies have shown that
neurodegenerative diseases can affect mtDNAcn?*4, exploring changes in the mitochondrial
genome as a potential diagnostic biomarker for PD and Huntington's disease?4%246, The fact
that the fibroblasts in this thesis were obtained from presymptomatic patients makes the
decrease in mtDNAcn even more exciting as a marker for systemic mitochondrial
dysfunction before the onset of FTLD symptoms. This would provide a unique window of
opportunity for early intervention and treatment, potentially slowing down the progression of
the disease before irreversible damage occurs. Considering that peripheral blood and CSF
are routinely used to assess mtDNAcn due to their accessibility and correlation with clinical
symptoms, it would be interesting to replicate these experiments using clinical fluids. This
would be especially relevant since pathological manifestations in peripheral blood and
fibroblasts represent the overall systemic condition of an individual and can provide insights

into general health and specific disease-related changes.

In contrast to the H4 cells, bioenergetic assays were not conducted in fibroblasts due to the
high variability observed in the Seahorse assay, and the different growth rates among
fibroblast cell lines, particularly the slower growth rates in the fibroblasts from FTLD-GRN
cases. Despite these limitations, this experimental work could be attempted in fibroblasts in
the future to further enhance our understanding of the decrease in mitochondrial

bioenergetics across different PGRN-deficient models.
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No changes were observed at the mRNA transcripts level nor at the protein level, mostly
due to the large variation in expression across PGRN-deficient fibroblasts. To certain extent,
this variation was also observed in another study exploring mitophagy mRNA and protein
levels in fibroblasts from six carriers with GRN pathogenic variants?®2. They reported
significant decreases in parkin (PRKN) and PGRN protein levels, but a non-significant, large
variation in MFN2 and VDAC proteins, which are downstream targets of parkin. Interestingly,
when they created a transient GRN KD in fibroblasts, they then observed a decrease in
MFN2 and VDAC proteins which was significant and relatively more consistent than the
fibroblasts from patients. This suggested that life-long adaptations to germline GRN
mutations in fibroblasts can show a great variability between individuals, which could also
explain the wide range of results in this thesis. Another possibility is that the genetic
heterogeneity between the tested fibroblast cell lines could have masked the differences.
These two interpretations could explain the variability and discrepancy in results in contrast

to the shGRN H4 results.

Based on the RT-gPCR and western blotting results in human fibroblasts, potential
correlations were explored between GRN mRNA expression and mitochondrial- and
nuclear-encoded transcripts expression, and between PGRN levels and other proteins
expression. Overall, no strong evidence of correlations was observed when carrying out
Pearson’s correlation. Peculiarly, the most striking positive, significant correlations occurred
between GRN and the nuclear-encoded NDUFB8 and UQCRC?2 transcripts. However, when
exploring the correlations between PGRN, NDUFB8 and UQCRC2 protein levels, these
correlations did not replicate. The contradicting results may be due to the aforementioned
limitations in using fibroblasts to characterise mitochondria, as well as the differences in
nature between mRNA and protein, with each having a half-life of 9 h and 46 h median,
respectively?*’. In conclusion, it is challenging to determine any correlations between the

mRNA and proteins of human fibroblasts, as well as their physiological relevance.
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The extent of GRN KD in iPSCs may influence the effect on mitochondrial dysfunction

Gene transcription was measured in iPSC-derived cortical neurons and astrocytes from
controls and patients with GRN mutations, and from an isogenic CRISPR series containing

control, heterozygous and homozygous R493X GRN mutations.

No difference in transcription expression was detected between controls and patient iPSC-
derived neurons and astrocytes, nor in the heterozygous line in comparison to the controls.
Notably, there was a strong trend towards a decrease in mitochondria-related transcription
expression in the homozygous neurons and astrocytes. The unaltered transcription
expression in the heterozygous line may be due to a compensatory upregulation of PGRN

protein levels from the wild type allele which is absent in the homozygous line.

These results resemble those of a study from 2012 when they derived iPSC neurons with
PGRN deficiency and did not observe mitochondrial dysfunction under different doses of
mitochondrial stressors?%, implying that mitochondrial dysfunction was not present in GRN-
related FTD. However, another explanation was that iPSCs may not accurately capture the
age-related aspects of FTD, and mitochondrial dysfunction may develop at a later stage of
disease progression in these brain cells. If this limitation was to extend to the PGRN-
deficient iPSC model used in this thesis, this would highlight the need of other models, such
as human brain tissue, to characterise the pathology of mitochondria at a late stage of the

pathology progression.

Because there were fewer than three biological replicates for the isogenic iPSCs, thereby
limiting the statistical power, these results did not provide confirmation whether a

homozygous GRN mutation significantly impacts the mitochondria-related transcripts.

162



Overall, neurons and astrocytes presented a similar mRNA transcription expression profile,
with no clear cell-type specific contributions of PGRN to mitochondria-related transcripts.
Future work should aim at expanding the iPSC models, especially deriving microglia due to
its relevance to PGRN?*8, Acknowledging the time-demand and high costs associated with
the generation of iPSCs, it would be interesting to employ iPSCs to carry out a more

comprehensive characterisation of mitochondria, including mtDNA and bioenergetics.
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Conclusion and future directions

In conclusion, the findings in this chapter revealed that PGRN deficiency induces
mitochondrial dysfunction across in vitro models. This extends the roles of PGRN as a
regulator of mitochondrial function and homeostasis in GRN-related FTD. Since the in vitro
models are relatively easy to genetically manipulate, future experimental work should aim
at identifying the pathological mechanisms by rescuing potential targets, such as boosting

mitochondrial biogenesis.

Beyond the in vitro models used to characterise mitochondria in this chapter, it would be
interesting to employ more sophisticated models, such as the use 3D human cerebral
organoids to characterise mitochondria in GRN-related FTD. Whilst brain organoids have
been previously developed to characterise pathological hallmarks in FTLD-GRN, this model
has not been used to investigate mitochondrial function?2%. In a similar way, the role of PGRN
has been extensively studied in rodent models?4®-2%1, but there is no work investigating the
mitochondrial phenotype in mice with GRN mutations. These two established models
present a physiology more closely related to humans and would enable a better
understanding of changes in the mitochondrial phenotype in specific organs across time as

well as facilitate the use of therapeutic drugs.

Finally, the extensive work in in vitro models needs to be replicated and validated in samples
with greater clinical relevance, thus enhancing the translational significance of the research.
Therefore, human post-mortem brains from FTLD-GRN and sporadic FTLD-TDP patients
will be employed in the following chapter to investigate the presence of mitochondrial

function.
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Characterising mitochondria in
human FTLD-GRN brains

Cocoon in retrograde (charcoal) — by Dr Emily Y. Wang
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4.1 Introduction

The brain is an exceptionally energy-demanding organ, accounting for a consumption of
20% of the total body energy?®2. The extensive energy requirement is met through the
efficient functioning of mitochondria through the process of OXPHOS needed for neuronal
processes. Mitochondria are indeed crucial for maintaining the synaptic transmission, ion

channel regulation, and axonal transport that underpin brain function.

It is crucial to note that neurons are post-mitotic and have a lifespan that closely matches
that of the entire organism?33, unlike many other cell types in the body that are replaced
during an individual’s lifetime. Therefore, post-mitotic cells like neurons are more prone to
accumulating dysfunctional mitochondria during ageing and neurodegenerative diseases?%.
Understanding whether mitochondrial dysfunction is involved in GRN-related FTD is
essential for the development of targeted therapeutic interventions and strategies aimed at
preserving or restoring mitochondrial function. By elucidating the intricate connections
between the brain, mitochondria and PGRN, researchers can uncover new avenues for
potential treatments, offering hope for patients and families affected by this devastating

condition.

A wide range of pathological hallmarks have been identified using human brain samples
from FTLD-GRN patients. However, the characterisation of the mitochondrial phenotype
remains unexplored in this organ, with only a few studies delving into the metabolic enigma
in an indirect way by utilising multi-omics techniques. As an illustration, a study utilised
lipidomics to investigate gangliosides, which are glycosphingolipids that are highly abundant
in the nervous system. In their supplementary data, they reported a reduction in the
mitochondrial lipids PE and CL in the frontal lobe of FTLD-GRN patients?°3. Considering the

crucial roles of CL, a reduction of the lipid may lead to disassembled mitochondrial structure,
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bioenergetic deficit and impaired dynamics, although this was not addressed by the authors.
In a similar fashion, another study carried out transcriptomics in the frontal-cortex tissue of
FTLD-GRN patients in comparison to other forms of sporadic FTLD-TDP. They reported a
significant enrichment in mitochondrial dysfunction terms in differentially expressed genes
in the astrocytes?%®, but further analysis of the transcriptomic dataset is required to assess
the downregulated genes and hypothesise a potential mechanism. Therefore, a more
mitochondria-centric approach is required to better understand the phenotype and
mechanism, and the use of post-mortem brain tissue can provide a unique length through
which to understand the disease’s aetiology, the final stage of pathology and therapeutic

interventions.

Due to the brain’s particular sensitivity to mitochondrial dysfunction, this chapter focused on
exploring the GRN-related FTD brain processes from a mitochondrial perspective by asking:
1) What happens to brain mitochondrial bioenergetics, biogenesis and genomics during
GRN-related FTD?, and 2) How do the results in this post-mortem brain tissue relate to the

prior findings in H4 cells, SH-SYS5Y cells, fibroblasts and iPSCs?
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4.2 Aims

The overall aim of this chapter was to investigate the role of mitochondria in human FTLD

post-mortem brains, comparing FTLD-GRN cases and controls.

The specific aims were:

e To interrogate the mitochondrial bioenergetics in the grey matter of human post-
mortem brains from FTLD-GRN patients, assessing mitochondrial complexes activity

and assembly;

e To explore the mitochondrial content and biogenesis in the grey matter of human

post-mortem brains from FTLD-GRN and sporadic FTLD-TDP cases;

e To analyse the mitochondrial genome in human post-mortem brains from FTLD-GRN
and sporadic FTLD-TDP cases, assessing mtDNAcn and integrity across both white

and grey matter in the frontal lobe, temporal lobe and cerebellum.
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4.3 Materials and methods

Snap-frozen brains from all twenty-seven human post-mortem brain cases (17 FTLD and 10
controls) were employed in this chapter to characterise mitochondria. A summary of the
demographics is presented in Table 2.2. These included seven with GRN mutations (FTLD-
GRN,; three C31fs, two R493X, one Q130fs and one IVS3-7T>G; all FTLD-TDPA) and ten
with sporadic FTLD-TDP cases without GRN mutations (sporadic FTLD-TDP; three FTLD-

TDPA, three FTLD-TDPB and four FTLD-TDPC).

Comparisons of age at onset, age at death, disease duration, post-mortem delay, sex and
Braak stage across groups are shown in Fig. 4.1. Age at onset, disease duration and sex
were similar between cases and controls. FTLD-GRN and sporadic FTLD-TDP had a
younger age at death compared with controls (p=0.0487 and p=0.0150, respectively).
Sporadic FTLD-TDP cases had a non-significant reduction in post-mortem delay, which
could suggest that sporadic cases’ tissue integrity may have been maintained slightly better.

Braak stage showed some variability, with one sporadic case with Braak stage V.

Detailed methods to characterise mitochondria in the post-mortem brains can be found in
Chapter 2. Overall, mitochondrial bioenergetics were measured by BN-PAGE, CN-PAGE
and COX activity assay, whilst comparing the frontal grey matter of controls and FTLD-GRN
brains. Mitochondrial mass, biogenesis and content were assessed by western blotting and
citrate synthase activity assay in the frontal grey matter of controls, FTLD-GRN and sporadic
FTLD-TDP cases. Mitochondrial genomics were quantified by gPCR and western blotting
across all brain regions and cases, and by preliminary NGS in the frontal grey matter of
controls and FTLD-GRN cases. Finally, the levels of mitochondrial- and nuclear- encoded
proteins were assessed by western blotting in the frontal grey matter of controls, FTLD-GRN

and sporadic FTLD-TDP cases.
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Figure 4.1 Comparison of demographics between groups. Graphs show comparison of (a) age

at onset, (b) age at death, (¢) disease duration and (d) post-mortem delay, (e) sex and Braak stage
(range | to V) across groups (n=7 FTLD-GRN, n=10 sporadic FTLD-TDP, n=10 controls). Data are

expressed as meantSEM, where each data point represents an independent biological sample;

unpaired f-test, one-way ANOVA with Tukey’s multiple comparison test.
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4.4 Results

Mitochondrial bioenergetic deficit is present in human FTLD-GRN brains

The brain’s high metabolic demand consumes 20% of the oxygen in our body, making the
role of mitochondrial bioenergetics essential in maintaining neuronal function within the
organ. The frontal grey matter was used to assess the mitochondrial bioenergetics state in

FTLD-GRN patients compared to controls.

The in-gel activity of mitochondrial Cl, CIl and CV was quantified in FTLD-GRN patients
using BN-PAGE (CIl) and CN-PAGE (CIll and CV) (Fig. 4.2a). In addition, COX activity was
spectrophotometrically measured as a read-out of CIV activity (Fig. 4.2b). Strikingly, the
activity of CI, CIV and CV were significantly reduced in FTLD-GRN brain tissues in
comparison to controls, confirming an impairment in mitochondrial bioenergetics in human
FTLD-GRN post-mortem brains similar to the bioenergetic deficit previously observed in

shGRN H4 cells.

The assembly of the mitochondrial complexes was consequently interrogated to assess
whether mitochondrial bioenergetic dysfunction was due to a reduced assembly of the
complexes (Fig. 4.2c). BN-PAGE measured CI-IV assembly and CN-PAGE measured CV
assembly. The assembly of the CV was significantly decreased in FTLD-GRN cases in
comparison to controls, which may account for the decrease in CV activity. Assembly of the
CI-IV were reduced, but not significantly. Overall, these results confirmed that mitochondrial
bioenergetics dysfunction through defective mitochondrial respiration is present in human

FTLD-GRN brains.
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Figure 4.2 PGRN deficiency causes impaired mitochondrial bioenergetics in human FTLD-
GRN post-mortem brains. a BN-PAGE (Cl) and CN-PAGE (CIl and CV) and summary bar graph
showing the complexes in-gel activity, relative to the SDS-PAGE membrane (n=7 FTLD-GRN, n=8
controls). b COX activity measurements (n=5 FTLD-GRN, n=8 controls). ¢ BN-PAGE (CI to CIV)
and CN-PAGE (CV) and summary bar graph showing the signal of the native complexes, relative to
the SDS-PAGE membrane (n=7 FTLD-GRN, n=8 controls). Data are expressed as meant+SEM,

where each data point represents an independent biological sample; unpaired t-test.
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Mitochondrial mass and biogenesis are decreased in human FTLD-GRN brains

To further interrogate whether the impairment in mitochondrial bioenergetics was due to
changes in mitochondrial mass, the abundance of different mitochondrial protein markers
was quantified in the frontal grey matter of FTLD-GRN brains compared to controls and
sporadic FTLD-TDP (Fig. 4.3a, 4.3b). VDAC and TOMZ20 were significant reduced in FTLD-
GRN samples, whilst MIC60 and HSP60 presented a trend towards a decrease.
Interestingly, sporadic FTLD-TDP cases did not show a change in MIC60, HSP60 nor VDAC
in comparison to controls, but had a decrease in TOM20 mitochondrial mass, although not

as striking as in the FTLD-GRN cases.

The PGC-1a master regulator of mitochondrial biogenesis was consequently measured,
which was shown to be decreased in FTLD-GRN brains (Fig. 4.3c). The decrease in citrate
synthase activity in FTLD-GRN patients confirmed the decrease in mitochondrial content
(Fig. 4.3d). The mitochondrial mass and the PGC-1a protein levels were unaltered in
sporadic FTLD-TDP cases in comparison to controls. Overall, these observations replicated
the results previously identified in shGRN H4 cells, suggesting that PGRN deficiency is

related to an impairment in mitochondrial mass and biogenesis.
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Figure 4.3 Decreased mitochondrial mass and biogenesis in human FTLD-GRN post-mortem
brains. a Representative western blot and summary bar graph showing the relative protein
expression of TOM20 (n=7 FTLD-GRN, n=8 sporadic FTLD-TDP, n=10 controls). b Representative
western blot and summary bar graph showing the relative protein expression of MIC60, HSP60 and
VDAC (n=7 FTLD-GRN, n=8 sporadic FTLD-TDP, n=10 controls). ¢ Representative western blot and
summary bar graph showing the relative protein expression of PGC-1a (n=7 FTLD-GRN, n=8
sporadic FTLD-TDP, n=10 controls). d Citrate synthase (CS) activity measurements (n=7 FTLD-
GRN, n=10 sporadic FTLD-TDP, n=10 controls). Data are expressed as meantSEM, where each
data point represents an independent biological sample; one-way ANOVA with Tukey’s multiple

comparison test.
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Unaltered quantity and reduced quality of mtDNA in human FTLD-GRN brains

The integrity of mtDNA was explored in FTLD-GRN brains taking into consideration the
previous findings of reduced mtDNAcnh in the in vitro PGRN-deficient models. Firstly, the
mtDNAcn was measured across the different brain regions, comparing FTLD-GRN
individuals, sporadic FTLD-TDP cases and controls. Two different sets of probes, MT-
CYB/IGUSB (Fig. 4.4a-e) and MT-ND1/B2M (Fig. 4.4f-j), were used. In contrast to the
previous results, the mtDNAcn did not show any changes in FTLD-GRN cases compared to
controls and sporadic FTLD-TDP cases, largely due to a high variability between individuals.

Only FG showed an increase in mtDNAcn in sporadic FTLD-TDP cases (Fig. 4.4a).
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Figure 4.4 FTLD-GRN brains show unaltered mtDNAcn. Relative abundance of mtDNAcn in (a)
FG, (b) FW, (c) TG, (d) TW and (e) CBM using MT-CYB/GUSB probes (n=7 FTLD-GRN, n=10
sporadic FTLD-TDP, n=10 controls). Relative abundance of mtDNAcn in (f) FG, (g) FW, (h) TG, (i)
TW and (j) CBM using MT-ND1/B2M probes (n=7 FTLD-GRN, n=10 sporadic FTLD-TDP, n=10
controls). Data are expressed as meantSEM, where each data point represents an independent

biological sample; one-way ANOVA with Tukey’s multiple comparison test.
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Since mtDNAcn was not affected, mtDNA quality was assessed in the frontal grey matter by
quantifying TFAM, a mtDNA binding protein regulating packaging, stability and
replication?%6. Strikingly, TFAM was significantly decreased in FTLD-GRN samples (Fig.
4.5a), suggesting that mtDNA integrity may be affected. To further assess the mtDNA, NGS
data of the mitochondrial genome was processed through eKLIPse to identify deletions that
contributed to mitochondrial dysfunction?%’. As preliminary work, NGS was carried out in the
frontal grey matter to explore mtDNA deletions in FTLD-GRN cases and controls (Fig. 4.5b,
4.5c). This evidence suggested an increase in the number of deletions in FTLD-GRN

patients compared to controls.
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Figure 4.5 Decreased TFAM expression and increased mtDNA deletions in FTLD-GRN post-
mortem brains. a Representative western blot and summary bar graph showing the relative protein
expression of TFAM (n=7 FTLD-GRN, n=8 sporadic FTLD-TDP, n=10 controls). b Representative
mtDNA deletion profile generated using eKLIPse in a control. ¢ Representative mtDNA deletion
profile generated using eKLIPse in a FTLD-GRN case. The outer circle represents the mtDNA
genome. Deletions are visualised as red arcs in the centre. Data are expressed as meantSEM,
where each data point represents an independent biological sample; one-way ANOVA with Tukey’s

multiple comparison test.
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The levels of mitochondrial- and nuclear-encoded proteins remain largely unaffected

Following the unaltered levels of mtDNAcn in post-mortem brains, mitochondrial- and
nuclear-encoded proteins were assessed in the frontal grey matter. The levels of the
mitochondrial-encoded proteins MT-CYB, MT-CO1 and MT-ATP8 remained mostly
unaffected across cases (Fig. 4.6a, 4.6b) in alignment with the unchanged levels of

mtDNAcnh.

The OXPHOS proteins were assessed to explore any changes in nuclear-encoded proteins.
The protein levels were unchanged across group cases (Fig. 4.6¢). The lack of a significant

change was mostly due to the large variation in protein levels within each group.
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Figure 4.6 FTLD-GRN brains show unaltered mitochondrial- and nuclear-encoded protein
levels. a Representative western blot and summary bar graph showing the relative protein
expression of MT-CYB (n=7 FTLD-GRN, n=8 sporadic FTLD-TDP, n=10 controls). b Representative
western blot and summary bar graph showing the relative protein expression of MT-CO1 and MT-
ATPS8 (n=7 FTLD-GRN, n=8 sporadic FTLD-TDP, n=10 controls). ¢ Representative western blot and
summary bar graph showing the relative protein expression of OXPHOS proteins (n=7 FTLD-GRN,
n=8 sporadic FTLD-TDP, n=10 controls). Data are expressed as mean+SEM, where each data point
represents an independent biological sample; one-way ANOVA with Tukey’s multiple comparison
test.
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Exploring the effect of different GRN mutations in human post-mortem brains

Following the identification of mitochondrial dysfunction in FTLD-GRN brains, a GRN
mutation-specific effect on mitochondrial function was explored. The analysis of three
different mitochondrial parameters (mtDNAcn in the FG region, in-gel activity by BN-PAGE
(Cl and CIl) and CN-PAGE (CV), and relative protein expression of PGC-1a by western
blotting) were plotted again whilst differentiating between the four GRN mutations (C31fs,

R493X, Q130fs and IVS3-7T>G) found in the FTLD-GRN cases (Fig. 4.7).

The mutations C31fs and Q130fs did not exhibit any remarkable variance from the average.
Notably, the mutation IVS3-7T>G presented higher mtDNAcn, complexes activity and PGC-
1a protein level. In an opposite direction, the mutation Q130fs displayed the lowest
mtDNAcn and enzymes activity, but not PGC-1a protein level. Although no outliers were
determined by Grubbs’ test, it is noteworthy that the mutations IVS3-7T>G and Q130fs
showed contrasting trends to the average of the FTLD-GRN cases. Since there was only
one patient with a IVS3-7T>G mutation and one with a Q130fs mutation, distinguishing
between mutation-specific and patient-specific factors proved to be a complex task.
Therefore, the discovery of mitochondrial dysfunction across the FLTD-GRN brain tissues

was assumed as a shared pathological hallmark across the different GRN mutations.
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Figure 4.7 Distinguishing between GRN mutations when interpreting the mitochondrial
phenotype in post-mortem brains. a Relative abundance of mtDNAcn in FG using the MT-
ND1/B2M probe (n=7 FTLD-GRN, n=10 sporadic FTLD-TDP, n=10 controls). b BN-PAGE (Cl) and
CN-PAGE (Cll and CV) and summary bar graph showing the complexes in-gel activity, relative to
the SDS-PAGE membrane (n=7 FTLD-GRN, n=8 controls). ¢ Representative western blot and
summary bar graph showing the relative protein expression of PGC-1a (n=7 FTLD-GRN, n=8
sporadic FTLD-TDP, n=10 controls). Data are expressed as meantSEM, where each data point
represents an independent biological sample; unpaired t-test, one-way ANOVA with Tukey’s multiple

comparison test.
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4.5 Discussion

This chapter conducted a comprehensive and quantitative assessment of mitochondrial
phenotypes, evaluating bioenergetics, mitochondrial mass, biogenesis and genotype in
post-mortem brain tissue from individuals with FTLD-GRN, sporadic FTLD-TDP and
controls. The neuropathological post-mortem findings revealed the presence of metabolic
deficits in FTLD-GRN brains, but not in sporadic FTLD-TDP cases or controls. Given the
brain’s susceptibility to metabolic stress?%8, these results strongly suggested that PGRN
haploinsufficiency induces mitochondrial dysfunction, potentially playing a pivotal role in the

development of the neurodegenerative disease.
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Revealed mitochondrial bioenergetic deficit in human brain samples

Due to the brain’s substantial energy requirements relying on OXPHOS, a disruption in
mitochondrial metabolism can lead to oxidative stress and neuronal cell death. By using BN-
PAGE, CN-PAGE and spectrophotometric measurements, the activity of the CI, Cll, CIV
and CV in the FG brain region from FTLD-GRN patients was found to be decreased. These
findings validated the previous results in shGRN H4 cells and confirmed that mitochondrial
bioenergetic deficit is involved in GRN-related FTD. The specific decrease in Cl and CIV
observed in FTLD-GRN brains is indeed a common pathological hallmark that underlies

numerous neurodegenerative diseases, including AD, PD and ALS?37:2%9,

Disrupted mitochondrial bioenergetics can give rise to changes in neurometabolic coupling,
energy processing and neuronal function. In neurons in particular, any disruption of the
OXPHOS process could affect the synaptic function and neurotransmitter synthesis,
release, and uptake. Unlike other brain cell types, neurons lack the essential enzymes
required to switch to glycolytic or non-aerobic ATP production?%°. Consequently, neurons
depend on astrocytes to boost their glycolytic production of lactate to aid neurons?6’.
However, this can lead to an imbalance in lactate and glucose levels, modifying
mitochondrial function and further contribute to mitochondrial impairment, glutamate toxicity

and neurodegeneration262.263,

One of the limitations in the assessment of mitochondrial bioenergetics was the lack of a
comparison of FTLD-GRN and control brains with the sporadic FTLD-TDP cases. Therefore,
the bioenergetic deficit observed in FTLD-GRN may not be exclusively associated with
PGRN deficiency, but also with a potential overarching mitochondrial phenotype in other
FTLD-TDP types. Although this was due to a technical limitation in the gel size available for

in-gel activity, future work will attempt to compare controls with sporadic FTLD-TDP cases.
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PGRN haploinsufficiency induces a decrease in mitochondrial mass and biogenesis

A decrease in mitochondrial bioenergetics and the crucial components of the ETC can
indicate decreased mitochondrial mass, impaired mitochondrial biogenesis or increased
mitochondrial clearance. In this chapter, mitochondrial mass markers TOM20 and VDAC
were found to be significantly decreased in FTLD-GRN brains in comparison to controls,
suggesting that mitochondrial mass was reduced in PGRN-deficient brains. The
mitochondrial content was also decreased based on the measurement of citrate synthase

activity.

Both mitochondrial mass and content are influenced by mitochondrial biogenesis. Impaired
PGC-1a levels have been reported in human and mice models of neurodegenerative
disorders, including PD, Huntington’s disease and AD?64-266_|n the FTLD-GRN brains, the
downregulation of PGC-1a indicated that the biogenesis master may play a role in the
decrease in bioenergetics, mass and content. This biogenesis impairment was not observed
in sporadic FTLD-TDP patients, revealing a specific response by which PGRN deficiency

leads to mitochondrial dysfunction.

Accumulating evidence has suggested the presence of a strong correlation between glucose
metabolism, mitochondrial function and neurodegenerative disorders?®’. The impairment in
mitochondrial respiration and biogenesis in FTLD-GRN brain in comparison to control brains
could partly explain the glucose hypometabolic phenotype previously reported in FTLD-GRN
patients?°!. Interestingly, brain glucose hypometabolism began on average 7 years before
disease onset, indicating that this reduced metabolic activity, and by extension mitochondrial
dysfunction, may play a role in the phenotypic disease onset and progression of GRN-

related FTD pathogenesis.
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PGRN deficiency affects mtDNA maintenance in brains

The mtDNAcn in human post-mortem brains has previously been reported to be unchanged
in FTD cases compared to controls?*3. Our findings similarly showed no difference in
mtDNAch across brain regions of FTLD-GRN and sporadic FTLD-TDP patients. In contrast,
a decrease in mtDNAcn was observed in shGRN H4 cells (Fig. 3.5) and in the PGRN-
deficient fibroblasts (Fig. 3.11). The difference in mtDNAcn findings may be due to the
intrinsic physiological differences across the models, indicating variability in the systemic
effect beyond the CNS by which PGRN haploinsufficiency affects the mitochondrial

phenotype.

It is curious to note that the levels of mtDNAcnh remained unchanged across the brain regions
despite the decrease in mitochondrial content in the frontal grey matter. The separation of
these two variables may be explained by the presence of different mechanisms regulating
the levels of mtDNAcn and mitochondrial content, which have been effectively modified in

model systems to control one of the read-outs without impacting the other one?*4.

The employed experimental gPCR method to quantify mtDNAcn required the
homogenisation of the brain tissue which removed any possibility to distinguish different
types of brain cells (i.e., neurons, microglia and astrocytes). However, in age-associated
forms of neurodegeneration, reactive gliosis has been related to the loss of certain neuronal
populations which would be underrepresented in brain homogenates?%8. Therefore, the
application of single-cell techniques to post-mortem brain tissue could facilitate the
understanding of the variations across different cell populations in GRN-related FTD and

uncover cell-specific mtDNA responses.

Despite the lack of a change in mtDNAcn, the decrease in TFAM protein expression in brains

suggested altered mtDNA integrity. As part of preliminary work analysing NGS data using
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eKLIPse, an increase in mtDNA deletions was observed in the frontal grey matter of the
FTLD-GRN brains. Therefore in this thesis, PGRN deficiency has been demonstrated to
affect mtDNA maintenance in post-mortem brains, which can consequently accelerate the

process of metabolic defect and mitochondrial dysfunction.

These results are in alignment with previous studies that have reported an increase in
mtDNA deletions in ageing and other neurodegenerative disorders, including other forms of
FTD, which indicate an increased burden of mitochondrial pathology'92-243.269.270 Results
vary across research studies when reporting specific brain region alterations in mtDNAcn
and deletions in neurodegenerative diseases?*4. The use of complementary quantitative
methods, such as whole exome sequencing and digital droplet PCR, could provide
additional validation for the reported results in the post-mortem brains. Future experiments
will build upon the preliminary NGS work presented in this thesis. This will encompass a
thorough amplification, sequencing, and analysis processed through eKLIPse for all post-
mortem brains across different brain regions, which will offer a more comprehensive

exploration of the mtDNA deletion profile specific to FTD.
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Limitations in the study of post-mortem brains

The results in this chapter uncovered that PGRN dysfunction induces mitochondrial
dysfunction in GRN-related FTD. Careful consideration of the limitations is essential for a

comprehensive understanding of research findings.

While controls were requested to be age- and sex-matched with FLTD cases, there was a
lower number of FTLD-GRN cases than of controls or sporadic FTLD-TDP, and the controls
were older than the FTLD cases. Consequently, all controls were not strictly “age- and sex-
matched”. Although this may have affected comparisons between groups, it is important to
note that there was a limited availability of controls at the brain bank centre with a similar
age- and sex-match to the FTLD groups. In addition, ageing has been associated with a
decrease in mitochondrial activity and higher mtDNA mutations?”'-273, According to this
statement, brains from older controls would likely display a lower mitochondrial activity and
higher mtDNA mutations, potentially strengthening the results from this study since FTLD-
GRN patients demonstrated increased mitochondrial dysfunction compared to older

controls.
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Conclusion and future directions

To conclude, the study of mitochondria in the context of GRN-related FTD is indispensable
for unravelling the complex web of molecular events underlying this devastating
neurodegenerative disorder. Following the research carried out in this chapter,
mitochondrial dysfunction is now associated with the pathogenesis of FTLD-GRN brain
tissues, affecting mitochondrial bioenergetics, biogenesis, content and mtDNA integrity.
Future work identifying the mechanistic links between mitochondrial dysfunction and GRN-
related FTD will shed light on the development of novel biomarkers and therapeutic

strategies to treat FTD and other neurodegenerative diseases.

In the current chapter, mitochondrial bioenergetics, mass and biogenesis were
characterised only in the FG matter of FTLD-GRN brains, whereas the mtDNA was
assessed in all FG, FW, TG, TW and CBM of FTLD-GRN brains. Although this was due to
either technical limitations or time-constrains, the characterisation of these mitochondrial
parameters across the different brain regions for both grey and white matter could provide

further insight into brain region-specific mitochondrial changes.

The investigation of the role of mitochondria in FTLD-GRN patients would be complemented
by studying the mitochondrial phenotype in other human tissues, such as serum and CSF,
which can be considered more widely accessible and less invasive for patients. These could
offer an opportunity to explore circulating cell-free mtDNA in health and disease, and
potentially identify mitochondrial markers that correlate to the disease onset and
progression. While mitochondria hold promise as biomarkers for neurodegeneration,
challenges remain, including the need for standardized diagnostic criteria and assays.

Future research is needed to validate these biomarkers and establish their clinical utility.
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The findings in this chapter highlight for the first time an impairment in mitochondrial function
in post-mortem brains from patients with GRN-related FTD. This supports the evidence of a
link between PGRN haploinsufficiency and mitochondrial dysfunction in in vitro models.
However, whether mitochondrial dysfunction arises due to a specific PGRN deficiency
mechanism or a mechanism overarching all FTLD-TDP types remains unknown. As a future
step, the use of multi-omics techniques to characterise cell-specific mitochondrial

phenotypes will help address and further investigate this crucial issue.
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51. Introduction

The use of neuropathology techniques for FTLD diagnosis

Definitive diagnosis of human neurodegenerative disorders requires neuropathological
examination of the patients. The use of IHC, morphological, biochemical and molecular
genetic tests is considered crucial for experienced pathologists to identify a disease and its
specific subtypes. Therefore, the development and optimisation of histopathology
techniques to characterise the healthy and pathological state of human tissues can provide
a better understanding of the disease, improving the process of diagnosis and guiding the

selection of the most optimal therapeutic strategies.

Due to the large complexity of FTD subtypes, a combination of clinical, molecular and
genetic diagnosis is required to quickly identify and treat FTD cases. This thesis chapter
primarily focused on characterising neuropathological changes in FFPE human post-
mortem brains of FTLD-GRN cases in comparison to controls and sporadic FTLD-TDP.
Since the identification of autosomal-dominant GRN mutations as a cause of FTD in 2006,
several studies have widely reported the pathology of FTLD patients, emphasising on the
pTDP-43 burden in cases with GRN mutations, an aspect further explored in this chapter.
Other well characterised pathological features include a ubiquitin-positive, tau-negative
profile?’4275 and microglial dystrophy*°. In addition, given the overall aim of this PhD project
investigating the role of mitochondria in GRN-related FTD, there was an interest in

characterising the state of mitochondria in FTD brains employing histopathology techniques.

Over the last decade, the quantification of histopathology techniques relying on image
analysis has rapidly advanced with the development of open-source, user-friendly software.
Therefore, semi-automatic quantitative methods were developed to characterise FTD

histopathology. The overall purpose of developing semi-automatic quantitative method was
191



not only to expedite the diagnostic process but also to standardise the measurements with
a deeper level of insight, particularly in terms of stained area, thereby mitigating any

accidental biases from a pathologist’s perspective.

Finally, 1 wanted to highlight that the work in this chapter was carried out within the
Department of Neuropathology, Queen Square, and | am grateful for the guidance provided

by Darren Chambers, Dr Juliane Mueller, Dr Francesco Catapano and Dr Rahul Phadke.
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Investigating the expression of pTDP-43 across FTLD brain regions

Before the discovery of GRN-mutations, IHC assays showed that many FTLD cases had
ubiquitin inclusions, which led to the denomination of the subtype as FTLDU (FTLD with
ubiquitin inclusions)?. In 2006, Neumann et al.?”’ demonstrated that abnormal,
ubiquitinated pTDP-43 was the main protein constituent linked to ubiquitin in FTLDU cases
which led to the eventual renaming of the subtype into FTLD-TDP. TDP-43 is a nuclear-
encoded 414-amino-acid protein that is involved in gene transcription, exon splicing
regulation and nuclear body functions?7827°. However, in pathological conditions, TDP-43
can aggregate in both the cytoplasm and the nuclei of affected neurons and glia2°. TDP-43
aggregates have also been associated with hyperphosphorylation, ubiquitination and C-
terminal cleavage?®'-283, Notably, pTDP-43 aggregation was also observed in ALS cases?’’,

highlighting the clinicopathological spectrum shared between FTD and ALS%%4.

As the field of TDP-43 proteinopathy started to blossom, two independent groups reported
mutations of the gene GRN leading to FTLD which were tau-negative, ubiquitin-positive and
with moderate numbers of lentiform neuronal intranuclear inclusions'®33, FTLD-GRN also
presented pTDP-43 proteinopathy, which placed them within the FTLD-TDP subtype, more
specifically FTLD-TDP type A. Therefore, the accumulation of pTDP-43 aggregates has

been hypothesised to be linked to the process of neurodegeneration.

As part of the investigation of pTDP-43 burden, there were two main unanswered questions
regarding the neuropathology of pTDP-43 in FTLD-GRN cases: 1) Can a standardised,
quantitative method be developed to assess pTDP-43 burden using histopathology
techniques, and 2) Are there any differences in pTDP-43 across different brain regions of
FTD patients? To explore these two questions, | attempted to devise a semi-automatic

quantitative method to assess the pTDP-43 burden. The results were then compared among

193



controls, FTLD-GRN and sporadic FTLD-TDP cases, all whilst differentiating between grey

and white matter, as well as among the frontal lobe, temporal lobe and cerebellum.
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Characterising the state of mitochondria in FFPE human brains

Immunohistochemical staining techniques have been crucial for spatially visualising
mitochondria and respiratory chain dysfunction in tissues. Despite the use of state-of-the-
art techniques and advanced genetic testing that are improving the diagnosing of
mitochondrial diseases, the unknown effect of genetic abnormalities essentially requires

tissue and morphological characterisation assays to further investigate the pathology.

Some of the most traditional histochemical techniques to investigate mitochondria involve
measuring the activity of the enzymes succinate dehydrogenase (SDH) and COX?28,
However, these two enzymes cannot be explored in formalin-fixed paraffin-embedded
tissues as formalin fixation results in loss of enzymatic activity?8é. IHC techniques are also
regularly employed to visualise mitochondria and specific subunits of the OXPHOS complex.
These include the use of methods based upon enzyme-substrate reactions giving rise to
coloured precipitates. For instance, at the Department of Neuropathology, Queen Square,
DAB staining is routinely used to study the expression of proteins. The use of enzyme-
substrate reactions enables the visualisation and potential quantification of mitochondria,
whereas fluorescent techniques on FFPE tissues tend to display autofluorescence from
accumulated lipofuscin granules or fixatives in the green fluorescent range?®’. Based on this
technique, in parallel to the biochemical characterisation in the previous chapters, |
proceeded to optimise and investigate the expression of the MT-CO1 protein, which is part

of the mitochondrial CIV, using DAB staining on FFPE human FTLD post-mortem brains.
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Developing an RNAscope mtDNA assay in FFPE human brains

Currently, NGS is considered the “gold standard” technique in pathology labs to investigate
mtDNA deletions and depletions. NGS, in addition to qPCR, was carried out on the snap-
frozen FTD brains as demonstrated in Chapter 4 (Fig. 4.5). However, the need for
homogenised tissues brings up several limitations, such as the loss of cell type
discrimination (e.g., microglia vs astrocytes) and the lack of fibre distinction in skeletal
muscles (e.g., slow vs fast fibres with different mtDNAcn)?®. Another emerging technique is
single-cell gPCR, which has similar results, but it is more expensive, requires arduous
microdissections and vyields a lesser number of fibres for analysis®®°. To tackle the
challenges faced by NGS and (single-cell) gPCR, RNAscope ISH enables the target of
single DNA and/or RNA molecules, providing spatial mitochondrial gene expression results

under the microscope.

To date, only a few studies explored the mitochondrial state by RNAscope. Most works
initially focused on using the technique to explore the transcription expression of
mitochondria-related genes, including AIFM1 (involved in apoptosis), PINK1 and mcPGK1
(mitochondrial circRNA for translocating phosphoglycerate kinase 1)2%0-292, Recent studies
have started used RNAscope probes to visualise mtDNA. For example, one of the first
articles was published in 2020, when Chen et al. used RNAscope CISH to map mtDNA
across different mammalian tissues, including mouse cerebellum?®3. This study was based
on the principle that although transcription of the circular mtDNA is bidirectional, most light
strand transcription is rapidly degraded, including the anti-sense strand of mtDNA genes?%.
Then, in 2021, Mehta et al. employed BaseScope CISH to map mtDNA in post-mortem
spinal cord neurons and attempted signal quantification'’®. BaseScope works in a similar
way but it targets shorter RNA sequences between 50-300nt, whereas RNAscope targets
IncRNA and mRNA sequences greater than 300nt?%. Finally, in 2022, a study used
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RNAscope ISH to detect MT-ND1 and MT-ND4 mtDNA transcripts in skeletal muscle
biopsies, which enabled the differentiation between common deletions (MT-ND7) and
depletions (MT-ND4) at a single fibre level. Whilst these studies set the foundations for
RNAscope ISH mtDNA exploration, there were still outstanding questions about the
translation of this technique to human FFPE post-mortem brains and the viability of a

quantitative approach.

Therefore, the aim of this subsection was to determine the feasibility of a CISH assay to
detect and quantify mtDNA in human post-mortem brains. This assay was part of an
ongoing, unpublished work which has largely focused on developing a multiplex mtDNA
assay to explore mtDNA deletions and depletions in skeletal muscle at a single-cell level.
Before heading into this project, some of the results so far included an optimised
fluorescence singleplex RNAscope assay probing for the major arc, the minor arc and the
D-loop of mtDNA in skeletal muscle. Multiplexing of the probes however led to decreased

specificity and quenched signal, potentially due to steric hindrance between the probes.

In the diagnostic process for mitochondrial diseases, skeletal muscle is sampled due to the
relevance of the tissue to neuromuscular disorders, the susceptibility to mitochondrial
dysfunction and how the biopsy in patients is less invasive compared to brain biopsies. New
and existing mitochondria-investigating techniques tend to be optimised first in fresh-frozen
skeletal muscle before being employed in other regions. Following this pattern, the
optimisation of this new RNAscope assay was first explored in the skeletal muscle and then

in human FFPE post-mortem brain.

In an effort to characterise the mitochondrial genome in human brains diagnosed with FTD,
an RNAscope CISH method was developed to spatially map mtDNA in tissue brain sections.

The probe MT-ND5 was employed to target the major arc of the mtDNA since most of the
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common mtDNA deletions take place there. In addition, a quantitative method was devised

to quantify the MT-ND5 RNAscope signal in human brains.
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5.2. Aims

The overall aim of this chapter was to optimise histopathology techniques and develop semi-
automatic quantitative techniques to identify and measure neuropathological changes in

FTLD-GRN cases.

The specific aims of this chapter were:

e To develop a semi-automatic quantitative method to investigate pTDP-43 burden in

FTLD-GRN cases, sporadic FTLD-TDP cases and controls across brain regions;

e To explore the levels of MT-CO1 using IHC DAB staining across FTD cases and

different brain regions;

e To optimise an RNAscope CISH assay for spatial mapping of mtDNA in human
brains, whilst developing a quantitative method to compare MT-ND5 signal across

FTD cases and brain regions.
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5.3. Materials and methods

FFPE histological sections were acquired from the QSBB. Eighteen cases (14 FTLD and 4
controls) were employed for histopathology studies, and a summary of the demographics
for these cases are presented in Table 2.2. These cases constituted a smaller subset
compared to the complete cohort used in the previous chapter, as the histopathology

experiments were treated as a pilot research project.

The 14 FTLD different cases included four with GRN mutations (FTLD-GRN, two C31fs
mutation, one R493X mutation, and one Q130fs mutation; all FTLD-TDPA) and ten with
sporadic FTLD-TDP cases without GRN mutations (sporadic FTLD-TDP; three FTLD-TDPA,
three FTLD-TDPB and four FTLD-TDPC). Parameters were compared between FTLD-GRN,
sporadic FTLD-TDP and controls, as well as between grey and white matter of the frontal

and temporal lobes and the cerebellum.

Comparisons of age of onset, age at death, disease duration, post-mortem delay, sex and
braak stage across groups are shown in Fig. 5.1. Age at onset, disease duration and sex
were generally similar between cases and controls. FTLD-GRN and sporadic FTLD-TDP
had a younger age at death compared with controls (p = 0.0070 and p = 0.0145,
respectively). Sporadic FTLD-TDP cases had a shorter post-mortem delay than controls (p
= 0.0458), suggesting that sporadic cases may have maintained tissue integrity to a slightly
superior degree. Braak stage showed some variability, with one sporadic case with Braak

stage V.
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Figure 5.1 Comparison of demographics between the human FFPE post-mortem brains.
Graphs show comparison of (a) age at onset, (b) age at death, (c) disease duration, (d) post-mortem
delay, (e) sex and (f) Braak stage (range | to V) across groups (n=4 FTLD-GRN, n=10 sporadic
FTLD-TDP, n=4 controls). Data are expressed as mean+SEM, where each data point represents an
independent biological sample; unpaired t-test, one-way ANOVA with Tukey’s multiple comparison
test.

The first aim in this chapter involved the assessment of pTDP-43 burden in FTLD-GRN
cases. A wide range of methods have been previously employed to investigate pTDP-43
burden, including western blotting on human brains2°¢, immunofluorescence in a cell-based
system with brain-derived pathological TDP-43 from FTD?°7, and semi-quantitative methods

with a severity grading system?°8, The novelty in this work was the attempt to quantify pTDP-

43 burden by staining the sections and developing a semi-automatic method as described
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in Chapter 2. This was executed using QuPath, a software designed at Queen’s University

Belfast that supports a wide range of additional image analysis applications?%.

Another technique employed in this chapter included IHC staining of MT-CO1 in the human
FFPE brain samples in order to investigate the expression of the mitochondrial protein.
Finally, the use of the probe MT-ND5 in the CISH RNAscope assay was optimised in skeletal
muscles and brain samples, and a semi-automatic method was designed on QuPath for the

quantification of mMtDNA abundance. Detailed methods can be found in Chapter 2.
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54. Results

Increased pTDP-43 burden in human FTLD post-mortem brains

The staining for pTDP-43 aggregation was carried out in every brain histological section,
and representative stains can be found in Figure 5.2 for the different pathological cases
(controls, FTLD-GRN and sporadic FTLD-TDP) and each brain region (frontal lobe, temporal
lobe and cerebellum). Additionally, differentiation between grey and white matter was

discernible in each tissue, facilitated by Haematoxylin staining.

CTR FTLD-GRN Sporadic FTLD-TDP

Frontal lobe

Cerebellum  Temporal lobe

Figure 5.2 pTDP-43 DAB staining of human post-mortem brains. Black asterisks denote the
white matter and the red asterisks denote the grey matter. Scale bar = 1 mm.
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As previously described, scripts were developed and ran on QuPath software, enabling the

semi-automatic quantification of pTDP-43 burden. Three approaches were employed to

measure pTDP-43 burden based on the percentage of pTDP-43-stained area (Fig. 5.3a),

number of pTDP-43 clusters (Fig. 5.3b) and total number of pTDP-43 spots (Fig. 5.3c).
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Figure 5.3 pTDP-43 burden in human post-mortem brains. The pTDP-43 burden was measured
according to the (a) % stained / mm?, (b) number of pTDP-43 clusters / mm? and (c) number of total
pTDP-43 counts (n=3-4 FTLD-GRN, n=4-9 sporadic FTLD-TDP, n=3-4 controls). Data are
expressed as meantSEM, where each data point represents an independent biological sample; one-
way ANOVA with Tukey’s multiple comparison test. Abbreviations: FG, frontal grey; FW, frontal
white; TG, temporal grey; TW, temporal white; CBM G, cerebellum grey; CBM W, cerebellum white.
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A similar pattern in pTDP-43 burden could be observed across the three different
quantitative approaches, presenting similar results and degrees of variability across cases.
However, pTDP-43 staining was detected and quantified in controls and in the cerebellum
across patients. Taking into consideration that there should not be pTDP-43 signal in these
areas, | proceeded to manually inspect the specific micrographs which indeed presented
pTDP-43 staining and clusters. This indicated that the pTDP-43 signal may not be specific,
potentially due to the antibody reacting with non-pathological TDP-43, and/or inaccuracies
in the QuPath parameters used to quantify the pTDP-43 signal. As a results of these
limitations, no further analysis was pursued, and the preliminary findings and constraints will

be covered in the discussion.
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High variability of MT-CO1 protein in human post-mortem brains

MT-CO1 IHC staining was carried out in the frontal lobe, temporal lobe and cerebellum of
each case (Fig. 5.4). There was a high variability of MT-CO1 signal across cases, making it
challenging to visually identify any differences in signal intensity. Across regions, more MT-
CO1 signal can be observed in the frontal lobe and the cerebellum than in the temporal lobe.

The high variability between cases made any attempts of quantification redundant.
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Figure 5.4 MT-CO1 DAB staining of human post-mortem brains. Black asterisks denote the white

matter and the red asterisks denote the grey matter. Scale bar = 1 mm.

Notably, the dentate nucleus, the largest deep cerebellar cluster of neurons in the
cerebellum, exhibited a higher level of MT-CO1 expression compared to the surrounding

white matter.
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Using RNAscope CISH to interrogate mtDNA in human brains

The RNAscope assay using the sense strand MT-ND5 probe was carried out in the frontal
lobe of the brain histological sections, facilitating the comparison between controls, FTLD-

GRN cases and sporadic FTLD-TDP cases in both grey and white matter (Fig. 5.5).
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Figure 5.5 RNAscope CISH MT-ND5 staining of human FTLD post-mortem brains.
Abbreviations: FG, frontal grey; FW, frontal white. Graph bar = 50 pym.

No clear differences in MT-ND5 signal were visually discernible among the various cases
and regions, primarily due to high variability across patients. Consequently, a semi-
automatic quantitative method was developed to assess the RNAscope assay, and QuPath
software along with the scripts were used to measure the mtDNA signal in the RNAscope
CISH-stained brain sections (Fig. 5.20). This quantitative method revealed a decrease in
MT-NDS5 spots in FG of both FTLD-GRN and sporadic FTLD-TDP (Fig. 5.6a), and a
decrease in MT-ND5 spots in FW of sporadic FTLD-TDP only (Fig. 5.6b). However, these
findings contradicted the qPCR results previously obtained from snap-frozen brains of the
same cases (Fig. 4.4), which showed no changes in mtDNAcn. Considering how gPCR is a

more specific and reliable quantitative technique, this discrepancy raised concerns about
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the accuracy of quantifying RNAscope signal. Considering the conflicting results between
RNAscope and gPCR, coupled with the high costs of RNAscope and the limited availability
of tissue sections, staining and quantification were omitted for the temporal lobe and
cerebellum. The controversies and limitations in quantifying RNAscope will be further

discussed in the following subsection.
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Figure 5.6 Quantification of MT-ND5 spots in FG and FW of human FTLD brains. MT-ND5 spots
were quantified in (a) FG and (b) FW using RNAscope assay (n=3 FTLD-GRN, n=10 sporadic FTLD-
TDP, n=3 controls). Data are expressed as meantSEM, where each data point represents an
independent biological sample; one-way ANOVA with Tukey’s multiple comparison test.
Abbreviations: FG, frontal grey; FW, frontal white.

Before making a final decision on the reliability of this quantification method for assessing
RNAscope CISH staining, | interrogated the assumption related to whether cell density in
the brain impacted the MT-ND5 signal. This exploration aimed to discern whether the
observed decrease in MT-ND5 signal in FTLD-GRN cases resulted from lower cell density
or other factors, such as GRN-specific mechanistic differences or an unreliable
quantification method. To test this assumption, the number of nuclei was quantified in ten
random squares, each measuring 500x500 pm, for the cases in FG. The MT-ND5 signal
was then either normalised or not normalised to the nuclei (Fig. 5.7a,b). Pearson’s

correlation test was used to compare the MT-ND5 results between both normalisation

methods (Fig. 5.7c), and the analysis revealed a very high correlation (R? = 0.975, p <
208



0.0001), suggesting that not accounting for cell density does not significantly impact the

results.
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Figure 5.7 Comparison of MT-ND5 quantification normalised by nhumber of nuclei or not. MT-
ND5 quantification with (a) nuclei normalisation and (b) without nuclei normalisation (n=3 FTLD-
GRN, n=10 sporadic FTLD-TDP, n=3 controls). ¢ Pearson’s correlation of the methods. Data are
expressed as meantSEM, where each data point represents an independent biological sample; one-

way ANOVA with Tukey’s multiple comparison test, Pearson’s correlation test.
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5.5. Discussion

Overall, histopathology techniques were optimised to investigate pTDP-43 burden, MT-CO1
protein expression and RNAscope MT-ND5 expression in human FFPE post-mortem brain
across the frontal lobe, temporal lobe and cerebellum. Additionally, preliminary semi-
automatic quantitative methods were developed to quantify and compare pTDP-43 burden
and RNAscope CISH among FTLD cases, although not successfully. A comprehensive
discussion on the results, relevant literature, encountered limitations and avenues for future

research is provided in the current section.
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Increased pTDP-43 burden across regions in FTLD-GRN brains

In this subsection, a preliminary semi-automatic quantitative method was developed to
quantify qTDP-43 staining with the purpose of assessing the pTDP-43 burden in FTLD-GRN
in comparison to sporadic FTLD-TDP and controls. However, inconsistencies in the results
based on the expected results suggest that either the staining or the quantification method,

or both, were not optimal.

In FTLD-GRN patients, all FG, FW, TG and TW regions presented increased pTDP-43
staining. However, when interpreting the different results, it must be noted that low levels of
pTDP-43 burden were measured in the control cases across the different brain regions.
Similarly, cerebellum across all the cases also showed low pTDP-43 burden levels. Bearing
in mind that controls should not present any pTDP-43 burden, and the cerebellum should
be free from proteinaceous inclusions, the detection of pTDP-43 burden implies that the
technical design was not accurate. In addition, since the pTDP-43 burden analysis could not
be considered accurate, the three different approaches could not be compared to select the

most suitable one.

A potential explanation is that the antibody may be binding to non-pathological TDP-43,
which limits the interpretation of the signal. In addition, the semi-automatic quantitative
scripts may not have been precisely optimised to distinguish the pTDP-43 staining from non-
specific signal. In this specific piece work, the validation of the technique would greatly
benefit from the collaboration with an experienced neuropathologist familiarised with pTDP-

43 staining in order to carefully identify the correct parameters.
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An experimental design oversight in the histopathological analysis was the combination of
the different sporadic FTLD-TDP subtypes A, B and C when interpreting the pTDP-43
burden. As demonstrated by Lashley and colleagues, each FTLD-TDP subtype features
different TDP-43-positive inclusion types under microscopic observation?®°. Future work
should aim to specifically compare FTLD-GRN to sporadic FTLD-TDPA subtype as the

pathology in the B and C subtypes may be deemed completely different.

Other limitations to be considered include the relatively small subgroup sizes of human
FFPE post-mortem brains and the variable interhemispheric asymmetry of cortical atrophy,
a characteristic feature of FTLD-TDP cases®%. These underscore the need for future studies

with larger cohorts to validate the findings presented in this chapter.

Over the last two decades, several studies have shown that FTLD-GRN and sporadic FTLD-
TDP cases have higher levels of pTDP-43 aggregation than non-pathological controls297-2°7,
Considering the broader context of this PhD project, these reported findings prompt a
fundamental question: Does pTDP-43 pathology modulate mitochondrial function in
individuals with GRN mutations? TDP-43 toxicity has been shown to enter mitochondria and
preferentially bind mitochondria-encoded ND3 and ND6 subunits, which leads to
disassembly of CI'8. The entrance of TDP-43 has also been demonstrated to trigger mtDNA
release via the mitochondrial permeability transition pore (mtPTP), activating the
neuroinflammatory cGAS/STING pathway in ALS'83, Interestingly, the treatment of GRN KD
SH-SY5Y with pTDP-43 inhibitors showed a restoration of the mitochondrial membrane
potential?®®. Future studies are required to better elucidate a potential mechanism relating
GRN mutations to the increase in pTDP-43 burden and consequent mitochondrial
dysfunction, which could provide a potential therapeutic target for FTLD-GRN and other

pTDP-43 proteinopathy-related neurological diseases.
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In summary, although this preliminary attempt to quantify pTDP-43 demonstrated an
increased pTDP-43 burden in FTLD-GRN brains, further work is required to optimise and
validate the DAB IHC staining and the semi-automatic quantitative method. The elevation in
pTDP-43 burden in FTLD-GRN could provide additional support for the hypothesis that
PGRN haploinsufficiency contributes to a distinctive mechanism that further promotes
pTDP-43 aggregation. If pTDP-43 proteinopathy indeed plays a role in the pathogenesis of
FTLD, future studies should explore a causal link between pPTDP-43 aggregations and the
dysfunction of other cellular processes, particularly mitochondrial dysfunction, in the

presence of GRN mutations.
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High variability of MT-CO1 signal across brain regions

In an effort to characterise the mitochondrial state using IHC staining, the antibody MT-CO1
was optimised in FFPE brains. However, the MT-CO1 signal exhibited a wide range of

variability across the FTD cases, with no differences observed by visual inspection.

The distribution of MT-CO1 signal displayed considerable variation across different brain
regions, with a stronger signal intensity observed in the frontal lobe and the cerebellum than
at temporal lobe. This variability highlights differences in energy demand across brain
regions, and consequently distinct roles for mitochondria. In addition, no visual differences
were observed between FTLD-GRN cases, sporadic FTLD-TDP cases and controls. This
observed high variability across cases aligns with the results from a western blot performed
in the previous chapter when MT-CO2, another subunit of the mitochondrial CIV, also

showed a lot of variation (Fig. 4.7).

One of the main limitations was the ubiquitous signal of mitochondria across the brain, which
hinders any attempts to quantify the signal using scripts as previously done with pTDP-43
burden. Mitochondria can be found everywhere around the nucleus and across the
cytoplasm. In fact, the number of mitochondria vary greatly across different tissues, with
each human cell containing hundreds to thousands of mitochondria, and each mitochondrion
has 2 to 10 mtDNA copies®?' . Based on these numbers, the quantification of mitochondrial
protein levels is deemed practically impossible, leaving us only with a qualitative analysis to

spatially map mitochondria.
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RNAscope is useful for spatial mapping of mtDNA, but not for quantification

The work on this chapter has shown a successful optimisation of the singleplex RNAscope
CISH assay to stain for mtDNA in human FFPE post-mortem brains, which has not been
previously reported. This facilitated the spatial mapping of mtDNA expression across the
brain tissue. An attempt to quantify RNAscope mtDNA signal was carried out by developing
a quantitative method on QuPath, which did not recapitulate the results previously obtained

from qPCR.

Based on the RNAscope results, the MT-ND5 signal was significantly decreased in the FG
region of FTLD-GRN and sporadic FTLD-TDP cases, and significantly decreased in the FW
region of sporadic FTLD-TDP cases (Fig. 5.20). However, these results contradicted the
previous qPCR results in snap-frozen brain in which mtDNAcn showed no change (Fig. 4.5).
Although RNAscope IHC staining can be useful for a qualitative visualisation and analysis
of mtDNA distribution, the qPCR technique is widely considered more reliable and sensitive
in terms of quantification3%2, Despite the thorough validation of the semi-automatic
quantitative method of mtDNA in RNAscope staining, the contrasting results suggested that

RNAscope may not be a reliable or accurate technique for quantifying mtDNA.

Several limitations can be drawn to explain the substantial variation observed between

RNAscope and qPCR results in the quantification of mtDNA.

1) One of the main limitations in MT-ND5 RNAscope CISH staining was the ubiquitous
presence of mitochondria across the brain tissue, as it was also observed using MT-
CO1 IHC protein staining (Fig. 5.18). Based on this, an accurate quantification of
mtDNA is each cell can be deemed practically impossible using RNAscope CISH

techniques.
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2)

4)

Another notorious limitation of RNAscope CISH staining was the lack of normalisation
to nuclear DNA, RNA or protein; whereas in the qPCR method, the DNA probes MT-

CYB and MT-ND1 are normalised to nuclear GUSB and B2M, respectively.

The QuPath scripts quantified the MT-ND5 spots based on a threshold and their size.
However, the scripts do not differentiate between different spot sizes, which may
ignore multiple individual spots that cluster as one big spot. In addition, due to the
ubiquitous signal previously mentioned, the threshold may ignore MT-ND5 spots that

can be found across the cell but have a signal intensity lower than the threshold.

A final drawback was the reduced number of biological cases used for RNAscope
(n=4 FTLD-GRN, n=10 sporadic FTLD-TDP, n=4 controls) in contrast to gPCR (n=7
FTLD-GRN, n=10 sporadic FTLD-TDP, n=10 controls). This further highlights the
intrinsic variation across human brains (i.e., formalin fixation, post-mortem delay, age
or histopathological manipulation), which could lead to non-real results and

potentially be minimised with a larger pool of cases.

Exploring the compendium of literature, only one attempt has been made to visually quantify
mtDNA using BaseScope CISH in post-mortem spinal cord neurons by Mehta and
colleagues'. In fact, their study served as inspiration for the development of the
quantification method detailed in this section. However, upon closer scrutiny, the results
from their staining quantification exhibited significant flaws. Two main issues undermine the
reliability of their results included: 1) mtDNA expression was not ubiquitous which does not
reflect a real spatial mapping of mitochondria, and 2) a lack of validation using qPCR. This
thesis further confirmed the challenges associated with quantifying mtDNA expression,
emphasising that, for now, mtDNA may be more suited for qualitative rather than quantitative

analyses when employing histopathology techniques.

216



Overall, the use of RNAscope should not be deemed useless for the study of mtDNA. In the
brain, RNAscope CISH could be used for qualitative read-outs of the spatial distribution of
mtDNA expression. In addition, the optimisation of fluorescence RNAscope could be useful
to qualitatively explore cell-specific mtDNA changes. For example, the staining of the FTD
brain with mtDNA and cell-specific antibodies (e.g., IBA1 for microglia) could provide with

insights into the spatial distribution across specific cells relevant for FTD.

Finally, it is possible to use RNAscope in combination with other techniques such as
immunofluorescence3®3 and imaging mass cytometry3%4. This could enable the assessment
of both mtDNA, RNA transcripts and proteins in the same brain tissue. However, it requires
further optimisation in the human FFPE brains to ensure that there is no degradation of any

of the targets.
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Conclusion and future directions

To conclude, this chapter attempted to optimise histopathology techniques and develop
semi-automatic quantitative methods that characterise pTDP-43 burden in FTLD-GRN
cases and sporadic FTLD-TDP cases across brain regions, despite the unsuccessful
outcome. In addition, MT-CO1 IHC and MT-ND5 RNAscope CISH staining were also
optimised in human FFPE post-mortem brains of FTD cases, although quantification of the

staining was not viable.

One of the main outstanding questions in this study involves unravelling the mechanistic
interplay between the identified neuropathological features and FTLD pathology itself, along
with understanding when or how these factors might contribute to the development of the
disease. Bearing in mind that post-mortem tissue is a window to the end stage of a disease,
it would be interesting to investigate pTDP-43 changes using the quantification method
developed in this thesis at earlier stages of disease progression, including the
presymptomatic stage. It is also important to consider that variations across human tissues

due to post-mortem delay or fixation time could influence histopathology results.

Future efforts should focus on validating the results in this chapter with a larger pool of
controls and FTLD-GRN patients, as well as other neurological diseases, to further
characterise the neuropathological changes. Additionally, due to the limited access to
human tissue with rare neurological disorders such as FTD, leveraging experimental work
on mice could serve as a crucial avenue. This approach would facilitate the acquisition of
diseased brain samples, allowing for the exploration of histopathological phenotypes over

time and the investigation of potential mechanisms through pathology rescue efforts.
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6 Discussion and future directions

A desk at Queen Square House IoN (digital art) — by Christopher J Dobson
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6.1 General discussion

The findings derived from both PGRN-deficient in vitro models and human post-mortem
brains consistently establish the presence of mitochondrial dysfunction in GRN-related FTD.
The mitochondrial phenotype was characterised using stable GRN KD immortalised cell
lines, fibroblasts from patients with GRN pathogenic mutations, iPSC-derived neurons and
astrocytes, and post-mortem brains from FTLD-GRN patients compared with controls and
sporadic FTLD-TDP cases. This comprehensive analysis revealed mitochondrial
bioenergetic deficits, decreased mitochondrial mass, and mtDNA maintenance defects,
strongly implicating the mitochondrion as an organelle affected by PGRN deficiency. The
data strongly support the initial hypothesis that mitochondrial dysfunction plays a role in the

pathogenesis of GRN-related FTD.

The solid foundations in this thesis were built through the utilisation of three in vitro PGRN-
deficient models which have not been previously employed for an extensive characterisation
of the impact of PGRN deficiency in mitochondria. The use of cellular models to investigate
neurodegenerative diseases was considered valuable for the initial characterisation of the

effect of a gene on mitochondrial function23,

However, the major strength in the experimental design lied in the use of human post-
mortem brains, providing insights into the mitochondrial phenotype at the final stage of FTLD
patients. Despite the multisystem expression of PGRN across tissues, PGRN
haploinsufficiency primarily manifests in the pathology of the CNS. The observed
mitochondrial dysfunction in the brain suggests that the specific target of the organ may be
due to its high energy-demand and its susceptibility to metabolic impairment3%®, which may
initiate the generation of ROS, subsequently leading to neuroinflammation and neuronal

death3%. Furthermore, at a single cell level, considering that FTD is characterised by
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neuronal loss and neurons are highly metabolically active cells requiring substantial
amounts of energy, the decline in mitochondrial function may be more attributable to the

decrease in neuronal number than to other cell types.

Hence, future work will delve deeper into the potential links between PGRN and
mitochondrial function, exploring how these findings can be translated into a clinical
environment, all whilst characterising brain- and cell-specific mitochondrial phenotypes

employing multi-omics techniques®%.
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6.2 Potential mechanisms linking PGRN and mitochondria

This PhD thesis has successfully demonstrated that mitochondrial dysfunction is associated
with GRN-related FTD. However, the main limitation in this project is the absence of a clear
causal mechanism linking the gene GRN or the protein PGRN and mitochondrial
dysfunction. This gap has given rise to opposing hypotheses as to whether 1) mitochondrial
dysfunction leads to the pathological hallmarks and clinical manifestations found in GRN-
related FTD, making the rescue of mitochondria a promising therapeutic target; or whether
2) mitochondrial dysfunction is an undesired downstream-effect of a plethora of cellular
malfunctions during the disease progression. Therefore, forthcoming research endeavours
will focus on unravelling this link, aiming to understand how PGRN deficiency can lead to
mitochondrial dysfunction. Building on the results of this PhD project and the existing
literature, | would like to propose four potential mechanisms: 1) a TDP-43 dependent
mechanism, 2) an inflammatory mechanism, 3) a mitochondrial biogenesis pathway, and 4)

an inter-organellar interaction mechanism.
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1) TDP-43-dependent mechanism

As reiterated throughout the thesis, one of the hallmarks of FTLD-TDP cases is the
aggregation of pTDP-43. Chapter 5, in particular, revealed an increased pTDP-43 burden in
histopathological FTLD-GRN cases compared to controls, with a more moderate increase
in sporadic FTLD-TDP cases. This pathological feature is shared with other FTD-related
genes including C9orf72 and MAPT, which have been previously linked to mitochondrial
dysfunction. Despite this association, there is not a clear understanding as to how GRN
mutations, along with the other implicated genes, accelerate aggregation and increase

toxicity.

Setting aside the unknown mechanism behind the increase in pTDP-43 burden, several
studies have proposed different theories on how the accumulation of this protein may lead
to mitochondrial dysfunction. Mitochondrial OXPHOS defects have been widely reported in
TDP-43-related experimental models. For instance, in motor neuron-like NSC-34 cells, the
overexpression of wild-type or mutant TDP-43 decreased CIl activity, mitochondrial
transmembrane potential and ATP synthesis3®. It also decreased mitochondrial uncoupling
protein 2, activating the UPR™ '8 This mitochondrial response was also confirmed in

cellular and animal models with increased TDP-43 expression 82,

In ALS, TDP-43 toxicity has been shown to enter mitochondria and trigger mtDNA release
via the mtPTP. This induced cytosolic mtDNA accumulation that activated the
neuroinflammatory cGAS/STING pathway, leading to neuron loss and decreased motor
function®, Pharmaceutically blocking STING prevented neuroinflammation and
neurodegeneration in vitro and in vivo, confirming the TDP-43-mitochondria interaction83,
The entrance of full-length TDP-43 has also been demonstrated to disassemble Cl by

preferentially binding mitochondria-encoded ND3 and ND6 subunits, whereas truncated
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TDP-43 without the M1 mitochondrial location sequence had no effect on the mitochondrial
subunits'®. Finally, lymphoblast cell lines derived from TDP-43-mutant ALS patients
showed mitochondrial dysfunction, displaying decreased spare respiratory capacity, which
suggests impaired mitochondrial energy production3%®. Considering the interaction between
TDP-43 and mitochondria, the clearance or removal of TDP-43 could lead to an amelioration
of mitochondrial function and improve the clinical phenotype of the patient. Notably,
mitochondria also have a regulatory role on TDP-43 toxicity. In yeasts, it was reported that
respiration-related hydrogen peroxide enhanced TDP-43 toxicity3'?, suggesting

mitochondria as a therapeutic target to treat TDP-43-related diseases.

While the accumulation of pTDP-43 proteins in GRN-mutation carriers, as evidenced in this
thesis, has been documented, the underlying mechanism remains unclear. Two previously
proposed links involve caspases and cell stress3'". However, only one study has shown that
the inhibition of pTDP-43 in GRN KD SH-SY5Y cells lead to the recovery of the mitochondrial
phenotype, as evidenced by an increase in mitochondrial membrane potential. Further
research is imperative to elucidate how PGRN haploinsufficiency leads to pTDP-43
accumulation, and whether PGRN-related pTDP-43 toxicity is responsible for mitochondrial
dysfunction that could be salvaged. Rescue experiments, such as increasing GRN
expression, inhibiting TDP-43 or boosting mitochondrial function, could prove invaluable in
characterising the pathological mechanism between PGRN haploinsufficiency, pTDP-43

and mitochondrial dysfunction.
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2) Inflammatory mechanism

PGRN haploinsufficiency has also been reported to trigger regulatory, pro-inflammatory
cytokines including interleukin 1 beta (IL- 1B), IL-8, and TNF-a3'2, Although | previously
explained a TDP-43-depedent mechanism leading to inflammation, a TDP-43-independent
inflammatory mechanism should also be explored. PGRN haploinsufficiency leads to
microglial activation, which consequently releases pro-inflammatory cytokines release (e.g.,
IL-1B, IL-18 and TNFa) and mitochondrial ROS. This in turn alters neuronal functions and
induces inflammatory cell death, also known as necroptosis3'®. Subsequently, damage-
associated molecular patterns (DAMPs), specifically mtDNA, are released in the
extracellular environment, eliciting local inflammation by increasing NLP3 inflammasome
activation3'4. This exacerbates microglial activation releasing more pro-inflammatory
cytokines and mitochondrial damage releasing ROS, eventually reaching a continuous cycle
of neuronal cell death. Prolonged inflammation over years due to microglial inflammasome
activation, mitochondrial ROS and pro-inflammatory cytokines combined with defective

neuronal metabolism could be hypothesised to trigger FTLD pathogenesis.

It is well-established that PGRN can act as an antagonist of the pro-inflammatory cytokine
TNF receptors, and PGRN haploinsufficiency leads to an increase in inflammation®é,
Interestingly, TNFa has been reported to reduce PGC-1a expression through nuclear factor-
kB and p38 mitogen-activated protein kinase pathways, decreasing mitochondrial
biogenesis3'®. The inflammatory cytokine also increased mitochondrial fragmentation by
affecting OPA1 isoform balance3'6. Although the effect of TNFa on PGC-1a has not been
investigated in neuronal tissue, in this PhD project, | have reported a decrease in PGC-1a
in human post-mortem brains. In addition, IL-18 has been shown to impair mitochondrial
bioenergetics and to induce mitochondrial fragmentation in astrocytes, interlinking the role
of proinflammatory cytokines with mitochondrial dynamics3'”. These inflammatory
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mechanisms affecting OXPHOS and mitochondrial dynamics could also explain why there
is an increase in mMtDNA deletions in human FTLD-GRN brains as reported in chapter 4.
Therefore, since therapies targeting the inflammatory process can lead to a reduction in

disease progression, this treatment could also prevent mitochondrial toxicity in patients.
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3) A mitochondrial biogenesis mechanism

The pathway of mitochondrial biogenesis is coordinated by PGC-1a, which activates NRF1
and NRF2, and consequently TFAM. This leads to the synthesis of mtDNA and proteins,
and the generation of new mitochondria. PGC-1a is upstream regulated by AMPK, SIRT1
and CREB. The alteration of any of these pathways or proteins has been reported to cause
other pathologies, including a study that demonstrated that PGRN is involved in
mitochondrial homeostasis via PGRN-Sirt1-PGC-1a/FoxO1 signalling, where FoxO1 is
involved in transcription factor'®*. As reported in this thesis, human post-mortem brains from
GRN-mutation carriers exhibited a decrease in PGC-1a, TFAM and mitochondrial content,
along with an increase in mtDNA deletions. From these findings, it could be proposed that

the biogenesis pathway becomes impaired at some stage during FTLD-GRN pathogenesis.

The use of transcriptomics and proteomics would provide insights into alterations in genes
and proteins expression resulting from PGRN haploinsufficiency. Then, the rescue of the
mitochondrial biogenesis pathway could confirm the pathological mechanism and provide
potential therapeutic strategies. For instance, a study investigating how C9orf72 mutations
lead to mitochondrial dysfunction in human iPSC-derived motor neurons rescued the
mitochondrial “normal” phenotype by lentiviral-mediated overexpression of PGC-1a'’®. This
demonstrates that the restoration of the PGC-1a-NRF1-TFAM pathway could be considered

a potential therapeutic strategy to be explored in FTLD-GRN patients.
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4) An inter-organellar interaction mechanism

Mitochondria are in constant contact with other organelles in the cell and disruptions in this
comprehensive networking can lead to disease. The discovery that PGRN may affect the
formation and function of intracellular organelles suggests a fourth mechanism exploring
how the dysfunction of another organelle due to PGRN haploinsufficiency may lead to

mitochondrial dysfunction.

The interplay between the endoplasmic reticulum (ER) and mitochondria is highly regulated,
and aberrations of this interaction have been implicated in several neurological disorders,
including AD, Charcot-Marie-Tooth disease, PD, and ALS. Since PGRN is synthesised in
the ER and regulated in the ER-Golgi apparatus secretory pathway, it may be relevant to
assess a potential disruption between the organelles that could provide with new evidence

into the FTD mechanism.

In addition to the ER, the most important organelles to explore are the lysosomes due to the
relevant functions of PGRN in the organelle. Lysosomes play an important role in later
stages of mitophagy, and lysosomal dysfunction in lysosomal storage disorders has been
associated with an increase in the balance of dysfunctional mitochondria3'®. The lysosomal-
mitochondrial interaction has been more extensively investigated in other lysosomal storage
disorders as illustrated in Gaucher’s disease, caused by a defective glucocerebrosidase
(GCase) enzyme. A study using a mouse model of neuronopathic Gaucher’s disease
showed mitochondria and quality control defects, including impaired respiration and
decreased mitochondrial membrane potential due to altered autophagy and dysfunctional
proteasomal pathways3'®. In addition, the inhibition of autophagy with bafilomycin and
chloroquine was also reported to decrease mitochondrial quality control and TCA cycle

intermediates in primary cortical rat neurons32°,
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Homozygous mutations in GRN result in neuronal ceroid lipofuscinosis characterised by
defective lysosomal function. Notably, animal models with neuronal ceroid lipofuscinosis
have shown an accumulation of mitochondrial dysfunction 32'. The presence of both
lysosomal and mitochondrial dysfunction raises questions about which pathological process
is a downstream consequence of the other. For instance, respiratory chain deficiency has
been reported to inhibit lysosomal hydrolysis and induce lysosomal dysfunction by various
pathways?322:323_ Therefore, it is important to consider a potential two-way interaction when

referring to inter-organellar dysfunction.

It is becoming clearer that organelles are continuously interacting with each other, and this
should be explored in future studies by employing imaging techniques, such as fluorescence
microscopy and super-resolution techniques, which enable a high-throughput analysis of
membrane contact sites. Targeted co-immunoprecipitation may also be useful to identify

novel protein-protein interactions between the different organelles.

When exploring potential mechanisms, it is necessary to consider that due to the pleiotropic
function of PGRN, there is a possibility that not just one isolated mechanism may be leading
to FTD, but rather the interplay between different mechanisms — both mitochondrial and
non-mitochondrial. Another outstanding question is whether the undiscovered, pathological
mechanism(s) leading to mitochondrial dysfunction is specific to the gene GRN or shared
across the FTLD-TDP pathologies, and therefore potentially be due to other hallmarks such
as TDP-43 toxicity. Addressing this query is crucial to carefully distinguishing the effect of
different FTD-causing genes on mitochondrial function and should be considered during the

experimental design of future projects.
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6.3 Future directions towards therapeutic strategies

The long-term goal behind the experimental work in this thesis was to develop therapeutic
strategies to ameliorate and prevent the development of clinical syndromes in patients with

GRN-related FTD and other neurodegenerative disorders.

At the moment, there are no disease-modifying treatments that halt or reverse the
progression of FTLD, let alone specific drugs for GRN-related FTD, and the clinical
management focuses on alleviating the symptoms. The glutamate blocker riluzole is the only
approved disease-modifying drug to treat ALS, which has been shown to slow the
progression and increase survival for some patients324. Several clinical trials have focused
on repurposing anti-dementia drugs to treat FTD with little or no success, or even worsening
the condition. For instance, the AD drug memantine was observed to accelerate cognitive

decline in FTD patients32.

Since PGRN haploinsufficiency represents one of the major pathological hallmarks of FLTD-
GRN patients, many studies have focused on increasing PGRN levels as a therapeutic
strategy. These treatments included gene therapy using AAV-mediated GRN gene delivery
to the CNS; downregulating sortilin (SORT1), a clearance receptor of PGRN with anti-
SORT1 antibodies; antisense oligonucleotides to stabilise the GRN mRNA with nonsense
mutations; aminoglycosides to promote ribosomal readthrough of nonsense GRN mutations;

lysosomal activity-enhancing drugs; and anti-inflammatory drugss32°-327.

Following the identification of mitochondrial dysfunction in GRN-related FTD, the use of
mitochondria targeting drugs emerges as a promising avenue to ameliorate clinical
manifestations in patients. Pending the results that will arise from uncovering the

pathological mechanisms, the exploration of various established drugs may become
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conceivable. These could include compounds increasing mitochondrial function, and

therapies targeting mitochondrial biogenesis3?,

For instance, studies in mice, worms and iPSCs have demonstrated that NAD*
augmentation using different precursors can lead to rescued mitochondrial function (e.g.,
increase in mitochondrial biogenesis and bioenergetics), decreased oxidative damage,
decreased inflammation and increased neurogenesis3?°3%, Interestingly, a recent clinical
trial compared the effect of a combination of nicotinamide riboside and the antioxidant
pterostilbene to bolster NAD™ levels against placebo control in ALS patients. Compared to
placebo, NAD*-increased ALS patients displayed significant improvements in the ALS
functional rating scale, pulmonary function, muscular strength, and in skeletal muscle/fat
weight ratio33!. Although still at an early stage, this suggests mitochondria-targeting drugs

could be explored as a disease-modifying therapy for FTD patients.

Finally, the use of drugs to target mitochondria mostly relies on the assumption that
mitochondria are an upstream effect of PGRN deficiency, although it is unclear whether an
impairment in the mitochondrial phenotype is an upstream or downstream effect. At an initial
glance, a downstream effect may seem clinically irrelevant as a therapeutic approach.
However, the identification of mitochondrial dysfunction in PGRN-deficient cases can still be
used as a biomarker to validate the efficiency of therapeutic strategies to increase the levels
of PGRN or other approaches improving upstream mechanisms. Future studies
characterising disease mechanisms and biomarkers will be essential for the development of

therapeutics for GRN-related FTD.
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6.4 Overall conclusion

In conclusion, this PhD project has unveiled the association between mitochondrial
dysfunction and GRN-related FTD. This prompted the hypothesis that various mechanisms
may contribute to PGRN-dependent mitochondrial dysfunction, potentially serving as a
pathological driver of FTD. Bridging the gap between genetics and biological mechanisms
poses a major challenge in neurodegenerative disorders. This emphasises the need for a
better understanding of the pathological mechanism, with the goal of enhancing treatments
and identifying potential biomarkers. As the understanding of the relationship between
PGRN and mitochondria deepens, the potential for developing novel therapeutic strategies
increases. This, in turn, may ultimately lead to improved treatments and a better life quality
for individuals affected by GRN-related FTD and other neurodegenerative diseases; thereby

expanding our knowledge of the role of mitochondria in health and disease.
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