The biochemical basis for genetically inherited
Frontotemporal Dementia with
TDP-43 pathology

Oana Claudia Marian

A thesis submitted to fulfil requirements for the degree of
Doctor of Philosophy

Faculty of Medicine and Health
The University of Sydney
2024



Originality Statement

This is to certify that to the best of my knowledge, the content of this thesis is my own
work. This thesis has not been submitted for any degree or other purposes.

| certify that the intellectual content of this thesis is the product of my own work and that
all the assistance received in preparing this thesis and sources have been acknowledged.

Oana Claudia Marian

June 2023



Abstract

Frontotemporal Dementia (FTD) is a highly heritable form of younger-onset dementia and a
majority of inherited cases can be attributed to heterozygous loss of GRN or hexanucleotide
repeat expansions in the C9orf72 gene. The pathogenic basis for FTD caused by either of these
gene mutations is still under investigation, however current evidence suggests that
neurodegeneration in FTD caused by GRN mutations (FTD-GRN) ensues from disrupted lysosomal
lipid catabolism, whereas the neurodegenerative trigger in FTD-C9orf72 cases remains

indeterminate.

This thesis investigates the biochemical basis for FTD caused by GRN and C9orf72 mutations in
post-mortem tissue from heavily affected frontal lobe and less affected parietal lobe, and the
potential of peripheral myelin lipids as FTD biomarkers through the development of an isomer

separation method to quantify the myelin lipid galactosylceramide in plasma.

Lipidomic analysis demonstrated pronounced myelin-enriched sphingolipid loss in the frontal
white matter of FTD-GRN cases, with a similar, but less-pronounced loss observed in FTD-C9orf72
cases. FTD-GRN cases were distinguished from FTD-C9orf72 cases by marked cholesterol ester
accumulation in white matter and acylcarnitine accumulation in the grey matter, suggestive of
mitochondrial dysregulation. Evidence of phagocytic microglia were identified in both FTD groups

while increased activity of sphingolipid catabolic enzymes was observed in FTD-GRN cases alone.

Proteomic analysis confirmed mitochondrial dysfunction and identified increased abundance of
phagosome maturation and decreased abundance of synaptic signalling and mevalonate
pathway proteins in both FTD groups, although these changes were more pronounced in FTD-

GRN cases.

Finally, we demonstrate that the myelin galactosphingolipids are significantly lower in plasma of
FTD cases, establishing the potential for these lipids to serve as diagnostic and prognostic plasma

biomarkers in FTD.
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Chapter 1: Literature Review

1.1 Frontotemporal Dementia

Frontotemporal dementia (FTD) is a common cause of younger-onset dementia and
encompasses a group of progressive neurological disorders affecting the frontal and temporal
lobes of the brain (Olney et al. 2017). FTD is the second leading cause of presenile dementia after
young-onset Alzheimer’s disease, and patients are commonly diagnosed between 45 and 65
years of age (Snowden et al. 2002, Vieira et al. 2013). Although prevalence estimates vary widely,
approximately 2% of dementia cases in individuals older than 65, and 10% of dementia cases
under the age of 65 can be attributed to FTD, and males and females appear to be affected
equally (Hogan et al. 2016). Patients have relative memory sparing but develop progressive
behavioural and/or language changes and cognitive deficits for which there are no disease-

modifying therapies (Neary et al. 1998, Coyle-Gilchrist et al. 2016, Greaves et al. 2019).

FTD is a highly heterogeneous form of dementia and is classified into three distinct clinical
syndromes. The most common is behavioural variant FTD (bvFTD), accounting for up to 60% of
FTD cases, and is characterised by pronounced changes to personality that can include apathy,
emotional blunting, inattention, socially inappropriate behaviour such as disinhibition and
cognitive deficits (Neary et al. 1998, Johnson et al. 2005). Patients are often misdiagnosed initially
with psychiatric disorders such as major depression, bipolar disorder or schizophrenia (Velakoulis
et al. 2009, Woolley et al. 2011, Shinagawa et al. 2016). The other two syndromes are forms of
primary progressive aphasia; progressive non-fluent aphasia (PNFA), characterised by impaired
speech production and difficulty finding words, although word comprehension is preserved; and
semantic dementia (SD), characterised by loss of naming and word comprehension, despite intact
and effortless speech production (Hodges et al. 1992, Neary et al. 1998, Gorno-Tempini et al.
2011, Olney et al. 2017). These functional deficits are associated with focal atrophy of the frontal
or temporal lobes, and as the disease progresses, degeneration of other brain regions is often

observed (Kertesz et al. 2005, Seelaar et al. 2011). Co-occurrence of movement disorders such as



motor neuron disease (MND) or parkinsonism may also be observed (Siuda et al. 2014). On

average, death occurs within 6-8 years of disease onset (Hodges et al. 2003).

1.2 Diagnosis and Treatment of FTD

Diagnosis of FTD is made on the basis of clinical and behavioural symptoms and neuroimaging. A
probable diagnosis bvFTD is given on the presence of behavioural changes including
uncharacteristic apathy, disinhibition, and socially inappropriate behaviour, while SD or PNFA
may be diagnosed following presentation of progressive language impairment including speech
or comprehension. Often, people with FTD present with these symptoms in their mid-life and in
some cases, these may be accompanied by symptoms of motor neuron disease or parkinsonism.
Clinical assessment may be followed by neuroimaging to confirm atrophy of the frontal or
temporal lobes and genetic testing may be undertaken in cases bearing a family history of

dementia (Gorno-Tempini et al. 2011, Rascovsky et al. 2011).

Currently, no targeted treatments exist for FTD. Clinical management is limited to treatment of
symptoms with antipsychotics and antidepressants, and supportive counselling for caregivers

(Tsai et al. 2014, Balachandran et al. 2021).

The heterogeneous clinical presentation and lack of therapeutic options for FTD highlight the

need for research into the biochemical basis for this group of neurodegenerative diseases.

1.3 Neuropathology of FTD

FTD is associated with neuronal loss, pronounced atrophy of frontal and/or temporal lobes, and
pathological protein inclusions in neurons and glia (Krueger et al. 2010, Mackenzie et al. 2016,
Yousef et al. 2017). The majority of FTD cases are characterised by intraneuronal aggregates of
hyperphosphorylated tau protein (FTD-Tau), or ubiquitin-positive inclusions most commonly
featuring aggregates of hyperphosphorylated and proteolytically cleaved C-terminal fragments

of the 43 kilodalton Transactive Response DNA-binding protein (TDP-43) (Figure 1.1) (Spillantini

2



et al. 1998, Neumann et al. 2006). FTD associated with TDP-43-positive pathological inclusions is
the most common subtype (Mackenzie et al. 2016). This thesis will focus on the molecular basis

of FTD caused by inherited mutations that lead to TDP-43-positive forms of FTD.

TDP-43 is an RNA/DNA binding protein shown to be involved in RNA splicing, and in FTD,
pathological aggregates can be seen in the cytoplasm of neurons and glia and are accompanied
by the loss of physiological nuclear TDP-43 (Buratti et al. 2001, Neumann et al. 2007, Valori et al.
2021). The mechanisms by which pathological TDP-43 contributes to neurodegeneration,
whether by loss of function or toxic gain-of-function, are still being explored, however, loss of

nuclear TDP-43 is thought to occur early in FTD pathogenesis (Nana et al. 2019).
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Figure 1.1: TDP-43 pathological aggregates

Representative examples of neuronal and glial TDP-43 positive pathological aggregates stained with anti-
phospho TDP-43 antibody and detected by 3,3'-Diaminobenzidine (DAB) reaction (brown staining) in A)
frontal grey matter and (B) frontal white matter. Magnification 200x. Scale bar: 20 um. (Marian et al.

2023).



1.4 Genetics of FTD

Heritability of FTD is high, with an estimated 30-50% of cases having a family history of dementia
(Seelaar et al. 2011, Onyike et al. 2013). The remainder of cases are sporadic, arising in the
absence of a family history of dementia, but may nonetheless be attributed to genetic mutations
that confer risk for FTD (Greaves et al. 2019). Mutations in the MAPT, GRN and C9orf72 genes
cause the majority of inherited FTD cases (Figure 1.2). Inherited FTD-Tau is caused by
heterozygous mutations in the microtubule-associated protein tau (MAPT gene) accounting for
approximately 6% of familial FTD and 1% of sporadic FTD cases (Cruts et al. 2006, Delesus-
Hernandez et al. 2011). The two most common genetic causes of inherited FTD with TDP-43
pathology are heterozygous mutations in the gene encoding Progranulin (GRN), which accounts
for 3-20% of familial FTD and 1-5% of sporadic FTD; and hexanucleotide repeat expansions in a
non-coding region of the chromosome 9 open reading frame 72 (C9orf72) gene, accounting for
11-22% of familial FTD and 3-15% of sporadic cases (Cruts et al. 2006, Gass et al. 2006, Gijselinck
et al. 2008, Delesus-Hernandez et al. 2011, Rademakers et al. 2012). These cases of FTD are
hereafter referred to as FTD-GRN and FTD-C9orf72. C9orf72 repeat expansions are also the most
common genetic cause of motor neuron disease (MND), which is also characterised by TDP-43
protein aggregation. As such, FTD and MND are often considered as diseases along the same
clinicopathological spectrum, with approximately 15% of FTD cases going on to develop MND

(Burrell et al. 2011, Delesus-Hernandez et al. 2011, Renton et al. 2011).

TDP-43 pathology is classified into subtypes based on morphology and distribution of neuronal
inclusions; FTD-GRN cases are commonly classified as type A, characterised by many neuronal
cytoplasmic inclusions and many short dystrophic neurites, and FTD-C9orf72 as type B,
characterised by moderate neuronal cytoplasmic inclusions and few dystrophic neurites

(Mackenzie et al. 2011, Lee et al. 2017).

The semantic dementia and progressive non-fluent aphasia clinical presentations are often
sporadic in nature, but mutations in MAPT, C9orf72 and GRN have also been reported to lead to
these clinical syndromes, with their corresponding Tau or TDP-43 positive neuropathology

(Samra et al. 2023).



A small proportion (less than 5%) of inherited cases can also be attributed to mutations in other
genes such as the gene encoding TDP-43 (TARDBP), sequestosome-1/p62 (SQSTM1), valosin-
containing protein (VCP) and Tank Binding Kinase (TBK1), which are all associated with TDP-43
aggregates; charged multivesicular body protein 2B (CHMP2B), associated with TDP-43 negative,
ubiquitin-positive inclusions; and fused-in-sarcoma (FUS), leading to FUS-immunoreactive
inclusions (Greaves et al. 2019). Frequently, these inclusions are also immunoreactive for
ubiquitin and/or p62, indicating that they have been targeted for degradation via autophagy or

ubiquitin-proteasome pathways (Davidson et al. 2022).
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Figure 1.2: Genetics of Familial Frontotemporal Dementia

FTD is a heterogeneous form of dementia and can be classified into several clinical syndromes. Several
neuropathological protein aggregates can be seen in FTD, and the vast majority of these can be broadly
classified into tau-positive or TDP-43 positive inclusions. FTD is a highly heritable form of dementia, and
most inherited cases can be attributed to heterozygous mutations in the MAPT, C9orf72 or GRN genes,

which most often lead to FTD with the bvFTD clinical syndrome (Greaves et al. 2019).



1.5 Patterns of neurodegeneration and white matter dysfunction in FTD

People with FTD carrying disease-causing mutations present with distinctive patterns of brain
atrophy relating to their clinical symptoms. While both mutations in GRN and C9orf72 cause
bvFTD due to their frontotemporal predominance, FTD patients with GRN mutations (FTD-GRN)
present with asymmetric, severe frontal and temporal lobe atrophy, and moderate parietal lobe
atrophy whereas those with C9orf72 repeat expansions (FTD-C9orf72) show more diffuse,
symmetrical bilateral atrophy, most severely affecting the frontal and temporal lobes along with
parietal lobe and cerebellum (Rohrer et al. 2008, Mahoney et al. 2012, Rademakers et al. 2012,
Paternico et al. 2016, Cash et al. 2018). Cerebral hypometabolism, indicative of metabolic
dysfunction as measured by the rate of [®F] fluorodeoxyglucose uptake by positron emission
tomography (FDG-PET), can be seen 10 years prior to symptom onset in in the frontal lobe of

both FTD-GRN and FTD-C9orf72 cases (Jacova et al. 2013, Popuri et al. 2021).

MRI studies have widely reported evidence of white matter hyperintensities (WMH) in the brains
of FTD patients carrying GRN mutations, including in presymptomatic cases (Caroppo et al. 2014,
Ameur et al. 2016, Paternico et al. 2016, Sudre et al. 2017, Woollacott et al. 2018, Sudre et al.
2019). In the absence of vascular risk factors, WMH are generally indicative of focal
demyelination. Using a combination of MRI and brain histopathology, Woollacott and colleagues
confirmed pathological correlates of demyelination, substantial gliosis and cortical atrophy in
regions underlying WMH by MRI in a single FTD-GRN case study (Woollacott et al. 2018). No other

prior studies have demonstrated myelin loss histopathologically in FTD-GRN cases.

WMH have been associated with cognitive deficitsin FTD (Tartaglia et al. 2012, Huynh et al. 2021)
and notably, bvFTD patients have considerably higher WMH burden when compared to
Alzheimer’s disease patients (Mahoney et al. 2014, Huynh et al. 2021). Although significant WMH
were not observed in the brains of FTD patients carrying C9orf72 repeat expansions (Paternico
et al. 2016, Sudre et al. 2017), structural imaging studies employing diffusion tensor imaging have
uncovered diffusion changes to white matter tracts in FTD cases carrying C9orf72, GRN and MAPT
mutations up to 30 years prior to estimated symptom onset (Mahoney et al. 2015, Jiskoot et al.

2018). It was recently shown that presymptomatic abnormalities to white matter structure in



GRN mutation carriers exhibited an accelerated trajectory compared with C9orf72 mutation
carriers (Lee et al. 2022). WMH and white matter diffusion changes in FTD follow signature
patterns within each mutation group corresponding to characteristic patterns of cortical atrophy,
but importantly have also been observed extending beyond the zones of grey matter atrophy
and may indeed precede grey matter loss (Lam et al. 2014, Mahoney et al. 2014, Agosta et al.
2015, Meeter et al. 2017, Cash et al. 2018, Jiskoot et al. 2018, Huynh et al. 2021).

1.6 Progranulin

Heterozygous GRN mutations cause haploinsufficiency and have a disease penetrance of >90%
by age 70 (Gass et al. 2006). More than 70 pathogenic mutations have been identified to date;
these are typically nonsense mutations or splicing mutations that lead to premature termination
of the GRN transcript and nonsense-mediated decay of GRN mRNA, or missense mutations
leading to cytoplasmic mis-sorting or secretion of immature progranulin and its subsequent
degradation, resulting in a reduction in progranulin protein levels (Baker et al. 2006, Cruts et al.
2006, Gijselinck et al. 2008, Shankaran et al. 2008, Yu et al. 2010, Chen-Plotkin et al. 2011,
Greaves et al. 2019). This can be observed in levels of plasma and CSF progranulin, which are
reduced in FTD cases bearing GRN mutations compared to FTD non-carriers and normal controls
(Ghidoni et al. 2008, Finch et al. 2009). Interestingly, GRN mRNA levels are selectively increased
in the heavily-affected frontal lobe in FTD-GRN cases, however this does not appear to translate

into increased levels of progranulin protein (Chen-Plotkin et al. 2009).

Progranulin is an ~88 kDa secreted glycoprotein and comprises 7 tandem peptide repeats, plus a
half-repeat of a cysteine-rich motif, that can be cleaved into mature granulin peptides by a
number of proteases such as neutrophil elastase and cathepsin L (Zhou et al. 1993, Zhu et al.
2002, Cenik et al. 2012, Lee et al. 2017). Progranulin is synthesised in the endoplasmic reticulum
lumen and undergoes post-translational modifications such as glycosylation (Songsrirote et al.
2010, Kao et al. 2017).It is ubiquitously expressed and localises to endolysosomes and the golgi.

In the central nervous system (CNS) its expression is highest in microglia but is also expressed in



cerebellar Purkinje and pyramidal neurons of the hippocampus and cerebellum (Ryan et al. 2009,

Hu et al. 2010, Zhang et al. 2014).

Full-length progranulin is thought to act as a neuroprotective factor with roles in proliferation,
inflammation and wound repair (He et al. 2003, Van Damme et al. 2008, Ryan et al. 2009, Hu et
al. 2010). In contrast, cleaved granulins appear to have opposing actions and are involved in
promoting neutrophil and monocyte recruitment and inflammation (Bateman et al. 1990, Zhu et
al. 2002, Ahmed et al. 2007). Loss of progranulin promotes a disease-associated
neurodegenerative phenotype in microglia characterised by increased activation, enhanced
phagocytosis and migration, and increased secretion of pro-inflammatory cytokines (Martens et
al. 2012, Gotzl et al. 2019, Zhang et al. 2020). Abnormally-increased microglial-mediated synaptic
pruning via complement pathways is observed in progranulin deficiency, and this is thought to
play a causative role in the precipitation of FTD (Lui et al. 2016). Conditioned media from cultured
Grn-deficient microglia is sufficient to promote aggregation and cytoplasmic mis-localisation of
TDP-43 in cultured neurons (Zhang et al. 2020). Indeed, it has been proposed that GRN may play
an important role in suppressing hyperactive neurodegenerative microglial phenotypes with
ageing (Martens et al. 2012, Lui et al. 2016). Progranulin deficiency in mice has been shown to
result in brain glucose hypometabolism and may be associated with a requirement for increased
brain energy consumption due to the presence of a chronic hyperactive microglial state (Go6tzl et
al. 2019). Microglial pathology demonstrating pronounced activation and increased phagocytosis
in FTD-GRN has been confirmed in the heavily affected frontal lobe, and shown to correspond

with regional severity of WMH by MRI (Woollacott et al. 2018).



1.7 C9orf72

The physiological function of the protein encoded by C9orf72 is still being investigated, however
it is widely expressed in many tissue types, with the highest expression in myeloid cells (O'Rourke
et al. 2016). The expanded GGGGCC repeats in the C9orf72 gene that cause FTD and MND are
thought to cause reduced expression of the encoded protein, the formation of neurotoxic nuclear
RNA foci containing the repeat expansion, and impaired clearance of toxic dipeptide repeats,
generated by repeat-associated non-AUG initiated translation of the repeat expansion (Delesus-
Hernandez et al. 2011, Rademakers et al. 2012, Waite et al. 2014, Mackenzie et al. 2015, Goodier
et al. 2020). Whether the repeat expansion causes FTD through a predominant loss of
physiological protein function or toxic gain of function is still a topic of research, as models of
either have been shown to lead to pathogenic consequences (Pang et al. 2021). Greater than 30
copies of hexanucleotide repeats in the C9orf72 gene are thought to be pathogenic, however the
number of repeats between tissue types may vary within an individual (Renton et al. 2011). Non-
repeat expansion carriers usually bear up to 20 copies of the repeat, whereas FTD/MND cases
bearing the repeat expansion may harbour in the hundreds to thousands of copies (Delesus-

Hernandez et al. 2011).

C90rf72 is thought to be required for endosomal vesicle trafficking, autophagy and lysosomal
biogenesis, and is thought to be essential for the normal function of myeloid cells (Farg et al.
2014, Webster et al. 2016, Shi et al. 2018). C9orf72 deficient mice and MND patients bearing
C9orf72 repeat expansions display accumulation of CD68-positive microglia, indicative of an
activated phagocytic phenotype (Brettschneider et al. 2012, Lall et al. 2021). The loss of C9orf72
in mice leads to marked lysosomal accumulation and promotes a pro-inflammatory
neurodegenerative signature in macrophages and microglia, with up-regulation of inflammatory
cytokines, abnormally-increased synaptic pruning and increased expression of the lipid-sensing
microglial marker Trem2 (triggering receptor expressed on myeloid cells 2) (O'Rourke et al. 2016,

Lall et al. 2021).

Decreased C9orf72 protein levels due to the repeat expansion may also sensitise neurons to

excitotoxicity. Induced motor neurons deficient for C9orf72 display glutamate receptor
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accumulation, a resulting increase in levels of the excitatory neurotransmitter glutamate, and
neuronal hyperexcitability thought to result from impaired lysosomal degradation of excess
glutamate receptors (Shi et al. 2018). Aberrant microglial phenotypes related to lysosomal

dysfunction therefore appear to be common to the pathogenesis of FTD-GRN and FTD-C9orf72.

1.8 Lysosomal dysfunction in genetic FTD

Lysosomes are acidic membrane-bound organelles containing hydrolytic enzymes and are
essential for the degradation and recycling of cellular macromolecules (Trivedi et al. 2020).
Autophagy is the process by which misfolded proteins, damaged organelles and other cellular
components destined for degradation are directed to lysosomes for breakdown. This occurs
through the endocytic pathway, either through direct endocytosis of intracellular components
with the lysosomal membrane, sequestration of these components into autophagosomes which
then fuse with endosomes or lysosomes to release their cargoes, or through chaperone-
mediated autophagy, whereby soluble cargoes are transported across the lysosomal membrane
through interaction with chaperone proteins such as LAMP2A and HSC70 (Saftig et al. 2009,
Trivedi et al. 2020). Lysosomes also play a dynamic role in maintaining cellular homeostasis
through recycling of cellular components such as amino acids, and regulation of cholesterol levels
to facilitate the metabolic and structural requirements of the cell (de Araujo et al. 2020, Hosios
et al. 2022). For example, under nutrient deprivation conditions, the energy-sensing AMP-
activated protein kinase (AMPK) becomes activated, while the mammalian Target of Rapamycin
Complex 1 (mTORC1) becomes inactivated, and these act in tandem to initiate autophagy
through phosphorylation of the Unc-51-like kinase 1 (ULK1) autophagy initiation complex to

promote the catabolism and recycling of nutrients (Kim et al. 2011, Trivedi et al. 2020).

Lysosomal dysfunction and defective protein degradation has been widely reported in other
forms of dementia and may widely underpin the aetiology of FTD, as a large proportion of genetic
risk factors for FTD and/or MND encode proteins involved in protein clearance pathways (Bain et

al. 2019, Lee et al. 2021). As both GRN and C9orf72 may be required for normal lysosomal
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function, FTD with TDP-43 pathological aggregates may have lysosomal dysfunction as a common
upstream disease mechanism. TDP-43 itself appears to be involved in gene expression of
autophagosomal and lysosomal biogenesis and autophagosome-lysosome fusion (lguchi et al.
2013, Xia et al. 2016). As FTD with TDP-43 pathology is accompanied by a loss of physiological
nuclear TDP-43, this may contribute to lysosomal dysfunction (Neumann et al. 2006). As stated
above, mutations in the gene encoding TDP-43, TARDBP, also cause familial MND and less
commonly, familial FTD (Moreno et al. 2015). In cell models, TDP-43 loss has been shown to result
in an upregulation of genes involved in promoting autophagy and lysosomal biogenesis, thought
to be through decreased lysosomal localisation of mTORC1 and its resulting inhibition (Xia et al.
2016). Phosphorylation of the transcription factor EB (TFEB) by mTORC1 at the lysosome is
thought to prevent its nuclear translocation, however, under starvation conditions, lysosomal
inhibition or TDP-43 depletion, TFEB translocates to the nucleus, where it upregulates lysosomal
biogenesis genes (Settembre et al. 2011, Roczniak-Ferguson et al. 2012, Xia et al. 2016). TDP-43-
deficient cells and Drosophila demonstrate an accumulation of immature autophagic vesicles and
impaired autophagic flux (Xia et al. 2016). TDP-43-dependent impairment in the vesicular
trafficking machinery is thought to result from decreased levels of the motor protein dynactin 1,
leading to reduced autophagosomal-lysosomal fusion and impaired autophagic flux (Xia et al.

2016).

1.8.1 Role of Progranulin in Lysosomal Function

The importance of progranulin (product of the GRN gene) in sustaining normal lysosomal function
is highlighted by the fact that while heterozygous loss of function GRN mutations are a common
cause of FTD, homozygous loss of function mutations in GRN cause the severe lysosomal storage
disease neuronal ceroid lipofuscinosis, characterised by enlarged lysosomes and accumulation of
the insoluble auto-fluorescent material lipofuscin in neurons (Smith et al. 2012, Almeida et al.
2016). These hallmarks are similarly observed in induced pluripotent stem cell (iPSC)-derived GRN
mutant cortical neurons, and the brains of Grn-/- mice and FTD-GRN cases (Ahmed et al. 2010,

Gotzl et al. 2014, Evers et al. 2017, Valdez et al. 2017, Ward et al. 2017). Lipofuscin commonly
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accumulates in the lysosomes of post-mitotic cells such as neurons throughout the course of
normal ageing, and is associated with oxidative stress (Double et al. 2008). Lipofuscin is
composed of undegraded protein debris, lipids, metal cations, and subunit C of mitochondrial

ATP synthase (Moreno-Garcia et al. 2018).

Progranulin is thought to be essential in initiating catabolism of complex lipids in lysosomes
through a multi-faceted approach including its roles in regulating lysosomal acidification,
facilitating lysosomal trafficking and processing of proteins essential for lipid catabolism, and
modulating the activity of lysosomal lipases such as glucocerebrosidase (GCase) and
hexosaminidase A (HexA) (Jian et al. 2016, Tanaka et al. 2017, Zhou et al. 2017, Chen et al. 2018,
Arrant et al. 2019, Valdez et al. 2019). Extracellular progranulin is internalised into
endolysosomes through binding to its receptor, sortilin (Hu et al. 2010, Zhou et al. 2017) or
through sortilin-independent mechanisms through its association with prosaposin and the
cation-independent mannose-6-phosphate receptor and low density lipoprotein receptor-
related protein 1 (Zhou et al. 2015, Zhou et al. 2017). In the lysosome, full-length progranulin and
granulin E are thought to regulate the function of the major lysosomal protease cathepsin D (Beel
et al. 2017, Valdez et al. 2017). In yeast, the homolog of cathepsin D promotes clearance of TDP-
43 by maintaining endosomal-lysosomal function (Leibiger et al. 2018). Interestingly, similar to
GRN deficiency, cathepsin D deficiency causes a congenital form of neuronal ceroid lipofuscinosis
(Siintola et al. 2006). Cathepsin D cleaves prosaposin, the precursor to the sphingolipid activator
proteins (saposins) A-D into individual saposins (Hiraiwa et al. 1997, Beel et al. 2017, Tanaka et
al. 2017, Valdez et al. 2017). Saposins are lipid-binding glycoproteins, and each are essential
cofactors for specific lysosomal hydrolases that carry out sphingolipid catabolism by facilitating
the interaction between hydrophobic lipid substrates and hydrophilic lysosomal hydrolases

(Figure 1.3).

Deficiency of specific lysosomal hydrolases or their corresponding saposin cofactor precipitate
lysosomal storage diseases, characterised by accumulation of the undegraded lipid substrates
(Kishimoto et al. 1992, Hiraiwa et al. 1997, Sandhoff 2013). For example, heterozygous loss of
function in the GBA gene, encoding glucocerebrosidase (GCase), is the most common risk factor

for Parkinson’s disease (Neumann et al. 2009). Homozygous GBA loss leads to accumulation of
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the GCase substrate glucosylceramide and precipitates the common lysosomal storage disease,
Gaucher’s disease (Nilsson et al. 1982). Saposin C acts as a cofactor for GCase, and its loss in the
presence of the functional enzyme similarly leads to accumulation of glucosylceramide and
precipitates atypical Gaucher’s disease (Christomanou et al. 1989, Vaccaro et al. 2010). Impaired
processing of prosaposin into saposin C has been shown in FTD-GRN brain tissue but not in other
FTD cases or controls (Valdez et al. 2019). While parkinsonism has been shown to co-occur with
all FTD subtypes, it is present in up to 60% of FTD-GRN cases (Park et al. 2013, Siuda et al. 2014).
The essential role of Progranulin in Prosaposin trafficking and its downstream consequences
suggests Progranulin may act as a broad regulator of lysosomal lipid metabolism. In support of
this, Grn -/- mice display myelination deficits, demyelination and age-dependent microglial
dysfunction with accumulation of enlarged lysosomes containing myelin debris (Tanaka et al.

2014, Huang et al. 2020, Wu et al. 2021).
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Figure 1.3: Proposed mechanism for regulation of lipid catabolism by Progranulin

Progranulin is highly expressed in microglia. Secreted Progranulin interacts with prosaposin, and this
complex in internalised into lysosomes through the sortilin receptor, or through sortilin-independent
pathways (Zhou et al. 2015, Zhou et al. 2017). Evidence suggests that Progranulin regulates the Cathepsin
D-mediated cleavage of prosaposin into individual saposins (Sphingolipid Activator Proteins) A-D (Tanaka
et al. 2017, Valdez et al. 2017). Saposins are essential cofactors for the degradation of complex
sphingolipids in lysosomes by facilitating the interaction between hydrophilic lipid catabolic enzymes and
their hydrophobic lipid substrates (Matsuda 2008, Sandhoff 2013). For example, saposin C is essential for
the hydrolysis of glucosylceramide to glucose and ceramide by glucocerebrosidase (GBA/GCase).

(Adapted from (Lee et al. 2021)).
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The endosomal/lysosomal enriched phospholipid Bis(monoacylglycerol)phosphate (BMP), also
known as lyso-bis-phosphatidic acid (LBPA) has recently gained attention for its potential
involvement in FTD with GRN mutations. BMP is an isomer of its precursor, phosphatidylglycerol,
but possesses a unique structure, allowing it to maintain a negative charge in the acidic lysosomal
environment (Hullin-Matsuda et al. 2009, Abdul-Hammed et al. 2017). Due to its negative charge,
BMP is thought to electrostatically attract and concentrate positively charged lysosomal
hydrolases to stimulate their activity, and progranulin has been proposed to stabilise BMP
(Abdul-Hammed et al. 2017, Logan et al. 2021). BMP levels have been shown to accumulate in
several lysosomal storage diseases, however decreased levels of several BMP species have been
reported in the brains of Grn deficient mice and cerebrospinal fluid of FTD cases (Kakeld et al.
2003, Akgoc et al. 2015, Logan et al. 2021, Boland et al. 2022). Accumulation of several
gangliosides in the brains of Grn deficient mice and FTD-GRN frontal cortex was recently reported
alongside normal ganglioside catabolic enzyme activity, but decreased levels of some BMP
species (Boland et al. 2022). Grn-/- Hela cells also displayed accumulation of gangliosides that
could be rescued with BMP supplementation, leading the authors to propose that GRN loss leads

to impaired lysosomal function via the action of BMP (Boland et al. 2022).

1.8.2 Role of C90rf72 in Lysosomal function

C90rf72 localises to early endosomes and lysosomes, and is thought to play an important role in
regulating autophagy and lysosome function through several mechanisms (Amick et al. 2016, Shi
et al. 2018). C90orf72 can exist alone or form a stable complex with SMCR8 (Smith-Magenis
Syndrome Chromosome Region, Candidate 8) and WDR41 (WD Repeat domain 41), and this
protein complex has been shown to interact with several Rab GTPases involved in endosomal

trafficking and autophagy (Farg et al. 2014, Sellier et al. 2016, Sullivan et al. 2016, Shi et al. 2018).

Rabs are a large family of nucleotide exchange factor proteins which carry out exchange between
GTP and GDP to coordinate intracellular membrane trafficking events in the endocytic and
exocytic pathways, such as vesicular transport and membrane fusion. Individual Rab proteins are
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regulators of specific functions within their target organelle and have specific downstream
effectors (Banworth et al. 2018). The C9orf72-SMCR8-WDR41 complex interacts with the
FIP200/ULK1 complex, an essential regulator of autophagy initiation, through regulation of Rabla
trafficking of the ULK1 complex to the phagophore to initiate autophagosome formation (Sullivan
et al. 2016). Pathological C9orf72 repeat expansions result in an accompanying decrease in
C90rf72 protein levels, which would be expected to affect the function of this complex and lead

to impaired autophagy initiation (Shi et al. 2018).

Autophagy was reduced in rat primary cortical neurons subject to C9orf72 knockdown and was
accompanied by an increase in p62 immunoreactivity (Webster et al. 2016). The p62 protein
(encoded by SQSTM1, itself an FTD risk gene) is an autophagic substrate that delivers and anchors
ubiquitinated proteins to the autophagosome membrane for degradation, and therefore an
increase in p62 may indicate impaired autophagic flux (Rubino et al. 2012, Liu et al. 2016, Ma et
al. 2019). Further indication of the role of C90rf72 in maintaining autophagic flux is through its
colocalisation with Rab5, Rab7 and Rab11, and that C9orf72 deficient cells show enlarged late
endosomes and lysosomes that cluster perinuclearly (Farg et al. 2014, Amick et al. 2016). Rab5
and Rab7 are determinants of early and late endosomes, respectively, and Rab11 is involved in
endosomal recycling (Rink et al. 2005, Wilke et al. 2017, Banworth et al. 2018). C90rf72 may be
required for lysosomal biogenesis with patient C9orf72 induced motor neurons displaying fewer
lysosomes (Shi et al. 2018). Survival of these neurons was rescued by a constitutively active form
of Rab5, thought to be through the action of Rab5 recruitment of PI3 kinase to early endosomes,
and its subsequent formation of a key promoter of maturation of endosomes to lysosomes,
phosphatidylinositol-3-phosphate (PI3P), indicating that the action of C9orf72 on Rab5 and its

downstream effectors maintain autophagic flux and prevent neurodegeneration (Shi et al. 2018).

The C90rf72 complex also interacts with autophagic Rab8a and Rab39b, and supplementation of
constitutively active Rab39b was able to correct autophagy impairment in a neuronal cell line
subjected to C9orf72 depletion (Sellier et al. 2016). Lysosomal acidification is essential to
maintain active lysosomal hydrolases and subsequent degradative capability in lysosomes
(Trivedi et al. 2020). The C90rf72 complex has also been implicated in regulating lysosome

acidification, with C9orf72-/- mice displaying increased lysosomal pH and severely reduced levels
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of mature cathepsin D in mutant macrophages (Shao et al. 2020). C90rf72 has also been shown
to interact with Ubiquilin-2, a key protein involved in the transport of ubiquitinated cargoes to
the proteasome and autophagosome for degradation (Farg et al. 2014, Renaud et al. 2019) These
findings suggest that impaired endosomal trafficking, maturation, and lysosomal biogenesis may

be significant contributors to neurodegeneration in ALS/FTD with C9orf72 repeat expansions.

1.9 Brain Lipid Metabolism

In humans, the brain is the second-most lipid-rich organ after adipose tissue. This is due to the
high proportion of lipid-rich cerebral white matter, which makes up approximately half the brain
volume and contains bundles of myelinated axons (Hamilton et al. 2007, Ardesch et al. 2021). In
humans, myelination begins in the third trimester, increases substantially in the first two years
of life, and continues until the third decade of life (Brody et al. 1987, Lebel et al. 2011). Myelin
is essential for movement, learning and cognition and is formed in the CNS by specialised glial
cells called oligodendrocytes. Myelin is the multilayered membrane extension of oligodendrocyte
plasma membranes that tightly wrap around neuronal axons (Nave 2010). This provides electrical
insulation and allows for the fast and efficient conduction of electrochemical signals along
neuronal axons in a process known as saltatory conduction. In myelinated axons, the conduction
of action potentials is restricted to unsheathed axonal segments known as the nodes of Ranvier,
where voltage gated sodium ion channels are concentrated, thereby greatly increasing the speed
of conduction of nerve impulses (Pedraza et al. 2001, Sherman et al. 2005). Each oligodendrocyte
may myelinate multiple neuronal axons and provide metabolic and trophic support to neurons

(Lee et al. 2012).

Myelination is a dynamic process, with myelin lipids constantly being turned over (Ando et al.
2003). The physiological turnover and maintenance of myelin is predicted to require a high level
of constitutive lipid catabolism in microglial and oligodendrocyte lysosomes (Gomez-Sanchez et

al. 2015, Cignarella et al. 2020). Disruption of autophagic flux in microglia, such as through Rab7
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deficiency induces lysosomal dysfunction featuring enlarged lysosomes and accumulation of

myelin debris in a mouse model (Safaiyan et al. 2016).

Interestingly, TDP-43 appears to be essential for oligodendrocyte survival and myelination and is
thought to play a role in regulating expression of myelin-related genes (Wang et al. 2018, Heo et
al. 2022). Mice deficient for TDP-43 in mature oligodendrocytes show progressive demyelination,

necroptosis of mature oligodendrocytes and premature death (Wang, 2018).

1.9.1 Lipid Metabolic Dysfunction in FTD

The presence of substantial white matter alterations seen by MRI in genetic forms of FTD may
indicate a crucial role for lipid metabolic dysfunction in the precipitation of FTD. Rare variants in
genes known to cause the severe demyelinating and hypomyelinating disorders termed
leukodystrophies also confer FTD risk, such as TMEM106B (hypomyelinating leukodystrophy),
TREM?2 (Nasu-Hakola disease), ARSA (metachromatic leukodystrophy) and CYP27A1
(cerebrotendinous xanthomatosis), underscoring the involvement and importance of
dysfunctional brain lipid metabolism in the origin of frontotemporal dementia (Gieselmann et al.
2003, Borroni et al. 2014, Simons et al. 2017, Lok et al. 2021). In addition, variants of TMEM1068,
a transmembrane protein which is mainly localised to late endosomes and lysosomes, increase
FTD risk in both GRN and C9orf72 mutation carriers (Van Deerlin et al. 2010, Chen-Plotkin et al.
2012, Gallagher et al. 2014). While the major TMEM106b risk allele confers increased risk of
developing FTD in either group, in C9orf72 repeat expansion carriers it also confers a later age at
disease onset and later age at death, while in GRN mutation carriers it leads to an earlier age of
disease onset and has been associated with increased longitudinal accrual of white matter
hyperintensities by MRI (Cruchaga et al. 2011, Gallagher et al. 2014, Sudre et al. 2019). While the
function of TMEM1068 is still unknown, it has been shown to regulate intracellular progranulin
levels and its overexpression in vitro is associated with disrupted endosomal-lysosomal pathways
(Chen-Plotkin et al. 2012). TMEM106B may also play an essential role in myelination; the protein
was recently shown to locate to oligodendrocyte lysosomes and regulate cathepsin D levels in
oligodendrocytes (Feng et al. 2020). Tmem106b-/- mice exhibit susceptibity to demyelination and
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reduced capacity to remyelinate following treatment with the copper chelating oligodendrocyte
toxin cuprizone, thought to be due to impaired trafficking of the major myelin protein PLP from
oligodendrocyte lysosomes to the plasma membrane (Zhou et al. 2020, Song et al. 2021).
Lysosomal dysfunction and accumulation of myelin debris were recently shown in microglia from
Tmem106b/Grn double knockout mice, highlighting the interplay between lysosomal dysfunction

and demyelination (Feng et al. 2020).

1.9.2 CNS Myelin Composition

The unique composition and structure of myelin in the CNS allows for tight membrane packing
and efficient insulation of axons. Myelin is composed approximately 70-80% (dry weight) of lipids,
primarily comprising cholesterol, phospholipids, ethanolamine plasmalogens and
galactosylceramides maintained in a tightly regulated molar composition ratio of 2:2:1:1 of
cholesterol, phospholipids, galactolipids and plasmalogens (O'Brien et al. 1965, Norton et al.
1973, Nave et al. 2014). Myelin is arranged in a series of concentric spiralled layers, with up to
100 layers insulating heavily myelinated axonal segments (Figure 1.4) (Hildebrand et al. 1993).
The most abundant protein constituents of myelin are the integral membrane protein proteolipid
protein (PLP) and the cytoplasmic protein myelin basic protein (MBP), which are constituents of
compact myelin, and interact with lipid bilayers to maintain tight membrane packing between
apposing myelin sheaths and maintenance of the ordered lamellar structure of myelin (Simons
et al. 2000, Jahn et al. 2020, Ruskamo et al. 2022). Protein components of non-compact myelin
are primarily located on the innermost and outermost layers of the myelin sheath, and largely
comprise  2’,3'-cyclic-nucleotide 3'-phosphodiesterase (CNP), myelin oligodendrocyte
glycoprotein (MOG) and myelin-associated glycoprotein (MAG) which are thought to be involved
in interactions between the lipid bilayer and cytoplasmic or cytoskeletal structures (Jahn et al.
2009, Simons et al. 2015, Ruskamo et al. 2022). Myelin proteins associate with cholesterol and
glycosphingolipid-rich regions in the plasma membrane that self-assemble to form specialised
detergent-resistant domains known as lipid rafts, which carry out recruitment and transport of

selected proteins and organise assembly of the myelin sheath (Simons et al. 2000). Impairments
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to myelin homeostasis are likely to contribute to neurodegeneration and to this end, several
recent studies have reported changes to myelin proteins in FTD with C9orf72 or GRN mutations.
Huang and colleagues reported age-dependent decreases to lipid metabolic proteins and protein
markers of myelin, oligodendrocytes and neurons in the whole-brain proteome from Grn-/-
deficient mice, and were able to validate these findings in a small cohort of FTD-GRN cases
(Huang et al. 2020). Decreased levels of MBP, myelin loss and changes to oligodendrocyte gene
expression were also reported in the brains of FTD-C9orf72 cases accompanied by an increase in

MBP levels in cerebrospinal fluid (Sirisi et al. 2022).
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Figure 1.4: Composition of CNS myelin

Myelin is formed by oligodendrocytes in the CNS and is highly lipid rich, comprising 70-80% dry weight of
lipid (O'Brien et al. 1965, Norton et al. 1973). Myelin is highly enriched in cholesterol and the unique
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protein (MBP) and proteolipid protein (PLP) are the major myelin proteins and constitute approximately
70% of myelin protein. 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP), myelin oligodendrocyte

glycoprotein (MOG) and myelin-associated glycoprotein (MAG) are less abundant protein components

(Jahn et al. 2020).
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1.9.3 Myelin Cholesterol

The brain is the organ most highly enriched in cholesterol, which makes up over 20% of myelin
lipid (O'Brien et al. 1965). The pool of cholesterol in the brain is separated from the peripheral
pool of cholesterol due to the presence of the blood-brain barrier and is almost exclusively
synthesised de novo by oligodendrocytes in the CNS (Jurevics et al. 1995). Cholesterol is
indispensable for myelin formation and its importance in development is highlighted by the fact
that deficiency in mice of either HMG-CoA reductase, the rate-limiting enzyme in the cholesterol
biosynthetic pathway, or squalene synthase, which catalyses the first reaction within the
pathway committed to sterol biosynthesis, are embryonically lethal (Tozawa et al. 1999, Ohashi
et al. 2003). Cholesterol is a limiting component for myelin synthesis, with mice deficient for
squalene synthase in oligodendrocytes showing a severely reduced capacity to myelinate.
Interestingly, while myelin formed slowly due to the minimal availability of cholesterol from
other sources, such as uptake from astrocytes, the ratio between lipid classes described in normal

myelin was maintained (Saher et al. 2005).

Almost all cholesterol in the brain is found in the free or unesterified format (O'Brien et al. 1965,
Bryleva et al. 2010). Free cholesterol is essential for conferring plasma membrane fluidity and
may confer electrical insulating properties (Saher et al. 2005). The pool of cholesterol is tightly
regulated by sterol regulatory element binding transcription factors (SREBP) 1 and 2, which
activate gene transcription for cholesterol and fatty acid biosynthesis and are in turn activated
by mTORC1 signalling (Horton et al. 2003, Diivel et al. 2010). TDP-43 has also been shown bind
to SREBP2 mRNA and influence transcription of cholesterol biogenesis genes in oligodendrocytes,
resulting in cholesterol reduction and demyelination under TDP-43 depletion (Wang et al. 2018,

Ho et al. 2021).

Cholesterol turnover is essential for remyelination, and the major CNS cholesterol transporter,
APOE, is required for removal of cholesterol debris following demyelination (Cantuti-Castelvetri
et al. 2018). Excess accumulation of myelin cholesterol debris in macrophages promotes
lysosomal rupture and NLRP3 inflammasome activation (Cantuti-Castelvetri et al. 2018).

Cholesterol cannot be broken down in the CNS, instead, the primary mechanism for removal is
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thought to be through excretion following a series of hydroxylation reactions. This occurs largely
through the action of the neuronal cytochrome P450 CYP46A1, upon which the resulting 24(S)-
hydroxycholesterol is able to cross the blood-brain barrier and enter the circulation (Bjorkhem et
al. 1998, Lund et al. 1999, Chiang et al. 2020). Mice incapable of excreting CNS cholesterol
through CYP46A1-dependent mechanisms do not show resulting cholesterol accumulation, but
rather downregulated cholesterol synthesis, suggesting that the tight regulation of the CNS

cholesterol pool is highly important (Lund et al. 2003).

Another mechanism by which excess levels of cholesterol are regulated is through the formation
of cholesterol esters and their intracellular storage in lipid droplets. Cholesterol esters are formed
in response to high levels of cholesterol or impaired cholesterol efflux through the addition of a
fatty acyl coA to free cholesterol by acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT1) in the
endoplasmic reticulum (Petrov et al. 2016). Accumulation of cholesterol esters has been
described as a feature in the brains of Alzheimer’s disease cases (Chan et al. 2012), motor cortex

of ALS cases (Sadler et al. 2022) and frontal lobe from FTD-GRN cases (Boland et al. 2022).

1.9.4 Myelin Sphingolipids

Myelin is enriched in the unique glycosphingolipids galactosylceramide (GalCer, also known as
cerebroside) and its sulfated form, sulfatide (ST), representing a combined 23% of myelin lipid
content (O'Brien et al. 1965). These prototypical myelin lipids are synthesised exclusively by
oligodendrocytes in the CNS and are formed from very long-chain ceramides, essential for
conferring stability to the myelin membrane (O'Brien et al. 1965, Schmitt et al. 2015, Teo et al.
2023). Structurally, GalCer and ST are composed of a galactose sugar head group (or in the case
of ST, a sulfated galactose head group) attached to a sphingosine backbone and very long-chain

fatty acid (VLCFA) tail (Figure 1.5) (O'Brien et al. 1964).

In the endoplasmic reticulum, the family of fatty acid elongase enzymes (ELOVL 1-7) extend long
chain (C16-C18) fatty acids to VLCFAs (C20-C24), and a significant proportion of these are

hydroxylated at the 2-carbon of the fatty acid moiety by fatty acid-2 hydroxylase (FA2H)
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(Alderson et al. 2004, Eckhardt et al. 2005, Jakobsson et al. 2006). These VLCFAs are incorporated
into ceramides by ceramide synthase 2 (CERS2), primarily in oligodendrocytes, and in the Golgi
the UDP-galactose:ceramide galactosyltransferase enzyme (UGTS8) is responsible for the addition
of galactose to very long chain ceramides to form GalCer and ST (Schaeren-Wiemers et al. 1995,
Becker et al. 2008). GalCer can be sulfated by cerebroside sulfotransferase (CST) to form ST
(Figure 1.6) (Wattenberg 2019).

These highly hydrophobic lipid fatty acid tails create strong intermolecular forces and interleave
into the apposing plasma membrane, acting to hold together the layers of the myelin sheath.
Their hydroxylated counterparts are further able to form hydrogen bonds to further strengthen
membrane packing, and galactose headgroups of apposing membranes attract each other and
are essential for optimal axonal insulation, normal myelin structure and long-term stability (Bosio
et al. 1996, Kulkarni et al. 1999). Mice deficient for UGT8 are able to form compact myelin
through the incorporation of glucose rather than galactose to form glucosylceramide, an isomer
of GalCer traditionally found in minor quantities in the brain into the myelin sheath, however the
insulating properties of the myelin sheath are compromised, and mice display impaired nerve

conduction, tremors, demyelination and premature death (Bosio et al. 1996, Coetzee et al. 1996).

Unlike most lipids that are turned over in lysosomes, the breakdown of VLCFAs occurs via B-
oxidation in peroxisomes (Tolbert 1981). Oligodendrocytes are the CNS cell type shown to be
particularly vulnerable to the effects of peroxisomal dysfunction (Hein et al. 2008). Impaired
peroxisomal function causes X-linked adrenoleukodystrophy, leading to accumulation of VLCFAs,
demyelination and neurodegeneration, and interestingly, a recent study reported elevated levels

of several VLCFA-containing lipids in frontal cortex of FTD cases (He et al. 2021).
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Figure 1.5 Structure of major myelin sphingolipids

Myelin is highly enriched in the sphingolipids galactosylceramide (GalCer) and sulfatide (ST), and these
lipids are essential for the structural stability of myelin (Bosio et al. 1996, Coetzee et al. 1996) . GalCer and
ST are formed from very long chain ceramides with the addition of a galactose, or sulfated galactose, and

these myelin lipids are formed exclusively by oligodendrocytes in the CNS (Becker et al. 2008, Teo et al.

2023).
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Figure 1.6: Oligodendrocyte sphingolipid metabolism

Myelin-enriched sphingolipids are synthesised and modified in the endoplasmic reticulum and Golgi and
transported to the plasma membrane where they carry out their functions. Sphingolipid catabolism takes
place in endosomes and lysosomes by the action of lysosomal hydrolases, and dysfunctional lipid catabolic
enzymes give rise to lysosomal storage diseases. Red arrows indicate transport; black arrows are
biochemical reactions. Enzyme names are shown in italics: ASAH1, acid ceramidase; ASM, acid
sphingomyelinase; CERS1-6, ceramide synthases 1-6; CERT, ceramide transfer protein; CST, cerebroside
sulfotransferase; DEGS1, dihydroceramide desaturase 1; GALC, galactosylceramidase; GBA,
glucocerebrosidase; GCS, glucosylceramide synthase; KDS, 3-ketodihydrosphingosine reductase; NSM,
neutral sphingomyelinase; S1P, sphingosine- 1 -phosphate; SGMS1/2, sphingomyelin synthases 1 and 2;
SGPL, sphingosine 1-phosphate lyase; SGPP1/2, sphingosine 1-phosphate phosphatases 1 and 2; SPHK1/2,
sphingosine kinases 1 and 2; SPT, serine palmitoyltransferase; UGT8, UDP-Galactose Ceramide

Galactosyltransferase. (Adapted from (Marian et al. 2020)).
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1.9.5 Myelin Phospholipids

Phospholipids are membrane lipids and in myelin, the most abundant are ethanolamine
plasmalogens (PE(P)), phosphatidylethanolamines (PE) and phosphatidylcholines (PC) (Norton et
al. 1973). Ethanolamine plasmalogens are the most highly abundant, representing approximately
12% of myelin lipid (Norton et al. 1966). PE(P)s are phosphatidylethanolamines comprising an
ethanolamine headgroup attached to a glycerophosphate backbone and fatty acid tails through
a vinyl ether bond, rather than the ester bond traditionally observed in PE and other
phospholipids (Figure 1.7) (Braverman et al. 2012). Unlike other lipids synthesised in the
endoplasmic reticulum, PE(P) synthesis is initiated in peroxisomes (Honsho et al. 2017). Their
unique structure is thought to allow for dense membrane packing and decreased membrane
fluidity as it straightens out the shape of the molecule (Braverman et al. 2012). It has also been
suggested that due to their readily oxidisable structure, they may confer antioxidant properties
to the myelin membrane (Sindelar et al. 1999, Luoma et al. 2015). Plasmalogens are important
for appropriate myelin formation and deficiency of plasmalogen synthesis through knockout of
the gene encoding the peroxisomal membrane protein Gnpat leads to hypomyelination and

premature death in mice (Malheiro et al. 2019).
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Figure 1.7: Structure of phosphatidylethanolamines

Phospholipids are usually attached via an ester linkage at the sn-1 position of the glycerol backbone (as in
PE, top structure). In plasmalogens, the sn-1 glycerol linkage is through a vinyl ether bond (PE(P), below
structure), and this leads to a distinct conformation of the molecule (Braverman et al. 2012). PE(P)s are

highly enriched in myelin and confer tight membrane packing properties to the myelin sheath.
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1.10 Aims

Despite the importance of brain lipid homeostasis to neurophysiological function, evidence of
white matter abnormalities observed in inherited forms of FTD reported in MRI studies, and the
proposed role for progranulin in lysosomal lipid catabolism, there is currently limited evidence
from studies of post-mortem human brain supporting the potential role of lipid metabolic
dysfunction and myelin defects in the precipitation of FTD. The aims of this thesis work are to
understand how brain lipid metabolism and myelin content are affected in the heavily affected
and relatively unaffected brain regions in carriers of the major familial mutations causing FTD
with TDP-43 neuropathology. Comprehensive lipidomic and proteomic analysis was undertaken
on post-mortem brain tissue of heavily affected frontal lobe grey and white matter and relatively
unaffected parietal lobe grey and white matter from FTD-GRN (n = 6) and FTD-C9orf72 (n = 11)

cases, and age-matched neurologically normal controls (n = 11).

Aims:

(1) Determine how brain region-specific lipid metabolism and myelin content is affected in FTD

cases with inherited GRN and C9orf72 mutations.

(2) Determine how brain region-specific proteomic profiles differ in FTD cases with inherited

GRN and C9orf72 mutations.

(3) Identify whether levels of the myelin lipid galactosylceramide in plasma can be used as a

biomarker of myelin defects in FTD.
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Abstract

Heterozygous mutations in the GRN gene and hexanucleotide repeat expansions in C9orf72 are the two most
common genetic causes of Frontotemporal Dementia (FTD) with TDP-43 protein inclusions. The triggers for
neurodegeneration in FTD with GRN (FTD-GRN) or C9orf72 (FTD-C90rf72) gene abnormalities are unknown,
although evidence from mouse and cell culture models suggests that GRN mutations disrupt lysosomal lipid
catabolism. To determine how brain lipid metabolism is affected in familial FTD with TDP-43 inclusions, and how
this is related to myelin and lysosomal markers, we undertook comprehensive lipidomic analysis, enzyme activity
assays, and western blotting on grey and white matter samples from the heavily-affected frontal lobe and less-
affected parietal lobe of FTD-GRN cases, FTD-C9orf72 cases, and age-matched neurologically-normal controls.
Substantial loss of myelin-enriched sphingolipids (sulfatide, galactosylceramide, sphingomyelin) and myelin
proteins was observed in frontal white matter of FTD-GRN cases. A less-pronounced, yet statistically significant,
loss of sphingolipids was also observed in FTD-C9orf72. FTD-GRN was distinguished from FTD-C9orf72 and control
cases by increased acylcarnitines in frontal grey matter and marked accumulation of cholesterol esters in both
frontal and parietal white matter, indicative of myelin break-down. Both FTD-GRN and FTD-C9orf/2 cases showed
significantly increased lysosomal and phagocytic protein markers, however galactocerebrosidase activity, required
for lysosomal catabolism of galactosylceramide and sulfatide, was selectively increased in FTD-GRN. We conclude
that both C9orf72 and GRN mutations are associated with disrupted lysosomal homeostasis and white matter lipid
loss, but GRN mutations cause a more pronounced disruption to myelin lipid metabolism. Our findings support
the hypothesis that hyperactive myelin lipid catabolism is a driver of gliosis and neurodegeneration in FTD-GRN.
Since FTD-GRN is associated with white matter hyperintensities by MRI, our data provides important biochemical
evidence supporting the use of MRl measures of white matter integrity in the diagnosis and management of FTD.
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Introduction

FTD is the second most common cause of younger-onset
dementia, frequently manifesting before 65 years of age
[1, 2]. It is characterised by atrophy of the frontal or tem-
poral lobes and classified into three clinical syndromes:
behavioural variant FTD (bvFTD), progressive non-flu-
ent aphasia, and semantic dementia. BvETD, typified by
personality changes, socially inappropriate behaviour and
cognitive deficits, is the most common [3]. Pathologi-
cally, FTD is associated with intraneuronal aggregates of
hyperphosphorylated tau protein or hyperphosphory-
lated and proteolytically-cleaved 43 kDa TAR DNA-bind-
ing protein (TDP-43) in both neurons and glia [4].

A strong family history is reported in nearly half of all
bvFTD cases [3]. The two most common genetic causes
of familial FTD with TDP-43 inclusions are heterozy-
gous mutations in the gene encoding progranulin (GRN),
which accounts for 5-20% of inherited FTD [5, 6]; and
hexanucleotide repeat (GGGGCC) expansions in a
non-coding region of the C9orf72 gene, accounting for
approximately 20% of inherited FTD [7]. C9orf72 repeat
expansions are also the most common genetic cause of
amyotrophic lateral sclerosis (ALS) [8].

Progranulin is a secreted glycoprotein that is highly
expressed by activated microglia [6, 9], interacts with
the neuronal receptor sortilin, and localises primarily
to neuronal and microglial lysosomes [9, 10]. Heterozy-
gous GRN mutations that cause FTD lead to nonsense-
mediated decay of GRN mRNA and reduced progranulin
protein levels [5, 6]. Loss of function mutations in both
GRN alleles cause the severe lysosomal storage disorder
neuronal ceroid lipofuscinosis (NCL), characterised by
enlarged lysosomes and accumulation of the auto-flu-
orescent material lipofuscin [11, 12]. These features are
also observed in brains of FTD-GRN cases and Grn-/-
mice [13-16]. Mechanistic studies have demonstrated
important functions for progranulin in regulating lyso-
somal acidification [17], the lysosomal import of proteins
required for lipid catabolism [10], and activity of the lyso-
somal lipase glucocerebrosidase (GCase) [18, 19].

C9orf72 repeat expansions are associated with reduced
CYorf72 transcript levels, nuclear RNA foci that interfere
with the function of RNA binding proteins, and inclu-
sions comprising dipeptide repeat polymers derived from
translation of the repeat expansions [8, 20, 21]. Whether
one of these mechanisms predominates in causing neu-
rodegeneration remains a subject of research, since
both loss of normal C9orf72 and gain of toxic function
promote neurodegenerative phenotypes [22, 23]. Physi-
ologically, C90rf72 is required for endosomal trafficking,
autophagy and lysosomal biogenesis [23, 24]. Disrupted
lysosomal function may therefore be common to both
FTD-GRN and ETD-C9orf72.
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Magnetic resonance imaging (MRI) studies show white
matter hyperintensities, indicative of focal demyelin-
ation, in FTD-GRN but not FTD-C9rf72 cases [25-27].
On the other hand, diffusion tensor imaging has shown
reduced white matter integrity in both FTD-GRN and
FTD-C9orf72, and in bvFTD more generally [28, 29].
Myelin is composed 70% (dry weight) of lipids [30]. The
physiological turnover and maintenance of myelin is
therefore predicted to require constitutive lipid catabo-
lism in microglial and oligodendrocyte lysosomes. In this
study we demonstrate that both FTD-GRN and FTD-
C9orf72 are characterised by significant lipid loss in fron-
tal white matter. However, myelin lipid and protein loss
was substantially greater in FTD-GRN cases and associ-
ated with a pronounced increase in cholesterol esters,
suggesting that excess cholesterol and fatty acids result-
ing from myelin break-down are stored as cholesterol
esters in white matter. Markers of phagocytic microglia,
TREM2 and CD68, were increased in FTD-C9orf72 and
FTD-GRN, indicating that both gene defects promote a
phagocytic microglial phenotype, however our evidence
indicates that hyperactive myelin lipid catabolism differ-
entiates FTD-GRN from FTD-C90rf72 cases.

Materials and methods

Human brain tissue

Fresh frozen grey and white matter tissue samples from
the superior frontal and superior parietal lobe of 11 FTD-
C9orf72 cases, 6 FTD-GRN cases, and 11 age-matched
neurologically-normal controls were obtained from the
Sydney Brain Bank and NSW Brain Tissue Resource Cen-
tre. Demographic and clinical information (sex, age at
death, cause of death and post-mortem interval (PMI)) is
provided in Table 1.

Approximately 100 mg of frozen brain tissue was
homogenised for 1 min at 4 °C in 700 pL ice-cold HEPES
buffer (50 mM, pH 7.4) containing 5 mM NaF, 2 mM
Naz;VO,, 10 mM KCIl and cOmplete Mini EDTA-free
Protease Inhibitor Cocktail (Roche #11836153001), using
a bead beater with 425-600 mm acid washed glass beads
(Sigma Aldrich #G8772). Samples were centrifuged at
4 °C for 1 min at 1000xg and the homogenate was trans-
ferred to a new tube, after which the beads were washed
with a further 100 uL of ice-cold HEPES buffer, centri-
fuged, and the supernatant combined with the previous
fraction. The homogenate was stored in 100 pL aliquots
at -80 °C. Protein concentration of the homogenates was
determined by bicinchoninic acid assay (Thermo Scien-
tific #23225).

Lipid extraction

Lipids were extracted from 100 pL brain homog-
enate samples (~100 pg protein) using a two-phase
methyl-tert-butyl ether (MTBE)/methanol/water
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Table 1 Demographic information for cases used in this study. PMI: post-mortem interval. *Cases used for histological analysis. ‘Cases

with co-occurring ALS.

Case ID Gene Defect Age Sex PMI(h) Tissue pH Cause of Death TDP-43 Type
1 C9orf72 65 F 5 6.6 Bronchopneumonia A
2 C9orf72 49 F 26 6.3 Aspiration pneumonia B
3 C9orf72 66 M 9 6.2 Cardiorespiratory failure B
4 C9orf72 81 F 14 6.6 Cardiorespiratory arrest B
5 C9orf72 68 F 9 6.3 Cardiorespiratory failure A
6 C9orf72 75 F 46 6.3 Cardiorespiratory failure A
7* C9orf72 720 M 15 6.4 Cardiorespiratory failure A
8* C9orf72 61 M 39 6.3 Aspiration pneumonia A
9* C9orf72 69 F 24 56 Cardiorespiratory failure B
10* C9orf72 67 F 22 6.2 Cardiorespiratory failure A
1% C9orf72 83 M 13 59 Uraemia, bronchopneumonia A
12 GRN (€90_91insCTGS) 77 M 48 6.2 Aspiration pneumonia A
13* GRN (c.90_91insCTGS) 54 F 26 59 Aspiration pneumonia A
14* GRN (c.898 C>T) 54 F 21 58 Cardiorespiratory failure A
15 GRN (c.898 C>T) 61 M 17 6.0 Cardiorespiratory failure A
16 GRN (c.87dup) 64 M 13 56 Cardiorespiratory failure A
17* GRN (€918 C>A) 68 F 29 6.1 Cardiorespiratory failure A
18*% Control 69 M 16 6.6 Cardiac -
19* Control 60 M 25 6.7 Infection -
20% Control 71 F 16 6.2 Cancer -
21 Control 66 M 23 6.7 Cardiac -
22 Control 66 M 63 6.9 Cardiac -
23 Control 69 F 39 6.7 Cardiac/ Respiratory -
24 Control 73 M 9 6.5 Cancer -
25 Control 51 F 41 7.0 Alcohol toxicity -
26 Control 84 M 36 6.4 Severe pulmonary hypertension -
27* Control 80 F 29 6.3 Cardiorespiratory failure -
28% Control 84 F 16 5.7 Endocarditis -

protocol [31]. Homogenate was combined with 850
puL MTBE and 250 pL methanol containing internal
standards: 5 nmoles PC(19:0/19:0); 2 nmoles each of
SM(d18:1/12:0), GluCer(d18:1/12:0),  PS(17:0/17:0),
PE(17:0/17:0), PG(17:0/17:0), CL(14:0/14:0/14:0/14:0),
TG(17:0/17:0/17:0), and CholE(17:0); 1 nmole
PA(17:0/17:0), PI(d7-18:1/15:0), and d7-Chol; 0.5 nmoles
LacCer(d18:1/12:0), ST(d18:1/17:0), Cer(d18:1/17:0),
DG(d7-18:1/15:0), MG(d7-18:1), LPC(17:0), LPE(17:1),
LPS(17:1); and 0.2 nmoles Sph(d17:1), S1P(d17:1),
LPA(17:0), and AcCa(d3-16:0). Samples were sonicated
in a 4 °C water bath for 30 min. Phase separation was
induced with the addition of 212 pL of mass spectrom-
etry grade water, samples were vortexed and centrifuged
at 2000xg for 5 min and the upper organic phase was
collected in 5 mL glass tubes. The aqueous phase was
extracted twice more with 500 uL MTBE and 150 pL
methanol followed by sonication for 15 min and phase
separation with 125 pL water. Organic phases from the
three extractions were combined and dried under vac-
uum in a Savant SC210 SpeedVac (ThermoFisher Scien-
tific). Lipids were reconstituted in 400 pL of HPLC grade
methanol, then diluted 1:5 in 80% (v/v) methanol:20%

water containing 1 mM ammonium formate and 0.2%
formic acid.

Lipid quantification using liquid chromatography-tandem
mass spectrometry (LC-MS/MS)

Lipidomic data was acquired with a ThermoFisher
Q-Exactive HF-X mass spectrometer coupled to a Van-
quish HPLC [31]. Lipids were resolved on a 2.1x100 mm
Waters C18 HPLC column (1.7 pm pore size), using a
27 min binary gradient at a 0.28 mL/minute flow rate:
0 min, 80:20 A/B; 3 min, 80:20 A/B; 5.5 min, 55:45 A/B;
8 min, 36:65 A/B; 13 min, 15:85 A/B; 14 min, 0:100 A/B;
20 min, 0:100 A/B; 20.2 min, 70:30 A/B; 27 min,
70:30 A/B. Solvent A was 10 mM ammonium formate,
0.1% formic acid in acetonitrile:water (60:40); Solvent
B was 10 mM ammonium formate, 0.1% formic acid in
isopropanol:acetonitrile (90:10). Data was acquired in
full scan/data-dependent MS? mode (resolution 60,000
FWHM, scan range 220-1600 m/z). Sample order was
randomised, and data was collected in both positive and
negative mode for each sample. The ten most abundant
ions in each cycle were subjected to MS?, with an isola-
tion window of 1.4 m/z, collision energy 30 eV, resolution
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17,500 FWHM, maximum integration time 110 ms and
dynamic exclusion window 10 s. An exclusion list of
background ions was based on a solvent blank. An inclu-
sion list of the [M+H]* and [M-H]™ ions for all internal
standards was used. Mass accuracy was <5 ppm and
%CV for peak elution time was <2% across the entire
sample run.

LipidSearch software (version 4.2, Thermo Fisher) was
used for lipid annotation, chromatogram alignment, and
peak integration. Lipid annotation required both accu-
rate precursor ion mass (5 ppm mass tolerance) and
diagnostic product ions (8 ppm mass tolerance). Molar
amounts for each lipid were calculated by taking the ratio
to the class-specific internal standard, after which lipid
levels were normalised to protein content.

Bis(monoacylglycero)phosphate (BMP) quantification
Resolution of BMP from its mass isomer PG was per-
formed as described [19]. Lipid annotation, chromato-
gram alignment and peak integration were carried out
with TraceFinder software (version 5.1, Thermo Fisher).
Correct peak identification was confirmed with the
use of commercial standards for BMP(18:1/18:1) and
PG(18:1/18:1) (Avanti Polar Lipids #857135 and #840475,
respectively). Molar amounts for BMP and PG were cal-
culated relative to the PG(17:0/17:0) internal standard.

Western blots

Whole brain homogenates (10 pg protein for grey mat-
ter and 5 pg for white matter) were resolved on Bolt™
4-12% Bis-Tris Plus gels (ThermoFisher Scientific
#NWO04125BOX) and transferred to polyvinylidene flu-
oride membranes. Membranes were blocked for 1 h at
RT with 5% skim milk in Tris-buffered saline contain-
ing 0.1% Tween-20 (TBST), then incubated overnight
at 4 °C with primary antibody in TBST with 3% bovine
serum albumin (Sigma Aldrich #A7906). Membranes
were then washed 3 times in TBST and incubated in
horseradish peroxidase-conjugated secondary antibody
diluted 1:5000 in TBST containing 5% skim milk for 2 h
at RT. Membranes were imaged with ECL Ultra West-
ern HRP Substrate (Millipore #WBULS0500) using a
Bio-Rad ChemiDoc Touch. Bands were quantified by
densitometry with Bio-Rad Image Lab software (v6.0.1).
Membranes were then stripped with mild stripping buf-
fer (1.5% w/v glycine, 0.1% w/v SDS, 0.1% v/v Tween20,
pH 2.2), blocked with 5% skim milk in TBST for 1 h and
re-probed with anti-p-actin (Abcam #ab8227, RRID
#AB_2305186) or anti-GAPDH (Cell Signalling #2118,
RRID #AB_561053) at 1:5000 dilution in TBST with 3%
BSA overnight at 4 °C. A common sample was included
on each gel as a loading control to normalise between
membranes containing different samples.
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The following primary antibodies were used at 1:1000
dilution unless specified: rabbit anti-MBP (Abcam,
#ab40390, RRID #AB_1141521), rabbit anti-PLP (Abcam
#ab28486, RRID #AB_776593) (diluted 1:2000), mouse
anti-CNP (11-5B) (Abcam #ab6319, RRID #AB_2082593),
mouse anti-NEFL (DA2) (Invitrogen #13-0400, RRID
#AB_2532995), mouse anti-tubulin BIII (TUBB3) (Bio-
Legend #801,202, RRID #AB_10063408) (diluted 1:5000),
#rabbit anti-LAMP1 (D2D11) XP° (Cell Signalling #9091,
RRID #AB_2687579), mouse anti-LAMP2 (Developmen-
tal Studies Hybridoma Bank #H4B4, RRID #AB_528129)
(diluted 1:200), rabbit anti-Trem2 (Cell Signalling
#91,068, RRID # AB_1961900), rabbit anti-CD68 (Abcam
# ab213363, RRID #AB_2801637).

Enzyme activity assays

B-glucocerebrosidase (GCase) and
B-galactocerebrosidase (GALC) activities were assayed
with the fluorometric substrates 4-Methylumbelliferyl
B-D-glucopyranoside (Sigma-Aldrich #M3633) and
4-Methylumbelliferyl p-D-galactopyranoside (Sigma-
Aldrich #M1633), respectively. All reactions were carried
out in triplicate in 96-well white Opti-Plates (Perki-
nElmer #6005290). For GCase activity, 1 pg homogenate
protein was resuspended in 15 pL 0.1 M citric acid/0.2 M
disodium phosphate (pH 5) and incubated with 30 pL
of 10 mM substrate dissolved in 0.1 M citric acid/0.2 M
disodium phosphate (pH 5), 0.5% sodium taurocholate,
0.25% Triton X-100 [32]. Plates were covered with seal-
ing film, shaken, and incubated at 37 °C in the dark for
1 h. Reactions were stopped with 180 pL of ice-cold stop
solution (0.2 M glycine/NaOH, pH 10.4). For GALC
activity, 20 pg homogenate protein was resuspended in
25 pL citrate/phosphate buffer, pH 4.5, and incubated for
30 min with 25 pL of 1 mM substrate dissolved in 50 mM
sodium citrate, pH 4.5, 125 mM NaCl, 0.5% Triton X-100.
Reactions were stopped with 50 pL of ice-cold stop solu-
tion (0.5 M glycine/0.3 M NaOH, pH 10). Fluorescence
was measured on a Tecan M200 Pro plate reader with
excitation 360 nm and emission 446 nm. Relative activity
was determined after subtraction of the substrate blank.

Immunohistochemistry

TDP-43 inclusions were detected with anti-phospho
TDP-43 (pS409/410) (Cosmo Bio, CAC-TIP-PTD-MO01,
RRID # AB_1961900). The type and density of TDP-43
inclusions and dystrophic neurites was assessed by an
experienced research neuropathologist.

Formalin-fixed and paraffin embedded Sect. (10 pm)
from the superior frontal lobe of 4 FTD-C9orf72 cases,
3 FTD-GRN cases and 5 age-matched controls, indicated
by an asterisk in Table 1, were used for luxol fast blue
(LFB) staining, and immunofluorescence staining for
aspartoacylase (ASPA) and myelin basic protein (MBP).
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These cases were those for which the tissue had not
been subjected to extended fixation (>2 weeks). Sections
were heated in an oven at 60 °C for 1 h, deparaffinised in
2x15 min changes of xylene, and rehydrated to deionised
water following graded changes of ethanol from 100 to
50%. For LFB staining, sections were rehydrated to 95%
ethanol, incubated in 0.1% LFB solution (#S3382, Sigma-
Aldrich) at 60 °C for 17 h, then rinsed in 70% ethanol for
2.5 min, followed by distilled water until the water ran
clear. Sections were then differentiated in 0.05% lithium
carbonate solution for 30 s, then in 70% ethanol for 30 s,
and rinsed in distilled water. Sections were then counter-
stained with 0.1% cresyl violet solution for 30 s and rinsed
in distilled water, followed by 95% ethanol for 5 min. Sec-
tions were dehydrated in two changes of 100% ethanol,
cleared in two changes of xylene, and coverslipped using
DPX mounting medium. Myelination scores from 0 to 3
were assigned by two blinded observers, where 0 is com-
plete absence of myelin and 3 is dense myelin [33].

For immunofluorescence, sections were incubated in
sodium citrate antigen retrieval buffer (10 mM, pH 6.0,
0.05% Tween 20) at 85 °C for 10 min, blocked in PBS
with 0.1% Triton X-100 (PBST), 5% normal goat serum
and 0.1% bovine serum albumin (BSA) at RT for 2 h, and
incubated overnight at 4 °C with primary antibodies rab-
bit anti-ASPA (Abcam #ab223269 EPR22072) and mouse
anti-MBP (R&D #MAB42282), diluted 1:250 in blocking
solution. Sections were incubated in secondary antibod-
ies (AlexaFluor 488 Goat anti-mouse, Cell Signalling
#4408, RRID: AB_10694704; and AlexaFluor 647 Goat
anti-rabbit, Cell Signalling #4414, RRID: AB_10693544)
diluted 1:250 in blocking solution for 2 h, and counter-
stained with 1 pg/mL diamidino-2-phenylindole dihy-
drochloride (DAPI). Autofluorescence was quenched
with TrueBlack Plus autofluorescence eliminator (Bio-
tium #23,014) per manufacturer’s protocol. Sections were
cover-slipped with ProLong Glass antifade mountant
(Life Technologies #P36980) before imaging. Slides were
imaged with a Zeiss Axioscan slide scanner. The density
of ASPA-positive cells (co-localised ASPA and DAPI
staining) in white matter was quantified using QuPath
(version 0.3.2) [34].

Statistical analysis

Partial least squares-discriminant analysis (PLS-DA) of
lipidomic data was carried out in MetaboAnalyst (ver-
sion 5.0). Lipid levels were log,-transformed and filtered
based on interquartile range prior to analysis. Missing
values (not detected in that sample) were assigned a value
of 1/5 of the minimum observed value for that lipid. Lipid
class totals, and individual cholesterol ester or acylcarni-
tine species, were compared between the three sample
groups using one-way ANOVA adjusted for age and PMI,
followed by Tukey’s post-hoc test. Values were natural
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log-transformed to improve normality and ANOVA p
values were adjusted for false discovery rate using the
Benjamini-Hochberg correction, with adjusted p<0.05
considered significant. These statistical tests were per-
formed using the car, olsrr, ggplot2, multcomp and dplyr
packages in R (version 4.0.3). The heatmap was generated
in Tableau Desktop (version 2022.1.1).

Western blot, immunofluorescence, BMP levels, and
enzyme activity data were analysed by one-way ANOVA
with Tukey’s post-hoc test, using GraphPad PRISM (ver-
sion 9.3.1). Non-normally distributed data were natural
log-transformed to achieve a normal distribution. LFB
histological scores were subject to non-parametric Krus-
kall-Wallis test with Dunn’s post-test. Spearman correla-
tions were performed in GraphPad PRISM.

Results

Case demographics and TDP-43 pathology

This study used post-mortem brain tissue from FTD
cases with GRN (n=6) and C90rf72 (n=11) mutations,
and neurologically normal controls (n=11) (Table 1).
Mean age at death was 70.3+£10.0 years for controls,
68.619.3 years for C9orf72 cases and 63.01+8.8 years
for GRN cases (ANOVA, F=1.17, p=0.33). Mean post-
mortem interval (PMI) was 28.5+15.5 h for controls,
20.2£12.9 h for C9orf72 cases and 25.7+£12.4 h for GRN
cases (F=0.99, p=0.38). All FTD-GRN and 7 out of 11
FID-C9orf72 cases exhibited type A TDP-43 inclu-
sions [35], with the rest exhibiting type B. The severity
of TDP-43 neuronal cytoplasmic inclusions in frontal
grey matter (Fig. 1A-D) or glial cytoplasmic inclusions in
frontal white matter (Fig. 1E) did not differ significantly
between FTD-GRN and FTD-C9rf72 cases (Fig. 1F-G),
nor did the severity of TDP-43-positive dystrophic neu-
rites (Fig. 1H-I), indicating that the FTD-GRN and FTD-
C9orf72 cases are well-matched neuropathologically.

Lipidomic profiles distinguishes FTD-GRN from control and
FTD-C90rf72 cases

Lipidomic analysis was performed on the superior fron-
tal grey and white matter, which are heavily affected in
bvFTD, and the less affected superior parietal grey and
white matter [36, 37]. A total of 821 glycerophospholipid,
phospholipid, lysophospholipid, sphingolipid, sterol and
acylcarnitine species were quantified (Supplementary
Data File 1). Applying partial least squares discriminant
analysis (PLS-DA), FTD-GRN cases clustered distinctly
from both control and FTD-C90rf72 cases based on lipi-
domic data from frontal grey matter (Fig. 2A). This was
driven by myelin-enriched sphingolipids, specifically
sulfatides (ST), monohexosylceramides (Hex1Cer), and
dihexosylceramides (Hex2Cer) (Fig. 2B). Hex1Cer com-
prises both glucosylceramide and galactosylceramide,
structural isomers that are indistinguishable using
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Fig. 1 TDP-43 cytoplasmic inclusions and dystrophic neurites are similar between FTD-GRN and FTD-C9orf72 cases. (A-D) Representative images of
phosphorylated TDP-43 staining in grey matter, showing (A) a control case with no TDP-43 inclusions, (B) mild (score=1), (C) moderate (score=2), and
(D) severe (score =3) TDP-43 pathology. (E) Abundant TDP-43-positive dystrophic neurites (score=3) in frontal white matter of an FTD case. Scale bar,
20 uM. (F-1) Severity of (F) neuronal cytoplasmic TDP-43 inclusions in frontal grey matter, (G) glial cytoplasmic inclusions in frontal white matter, (H) TDP-
43-positive dystrophic neurites in frontal grey matter, and () dystrophic neurites in frontal white matter of FTD-C90rf72 (n=11) and FTD-GRN (n=6) cases

LC-MS/MS with reverse-phase chromatography. How-
ever, over 99% of Hex1Cer in the brain is galactosylce-
ramide [38], which makes up 20—-25% of myelin lipid [30].
ST (galactosylceramide sulfate) makes up a further 4—-5%
of myelin lipid [30]. PLS-DA did not effectively differenti-
ate the three sample groups based on parietal grey matter
lipids.

FTD-GRN cases also clustered distinctly from controls
in frontal and parietal white matter (Fig. 2A), and this was
driven by cholesterol esters (Fig. 2B). Many cholesterol
ester species were increased by 1-2 orders of magnitude
in FTD-GRN compared to FTD-C9rf72 and control
cases, particularly in parietal white matter (Fig. 2C-D).

Loss of myelin lipids in FTD-GRN and FTD-C90rf72 cases

To complement the unsupervised statistical analysis of
individual lipids and identify metabolic nodes affected by
GRN or C9orf72 mutations, lipid class totals were com-
pared across the three sample groups using ANOVA
adjusted for age and PMI (Fig. 3A and Supplementary
Tables 1-4). The most significant changes were observed
in frontal white matter, where 9 of the 27 lipid classes
were significantly reduced in the FTD-GRN group. Statis-
tically significant reductions in total ST, Hex2Cer, sphin-
gomyelin (SM), Hex1Cer, lysophosphatidylcholine (LPC),
and 1-O-alkyl-lysophosphatidylcholine [LPC(O)] were
observed in both FTD-GRN and FTD-C9orf72 relative
to control cases, although the magnitude of lipid loss was

greater in FTD-GRN cases (Fig. 3A-G). Phosphatidylino-
sitol (PI), lysophosphatidylinositol (LPI), and ceramide
were significantly reduced in frontal white matter of
FTD-GRN but only trended lower in FTD-C90rf72 cases
(Fig. 3A). Similar trends with an overall loss of sphingo-
lipids and phospholipids were observed in the parietal
white matter, however these were not statistically signifi-
cant. Instead, total cholesterol esters, lysophosphatidyl-
ethanolamine (LPE), and sphingosine, an intermediate
metabolite in sphingolipid catabolism, were significantly
increased in the FTD-GRN group (Fig. 3A).

In addition to the sphingolipids ST, Hex1Cer, and SM,
myelin is highly enriched in unesterified cholesterol [30].
Although unesterified cholesterol levels trended down-
wards in white matter of FID relative to the control
cases, this was not statistically significant. However, the
ratio of esterified to unesterified cholesterol was an order
of magnitude higher in both frontal (F=24.6, p<0.0001)
and parietal (F=49.2, p<0.0001) white matter of FTD-
GRN cases (Fig. 2E-F).

A marked increase in acylcarnitines was observed in
frontal grey matter of FTD-GRN cases (Fig. 3A and H).
Examination of individual acylcarnitine species showed
a preferential effect on acylcarnitines with 16—20 carbon
acyl chains (Fig. 3I). Acylcarnitines also trended higher in
FTD-GRN cases in the parietal grey matter, however no
lipid classes reached statistical significance in this region.
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Fig. 2 Lipid profiles distinguish FTD-GRN from FTD-C9orf72 and control cases. (A) PLS-DA scores plots for control (n=11, orange), FTD-C9orf72 (n=11,
blue), and FTD-GRN (n=6, yellow) cases for each brain region, based on the untargeted lipidomic data. Component % refers to the percentage of variance
explained by each principal component. (B) Variable Importance in the Projection (VIP) scores for the 15 features that contribute most to separation of the
groups in PLS-DA. ST: sulfatide, Hex1Cer: monohexosylceramide, Hex2Cer: dihexosylceramide, SM: sphingomyelin, CholE: cholesterol ester, PC: phospha-
tidylcholine, PE: phosphatidylethanolamine. (C,D) Levels of CholE species in (C) frontal and (D) parietal white matter. Horizontal bars show mean. Missing
values indicate that the specific CholE was below the limit of detection in that sample. Sample groups were compared by one-way ANOVA adjusted
for PMI and age, and p values were corrected for false discovery rate. Results of Tukey's post-test are shown: *p <0.05; **p <0.01; ***p <0.001. (EF) Total
cholesterol esters (CholE)/cholesterol (Chol) in (E) frontal and (F) parietal white matter
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Fig. 3 Loss of myelin lipids is common to FTD-GRN and FTD-C9orf72. (A) Mean lipid class totals in FTD-C9orf72 (n=11) and FTD-GRN (n=6) cases, ex-
pressed as a fold-change relative to the mean of the control group (n=11) within each brain region. GM: grey matter, WM: white matter. Sample groups
were compared by one-way ANOVA adjusted for PMI and age, with p values adjusted for false discovery rate. Asterisks indicate a significant difference
compared to the control group in Tukey's post-test: *p < 0.05; **p < 0.01; ***p <0.001. (B-H) Total lipid levels in each brain region. () Individual acylcarnitine
(AcCa) species in frontal grey matter. Horizontal bar shows mean. FGM: Frontal Grey Matter; FWM: Frontal White Matter; PGM: Parietal Grey Matter; PWM:
Parietal White Matter; ST: sulfatide; SM: sphingomyelin; Hex2Cer: dihexosylceramide; Hex1Cer: monohexosylceramide; Cer: ceramide; Sph: sphingosine;
CholE: cholesterol ester; Chol: cholesterol; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PE(O): alkyl-PE; PE(P): alkenyl-PE (PE plasmalogen); PG:
phosphatidylglycerol; PI: phosphatidylinositol; PS: phosphatidylserine; CL: cardiolipin; LPA: lysophosphatidic acid; LPC: lysophosphatidylcholine; LPC(O):
alkyl-LPC; LPE: lysophosphatidylethanolamine; LPE(O): alkyl-lysophosphatidylethanolamine; LPI: lysophosphatidylinositol; LPS: lysophosphatidylserine;
MAG: monoacylglycerol; DAG: diacylglyerol; TAG: triacylglycerol; AcCa: acylcarnitine
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FTD-GRN is characterised by severe myelin attrition

In agreement with our lipidomic data, western blot-
ting showed significant loss of the myelin markers pro-
teolipid protein (PLP) (ANOVA, F=12.03, p=0.0003),
2,3’-Cyclic  nucleotide 3’-phosphodiesterase (CNP)
(F=11.64, p=0.0003) and myelin basic protein (MBP)

Page 9 of 18

(F=4.84, p=0.018), in frontal white matter of FTD-GRN
cases (Fig. 4A-B). Although PLP levels were reduced
relative to controls in FTD-C9orf72 cases, both PLP and
CNP were significantly lower in FTD-GRN compared to
FTD-C9orf72 cases, indicating more severe myelin loss in
FTD-GRN cases. In parietal white matter, PLP (F=14.64,
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Fig.4 Pronounced myelin loss in FTD-GRN. (A, C) Representative western blots and (B, D) densitometric quantification of PLP, CNP, MBP, Blll-tubulin (BI1I-T)
and neurofilament light chain (NF-L) in (A, B) superior frontal white matter, and (C, D) superior parietal white matter from control (n=11), FTD-C90rf72
(n=11), and FTD-GRN (n=6) cases. Protein levels were normalised to 3-actin or GAPDH as a loading control, and are expressed relative to the mean of
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p<0.0001) was significantly reduced in FTD-GRN com-
pared to both control and FTD-C9rf72 cases, whereas
CNP (F=0.88, p=0.43) and MBP (F=1.02, p=0.38) were
unchanged across the three sample groups (Fig. 4C-
D). The neuronal marker PIII-tubulin was significantly
decreased in frontal (Fig. 4A-B) but not parietal (Fig. 4C-
D) white matter of FTD-GRN cases, and was not signifi-
cantly affected in FTD-C9orf72 cases (Kruskal-Wallis
test, frontal white matter: H=7.90, p=0.019; parietal
white matter: ANOVA F=1.76, p=0.19). Axonal marker
neurofilament-L trended down in frontal white matter
of FTD-GRN and FTD-C9orf72 cases, however this was
not statistically significant (ANOVA F=2.32, p=0.12).
No difference was observed for neurofilament-L levels in
parietal white matter (ANOVA F=0.73, p=0.49).

Luxol fast blue staining confirmed the pronounced
myelin loss in frontal white matter of FTD-GRN cases
(Kruskal-Wallis H=9.47, p=0.0002) (Fig. 4E-F). Loss
of myelin staining in FTD-GRN cases was uniform and
without evidence of focal lesions or plaques. Despite the
pronounced myelin loss, mature oligodendrocyte (ASPA-
positive) cell density [33, 39] was not reduced in frontal
white matter of FTD-GRN cases, and was 60% higher
in FTD-C9orf72 compared to control cases (F=6.15,
p=0.021) (Fig. 4G-H).

Cholesterol esters are inversely correlated with myelin
proteins and lipids

Myelin loss could explain the pronounced cholesterol
ester accumulation in FTD-GRN cases, as cholesterol
released from myelin is metabolised by phagocytic cells
[40, 41]. Total cholesterol esters were inversely cor-
related with PLP, but not MBP or CNP, in frontal and
parietal white matter (Table 2). Of all the lipids mea-
sured, ST and Hex1Cer are most unique to myelin in the
CNS [42]. Cholesterol esters were inversely correlated
with total Hex1Cer but not ST in frontal white mat-
ter, and both Hex1Cer and ST in parietal white matter.
Since not all cholesterol esters were increased in FTD-
GRN cases, we performed the same correlation analysis
with CholE(22:6), an abundant cholesterol ester that was
greatly increased in FTD-GRN (Fig. 1C-D). CholE(22:6)

(2023) 11:52
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was inversely correlated with all five myelin markers (PLP,
MBP, CNP, ST, Hex1Cer) in frontal white matter, and
PLP, ST, and Hex1Cer in parietal white matter (Table 2).
These inverse correlations support the hypothesis that
cholesterol esters are indicative of myelin degradation.

Lysosomal and phagocytic markers are increased in both
FTD-GRN and FTD-C9orf72

GRN mutations are proposed to disrupt lysosomal
homeostasis, and hypomyelination is common to many
lysosomal storage diseases, including neuronal ceroid
lipofuscinosis (NCL) caused by homozygous GRN muta-
tions [11, 12]. Reduced GCase activity has been reported
in Gru-/- mice [19, 43], IPSC-derived neurons [18] and
brain tissue from FTD-GRN cases [44, 45]. We observed
no significant difference in GCase activity between FTD
cases and controls, in frontal grey or white matter, or
parietal white matter (Fig. 5A-C). However, galactocer-
ebrosidase (GALC) activity, which is required for lyso-
somal degradation of Hex1Cer and ST, was 64% higher
in frontal white matter of FTD-GRN (p=0.004), and
33% higher in FTD-C90rf72 cases (p=0.21, not signifi-
cant), relative to the controls (ANOVA F=6.94, p=0.004)
(Fig. 5B).

Recent studies have also demonstrated loss of the
endolysosomal lipid Bis(monoacylglycero)phosphate
(BMP), particularly BMP(18:1/18:1) and BMP(22:6/22:6),
in mouse models of Gru deficiency [19, 45]. We were able
to confidently resolve the abundant BMP(18:1/18:1) spe-
cies from its mass isomer PG(18:1/18:1), and show here
that levels of this BMP were not significantly different in
FTD cases compared to controls (Fig. 5D-G, all p>0.05
by one-way ANOVA), in agreement with another recent
publication [45].

Further evidence for disrupted lysosomal homeosta-
sis in FTD-GRN cases has come from reports showing
increased levels of lysosomal proteins such as LAMP-1
and LAMP-2 [13, 44]. Western blotting showed increased
LAMP-2 levels in frontal grey (F=12.2, p=0.0003)
(Fig. 6A-B) and white matter (F=9.7, p=0.0009)
(Fig. 6C-D) of both FTD-GRN and FTD-CY9o0rf72 cases,
whereas levels were unchanged in parietal white matter

Table 2 Correlations between cholesterol esters and myelin markers in white matter. Spearman’s correlation coefficient (r) and p
value are shown for associations between myelin markers and total cholesterol ester (CholE) or CholE(22:6) in frontal and parietal white

matter. Significant correlations are in bold font

Frontal white matter

Parietal white matter

Total CholE CholE(22:6) Total CholE CholE(22:6)

r p r p r p r p
pPLP -0.70 8.13x107° -0.79 1.53x107* -0.59 1.57x1073 -0.66 2.74x107*
MBP -0.20 032 -0.48 0.014 0.12 0.55 0.12 0.55
CNP 038 0.052 -0.43 0.030 -0.10 064 025 0.23
Total ST -0.39 0.0501 -0.52 6.07x1073 -0.50 6.85x1073 -0.52 4.27x1073
Total Hex1Cer -0.52 7.07x1073 -0.46 0.020 -0.56 1.76x1073 -0.51 5.73x1073
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(Fig. 6E-F). LAMP-1 was increased in frontal grey mat-
ter of FTD-GRN cases (F=7.0, p=0.0042), and parietal
white matter of both FTD-GRN and FTD-C9orf72 cases
(F=11.3, p=0.0004), but was reduced in the frontal
white matter of FTD-C90rf72 cases compared to con-
trols (F=3.9, p=0.035). Levels of the phagocytic microg-
lial marker CD68 were significantly increased in frontal
(F=6.45, p=0.0049) and parietal white matter of FTD-
CYorf72 (F=3.9, p=0.034), but not FTD-GRN cases.
However, the microglial lipid receptor TREM2 [40, 46]
was increased in frontal grey matter (F=12.5, p=0.0002)
and parietal white matter (F=33.6, p<0.0001) of both
FTD-GRN and FTD-C9orf72 cases, and frontal white
matter of FTD-GRN cases (F=4.7, p=0.019). These
results indicate that lysosomal and microglial homeo-
stasis is disrupted in both FTD-C9rf72 and FTD-GRN
cases, whereas lipid and myelin protein changes are more
pronounced in FTD-GRN cases.

Discussion

This study presents the first comprehensive biochemical
evidence that FTD-GRN is characterised by pronounced
myelin loss. Significant loss of myelin-enriched sphin-
golipids was observed in white matter of both FID-
GRN and FTD-C9orf72 cases, however FTD-GRN cases
displayed a distinct lipidomic profile characterised by
greater white matter lipid loss, increased levels of choles-
terol esters in white matter, and increased acylcarnitines

in grey matter. Levels of lysosomal markers and the
microglial lipid receptor TREM2 were increased in both
FTD-C9orf72 and FTD-GRN cases, whereas galactocer-
ebrosidase activity, required for catabolism of the myelin
lipids galactosylceramide and ST, was only significantly
increased in FTD-GRN cases. These changes point to a
specific effect of GRN mutations in promoting myelin
lipid catabolism and myelin degeneration, supported by
the marked loss of myelin proteins and luxol fast blue
staining in FTD-GRN relative to FTD-C90rf72 and con-
trol cases. TDP-43 pathology did not differ significantly
between the FTD-GRN and FTD-C9orf72 cases, suggest-
ing that heterozygous GRN mutations and C9orf72 repeat
expansions may promote TDP-43 deposition and bvFTD
through distinct biochemical mechanisms.

Our study establishes that substantial white matter
lipid loss is common to both FTD-C9orf72 and FTD-
GRN. Relative to age-matched controls, mean levels of
the myelin-enriched sphingolipids ST, Hex1Cer, Hex-
2Cer, and SM were 43-64% lower in frontal white mat-
ter of FTD-C9orf72 and 58-71% lower in FTD-GRN
cases. Loss of phospholipids (PI) and lysophospholipids
(LPC, LPI) in white matter of FTD-GRN cases probably
also reflects myelin loss [42]. A previous study showed
marked demyelination and gliosis in regions correspond-
ing to white matter hyperintensities in a single FTD-GRN
case [47]. Our study expands substantially on this, pre-
senting several lines of biochemical evidence (myelin
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Fig. 6 Lysosomal and phagocytic markers are increased in both FTD-GRN and FTD-C9orf72. (A, C, E) Representative western blots and (B, D, F) densito-
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to the mean of the control group. Asterisks indicate significant difference in Tukey’s post-test after one-way ANOVA: *p < 0.05; **p <0.01; ***p <0.001

lipid loss, myelin protein loss, and histological stain- observations of white matter hyperintensities in FTD-
ing) from multiple FTD-GRN cases to demonstrate that ~GRN but not FTD-C90rf72 cases [25-27]. However, our
pronounced myelin loss is characteristic of FTD-GRN. demonstration of significant lipid loss and a reduction in
The observation of severe myelin loss in FTD-GRN but  the major myelin protein PLP in frontal white matter of
not FTD-C9orf72 cases is in agreement with reported FTD-C9orf72 cases demonstrates some myelin loss, in
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agreement with a recent study reporting decreased MBP
immunoreactivity in frontal cortex of FTD-C90rf72 cases
[48]. Mature oligodendrocyte density did not decrease
in FTD-GRN cases, implying that demyelination does
not stem from oligodendrocyte loss. However, given the
significant frontal lobe atrophy in bvFTD [1], equivalent
oligodendrocyte density likely indicates an overall loss of
oligodendrocytes relative to the age-matched controls.
This could explain the increased mature oligodendrocyte
density in FTD-C9orf72 cases.

FTD-GRN were differentiated from FTD-C9orf72
cases by pronounced accumulation of cholesterol esters
in white matter, relative to both protein content and
unesterified cholesterol. Boland et al. very recently
reported a modest increase in sterol esters in middle
frontal gyrus of FTD cases with GRN mutations but not
sporadic cases with TPD-43 inclusions [45], however it
was unclear if grey or white matter was used and control
cases were limiting. We observed significantly-increased
cholesterol esters only in white matter. Cholesterol esters
are formed during myelin break-down and accumulate
in demyelinating conditions, as microglia and infiltrat-
ing macrophages phagocytose cholesterol released from
compact myelin [40, 41, 49, 50]. Since cholesterol can-
not be broken down by CNS cells, this free cholesterol is
stored in esterified form and eventually cleared by excre-
tion [51]. In the CNS, myelin phagocytosis and degrada-
tion is carried out by microglia and macrophages [40,
41, 52], which are the cell types that express GRN most
abundantly. Although cholesterol ester accumulation
in white matter of FTD-GRN cases is probably associ-
ated with excessive myelin break-down, it is also possible
that this phenotype results from a defect in cholesterol
break-down and clearance caused by GRN haploinsuffi-
ciency. In this regard, a recent study reported that GRN
deficiency impairs clearance of myelin debris by cultured
microglia [53]. Cholesterol overload in microglia triggers
lysosome rupture and NLRP3 inflammasome activation
[41], which could fuel neuroinflammation in FTD-GRN
cases. Cholesterol ester formation also appears to be an
important driver of amyloid  and neurofibrillary tangle
pathology in Alzheimer’s disease models [54, 55].

Diffusion tensor imaging studies have shown loss of
white matter integrity in C9orf72, GRN and MAPT muta-
tion carriers up to 30 years prior to estimated symp-
tom onset [28, 29], suggesting that myelin deterioration
begins early in FTD pathogenesis. Using post-mortem
tissue samples, it is difficult to determine if white mat-
ter changes precede axon degeneration, or vice-versa.
Loss of myelin markers in frontal white matter of FTD-
GRN cases was accompanied by a significant reduction in
BIII-tubulin but not neurofilament-L by western blotting.
In contrast, we observed significant myelin lipid loss in
FTD-C9o0rf72 cases without evidence for loss of axonal
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markers by western blotting, although noting that this
could be attributed to the more quantitative nature of
our lipidomic analysis in comparison to western blotting
and densitometry. In the less affected parietal white mat-
ter, the pronounced increase in cholesterol esters without
significant loss of myelin lipids or axonal markers sug-
gests that cholesterol ester storage is an early phenotype
resulting from GRN haploinsufficiency.

Another differentiating feature of FTD-GRN was
increased levels of long chain (C16-C20) acylcarni-
tines in frontal grey matter. Acylcarnitines are formed
to import fatty acids into mitochondria for B-oxidation,
and their accumulation is commonly associated with
impaired B-oxidation of fatty acids [56]. Defective fatty
acid B-oxidation can produce a brain energy deficit,
which could partly explain the hypometabolic pheno-
type of FTD [57]. Acylcarnitine accumulation attributed
to impaired p-oxidation of very long chain fatty acids in
peroxisomes is a defining feature of X-linked adrenoleu-
kodystrophy [58], also characterised by cholesterol ester
accumulation [50]. Further research is required to deter-
mine if impaired fatty acid oxidation is a feature of FTD-
GRN. Alternatively, the increased acylcarnitines could be
indicative of a metabolic shift favouring lipid oxidation
for energy production at the expense of lipid synthesis,
thus causing myelin degeneration [59].

Levels of the microglial lipid receptor TREM2 were
significantly higher in grey and white matter of both
FTD-GRN and FTD-C9orf72 cases, indicating the
presence of phagocytic microglia. Lipid sensing by
TREM2 promotes microglial activation and myelin
phagocytosis [40, 52]. Our data therefore provides
important evidence from human FTD cases confirming
the observation that microglia from C9orf72 and Grn
knockout mice exhibit a phagocytic microglial phe-
notype [60, 61]. In addition to phagocytosing myelin,
activated microglia promote neurodegeneration
through increased secretion of inflammatory cytokines
and complement proteins, and synaptic pruning [61,
62]. In fact, complement proteins secreted by GRN-
/- microglia are sufficient to induce TDP-43 granules
and cell death in excitatory neurons [62]. Our data also
establishes that lysosomal protein markers LAMP-1,
LAMP-2, and CD68 are deregulated in FTD-C9orf72
cases, and demonstrates that this phenotype is shared
with FTD-GRN. C9orf72 colocalises with Rab family
proteins and regulates endocytosis, lysosome biogen-
esis and phagosome maturation [23, 63]. Prior work
had shown increased LAMP-1 and CD68 immunore-
activity in ALS cases with C9orf72 repeat expansions
[63, 64], however C9orf72-/- motor neurons and those
from ALS-C9orf72 cases have fewer lysosomes, despite
higher LAMP-2 content in lysosomal membranes [23].



Marian et al. Acta Neuropathologica Communications (2023) 11:52

Current evidence suggests that progranulin is
required for full activity of lysosomal lipid hydro-
lases, particularly GCase [19, 43, 44]. Higher levels of
the GCase substrate glucosylsphingosine have been
reported in plasma of FTD-GRN cases [19], whereas
another study showed unchanged levels in the infe-
rior frontal gyrus [44]. Decreased GCase activity has
been attributed to a role for progranulin in regulating
the delivery of prosaposin to lysosomes and its pro-
teolytic cleavage into saposins [10, 18], which serve as
cofactors for lysosomal sphingolipid hydrolases such
as GCase. Others have proposed a direct interaction
between progranulin and GCase [43], or that progran-
ulin regulates lysosomal enzyme functions through a
direct interaction with BMP [19, 45]. Further evidence
for lysosomal dysfunction comes from the recent dem-
onstration of gangliosidosis in frontal cortex of FTD-
GRN cases [45]. We did not find reduced BMP content
in FTD-GRN cases compared to controls, indicating
that not all molecular phenotypes of Gru-/- mice accu-
rately reflect changes in FTD cases with heterozygous
GRN mutations. GCase activity trended lower (14%
reduction) in frontal grey matter of FTD-GRN cases,
in line with modest reductions reported in two prior
studies [44, 45], however this was not statistically sig-
nificant. We note that GCase activity reductions are
modest even in Gru-/- mice, with one study reporting
a decrease of ~10% [44], and were not seen in mice
bearing the R493X Grn mutation found in FTD [45].

In contrast to the absence of any change in GCase
activity, the clear and significant increase in GALC
activity in frontal white matter of FTD-GRN cases
aligns with our observation of significantly reduced
sulfatide and Hex1Cer levels in the same samples.
GALC activity in frontal white matter of FTD-C9o0rf72
cases was lower than FTD-GRN but higher than the
control cases (not significant), in agreement with the
lipidomic results. Increased GALC (b-galactosidase)
activity was also seen in frontal cortex of Grn-/- mice
[44], and GALC RNA levels are higher in motor cortex
of ALS cases compared to age-matched controls [65].
Overall, decreased sphingolipids in FTD-GRN cases,
together with increased levels of the sphingolipid cata-
bolic intermediate sphingosine in parietal white mat-
ter, support the concept that GRN mutations disrupt
brain sphingolipid metabolism. Future studies with cell
culture models will be necessary to resolve whether
GRN haploinsufficiency causes a block in lysosomal
catabolism that leads to accumulation of cholesterol
esters, sphingosine, and acylcarnitines; or whether
these features are biomarkers of accelerated myelin
break-down, as indicated by the increased GALC
activity in frontal white matter.
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Our lipidomic results with FTD cases are in broad
agreement with a recent paper reporting decreased
SM, ceramide, and some phospholipids, and increased
cholesterol esters and triglycerides, in motor cortex
white matter of ALS cases [65]. Decreased myelin-
enriched sphingolipids (GalCer, ST, SM) are also
observed in motor cortex of people with multiple sys-
tem atrophy [66], which is characterised by a-synu-
clein aggregates in oligodendrocytes. In contrast, the
more common synucleinopathy Parkinson’s disease is
characterised by increased BMP in the heavily-affected
substantia nigra [67], and increased diacylglycerol
in frontal cortex [68]. In Alzheimer’s disease (AD),
marked depletion of myelin sphingolipids and myelin
proteins was seen in superior frontal grey matter, but
not frontal white matter [69, 70]. Given that both AD
and bvFTD affect the superior frontal lobe, it is inter-
esting that the pattern of myelin loss differs between
AD and bvFTD, with a much more pronounced effect
on the frontal white matter seen in the familial bvFTD
cases examined herein. Accordingly, the burden of
white matter hyperintensities is higher in bvETD than
AD and is thought to contribute substantially to cogni-
tive deficits [71, 72].

A limitation of our study was the absence of sporadic
FTD cases. It will be important in future studies to deter-
mine whether the lipidomic signature and pronounced
myelin loss in FTD-GRN cases is shared with a sub-
set of sporadic FTD cases with TDP-43 inclusions. This
seems likely, since (i) MRI studies have demonstrated
loss of white matter integrity in sporadic bvETD [72, 73]
and (ii) rare variants in genes whose loss of function is
associated with the severe inherited leukodystrophies
hypomyelinating leukodystrophy (TMEMIO06B gene),
Nasu-Hakola disease (TREM?2), metachromatic leuko-
dystrophy (ARSA), and cerebrotendinous xanthomatosis
(CYP27A1), are also known to cause FTD with TDP-43
deposition [74].

In conclusion, this study presents the first evidence of
severe myelin lipid loss in FTD-GRN and FTD-C9orf72.
More severe white matter lipid and myelin protein loss in
FTD-GRN, together with marked accumulation of cho-
lesterol esters in white matter and increased GALC activ-
ity, imply a pronounced susceptibility for myelin lipid
loss, leading to white matter attrition, in GRN mutation
carriers. These results are consistent with a requirement
for progranulin in restricting myelin lipid catabolism.
In fact, our data shows that FTD-GRN displays features
of metabolic leukodystrophies, including myelin loss,
gliosis, and cholesterol ester storage [50]. MRI stud-
ies underscore the importance of myelin attrition in the
behavioural deficits that define bvFTD [71, 72], and our
data provides biochemical evidence underpinning the
use of myelin MRI as a diagnostic and prognostic tool in
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FTD management. Since myelin is essential for neuronal
health and neurological functions, accelerated myelin
loss may be a key driver of neurodegeneration caused by
progranulin haploinsufficiency.
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PLP Myelin Proteolipid Protein

PLS-DA Partial Least Squares-Discriminant Analysis
PMI Post-Mortem Interval

PS Phosphatidylserine

M Sphingomyelin

Sph Sphingosine

ST Sulfatide

TAG Triacylglycerol

TBST Tris Buffered Saline, 0.1% Tween 20
TDP-43 TAR DNA-binding protein 43
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Chapter 3: Investigating proteomic changes in genetic FTD

3.1 Background

In chapter 2, our untargeted lipidomic mass spectrometry analysis coupled with western blotting,
enzyme activity assays and histology led us to discover that dysfunctional brain lipid metabolism,
lysosomal dysfunction and gliosis are features of FTD caused by both heterozygous GRN loss and
C9orf72 repeat expansions, however the mechanism and extent to which these features are
observed appears to vary between the two FTD groups (Marian et al. 2023), and the underlying
pathological mechanisms by which these gene mutations lead to FTD are still under investigation.
Untargeted proteomic analysis provides a valuable tool to address these questions and

complement our prior lipidomic findings.

Few studies have explored proteomic changes in FTD, and proteomic analyses of the most
common inherited causes of FTD with TDP-43 proteinopathy, heterozygous GRN loss or C9orf72
repeat expansions, are limited to a handful of studies (Umoh et al. 2018, Andrés-Benito et al.
2019, Miedema et al. 2022). Frontal cortex from FTD-GRN cases showed the greatest proteomic
changes relating to immune processes in epithelial cells and mitochondrial dysfunction in
neurons while in frontal cortex of FTD-C9orf72 cases dysregulation in pathways including
apoptosis, neurotransmission, phagocytosis and glial markers associated with
neuroinflammation were observed (Umoh et al. 2018, Andrés-Benito et al. 2019, Miedema et al.
2022). No prior studies have examined the proteomic differences between FTD caused by

C9orf72 or GRN mutations.

Furthermore, previous studies in FTD have focussed on profiling changes in the heavily affected
frontal and temporal lobes, but have not widely examined changes to less-affected brain regions.
While FTD is a highly heterogeneous form of dementia, both FTD-GRN and FTD-C9orf72 cases
present with bvFTD, and therefore the neurodegenerative pattern of these groups is comparable.
Examining less-affected regions such as the superior parietal lobe allows us to identify molecular

changes attributed to the gene mutations without the effect of gross neuron degeneration and
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changes to cellular composition that might be expected to dominate proteomic analysis of the

frontal lobe.

In order to further investigate the changes underlying our previous findings, we undertook mass
spectrometry-based proteomics for the comprehensive identification and relative quantitation
of proteins in brain tissue samples from FTD cases carrying mutations in the C9orf72 or GRN
genes, and age-matched controls from the cases described in Chapter 2. The samples matched
those used for our prior lipidomic analysis on grey and white matter of the heavily affected

superior frontal lobe and relatively-unaffected superior parietal lobe.
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3.2 Methods

3.2.1 Proteomic sample preparation

Post-mortem brain tissue from the superior frontal grey and white matter, and superior parietal
grey and white matter from 11 FTD-C9orf72, 6 FTD-GRN and 11 age-matched, neurologically-
normal control cases was homogenised as previously described in Chapter 2. All chemicals were
purchased from Sigma-Aldrich unless specified. 100 uL of brain tissue homogenate containing
protease and phosphatase inhibitors was denatured and reduced with 125 uL of 6 M urea, 9 M
thiourea, 10 mM dithiothreitol and 0.1% sodium dodecyl sulfate for 1 h, followed by alkylation

with 20 mM iodoacetamide for a further 1 h in the dark.

Samples were then subjected to chloroform/methanol precipitation to desalt and remove lipids
and detergents as previously described (Wessel et al. 1984). All solvents were used ice-cold.
Briefly, 800 pL methanol, and 200 uL of chloroform was added to the sample mixture and
vortexed well between additions. Phase separation was induced with the addition of 600 pL
water, the mixture was then vortexed and centrifuged at 9,000 x g for 1 min. The upper phase
was carefully discarded, 1200 pL methanol was added to the remaining solution and vortexed,
then the solution was centrifuged at 9,000 x g for 2 min to pellet the protein. The supernatant
was discarded, the protein pellet was washed twice with 1000 uL methanol, then centrifuged
14,000 x g for 15 min and remaining pellet was dried under a stream of air. The dried protein
pellet was resuspended in 50 mM HEPES buffer, pH 7.5 and protein quantification was carried
out by Qubit fluorometric assay (ThermoFisher). 100 pug of protein was subject to trypsin
digestion (1:33 trypsin: total protein) overnight at 25°C with Trypsin/Lys-C Mix, Mass Spec Grade
(#V5072, Promega). Digests were acidified to 2% formic acid and 0.1% trifluoroacetic acid (TFA),
peptides were desalted and concentrated by solid-phase extraction on hydrophilic-lipophilic
balance (HLB) cartridges (#WAT094226, Waters) and eluate was dried under vacuum
(Concentrator plus, Eppendorf). Peptides were resuspended in 50 mM HEPES and adjusted to a
final pH >8.5, protein concentration was determined by Qubit fluorometric assay, and 15 ug of

peptide per sample were labelled for relative quantitation with Tandem Mass Tags (TMT)
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according to the manufacturer’s protocol (#A37725, ThermoFisher). Samples within each
biological group were randomly assigned to TMT 11-plex tags, including a pooled quality control
(QC) sample in each set. Labelled peptides from each TMT 11-plex experiment were pooled and
dried down under vacuum. Pooled experiments were reconstituted in 1000 uL 0.1% TFA and

further concentrated and desalted by HLB and dried down under vacuum.

TMT labelling allows for relative protein quantitation through the chemical modification of the
free amines of tryptic peptides within each sample with unique isobaric reporter tags. As a result,
all peptides become labelled with a reporter tag corresponding to each sample. These isobaric
reporter tags differ through the varying positional incorporation of stable isotopes. In MS?, the
isobaric nature of the tag allows for the same peptide, regardless of its unique label, to appear
as a single precursor ion, but yields specific m/z fragments when cleaved by higher energy
collisional dissociation (HCD) fragmentation (Thompson et al. 2003). The labelled samples are
pooled at an equimolar ratio, and upon fragmentation, the TMT label is cleaved to yield relative
guantitation for each peptide through the relative abundance of the reporter ions corresponding

to each sample in conjunction with peptide fragmentation for identification.

3.2.2 Offline LC Fractionation

Pooled, TMT-labelled peptides were fractionated by offline reverse-phase liquid chromatography
at mid-pH (pH 7.9) on an Agilent 1260 Infinity HPLC (Agilent Technologies). All solvents were LC-
MS grade. Peptides were separated on a 15 cm column packed in-house with Cig resin (3.5um
XBridge BEH particles, Waters), across a 70-min binary gradient at a flow rate of 6 pL/min where
solvent A comprised 10mM ammonium formate in water, pH 7.9, and solvent B comprised 90:10
acetonitrile:water. The following chromatography gradient was used: 0-13.5 min: 95:5 A/B; 13.5-
14 min 90:10 A/B; 14-45 min 58:42 A/B; 45-47 min 10:90 A/B; 47-50 min 10:90 A/B; 50-53 min
95:5 A/B; 53-70 min 95:5 A/B. Pooled samples were reconstituted in 8 puL of 100% acetonitrile
and 92 uL of solvent A, and 8 uL of reconstituted sample was diluted in a further 32 uL of solvent

A and injected into the HPLC. Eluted fractions were collected every 3 min from 14-20 min, every
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1 min from 20-44 min and every 2 min from 44-60 min. Eluted fractions were combined such that

every 8™ fraction was pooled for liquid chromatography tandem mass spectrometry (LC-MS/MS).

3.2.3 Proteomics

Proteomics was carried out with LC/MS-MS using a Dionex UltiMate 3000 UHPLC coupled to a Q-
Exactive HF-X or Exploris Orbitrap mass spectrometer (Thermo Scientific). Peptide separation was
carried out on a 75 um x 45 cm column packed in-house with Cig resin (3.5um particle size) over
a 100-min binary gradient, where solvent A: 1% formic acid in water and solvent B: 1% formic
acid in 80:20 acetonitrile:water. Flow rate was 450 nL/min from 0-14 min, 300 nL/min from 14-
98 min, and 450 nL/min from 98-100 min with the following chromatography: 0-0.1 min: 97:3
A/B; 0.1-14 min 95:5 A/B; 14-90 min 55:45 A/B, 90-95 min 40:60 A/B, 95-100 min 2:98 A/B. MS
data were acquired in full scan/data dependent MS? mode, in positive polarity. MS1 scan range
was 300-1650 m/z at a resolution of 60,000, 3e6 automatic gain control (AGC) target and 50 ms
injection time. The 15 most abundant ions in each precursor scan were taken for MS?
fragmentation using HCD at a resolution of 60,000 with 0.7 m/z isolation window, 1e5 AGC and
normalised collision energy of 30. Two technical replicates were run for each fraction, and bovine

serum albumin blanks were run between samples to ensure no sample carry-over.

3.2.4 Data analysis

Analysis of raw data files was carried out in Proteome Discoverer (version 2.5, Thermo Scientific)
and searched against the Swiss-Prot database for Homo Sapiens (UP000005640; organism ID
9606; 20,610 proteins, released 28" May 2020) using an in-house Mascot (Matrix Science) server
with the following parameters: precursor mass tolerance 10 ppm, product mass tolerance 0.1 Da,
trypsin digestion, maximum 2 missed cleavages; variable modifications: oxidation and acetylation
(N-termini), fixed modifications: TMT 6-Plex (+229.1629, peptide N-terminal and lysine) and

carbamidomethyl (cysteine residues). Relative quantitation was performed in Proteome
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Discoverer (version 2.5) with the TMT 11-plex setting. Peptide spectral matches (PSM) were

searched against a target decoy database (Percolator) with the false discovery rate set to 1%.

At the PSM level, TMT channels containing a single missing value had a value of 1 imputed. PSMs
containing >1 missing values were discarded. PSMs were concatenated to the peptide and
protein level using R (version 3.6.0). Proteins with >50% missing features were removed.
Proteomics data were median normalised to the average of the control group and log:

transformed in Perseus (version 1.6.8.0) to ensure normality.

3.2.5 Statistical analysis

Differences between sample groups were compared by one-way ANOVA adjusted for Age and
PMI covariates. ANOVA p values were adjusted for the false-discovery rate (FDR) using the
Benjamini-Hochberg correction, followed by Tukey’s posthoc test for multiple comparisons.
Significance was held at p < 0.05. Statistical analyses were carried out in R (version 4.0.3) using

the car, olsrr, ggplot2, multcomp and dplyr packages.

3.2.6 GO enrichment

Proteins with a minimum 25% fold change and significantly different between sample groups
after FDR adjustment (g < 0.05) were subjected to Gene Ontology (GO) pathway enrichment for
biological process and molecular function. Functional annotation was performed using DAVID

(Huang et al. 2008, Huang et al. 2009).

3.2.7 Ingenuity Pathway Analysis
Proteins showing significantly different abundance between sample groups by FDR-adjusted p-

value (g < 0.05) were subjected to enrichment for canonical pathways against the Ingenuity
Knowledge Base using the default settings within Ingenuity Pathway Analysis software (Qiagen).
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“Upregulated” and “downregulated" canonical pathways were identified on the basis of
changes to protein abundance within each canonical pathway.

3.3 Results

3.3.1 Superior Frontal Grey Matter

In the superior frontal grey matter we identified 649,852 PSMs resulting in 77,657 peptides

leading to identification of a total of 6,656 unique proteins.

Comparison between sample groups by one-way ANOVA adjusted for age at death and PMI

yielded significantly different abundance of a total of 2,445 proteins after FDR correction.

With further filtering based on a 25% or greater fold-change, 691 proteins were increased and
297 were decreased in abundance in FTD-GRN cases compared with control cases (Figure 3.1 A,
D). In FTD-C90rf72 compared to control cases 50 proteins were increased, and 6 were decreased
(Figure 3.1 B, D). Comparison of FTD-GRN and FTD-C9orf72 proteomes showed differential
expression of the abundance of 531 proteins between the two FTD groups (Figure 3.1 C, D).
Abundance of 443 proteins was increased, and 88 proteins was decreased in FTD-GRN cases
compared with FTD-C90rf72 cases. The differences between the two FTD groups were driven by
changes to protein abundance in the FTD-GRN group, which showed substantially more

differentially expressed proteins relative to the controls compared with FTD-C90rf72 cases.

Gene ontology (GO) enrichment on differentially expressed proteins between FTD-GRN cases and
controls identified the most significant enrichment in the biological process terms telomere
organisation, nucleosome assembly, cell-cell adhesion, DNA templated transcription, initiation
and mitochondrial energy transport, NADH to ubiquinone. GO molecular functions identified
terms related to the enriched biological processes including structural constituent of chromatin,

protein binding and actin binding (Figure 3.2 A, B).

None of the identified GO biological processes or molecular functions remained significantly
enriched after FDR correction in the comparison between FTD-C90rf72 cases and controls (Figure
3.2 C, D). Enriched GO pathways identified in the comparison between FTD-GRN and FTD-C9orf72
cases included similarly enriched biological processes to those identified between FTD-GRN cases

56



and controls, with the addition of leukocyte migration and synaptic signalling biological processes

(Figure 3.2 E, F).

For further investigation of affected proteins, Ingenuity Pathway Analysis (IPA) was applied in
parallel to identify canonical pathways that were enriched in differentially abundant proteins that
met statistical significance by FDR-corrected p-value, and to predict activation or inhibition of
identified pathways. The most strongly enriched pathway identified by IPA in differentially
expressed proteins identified between FTD-GRN cases and controls was upregulation of
mitochondrial dysfunction, followed by downregulation in synaptogenesis signalling, oestrogen
receptor signalling and oxidative phosphorylation pathways (Figure 3.3 A). IPA identified
downregulation of synaptogenesis signalling, opioid signalling and endocannabinoid neuronal

synapse pathways in FTD-C9orf72 cases compared to controls (Figure 3.3 B).

Proteins in the mitochondrial dysfunction pathway were increased, and proteins in the oxidative
phosphorylation and synaptogenesis signalling pathways were decreased in FTD-GRN compared
to FTD-C9orf72 cases (Figure 3.3 C). Proteins within the oxidative phosphorylation and
mitochondrial dysfunction pathways overlapped significantly. The oxidative phosphorylation
pathway showed that most of the proteins decreased in FTD-GRN cases compared with FTD-
C9orf72 cases occurred in complex |, complex IV and complex V (Figure 3.4). Differentially
expressed proteins within the mitochondrial dysfunction/oxidative phosphorylation pathway
such as the mitochondrial complex | protein NDUFV3, complex IV MT-CO3 and complex V FO
subunit protein ATP5MC1 showed significantly decreased abundance in FTD-GRN cases
compared with both FTD-C90rf72 cases and controls, with a trend decrease in abundance
observed in FTD-C9o0rf72 cases, while the complex V F1 subunit protein ATP5F1C was significantly
decreased in both FTD groups (Figure 3.5 A-D).

Within the synaptogenesis signalling pathway, the abundance of constituent proteins such as the
NMDA and AMPA receptor subunits (GRIN2A and GRIA4, respectively), synaptotagmin 2 (SYT2),
and the calcium/calmodulin-dependent protein kinase 2 (CAMK2A), were significantly reduced

in both FTD groups compared with control cases, and significantly lower in FTD-GRN cases
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compared with FTD-C9orf72 cases in all proteins described with the exception of GRIN2A (Figure

3.5 E-H).
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Figure 3.1: Differentially expressed proteins in frontal grey matter

Volcano plots showing differentially expressed proteins in (A) FTD-GRN cases compared to controls, (B)
FTD-C9o0rf72 cases compared with controls, (C) FTD-GRN cases compared with FTD-C9orf72 cases.
Differentially expressed proteins meeting FDR-adjusted p-value (g-value) < 0.05 by overall ANOVA, p <
0.05 in Tukey’s post-hoc test and fold change greater than 25% indicated by coloured circles in each
comparison. Dotted line indicates g = 0.05. Arrows indicate increase or decrease in number of
differentially expressed proteins meeting all 3 criteria (D) Venn diagram summary of overlap of number

of differentially expressed proteins between the 3 sample groups.
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Figure 3.2: Gene ontology enrichment of differentially expressed proteins in frontal grey matter

Gene ontology (GO) enrichment of the 10 most highly enriched biological processes (A, C, E) and molecular
functions (B, D, F) for differentially expressed proteins meeting criteria of FDR-corrected p-value < 0.05
and fold change greater than 25% between groups in (A, B) FTD-GRN cases compared to controls, (C, D)
FTD-C9o0rf72 cases compared with controls, (E, F) FTD-GRN cases compared with FTD-C9orf72 cases. GO
terms shown meet p < 0.05 significantly enriched proteins in a biological process or molecular function.

Dotted line represents FDR corrected p-value (g-value) of 0.05 for GO term enrichment.
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Figure 3.3: Ingenuity Pathway Analysis of differentially expressed proteins in superior frontal grey
matter

Top 10 canonical pathways identified by Ingenuity Pathway Analysis as being enriched in the differentially
expressed proteins meeting statistical significance following FDR-adjustment between (A) FTD-GRN cases
and controls, (B) FTD-C9orf72 cases and controls and (C) FTD-GRN and FTD-C9orf72 cases. Vertical yellow
line indicates p-value of 0.05 for significant enrichment of proteins within canonical pathways. Within
each comparison, orange boxes indicate upregulated pathways, blue boxes indicate downregulated
pathways, white boxes indicate pathways that have a z-score of 0 or are ineligible for analysis due to fewer
than 4 proteins associated with the pathway, and grey boxes indicate that no activity prediction could be

made.
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Figure 3.4: Differentially expressed proteins between FTD-GRN and FTD-C9orf72 cases identified in the oxidative phosphorylation pathway

Significantly affected proteins in FTD-GRN compared to FTD-C90rf72 cases identified in the oxidative phosphorylation pathway. Shading indicates

direction of protein abundance and predicted activation and inhibition of effector proteins. Schematic generated with Ingenuity Pathway Analysis.
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Figure 3.5: Differentially expressed proteins in frontal grey matter

Relative abundance of selected differentially expressed proteins identified in (A-D) mitochondrial

dysfunction/oxidative phosphorylation pathways, (E-H) synaptogenesis signalling pathways. Protein

abundances significantly altered following one-way ANOVA adjusted for PMI and age, with p-values

adjusted for the false discovery rate. Asterisks indicate a significant difference compared to the control

group in Tukey’s post-test: ¥*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.



3.3.2 Superior Frontal White Matter

In the heavily affected superior frontal white matter we identified 494,777 PSMs, resulting in

63,791 peptides and yielding a total of 5,984 unique proteins.

Comparison between sample groups by one-way ANOVA adjusted for age at death and PMI

yielded significantly different abundance of a total of 1,175 proteins after FDR correction.

Further filtering on the basis of >25% fold change in the comparison of FTD-GRN cases with
controls showed an increase in the abundance of 314 proteins and decreased abundance of 89
proteins (Figure 3.6 A, D). FTD-C9orf72 cases showed increases in 58 and a decrease in 8 proteins
compared with control cases (Figure 3.6 B, D). Comparison of the two FTD groups showed
differential expression of the abundance of 98 proteins, with 93 increased and 5 decreased in

FTD-GRN cases compared with FTD-C9orf72 cases (Figure 3.6 C, D).

GO enrichment identified cell-cell and cell-matrix adhesion, and complement activation, classical
pathway as the most enriched biological processes in FTD-GRN cases compared to controls, and
enriched molecular functions including actin- and actin-filament binding, calmodulin binding,
cadherin binding and antigen binding (Figure 3.7 A, B). Comparing FTD-C9orf72 and controls, cell-
cell adhesion was the single enriched biological process and calcium-dependent protein binding
the only significantly enriched molecular function(Figure 3.7 C, D). Epithelial cell-cell adhesion
was the only enriched biological process identified between the two FTD groups, and no

significant molecular function enrichments were observed (Figure 3.7 E, F).

IPA identified EIF2 signalling as the most strongly enriched canonical pathway in both FTD-GRN
and FTD-C9orf72 cases compared with controls, with mTOR signalling also highly enriched. In
FTD-GRN cases compared with controls, remodelling of epithelial adherens junctions and integrin
signalling were upregulated, and 14-3-3 mediated signalling was downregulated (Figure 3.8 A,
B). Comparison between FTD-GRN and FTD-C9orf72 cases showed upregulation of remodelling
of epithelial adherens junction and EIF2 signalling, downregulation of mTOR signalling and

enrichment of the phagosome maturation pathway (Figure 3.8 C).
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Significant overlap was observed between proteins identified in the EIF2 and mTOR signalling
pathways, which is unsurprising as both pathways are involved in the regulation of protein
synthesis (Saxton et al. 2017, Adomavicius et al. 2019). Abundance of the EIF2 and mTOR
signalling pathway constituent proteins AKT3 was decreased in FTD-GRN cases compared with
controls, while levels of both RHEB and EIF3D were increased in both FTD groups compared with
control cases (Figure 3.9 A-C). The abundance of GPNMB, a cell adhesion pathway protein was
significantly increased in both FTD groups compared with control cases, and higher in FTD-GRN
compared with FTD-C9orf72 cases (Figure 3.9 D). Within the remodelling of epithelial adherens
junctions pathway, abundance of the catenin alpha 2 protein CTNNA2, responsible for cellular
adhesion was increased in both FTD groups, while abundance of the late endosome protein
RAB7A was increased in FTD-GRN cases compared with both FTD-C90rf72 and control cases
(Figure 3.9 E-F) (Fanjul-Fernandez et al. 2013). The abundance of the phagosome maturation
pathway proteins, the lysosomal proteases cathepsins D and Z, CTSD and CTSZ, respectively, were
both increased in FTD-GRN cases compared to both FTD-C9orf72 and control cases, while CTSD

was also increased in FTD-C9orf72 cases compared to controls (Figure 3.9 G-H).
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Figure 3.6: Differentially expressed proteins in superior frontal white matter

Volcano plots showing differentially expressed proteins in (A) FTD-GRN cases compared to controls, (B)
FTD-C90rf72 cases compared with controls, (C) FTD-GRN cases compared with FTD-C9orf72 cases.
Differentially expressed proteins meeting by FDR-adjusted p-value (g-value) < 0.05 by overall ANOVA, p <
0.05 in Tukey’s post-hoc test and fold change greater than 25% indicated by coloured circles in each
comparison. Dotted line indicates g = 0.05. Arrows indicate increase or decrease in number of
differentially expressed proteins meeting all 3 criteria (D) Venn diagram summary of overlap of number

of differentially expressed proteins between the 3 sample groups.
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Figure 3.7: Gene ontology enrichment of differentially expressed proteins in frontal white matter

Gene ontology (GO) enrichment of the 10 most highly enriched biological processes (A, C, E) and molecular

functions (B, D, F) for differentially expressed proteins meeting criteria of FDR-corrected p-value < 0.05

and fold change greater than 25% between groups in (A, B) FTD-GRN cases compared to controls, (C, D)

FTD-C90rf72 cases compared with controls, (E, F) FTD-GRN cases compared with FTD-C9orf72 cases. GO

terms shown meet p < 0.05 significantly enriched proteins in a biological process or molecular function.

Dotted line represents FDR corrected p-value (g-value) of 0.05 for GO term enrichment.
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Chapter 3 — Proteomics

Figure 3.8: Ingenuity Pathway Analysis of differentially expressed proteins in frontal white matter

Top 10 canonical pathways identified by Ingenuity Pathway Analysis as being enriched in the differentially
expressed proteins meeting statistical significance following FDR-adjustment between (A) FTD-GRN cases
and controls, (B) FTD-C9orf72 cases and controls and (C) FTD-GRN and FTD-C9orf72 cases. Vertical yellow
line indicates p-value of 0.05 for significant enrichment of proteins within canonical pathways. Within
each comparison, orange boxes indicate upregulated pathways, blue boxes indicate downregulated
pathways, white boxes indicate pathways that have a z-score of 0 or are ineligible for analysis due to fewer
than 4 proteins associated with the pathway, and grey boxes indicate that no activity prediction could be

made.
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Figure 3.9: Differentially expressed proteins in frontal white matter

Relative abundance of selected differentially expressed proteins identified in (A-C) EIF2 signalling/mTOR
signalling, (D) cell adhesion, (E-F) remodelling of epithelial adherens junctions, (G-H) phagosome
maturation. Protein abundances significantly altered following one-way ANOVA adjusted for PMI and
age, with p-values adjusted for the false discovery rate. Asterisks indicate a significant difference

compared to the control group in Tukey’s post-test: *p < 0.05; **p < 0.01; ***p <0.001, ****p <0.0001.
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3.3.3 Superior Parietal Grey Matter

In the superior parietal grey matter tandem mass spectrometry proteomics identified 456,952
PSMs, resulting in 62,459 peptides and yielded a total of 5,547 unique proteins after data

filtering.

Following comparison between sample groups by one-way ANOVA adjusted for age at death and
PMI, the abundance of a total of 27 proteins were significantly different after FDR correction

(Figure 3.10).

Applying a minimum 25% change in protein abundance produced 3 proteins that were increased
in FTD-GRN compared to control cases (APOD, MOB3A, GM2A), and 4 that were decreased
(TARS2, MT-ATP8, FAM162A, SLC4A7). No proteins were significantly altered in FTD-C9orf72
compared to control cases (Figure 3.10 B, D). Comparison of the two FTD groups showed
differential abundance of 2 proteins, with 1 increased (APOD) and 1 decreased (MT-ATPS8) in FTD-
GRN compared with FTD-C9orf72 cases (Figure 3.11 C-F). Differences in these proteins between
the two FTD groups were driven by altered protein abundance in the FTD-GRN group (Figure
3.11), which may indicate that these changes are a direct result of GRN mutations as opposed to

the general effect of neurodegeneration in FTD.

GO enrichment for the comparison between FTD-GRN cases and controls yielded a single
enriched biological process and molecular function, both related to lipid transport, however, the
enriched pathways did not meet significance following FDR correction (Figure 3.12). Comparisons
between FTD-C9orf72 cases and controls, and between the two FTD groups did not identify any

significant enrichments.

Similarly, due to the small number of differentially expressed proteins in this brain region, IPA

did not identify significant changes in canonical pathways.
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Figure 3.10: Differentially expressed proteins in the superior parietal grey matter

Abundance of proteins significantly altered following one-way ANOVA adjusted for PMI and age, with p-
values adjusted for the false discovery rate. Heatmap showing log2 transformed fold change compared
with control group. Asterisks indicate a significant difference compared to the control group in Tukey’s

post-test: *p < 0.05; **p <0.01; ***p < 0.001.
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Figure 3.11: Differentially expressed proteins in superior parietal grey matter

Volcano plots showing differentially expressed proteins in (A) FTD-GRN cases compared to controls, (B)
FTD-C9o0rf72 cases compared with controls, (C) FTD-GRN cases compared with FTD-C9orf72 cases.
Differentially expressed proteins meeting FDR-adjusted p-value (g-value) < 0.05 and fold change greater
than 25% are indicated by coloured circles in each comparison. Dotted line indicates g = 0.05. Arrows
indicate increase or decrease in number of differentially expressed proteins meeting g-value and fold
change criteria (D) Venn diagram summary of overlap of number of differentially expressed proteins
between the 3 sample groups, abundance of (E) MT-ATP8 and (F) APOD in each sample. Asterisks indicate
a significant difference compared to the control group in Tukey’s post-test: *p<0.05; **p<0.01;

**#xp < 0.001, ****p < 0.0001.
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Figure 3.12: Gene ontology enrichment of differentially expressed proteins in superior parietal white
matter

Gene ontology (GO) enrichment of enriched biological processes (A) and molecular functions (B) for
differentially expressed proteins (FDR-adjusted p < 0.05 and > 25% fold-change) in FTD-GRN cases
compared to controls. Dotted line represents FDR corrected p-value (g-value) of 0.05 for GO term

enrichment
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3.3.4 Superior Parietal White Matter

In the superior parietal white matter we identified 453,020 PSMs, resulting in 56,106 peptides
and yielding a total of 5,220 identified proteins. Comparison between sample groups by one-way
ANOVA adjusted for age at death and PMI yielded significantly different abundance of a total of

503 proteins after FDR correction.

Further filtering of significant proteins by fold change in the comparison of FTD-GRN cases with
controls showed an increase in 144 proteins and decrease in 14 proteins (Figure 3.13 A, D). FTD-
C9orf72 cases showed significant differences in the abundance of 16 proteins, all increased
compared with control cases (Figure 3.13 B, D). Comparison of the two FTD groups showed 60
increased and 4 decreased proteins in FTD-GRN cases compared with FTD-C9orf72 cases (Figure

3.13C, D).

The comparison between FTD-GRN cases and controls yielded several enriched GO terms. The
most highly enriched biological processes were cell-cell adhesion, nucleosome positioning,
integrin-mediated signalling, and hydrogen peroxide biosynthetic process, while for molecular
functions, protein binding and structural constituent of chromatin were most enriched (Figure
3.14 A, B). No significant enrichments identified for protein pathways between FTD-C90rf72 cases
and controls met the FDR-correction threshold (Figure 3.14 C, D). Likewise, comparison between
the two FTD groups showed no significant enrichment for biological process, while enriched
molecular functions were observed, most significantly in calcium-dependent protein binding and

protein homodimerization activity (Figure 3.14 E, F).

IPA identified numerous enriched pathways in all 3 comparisons, several of which were common
between all comparisons, such as the germ cell-Sertoli cell junction signalling and integrin
signalling pathways (Figure 3.15). In FTD-GRN cases compared to controls, downregulated 14-3-
3 mediated signalling and upregulated epithelial adherens junction signalling pathways were
identified (Figure 3.15 A). Comparing FTD-C9orf72 cases and controls identified downregulated

IL-22 signalling and mevalonate pathway | (Figure 3.15 B). Pathways affected in the comparison
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between FTD-GRN and FTD-C9orf72 cases included epithelial adherens junction signalling and
integrin signalling (Figure 3.15 C).

Further inspection of the epithelial adherens junction signalling pathway showed increased
abundance of ANAX2 in both FTD groups and increased abundance of CTNN2 in FTD-GRN cases
compared to both FTD-C9orf72 cases and controls, while FTD-C9orf72 cases showed a trend
increase, exhibiting similar changes to abundance observed in the frontal white matter (Figure
3.16 A-B). Mevalonate pathway proteins HMGCS1 and MVK were significantly decreased in both
FTD cases compared to controls and significantly lower in FTD-GRN cases compared to FTD-
C9orf72 cases (Figure 3.16 C-D). 14-3-3 signalling and IL-22 signalling pathways showed overlap
of protein constituents. Levels of both AKT3 and MAPK were significantly lower in both FTD
groups compared with controls (Figure 3.16 E-F). Integrin signalling pathway protein ILK showed
increased abundance in both FTD groups compared with controls, and also significantly increased
in FTD-GRN cases compared with FTD-C9orf72 cases (Figure 3.16 G). GPNMB abundance was
markedly increased in FTD-GRN cases compared with both FTD-C90rf72 cases and controls, with

C9orf72 cases showing a trend increase in this brain region (Figure 3.16 H).
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Figure 3.13: Differentially expressed proteins in superior parietal white matter

Volcano plots showing differentially expressed proteins in (A) FTD-GRN cases compared to controls, (B)
FTD-C90rf72 cases compared with controls, (C) FTD-GRN cases compared with FTD-C9orf72 cases.
Differentially expressed proteins meeting by FDR-adjusted p-value (g-value) < 0.05 by overall ANOVA, p <
0.05 in Tukey’s post-hoc test and fold change greater than 25% indicated by coloured circles in each
comparison. Dotted line indicates g = 0.05. Arrows indicate increase or decrease in number of
differentially expressed proteins meeting all 3 criteria (D) Venn diagram summary of overlap of number

of differentially expressed proteins between the 3 sample groups.
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Figure 3.14: Gene ontology enrichment of differentially expressed proteins in parietal white matter

Gene ontology (GO) enrichment of the 10 most highly enriched biological processes (A, C, E) and molecular
functions (B, D, F) for differentially expressed proteins meeting criteria of FDR-corrected p-value < 0.05
and fold change greater than 25% between groups in (A, B) FTD-GRN cases compared to controls, (C, D)
FTD-C90rf72 cases compared with controls, (E, F) FTD-GRN cases compared with FTD-C90rf72 cases. GO
terms shown meet p < 0.05 significantly enriched proteins in a biological process or molecular function.

Dotted line represents FDR corrected p-value (g-value) of 0.05 for GO term enrichment.
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Figure 3.15: Ingenuity Pathway Analysis of differentially expressed proteins in parietal white matter

Top 10 canonical pathways identified by Ingenuity Pathway Analysis as being enriched in the differentially
expressed proteins meeting statistical significance following FDR-adjustment between (A) FTD-GRN cases
and controls, (B) FTD-C9orf72 cases and controls and (C) FTD-GRN and FTD-C9orf72 cases. Vertical yellow
line indicates p-value of 0.05 for significant enrichment of proteins within canonical pathways. Within
each comparison, orange boxes indicate upregulated pathways, blue boxes indicate downregulated
pathways, white boxes indicate pathways that have a z-score of 0 or are ineligible for analysis due to fewer
than 4 proteins associated with the pathway, and grey boxes indicate that no activity prediction could be

made.
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Figure 3.16: Differentially expressed proteins in parietal white matter

Relative abundance of selected differentially expressed proteins identified in (A, B) epithelial adherends

junction signalling,

(C-D) mevalonate pathway,

(E, F) 14-3-3 signalling/ 1L-22 signalling (G), integrin

signalling, (H) cell adhesion. Protein abundances significantly altered following one-way ANOVA adjusted

for PMI and age, with p-values adjusted for the false discovery rate. Asterisks indicate a significant

difference compared to the control group in Tukey’s post-test: *p <0.05; **p<0.01; ***p<0.001,

*#**p <0.0001.
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3.4 Discussion

This chapter describes the first proteomic analysis of post-mortem FTD brain from cases
carrying GRN and C9orf72 mutations compared with normal controls. We discovered that the
proteomic signatures of FTD with TDP-43 neuropathology differ between cases with GRN and
C9orf72 mutations more than within the genotype groups and describe proteomic changes in
the relatively unaffected parietal lobe (Mahoney et al. 2012, Cash et al. 2018) for the first
time. The most significant changes were observed in the heavily-affected frontal grey matter,
while the least significant changes occurred in the relatively-unaffected parietal grey matter.
Proteomic changes in all brain regions were more substantial in FTD-GRN cases than FTD-
C9orf72 cases, reflecting more aggressive neurodegeneration in FTD-GRN cases (Rohrer et al.
2010, Ameur et al. 2016). Interestingly, proteomic changes were significantly greater in
parietal white compared to parietal grey matter of FTD-GRN and FTD-C9orf72 cases, in
agreement with our lipidomic findings (Marian et al. 2023). This suggests that FTD impacts on
white matter prior to grey matter, and implies that degeneration of myelin and neuronal

axons precede neuronal loss.

In the heavily affected superior frontal grey matter, one of the most significant changes to
the proteome between the two FTD groups was decreased abundance of mitochondrial
respiratory complex proteins in FTD-GRN cases compared with FTD-C9orf72 cases. In line with
these results, in chapter 2, we demonstrated acylcarnitine accumulation in this brain region
in FTD-GRN cases alone, suggestive of impaired mitochondrial function, as acylcarnitines are
formed to transport fatty acids into the mitochondria for B-oxidation (Rinaldo et al. 2002,
Marian et al. 2023). Mitochondrial dysfunction has been described as a feature of Alzheimer’s
disease (AD) and Parkinson’s disease (PD), and recently in FTD-GRN cases as well as ALS cases
carrying C9orf72 repeat expansions (Lin et al. 2006, Mehta et al. 2021, Miedema et al. 2022).
Subunits from all respiratory chain complexes were decreased in FTD-GRN cases compared
with controls, however when compared with FTD-C9orf72 cases, the components that were
differentially affected in FTD-GRN cases were primarily complex I, IV and V (ATP synthase).
Similar findings are observed in the parietal grey matter, where abundance of the
mitochondrial ATP synthase subunits MT-ATP8 and ATP5MJ are both significantly decreased
in FTD-GRN cases, while ATP5MJ alone is decreased in FTD-C9orf72 cases. Mitochondrially-
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encoded MT-ATPS8 is a component of the FO subunit of ATP synthase, and its loss has been
associated with mitochondrial dysfunction, impaired energy production and increased
production of reactive oxygen species (ROS) (Housték et al. 2006, Morava et al. 2006, Weiss
et al. 2012). Abundance of the mitochondrial threonyl tRNA synthetase TARS2 is also
significantly decreased specifically in FTD-GRN cases in the parietal grey matter, which may
indicate that synthesis of mitochondrially-encoded proteins is decreased in these cases

(Zheng et al. 2021).

Homozygous GRN loss leads to the lysosomal storage disease neuronal ceroid lipofuscinosis
(NCL), and interestingly, a well-described pathological feature of NCL is accumulation of the
lipophilic subunit C of mitochondrial ATP synthase (SCMAS) within lipofuscin deposits in
neuronal lysosomes (Ezaki et al. 1995). SCMAS accumulation is thought to result from
abnormal lysosomal catabolic function, and has also been described in lysosomal lipofuscin
inclusions in FTD-GRN cases (Gotzl et al. 2014, Palmer 2015, Ward et al. 2017). While it is
unclear whether previously described accumulation of undegraded SCMAS and the loss of
mitochondrial proteins we observe in FTD-GRN cases are closely connected pathologically,
myelin degeneration has been proposed to alter neuronal energetics and promote
mitochondrial stress (Dutta et al. 2006, Lee et al. 2012, Ravera et al. 2015). Neurons are not
thought to readily utilise B-oxidation for energy production, however disrupted B-oxidation
in glial cells has the potential to disrupt neuronal energetics indirectly, as upon neurons rely
heavily on these cell types for the provision of energy substrates (Bélanger et al. 2011).
Oligodendrocytes provide energy substrates to neurons for ATP production, and myelin
decreases the energetic demand on neurons by providing insulation to neuronal axons and
concentrating voltage gated sodium ion channels at the nodes of Ranvier (Pedraza et al. 2001,
Dutta et al. 2006, Finfschilling et al. 2012, Lee et al. 2012). Neurons are energetically
demanding cells and generate the majority of their ATP through oxidative phosphorylation, a
process that produces high levels of ROS (Massaad et al. 2011, Zheng et al. 2016). In the
absence of myelin, the increased energy demand on neurons from increased ATP production
is likely to produce high levels of ROS, which in turn has the potential to lead to oxidative
stress, damaging mitochondria and promoting neurodegeneration (Nolfi-Donegan et al. 2020,
Sinenko et al. 2021, Ullah et al. 2021). Our previous findings indicate that demyelination is a

pronounced feature in the corresponding frontal white matter in FTD-GRN cases, and more
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severe than in FTD-C9orf72 cases, which has the potential to destabilise neuronal energetics,
promote mitochondrial dysfunction and promote clearance of damaged mitochondria

(Martins et al. 2015, Marian et al. 2023).

The synaptogenesis signalling pathway was downregulated in the frontal grey matter in both
FTD groups but was more pronounced in FTD-GRN cases. This is exemplified by decreased
abundance of glutamatergic NMDA and AMPA receptor subunits (GRIN2A, GRIA4), the NMDA
receptor-binding calcium/calmodulin-dependent protein kinase 2A (CAMK2A) and
synaptotagmin 2 (SYT2), important for Ca?* dependent neurotransmitter release (Lisman et
al. 2002, Pang et al. 2006). Synaptic dysfunction has been described as a feature of FTD cases
previously, and increased microglial-mediated synaptic pruning has been described in both
FTD-GRN and FTD-C9orf72 cases (Ferrer 1999, Lui et al. 2016, Murley et al. 2018, Lall et al.
2021). Additionally, NMDA receptor hypofunction has previously been reported in a mouse
model of FTD (Warmus et al. 2014). Consistent with these findings, the NMDA receptor
antagonist memantine, while widely used to treat the glutamate-mediated excitotoxicity
symptoms of AD, is not a beneficial treatment in FTD cases (Parsons et al. 2007, Boxer et al.
2013). Importantly, synaptic transmission is an energetically demanding process, and the
mitochondrial dysfunction signature we observe in both FTD groups in this brain region may
impact the capacity for synaptic transmission (Harris et al. 2012). Additionally, our chapter 2
results showed significantly lower levels of the abundant neuronal marker Blll-tubulin and a
trend decrease of the axonal marker neurofilament light in FTD-GRN cases in the frontal white
matter, which may indicate that the downregulated synaptic signalling pathway observed in
the frontal grey matter may partially result from a gross loss of neurons, reflecting the general

neurodegenerative process (Marian et al. 2023).

In the heavily affected superior frontal white matter, cell adhesion and related pathways such
as remodelling of epithelial adherens junctions and integrin binding were upregulated in both
FTD groups, and similarly, this feature was observed in the parietal white matter. This may be
a result of active remodelling of the extracellular matrix following neurodegeneration, and
accordingly, related molecular function GO terms, such as actin and cadherin binding are also
enriched in the frontal grey matter, but more notably in FTD-GRN cases (Pinheiro et al. 2018,
Tewari et al. 2022).
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A pronounced increase in the abundance of glycoprotein nonmetastatic melanoma protein B
(GPNMB) was observed in the heavily affected frontal white matter in both FTD groups, while
in the less-affected parietal white matter GPNMB increase was observed in FTD-GRN cases
only. Proteomic analysis of brain samples from aged Grn-/- mice similarly identified a
pronounced increase of GPNMB levels, and its increased abundance was confirmed in FTD-
GRN cases by immunostaining, with the most pronounced increase observed in the frontal
white matter and colocalising with the microglial marker Ibal (Huang et al. 2020). GPNMB is
highly expressed in microglia, and is thought to play a role in phagocytosis, particularly in
response to lipid accumulation (Li et al. 2010, Satoh et al. 2019). GPNMB upregulation has
been shown in response to demyelination, and upon lipid accumulation following
pharmacological inhibition of the lysosomal lipase glucocerebrosidase (Vardi et al. 2016,
Moloney et al. 2018, Taghizadeh et al. 2022). Its accumulation has also previously been
reported in brain tissue of AD, PD, ALS motor neurons and CSF of adrenoleukodystrophy
cases, potentially signifying a common disease mechanism involving lysosomal dysfunction
and demyelination in these neurodegenerative diseases, which is in line with our findings of
more pronounced demyelination in FTD-GRN cases compared with FTD-C9orf72 cases in this
brain region (Nagahara et al. 2017, Moloney et al. 2018, Satoh et al. 2019, Taghizadeh et al.
2022, Marian et al. 2023).

Phagosome maturation was also identified as an enriched pathway in the frontal white
matter. Increased abundance of the lysosomal protease cathepsin D (CTSD) was observed in
both FTD groups while cathepsin Z (CTSZ) was increased only in FTD-GRN cases. Progranulin
has been shown to regulate the function of CTSD, essential for the cleavage of prosaposin
into individual saposins A-D (Beel et al. 2017, Valdez et al. 2017). Increased levels of both
CTSD and CTSZ was similarly observed in frontal cortex from Grn -/- mice and CTSD
accumulation has also been observed in frontal cortex of FTD-GRN cases (Gotzl et al. 2014,
Huang et al. 2020). Under physiological conditions, both GRN and C9orf72 have roles related
to lysosomal function, and therefore these findings may be indicative of an increased
degradative compensation for the accumulation in the number or size of lysosomes in both
FTD-GRN and FTD-C9orf72 cases as noted by other groups (O'Rourke et al. 2016, Evers et al.
2017, Ward et al. 2017).
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In the less-affected parietal grey matter region, a single enriched pathway was identified in
lipid transport in FTD-GRN cases compared to controls, but did not meet significance following
FDR correction. Isobaric labelling, allowing for relative quantitation of protein levels robustly
across individual samples ensured that all identified proteins could be directly compared
across the 3 sample groups. However, a phenomenon of isobaric labelling is the potential of
ion interference to dampen the observed fold change (Savitski et al. 2013, Li et al. 2014). The
lack of significant GO enrichments can likely be attributed to the reasonably stringent criteria
potentially masking some of the more subtle protein changes in the less-affected brain

regions.

It is interesting to note that proteomic changes in the parietal lobe are more severe in the
WM than the GM, and a substantial proportion of the significantly affected proteins identified
in the GM occur in proteins involved in lipid metabolism (APOD, GM2A, S1PR1, HYCC2).
Apolipoprotein D (APOD) was significantly increased between FTD-GRN and FTD-C9orf72
cases. APOD is a lipid transporter induced by oxidative stress and inflammation and proposed
to have neuroprotective roles through its antioxidant activity, playing a role in preventing lipid
peroxidation (Ganfornina et al. 2008, Bhatia et al. 2012, Bhatia et al. 2013). Abundance of the
ganglioside GM2 activator protein (GM2A) was also strongly increased in both FTD groups
and especially in FTD-GRN cases. GM2 activator protein acts to facilitate breakdown of
gangliosides, sialic acid-containing lipids enriched in neuronal cell membranes, in a similar
mechanism to which saposins facilitate function of sphingolipid catabolic enzymes (Schnaar
et al. 2014, Sandhoff 2016). Interestingly, progranulin is thought to play a role in ganglioside
catabolism through its interaction with the ganglioside catabolic enzyme hexosaminidase A,
with a recent study showed evidence of ganglioside accumulation FTD-GRN cases (Chen et
al. 2018, Boland et al. 2022). Increased abundance of GM2A may be indicative of increased
catabolism of GM2 gangliosides in both FTD groups in this brain region, or a consequence of
increased lysosomal content, indicating common dysregulation in FTD caused by these gene

mutations.

In the less affected parietal white matter region, reduced abundance of proteins involved in
the mevalonate pathway were observed in both FTD groups. The mevalonate pathway is
responsible for production of isoprenoid and sterol precursors for cholesterol synthesis

(Buhaescu et al. 2007). Decreased abundance of the HMG CoA synthase enzyme HMGCS1,
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responsible for the synthesis of HMG-CoA, and mevalonate kinase enzyme MVK, which
catalyses the first committed step for the mevalonate pathway were observed in both FTD
groups, but were most pronounced in FTD-GRN cases. This is an interesting finding in light of
our chapter 2 results, where we uncovered significant accumulation of cholesterol esters in
FTD-GRN cases, with a trend decrease in unesterified cholesterol in both FTD groups in this
brain region. In light of the concomitant phagocytic and lysosomal alterations observed in this
brain region we hypothesised that impaired turnover of cholesterol released from myelin may
be being stored as cholesterol esters (Cantuti-Castelvetri et al. 2018, Marian et al. 2023). To
this end, impaired lysosomal function and impaired lipid degradation pathways have been
shown to be an early pathological finding in Grn-/- mice (Huang et al. 2020). Impaired
cholesterol clearance has been shown to decrease the rate of cholesterol synthesis and impair
remyelination, and the accumulation of esterified cholesterol in the parietal white matter of
FTD-GRN cases may explain the more prominent loss in the enzymes required to produce
cholesterol synthesis precursors (Lund et al. 2003, Cantuti-Castelvetri et al. 2018, Berghoff et
al. 2022). Importantly, the mevalonate pathway is also responsible for the formation of
ubiquinone, a mitochondrial electron transporter with antioxidant properties, essential for
protecting mitochondrial DNA against oxidative damage and preventing membrane lipid

peroxidation (Pobezhimova et al. 2000, Crane 2001).

A challenge of profiling post-mortem human brain samples is the difficulty in teasing apart
changes that result specifically from the genetic causes underlying inherited FTD from those
changes resulting from the neurodegenerative process common to FTD in general. Therefore,
it would be beneficial to determine whether the proteomic changes we observe in these cases
are shared with sporadic FTD cases, in order to better understand the gene versus general
FTD changes. Additionally, applying cell-type enrichment methods would improve our
understanding of the contribution of distinct cell types to the proteomic changes observed

and potentially identify cell-type specific dysregulated pathways.
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3.5 Conclusion

In this chapter we describe proteomic changes in post-mortem brain tissue from FTD cases
carrying the most common genetic mutations leading to behavioural variant FTD with TDP-43
pathology, heterozygous loss of GRN and C9orf72 repeat expansions. For the first time, we
describe proteomic changes to both heavily affected and less affected brain regions, including
in understudied white matter, and relate these changes to our matched lipidomic findings.
We have determined that FTD-GRN and FTD-C9orf72 cases show strong dysregulation in both
grey and white matter regions, however, FTD-GRN cases show a stronger protein
dysregulation signature than FTD-C9orf72 cases in all brain regions profiled. We have
uncovered dysregulated pathways in common between the two FTD groups, including
significant loss of mitochondrial and synaptic proteins in grey matter, which was more
pronounced in FTD-GRN cases compared with FTD-C9orf72 cases. In white matter,
phagosome maturation pathway proteins were increased and mevalonate pathway proteins
were decreased, and we observe agreement between our proteomic and lipidomic findings.
Further investigation into proteomic changes in sporadic FTD cases would further our

understanding of the mechanisms by which inherited gene mutations predispose to FTD.
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Chapter 4: Investigating the myelin lipid galactosylceramide as a

plasma biomarker of FTD

4.1 Background

Myelin is highly enriched in cholesterol and two glycosphingolipids that are relatively unique
to myelin: galactosylceramide and sulfatide (Schmitt et al. 2015). Galactosylceramide (GalCer,
also known as cerebroside) and sulfatide (ST) constitute approximately 19% and 4%,
respectively, of the dry weight composition of myelin in the CNS (O'Brien et al. 1965). Myelin
GalCer is preferentially formed from very long chain ceramides, constituting a sphingosine
backbone and commonly a C22-C24 N-acyl chain. In the CNS, these lipids are synthesised

exclusively by ceramide synthase 2 in oligodendrocytes (Laviad et al. 2008, Teo et al. 2023).

Whereas GalCer makes up over 99% of hexosylceramide (HexCer) in the CNS, its structural
isomer Glucosylceramide (GluCer) is the more abundant isomer in organs other than the brain
(Vanier et al. 1975, Reza et al. 2021). GalCer and GluCer differ only in the orientation of
a single hydroxyl group on the hexose headgroup (Figure 4.1). Since these isomers cannot
be distinguished on the basis of mass or through conventional lipidomic analyses
employing reverse-phase LC-MS/MS, they are generally referred to as HexCer. Separation
of GalCer and GluCer requires specialised normal phase chromatography (Boutin et al.
2016) or differential ion mobility separation (Xu et al. 2019) coupled to mass
spectrometry. Alternatively, the isomers can be distinguished using traditional

biochemical methods following thin layer chromatography (Vanier et al. 1975).

Recent, unpublished research by our collaborators at the Brain and Mind Centre, University
of Sydney, has identified several novel deleterious mutations in genes that are crucially
involved in myelin lipid biosynthesis or catabolism, in people diagnosed with FTD. These
include ARSA, FA2H, ASPA CYP27A1, and peroxisomal biogenesis (PEX) genes. As with GRN,
homozygous mutation of these genes results in severe demyelinating disorders (Edvardson et
al. 2008, Waterham et al. 2012, Beytia Mde et al. 2014, Nie et al. 2014, Cesani et al. 2016) .

Due to their rarity, it has not been established whether these novel mutations cause FTD
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through disrupted brain lipid metabolism, however the strong association of GRN mutations
with white matter (WM) loss and tendency for WM loss to feature prominently in all FTD

cases suggests that these mutations may be causal (Lok et al. 2021, Marian et al. 2023).

Our collaborators (A/Prof Woojin Kim and A/Prof John Kwok) also observed that plasma
HexCer levels are generally lower in people with FTD, although no statistically significant
reduction in total HexCer was reported (Kim et al. 2018). Separation of GalCer and GluCer has
previously been achieved, with the primary goal being to investigate how levels of GluCer are
altered (Gegg et al. 2015, Boutin et al. 2016, Hamler et al. 2017, Logan et al. 2021). Previous
publications detailing HexCer isomer separation methods have not reported quantification of
GalCer in plasma, and the utility of GalCer as a peripheral diagnostic and prognostic biomarker

of CNS myelin integrity in FTD has not been explored.

In order to determine whether levels of GalCer in plasma can be used as a biomarker of myelin
defects in FTD, we developed a method to separate GalCer from GluCer in plasma samples,
using HILIC chromatography coupled to tandem mass spectrometry. This method was applied
to both sporadic bvFTD cases and the FTD cases carrying mutations that are postulated to
affect WM integrity. We determined that plasma levels of galactosylceramide from FTD
patients are significantly reduced in both sporadic FTD cases and FTD cases carrying novel
mutation compared with control cases. Due to the sensitivity of the chromatography to minor
perturbations in sample preparation, solvent composition, or instrument sensitivity, further

investigation is required to determine a reference range for control cases.
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Figure 4.1: Structure of the isomers Galactosylceramide and Glucosylceramide

GalCer and GluCer differ in structure by the orientation of the of C-4 hydroxyl group of the hexose

headgroup (shown within the red boxes).
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4.2 Methods

4.2.1 Mouse brain samples

Mice deficient for ceramide synthase 2 in oligodendrocytes (CerS2°%/2°) and floxed gene controls
(CerS2"/f) were generated as described in (Teo et al. 2023). Whole brain homogenates and isolated

myelin were prepared as described (Teo et al. 2023).

4.2.2 Human plasma samples

Plasma samples were obtained from the FRONTIER Clinic at the Brain and Mind Centre, from a
preliminary cohort of 17 of each sporadic FTD patients, FTD patients carrying novel mutations, and
age-matched controls (Table 4.1), and a validation cohort of 14 sporadic FTD patients and age-
matched controls (Table 4.2). Plasma samples were collected between 2008 and 2018 and stored at -
80°C until further use. Samples were obtained under Human Research Ethics Committee approval
from South Eastern Sydney Local Health Service (10/192) and The University of New South Wales
(10/092).

4.2.3 Whole exome sequencing

Whole exome sequencing and bioinformatics were carried out as previously described (Dobson-Stone

et al. 2020). Candidate variants were then prioritized in terms of the following criteria:

(1) Variants in genes that have been associated with white matter pathology; (2) Ultra-rare in human
population (allele frequency < 0.00001) using public access databases such as EXAC; (3) Loss-of-
function mutations such as stop-gain or frameshift mutations; (4) Mutation classified as ‘pathogenic’

or ‘likely pathogenic’ in public access database such as ClinVAR.
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Table 4.1: Demographic information for preliminary cohort

* Denotes samples with matched serum. bvFTD = behavioural variant FTD, CBD = corticobasal degeneration, PNFA = progressive non-fluent aphasia, SD = semantic
dementia, AD = Alzheimer’s disease, dbSNP = Database for Single Nucleotide Polymorphisms.

Control Sporadic bvFTD FTD Novel Mutation Carriers

Case Case Clinical Case Clinical Base position .

D Sex | Age D Sex Age syndrome D Sex Age syndrome Affected Gene (build hg19) Protein dbSNP
*c1 M 68| F2  F 65  bvFTD ML M 75 bvFTD ASPA (Kaul et al. 1994, Tahmaz et al. 2001) 3384956 p.L99X | rs759524474
2 M 71| BB F 65  bvFTD M2  F 51 bvFTD PEX1 (Barth et aI.22001021), Waterham et al. 92132417 p.L665V | rs1252221734
*c4 F 73| F4 F 68 bvfTD | *M3 M 66  bvFTD LAMAZ (Beytia Mgle ;8;8)2014' Arreguinet 129663524 | p14s0x | rs200923373
cs M 74| F5 M 67 bwTD | *M4 M 58 bvFTD GJAI (Kajiwara et al. 2018) 121768924  p.A31lfs | rs778110855
*66 F 75| F6 M 68 bvFTD | *M6 M 66 bvFTD ARSA (Stoeck et al. 2016, Penati et al. 2017) 51065818 0.G81S | rs759524474
*c7 F 75| F7 M 61  bvFTD M7 M 82 CBD CLIP1 (Larti et al. 2015) 122825676  p.M382fs Novel
*c8 F 65| F8 M 60 bvFTD | *M8 F 57 PNFA CYP27A1 (Nie et al. 2014) 219678909  p.R395C | rs121908096
O M 72| F9 M 72 bvFTD MO M 73 CBD 123513995 p'KS*ngfs Novel
*C10 M 64 | FIO F 55 bvFTD | M10 F 60 PFNA LAMAZ (Beytia 'V'dle ;-(; 23(') 2014, Arreguinet 179498995 | .G484V | rs781424807
*C11 M 68 | FI1 M 69  bvFTD | *M11 F 68 Logopenic al- 2020) 129470131  p.R306H | rs1023922833
*C12 F 80 | FI2 M 55 bvFTD | *M12 F 63 PFNA 129807739  p.H2620Y | rs746069321
C13 M 74| FI3 M 63 bwTD |*M13 M 82 PFNA PEXI (Barth et aI.22001021), Waterham et al. 92134096, pe7al | rs141509344
*C14 M 72 | F14 M 74  bwFTD | M14  F 63  SDleft PEXS (Barth et aI.22001021), Waterham et al. 7351635 p.W159X Novel
C15 F 70| FI5 M 68 bvFTD | *M15 M 70 AD PPT1 (MEtel'ts'nafgl"";') 2016, Sheth et al. 40555167 p.RASX | rs137852700
“C16 F 76 | F16 M 65 bvFTD | *M16 M 73  sDright A2 (Eckhardtet azlﬁ)gg)() > Edvardsonetal. || 74752830 p.HASR | rs761645282
c1i7 F 70| F1I7 M 75  bwTD | *M17 F 63 CBD TBK1 (Gijselinck et al. 2015, Wang et al. 2017) 64860723  p.R134H | s1264687081
*C18 M 75 | F1I8 M 62  bvFTD | M18 F 61 bvFTD GJAL (Kajiwara et al. 2018) 121768924  p.A31lfs | rs778110855
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https://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?type=rs&rs=rs746069321

Table 4.2: Demographic information for validation cohort

Control Sporadic bvFTD
Case ID Sex Age CaselID  Sex Age Clinical Syndrome
V_C1 F 68 V_F1 M 68 bvFTD
V_C2 F 70 V_F2 M 66 bvFTD
V_C3 F 75 V_F3 M 69 bvFTD
V_C4 F 80 V_F4 M 73 bvFTD
V_C5 F 66 V_F5 F 58 bvFTD
V_C6 F 71 V_F6 F 60 bvFTD
V_C7 M 60 V_F7 M 66 bvFTD
V_C8 M 58 V_F8 F 64 bvFTD
V_C9 F 66 V_F9 M 56 bvFTD
V_C10 F 57 V_F10 M 64 bvFTD
V_Cil1 M 56 V_Fi11 F 68 bvFTD
V_C12 F 76 V_F12 F 77 bvFTD
V_C13 F 67 V_F13 F 56 bvFTD
V_Ci4 M 72 V_Fi14 F 60 bvFTD

4.2.4 Lipid extraction

Lipids were extracted from 50 plL plasma samples using the two-phase methyl-tert-butyl ether
(MTBE)/methanol/water protocol (Matyash et al. 2008, Couttas et al. 2020). Plasma was
combined with 850 pL MTBE and 250 pL HPLC grade methanol containing 400 pmoles
GluCer(d18:1_12:0) internal standard (#860543, Avanti Polar Lipids). Samples were sonicated
in a 4°C water bath for 30 min. Phase separation was induced with the addition of 212 uL of
mass-spectrometry grade water, samples were vortexed and centrifuged at 2000 x g for 5
min, and the upper organic phase was collected in 5 mL glass tubes. The lower phase was
extracted twice more with the addition of 500 uL MTBE and 150 pL methanol followed by
sonication for 15 min and phase separation with 125 pL water. The upper phase was collected
into the same vial from all 3 extractions and dried down under vacuum on low heat in a Savant
SC210 SpeedVac (ThermoFisher Scientific). Lipids were reconstituted by 15 minutes of
sonication at 4°C in 100 uL of 100% HPLC grade methanol, and stored at -30°C for up to a
week before analysis. For the isomer separation assay, samples were briefly vortexed and

diluted 1:50 into 99% acetonitrile, 2% methanol, 0.75% water, 0.25% formic acid, and 2.5 mM
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ammonium formate (mass spectrometry grade solvents, Fisher Scientific) immediately prior

to running, to equate their solvent composition to the mobile phase used for the HPLC.

4.2.5 Lipidomics

Lipidomics was performed by targeted liquid chromatography-tandem mass spectrometry
(LC-MS/MS). For GluCer/GalCer isomer separation lipids were detected using a Sciex 6500+
QTRAP mass spectrometer coupled to a Shimadzu Nexera HPLC. Lipids were resolved ona 2.1
x 150 mm Agilent InfinityLab Poroshell 120 HILIC-Z HPLC column (2.7 um pore size), with
column oven at 30°C and an isocratic solvent comprising 97% acetonitrile, 2% methanol,
0.75% water, 0.25% formic acid, and 2.5 mM ammonium formate. Run time was 20 min, and

flow rate 0.1 mL/min.

ST and HexCer were quantified with a TSQ Altis triple quadrupole mass spectrometer coupled
to a Vanquish HPLC (Thermo Scientific). Lipids were resolved on a 3 x 150 mm Agilent ZORBAX
Eclipse XDB-C8 column (5 um pore size), with column oven at 30°C using an isocratic solvent
comprising 2 mM ammonium formate and 0.2% formic acid in 100% methanol. Run time was

10 min at a flow rate of 0.4 mL/min.

Data was acquired in full scan/data-dependent MS? mode, using the parameters in Table 4.3
for GluCer/GalCer separation, or Table 4.4 for ST and HexCer quantification. For both assays,
sample order was randomised, and data was collected in positive ion mode. SciexOS software
(version 1.7) or TraceFinder (version 5.1) were used for isomer separation and ST/HexCer
assays, respectively, for lipid annotation, chromatogram alignment, and peak integration. The
diagnostic 264.3 m/z sphingosine product ion was used for all transitions (Figure 4.2).
Individual lipids were expressed as ratios to the d18:1/12:0 GluCer internal standard
(#860543, Avanti Polar Lipids), then multiplied by the amount of internal standard added to
calculate molar amounts for each lipid. Commercial GalCer(d18:1/24:1) (#860432) and
GluCer(d18:1/24:1) (#860549) standards for optimisation were from Avanti Polar Lipids.
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Table 4.3: Selected reaction monitoring parameters used for isomer separation targeted mass
spectrometry data acquisition

Compound Precursor Product Collision Min RF Expected Elution

m/z m/z Energy Dwell Lens Time (min)

(V) Time (ms) (V) GluCer/GalCer

d18:1/12:0 HexCer 644.6 264.3 37 179.735 80 14.7/-

d18:1/16:0 HexCer 700.6 264.3 37 179.735 80 13.7/12.8
d18:1/18:1 HexCer 726.7 264.3 37 179.735 80 13.8/13.2
d18:1/18:0 HexCer 728.6 264.3 37 179.735 80 13.2/12.4
d18:1/20:0 HexCer 756.6 264.3 37 179.735 80 12.9/12.1
d18:1/22:1 HexCer 782.7 264.3 37 179.735 80 12.6/11.8
d18:1/22:0 HexCer 784.7 264.3 37 179.735 80 12.7/11.9
d18:1/23:1 HexCer 796.7 264.3 37 179.735 80 12.4/11.7
d18:1/23:0 HexCer 798.7 264.3 37 179.735 80 12.7/11.9
d18:1/24:1 HexCer 810.7 264.3 37 179.735 80 12.3/11.5
d18:1/24:0 HexCer 812.7 264.3 37 179.735 80 13.0/12.3

Table 4.4: Selected reaction monitoring parameters used for ST and HexCer targeted mass
spectrometry data acquisition

Compound Precursor Product Collision Min Dwell Time RF Lens

m/z m/z Energy (V) (ms) (V)
d18:1/12:0 HexCer 644.5 264.3 34 72.933 87
d18:1/16:0 HexCer 700.6 264.3 34 72.933 87
d18:1/18:0 HexCer 728.6 264.3 34 72.933 87
d18:1/20:0 HexCer 756.6 264.3 34 72.933 87
d18:1/22:1 HexCer 782.7 264.3 34 72.933 87
d18:1/22:0 HexCer 784.7 264.3 34 72.933 87
d18:1/24:1 HexCer 810.7 264.3 34 72.933 87
d18:1/24:0 HexCer 812.7 264.3 34 72.933 87
d18:1/17:0 ST 794.5 264.3 43 72.933 100
d18:1/18:0 ST 808.6 264.3 43 72.933 100
d18:1/20:0 ST 836.6 264.3 43 72.933 100
d18:1/22:1 ST 862.7 264.3 43 72.933 100
d18:1/22:0 ST 864.7 264.3 43 72.933 100
d18:1/24:1 ST 890.6 264.3 43 72.933 100
d18:1/24:0 ST 892.7 264.3 43 72.933 100
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Ceramide backbone Galactose headgroup

[M+H]* m/z= 264.3
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Figure 4.2: Structure of the most abundant form of GalCer in the brain, GalCer (d18:1/24:1)

Fragmentation of the protonated precursor ion yields a diagnostic sphingosine product fragment ion.

4.2.6 Statistical analysis

Data were first assessed for normality and if not normally distributed, data were natural log-
transformed to achieve a normal distribution. Data were compared between sample groups
by unpaired t-test, one-way ANOVA, followed by Tukey’s post-hoc test, or non-parametric
Kruskal-Wallis test followed by Dunn’s post-test in GraphPad Prism (Version 9.4.1). p < 0.05

was considered statistically significant.
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4.3 Results

4.3.1 Case Demographics

Mean age * standard deviation for preliminary case cohort plasma donors was 71.9 + 4.1
years for controls, 65.4 + 5.7 for sporadic bvFTD cases and 66.5 + 8.5 for FTD cases carrying
novel mutations (ANOVA F =4.98, p =0.0109). An additional 14 sporadic bvFTD and 14 control
samples were obtained to validate our preliminary results (Table 4.2). These validation cohort
cases had mean age 67.3 + 7.4 years for controls and 64.6 * 7.4 years for sporadic FTD cases

(t=1.02, p = 0.317).

4.3.2 Optimisation of isomer separation assay

We aimed to develop a method to separate and quantify the isomers GluCer and GalCer in
plasma samples using LC-MS/MS, initially adapted from the method described by Shaner and
colleagues (Shaner et al. 2009). This method utilised a normal phase 250 mm silica column
and 8 min isocratic chromatography with 97:2:1 acetonitrile/methanol/acetic acid containing
5 mM ammonium acetate. We tested this method with a HILIC (hydrophilic interaction

chromatography) column that we had in our lab.

The HPLC solvent composition was varied to achieve optimal separation of the isomers, while
maintaining signal intensity. Increasing the proportion of methanol and reducing the
acetonitrile increased the signal intensity of commercial d18:1/24:1 GluCer and GalCer
standards slightly, possibly due to improved solubility of the analytes in the mobile phase,
however the isomers could no longer be resolved. Following several alterations, a mobile
phase composition of 97% acetonitrile, 2% methanol, 0.75% water, 0.25% formic acid, and
2.5 mM ammonium formate was found to allow detection of the analytes of interest while
resolving the HexCer isomers (Figure 4.3). Commercial d18:1/24:1 GluCer and GalCer lipid
standards were used to ensure the correct identification of the isomers by retention time.
Using our separation method and solvent system, GalCer consistently elutes earlier than

GluCer.
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Figure 4.3: Chromatographic separation of GalCer and GluCer

Detection of commercial C24:1 GalCer and GluCer standards diluted into the mobile phase (97%
acetonitrile, 2% methanol, 0.75% water, 0.25% formic acid, and 2.5 mM ammonium formate) and
run using our isomer separation assay. Equimolar concentrations of GalCer and GluCer standards

were run at (A) 40 nM, (B) 8 nM, (C) 1.6 nM.
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Trial experiments with d18:1/24:1 GalCer and GluCer standards indicated that the lipids had
to be reconstituted in the HPLC solvent for effective separation, and even minor deviations
from the starting conditions affected elution time and separation. We were particularly
interested in the recovery of the dominant GalCer species occurring in the CNS which are
highly hydrophobic due to their long and very-long chain ceramide backbones. However, we
were concerned that reconstitution of dried lipid extracts (following lipid extraction) directly
into the above HPLC starting solvent would result in poor lipid recovery. This was tested by
subjecting 50 pL human plasma test samples to the two-phase extraction protocol, followed
by reconstitution of the dried lipid extracts in the HPLC mobile phase (97% acetonitrile, 2%
methanol 0.75% water, 0.25% formic acid, and 2.5 mM ammonium formate) or in 100%
methanol. The latter was subsequently diluted 1:50 into the mobile phase without methanol,

to match the composition of the mobile phase.

Using our optimised HILIC chromatography coupled to tandem mass spectrometry, we were
able to successfully separate and identify the structural isomers GluCer and GalCer in human
plasma. Reconstitution into 100% methanol improved recovery of very long-chain HexCer
species compared to reconstitution directly into the mobile phase (Figure 4.4). We observed
improved peak detection in the plasma sample reconstituted in 100% methanol despite the
50-fold dilution compared to the sample reconstituted directly into mobile phase solvent. As
1:50 dilution of the reconstituted sample limits the amount of plasma lipid that can be
assayed, injection of the sample reconstituted in 100% methanol without further dilution into
the mobile phase was also trialled, however this incompatibility with the mobile phase solvent

caused the analytes to elute with the solvent front.
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Figure 4.4: Reconstitution of human plasma samples into 100% methanol improves recovery of very

long chain GalCer

Chromatograms showing C24:1 HexCer extracted ion chromatograms from 50 plL of the same trial
human plasma sample reconstituted into 100 pL of (A) mobile phase, or (B) 100% methanol and

subsequently diluted 1:50 into the mobile phase minus methanol. GalCer peak shown in red boxes.

GluCer is abundant in human plasma, approximately 50 times more abundant compared with
GalCer (Figure 4.5). A trial human plasma sample was then used to determine which major
GluCer/GalCer species could be separated and detected in human plasma using this method.
The column flow rate was reduced to 0.1 mL/min to improve isomer separation, and the
number of scans across each peak was reduced, which allowed for an increase in cycle time
to 60 ms. This resulted in detectible peaks for d18:1/16:0, d18:1/18:0, d18:1/20:0,
d18:1/22:0, d18:1/22:1, d18:1/23:0 and d18:1/24:1 GalCer in human plasma (representative

chromatograms shown in Figure 4.5).
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Figure 4.5 GluCer is the dominant HexCer isomer in human plasma

Chromatogram showing separation of (A) d18:1/12:0 GluCer internal standard, (B) d18:1/18:0 and

(C) d18:1/24:1 forms of GalCer and GluCer in a human plasma sample.
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Figure 4.6 Myelin HexCer content is comprised almost exclusively of GalCer

Chromatograms show (A, B) HexCer (d18:1/18:0) and (C—E) HexCer (d18:1/24:1) peaks in purified
myelin from a CerS2A0/AO (pink) and a CerS2fl/fl (blue) mouse (A, C), a synthetic GluCer (d18:1/18:0)
standard (B), a synthetic GluCer (d18:1/24:1) standard (D), and a synthetic GalCer (d18:1/24:1)
standard (E). Peaks corresponding to GalCer but not GluCer were observed in all myelin samples. The
GalCer (d18:1/18:0) peak was higher and GalCer (d18:1/24:1) much lower in myelin from CerS2A0/AO

mice, compared to CerS2fl/fl. Image from (Teo et al. 2023).
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4.3.3 Novel mutation carriers show reduced levels of circulating GalCer in plasma

We next sought to use our isomer separation assay to determine if plasma GalCer levels are
altered in people with FTD, including those carrying mutations that have been associated with
white matter defects (Table 4.1). Circulating plasma GalCer levels were significantly different
in both sporadic FTD cases and FTD cases with mutations affecting white matter compared to
control cases in five of the seven GalCer species quantified. (Figure 4.7A) The most
significantly affected species were GalCer (d18:1/18:0), GalCer (d18:1/20:0) and GalCer
(d18:1/24:1) (Table 4.5 Figure 4.7A). Plasma GalCer levels did not differ significantly between

sporadic FTD cases and FTD cases carrying novel mutations (Figure 4.7A).

We tested whether expressing GalCer levels as a relative percentage of corresponding total
hexosylceramide (e.g. d18:1/24:1 GalCer relative to total d18:1/24:1 hexosylceramide
(GluCer+GalCer)) would allow for better differentiation between groups by reducing inter-
sample variability (Figure 4.7B). We did not observe good differentiation between sample
groups using this approach, and while the trend differences could still be observed between
groups, the only change observed was a significant decrease in % C24:1 GalCer in FTD cases
with novel mutations compared with controls (ANOVA F = 3.32, p = 0.045), while sporadic FTD
cases displayed a trend reduction in % C24:1 GalCer compared with control cases (Figure

4.7B).

Table 4.5: Summary ANOVA results of absolute GalCer species quantified in human plasma from

controls, sporadic FTD cases, and FTD cases with novel mutations

Lipid F p-value ANOVA p-value summary
d18:1/16:0 GalCer 1.59 0.21 ns
d18:1/18:0 GalCer 9.25 0.0004 *oEx
d18:1/20:0 GalCer 8.94 0.0006 *Ex
d18:1/22:0 GalCer 8.56 0.0007 wokx
d18:1/22:1 GalCer 1.34 0.27 ns
d18:1/23:0 GalCer 4.30 0.0191 *
d18:1/24:1 GalCer 9.17 0.0004 ok
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Figure 4.7: FTD cases show reduced plasma GalCer levels when compared to controls

(A) All quantified absolute GalCer levels shown in pmoles/uL (normalised to internal standard), (B)

GalCer levels expressed at a percentage of their respective total hexosylceramide.

Individual values and mean (horizontal bar) are marked on the scatter plot. Asterisks indicate

significant difference in post-hoc tests: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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4.3.4 Serum samples do not recapitulate plasma results

As serum is more generally more consistent and easier to collect than plasma, we tested
whether we could apply our method to separate the hexosylceramide isomers in human
serum. For this, we obtained serum samples matched to a subset of the plasma obtained from
novel mutation carriers (n=10) and normal controls (n=11) (cases with serum samples

indicated by * in Table 1).

We were able to successfully separate the isomers in the matched serum samples, however
the significant reduction of d18:1/18:0 and d18:1/24:1 GalCer in plasma of FTD cases was not
seen with the matched serum samples. Unpaired t-tests show a significant decrease to levels
of both %C18:0 GalCer (t= 4.05, p = 0.0007) (Figure 4.8A) and %C24:1 GalCer (t = 6.64, p =
0.000002) in plasma samples from FTD cases compared to control cases (Figure 4.8B). In
contrast, matched serum samples show no significant difference in %GalCer between the two
groups in any of the lipids profiled. Serum therefore appears to be unsuitable for

differentiation of FTD from control cases based on GalCer levels.
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Figure 4.8 Matched plasma and serum samples show different levels of %GalCer

(A) %C18:0 and (B) %C24:1 GalCer levels expressed at a percentage of their corresponding total
hexosylceramide. Individual values including mean (horizontal bar) and SD (vertical bars) are marked
on the scatter plot. Asterisks indicate significant difference in unpaired t-tests: *p < 0.05; **p < 0.01;

*#xp < 0.001; ****p < 0.0001.
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4.3.5 No changes to plasma galactosylceramide levels were observed in a small validation
cohort of sporadic FTD cases.

In order to expand on our preliminary findings, plasma GalCer levels were quantified in a small
validation cohort of plasma samples from 14 sporadic FTD cases and 14 controls (Figure 4.9).
Validation cohort samples were run alongside the initial cohort of samples to facilitate direct

comparison of GalCer levels between the two sample sets.

The findings from the original case cohort was replicated in the repeat analysis, however there
was no difference in GalCer levels between sporadic FTD cases and controls in the validation
cohort (Figure 4.9A). This was driven by significantly lower GalCer levels in the control cases
from the validation compared to the preliminary cohort, as exemplified by GalCer d18:1/24:1
(ANOVA F = 11.64, p < 0.0001). Interestingly, there was no significant difference in GalCer

d18:1/24:1 levels between preliminary and validation sporadic FTD cases (Figure 4.9A).

As this observation may have been driven by extraction batch effects, we analysed GalCer
d18:1/24:1 as a percentage of total HexCer d18:1/24:1 (%C24:1 GalCer) to control for
potential decreased extraction efficiency in the validation cohort. Once again, the validation
control cases showed significantly lower levels of %C24:1 GalCer in the validation control
group compared with the preliminary control cohort (ANOVA F =5.52, p = 0.02), despite the
sporadic FTD cases from the validation cohort showing no difference to those in the

preliminary cohort (Figure 4.9B).

Despite the differences observed in plasma GalCer levels between the control cases, when
the preliminary and validation cohorts were combined, both the sporadic FTD and novel
mutation carrier FTD group showed significantly decreased plasma d18:1/18:0 GalCer
(ANOVA F = 8.78, p = 0.0004) and d18:1/24:1 GalCer (ANOVA F = 11.66, p < 0.0001) levels
compared to controls, recapitulating our preliminary findings (Figure 4.9C and 4.9D,

respectively).
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Figure 4.9: Control plasma samples show significant differences in GalCer levels between cohorts

Preliminary and validation control cases show significantly different levels in both (A) absolute C24:1
GalCer levels and (B) %C24:1 GalCer expressed at a percentage of total C24:1 hexosylceramide.
(C) Significant reduction in absolute d18:1/18:0 GalCer and (D) absolute d18:1/24:1 GalCer levels in
the combined sporadic FTD cases and FTD cases carrying novel mutations compared with combined
controls. Individual values including mean (horizontal bar) and SD (vertical bars) are marked on the
scatter plot. Asterisks indicate significant difference in post-hoc and t-tests: *p<0.05; **p< 0.01;

**%p<0.001; ****p<0.0001.
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4.3.6 Plasma sulfatides are reduced in FTD cases carrying novel mutations

As we established that levels of circulating GalCer are lower in FTD cases compared to control
cases, we were also interested in profiling the plasma levels of sulfatide (ST), which is a direct
derivative of GalCer. Since sulfated GluCer is not found in humans (Reza et al. 2021), we
employed standard reverse phase LC-MS/MS for sulfatide quantification (Song et al. 2021,
Teo et al. 2023), as STs were not detected with our GalCer/GluCer separation method. Our
plasma samples were not extracted with ST internal standard, therefore we normalised

detected STs to the HexCer internal standard.

All profiled STs (Table 4.4) were successfully detected and quantified in the plasma samples.
The preliminary and validation control case cohorts exhibited significant differences in the
levels of ST(d18:1/18:0) (ANOVA F=4.69, p = 0.0053), but not ST(d18:1/24:1) (Figure 4.10).
Similar to our GalCer results, ST levels in the two sporadic FTD case cohorts were not

significantly different.

As we had no way to determine which of the control cohorts was representative of the ‘true’
control plasma ST level, or whether the differences observed were simply a product of natural
biological variation, we analysed the ST levels in the combined preliminary and validation case

cohorts together.

In line with our GalCer results, significantly lower ST levels are observed in both sporadic and
mutation-carrying FTD cases compared with control cases for d18:1/20:0 ST, d18:1/22:1 ST
(Kruskal-Wallis H= 15.49, p = 0.0004), d18:1/24:0 ST and d18:1/24:1 ST (ANOVA F=6.03,p =
0.0037). C18:0 ST levels were not significantly different between groups (Figure 4.11). Unlike
our plasma GalCer results, where both sporadic FTD cases and novel mutation carriers display
significantly lower levels of plasma GalCer compared with controls but not between FTD
groups, plasma STs are significantly lower in FTD cases carrying novel mutations compared to
both control cases and sporadic FTD cases for d18:1/20:0 ST (ANOVA F = 12.63, p <0.0001),
d18:1/22:0 ST (ANOVA F = 18.36, p <0.0001) and d18:1/24:0 ST (ANOVA F = 18.64, p <0.0001)
(Figure 4.11).
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Figure 4.10: Control plasma samples show significant differences in some ST levels between cohorts

Preliminary and validation control cases show significantly different levels in (A) d18:1/18:0 ST, but

not (B) d18:1/24:1 ST levels. Individual values including mean (horizontal bar) and SD (vertical bars)

are marked on the scatter plot. Asterisks indicate significant difference in post-hoc and t-tests:

*p<0.05; **p< 0.01; ***p<0.001; ****p<0.0001.
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Figure 4.11: Plasma sulfatide levels are significantly reduced in FTD cases carrying novel mutations

Absolute levels of plasma sulfatides (pmoles/pL plasma) shown for (A) C18:0 ST, (B) C20:0 ST, (C),

C22:0 ST (D) C22:1 ST, (E) C24:0 ST and (F) C24:1 ST. Individual values including mean (horizontal bar)

and SD (vertical bars) are marked on the scatter plot. Asterisks indicate significant difference in post-

hoc tests: *p<0.05; **p< 0.01; ***p<0.001; ****p<0.0001.
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4.4 Discussion

In this study we optimised a method for separation of GalCer and GluCer in human plasma
and serum, and used this method to demonstrate that levels of multiple GalCer species are
significantly lower in the plasma of a preliminary cohort of 34 FTD cases compared to 17
controls, which supports our hypothesis that myelin lipid metabolism is disrupted in FTD.
GalCer levels were lower in FTD cases with or without identified mutations in genes affecting
WM integrity, suggesting that this is a general property of FTD. However, GalCer levels were
not significantly reduced in FTD cases from the sporadic FTD validation cohort, and this was
attributed to reduced GalCer levels in the control cases within this cohort. When preliminary
and validation cohorts were combined, our initial findings were recapitulated. We
determined that serum GalCer measurements were not able to differentiate between study
groups, and plasma appears to be a more appropriate matrix for identifying GalCer changes.
Plasma ST levels were also lower in FTD cases compared to controls. Plasma ST levels showed
a discrimination between FTD groups for several ST species, with FTD cases carrying novel
mutations displaying lower circulating ST compared with both sporadic FTD cases and
controls. Plasma GalCer and ST therefore have diagnostic potential as indicators of FTD and

may be valuable measures for tracking CNS disease progression in people with FTD.

Dysfunctional brain lipid metabolism has been a topic of recent investigation as a potential
causative factor in the development of FTD, and MRI studies have noted the presence of
White Matter Hyperintensities (WMH) in the brains of FTD cases, which may be indicative of
myelin degeneration (Andrés-Benito et al. 2021, Huynh et al. 2021, Logan et al. 2021, Boland
et al. 2022, Marian et al. 2023). Circulating lipids are of interest as diagnostic and prognostic
biomarkers, however no suitable biomarkers have emerged as yet (Ahmed et al. 2014, Kim et

al. 2018, Jaaskeldinen et al. 2019, Phan et al. 2020).

The majority of previously published methods for the separation of GluCer/GalCer have
focussed on profiling brain GluCer levels as homozygous or heterozygous deficiency in the
gene encoding the glucosylceramide catabolic enzyme, GBA1 are known to cause the most
common lysosomal storage disease Gaucher’s disease or Parkinson’s disease, respectively
(Gegg et al. 2015, Boutin et al. 2016, Hamler et al. 2017). A robust lipidomic method for the

guantification of GalCer, the less abundant isomer in plasma, has however not previously
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been described. Interestingly, a recent study reported successful separation of GalCer and
GluCer in human plasma using HILIC chromatography, but with the use of a gradient and
different solvents. The authors profiled plasma from people with FTD with and without GRN
mutations, however they did not report any changes to either GluCer or GalCer in these cases
(Logan et al. 2021). It would be of interest to compare our methods and determine which

produces more robust and sensitive results.

The difference observed in the GalCer levels between the two cohorts of healthy controls
could reflect standard biological variation, or could result from extraction batch effects, or
variations associated with the collection, preparation and storage of plasma samples (Surma
et al. 2015, Halvey et al. 2021). The isomer separation assay appears to be particularly
sensitive to the solvent composition that the samples are dissolved in prior to
chromatography, and preparation of samples as separate batches may fuel this problem,
leading to inconsistent results. However, GalCer levels were quite well matched in the
sporadic FTD cases from both sample cohorts, suggesting that this is not the source of the
variance between the two sets of control samples. Our findings are driven by the assumption
that the combined control groups are representative of the healthy plasma lipidome within
the population. We cannot exclude the possibility that the control cases in the validation
cohort may display a more accurate reflection of circulating GalCer and ST levels in the healthy
population. Due to our small sample groups, it is not possible to make a conclusion, however
the non-significant trend reduction in GalCer levels observed in sporadic FTD cases in either
cohort compared with the validation control cases suggests that our preliminary observations
of lower plasma GalCer in FTD cases are likely to hold true. A larger cohort of control samples
would be needed to determine a control reference range for GalCer, and how this varies with
age. We verified the long-term stability of our lipid extracts and determined that extracts
reconstituted in 100% methanol are stable at -30°C, with samples showing consistent results

after several months of storage.

In agreement with our findings in chapter 2, lipid metabolic dysfunction appears to be a
general feature of FTD, with plasma from both sporadic FTD cases and FTD cases carrying
mutations in genes that have variously been associated with WM deficiencies showing
significant decreases in long and very-long chain GalCer species. We have established that

people with FTD carrying novel mutations appear to display a functional lipid metabolic
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impairment, however as there were no significant differences between plasma GalCer levels
in sporadic FTD cases and those carrying novel mutations, it is not possible to separate the
effect of the novel mutations from the effect of FTD. Plasma ST levels were, however, able to
discriminate between the two FTD groups, with novel mutation carriers displaying lower ST
than sporadic FTD cases for several species. In future studies, it would be important to
determine if similarly reduced GalCer and ST levels are seen in cases with the common genetic

mutations in C9orf72, GRN and MAPT.

Although profiling of GalCer is theoretically a more selective reporter of myelin since it is
almost exclusive to myelin, our results suggest that reduced plasma ST appears to be a more
robust indicator for diagnosing FTD. Quantification of plasma STs using reversed phase
chromatography produced more robust results compared to the isomer separation assay, as
the assay is more sensitive and unlike the isomer separation assay, does not require dilution
into the mobile phase. This increase in sensitivity may have led to the enhanced
discrimination between the two FTD groups. For the purposes of potential diagnostic utility

this an important consideration.

STs are found in extra-neural tissue such as kidney, liver and pancreas, however these STs
occur in minor quantities compared to that occurring in brain (Mirzaian et al. 2015). The
structure of STs also differs between different tissues: In brain, the very-long chain C24:1,
C24:0 ST and their 2-hydroxylated counterparts predominate, whereas in pancreatic islets of
Langerhans, shorter acyl chain C16:0 STs are abundant, and there are a lack of hydroxylated
species. In the kidney papillae, approximately half of STs are based on a C20 sphingosine
backbone, rather than the major C18 sphingoid base seen in the CNS (Hsu et al. 1998,
Fredman et al. 2000, Marsching et al. 2014). This is thought to lend different membrane
physicochemical properties to those required for myelin (Fredman et al. 2000). Our targeted
assay focussed on detection of long and very-long chain STs derived from an 18:1 sphingosine
backbone. Therefore, it is reasonable to postulate that a substantial proportion of the ST we

profiled in plasma could have originated from the CNS.

As myelin-enriched ST species, while not myelin-specific, are broadly decreased in plasma of
WM mutation carriers as well as some species in sporadic FTD cases, this may indicate that
lipid metabolic dysfunction may be a phenomenon of FTD cases that is not restricted to CNS
lipids exclusively. To this end, previous studies undertaking serum and plasma lipidomics have
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uncovered changes to the lipidome in bvFTD cases compared with controls, especially noting
increases in the levels of triglycerides and cholesterol, potentially highlighting changes to

eating habits in bvFTD cases (Kim et al. 2018, Phan et al. 2020, Wang et al. 2020).

It is interesting to note that despite the heterogeneity of the novel gene mutations and their
varying clinical presentations, the plasma GalCer and ST levels in these cases tend to be closely
clustered. This may indicate that novel mutations in unique genes required for white matter
function may impact myelin lipid metabolism with similar consequences. For example,
peroxisomes (PEX genes) are required for plasmalogen synthesis and turnover of very long-
chain fatty acids, while FA2H is required for the formation of hydroxylated very long-chain
myelin lipids and ARSA is required for the catabolism of STs and their turnover (Alderson et
al. 2004, Eckhardt et al. 2005, Hein et al. 2008, Cesani et al. 2016, Honsho et al. 2017). These
gene mutations all have the potential to result in impairments in the structural integrity of
myelin. Our findings may be indicative of the inter-dependency of functional lipid metabolic
pathways in ensuring myelin integrity, which is exemplified by our mouse CerS2 results,
showing that the acyl chain composition of galactosylceramides is essential for myelin

integrity (Teo et al. 2023).

It is unknown exactly by what mechanism myelin lipids enter the plasma, and whether from
the CNS or PNS. It has been postulated that CNS GalCer may enter the periphery via transport
from the CSF on apolipoprotein E-associated lipoproteins, or within lipid-laden
nanostructures (Han et al. 2003, Harrington et al. 2009). Increased levels of CSF GalCer and
STs have been reported in demyelinating disorders, however the relationship between brain
demyelination, CSF and plasma or serum changes appears to be variable (Lubetzki et al. 1989,
Haghighi et al. 2013, Saville et al. 2017). If CNS GalCer and ST are transported or excreted into
the plasma, it may be expected that increased myelin degeneration may lead to increased
levels of these lipids in the periphery. For example, In the lysosomal storage disease
metachromatic leukodystrophy (MLD), deficiency of ARSA, encoding the lysosomal lipase
responsible for degradation of ST and lysosulfatide leads to their accumulation in myelinating
cells, causing subsequent demyelination and neurodegeneration. Plasma CSF and ST levels,
especially C18:0 ST, are elevated in MLD cases (Saville et al. 2017, Cao et al. 2020). However,
myelin lipids are constantly being turned over (Yeung et al. 2014). Decreased plasma levels of

GalCer and STs in FTD cases, and especially those carrying novel mutations may indicate that
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turnover of myelin lipids is reduced in the brains of people with FTD. As the brain is highly
lipid rich, it may be particularly susceptible to lipid metabolic dysfunction caused by novel
mutations in genes necessary for white matter integrity, which may lead to impaired myelin
lipid turnover and subsequent demyelination, resulting in decreased levels of detectable
GalCer and ST in the periphery. Additionally, the presence of WMH observed in bvFTD cases
by MRI may be indicative of demyelination and may lead to similar outcomes in the sporadic
FTD cases (Huynh et al. 2021). It is likely that FTD-GRN cases also exhibit an impairment in
myelin lipid catabolism and turnover, as accumulation of cholesterol esters are seen alongside

demyelination in brain white matter (Marian et al. 2023).

Given our chapter 2 findings of reduced myelin lipids but accumulation of sphingosine in brain
tissue of FTD-GRN cases, where progranulin similarly appears to play a significant role in lipid
metabolic regulation, it is reasonable to posit that the reduction in very long chain GalCer and
ST in the plasma of bvFTD and FTD cases carrying WM mutations may be accompanied by an
accumulation of galactosylsphingosine or sphingosine, metabolites of GalCer and ST. Logan
and colleagues described accumulation of glucosylsphingosine, a substrate of
glucocerebrosidase, in plasma from FTD-GRN cases (Logan et al. 2021). GalCer and ST analysis
of matched CSF from the cases described in this study would allow us to clarify the

relationship between brain-derived lipids and corresponding lipids in the circulation.

Several studies have reported an increase in CSF ST, but not GalCer, in people with the
inflammatory demyelinating disease multiple sclerosis (MS), while another found no
difference in CSF ST, however both serum anti-ST and anti-GalCer antibodies were elevated
in MS cases (Haghighi et al. 2012, Haghighi et al. 2013, Novakova et al. 2018, Novakova et al.
2023). When stratified by disease course, MS cases with the relapsing-remitting course,
characterised by periods of active demyelination interspersed with periods of remission and
remyelination showed increases to serum GalCer occurring prior to clinical relapse, however,
there were no increases to serum GalCer in their primary progressive disease course
counterparts, where remission periods are not observed (Lubetzki et al. 1989). In the
progressive forms of MS, mature oligodendrocytes are significantly lost, and the
remyelination capacity of the CNS is reduced (Berghoff et al. 2022). Taken together, these
results may indicate that the detection of myelin lipids in the periphery may be dependent on

the remyelination capacity and bulk availability of myelin lipids in the CNS.
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In vascular dementia (VAD), higher CSF ST levels are seen in comparison to both Alzheimer’s
Disease cases and controls, which is thought to arise as a result of intermittent demyelinating
insults leading to a marked efflux of myelin lipids in VAD compared to the slower
demyelinating course observed in AD (Fredman et al. 1992, Blomqvist et al. 2017). It is likely
that blood-brain barrier (BBB) dysfunction plays a role in the increased presence of STs in the
CSF, and indeed it has been proposed that CSF STs on a background of BBB dysfunction may
be originating from the serum (Fredman et al. 1992, Blomqvist et al. 2017). In contrast, in
elderly individuals with white matter lesions (WML), lower baseline CSF ST was shown to be
predictive of more pronounced progression of WML, which the authors attributed to a
potential decline in the remyelination capacity of these individuals (Jonsson et al. 2012).
While WMH have been reported in the brains of both FTD and Alzheimer’s disease cases, it
has been reported that WMH are more severe in bvFTD cases compared to those observed in
Alzheimer’s disease (Huynh et al. 2021). Profiling plasma levels of GalCer and ST in Alzheimer’s
disease cases would be valuable to determine whether a reduction in circulating myelin lipids
is a general feature of neurodegeneration, or an FTD-specific finding considering the more

pronounced white matter dysfunction seen in FTD cases by MRI.

The relationship between CNS myelin lipids and those detected in the periphery is not
straightforward. Further investigation is required to determine how plasma GalCer and ST
relate to the CNS pathological findings in FTD, however the observation of decreased myelin
lipids in the plasma of FTD cases indicates that myelin lipid metabolism is impacted in FTD. It
is distinctly possible that over time, impaired myelin lipid turnover in the CNS can be observed

in the periphery as a decrease in myelin lipids in FTD cases compared with healthy controls.
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4.5 Conclusion

In this study we have demonstrated that we are able to separate the structural isomers GalCer
and GluCer in several biological matrices. However, the assay sensitivity is susceptible to
changes in solvent composition and MS instrument sensitivity. We have determined that
reduced plasma galactosphingolipids appear to be a feature of FTD, with FTD cases display
significantly lower levels of GalCer and ST in the plasma, especially in the very-long chain
species that are enriched in myelin. FTD cases with white matter mutations may have a more
pronounced role in myelin lipid metabolism as these cases displayed significantly reduced
levels of ST compared with sporadic FTD cases. Further investigation is required to determine
whether this phenomenon is seen in FTD cases alone, and whether it is shared with the
common inherited forms of FTD caused by C9orf72, GRN or MAPT mutations, or is common

to other neurodegenerative diseases such as Alzheimer’s disease.
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Chapter 5: Summary and Future Directions

Heterozygous loss of function mutations in the GRN gene or hexanucleotide repeat
expansions in the C9orf72 gene are the most common causes of inherited FTD, leading to
bvFTD with TDP-43 neuropathology (Rademakers et al. 2012). The mechanisms by which
these gene mutations cause FTD is still unknown, however, white matter abnormalities
observed in bvFTD cases in MRI studies suggests that brain lipid metabolism may play a role
in the pathogenesis of FTD. Despite a growing body of evidence from MRI studies that white
matter changes occur as an early feature of FTD, the biochemical and neuropathological
correlates of these MRI features have not been established. This thesis contributes novel
insights into the biochemical basis of FTD caused by either GRN or C9orf72 gene mutations in
post-mortem human brain tissue utilising a multi-omic approach encompassing untargeted
mass spectrometry-based lipidomics and proteomics and describes a novel isomer separation
method to enable quantification of the myelin lipid galactosylceramide as a putative
biomarker of myelin degeneration in plasma. This work establishes lipid metabolic
dysfunction and myelin defects as key drivers in the precipitation of FTD due to GRN and
C9orf72 mutations and identifies lipid metabolic dysfunction as a feature of bvFTD

pathogenesis in general.

Our results demonstrate that pronounced myelin degeneration identified by lipidomic,
histological and immunoblotting techniques is a common feature of the major inherited forms
of FTD caused by either GRN or C9orf72 mutations, but is a more pronounced feature of FTD-
GRN cases. We have established that these features are present even in the relatively
unaffected parietal white matter in the absence of overt neuronal degeneration, exemplified
by significant accumulation of cholesterol esters in FTD-GRN cases, indicating that FTD-GRN
cases appear to have a pronounced susceptibility to myelin lipid loss, distinguishing them
from FTD-C9orf72 cases. Proteomic analysis supported these findings by demonstrating
increased abundance of phagocytic markers and decreased mevalonate pathway synthesis

proteins in both FTD groups, but more severely in FTD-GRN cases.

Proteomic findings identified mitochondrial dysfunction as a common dysregulated pathway
in grey matter of both FTD-GRN and FTD-C9orf72 cases, however FTD-GRN cases showed
significant decrease in abundance of respiratory complex proteins compared to FTD-C9orf72
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cases, in agreement with our lipidomic findings of selective accumulation of acylcarnitines in
the frontal grey matter of FTD-GRN cases alone. These features were similarly observed in the
less affected parietal lobe in addition to lipid metabolic protein changes, identifying these

changes as early markers of FTD pathogenesis caused by either GRN or C9orf72 mutations.

This thesis describes a novel lipidomic method to quantify the myelin lipid GalCer in plasma.
Successful separation of the structural isomers GluCer and GalCer enabled quantification of
the less abundant myelin-enriched isomer GalCer in human plasma. Myelin
galactosphingolipids are significantly lower in plasma of both sporadic FTD cases and FTD
cases carrying mutations in genes necessary for white matter integrity, identifying decreased
circulating myelin lipids as a feature of bvFTD. This work establishes the signature of altered
sphingolipid metabolism as a feature of the periphery in addition to the CNS, and establishes

the potential for these lipids to serve as diagnostic and prognostic plasma biomarkers in FTD.

It has been established that bvFTD carriers show evidence of white matter hyperintensities
by MRI (Huynh et al. 2021). In future, lipidomic and proteomic investigation of sporadic FTD
cases would improve our understanding of whether the pathological changes observed in
FTD-GRN and FTD-C9orf72 cases are a consequence of their genetic risk factors, or are shared
with sporadic FTD cases. The neuropathological correlates of white matter hyperintensities
by MRI have not been widely investigated. Our findings establish a biochemical basis for the
white matter hyperintensities observed in MRI studies of FTD cases, identifying myelin
degeneration and gliosis as significant drivers of neurodegeneration. These findings support
the use of MRI techniques in the diagnosis of FTD, and future longitudinal studies investigating
the correlations between neuroimaging and biochemical findings have the potential to

improve our understanding of disease progression and associated neuropathology.

This work highlights the importance of investigating white matter changes in
neurodegenerative diseases. Future studies should aim to examine changes to white matter
in addition to grey matter brain regions to provide greater understanding of the contribution
of myelin loss to neurodegeneration, and to clarify whether myelin degeneration may
precede neurodegeneration in sporadic FTD cases through investigation of the biochemical
mechanisms underlying myelin dysfunction. This has the potential to expand our

understanding not only of the pathogenesis of FTD, but other neurodegenerative diseases.
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At present, our understanding of the specific lipidomic and proteomic changes observed in
these cases is largely limited by the brain regions from which they were sampled. Any given
sampling region contains a variety of cell types, and in the absence of additional techniques
to separate cell types or visualise the tissue using histology from matched cases, contribution
of the cell types involved in pathways of interest are inferred based on their sampling region.
Immunohistochemical techniques were used to cross-validate our major findings, however
this is not often possible. Cell-type enrichment of our proteomic data as recently performed
by Miedema and colleagues (Miedema et al. 2022) would inform the contribution of specific
cell-types to the proteomic changes observed, increasing our understanding of the interaction
between dysregulated pathways and the cell types involved. Advances in lipidomic and
proteomic mass spectrometry imaging techniques also hold the potential to provide spatial
and cell-type specific resolution to overcome these challenges, and would be a valuable tool

for future investigation (Krijnen et al. 2023, Vandenbosch et al. 2023).

Investigating pathological changes in post-mortem brain tissue is valuable as it overcomes the
problem of attempting translation of in-vitro or animal models into meaningful discoveries
for human pathology. However, the relationship between the drivers and consequences of
observed pathological changes is difficult to dissect. In an attempt to circumvent this problem,
we profiled both heavily-affected frontal cortex and less affected parietal cortex samples to
determine the contribution of the gene mutations in the absence of overt
neurodegeneration. Post-mortem, age-dependent pathological changes are often studied in
experimental mouse models, which have the potential to provide valuable insight into the
effects of genetic risk factors in the absence of the heterogeneity observed in humans,
however, they do not necessarily recapitulate human disease. An example of this can be seen
in the fact that Grn deficiency in mice does not follow gene-dosage-dependent impairment
as it does in humans, and homozygous Grn loss must be employed in mice in order to
recapitulate the major pathological features of FTD-GRN cases (Gotzl et al. 2014). Future
studies may benefit from the adoption of large animal models that share a more similar CNS
neuroanatomy to humans as an alternative to better recapitulate the neuropathology caused

by these genetic defects (Mitchell et al. 2023).

FTD is a neurodegenerative disease prone to frequent misdiagnosis due to the potential for

symptoms to mirror psychiatric disorders (Woolley et al. 2011, Shinagawa et al. 2016). This
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thesis establishes the potential for providing more diagnostic certainty in FTD by tracking
disease onset and progression through profiling peripheral plasma levels of GalCer and ST.
Assessment of plasma levels of GalCer and ST from cases with genetic FTD such as FTD-GRN
cases would help clarify the relationship between brain and circulating myelin lipid levels in
light of the pronounced demyelination we observe in these cases. Additionally, analysis of CSF
samples would provide insight into whether the changes to myelin-enriched lipids observed
in FTD cases in the periphery originate from the CNS, or are indicative of a general lipid
metabolic dysfunction. This assay may have potential as a biomarker in other demyelinating

neurodegenerative diseases such as multiple sclerosis.

Current therapies for FTD are lacking and limited to symptomatic treatment (Balachandran et
al. 2021). This thesis identifies a rationale for the development of novel therapeutic
approaches to target the demyelination contributing to neurodegeneration in genetic FTD
caused by GRN and C9orf72 mutations. Approaches to slow or prevent the progression of
demyelination through strategies to promote remyelination or modulate autophagy to
reduce demyelination or boost myelin lipid turnover are worthy avenues for investigation

(Nutma et al. 2021, Zhou et al. 2023).

Despite the importance of brain lipid homeostasis to neurophysiological function, research
has largely focussed on the contribution of grey matter to neurodegenerative disease
pathogenesis. Myelin and oligodendrocytes are essential for neuronal health and this thesis
identifies white matter brain regions as having substantial pathological implications in FTD
caused by GRN and C9orf72 gene mutations. In summary, this thesis contributes the first
comprehensive biochemical study into the aetiology of genetic frontotemporal dementia
caused by mutations in the GRN and C9orf72 genes. This work establishes dysfunctional brain
lipid metabolism as an early and significant driver of neurodegeneration in FTD cases and
highlights the potential for new diagnostic and therapeutic approaches to target the lipid

metabolic dysfunction identified in bvFTD.
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