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Disrupted myelin lipid metabolism @
differentiates frontotemporal dementia
caused by GRN and C9orf72 gene mutations
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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.

Page 4 of 18

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.



Marian et al. Acta Neuropathologica Communications (2023) 11:52 Page 7 of 18

A Superior Frontal Superior Frontal Superior Parietal Superior Parietal
Grey Matter White Matter Grey Matter White Matter
=" 3 . ° 3 £
R ° ~ ° o @ =
:; 3 o [lae” . g 2 i
~ . o~ ~ o~ o
= E 8 ° = = R .
z o z obe z Z "o,
g LI g -~ g g s
g .'. P E g 3 ° ° g > -.
(] wt® o o 3} . o
oC9rf72 5 ee ' » .
© Control ¢
GRN
COMPONENT 1 (41.1%) COMPONENT 1(32.3%) © " COMPONENT 1(27.5%) " COMPONENT 1(20.7%)
& s Superior Frontal & Superior Frontal &z Superior Parietal
§ £% Grey Matter E £% White Matter § % White Matter
oo - coo cco
High mOm + ST(d18:0_24:0+0)+H Omm + CholE(22:3)+NH4 [ mm +| CholE(22:3)+NH4
| = o ST(142:1)+H Omm + CholE(24:4)+NH4 = | + CholE(24:4)+NH4
"om + Hex2Cer(d18:0_24:1+H Omm . CholE(20:1)+NH4 Omm . CholE(20:2)+NH4
[ & ] . Hex1Cer(d18:0_18:0)+H Dmm . CholE(20:2)+NH4 Omm . CholE(20:1)+NH4
| = . Hex2Cer(d18:1_23:0y+H Omm . CholE(24:1)+NH4 | = . CholE(26:5)*NH4
[ = ] . ST(d18:1_22:0)+H Omm . CholE(22:6)+NH4 . [} . CholE(22:6)+NH4
| = ] . Hex1Cer(d18:1_23:1)+H Dmm . CholE(18:1)+NH4 [ = | . CholE(16:1)+NH4
| = | . Hex1Cer(d18:0_25:1)+H Omm . CholE(20:3)+NH4 = | ] . CholE(22:4)+*NH4
| = ] . Hex2Cer(d18:1_25:0)+H Omm . CholE(22:4)+*NH4 = . CholE(18:1)*NH4
[ = ] . SM(137:2)+H Omm CholE(16:1)+NH4 Omm . CholE(22:5)+NH4
[ [ =} . PE(18:1p_23:1)+H Omm . PE(18:2e_22:1)-H . | ] . CholE(20:3)+NH4
s . ST(d18:1_23:1)+H Omm PE(18:2e_23:1)-H Cmm . CholE(24:1)+NH4
[ | =) . ST(d18:2_25:1)+H Omm PE(20:1_22:6)-H a|m ¢ CholE(24:5)*NH4
e - Hex1Cer(d18:0_24:0y+H Omm PC(38:3e)+H | & . CholE(18:2)+NH4
Low mOm ¢ CholE(16:1)+NH4 Omm PE(18:1_22:4)-H e ¢ ST(d18:0_23:0+0)+H
22 24 2 2 W 2 M 2 3 ) H (] 7 2 3 4 5 6 71 8 9
VIP SCORES VIP SCORES VIP SCORES
c Frontal White Matter E i
* % e o Control Frontal White Matter
[ |
* *kk ok ok ok *kk Kk — @ C9orf72 * %k
100009 , L, © — o k% —/ * %k * %k k o GRN L —
— — 28 *k ***r—l *xx X r Mxx 100 ok
£ 1000 *% Q g m 'Q "' g8 ° e —
3 8'_'.0'9 g8 8' . 083 o0 g gof ® °fs 03
5 9 c 08 ° e -8° .80 06 o 893 -ad B 3 —
1004o8S ¢ o8 .8 8 o8 8 s 88 8 3 2 0o
2 ° l : g ge o2 8eo 88° S .
5 10 § “O 080 080 = 8oo 8o oo w10q
3 °" 8 s ° o, 3° o © 2 Jeo L °
] I - e ; - o > E
E 1 [°] 8o ©© 0° oo o
oe (1]
0.1 T T T T T T T T T T T T T T T T T
16:1 18:0 18:1 18:2 20:1 20:2 20:3 20:4 22:3 22:4 22:5 22:6 24:1 24:4 24:5 26:5 30:5
Cholesterol Ester Acyl Chain Length
. Parietal White Matter Parietal White Matter
— . *ok ok Hokok kokok Kok *** e
% %k %k
100000 ** ke — o ok T T T T il B o
T — **xx ™ * kK kK kkk kk T T 1000
— O % kkk kkk m m MmN E kkk kk r— | —
510000-! L T mm oA 8o o 8 ** o xx
I} S g 8o © © g2 8 g 2 § % .2 - A kok
o (o)
Soood, 8BRS B Bogcgl FS8EsC § BREcieas  zwo ?
2 10040 8 g8 mO .' " l_|380 '°-§l8 o =
g .80 gl o of o 2 0B g Y g s o
2 104% H i ' e o8 S 104 o ‘
o _ o
E oo 0® © ) 8o & o
o0 o0 5 ®
[ ] o
0.1 I 1 1 1 1 1 T T 1 1 1 1 I I T 1 1
16:1 18:0 18:1 18:2 20:1 20:2 20:3 20:4 22:3 22:4 22:5 22:6 24:1 24:4 24:5 26:5 30:5 > @W &
&
Cholesterol Ester Acyl Chain Length °o° dbo ©

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:
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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)
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(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
the control group. (E) Representative images and (F) myelination scores from LFB staining of superior frontal gyrus white matter from control (n=5),
FTD-C9orf72 (n=4),and FTD-GRN (n=3) cases from which tissue fixed for <2 weeks was available. (G) Representative ASPA (red) and MBP (green) staining
in superior frontal gyrus white matter, and (H) ASPA-positive cell density. Groups were compared by one-way ANOVA with Tukey's post-test (B,D,H) or
Kruskall-Wallis test with Dunn’s post-test (F): *p < 0.05; **p <0.01; ***p < 0.001
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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. 5 Increased GALC activity in frontal white matter of FTD-GRN cases. (A-C) GALC and GCase enzyme activity in frontal white matter (A), parietal white
matter (B) and frontal grey matter (C) of control (n=11), FTD-C9orf72 (n=11), and FTD-GRN (n=6) cases. Data is normalised to the mean of the control
group. (D-G) Targeted lipidomic analysis of 18:1/18:1 BMP and 18:1/18:1 PG in frontal grey matter (D), frontal white matter (E), parietal grey matter (F),
parietal white matter (G). Groups were compared by one-way ANOVA with Tukey's post-test: **p < 0.01

(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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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

Page 13 of 18

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].
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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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