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C9orf72 expansion within astrocytes reduces
metabolic flexibility in amyotrophic lateral
sclerosis

®Scott P. AIIen,I Benjamin HaII,I Ryan Woof,I Laura Fr'ancis,2 ®Noemi Gatto,I

Allan C. Shaw,' Monika Myszczynska,' Jordan Hemingway,' lan Coldicott,’

Amelia Willcock,' Lucy job,I Rachel M. Hughes,I Camilla Boschian,' Nadhim Bayatti,I
Paul R. Heath,' Oliver Bandmann,' Heather Mor’tiboys,I Laura Ferraiuolo' and
Pamela J. Shaw'

It is important to understand how the disease process affects the metabolic pathways in amyotrophic lateral sclerosis and whether
these pathways can be manipulated to ameliorate disease progression. To analyse the basis of the metabolic defect in amyotrophic
lateral sclerosis we used a phenotypic metabolic profiling approach. Using fibroblasts and reprogrammed induced astrocytes from
C90rf72 and sporadic amyotrophic lateral sclerosis cases we measured the production rate of reduced nicotinamide adenine
dinucleotides (NADH) from 91 potential energy substrates simultaneously. Our screening approach identified that C9orf72 and
sporadic amyotrophic lateral sclerosis induced astrocytes have distinct metabolic profiles compared to controls and displayed a loss
of metabolic flexibility that was not observed in fibroblast models. This loss of metabolic flexibility, involving defects in adenosine,
fructose and glycogen metabolism, as well as disruptions in the membrane transport of mitochondrial specific energy substrates,
contributed to increased starvation induced toxicity in C9orf72 induced astrocytes. A reduction in glycogen metabolism was
attributed to loss of glycogen phosphorylase and phosphoglucomutase at the protein level in both C9orf72 induced astrocytes
and induced neurons. In addition, we found alterations in the levels of fructose metabolism enzymes and a reduction in the
methylglyoxal removal enzyme GLO1 in both C90rf72 and sporadic models of disease. Our data show that metabolic flexibility
is important in the CNS in times of bioenergetic stress.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an incurable adult
onset disease with a lifetime risk of 1 in 400. The disease,
which involves degeneration of upper and lower motor
neurons, causes muscle paralysis and typically death
within 2-3 years of symptom onset. Historically, the anti-
glutamatergic agent riluzole has been the only available
treatment for ALS, increasing survival by on average
3 months (Bensimon et al., 1994). However, the intraven-
ous free radical scavenger edaravone has now also been
licensed for use in ALS patients in Japan and the USA
(Writing and Edaravone, 2017). It remains crucial to dis-
cover more effective approaches to slow down or stop dis-
ease progression in ALS and extend, not only life
expectancy, but also the quality of life of patients.

One in 10 of all cases of ALS (and of the pathologically-
linked syndrome of frontotemporal dementia) are asso-
ciated with a hexanucleotide repeat expansion (HRE) in
CY9orf72, which contributes to neuronal death via
haploinsufficiency, dipeptide repeat protein production
and expanded RNA species forming RNA foci (De
Jesus-Hernandez et al., 2011; Mori et al., 2013a, b;
Cooper-Knock et al., 2014) and leads to sequestration of
the nuclear export adaptor SFSR1 and impaired DNA
repair mechanisms (Hautbergue et al., 2017; Walker
et al., 2017). C9orf72 HRE expansions account for a sig-
nificant proportion of both familial and apparently spor-
adic ALS (SALS) patients and not unexpectedly, there are
number of common pathways of dysfunction shared by
both groups of patients including oxidative stress, mito-
chondrial dysfunction, and motor neuron toxicity in vitro
when co-cultured with patient derived astrocytes (Meyer
et al., 2014; Lopez-Gonzalez et al., 2016; Onesto et al.,
2016; Konrad et al., 2017). Furthermore, our group in a
recent publication using a metabolic screening approach,
identified dysregulation of adenosine metabolism linked to
a loss of adenosine deaminase in C90rf72 and SALS pa-
tient-derived induced astrocytes (Allen et al., 2019).

Both patient subgroups display metabolic dysfunction
which can play a key role in disease progression as meta-
bolic pathways are clearly vulnerable to the disease process
(Haeusler et al., 2016; Tefera and Borges, 2016; De Vos
and Hafezparast, 2017; Vandoorne et al., 2018). Energy
metabolism alterations including insulin resistance, altered
levels of free fatty acids and perturbations in lipid homeo-
stasis including cholesterol metabolism, have been reported
both in patients and animal models of ALS (Dupuis et al.,
2004, 2008; Fergani et al., 2007; Pradat et al., 2010;
Palamiuc et al., 2015). Furthermore, patient hypermetabo-
lism and mitochondrial electron transport chain dysfunc-
tion, coupled with increased reactive oxygen species, can
lead to mitochondrial uncoupling and reduced ATP
output. These metabolic alterations are observed not only
in the CNS, but also in peripheral tissues (Allen et al.,
2003, 2014; Ferraiuolo et al., 2011b; Bartolome et al.,
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2013; Raman et al.,, 2015; Tefera and Borges, 2016).
Fibroblasts are now established as a robust initial model
for studying ALS patient subgroups. Mitochondrial dys-
function, including altered respiratory chain activity and
increased uncoupling, glycolytic upregulation and meta-
bolic gene expression changes, have been recorded in fibro-
blasts grown in culture from sporadic and familial ALS
cases (Allen et al., 2014, 2015; Kirk et al., 2014; Raman
et al., 2015). Fibroblasts isolated from ALS patients with a
SOD1 mutation have reduced mitochondrial respiration,
but can upregulate glycolysis to meet ATP demands, and
fibroblasts isolated from sporadic ALS patients show an
increased dependence on glycolysis with age (Allen et al.,
2014, 2015). Similar glycolytic changes have been observed
in NSC34 cell models of ALS using a metabolomic ap-
proach (Valbuena et al., 2016). This indicates an inherent
metabolic flexibility that, at least from a bioenergetic per-
spective, may allow the cells to initially adapt to the under-
lying disease pathophysiology.

The additional advantage of fibroblasts is that they can
be reprogrammed into induced neuronal progenitor cells
(iNPCs), which can in turn be differentiated into induced
astrocytes. ALS patient-derived induced astrocytes, have
been shown to cause increased toxicity to wild-type
motor neurons when grown in co-culture compared to con-
trol derived induced astrocytes (Meyer et al., 2014).
Astrocytes, along with oligodendrocytes, have a key role
in the metabolic support of motor neurons and have a
significant influence on the rate of disease progression
(Pellerin and Magistretti, 1994; Lin et al., 1998; Clement
et al., 2003; Yamanaka et al., 2008; Ferraiuolo et al.,
2011a, b, 2016; Tefera and Borges, 2016). Given that clin-
ical evidence supports a negative impact of dysfunctional
energy metabolism on the disease progression in ALS
(Desport et al., 2005; Dupuis et al., 2011), it is vital to
understand how ALS affects astrocyte metabolic processes
including metabolic flexibility (the ability of a cell to mo-
bilize and use alternative substrates to meet energy de-
mands). This understanding would offer the potential for
the pathways in question to be manipulated with strategies
to improve bioenergetic output and increase the metabolic
support for motor neurons.

A recent publication from our laboratory used a novel
approach to identify C9orf72-dependent metabolic dys-
functional pathways (Allen et al., 2019). Using both patient
derived fibroblasts and reprogrammed human induced
astrocytes, we used a phenotypic metabolic profiling ap-
proach (Bochner et al., 2011; Boccuto et al., 2013) to iden-
tify deficient metabolic pathways. This technology enables
the comparison of normal versus disease model cells by
simultaneously comparing the rates of energy production
from 91 potential energy substrates. This approach had
not been used previously in the ALS field and allowed a
non-biased metabolic screen to be performed on C9orf72
cell models to identify novel dysfunctional metabolic path-
ways. We identified an adenosine metabolic dysfunction in
C9orf72 cell models caused by loss of adenosine
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deaminase, which was also present in sporadic induced
astrocytes. Bypassing the defect with inosine supplementa-
tion #n vitro increased induced astrocyte bioenergetic flux
and ATP levels, as well as reducing astrocyte-mediated
neuronal toxicity. In this present study, we have assessed
the ability of our novel metabolic profiling approach to
distinguish between controls and C9orf72 ALS cases
using principal component analysis (PCA). We have used
our novel screening approach to show that induced astro-
cytes from C9orf72 ALS cases display a significant reduc-
tion in metabolic flexibility and we have interrogated the
pathways involved in this loss of flexibility. We present for
the first time alterations in glycogen metabolism, fructose
metabolism, methylglyoxal detoxification and mitochon-
drial substrate transport, which all could contribute to a
loss of metabolic flexibility in C9orf72 astrocytes, making
them vulnerable to starvation-induced cell stress under
times of bioenergetic deficit.

Materials and methods

All chemicals are from Sigma unless stated otherwise.

Human biosamples

Experiments were carried out using samples obtained from six
C90rf72 HRE-positive ALS cases, eight SALS cases and eight
matched controls (Supplementary Table 1). The average age at
time of skin biopsy in ALS cases (seven females, seven males)
was 54 [standard deviation (SD)+12.0] years and 55.1 (£8.8)
years in controls (six females, three males). The average disease
duration of the ALS cases was 40.0 (£21.7) months. The
average age at time of skin biopsy in sporadic Parkinson’s
disease cases (two females) was 53.5 (£3.5) years and 53.3
(£3.9) years in age matched controls (three males, one female).

Ethical approval

Informed consent was obtained from all human subjects before
skin sample collection (Study number STH16573 and
STH16350, Research Ethics Committee reference 12/YH/
0330). All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were
followed.

Human fibroblast cultures

Sterile skin biopsies were obtained from the forearm of sub-
jects after informed consent, in accordance with guidelines set
by the local ethics committee. Fibroblast cell cultures were es-
tablished at the Sheffield Institute for Translational
Neuroscience. Monolayers of primary fibroblast cell cultures
were routinely maintained in T75 flasks in fibroblast cell cul-
ture medium (Lonza) supplemented with 10% foetal calf
serum (Labtech), 2mM glutamine (Lonza BE17-605E),
50 pug/ml uridine (Sigma U3003), vitamins (Lonza 13-607C
1/100 dilution), amino acids (Lonza BE13-114E 1/100 dilu-
tion), 1mM sodium pyruvate (Lonza BE13-115E) in humid
incubators at 37°C supplemented with 5% CO,.
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Human induced astrocyte or neuron
culture

Fibroblasts were differentiated as previously described (Meyer
et al., 2014). INPCs were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 1% N2 supplement (Life
Technologies), 1% B27 supplement, 20 ng/ml fibroblast growth
factor-2 (Preprotech). INPCs were differentiated into induced
astrocytes on 10cm dishes coated with fibronectin (5 ug/ml,
Millipore) by changing the media to DMEM with 10% foetal
bovine serum (FBS) and 0.3% N2 and allowed to differentiate
for 7 days. Induced astrocyte markers of differentiation were
assessed by immunocytochemistry, PCR as described previously
(Meyer et al., 2014; Ferraiuolo et al., 2016) and western blot
analysis. Briefly for immunocytochemistry, 10000 induced
astrocytes were plated in 96-well plates at Day 6 of differenti-
ation and fixed 24 h after seeding with 4% paraformaldehyde
(PFA) for 10 min and washed three times with phosphate-buf-
fered saline (PBS) before the blocking solution consisting of PBS
with 5% horse serum, 0.05% Triton'™ X-100, was applied for
1 h. All primary antibodies were diluted in blocking solution and
their dilution and provider are listed as follows: chicken vimen-
tin 1:1000 (Millipore, AB5733), rabbit GFAP 1:1000 (Dako,
70334), rabbit CD44 1:200 (Abcam, ab157107) and goat
EAAT2 1:100 (SantaCruz, sc-7760). Incubation of the primary
antibody was performed overnight at 4°C. The next day, cells
were washed three times in PBS before the secondary antibodies
at 1:1000 in blocking solution was applied for 1h at room
temperature. Secondary antibodies used included, Alexa Fluor®
586 goat a-rabbit IgG (H + L) (Invitrogen, A11011), Alexa
Fluor® 488 goat a-rabbit IgG (H + L) (Invitrogen, A11006)
and Alexa Fluor® 488 goat a-chicken IgG (H + L) (Invitrogen,
A11039). Hoechst (Hoechst 33342, Trihydrochloride,
Trihydrate, Life Technologies) diluted 1:6000 was added for
Smin to visualize the nucleus. Cells were then washed twice
with PBS and imaged using the Opera Phenix'™ high-content
imager (PerkinElmer). For quantification, all data were uploaded
into Columbus (PerkinElmer), nuclei were detected using
Hoechst 33342 with a size threshold of 30um?®. Cytoplasmic
staining was measured by Alexa 568/488 detection, all intensity
properties were calculated as mean intensity per cell. Ninety-
ninth background intensity was calculated using the secondary
antibody only for each fluorophore and added as a threshold.
Percentage of cells with positive expression was calculated using
the following formula: positive cells / total cell x 100. Typically,
all induced astrocytes showed 96-99% expression of all mar-
kers. For differentiation into neurons, iNPCs were plated in a
fibronectin-coated 6-well plate and grown to 70-80% conflu-
ence after which iNPC medium was removed and replaced with
neuron differentiation medium (DMEM/F-12 supplemented with
1% N2 and 2% B27). On Day 1 post-differentiation, the cells
were treated with 2.5 uM DAPT (Tocris) to promote differenti-
ation toward a neuronal lineage. On Day 3, the medium was
supplemented with 1 pM retinoic acid (Sigma), 0.5 uM smooth-
ened agonist (SAG) (Millipore) and 2.5 uM forskolin (Sigma) for
an additional 7 days.

Phenotype microarray analysis

All assays were performed as described in detail previously
(Allen et al., 2019). Briefly, on Day 1, 96-well phenotype
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microarray plates had 30ul of IFM-1 (Biolog) containing
10% dialysed FBS and 0.3 mM glutamine added, and were
then incubated overnight at 37°C/5% CO,. On Day 2, the
IFM-1 fluid, now containing the different metabolites, was
transferred to the corresponding wells on the fibronectin-
coated plates (0.25 pg/ml in PBS). Twenty microlitres of fibro-
blasts at 800000 cells/ml, or 20 ul of astrocytes at 500 000/
ml were transferred to each well of the substrate plate and
incubated at 37°C/5% CO, for 40 or 24 h, respectively. After
the stated incubation time, 10l of redox dye mix MA
(Biolog) was added to each well and the plates sealed with
sterile SealPlate® film to stop gas transfer. Dye colour change
was measured using a BMG Omega Pherastar at 590/790 nM
for fibroblasts or in an OmniLog™ Phenotype Microarray
system at 37°C. All results were normalized to cell number by
addition of CyQUANT® (Invitrogen) to each well as per the
manufacturer’s instructions and fluorescence was measured
using a BMG Omega FLUOstar®. All astrocyte and fibroblast
cases were analysed in triplicate. All assay data had back-
ground values removed and were normalized to cell number
using Microsoft Excel. Subsequently, PCA plots were gener-
ated using Qlucore Omics Explorer 3.0, with time point
eliminated as a factor and P < 0.05 taken as significant.
Qlucore calculates the eigenvectors (principal components),
which determine the directions of a feature in space, with
the eigenvalues determining the magnitude of separation
and the variation of the data along axes. Qlucore orders
the principal components based on the amount of the total
variance captured by each component, considering all vari-
ables or samples.

Cell survival analysis

Cell survival data were assessed from the CyQUANT readings
taken at the end of each screen and normalizing the specific
substrate in question to the positive glucose controls as 100%,
using following the equation:

(CyQUANT value of substrate in question)/

1
(average CyQUANT value of glucose wells) x 100 M

Metabolic flexibility analysis

Metabolic flexibility for each cell line was calculated by count-
ing any energy substrates used on the screening plate that
produced NADH within 80% of the NADH production of
the glucose control. Percent of glucose control was calculated
using the following equation:

(NADH production of energy substrate)/ 5

(glucose control NADH production) x 100 )
Glucose control NADH production was equal to the average
of the three glucose control wells (B4-B6) on each plate. Only
values within 80% of the glucose control were considered as
20% NADH production was three times the mean standard
deviation (SD) of the background values (A2-A3) on each
plate. Kruskal-Wallis non-parametric analysis was performed
on the values calculated from each plate.

S. P. Allen et al.

Mitochondrial function assays using
MicroPlate™ substrate plates

For the MicroPlate™ substrate (MFS) assays induced astro-
cytes were harvested as previously described and resuspended
at 666666 cells/ml in 1 x Biolog cell suspension medium
(MAS). Thirty microlitres of cell suspension was added to
15ul 2 x MAS Buffer (Biolog), 2.5ul 1.8 mg/ml saponin
(Sigma) 2.5 ul water and 10 ul Dye MC (Biolog). This 60 -ul
solution was added to each well of an MFS assay plate
(Supplementary Table 2), which contains 31 metabolites in
triplicate precoated and dried into the wells (rows A-B cyto-
plasmic, rows C-H mitochondrial) plus three negative wells
(no metabolite). The plates were sealed and then incubated
in an OmniLog™ phenotypic microarray system for 6h for
kinetic analysis. For the mitochondrial substrate analysis,
two-way ANOVA with Sidak post-test correction for multiple
comparisons were performed at every time point. Initial rate
analysis, as well as area under the curve analysis, was per-
formed on all the kinetic traces. For all AUC and rate analysis
see Supplementary Table 3.

Western blot analysis

Three independent flasks of astrocytes were grown to 80%
confluency and harvested as previously described. The cell pel-
lets were washed in PBS and resuspended on ice in 100 pl lysis
buffer [89% radio-immunoprecipitation assay (RIPA) buffer
(Sigma), 10% protease inhibitor cocktail (Sigma) and 1%
phosphatase inhibitors (Sigma)]. After 30 min, the cells were
centrifuged at 13000 rpm, 4°C for 30min; the supernatant
was collected and retained on ice. Protein content of the super-
natant was determined using a Bradford assay as per the
manufacturer’s instructions. All protein samples were dena-
tured at 95°C for Smin in 1 x Laemmli buffer and 20 ug of
protein was loaded on 10% SDS polyacrylamide gels and pro-
tein electrophoresis was performed using Mini-PROTEAN®
Tetra Handcast systems (Bio-Rad). Proteins were resolved
and transferred to a polyvinylidene difluoride membrane
(PVDF, Millipore) at 250 mA for 1h. The PVDF membranes
were incubated for 1h with blocking solution containing 5%
BSA in Tris-buffered saline with 0.01% Tween (TBST).
Afterwards, the membranes were incubated overnight at 4°C
with the following primary antibodies at 1:1000 dilution in
blocking solution: rabbit actin (Abcam ab8227), rabbit glyco-
gen phosphorylase (Proteintech 12075-1-AP), rabbit phospho-
glucomutase  (Proteintech  15161-1-AP), rabbit GLO1
(Proteintech 15140-AP), rabbit GLO2 (Proteintech 17196-1-
AP) rabbit fructokinase, (Proteintech 15681-1-AP), rabbit
aldolase-C (Proteintech 14484-1-AP), mouse pyruvate de-
hydrogenase (Abcam 110330), rabbit pyruvate dehydrogenase
phosphate (Abcam 17746), rabbit vinculin (Abcam 155120),
mouse GLUT1 (Proteintech 66290-1-g), rabbit GLUTS
(Insight Biotechnology ABP 53119), chicken vimentin
(Millipore AB5733) and rabbit GFAP (Dako, Z0334). Before
detection by chemiluminescence (EZ-ECL HRP kit, Biological
Industries) using a G:BOX (Syngene), the membranes under-
went six 10-min washes in TBST followed by incubation with
secondary anti-rabbit/mouse HRP-linked antibody (1:5000,
Cell Signalling Technology) for 1h. Quantification of protein
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levels were obtained by densitometry using GeneTools soft-
ware (version 4.03.05, Syngene) to the loading controls.

Quantitative reverse-transcription
polymerase chain reaction

Three independent differentiations of induced astrocytes had
RNA extracted using the RNAeasy® Mini kit (Qiagen) and
were DNase treated before being converted to ¢cDNA as
described previously (Hautbergue et al., 2017). The sequences
of all gPCR primers can be found in the Supplementary ma-
terial, Note 1. Quantitative RT-PCR reactions were performed
in duplicate using the Brilliant Il Ultra-Fast SYBR® Green
QPCR Master Mix (Agilent Technologies) on a CFX 96™
Real-Time System (Bio-Rad). Quantitative RT-PCR data
were analysed using CFX Manager 3.1 (Bio-Rad) and
GraphPad Prism.

Statistical analysis

All percentage data were firstly transformed Y = 1/Y, then sub-
sequently Y =logit(Y). To test if the data produced fell under
Gaussian distribution, all data prior to statistical analysis were
assessed for normal distribution by the D’Agostino and
Pearson, the Sharpiro-Wilk and the Kolmogorov—Smirnov nor-
mality tests. If normal, an unpaired #-test or one way ANOVA
with Bonferroni post-test analysis was performed; if not
normal, then a Mann-Whitney or a Kruskal Wallis with
Dunn’s post-test analysis was performed. Statistical analysis
was performed on GraphPad Prism software (version 6.0,
San Diego, CA).

Data availability

Raw data were generated at the University of Sheffield.
Derived data supporting the findings of this study are available
from the corresponding author on request.

Results

C9orf72 leads to a drop in metabolic
flexibility and reduced cell survival in
iNPC-derived induced astrocytes

Fibroblasts from controls and C90rf72 cases were repro-
grammed into iNPCs and differentiated into induced astro-
cytes. As described previously (Meyer et al, 2014;
Ferraiuolo et al., 2016) both control and C90rf72 induced
astrocytes showed comparable levels of astrocyte markers
by immunocytochemistry, PCR and western analysis.
There was no significant difference in the levels of the
astrocyte markers vimentin, GFAP, CD44, EAAT2,
ALDHI1L1 and AQP4 in controls and C9o0rf72 induced
astrocytes (Supplementary Fig. 1A-D), indicating a similar
differentiation status between the two groups. Fibroblasts
and induced astrocytes were then analysed on phenotypic
metabolic array plates (PM-M1, Biolog). This method-
ology allows an unbiased screen of energy substrates that
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produce the reduced form of nicotinamide adenine di-
nucleotides (NADH). Each well of the plate contains a
single substrate as an energy source and NADH produc-
tion is monitored by addition of propriety dyes that are
reduced into a coloured product in the presence of NADH.
To assess whether the presence of a C90rf72 expansion
altered the metabolome producing a distinct metabolic
profile compared to controls, we screened fibroblasts and
induced astrocytes from C90rf72 cases and compared them
to healthy controls as described previously (Allen ez al.,
2019) and then analysed the data using PCA. As a
C9orf72 expansion also accounts for a significant propor-
tion of sporadic ALS cases, we also analysed SALS fibro-
blasts and induced astrocytes in the same way. During the
assay, taking all time points into account, there was sig-
nificant overlap between the two groups in both fibroblasts
and induced astrocytes (Fig. 1A and E). However, we
found better separation between the two groups at later
time points where the greatest variation in the data were
observed (Fig. 1B and F). Therefore, when we focused on
individual time points later in the assay (120 min, Fig. 1C
and G; and 300 min, Fig. 1D and H), we observed greater
separation, especially in induced astrocytes between the
C9orf72 cases and controls. When we performed the
same experiment using fibroblasts and induced astrocytes
isolated from SALS cases, we observed similar results
(Supplementary Fig. 2). This PCA analysis indicated that
our phenotypic screening approach could be used to iden-
tify distinct metabolic profiles in fibroblasts and induced
astrocytes isolated from C9orf72 and SALS cases as
observed  previously using classical metabolomic
approaches (Rozen et al., 2005; Blasco et al., 2010,
2014, 2017; Kumar et al., 2010). As the C90rf72 expan-
sion altered the overall metabolic profile, we assessed the
metabolic flexibility of the cell models within our assay by
determining how many of the specific energy substrates [91
in total including the glucose controls (well ID B4-B6)] the
cells could use and to determine whether the presence of
the C90rf72 expansion influenced this flexibility. In add-
ition to glucose, control fibroblasts were able to use 10 of
91 substrates (Supplementary Fig. 3A, black points above
dashed line), predominantly using saccharide based metab-
olites, which are located in well IDs A4 to E4 on the x-
axis. When reprogrammed into iNPC-derived induced
astrocytes, this flexibility increased to 16 of 91
(Supplementary Fig. 3A), with a subtle shift in the profile
to the use of nucleoside and carboxylic acid metabolites
(well IDs E10 to G10) as well as saccharides. No loss of
metabolic flexibility was observed in C90rf72 or SALS
fibroblasts compared to controls (Supplementary Fig. 3B
and C). However, when comparing control induced astro-
cytes with C90rf72 induced astrocytes, metabolic flexibility
dropped from 16 to 10 out of 91 (Fig. 2A and C). A
reduction in the overall metabolic flexibility was also
observed in SALS induced astrocytes (Fig. 2B and C).
NADH production correlated with cell survival, as typic-
ally all wells with energy substrates that were used by the

6102 1940100 0€ U0 Jasn plaweys Jo ANSIonIun Aq 61/9096/Z0EZME/UIRIG/SE0 L 0 |/I0P/JOBIISHE-8[01E-00UBADE/UIBIC/WOD dNO"0lWapeoe)/:sdRy WO.j POPEOJUMOQ


https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data

6

| BRAIN 2019: 0; 1-20

S. P. Allen et al.

2 (15 %)

2 (15 %) 20

1 (36 %) 8 L 1 (36 %)
C D
| 2 (18 %) | 2 (16 %)
o 4
o
(]
- <
[™] @
@ ® s ®
® 4 [
/ e PSS
® o -
A s 8
- < 9\ < S
3 (9 %) = 3 (0 % - @
- (0 %) ® ® \g
1 (73 %) 1 (84 %)
E F
Con 2 (18 %) 2 (18 %)
oo | |
io o
AC
— 8§ e 85
— @t S g ‘i
3(14 %) S~ o = ‘\.\
1 (50 %) 3 (14 %) S
1 (50 %)
G H
Con il Con S
mE | o |
|
' |
2 ® / = ||
© ® [
§ @ |
3 (2 %) — -
1 (89 %) 3 (0 %)
P 1 (100 %)

Figure | Cells derived from C9orf72 fibroblast and induced astrocyte cases have an altered metabolic profile. (A) PCA of control
fibroblasts (blue, Con) and C9orf72 fibroblasts (pink C9) at all time points. (B) PCA of fibroblasts coloured for individual time points between
20 and 300 min (C) PCA of control fibroblasts (blue, Con) and C9orf72 patient fibroblasts (pink C9) at 120 min. (D) PCA of control fibroblasts
(blue, Con) and C9orf72 fibroblasts (pink C9) at 300 min. (E) PCA of control induced astrocytes (blue, Con) and C90rf72 induced astrocytes
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cells showed little loss of cell number (Supplementary Fig.
4). In wells where substrates were not used, increased loss
of cell number was observed. The average cell survival
across the plate in fibroblasts was high, 80% for controls,
92% for C90rf72 cases and 80% for SALS cases (Fig. 2D).
However, when reprogrammed to induced astrocytes, aver-
age control survival dropped to 48% (Fig. 2D and
Supplementary Fig. 4A) indicating that metabolic flexibility
was more important in induced astrocytes than fibroblasts
in terms of cell survival. When C90rf72 induced astrocytes
were analysed, flexibility dropped and with it average cell
survival to 23% (Fig. 2D and Supplementary Fig. 4B). In
SALS cases, average cell survival was reduced but this did
not reach significance because of one line (Case SALS-17)
being particularly robust compared to the other SALS cases
in terms of metabolic flexibility and cell survival (Fig. 2C,
D and Supplementary Fig. 4C). These data indicate that the
presence of a C9orf72 expansion reduces the metabolic
flexibility of the induced astrocytes, resulting in sensitivity
to starvation induced stress, which may reduce cell num-
bers. This sensitivity was not observed in fibroblast cell
lines.

C9orf72 alters saponin sensitivity in
induced astrocytes and reduces
energy substrate transport

To investigate the loss of metabolic flexibility in the
C9orf72 cases and the starvation-induced toxicity observed
further, we used a mitochondrial functional substrate plate
recently developed by Biolog Inc. These plates use the same
technology as the PM-M1 plates, using a redox dye to
assess levels of reduced NADH in the cell. However, the
plates are coated with 31 cytosolic and mitochondrial me-
tabolites and cells are permeabilized using saponin to allow
transport of the energy
(Supplementary Table 2). This novel assay allowed us to
determine whether a reduced ability to transport energy
substrates across membranes could contribute to the loss
of metabolic flexibility. Seventeen mitochondrial substrates
from the original PM-M1 plates were also on the MFS
plate, including pyruvic acid, which we observed was hypo-
metabolic in C90rf72 induced astrocytes in our previous
study (Fig. 3A) (Allen et al., 2019). Analysis of NADH
production in the presence of pyruvic acid under saponin

substrates into the cell

Figure | Continued
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conditions, showed no significant difference between con-
trols and C90rf72 induced astrocytes (Fig. 3B). Similar re-
sults were observed with alpha ketoglutaric acid, lactic
acid, malic acid and succinic acid (Supplementary Fig.
5A-H), which were poorly metabolized by C9orf72
induced astrocytes in the initial PM-M1 assays (Allen
et al., 2019) resulting in starvation-like levels of toxicity
(Supplementary Fig. 5]) and therefore at the time were
not considered for further analysis. However, in the pres-
ence of saponin, NADH production in the controls and the
C90rf72 cases were very similar (Supplementary Fig. 5B, D,
F and H), indicating that these substrates were not trans-
ported efficiently into the C90rf72 induced astrocytes in the
whole cell assay screen compared to controls. NADH pro-
duction was observed to a sufficient extent in the presence
of seven other metabolites to allow statistical analysis.
However, no differences were observed between C9orf72
and control lines (data not shown). These data indicated
that the presence of the C9o0rf72 expansion may lead to
alterations in the protein/lipid content of the plasma mem-
brane which may affect metabolite transport. To test this
hypothesis we performed saponin sensitivity assays in
induced astrocytes using the mitochondrial TCA cycle sub-
strates, malic acid and succinic acid with increasing saponin
concentrations. As expected, in the absence of saponin both
the controls and C90rf72 ALS cases metabolised glucose
using the dye which picks up electrons from NADH in
intact cells (dye A; Fig. 3C and Supplementary Fig. 6,
column 1). Unlike the C9orf72 cases, all control lines
could metabolize succinic acid and malic acid giving
higher NADH production (Fig. 3C and Supplementary
Fig. 6). Similar results were observed using the MFS-1
dye (dye C) as a readout (Fig. 3C and Supplementary
Fig. 6, columns 2 and 3).

When increasing levels of saponin were added to the cells
there was a dose dependent increase in NADH production
in the presence of rL-malic and succinic acid in C9orf72
induced astrocytes, which peaked at 50-75 ug/ml (Fig. 3D
and Supplementary Figs 5I and 6, columns 3-12). These
data suggested that C90rf72 induced astrocytes, unlike con-
trols, needed the membrane to be more permeabilized (by
the presence of an agent such as saponin) to transport
mitochondrial metabolites into the mitochondria to be
able to use them for energy generation. Taken together,
these data suggest the presence of a C9orf72 expansion
may alter membrane transport of energy substrates.

(yellow, C9) at all time points. (F) PCA of all induced astrocytes coloured for individual time points between 20 and 300 min. (G) PCA of control
induced astrocytes (blue, Con) and C90rf72 induced astrocytes (yellow, C9) at 120 min. (H) PCA of control induced astrocytes (blue, Con)
and C9orf72 induced astrocytes (yellow, C9) at 300 min. Data are presented as mean of three biological replicates using eight control fibroblasts,
six C9orf72 fibroblasts, three control induced astrocytes and three C90f72 induced astrocytes. Analysis performed on Qlucore with the P-value
set to <0.05. Q-values were 0.113 for control fibroblasts versus C9orf72 and 0.073 for control induced astrocytes versus C9orf72. Percentage
values represent eigenvectors calculated for each analysis. The higher the percentage the greater the confidence of the separation based on

the vector.
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Figure 2 Metabolic flexibility is reduced in C9orf72 induced astrocytes. (A) Metabolic flexibility of control induced astrocytes (orange)
versus C9orf72 induced astrocytes (light blue). (B) Metabolic flexibility of C9orf72 (light blue) versus SALS induced astrocytes (red). Data are

presented as mean with standard deviation of NADH production as per cent of glucose control (well IDs B4-B6). Metabolic flexibility determined
as any energy substrates producing NADH production within 80% of the glucose control. (C) Metabolic flexibility in control, C9orf72 and SALS
induced astrocytes. Data are presented as median with 95% confidence intervals followed by one-way ANOVA with Bonferroni post-test analysis.
(D) Average cell survival in the metabolic profiling assay. Each data point represents cell number in one well of one assay for each ALS case or
control, showing mean and standard deviation. Data were transformed | = I/Y and | = logit (Y) prior to Kruskal Wallis with Dunn’s post-test
analysis. The x-axis displays well IDs from the metabolic screening plate (PM-M1), which corresponds to the position on the 96-well plate, A4
through to H12, each well contains a unique energy substrate apart from B4-B6, which all contain the positive control glucose. AI-A3 are the

negative wells and are not included on the graph. *P <

con = control; Fib = fibroblasts.

0.05, **P < 0.0, *¥pP <

0.0001. Astro/iAstrocytes = induced astrocytes; C9 = C9orf72;
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Figure 3 C90orf72 induced astrocytes have altered saponin sensitivity compared to control induced astrocytes. (A) NADH
production in intact induced astrocytes in the presence of pyruvic acid. Data are presented as mean with standard error followed by two-way
ANOVA with Sidak post-test analysis in combination with area under the curve (AUC) analysis and initial (0—120 min) linear regression analysis
(Supplementary Table 3). (B) NADH production in the presence of pyruvic acid with saponin. Data are presented as mean with standard error.
(C) Induced astrocyte NADH production in the presence of glucose (Glu), L-malic acid (Mal) and succinic acid (Succ). A = Dye A; C = Dye C.
Data are presented as mean with standard deviation followed by Kruskal Wallis with Dunn’s post-test analysis. (D) The effect of saponin on L-
malic acid induced NADH production in induced astrocytes. Data are presented as mean with standard deviation followed by one-way ANOVA
with Bonferroni post-test analysis. (E) Kinetic NADH production in induced astrocyte negative wells (no energy substrate present). Data
presented as mean with standard error followed by two-way ANOVA with Sidak post-test analysis in combination with AUC analysis and initial
(0—120 min) linear regression analysis (Supplementary Table 3). (F) The effect of starvation on induced astrocyte cell number. Data are presented
as mean with standard deviation. Data were transformed | = 1/Y and | = logit (Y) prior to Mann-Whitney analysis. *P < 0.05, **P < 0.01,
kP < 0.0001. The arrow in E denotes consecutive significant time points.
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The C9orf72 expansion alters
glycogen mobilization in induced
astrocytes

An additional interesting observation from the saponin
assays was that in all the control lines a noticeable colour
change was observed in the negative (no substrate) wells
(Supplementary Fig. 6, four top wells in column 1) whereas
the C90rf72 cases displayed little colour change. When we
quantified this, we saw a significant difference in NADH
production between controls and C90rf72 induced astro-
cyte lines (Fig. 3C). We also saw similar results in the ori-
ginal screen with a reduction in NADH production in the
no substrate wells in C90rf72 induced astrocytes (Fig. 3E)
and concomitantly increased cell death at the end of the
assay (Fig. 3F). Under conditions of metabolic starvation,
astrocytes rely on the mobilization of internal fuel stores
such as glycogen to meet energy demands. Our previous
publication (Allen et al., 2019) indicated that C9orf72
induced astrocytes showed decreased NADH production
when glycogen was the sole fuel source. This, coupled
with the loss of NADH production under starvation con-
ditions, suggested that the presence of the C90rf72 expan-
sion may lead to a disruption in glycogen mobilization. To
investigate this finding in more detail we measured the
levels of glycogen phosphorylase (GP) and phosphogluco-
mutase (PGM) in C90rf72 induced astrocytes at the protein
and mRNA levels. A significant decrease in both enzymes
at the protein level was observed in C9orf72 ALS lines
compared to controls (Fig. 4A-D), similar results were
observed at the mRNA level (Supplementary Fig. 6D and
E). To determine whether the alteration in glycogen mobil-
ization enzymes was limited to induced astrocytes, we as-
sessed the levels of GP and PGM in induced neurons. The
data indicated that GP levels were reduced in C90rf72 in
induced neurons (Fig. 4E and F), whilst PGM levels were
reduced but to a level that did not reach significance

(Fig. 4G and H).

The C90rf72 expansion alters fructose
metabolism and impairs methyl-
glyoxal removal enzymes

As with a glycogen metabolism defect, our previous publi-
cation using this screening methodology detected a reduc-
tion in NADH production in the presence of fructose,
perhaps indicating dysfunction in the fructose metabolism
pathway (Allen et al., 2019). To assess this further, we
measured the levels of fructokinase and aldolase-C, the en-
zymes responsible for metabolism of fructose to fructose 1-
phosphate and then  glyceraldehyde, respectively.
Surprisingly we found a modest increase in fructokinase
levels in C90rf72 ALS cases (Fig. SA and B) although no
increase in aldolase-C was observed (Fig. SC and D). The
NADH production step from fructose metabolism occurs

S. P. Allen et al.

downstream of the activity of these two enzymes, when
glyceraldehyde 3-phosphate is converted to 1,3-bisphospho-
glycerate. If the levels of fructokinase and aldolase-C were
unaffected or raised, this suggested a defect further down-
stream perhaps leading to an increase of glyceraldehyde-3-
phosphate (GAP) and dihydroxyacetone phosphate
(DHAP). Fructose is a potent glycating agent, leading to
toxic advanced glycation end products (AGEs) that can
interfere with many cell functions including lipid synthesis,
antioxidant defences, and mitochondrial metabolism.
Disrupted fructose metabolism leads to the generation of
GAP and DHAP, which are both efficient glycating agents
and can be converted to dicarbonyls such as glyoxal and
methylglyoxal, which in turn leads to more stable AGE
production. To combat this, cells have an effective detox-
ifying mechanism that plays a major role in the cellular
defence against glycation and oxidative stress (Thornalley,
19934, b; Kalapos, 2008a, b). The glyoxalase system con-
tains two sequential enzymatic reactions catalysed by
glyoxalase-1 (GLO1) and glyoxalase-2 (GLO2), using
glutathione as a co-factor. GLO1 converts the hemithioa-
cetal product formed by the reaction of reduced glutathione
with methylglyoxal, to S-p-lactoylglutathione. This com-
pound is then metabolized by GLO2 to p-lactate, which
recycles glutathione. As S-p-lactoylglutathione is non-toxic
GLO1 activity is crucial for methylglyoxal detoxification
and determines the rate of AGE formation (Allaman
et al., 2015).

To assess whether levels of these detoxifying enzymes
were altered in C90rf72 induced astrocytes, we measured
protein levels of GLO1 by western blot analysis (Fig. 6A
and B) and mRNA levels by RT-PCR (Supplementary Fig.
7A). We found a significant reduction in the levels of
GLO1 in the C9orf72-ALS lines compared to controls.
To assess whether this was limited to induced astrocytes
we measured GLO1 levels in C90rf72 induced neurons
and found a similar reduction (Fig. 6E and F). Although
we found a significant reduction of GLO2 at the protein
level in C90rf72 induced astrocytes (Fig. 6C and D) this
was not matched at the mRNA level (Supplementary Fig.
7B) or at the protein level in induced neurons (Fig. 6G and
H).

In a recently published paper, we found similar alter-
ations at the protein level of adenosine deaminase in both
C90rf72 and SALS cases (Allen et al., 2019). As a C9o0rf72
expansion accounts for a significant proportion of sporadic
ALS cases as well as familial cases, we wanted to determine
whether these findings were limited to C9orf72 ALS cases.
To assess this, we measured the protein levels of glycogen
phosphorylase, PGM, fructokinase, aldolase-C GLO1 and
GLO2 in the three SALS induced astrocytes lines used in
our previous studies and used to generate PCA plots in this
study. Unlike the C90rf72 induced astrocytes no consistent
loss of the glycogen enzymes were observed in SALS
induced astrocytes (Fig. 7A-D). However, as evident from
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Figure 4 C9orf72 induced astrocytes and induced neurons have reduced glycogen metabolism enzymes. (A and B) Induced
astrocyte GP levels. (C and D) Induced astrocyte PGM levels. (E and F) Induced neuron GP levels. (G and H) Induced neuron PGM levels.
Densitometry analysis performed by normalizing the protein level of interest to the loading control (actin). Representative western blot of three
controls versus three C9orf72 cases performed n = 3/4 before densitometry analysis followed by a Mann-Whitney (B and D) or an unpaired t-test
(F and H). *P < 0.05. iAstrocytes = induced astrocytes; iNeurons = induced neurons.
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the data (Fig. 7A-D), we observed SALS case-specific alter- three data points in Fig. 7B, unpaired #-test P = 0.032) and
ations in the glycogen mobilization enzymes. Case SALS-9 upregulated PGM (Fig. 7C, highest three data points in Fig.
had reduced GP compared to controls (Fig. 7A and lowest 7D, unpaired #-test P =0.0014), perhaps as a cellular
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B Fructokinase levels in C9orf72 iAstrocytes
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Figure 5 C9orf72 induced astrocytes have altered levels of fructokinase. (A and B) C90rf72 induced astrocyte fructokinase levels (FK).
(€ and D) C90rf72 induced astrocyte aldolase-C levels (Ald-C). (E and F) SALS induced astrocyte fructokinase levels. (G and H) SALS induced
astrocyte aldolase-C levels (Ald-C). Densitometry analysis performed by normalizing the protein level of interest to the loading control (actin).
Representative western blot of three controls versus three ALS cases performed n = 3 before densitometry analysis. Data are presented as mean
and standard deviation from three independent biological replicates. All data analysed by an unpaired t-test analysis. *P < 0.05.

iAstrocytes = induced astrocytes.
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Figure 6 C9orf72 induced astrocytes and induced neurons have reduced methylglyoxal removal enzymes. (A and B) Induced
astrocyte GLOI levels. (C and D) Induced astrocyte GLO?2 levels. (E and F) Induced neuron GLOI levels. (G and H) Induced neuron GLO2
levels. Densitometry analysis performed by normalizing the protein level of interest to the loading control (actin). Representative western blot of
three controls versus three C9orf72 cases performed n = 3/4 before densitometry analysis and analysis by an unpaired t-test (B and F) or a Mann-
Whitney test (D). *P < 0.05, **P < 0.01. Lines on blots indicated cropped images. For full length blots, see Supplementary Fig. 8C.
iAstrocytes = induced astrocytes; iNeurons = induced neurons.

response to GP reduction. Case SALS-17 had no change in When we assessed the levels of the fructose metabolism
GP but showed a mild but significant reduction in PGM enzymes, the data were very similar to the C9orf72
levels (unpaired #-test P = 0.041, bottom three data points induced astrocytes. Two out of three SALS cases (Cases

in Fig. 7D). SALS-9 and SALS-12) had raised fructokinase levels but
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Figure 7 SALS induced astrocytes have reduced GLO| levels. (A and B) Induced astrocyte GP levels. (C and D) Induced astrocyte PGM
levels. (E and F) Induced astrocyte GLO| levels. (G and H) Induced astrocyte GLO?2 levels. Densitometry analysis performed by normalizing the
protein level of interest to the loading control (actin). Representative western blot of three controls versus three SALS cases performed n =3
before densitometry analysis followed by an unpaired t-tests. **P < 0.01. iAstrocytes = induced astrocytes.

overall no significant increase was observed due to the
very low levels of fructokinase in Case SALS-17 (Fig. SE
and F). As with the C90rf72 induced astrocytes, SALS
cases showed no change in aldolase-C levels (Fig. 5G
and H). Interestingly, when we measured GLO1 levels in

the SALS induced astrocytes, GLO1 was consistently
decreased in all cases, (Fig. 7E and F). However, no dif-
ference was observed with GLO2 (Fig. 7G and H). Similar
results were found at the mRNA level (Supplementary Fig.
7C and D).
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To confirm the relevance to ALS and to ascertain whether
these alterations were ALS specific, we assessed the levels of
our target molecules in sporadic Parkinson’s cases and their
age- and sex-matched controls. As with our ALS induced
astrocytes, the sporadic Parkinson’s induced astrocytes
were differentiated from iNPCs that had been reprogrammed
from fibroblasts isolated from sporadic Parkinson’s disease
cases (Supplementary Table 1). No significant differences in
the enzymes responsible for fructose metabolism were
observed between the sporadic Parkinson’s disease cases
and their age- and sex-matched controls in either induced
astrocytes or fibroblasts (Supplementary Fig. 7E-H). In
terms of the glycogen enzymes, as with sporadic ALS cases
and unlike our C90rf72 cases, we found no consistent re-
duction in both glycogen enzymes in sporadic Parkinson’s
disease cases. As with our SALS cases we found cell-specific
levels of both targets, sporadic Parkinson’s disease Case
OB182, for example, had low levels of GP compared to
controls but high levels of PGM (Supplementary Fig. 7E
and G), as observed with Case SALS-9, perhaps again as a
compensatory mechanism.

However, as with our C9o0rf72 and sporadic ALS
induced astrocytes, we found a consistent significant loss
of GLOT1 in the sporadic Parkinson’s disease cases com-
pared to the sporadic Parkinson’s disease age and sex
matched controls (Supplementary Fig. 7E and G). These
differences seem to be CNS specific as when we tested
the original fibroblast lines no differences were observed
(Supplementary Fig. 7F and H). This loss of GLO1 in
both familial and sporadic ALS samples as well as sporadic
Parkinson’s samples may suggest a novel common pathway
of dysfunction between the two neurodegenerative dis-
orders. However, because of the low number of patients
per group further investigation is warranted.

Discussion

Our data show that phenotypic metabolic screening can be
used to distinguish altered metabolic profiles between con-
trols and patient-derived, CNS-specific, ALS models of dis-
ease. We have identified that induced astrocytes derived
from C9orf72 ALS cases and SALS cases have an altered
metabolic profile compared to controls and display a loss
of metabolic flexibility. Fibroblasts overall showed less sep-
aration from controls than induced astrocytes (Fig. 1 and
Supplementary Fig. 2) and retained their metabolic flexibil-
ity compared to controls. This retained flexibility may be
one factor to explain why fibroblasts are able to compen-
sate metabolically in the presence of genetic alterations that
are injurious for CNS cells such as astrocytes and neurons.
We have previously observed altered metabolic responses in
fibroblasts from both SOD1 and sporadic ALS cases (Allen
et al., 2014, 2015; Raman et al., 2015), but now, with the
adoption of our novel metabolic screening approach, we
can conclude with confidence that inherent metabolic flexi-
bility is vital in the CNS and is reduced in ALS patients.
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Our unique approach of screening under non-physio-
logical conditions has allowed us to identify key points in
the metabolic pathway that are affected in C90rf72 induced
astrocytes, which would not have been observed in physio-
logical (non-stress) conditions, including: adenosine metab-
olism, fructose metabolism and glycogen metabolism.
Under times of cellular stress such as the bioenergetic star-
vation induced during the screening process, this loss of
metabolic flexibility contributed to the cell loss observed
in the C90rf72 induced astrocyte model, which was the
result of defects in energy substrate transport, combined
with a reduced ability to mobilize intracellular energy
stores such as glycogen and adenosine to produce NADH
(Figs 3, 4 and Allen et al., 2019).

Glycogen is the main storage form of glucose, mainly
localized in astrocytes in the CNS and can be metabolized
without ATP consumption (Brown, 2004). Decreased
glycogen metabolism, either through reduction of GP and
PGM or a-glucosidase (GAA), which has previously been
shown to be reduced at the mRNA level in gene expression
studies on laser captured motor neurons from ALS patients
(Dodge et al., 2013), could lead to glycogen accumulation
in the CNS. At times of high-energy demand or bioener-
getic stress, decreased mobilization of glycogen in ALS
cases may cause decreased glucose levels and therefore
lead to a reduction in ATP production. This has been re-
ported in grey matter neurons and glia of ALS cases and
also in muscle, with glycogen accumulation and diminished
ATP levels observed (Dodge et al., 2013). Laser-captured
astrocytes from SOD19?** mice have demonstrated a >2-
fold increase in glycogen synthase mRNA (Ferraiuolo et al.,
2011a). However, we found no consistent increase of
glycogen synthase in C90rf72 induced astrocytes at the
protein level (data not shown). Our data suggest a reduced
ability to mobilize glycogen rather than a glycogen storage
defect is likely to contribute to starvation-induced toxicity.
The glycogen defect was more evident in C90rf72 induced
astrocytes, compared to SALS induced astrocytes, which
may indicate a distinct C90rf72 pathogenic mechanism.

However, SALS cases are heterogeneous and firm conclu-
sions are not yet possible given the relatively small number
of SALS cases used in this study. In addition, the fact that
glycogen level alterations have been observed in tissue from
ALS cases and in SOD1 mice indicates that our findings are
relevant to the pathogenesis of at least some additional
subtypes of ALS.

Disruption in lysosomal glycogen breakdown, as well as
a secondary defect in the fusion between autophagosomes
and lysosomes, have been implicated in certain myopathies
including Pompe disease. Pompe disease is caused by a mu-
tation in GAA, with deficiencies in both humans and in
mouse models leading to accumulation of swollen lyso-
somes swollen containing glycogen (Smith ef al., 1967,
Raben et al., 2002, 2009; van der Ploeg and Reuser,
2008). Defects in autophagy are linked with several neuro-
logical disorders including Parkinson’s disease and ALS
(Harris and Rubinsztein, 2011). C90rf72 has been shown

6102 1940100 0€ U0 Jasn plaweys Jo ANSIonIun Aq 61/9096/Z0EZME/UIRIG/SE0 L 0 |/I0P/JOBIISHE-8[01E-00UBADE/UIBIC/WOD dNO"0lWapeoe)/:sdRy WO.j POPEOJUMOQ


https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data

16 | BRAIN 2019: 0; 1-20

to play a key role in autophagy initiation, with upregula-
tion of P62 and the LC3 II/I ratio observed in C9orf72
patient-derived cell models indicating an impairment of
autophagy (Webster et al., 2018; Allen et al, 2019). A
key role of autophagy is to release glucose, fatty acids
and amino acids to maintain cellular functions during
stress and starvation. It has been shown in mice, that glyco-
gen-rich fast-twitch muscle fibres induce autophagy to a
greater extent than oxidative slow-twitch fibres
(Mizushima et al., 2004). Therefore, a link may exist be-
tween the glycogen/glucose axis and autophagy regulation
in ALS. C90rf72 autophagy disruption may contribute to
the bioenergetic deficit observed in ALS patients not only in
the CNS but in muscle. Selective targeting of the glycogen/
glucose axis by increasing glycogenolysis could potentially
compensate for the bioenergetic/autophagy defect and in-
crease energy production via glycolysis. This is a crucial
area of metabolic research in ALS, especially in light of
the recent publication suggesting a neuroprotective role of
glycolysis in TDP43-linked ALS (Manzo et al., 2019).
Further mechanistic studies are planned in our laboratory
to uncover the link between C90rf72 hexanucleotide repeat
expansions and glycogen metabolism in ALS.

Substrate mobilization also includes the ability to trans-
port substrates across membranes. We found that C9orf72
induced astrocytes had significantly reduced ability to me-
tabolize mitochondrial energy substrates in intact cells,
(Fig. 3 and Supplementary Fig. 5). This resulted in high
levels of toxicity (in the whole cell intact screen), which
were not statistically different from the levels of toxicity
observed under starvation (no energy substrates) conditions
(Supplementary Fig. 5]). This was in contrast to the cyto-
plasmic saccharide based energy substrates identified, which
in general did not show a starvation like toxicity profile,
with cell numbers significantly higher than those observed
under starved, no energy substrate conditions
(Supplementary Fig. 5K). These data indicate that the de-
fects observed in the cytoplasmic saccharide based energy
substrates described in this study and our previously pub-
lished study (Allen et al., 2019) were not due to loss of
energy substrate transport and were due to alterations in
the intracellular enzymes responsible for energy metabolism
in these pathways, which we have identified. This is in
contrast to pyruvic acid for example, where we saw no
difference in the activation state of pyruvate dehydrogenase
in the C90rf72 induced astrocytes compared to controls
(Supplementary Fig. 8A and B). This was confirmed by
measuring the levels of the ubiquitously expressed glucose
transporter 1 (GLUT1), which is responsible for glucose
uptake in astrocytes and glucose transporter 5 (GLUTS),
which is responsible for fructose uptake (Jurcovicova,
2014). No difference was found between C90rf72 induced
astrocytes and controls in GLUT1 levels indicating that
the C9orf72 induced astrocytes were not starved of
saccharide-based cytoplasmic energy substrates
(Supplementary Fig. 8D-G). Similar results were found
with GLUTS with or without fructose supplementation,
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indicating that the fructose metabolism defect observed
was not due to a loss of fructose transport or a defect in
transporter upregulation in the C90rf72 induced astrocytes.

Pyruvic acid and lactic acid are transported across cell
membranes, including both the plasma and mitochondrial
membranes, by monocarboxylate transporters (Halestrap,
2012a, b). Altered gene expression of monocarboxylate
transporter 4, (SLC16A4) has been found in the spinal
cord of hSOD1%%3* mice (Ferraiuolo et al., 2011a) and
the oligodendrocytic lactate transporter monocarboxylate
transporter 1 (SLC16A1) was decreased in the spinal
cords of ALS cases and SOD1%%A mice (Lee et al.,
2012b; Philips et al., 2013). The Krebs cycle intermediates
that we found were affected, can be taken up from blood
by the SLC13 transporters NaDC1, NaDC3 and NaCT.
NaDC3 has been shown to translocate alpha-ketoglutaric
acid (Kaufhold et al., 2011), but at this point this enzyme
has not been linked to ALS.

In saponin-permeabilized cells no significant NADH pro-
duction differences were observed between controls and
CY9o0rf72 induced astrocytes in the presence of pyruvic
acid, lactic acid, succinic acid and r-malic acid.
Furthermore, C907f72 induced astrocytes displayed altered
saponin sensitivity compared to controls (Fig. 3). As sap-
onin functions mainly by solubilizing cholesterol, forming a
complex and leaving the membrane intact (Jacob et al.,
1991; Bottger and Melzig, 2013), this may suggest a po-
tential alteration in the cholesterol content in induced astro-
cyte membranes from CY9orf72 ALS cases, which may
influence the transport of metabolites in the cell, rather
than an enzyme defect. Altered membrane cholesterol con-
tent has previously been observed in ALS cases and models
of disease (Cutler et al., 2002; Baker et al., 2015).
Conversely, a more recent study found no cholesterol con-
tent differences in cortical neuron cultures from wild-type
and G93A SOD1 mice, but did identify an altered suscep-
tibility to cholesterol depletion in terms of loss of NMDA
receptor evoked currents (Antonini et al., 2018).
Cholesterol content has been shown to influence the phys-
ical properties of membranes including fluidity and rigidity,
which may affect the level of both membrane receptor ex-
pression internalization, and transporter activity (Yeagle
et al., 1988; Ikonen, 2008; Jaipuria et al., 2018; Zhang
et al., 2019). Therefore, in-depth analysis of metabolic sub-
strate transporters within both the plasma and mitochon-
drial membranes and analysis of cholesterol content has the
potential to highlight either chemical or genetic manipula-
tion strategies, which may contribute to enhancing astro-
cyte metabolic flexibility and increasing support to motor
neurons. Intriguingly, the defects in mitochondrial energy
substrate usage identified in the C90rf72 induced astrocytes
may account for the subtle shift towards a more glycolytic
ATP production state in the C9orf72 induced astrocytes,
described in our previous manuscript (Allen et al., 2019).

In addition to glycogen, we have identified a defect in
fructose metabolism that may be linked to alterations in
the methyglyoxal removal pathway. Fructose is increasingly
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prevalent in the human diet as, along with glucose, it is a
component of sucrose, which is used as an artificial sweet-
ener (Aragno and Mastrocola, 2017). A high-fructose diet
has been associated with insulin resistance and dyslipidae-
mia, as well as causing inflammation and reduction of per-
oxisome proliferator-activated receptor alpha (PGC1A) in
animal models (Livesey and Taylor, 2008; Miller and
Adeli, 2008; Mock et al., 2017). As fructose enters glycoly-
sis at DHAP and GAP, it bypasses phosphofructokinase,
the glycolytic rate-limiting enzyme and the need for insulin.
Enhanced exposure to fructose, combined with defects in
the fructose metabolic pathway, may lead to enhanced pro-
tein glycation through accumulation of DHAP and GAP as
well as enhanced methylglyoxal production (Hamada et al.,
1996). Accumulation of toxic AGEs has been linked to
mitochondrial dysfunction and oxidative stress in several
neurodegenerative diseases including Parkinson’s disease
(Seneff et al., 2011; Li et al, 2012; Hipkiss, 2014;
Mastrocola et al., 2016) and in ALS (Kaufmann et al.,
2004; Juranek et al, 2015, 2016; Kim et al, 2018).
Currently there are limited data focusing on methylglyoxal
and its removal in ALS (Sirangelo et al., 2016) and to the
best of our knowledge, this is the first study to suggest that
GLO1 levels are altered in ALS patient-derived cell models.
However, the fact that we found similar alterations in the
GLO1 levels in SALS induced astrocytes and sporadic
Parkinson’s disease cases suggests that an important novel
common mechanism of dysfunction may exist between ALS
and Parkinson’s disease. Recently, the protein sensor DJ-1,
implicated in Parkinson’s disease (Bonifati et al., 2003a, b),
was identified as having glyoxalase activity (Lee et al.,
2012a) with methylglyoxal moieties leading to its down-
regulation and glycation of a-synuclein (Sharma et al.,
2019). This indicates that as with ALS, effective removal
of glycation agents such as methylglyoxal in Parkinson’s
disease is crucial in protecting against oxidative stress and
mitochondrial dysfunction in the CNS, which play key
pathogenic roles in both diseases (Barber and Shaw,
2010; Toyoda et al., 2014; Smith et al., 2017;
Macdonald et al, 2018; Mortiboys et al, 2018;
Dolgacheva et al., 2019).

Our findings that GLO1 levels are reduced in induced
astrocytes derived from ALS and Parkinson’s patients are
interesting especially in light of the recent findings that Nrf-
2, a key regulator of oxidative stress that is normally se-
questered and inactivated by the Kelch-like ECH associated
protein 1 (KEAP1), is released and activated by accumula-
tion of methylglyoxal (Bollong et al., 2018). This metabol-
ically regulated communication between metabolism and
the oxidative stress response via methylglyoxal is a key
cellular protection pathway, which would be vital in ALS
and Parkinson’s disease where metabolic dysfunction and
oxidative stress are important players in disease patho-
physiology. Further studies are planned in our laboratory
to investigate the effect of loss of GLO1 on this cellular
protection axis.

BRAIN 2019: 0; 1-20 | 17

Acknowledgements

We thank all the ALS patients, Parkinson’s disease patients
and control participants for donating biosamples to aid this
research, supported by the NIHR Sheffield Biomedical
Research Centre for Translational Neuroscience and the
Motor Neurone Disease Association. Thanks to Dr Barry
Bochner, Dr Serena Chan, Dr Eric Olender and Mr Andre
Chouankam from Biolog and Mrs Frances Allen for tech-
nical support throughout this study.

Funding

We thank Neurocare, registered charity number 1169762-
14 for funding the Seahorse XF24 bioanalyser and the
OmniLog™ Phenotype system. This work was funded by
a Motor Neurone Disease Association Senior Fellowship
award to SPA (956-799, MNDA-registered charity
number 294354). P.J.S. is supported by the Medical
Research Council, the MND Association and as an NIHR
Senior Investigator. L.F. is supported by the Academy of
Medical Sciences (SBF002\1142) and Horizon 2020
(ID#765704). The Sheffield NIHR Biomedical Research
Centre provided support for this study. H.M. is funded
by Parkinson’s UK grant number F130. O.B. and H.M.
were supported by a grant from Parkinson’s UK (G-1202).

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain online.

References

Allaman I, Belanger M, Magistretti PJ. Methylglyoxal, the dark side of
glycolysis. Front Neurosci 2015; 9: 23.

Allen SP, Duffy LM, Shaw PJ, Grierson AJ. Altered age-related
changes in bioenergetic properties and mitochondrial morphology
in fibroblasts from sporadic amyotrophic lateral sclerosis patients.
Neurobiol Aging 2015; 36: 2893-903.

Allen SP, Hall B, Castelli LM, Francis L, Woof R, Siskos AP, et al.
Astrocyte adenosine deaminase loss increases motor neuron toxicity
in amyotrophic lateral sclerosis. Brain 2019; 142: 586-605.

Allen S, Heath PR, Kirby J, Wharton SB, Cookson MR, Menzies FM,
et al. Analysis of the cytosolic proteome in a cell culture model of
familial amyotrophic lateral sclerosis reveals alterations to the pro-
teasome, antioxidant defenses, and nitric oxide synthetic pathways.
J Biol Chem 2003; 278: 6371-83.

Allen SP, Rajan S, Duffy L, Mortiboys H, Higginbottom A, Grierson
AJ, et al. Superoxide dismutase 1 mutation in a cellular model of
amyotrophic lateral sclerosis shifts energy generation from oxidative
phosphorylation to glycolysis. Neurobiol Aging 2014; 35: 1499-
509.

6102 1940100 0€ U0 Jasn plaweys Jo ANSIonIun Aq 61/9096/Z0EZME/UIRIG/SE0 L 0 |/I0P/JOBIISHE-8[01E-00UBADE/UIBIC/WOD dNO"0lWapeoe)/:sdRy WO.j POPEOJUMOQ


https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz302#supplementary-data

18 | BRAIN 2019: 0; 1-20

Antonini A, Caioli S, Saba L, Vindigni G, Biocca S, Canu N, et al.
Membrane cholesterol depletion in cortical neurons highlights
altered NMDA receptor functionality in a mouse model of amyo-
trophic lateral sclerosis. Biochim Biophys 2018; 1864: 509-19.

Aragno M, Mastrocola R. Dietary sugars and endogenous formation
of advanced glycation endproducts: emerging mechanisms of dis-
ease. Nutrients 2017; 9: 385.

Baker DJ, Blackburn DJ, Keatinge M, Sokhi D, Viskaitis P, Heath PR,
et al. Lysosomal and phagocytic activity is increased in astrocytes
during disease progression in the SOD1 (G93A) mouse model of
amyotrophic lateral sclerosis. Front Cell Neurosci 2015; 9: 410.

Barber SC, Shaw PJ. Oxidative stress in ALS: key role in motor neuron
injury and therapeutic target. Free Radic Biol Med 2010; 48: 629—
41.

Bartolome F, Wu HC, Burchell VS, Preza E, Wray S, Mahoney C]J,
et al. Pathogenic VCP mutations induce mitochondrial uncoupling
and reduced ATP levels. Neuron 2013; 78: 57-64.

Bensimon G, Lacomblez L, Meininger V; ALS/Riluzole Study Group.
A controlled trial of riluzole in amyotrophic lateral sclerosis. N Engl
J Med 1994; 330: 585-91.

Blasco H, Corcia P, Moreau C, Veau S, Fournier C, Vourc’h P, et al.
1 H-NMR-based metabolomic profiling of CSF in early amyotrophic
lateral sclerosis. PLoS One 2010; 5: €13223.

Blasco H, Nadal-Desbarats L, Pradat PF, Gordon PH, Antar C,
Veyrat-Durebex C, et al. Untargeted 1H-NMR metabolomics in
CSF: toward a diagnostic biomarker for motor neuron disease.
Neurology 2014; 82: 1167-74.

Blasco H, Veyrat-Durebex C, Bocca C, Patin F, Vourc’h P, Kouassi
Nzoughet J, et al. Lipidomics Reveals Cerebrospinal-Fluid Signatures
of ALS. Sci Rep 2017; 7: 17652.

Boccuto L, Chen CF, Pittman AR, Skinner CD, McCartney H]J, Jones
K, et al. Decreased tryptophan metabolism in patients with autism
spectrum disorders. Mol Autism 2013; 4: 16.

Bochner BR, Siri M, Huang RH, Noble S, Lei XH, Clemons PA, et al.
Assay of the multiple energy-producing pathways of mammalian
cells. PLoS One 2011; 6: e18147.

Bollong M]J, Lee G, Coukos JS, Yun H, Zambaldo C, Chang JW, et al.
A metabolite-derived protein modification integrates glycolysis with
KEAP1-NRF2 signalling. Nature 2018; 562: 600-4.

Bonifati V, Rizzu P, Squitieri F, Krieger E, Vanacore N, van Swieten
JC, et al. DJ-1(PARK?7), a novel gene for autosomal recessive, early
onset parkinsonism. Neurol Sci 2003a; 24: 159-60.

Bonifati V, Rizzu P, van Baren MJ, Schaap O, Breedveld GJ, Krieger
E, et al. Mutations in the DJ-1 gene associated with autosomal re-
cessive early-onset parkinsonism. Science 2003b; 299: 256-9.

Bottger S, Melzig MF. The influence of saponins on cell membrane
cholesterol. Bioorg Med Chem 2013; 21: 7118-24.

Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boillee S, Rule
M, et al. Wild-type nonneuronal cells extend survival of SOD1
mutant motor neurons in ALS mice. Science 2003; 302: 113-7.

Cooper-Knock J, Walsh M]J, Higginbottom A, Robin Highley ],
Dickman MJ, Edbauer D, et al. Sequestration of multiple RNA rec-
ognition motif-containing proteins by C9orf72 repeat expansions.
Brain 2014; 137: 2040-51.

Cutler RG, Pedersen WA, Camandola S, Rothstein JD, Mattson MP.
Evidence that accumulation of ceramides and cholesterol esters me-
diates oxidative stress-induced death of motor neurons in amyo-
trophic lateral sclerosis. Ann Neurol 2002; 52: 448-57.

De Jesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M,
Rutherford NJ, et al. Expanded GGGGCC hexanucleotide repeat in
noncoding region of COORF72 causes chromosome 9 p-linked FTD
and ALS. Neuron 20115 72: 245-56.

De Vos KJ, Hafezparast M. Neurobiology of axonal transport defects
in motor neuron diseases: opportunities for translational research?
Neurobiol Dis 2017; 105: 283-99.

Desport JC, Torny F, Lacoste M, Preux PM, Couratier P.
Hypermetabolism in ALS: correlations with clinical and paraclinical
parameters. Neuro-degener Dis 2005; 2: 202-7.

S. P. Allen et al.

Dodge JC, Treleaven CM, Fidler JA, Tamsett T], Bao C, Searles M,
et al. Metabolic signatures of amyotrophic lateral sclerosis reveal
insights into disease pathogenesis. Proc Natl Acad Sci U S A
2013; 110: 10812-7.

Dolgacheva LP, Berezhnov AV, Fedotova EI, Zinchenko VP, Abramov
AY. Role of DJ-1 in the mechanism of pathogenesis of Parkinson’s
disease. ] Bioenerg Biomembr 2019; 51: 175-88.

Dupuis L, Corcia P, Fergani A, Gonzalez De Aguilar JL, Bonnefont-
Rousselot D, Bittar R, et al. Dyslipidemia is a protective factor in
amyotrophic lateral sclerosis. Neurology 2008; 70: 1004-9.

Dupuis L, Oudart H, Rene F, Gonzalez de Aguilar JL, Loeffler JP.
Evidence for defective energy homeostasis in amyotrophic lateral
sclerosis: benefit of a high-energy diet in a transgenic mouse
model. Proc Natl Acad Sci U S A 2004; 101: 11159-64.

Dupuis L, Pradat PF, Ludolph AC, Loeffler JP. Energy metabolism in
amyotrophic lateral sclerosis. Lancet Neurol 2011; 10: 75-82.

Fergani A, Oudart H, Gonzalez De Aguilar JL, Fricker B, Rene F,
Hocquette JF, et al. Increased peripheral lipid clearance in an
animal model of amyotrophic lateral sclerosis. J Lipid Res 2007;
48: 1571-80.

Ferraiuolo L, Higginbottom A, Heath PR, Barber S, Greenald D, Kirby
J, et al. Dysregulation of astrocyte-motoneuron cross-talk in mutant
superoxide dismutase 1-related amyotrophic lateral sclerosis. Brain
2011a; 134: 2627-41.

Ferraiuolo L, Kirby J, Grierson AJ, Sendtner M, Shaw PJ. Molecular
pathways of motor neuron injury in amyotrophic lateral sclerosis.
Nat Rev Neurol 2011b; 7: 616-30.

Ferraiuolo L, Meyer K, Sherwood TW, Vick J, Likhite S, Frakes A,
et al. Oligodendrocytes contribute to motor neuron death in ALS via
SOD1-dependent mechanism. Proc Natl Acad Sci U S A 2016; 113:
E6496-505.

Haeusler AR, Donnelly CJ, Rothstein JD. The expanding biology of
the C9orf72 nucleotide repeat expansion in neurodegenerative dis-
ease. Nat Rev Neurosci 2016; 17: 383-95.

Halestrap AP. The mitochondrial pyruvate carrier: has it been un-
earthed at last? Cell Metab 2012a; 16: 141-3.

Halestrap AP. The monocarboxylate transporter family: structure and
functional characterization. IUBMB Life 2012b; 64: 1-9.

Hamada Y, Araki N, Koh N, Nakamura J, Horiuchi S, Hotta N.
Rapid formation of advanced glycation end products by intermedi-
ate metabolites of glycolytic pathway and polyol pathway. Biochem
Biophys Res Commun 1996; 228: 539-43.

Harris H, Rubinsztein DC. Control of autophagy as a therapy for
neurodegenerative disease. Nat Rev Neurol 2011; 8: 108-17.

Hautbergue GM, Castelli LM, Ferraivolo L, Sanchez-Martinez A,
Cooper-Knock J, Higginbottom A, et al. SRSF1-dependent nuclear
export inhibition of COORF72 repeat transcripts prevents neurode-
generation and associated motor deficits. Nat Commun 2017; 8:
16063.

Hipkiss AR. Aging risk factors and Parkinson’s disease: contrasting
roles of common dietary constituents. Neurobiol Aging 2014; 35:
1469-72.

Ikonen E. Cellular cholesterol trafficking and compartmentalization.
Nat Rev Mol Cell Biol 2008; 9: 125-38.

Jacob MC, Favre M, Bensa JC. Membrane cell permeabilization with
saponin and multiparametric analysis by flow cytometry. Cytometry
19915 12: 550-8.

Jaipuria G, Ukmar-Godec T, Zweckstetter M. Challenges and
approaches to understand cholesterol-binding impact on membrane
protein function: an NMR view. Cell Mol Life Sci 2018; 75: 2137~
51.

Juranek JK, Daffu GK, Geddis MS, Li H, Rosario R, Kaplan BJ, et al.
Soluble RAGE Treatment Delays Progression of Amyotrophic
Lateral Sclerosis in SOD1 Mice. Front Cell Neurosci 2016; 10: 117.

Juranek JK, Daffu GK, Wojtkiewicz J, Lacomis D, Kofler J, Schmidt
AM. Receptor for advanced glycation end products and its inflam-
matory ligands are upregulated in amyotrophic lateral sclerosis.
Front Cell Neurosci 2015; 9: 485.

6102 1940100 0€ U0 Jasn plaweys Jo ANSIonIun Aq 61/9096/Z0EZME/UIRIG/SE0 L 0 |/I0P/JOBIISHE-8[01E-00UBADE/UIBIC/WOD dNO"0lWapeoe)/:sdRy WO.j POPEOJUMOQ



Loss of metabolic flexibility in ALS

Jurcovicova J. Glucose transport in brain-effect of inflammation.
Endocr Regul 2014; 48: 35-48.

Kalapos MP. Methylglyoxal and glucose metabolism: a historical per-
spective and future avenues for research. Drug Metabol Drug
Interact 2008a; 23: 69-91.

Kalapos MP. The tandem of free radicals and methylglyoxal. Chem
Biol Interact 2008b; 171: 251-71.

Kaufhold M, Schulz K, Breljak D, Gupta S, Henjakovic M, Krick W,
et al. Differential interaction of dicarboxylates with human sodium-
dicarboxylate cotransporter 3 and organic anion transporters 1 and
3. Am ] Physiol Renal Physiol 2011; 301: F1026-34.

Kaufmann E, Boehm BO, Sussmuth SD, Kientsch-Engel R, Sperfeld A,
Ludolph AC, et al. The advanced glycation end-product N epsilon-
(carboxymethyl)lysine level is elevated in cerebrospinal fluid of pa-
tients with amyotrophic lateral sclerosis. Neurosci Lett 2004; 371:
226-9.

Kim M], Vargas MR, Harlan BA, Killoy KM, Ball LE, Comte-Walters
S, et al. Nitration and glycation turn mature NGF into a toxic factor
for motor neurons: a role for p75(NTR) and RAGE signaling in
ALS. Antioxid Redox Signal 2018; 28: 1587-602.

Kirk K, Gennings C, Hupf JC, Tadesse S, D’Aurelio M, Kawamata H,
et al. Bioenergetic markers in skin fibroblasts of sporadic amyo-
trophic lateral sclerosis and progressive lateral sclerosis patients.
Ann Neurol 2014; 76: 620-4.

Konrad C, Kawamata H, Bredvik KG, Arreguin AJ, Cajamarca SA,
Hupf JC, et al. Fibroblast bioenergetics to classify amyotrophic lat-
eral sclerosis patients. Molecular Neurodegener 2017; 12: 76.

Kumar A, Bala L, Kalita J, Misra UK, Singh RL, Khetrapal CL, et al.
Metabolomic analysis of serum by (1) H NMR spectroscopy in
amyotrophic lateral sclerosis. Clin Chim 2010; 411: 563-7.

Lee JY, Song J, Kwon K, Jang S, Kim C, Baek K, et al. Human DJ-1
and its homologs are novel glyoxalases. Hum Mol Genet 2012a; 21:
3215-25.

Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN,
et al. Oligodendroglia metabolically support axons and contribute to
neurodegeneration. Nature 2012b; 487: 443-8.

Li J, Liu D, Sun L, Lu Y, Zhang Z. Advanced glycation end products
and neurodegenerative diseases: mechanisms and perspective.
J Neurol Sci 2012; 317: 1-5.

Lin CL, Bristol LA, Jin L, Dykes-Hoberg M, Crawford T, Clawson L,
et al. Aberrant RNA processing in a neurodegenerative disease: the
cause for absent EAAT2, a glutamate transporter, in amyotrophic
lateral sclerosis. Neuron 1998; 20: 589-602.

Livesey G, Taylor R. Fructose consumption and consequences for gly-
cation, plasma triacylglycerol, and body weight: meta-analyses and
meta-regression models of intervention studies. Am ] Clin Nutr
2008; 88: 1419-37.

Lopez-Gonzalez R, Lu Y, Gendron TF, Karydas A, Tran H, Yang D,
et al. Poly(GR) in COORF72-Related ALS/FTD compromises mito-
chondrial function and increases oxidative stress and DNA damage
in iPSC-derived motor neurons. Neuron 2016; 92: 383-91.

Macdonald R, Barnes K, Hastings C, Mortiboys H. Mitochondrial
abnormalities in Parkinson’s disease and Alzheimer’s disease: can
mitochondria be targeted therapeutically? Biochem Soc Trans
2018; 46: 891-909.

Manzo E, Lorenzini I, Barrameda D, O’Conner AG, Barrows JM,
Starr A, et al. Glycolysis upregulation is neuroprotective as a com-
pensatory mechanism in ALS. Elife 2019; 8: e454114.

Mastrocola R, Nigro D, Cento AS, Chiazza F, Collino M, Aragno M.
High-fructose intake as risk factor for neurodegeneration: key role
for carboxy methyllysine accumulation in mice hippocampal neu-
rons. Neurobiol Dis 2016; 89: 65-75.

Meyer K, Ferraiuolo L, Miranda CJ, Likhite S, McElroy S, Renusch S,
et al. Direct conversion of patient fibroblasts demonstrates non-cell
autonomous toxicity of astrocytes to motor neurons in familial and
sporadic ALS. Proc Natl Acad Sci U S Am 2014; 111: 829-32.

Miller A, Adeli K. Dietary fructose and the metabolic syndrome. Curr
Opin Gastroenterol 2008; 24: 204-9.

BRAIN 2019: 0; 1-20 | 19

Mizushima N, Yamamoto A, Matsui M, Yoshimori T, Ohsumi Y.
In vivo analysis of autophagy in response to nutrient starvation
using transgenic mice expressing a fluorescent autophagosome
marker. Mol Biol Cell 2004; 15: 1101-11.

Mock K, Lateef S, Benedito VA, Tou JC. High-fructose corn syrup-55
consumption alters hepatic lipid metabolism and promotes triglycer-
ide accumulation. J Nutr Biochem 2017; 39: 32-9.

Mori K, Arzberger T, Grasser FA, Gijselinck I, May S, Rentzsch K,
et al. Bidirectional transcripts of the expanded C9orf72 hexanucleo-
tide repeat are translated into aggregating dipeptide repeat proteins.
Acta Neuropathol 2013a; 126: 881-93.

Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E,
et al. The C90rf72 GGGGCC repeat is translated into aggregating
dipeptide-repeat proteins in FTLD/ALS. Science 2013b; 339:
1335-8.

Mortiboys H, Macdonald R, Payne T, Sassani M, Jenkins T,
Bandmann O. Translational approaches to restoring mitochondrial
function in Parkinson’s disease. FEBS Lett 2018; 592: 776-92.

Onesto E, Colombrita C, Gumina V, Borghi MO, Dusi S, Doretti A,
et al. Gene-specific mitochondria dysfunctions in human TARDBP
and CO9ORF72 fibroblasts. Acta Neuropathol Commun 2016; 4: 47.

Palamiuc L, Schlagowski A, Ngo ST, Vernay A, Dirrig-Grosch S,
Henriques A, et al. A metabolic switch toward lipid use in glycolytic
muscle is an early pathologic event in a mouse model of amyo-
trophic lateral sclerosis. EMBO Mol Med 2015; 7: 526-46.

Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes stimulates
aerobic glycolysis: a mechanism coupling neuronal activity to glu-
cose utilization. Proc Natl Acad Sci U S A 1994; 91: 10625-9.

Philips T, Bento-Abreu A, Nonneman A, Haeck W, Staats K, Geelen
V, et al. Oligodendrocyte dysfunction in the pathogenesis of amyo-
trophic lateral sclerosis. Brain 2013; 136: 471-82.

Pradat PF, Bruneteau G, Gordon PH, Dupuis L, Bonnefont-Rousselot
D, Simon D, et al. Impaired glucose tolerance in patients with amyo-
trophic lateral sclerosis. Amyotroph Lateral Scler 2010; 11: 166-71.

Raben N, Baum R, Schreiner C, Takikita S, Mizushima N, Ralston E,
et al. When more is less: excess and deficiency of autophagy coexist
in skeletal muscle in Pompe disease. Autophagy 2009; 5: 111-3.

Raben N, Plotz P, Byrne BJ. Acid alpha-glucosidase deficiency (glyco-
genosis type II, Pompe disease). Curr Mol Med 2002; 2: 145-66.

Raman R, Allen SP, Goodall EF, Kramer S, Ponger LL, Heath PR, et al.
Gene expression signatures in motor neurone disease fibroblasts
reveal dysregulation of metabolism, hypoxia-response and RNA pro-
cessing functions. Neuropathol Appl Neurobiol 2015; 41: 201-26.

Rozen S, Cudkowicz ME, Bogdanov M, Matson WR, Kristal BS,
Beecher C, et al. Metabolomic analysis and signatures in motor
neuron disease. Metabolomics 2005; 1: 101-8.

Seneff S, Wainwright G, Mascitelli L. Nutrition and Alzheimer’s dis-
ease: the detrimental role of a high carbohydrate diet. Eur J Intern
Med 2011; 22: 134-40.

Sharma N, Rao SP, Kalivendi SV. The deglycase activity of DJ-1 miti-
gates alpha-synuclein glycation and aggregation in dopaminergic
cells: role of oxidative stress mediated downregulation of DJ-1 in
Parkinson’s disease. Free Radic Biol Med 2019; 135: 28-37.

Sirangelo 1, Vella FM, Irace G, Manco G, lannuzzi C. Glycation in
demetalated superoxide dismutase 1 prevents amyloid aggregation
and produces cytotoxic ages adducts. Front Mol Biosci 2016; 3:
SS.

Smith EF, Shaw PJ, De Vos K]J. The role of mitochondria in amyo-
trophic lateral sclerosis. Neurosci Lett 2017; S0304-3940: 30544-X.

Smith J, Zellweger H, Afifi AK. Muscular form of glycogenosis, type I
(Pompe). Neurology 1967; 17: 537-49.

Tefera TW, Borges K. Metabolic dysfunctions in amyotrophic lateral
sclerosis pathogenesis and potential metabolic treatments. Front
Neurosci 2016; 10: 611.

Thornalley PJ. Modification of the glyoxalase system in disease pro-
cesses and prospects for therapeutic strategies. Biochem Soc Trans
1993a; 21: 531-4.

6102 1940100 0€ U0 Jasn plaweys Jo ANSIonIun Aq 61/9096/Z0EZME/UIRIG/SE0 L 0 |/I0P/JOBIISHE-8[01E-00UBADE/UIBIC/WOD dNO"0lWapeoe)/:sdRy WO.j POPEOJUMOQ



20 | BRAIN 2019: 0; 1-20

Thornalley PJ. The glyoxalase system in health and disease. Mol
Aspects Med 1993b; 14: 287-371.

Toyoda Y, Erkut C, Pan-Montojo F, Boland S, Stewart MP, Muller
DJ, et al. Products of the Parkinson’s disease-related glyoxalase DJ-
1, D-lactate and glycolate, support mitochondrial membrane poten-
tial and neuronal survival. Biol Open 2014; 3: 777-84.

Valbuena GN, Rizzardini M, Cimini S, Siskos AP, Bendotti C, Cantoni
L, et al. Metabolomic analysis reveals increased aerobic glycolysis
and amino acid deficit in a cellular model of amyotrophic lateral
sclerosis. Mol Neurobiol 2016; 53: 2222-40.

van der Ploeg AT, Reuser AJ. Pompe’s disease. Lancet 2008; 372:
1342-53.

Vandoorne T, De Bock K, Van Den Bosch L. Energy metabolism
in ALS: an underappreciated opportunity? Acta Neuropathol
2018; 135: 489-509.

Walker C, Herranz-Martin S, Karyka E, Liao C, Lewis K, Elsayed W,
et al. CY9orf72 expansion disrupts ATM-mediated chromosomal
break repair. Nat Neurosci 2017; 20: 1225-35.

S. P. Allen et al.

Webster CP, Smith EF, Grierson AJ, De Vos KJ. C9orf72 plays a
central role in Rab GTPase-dependent regulation of autophagy.
Small GTPases 2018; 9: 399-408.

Writing G, Edaravone ALSSG. Safety and efficacy of edaravone in well
defined patients with amyotrophic lateral sclerosis: a randomised,
double-blind, placebo-controlled trial. Lancet Neurol 2017; 16:
505-12.

Yamanaka K, Chun SJ, Boillee S, Fujimori-Tonou N, Yamashita H,
Gutmann DH, et al. Astrocytes as determinants of disease progres-
sion in inherited amyotrophic lateral sclerosis. Nat Neurosci 2008;
11: 251-3.

Yeagle PL, Young J, Rice D. Effects of cholesterol on (Na+,K+)-
ATPase ATP hydrolyzing activity in bovine kidney. Biochemistry
1988; 27: 6449-52.

Zhang J, Li Q, Wu Y, Wang D, Xu L, Zhang Y, et al. Cholesterol
content in cell membrane maintains surface levels of ErbB2 and
confers a therapeutic vulnerability in ErbB2-positive breast cancer.
Cell Commun Signal: CCS 2019; 17: 15.

6102 1940100 0€ U0 Jasn plaweys Jo ANSIonIun Aq 61/9096/Z0EZME/UIRIG/SE0 L 0 |/I0P/JOBIISHE-8[01E-00UBADE/UIBIC/WOD dNO"0lWapeoe)/:sdRy WO.j POPEOJUMOQ



