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RESEARCH ARTICLE
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similarities to mitochondrial dysfunction disorders
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Abstract
Objective: Sporadic and familial amyotrophic lateral sclerosis (ALS) is a fatal progressive neurodegenerative disease that
results in loss of motor neurons and, in some patients, associates with frontotemporal dementia (FTD). Apart from the
accumulation of proteinaceous deposits, emerging literature indicates that aberrant mitochondrial bioenergetics may con-
tribute to the onset and progression of ALS/FTD. Here we sought to investigate the pathophysiological signatures of
mitochondrial dysfunction associated with ALS/FTD. Methods: By means of label-free mass spectrometry (MS) and
mRNA sequencing (mRNA-seq), we report pre-symptomatic changes in the cortices of TDP-43 and FUS mutant mouse
models. Using tissues from transgenic mouse models of mitochondrial diseases as a reference, we performed comparative
analyses and extracted unique and common mitochondrial signatures that revealed neuroprotective compensatory mech-
anisms in response to early damage. Results: In this regard, upregulation of both Acyl-CoA Synthetase Long-Chain
Family Member 3 (ACSL3) and mitochondrial tyrosyl-tRNA synthetase 2 (YARS2) were the most representative change
in pre-symptomatic ALS/FTD tissues, suggesting that fatty acid beta-oxidation and mitochondrial protein translation are
mechanisms of adaptation in response to ALS/FTD pathology. Conclusions: Together, our unbiased integrative analyses
unveil novel molecular components that may influence mitochondrial homeostasis in the earliest phase of ALS.

Keywords: Amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), bioinformatics, master regulator analysis,
mitochondrial dysfunction, lipid metabolism

Introduction

Despite significant recent progress in the study of
molecular mechanisms underlying the pathogenesis

of neurodegenerative disorders (NDs), the initial
causative factors of sporadic NDs remain poorly
understood. ALS is a severe, chronic, progressive
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ND characterized by irreversible degeneration of
upper and lower motor neurons leading to muscle
atrophy, paralysis, and death within 5 years of symp-
tom onset. A significant portion of ALS patients also
develop FTD. FTD is characterized by progressive
neuronal atrophy with loss in the frontal and tem-
poral cortices associated with deterioration in behav-
ior, progressive apathy, and dementia during the
later stages of the disease. Although ALS and FTD
were historically considered distinct diseases, evi-
dence now indicates significant overlaps, with some
ALS patients exhibiting clear traits of FTD, and
some FTD patients exhibiting the motor neuron
degeneration associated with ALS (1). Moreover,
the genetic and pathological causes of familial forms
of ALS and FTD also overlap (2). For example, the
most common mutations in both ALS and FTD are
repeat expansion mutations of C9orf72 (3), and
mutations or dysregulation of the TAR DNA-bind-
ing protein 43 (TDP-43, also known as TARDBP)
and the DNA/RNA-binding protein FUS (4). These
pathological proteins stimulate and directly partici-
pate in the formation of intraneuronal protein aggre-
gates, characteristic of patients with ALS and FTD
(5), that sequester several mRNAs and proteins.
While the pathology associated with FUS and TDP-
43 is believed to affect several aspects of motor neu-
ron function, it may specifically target mitochondrial
metabolism. Cellular and animal models have shown
that FUS disrupts the formation of the ATP syn-
thase complex and can interfere with mitochondrial
protein folding (6). Similarly, TDP-43-associated
aggregates colocalise with mitochondria and impair
their dynamics and morphology (7), as well as
inhibit translation of mitochondrial mRNAs that
encode the ND3 and ND6 subunits of oxidative
phosphorylation (OXPHOS) complex I (8).
Interestingly, several in vitro and in vivo TDP-43-
and FUS-related ALS/FTD models have identified
impaired bioenergetics and mitochondrial dysfunc-
tion as early critical events driving neurodegeneration
(6,7,9–11). Other TDP-43 ALS-related models have
detected alterations in mitochondrial transport but
no defects in mitochondrial bioenergetics (12–14), a
finding also observed in vitro in patient-derived
motoneurons (15). Hence, it is possible that mito-
chondrial dysfunction may only be present and
detectable once neurodegeneration has occurred, in
the symptomatic stages of these disorders.

To explore the role of mitochondrial dysfunc-
tion as an early, contributing factor to the disease
progression, we here aimed to investigate the asso-
ciation between the ALS/FTD- -initiating protein-
opathy and mitochondrial dysfunction, focusing on
pre-symptomatic disease stages and the possibility
of determining stress adaptation mechanisms. We
conducted label-free mass spectrometry (MS) and
mRNA sequencing (mRNA-seq) and compared
proteomic and transcriptomic signatures between

two pre-symptomatic ALS/FTD progression mod-
els and between two mitochondrial disease models.
We performed bioinformatics analyses to identify
transcriptional master regulators.

Materials and methods

Animals and ethics approval

This study was conducted in strict accordance
with Directive 2010/63/EU on the protection of
animals used for scientific purposes. Ethical
approval at RCSI was obtained from the Animal
Research Ethics Committee of the Royal College
of Surgeons in Ireland (ethics reference number:
REC1122b) under license from the Irish Health
Products Regulatory Authority (AE19127/P004).
Experiments at DZNE were performed according
to the guidelines of the State Agency for Nature,
Environment and Consumer Protection in North
Rhine Westphalia.

ALS disease models: FUS (DFUS(1-359)) mice
on a congenic C57Bl/6 background were generated
in the laboratory of Prof. Vladimir Buchman
(Cardiff University; (16)) and re-derived at the
Institute of Molecular Genetics of the ASCR,
Prague, Czechia. TDP (TDP-43A315T) mice, on a
congenic C57Bl/6 background (B6.Cg-Tg(Prnp-
TARDBP�A315T)95Balo/J), were purchased from
The Jackson Laboratory (Bar Harbor, Maine,
USA) and originally generated in the laboratory of
Dr Baloh (17). TDP mice were maintained using
a protocol that ensures development of symptom-
atic motor dysfunction after postnatal day (PND)
120 (18). Only male TDP mice were used, as
female mice have variable disease penetrance (19).
FUS mice were maintained on a regular diet and
develop motor dysfunction and pathology after
PND90 (20). Both sexes of FUS mice were used.
Mice were age- and litter-matched according to
ALS pre-clinical trial guidelines (21). Animals
were housed in cages with 3-5 mice at a constant
temperature (22 �C) on a 12h light/dark cycle
(07:00h on, 19:00h off), with ad libitum availability
of food and water. Mice were genotyped by PCR.

AIF-deficient mouse models: Hq (B6CBACa Aw-J/
A-Aifm1Hq/J) mutant mice were obtained from JAX
(stock number:000501). Aifm1 (R200 del) KI mice
were generated as previously described (22).

Study design

This study was not pre-registered. No randomiza-
tion was performed to allocate subjects in the study.
No blinding was performed. No sample calculation
was performed. This study was exploratory. For
FUS (DFUS(1-359)), TDP (TDP-43A315T), Aifm1
(R200 del) KI and Harlequin mutant mice, no ani-
mals were excluded from the study. Experiments
were conducted in the morning.
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Cerebral cortex tissue dissection

Mice were euthanized by cervical dislocation.
Cerebral cortices were harvested from TDP (n¼6)
and FUS (n¼ 7) mutant mice, along with their lit-
termate wildtype controls, at PND 60 (range PND
57-62) and PND 50 (range PND 49-51), respect-
ively, corresponding to the pre-symptomatic stage
of disease progression (19). Cortices from Hq
(n¼4) and Aifm1 (n¼ 4) mice, and their litter-
mate wildtype controls, were harvested around
PND180. In brief, mice were sacrificed by rapid
cervical dislocation, and the brain was carefully
isolated and placed in ice-cold dissection buffer
(1� PBS with 0.25% glucose and 0.3% BSA).
The meninges were removed, and the cerebral cor-
tex was isolated and placed in labeled cryotubes
and frozen in liquid nitrogen. The samples were
stored at −80 �C until use.

RNA extraction and RNA-sequencing

RNA was extracted from the cortex using the
standard protocol for TRIzol extraction. In brief,
TRIzol was added to the frozen tissue before
mechanical disruption, addition of chloroform, and
centrifugation at 12000g, 4 �C for 15min. The
upper, aqueous phase was isolated, and the RNA
was precipitated using isopropanol, before diluting
to the desired concentration in RNase-free water.
The RNA samples were sent to VIB-KU Leuven
for whole-transcript mRNA sequencing using the
KAPA stranded mRNAseq kit as previously
described (23).

Protein extraction and LC-MS/MS proteomics

Cortical samples were first homogenized in lysis
buffer (100mM Tris (hydroxymethyl) amino-
methane hydrochloride (Tris-HCl), pH 7.5) with
protease (complete Mini Protease Inhibitor
Tablets, Roche) and phosphatase inhibitors
(PhosSTOP, Roche). 2% SDS was added before
sonication and subsequent centrifugation. Protein
concentration was quantified using the Pierce BCA
protein assay kit (Thermo Scientific). Samples
were further processed in Dr Matallanas’ labora-
tory as described previously (24). Briefly, SDS
removal and protein multi-digestion was con-
ducted by filtered aided sample preparation
(25,26). The resulting trypsin peptides were
loaded onto C18 Stage tips for centrifugation
before elution in 50% AcN − 0.1% TFA. A spike-
in of 2 pmol Hi3 E.Coli Standard per sample was
added prior to the MS run.

MS proteomics was performed by the UCD
Conway Institute Mass Spectrometry Core Facility
on a Q ExactiveTM Hybrid Quadrupole-OrbitrapTM

Mass Spectrometer (Thermo Scientific) coupled to
an UltimateTM 3000 RSLCnano (Dionex) ultra-
high pressure nanoflow chromatography system.

Peptides were separated on a reversed-phase col-
umn packed in-house (15cm x 75lm ID; ReprocilVR
Pur C18, 1.9lm) at a constant flow rate of 250
nL/min and an increasing acetonitrile gradient.
Mobile phases were 0.1% (v/v) acetic acid, 2.5%
(v/v) acetonitrile in water (phase A) and 0.1% (v/v)
acetic acid, 2.5% (v/v) water in acetonitrile (phase
B). Peptides were separated by a gradient starting
at 1% mobile phase B and increased linearly to
27% over 180minutes. The injection volume was
5lL, equivalent to an estimated 10lg per sample.
The mass spectrometer was operated in positive ion
polarity. All data were acquired in automatic data
dependent switching mode. High resolution MS
scans (70,000 FWHM) were performed in a mass
range from 300 to 1600 m/z prior to switching to
MS/MS analysis using HCD. Two technical repli-
cates were run for FUS and TDP samples while
one technical replicate was obtained for the Hq and
Aifm1 samples due to limited sample availability.

OCR and ECAR measurements

Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were simultaneously
measured in ex vivo cortical slice punches using a
Seahorse XFe96 Extracellular Flux Analyzer
(Agilent) following the addition of 1) glucose
(20mM) and 2) rotenoneþ antimycin A (10 lM)
to inhibit mitochondrial respiration and induce
minimal OCR and maximal ECAR. Full details
are provided in Suppl. Methods.

RNA-sequencing data analysis

Transcriptome profiles were created using in-house
bioinformatics pipelines in collaboration with KU-
VIB. Raw reads were first pre-processed for optical
duplicate removal using Clumpify (https://source-
forge.net/projects/bbmap). Processed reads were
mapped to the mouse genome (GRCm38) using
STAR (V2.6) aligner (27). Mapped SAM files were
converted into BAM files using samtools (28).
Htseq-count was used to process the BAM files to
obtain count data (29). Count data were normalized
and differential expression analysis was performed
using edgeR (v3.28) in R (30). mRNAs with p-value
< 0.05 were considered differentially expressed.
Sequencing data are deposited on gene expression
omnibus (GEO) under accession GSE196482.

Proteomics data analysis

Preliminary iBAQ LC-MS/MS quantities were
processed in Perseus v1.6.7.0 environment (31).
Processing included: deletion of proteins matching
to reverse database and contaminants; relative
iBAQ (riBAQ) normalization (32,33); exclusion of
proteins identified by site, log2 transformation.
Further analysis was continued in the R environ-
ment (34). Differentially expressed proteins (DEPs)
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were identified by moderated t-test with
Benjamini-Hochberg FDR adjustment with the
limma package (v3.40.6) (35). To account for
technical replicate dependence in the case of FUS
and TDP proteomics, the correlation approach
with duplicateCorrelation function was applied
(36). Proteomics data are deposited on the
ProteomeXchange Consortium via the PRIDE
partner repository under identifier PXD030210.

Gene Ontology (GO) enrichment analysis

Enrichment of gene ontology (GO) in biological
process (BP) terms and KEGG Pathway terms was
performed by hypergeometric testing using
enrichGO and enrichKEGG functions from the
clusterProfiler package (Version 3.12.0) (37). For
further identification of more specific GO BP
terms, we employed the topGO package (Version
2.38.1) (38) that performs GO over representation
tests accounting for the topology of the GO graph.
GO BP terms among differentially expressed
mRNAs (DEGs) and proteins (DEPs) were tested
with the following topGO parameters: node ¼ 5,
algorithm ¼ “weight01”, statistic ¼ “fisher”.

Master Regulator (MR) analysis

To identify systematic changes in the protein pro-
file associated with transcriptional regulation, we
performed MR analysis on a set of proteins of
interest, selected by comparing DEPs to their
mRNA expression. The final list of proteins of
interest is comprised of DEPs that were also differ-
entially expressed at the mRNA level in the same
mutant model (DEGs with p<0.05) or DEPS
whose expression positively correlated (Spearman’s
correlation with p<0.05) with mRNA levels across
both WT and mutant samples. Moreover, we con-
sidered both positive and negative associations
between DEPs and their corresponding DEGs.
Thus, we account for genes whose transcription is
triggered in response to decreased protein levels
and, vice versa, whose expression is suppressed
due to the abnormal protein accumulation.

As Hq and Aifm1 models were profiled for pro-
tein and mRNA in different samples DEPs of
interest for these models were identified based on
co-occurrence of DEPs and associated DEGs only.

We utilized the MAster Regulator INference
algorithm (MARINa) and single-sample MAster
Regulator INference algorithm (ssMARINa) (39–
42) to identify prominent transcriptional drivers of
early disease development in each model. To
derive cortex-specific master regulators (MRs) that
drive the initial pathology network, the choice of a
reference interactome is critical. For this reason,
we used the whole-brain murine interactome
(BrainNet) (41,42) which has been shown to out-
perform all other available regulons in the context

of murine neurodegenerative pathology pathway
analysis (41). ssMARINa MRs with FDR <0.01
were further validated with the JASPAR database
(43), Enrichr tool (44,45), and ChEA3 enrichment
platform (46).

Cell type deconvolution

Cell type deconvolution was performed with the
Single-cell Assisted Deconvolutional Network
(SCADEN) tool with default parameters (47).
Mouse brain single cell RNA-seq data obtained
from the scRNA-seq dataset collection at the
Hemberg laboratory (https://hemberg-lab.github.io/
scRNA.seq.datasets/) was used as a training data-
set to assign cells in the bulk RNA-seq data.

Antibodies. The following antibodies were used
in this study: mouse anti-ATP5 subunit alpha for
complex V (abcam, ab14748, Lot:GR160041-5,
RRID:AB_301447); mouse anti-MTCO1 for com-
plex IV (Abcam, ab14705, Lot:GR3338268-15,
RRID:AB_2084810); mouse anti-NDUFS3 for
complex I (abcam, ab110246, Lot:GR3222037-1,
RRID:AB_10861972); mouse anti-GFP (Roche,
11814460001; RRID:AB_390913); mouse anti-actin
(Sigma, MAB1501 Millipore, RRID:AB_94235);
mouse anti-tubulin (Sigma, T6074, RRID:AB_
477582); secondary antibody: goat anti-mouse IgG
(HþL) HRP conjugated (Invitrogen, G21040).

Results

Disease models under study

We compared proteomic and transcriptomic signa-
tures in the cerebral cortex between pre-symptom-
atic ALS/FTD progression models. We focused on
a TDP-43 transgenic mouse model, as cytoplasmic
protein aggregates containing phosphorylated and
ubiquitinated TDP-43 are a hallmark of sporadic
ALS (48). In addition, we included a FUS trans-
genic mouse model, as FUS, similar to TDP-43,
functions as an RNA-binding protein. These two
disease models are driven by TDP-43 (TDP-
43A315T (17)) and FUS (DFUS(1-359) (16))
mutations and were extensively characterized pre-
viously in our lab (18,19,49). Both mutations
induce mislocalization of these predominantly
nuclear proteins, leading to their aggregation, solid
cytoplasmic protein inclusions, and functional
deficits after postnatal day (PND) 120 or 90,
respectively (18,20). Since our study focused on
pre-symptomatic signatures, we extracted cerebral
cortex samples from mice around PND 60 and 50
for the TDP and FUS models (Figure 1(a)),
respectively. We conducted label-free mass spec-
trometry (MS) and mRNA sequencing (mRNA-seq)
on matched samples and performed bioinformat-
ics analysis comparing signatures between models
(Figure 1(b)).
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Pre-symptomatic samples from the ALS/FTD
mouse models were also compared to two related
mouse models with a primary mitochondrial dys-
function due to a deficiency of Aifm1 (Apoptosis-
inducing factor mitochondria associated 1), the
gene encoding the AIF protein. AIF-deficient
transgenic mice are excellent models of a

neurological disorder caused by mitochondrial dys-
function, as an assembly of multiple mitochondrial
complexes, most prominently OXPHOS complex
I, are involved in disease pathology (50).
Specifically, we used Harlequin (Hq) mutant mice
(B6CBACa Aw-J/A-Aifm1Hq/J) at PND 180, with a
roviral insertion that disrupts Aifm1 expression

Figure 1. Study Pipeline. a Animal models used: FUS model - DFUS(1-359) mice on a congenic C57Bl/6 background, TDP model -
TDP-43A315T mice on a congenic C57Bl/6 background, Hq model - Harlequin (Hq) mutant mice (B6CBACa Aw-J/A-Aifm1Hq/J), and
Aifm1 model - Aifm1 (R200 del) KI mice. b Schematic diagram representing the methodological design of this study.
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(Hq model), and Aifm1(R200 del) knock-in (KI)
mice at PND 180, carrying a disease-causing
mutation that impairs post-transcriptional AIF
expression (Aifm1 model) (51–55). In both models
the loss of AIF function disrupts the expression of
several OXPHOS complexes (50), interrupting
mitochondrial bioenergetics and triggering neur-
opathy (22,56). As these mitochondrial disease
models do not exhibit overt neurodegeneration
within the cortex at the time of sample acquisition
(22,57–60), this enabled us to compare pre-symp-
tomatic gene/protein signatures in the ALS/FTD
models with signatures in established models of
mitochondrial dysfunction.

Distinct functional defects specific for mitochondrial
disorders are pronounced in pre-symptomatic TDP and
FUS ALS models at the proteomic level

We started by analyzing proteomic signatures at
the pre-symptomatic stages in the ALS/FTD
mouse models, using label-free quantitative mass
spectrometry (Materials and methods) and com-
paring changes to the Hq mutant and Aifm1(R200
del) KI mice. We identified DEPs for each mutant
model (Figure 2(a), Supplementary Table 1),
determining the statistical significance of the differ-
ence with a P-value � 0.05 (61), and compared
enriched biological processes across all four models
using GO enrichment analysis on the sets of DEPs
(Supplementary Table 1).

The FUS model revealed an imbalance in the
expression of proteins involved in mitochondrial
respiratory chain complex I (CI) assembly and
mitochondrial electron transport, in similarity with
the mitochondrial dysfunction models Hq and
Aifm1 (Figure 2(b)). Consistent with aberrant
assembly of mitochondrial respiratory chain com-
plexes due to AIF deficiency (22,50,56), we found
a significant loss of CI subunits in Hq mutant
mice (NDUFA2/6-11/13, NDUFB3/5/7/9-11,
NDUFC2, NDUFS5/6/8, NDUFV1) and a less
severe loss in Aifm1(R200 del) KI mice
(NDUFB6, NDUFS 4/6) (Figure 2(a)). The FUS
model, on the other hand, demonstrated reduced
expression of the complex III (CIII) subunit
BCS1L and CI subunit NDUFA6, and increased
expression of four other CI subunits NDUFA1/11,
NDUFB6, and NDUFV1 (Supplementary Table
1). This dysregulation may suggest an early com-
pensatory mechanism associated with FUS path-
ology that appears prior to symptom onset.

The cytoplasmic mutant FUS aggregates
sequester a high number of mRNAs and promote
their translational silencing. Among these seques-
tered mRNA are transcripts that encode for a
number of respiratory chain complex proteins
(9,62). To discriminate whether BCS1L and
NDUFA6 protein expression is reduced due to
transcription or translation alterations, we

performed mRNA-seq analysis on the same set of
samples (Figure 2(a), Supplementary Table 1).
Interestingly, we found that neither of these two
subunits were downregulated at the mRNA level,
suggesting that proteomic suppression occurs rather
than due to translational silencing or protein deg-
radation. Surprisingly, the upregulated proteins
NDUFA1/11, NDUFB6 and NDUFV1 were also
not transcriptionally overexpressed. Thus, the pro-
posed compensatory mechanism potentially evolved
through translational regulation, or through protein
stability and degradation control.

Finally, Seahorse respirometry experiments on
cortical tissue slices from the FUS model con-
firmed that there were no significant defects in
basal OCR between mutant and wildtype, indicat-
ing that protein dysregulation observed at the pre-
symptomatic stages is not sufficient to impact basal
mitochondrial respiratory function at this stage
(Supplementary Figure 2a). Interestingly, FUS
cortical slices exhibited significantly reduced extra-
cellular acidification rates (ECAR; Supplementary
Figure 2(b)), suggesting that functional bioenergetic
alterations are at the level of glycolysis-induced lac-
tate release or other acidification processes such as
mitochondrial oxidative decarboxylation or the oxi-
dative pentose phosphate pathway.

In contrast, the pre-symptomatic TDP model
shared biological processes with the AIF-deficient
mitochondrial disease models that were not
enriched in the FUS model. Specifically, we found
that enrichment of mitochondrial RNA catabolism
and regulation of phosphatidylcholine biosynthesis
were shared with the Hq model, whereas microtu-
bule/actin cytoskeleton organization and positive
regulation of protein targeting to the membrane
were shared with the Aifm1 model (Figure 2(b)).
All proteins populating the two GO terms
shared between TDP and Hq were upregulated
(Supplementary Table 2). Moreover, within these
GO terms, Acyl-CoA Synthetase Long-Chain
Family Member 3 (ACSL3) and Suv3 Like RNA
Helicase (SUPV3L1) were mutually overexpressed
in both Hq and TDP models. This may signify syn-
ergy between increased mitochondrial RNA proc-
essing and lipid turnover efficiency in these models.

The GO terms shared by the TDP and Aifm1
models primarily included upregulated proteins
for TDP. However, all proteins populating the GO
term “positive regulation of protein targeting to
membrane” from the Aifm1 model were downre-
gulated. In addition, a substantial portion of pro-
teins populating the GO term “microtubule/actin
cytoskeleton organization” were also downregu-
lated in the Aifm1 model. The influence of the
high fat diet, exclusive to the TDP model, may
play a central role in these observed differences,
making it difficult to integrate the origin of these
dysregulations.
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Figure 2. Comparison of mutant and wildtype (WT) mice cerebral cortex mRNA and protein expression profiles. a Volcano
plots illustrate differentially expressed proteins (DEPs) and differentially expressed genes (DEGs) in FUS WT (n¼5) versus FUS
mutant (mut) (n¼7), TDP WT (n¼5) versus TDP mut (n¼6), Aifm1WT (n¼4) versus Aifm1 mut (n¼4), and Hq WT (n¼4)
versus Hq mut (n¼4) samples. Horizontal dashed lines are drawn at p-value ¼ 0.05, and blue dots indicate p-value � 0.05. Proteins
and mRNAs indicated by purple dots have FDR adjusted p-value � 0.1. DEPs and DEGs are labeled with corresponding gene names.
b Commonly enriched Gene Ontology (GO) Biological Process (BP) terms in DEPs across the four mice models. Yellow boxes
represent overlapping Biological Process GO terms (BP).
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Overlapping metabolic adaptation signatures
unite ALS/FTD and AIF-deficient
mitochondrial disease models at the individual
protein level
We next investigated whether specific proteins
were commonly overexpressed (Figure 3(a)) or

downregulated (Supplementary Figures 1(a), 3) in
the ALS/FTD and AIF-deficient models.

Firstly, we found that upregulation of meta-
bolic enzymes was consistently observed across
ALS and AIF-deficient mice (Figure 3(a)). The
overexpression of pyruvate dehydrogenase subunits,

Figure 3. Protein overexpression shared across ALS/FTD and AIF-deficient mitochondrial disease models. a Protein
overexpression observed in at least two models with a p-value � 0.05. Proteins are grouped and color coded according to their
annotated function. b Metabolic pathways utilized by commonly overexpressed metabolic enzymes (coloured red), adapted from the
KEGG PATHWAY database (94).
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PDHB (Hq, FUS) and PDPR (Hq, TDP), and the
malic enzyme ME2 (Hq, TDP) may indicate
increased pyruvate utilization and synthesis of
Acetyl-CoA (Figure 3(b)). Increased Acetyl-CoA
synthesis may also be suggested by the overexpres-
sion of ACSL3 (Hq, TDP), which can supply
Acetyl-CoA by fatty acid (FA) catabolism through
b-oxidation. Interestingly, ACSL3 was also upregu-
lated at the mRNA level in the FUS model, pos-
sibly in response to low protein expression in this
model (Supplementary Table 1). Indeed, ACSL3
has a dual function. In addition to FA catabolism,
ACSL3 also stimulates FA synthesis and retention
within lipid droplets (LDs) that can rescue meta-
bolic function during energetic stress (63–65). The
reduced ECAR observed in the FUS model is an
indicator of energetic stress and could indicate shut-
tling of pyruvate to Acetyl-CoA rather than lactate
(Supplementary Figure 2(b)). Thus, this reversible
function of ACSL3 possibly explains the co-occur-
rence of low protein with high mRNA expression in
the pre-symptomatic FUS model, as a temporal
adjustment to the required recovery program.
Considering that ACSL3 is specifically expressed in
the brain, having the highest mRNA level compared
to other tissues (66), dysregulation of ACSL3
expression could be a good candidate for a bio-
marker of early adaptation to the energetic stress
characteristic of ALS/FTD and mitochondrial
diseases.

As an additional signature, we found that both
FUS and TDP models overexpress the amidophos-
phoribosyl-transferase, PPAT, one of three mono-
functional enzymes that catalyze the initiation of de
novo purine (AMP and GMP) biosynthesis. Of
note, the upregulation of this metabolic enzyme
was not detected in tissues from AIF-deficient
mice, suggesting it is specifically regulated in the
ALS/FTD models.

Among commonly downregulated metabolic
proteins, NDUFA13 was observed in both Hq and
TDP models, and NDUFA6 in the Hq and FUS
models (Supplementary Figure 3). NDUFA6 and
NDUFA13 are subunits of the OXPHOS CI
NADH:Ubiquinone Oxidoreductase. Lack of both
these proteins has been found to be associated
with CI deficiency that is known to play a key role
in Alzheimer’s, Huntington’s, Parkinson’s, and
many more neurodegenerative and mitochondrial
disorders (67–72).

Early ALS/FTD models and mitochondrial
dysfunction models demonstrate a proteomic signature
of strengthened mitochondrial protein synthesis

In addition to the metabolic signature that unites
the early ALS/FTD models, TDP and FUS, with
the AIF-deficient models, Hq and Aifm1, we identi-
fied increased expression of proteins involved in
mitochondrial protein synthesis. Two mitochondrial

proteins, 28S ribosomal protein S29 (DAP3) and
SUPV3L1, were overexpressed in both the TDP
and Hq models. SUPV3L1, as mentioned earlier, is
involved in mitochondrial RNA catabolism by stabi-
lizing the maintenance of mtDNA and promoting
mtRNA translation (73).

Additionally, we also found one mitochondrial
protein, YARS2, that was upregulated in three
models, FUS, Hq, and Aifm1 (Figure 3(a)).
YARS2 encodes the mitochondrial tyrosyl-tRNA
synthetase 2. Mutations in the YARS2 gene are
associated with myopathy with lactic acidosis, and
OXPHOS complex dysregulation (74–79).
Moreover, brain tissue in general has the highest
mitochondrial tRNA (mito-tRNA) levels (80),
including tyrosyl-tRNA, indicating a higher demand
on mito-tRNA synthesis in neuronal tissue. The
reason for the specifically enhanced tyrosyl-tRNA
synthesis through YARS2 overexpression in these
models remains to be determined. Nevertheless,
based on our analysis, we consider YARS2 up-regu-
lation as a potential biomarker of adaptation to
energetic stress conditions that can be detected at
the pre-symptomatic stage of ALS development.

Finally, we performed mRNA-based cell type
deconvolution in both ALS models (Supplementary
Figure 4) and confirmed that all proteomic signa-
tures we identified are apparent before any signifi-
cant loss of neurons, microglia activation or
astrogliosis.

Master regulator analysis

To investigate proteomic adaptations and their
transcriptional regulation by master regulators
(MRs), we analyzed our mRNA sequencing per-
formed on the FUS, TDP, Hq mutant and
Aifm1(R200 del) KI mice (Materials and methods,
Figure 2(a)). Due to the relatively low sample
numbers and early pre-symptomatic effects that
may be less pronounced at this stage, we consid-
ered all genes that were differentially regulated
with a p-value � 0.05 (DEGs). We first derived a
set of genes/proteins of interest by comparing
DEPs to their mRNA expression with a correlation
method (Materials and methods). The final list of
DEPs may either have a feedback effect on their
own transcription, in case of negative correlation
between protein and mRNA, or have been affected
by transcription changes, in case of positive correl-
ation (Figure 4(a)). This list of DEPs was sub-
jected to Master Regulator (MR) analysis. First,
we applied the MARINa algorithm (39–42) with
the whole-brain murine interactome (BrainNet)
(41,42) as the reference regulon for the differential
expression signature. This approach did not iden-
tify significantly enriched MRs in any of the 4
models, possibly because of limited dysregulation.
Therefore, we applied the single sample MARINa
algorithm (ssMARINa) (39–42) with the same
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regulon to generate a matrix of regulator activity
from the gene expression profiles on a sample-by-
sample basis. MRs with FDR < 1% were selected
as preliminary candidates. Next, we checked
whether these candidates were also predicted by
other approaches. First, we identified transcription
factor (TF) binding site enrichment in our genes

of interest by using the JASPAR database (43). A
second approach was based on mouse ChIP-seq TF
binding site enrichment, acquired with the Enrichr
tool (44,45). Third, we also probed genes of interest
using the ChEA3 enrichment platform (46) which
is based on the orthogonal omics integration
approach including tissue-specific co-expression

Figure 4. Common master regulators (MRs) among all models. a Proteins/gene targets of interest were selected if significant
Spearman correlation (Rho) was identified between protein and mRNA expression across WT and mutant samples, or they exhibited
significant differential expression at both the protein and gene level (p-value <0.05 as indicated by a number (#)) (see Materials and
methods). b Common MRs found by ssMARINa (39–42) with reference BrainNet (41,42) regulon across the four disease models are
shown in the rows, with the genes of interest for each model in the columns. MR – target gene associations verified by ChEA3 (46),
ChIP-Seq, or JASPAR (43) are indicated by an empty square, dot or empty circle respectively. The effect of MRs on the genes of
interest (repressor, activator) for each model are indicated (blue, red respectively). MRs without a reported function on a gene are
denoted in grey.
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patterns (GTEx, ARCHS4). The ssMARINA-based
MR candidates confirmed by any of the other three
approaches were considered verified. This process
was repeated for DEPs and DEGs from all four
animal models. The table of verified MRs common
across all models in connection to their targets is
shown in Figure 4(b). Among them, TCF4 was
identified as an MR that can coordinate proteomic-
related signatures including transcriptional activa-
tion of ACSL3, which we found to be affected in
three models (at the protein or mRNA level). By
conducting gene enrichment analysis, we made a
noteworthy discovery. The analysis revealed a
highly significant enrichment of MRs (Smad4 and
Atf2) associated with the term GO:0003360, which
is related to brainstem development. Remarkably,
this term comprises only four genes, and only two
of them, Smad4 and Atf2, are transcription factors.
This finding underscores the relevance of Smad4
and Atf2 MRs in regulating the genetic mechanisms
involved in brainstem development. Moreover, four
of MRs: Mef2c, Atf2, Max and Jund, together sig-
nificantly contribute to MAPK signaling pathway
(KEGG:mmu04010). Indeed, upregulation of
MAPK pathway found to play key role in moto-
neuron degeneration and recent studies are report-
ing on success in the prevention of degeneration
with the application of the inhibitors of MAPK sig-
naling pathway (81,82).

Discussion

We herein provide signatures of early ALS/FTD
development related to mitochondrial dysfunction.
Our analysis compared proteomic and transcrip-
tomic profiles of two presymptomatic ALS/FTD
mouse models together with two transgenic mouse
models carrying genetic lesions of the Aifm1 gene
that lead to AIF deficiency and mitochondrial dys-
function (Figure 1).

Our analysis identified that TDP and FUS
models share different proteomic signatures with
the AIF-deficient models, Aifm1(R200 del) KI and
Hq. While the FUS model exhibited an early
imbalance in the components of the mitochondrial
OXPHOS complexes (seen in both AIF-deficient
models), the TDP model showed dysregulation of
cytoskeleton integrity and transport (seen in the
Aifm1 model) and mitochondrial RNA catabolism
and regulation of phosphatidylcholine biosynthesis
(characteristic of the Hq model) (Figure 2(b)).
These proteome-level similarities were not accom-
panied by mRNA expression changes, indicating
regulation of translation and/or protein stability and
degradation. A lack of overlapping pathways sug-
gests that TDP and FUS models exhibit differences
in their early metabolic adaptive mechanisms.

We note that we cannot confirm whether the
observed proteomic/transcriptomic changes were

protective or pathogenic in these models.
Nevertheless, focusing on individual proteomic
markers, we propose that some proteomic changes
were related to a compensatory/adaptation pro-
gram to overcome pathological processes. It has
previously been shown that cytoplasmic FUS
mutant aggregates lead to the depletion of mRNAs
encoding respiratory chain proteins (9). Here, we
confirmed the downregulation of several mitochon-
drial respiratory chain subunits possibly suppressed
through FUS aggregation (Suppl. Figure 3).
However, we also found an increased abundance of
other respiratory chain subunits such as CI subunits
NDUFA1/11, NDUFB6, and NDUFV1, along
with the absence of mitochondrial respiration defects
(Supplementary Figure 2(a)). These results suggest
the existence of an early compensatory/adaptative
mechanism through which FUS-induced mitochon-
drial dysfunction may be attenuated/delayed. In fact,
recent studies identified mitochondrial defects and
reduced OCR in a HEK293T cell line upon trans-
fection with mutant FUS or overexpression of WT
FUS (9), although this effect was not found in
motor neurons derived from ALS patients carrying
FUS mutations (15). The mitochondrial response to
the expression of mutant FUS may be a transient
event, as shown in a tetracycline-inducible system
developed in the HEK293 cell line, where increased
mitochondrial membrane potential, detected at 16–
24h after induction, subsequently dissipated by the
48–72h time interval (6).

We also identified potential metabolic adapta-
tions in the efficiency of pyruvate utilization across
both ALS/FTD and AIF-deficient models, through
the overexpression of several metabolic enzymes
such as subunits of pyruvate dehydrogenase PDHB
(in Hq, FUS) and PDPR (in Hq, TDP), and upre-
gulation of ME2 (in Hq, TDP) (Figure 3(b)).
Pyruvate is known to prevent development of cogni-
tive defects in amyloid and tau aggregate pathology-
related NDs (83). Interestingly, we also detected
significantly reduced ECAR in FUS mutant com-
pared to wildtype. Reductions in ECAR may occur
due to reduced glycolysis, although this is not sug-
gested at the transcript or protein level or may sug-
gest redistribution of pyruvate conversion from
lactate to Acetyl-CoA via increased expression of
PDH subunits. The oxidative pentose phosphate
pathway also contributes to ECAR (84). Moreover,
upregulation of PPAT in both ALS/FTD models
indicates possible enhancement of de novo purine
biosynthesis normally accomplished by the oxidative
pentose phosphate pathway.

Third, we aimed to identify particular protein
overexpression common to both ALS/FTD and
AIF-deficient models that may represent these
adaptive/compensatory mechanisms and carry pro-
tective function. ACSL3 was an evident candidate
that was overexpressed in the Hq and TDP models
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at the protein level, and in the FUS model at
mRNA level. ACSL3 can supply Acetyl-CoA
trough FA catabolism to directly support mito-
chondrial function, and can also stimulate FA syn-
thesis and retention within lipid droplets (LDs) to
rescue metabolic function during energetic stress
(63–65). Recently, the acceleration of Acetyl-CoA
synthesis accompanied by increased FA metabol-
ism and impaired mitochondrial function were
proven to be involved in recovery after proteotoxic
stress triggered by proteasomal inhibition in cancer
(85). Furthermore, LD accumulation, observed in
glial cells during oxidative stress, protects neurons
from peroxidation damage (86–88). Lack of
ACSL3 expression can impair the accumulation of
neutral lipids that leads to smaller and fewer
mature LDs (89). Furthermore, downregulation of
ACLS3 and, as a result, impaired LD biogenesis,
could be associated with the development of
VAPB-mediated ALS pathology (90). Additionally,
the fact that a high fat diet can significantly delay
ALS symptom onset and prolong survival in ALS
mice models (SOD1 and TDP-43 particularly)
(18,91), suggests potential involvement of ACSL3
in neuroprotection. Understanding the role of
ACSL3 in neurodegeneration should be addressed
in future studies.

Finally, we identified common proteomic sig-
natures of enhanced mitochondrial protein synthe-
sis between ALS/FTD and AIF-deficient models.
In particular, we found overexpression of DAP3
and SUPV3L1 in the TDP and Hq models and
especially overexpression of YARS2 in the FUS,
Hq and Aifm1 models. These proteins regulate
mitochondrial RNA catabolism and support pro-
tein synthesis. Considering that aggregates of
mutant TDP are imported into mitochondria and
mutant FUS are proximally associated with mito-
chondria where both sequester the respiratory
chain complex transcripts leading to translational
suppression (8,9,62), overexpression of SUPV3L1,
DAP3 and especially YARS2 could be indispens-
able in rescuing the mitochondrial proteome which
is devoted to the maintenance of OXPHOS. A
recent study in patient-derived fibroblasts identi-
fied decreased mitochondrial respiration and
decreased mitochondrial translation associated
with low YARS2 expression (92). Moreover,
YARS2 not only regulates mitochondrial protein
translation, but also controls the stability and
activity of OXPHOS complexes directly interacting
with the CI and CIV subunits (93). Most impor-
tantly, mitochondrial dysfunction has been shown
to be rescued by overexpression of YARS2 (93).
Therefore, our findings suggest that YARS2 upre-
gulation may also be a sign of adaptation in early
ALS/FTD models, and its activation may be fur-
ther investigated as a therapeutic target in ALS,

FTD and other NDs accompanied by mitochon-
drial dysfunction.

In conclusion, our unbiased integrative analyses
unveiled several novel molecular components that
may underlie compensatory mechanisms influenc-
ing mitochondrial homeostasis in the earliest phase
of ALS/FTD.
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