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Abstract

in ALS/FTD neurons.

Dysregulation of RNA metabolism represents an important pathogenetic mechanism in both amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) due to the involvement of the DNA/RNA-binding proteins TDP-43
and FUS and, more recently, of COORF72. A potential link between dysregulation of RNA metabolism and mitochondrial
dysfunction is recently emerged in TDP-43 disease models. To further investigate the possible relationship between these
two pathogenetic mechanisms in ALS/FTD, we studied mitochondria functionality in human mutant TARDBP(p.A382T)
and C90RF72 fibroblasts grown in galactose medium to induce a switch from a glycolytic to an oxidative metabolism. In
this condition we observed significant changes in mitochondria morphology and ultrastructure in both mutant cells
with a fragmented mitochondria network particularly evident in TARDBP(p.A382T) fibroblasts. From analysis of the
mitochondrial functionality, a decrease of mitochondria membrane potential with no alterations in oxygen
consumption rate emerged in TARDBP fibroblasts. Conversely, an increased oxygen consumption and mitochondria
hyperpolarization were observed in C9ORF7/2 fibroblasts in association to increased ROS and ATP content. We found
evidence of autophagy/mitophagy in dynamic equilibrium with the biogenesis of novel mitochondria, particularly in
mutant C9ORF/2 fibroblasts where an increase of mitochondrial DNA content and mass, and of PGC1-a protein was
observed. Our imaging and biochemical data show that wild-type and mutant TDP-43 proteins do not localize at
mitochondria so that the molecular mechanisms responsible for such mitochondria impairment remain to be further
elucidated. For the first time our findings assess a link between C9ORF72 and mitochondria dysfunction and indicate
that mitochondria functionality is affected in TARDBP and C9ORF72 fibroblasts with gene-specific features in oxidative
conditions. As in neuronal metabolism mitochondria are actively used for ATP production, we speculate that TARDBP
and C90RF72 mutations might trigger cell death by impairing not only RNA metabolism, but also mitochondria activity

Keywords: ALS, FTD, TDP-43, COORF72, Fibroblast, Mitochondria dysfunction

Introduction

Abnormal aggregates of TDP-43 protein represent a
neuropathological hallmark of the fatal motoneuron dis-
ease amyotrophic lateral sclerosis (ALS) and of fronto-
temporal dementia (FTD). TDP-43 forms pathological
cytoplasmic inclusions in affected brain tissues of nearly
all sporadic and familial ALS cases, with the exception of
SOD]I-associated forms, and of a subset of patients with
FTD (FTD-TDP), representing an important molecular
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link between these two apparently different neurodegener-
ative disorders [29]. TDP-43 is a DNA/RNA binding
protein, mainly localized in the nucleus where it is in-
volved in regulating splicing, transcription and miRNA
biogenesis, but it has also regulatory functions in the
cytoplasm controlling target mRNA stability, transport
and translation [26]. The presence of abnormal TDP-43
aggregates in the cytoplasm together with the concur-
rent depletion of TDP-43 from the nucleus suggest that
TDP-43 may trigger neuronal death by two different
pathogenetic mechanisms including a toxic gain-of-
function and/or a loss-of-nuclear function. Independ-
ently of the pathogenetic mechanism of TDP-43, RNA
metabolism is strongly impaired at different levels in

© 2016 Onesto et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-016-0316-5&domain=pdf
mailto:antonia.ratti@unimi.it
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Onesto et al. Acta Neuropathologica Communications (2016) 4:47

both ALS and FTD, as further supported by the in-
volvement of another DNA/RNA binding protein, FUS,
in the pathogenesis of these two diseases [19, 22, 36].

The more recent identification of an intronic hexanu-
cleotide repeat expansion in C9ORF72 gene as the major
genetic cause of ALS and FTD has reinforced the molecu-
lar link between these two diseases and the role of RNA
metabolism dysfunction in their pathogenesis [14, 28, 31].
The expanded C9ORF72 transcripts, in fact, form patho-
logical RNA foci which sequester several RNA-binding
proteins and splicing factors in the nucleus, thereby glo-
bally affecting RNA processing and metabolism [15].

Mitochondrial dysfunction has long been associated
with neurodegenerative diseases, including ALS, where
defects in mitochondrial morphology and bioenergetics
have been largely described in muscle and brain tissues
from sporadic patients [1, 6, 13, 32, 33]. Moreover,
changes in bioenergetics properties were recently shown
in fibroblasts from sporadic ALS patients [4, 18] as well
as in fibroblasts from ALS patients carrying mutations
in SODI and VCPI genes [5, 8]. In the case of SODI,
alterations of mitochondria functionality are directly
triggered by the mutant SODI1 protein which induces
mitochondrial damage [5].

Recent literature data suggest a potential link between
mitochondrial dysfunction and defects in RNA metabolism
associated to TDP-43 protein. Mitochondria morphology,
dynamics and sub-cellular localization were described to be
altered in brain tissues of TDP-43 transgenic mice as well
as mitochondria functionality and transport into neurites
were defective in murine neuronal cells over-expressing
wild-type and mutant TDP-43 [16, 21, 34, 35, 38—40].
Localization of TDP-43 protein at mitochondria has been
suggested to have a direct effect on the functionality of
these organelles [16, 38].

To further assess the link between mitochondria and
RNA metabolism dysfunctions, we studied mitochondria
functionality in human fibroblasts of ALS and FID pa-
tients carrying mutations in TARDBP and C9ORF72
genes. In contrast to experimental disease cell models
where mutant genes are over-expressed, patient-derived
fibroblasts allow to better investigate pathogenetic mecha-
nisms because mutant genes are expressed at physiological
levels. As fibroblasts mainly rely on a glycolytic metabol-
ism, they were grown in galactose medium to switch them
to a mitochondrial oxidative metabolism for ATP produc-
tion, similarly to neuronal cells.

Materials and methods

Human primary fibroblast cultures and SK-N-BE cell line
Fibroblasts were obtained from skin biopsies of 7 ALS/FTD
patients carrying mutations in TARDBP (p.A382T, n=3)
and C9ORF72 (n=4) genes after informed consent and in
accordance with guidelines approved by the local ethics
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committee (IRCCS Istituto Auxologico Italiano Review
Board). Mutation analysis of TARDBP and C9ORF72 genes
was performed as previously described [12, 27]. Quantifica-
tion of C9ORF72 repeat expansions was obtained as re-
ported by Akimoto et al. [3]. Clinical data are presented in
Additional file 1: Table S1. Fibroblasts from 4 healthy indi-
viduals, age- and sex-matched with ALS/FTD cases, were
obtained as described above (7 = 2) and from Telethon Bio-
bank (7 = 2).

Fibroblasts were routinely maintained and expanded
in RPMI 1640 (EuroClone, Pero, Italy) containing 2 g/l
glucose and supplemented with 10 % fetal bovine serum
(EBS, Sigma Aldrich, St. Louis, MO), 2 mM L-glutamine,
2,5 pg/ml amphotericin B (Sigma Aldrich), 100 units/ml
penicillin and 100 pg/ml streptomycin in humid incuba-
tors at 37 °C with 5 % CO,. Cells used in the experi-
ments were grown in adhesion and expanded for no
more than 10 passages. To induce mitochondria to pro-
duce ATP thorough oxidative phosphorylation, fibro-
blasts were switched to grow for 48 h in RPMI medium
deprived of glucose and containing galactose (4.5 g/l),
10 % FBS, 5 mM sodium pyruvate and 2 mM L-glutam-
ine. All assays described, otherwise indicated, were per-
formed in this galactose-containing medium condition.

The human neuroblastoma cell line SK-N-BE (ATCC,
Middlesex, UK) was routinely maintained in RPMI 1640
supplemented with 4 g/l glucose, 10 % FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 units/ml penicil-
lin and 100 pg/ml streptomycin. All reagents, otherwise
indicated, were purchased from Gibco (Thermo Fisher
Scientific, Waltham, MA, USA).

Cell transfection

Fibroblasts were plated in 6-well culture plates with 12 mm
diameter round coverslips and transfected with 1,5 pg/well
of pDsRed2Mito vector (Clontech Laboratories, Mountain
View, CA, USA) using Lipofectamine 2000 (Life Technolo-
gies, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. After 48-h transfection, cells were fixed
using 4 % paraformaldehyde in phosphate buffer saline
(PBS, pH 7.4) for 15 min at room temperature. Fixed cells
were used for mitochondria morphology analysis.

For mitochondria isolation, SK-N-BE cells plated in
10 mm-dishes (n=10) were transfected with flagTDP-
43wt or flagTDP-43p.M337V constructs (kindly provided
by Dr. Wilfried Rossoll, Emory University School of
Medicine, Atlanta, GA, USA) using Lipofectamine 2000.
After 48- h transfection, cells were harvested for subse-
quent mitochondria sub-fractionation procedures.

Mitochondrial network analysis

To visualize mitochondrial network, primary fibroblast
cultures were incubated with 100 nM MitoTracker Red
CMXRos (Life Technologies) for 30 min at 37 °C and
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then fixed with a 2:1 solution of 4 % paraformaldehyde
in PBS/culture medium. Fluorescence images were ac-
quired on Axiovert 200 epifluorescence inverted micro-
scope (Zeiss, Oberkochen, Germany) and Shape Factor
(SF) analysis was carried out using MetaMorph® software
(Universal Imaging Corp., Downingtown, PA, USA). The
program assigns a numeric value from 0 (flattened ob-
ject) to 1 (perfect circle) to the mitochondrial morph-
ology of a single cell. Three SF interval values were
considered in our quantitative morphology analysis:
group I (0-0.3) for cells with a prevalent filamentous
mitochondria network; group II (0.3-0.6) for cells with a
mixed population of filamentous and round-shaped
mitochondria; group III (0.6-1) for cells with a preva-
lence of round-shaped mitochondria. A total of 40 cells
for each group were analyzed.

To measure Form Factor (FF) and Aspect Ratio (AR),
images of pDsRed2Mito-transfected cells were acquired
with the Eclipse Ti inverted confocal microscope (Nikon,
Chiyoda, Japan) and converted to a 8-bit grayscale
format for analysis with Image] software (https://imagej.-
nih.gov/ij/) using two plug-ins (Adaptative threshold and
isolatedpixelsremoval). Images were then converted to a
binary image and areas higher than 6 pixels were ana-
lyzed. For each area the software calculates the AR par-
ameter, defined as the ratio between the major and
minor axis of the ellipse equivalent to the mitochondria,
and the circularity used to obtain the FF value (1/circu-
larity). At least 30 cells/group were considered with an
average number of 80 analyzed areas/cell.

Transmission electron microscopy

Approximately 5X10° cells were washed with PBS three
times and incubated with the fixing solution (glutaralde-
hyde 3 % in PBS 0,1 M pH 7,4) for 45 min at 4 °C
protected from light. Cells were scraped and, after cen-
trifugation at 2000 rpm at 4 °C for 15 min to form a
buffy coat of cells, washed with PBS three times and
post-fixed with 1 % OsO, in 0,1 M PBS for 1 h. Samples
were dehydrated through graded alcohols, infiltrated and
embedded in SPURR resin. Ultrathin sections (60 nm)
were cut with Ultrotome Nova LKB placed on copper
grids and contrasted with uranyl acetate and lead citrate.
Observations were performed using a ZEISS EM 109
transmission electron microscope.

Western blot analysis

Cells were homogenized in lysis buffer (150 mM NaCl,
20 mM Tris-HCl, pH 7.4, 1 % Triton X-100, protease in-
hibitor cocktail) and incubated for 15 min on ice. Protein
lysates (25 pg) were resolved on 4-20 % mini protean
TGX Gel (Bio-Rad, Hercules, CA, USA) and transferred
to nitrocellulose membrane. Immunoblots were per-
formed with anti-MFNT1 (1:1000, #ab57602), p62 (1:1000,
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#ab91526), p84 (1:500, #ab487) and PGCl-a (1:200, #ab
77210 (Abcam, Cambridge, UK), FIS1 (1:1000, #ALX-210-
1037, Enzo Life Sciences, New York, NY, USA), Tubulin
(1:4000, #T6199) and TOMM20 (1;500, #WHO000980
4M1) (Sigma Aldrich), CASP9 (1:500, #9502), CASP3
(1:1000, #9662) and LC3 (1:1000, #2775) (Cell Signaling,
Danvers, MA, USA), and TDP-43 (1:500, #10782-2-AP,
Proteintech, Chicago, IL, USA) antibodies. The Clarity
Western ECL Substrate (Bio-Rad) was used for chemilu-
minescence detection. Densitometric analyses were per-
formed using QuantityOne software (Bio-Rad).

Mitochondrial membrane potential

Fibroblasts were incubated with 40 nM Tetramethylrho-
damine methyl ester perchlorate (TMRM; Sigma Aldrich)
in HBSS-Ca/Mg solution (HEPES-buffered solution with
1.26 mM Calcium and 0.9 mM Magnesium) for 40 min at
room temperature, protected from light. Labeling with the
fluorescent probe MitoTracker Red CMXRos (250 nM,
Life Technologies) was conducted for 30 min at 37 °C in
medium protected from light. Fibroblasts were harvested
with trypsin and washed twice with PBS. Cells were resus-
pended in FACS Flow solution (BD Biosciences, Franklin
Lakes, NJ, USA) and cellular fluorescence intensity was
measured using a four colours cytometer (FACSCalibur;
BD Biosciences). For each sample, 10,000 events were re-
corded and the median of fluorescence intensity was used
for the subsequent analyses with the CellQuest software
(BD Biosciences).

ATP assay

Cells were counted and 5000 cells/well were seeded in
96 white microwell plates (Thermo Fisher Scientific).
Cellular ATP was measured using the ATPlite assay kit
(PerkinElmer, Waltham, MA USA) according to the
manufacturer’s protocol and normalized for cell number.
The plate was read on the Fluoroskan Ascent FL Micro-
plate Luminometer (Thermo Fisher Scientific) in lumi-
nescence mode.

Oxygen consumption rate measurement

Oxygen consumption rate (OCR) was measured in ad-
herent fibroblasts grown in galactose medium with a
XF96 Extracellular Flux Analyzer (Seahorse Bioscience,
North Billerica, MA, USA). Each control and mutant
fibroblast cell line was seeded in a XF 96-well cell
culture microplate (Seahorse Bioscience) at a density of
15 - 20 x 10? cells/well in 200 pL of growth medium and
incubated for 24 h at 37 °C in 5 % CO, atmosphere.
After replacing the growth medium with 180 upL of
bicarbonate-free DMEM pre-warmed at 37 °C, cells were
preincubated for 1 h before starting the assay procedure.
After baseline measurements of OCR (OCR-B), OCR was
measured after sequentially adding 1 pM oligomycin
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(OCR-O) and 2.1 puM carbonyl cyanide 4-trifluoromethoxy-
phenylhydrazone (FCCP) (OCR-F). The protocol was per-
formed as already described [17]. Data were expressed as
pmol of O, per minute, normalized by cell number and
evaluated by the CyQUANT Cell proliferation kit (Life
Technologies). Fluorescence was measured by a microplate
luminometer (Victor, PerkinElmer) with excitation wave-
length at 485+ 10 nm and emission detection wavelength
at 530 £ 12.5 nm.

Mitochondrial respiratory chain enzyme activity

Enzyme activities of respiratory chain complexes were
measured spectrophotometrically as described previously
[10]. All enzymatic activities were normalized for citrate
synthase activity and protein concentration was mea-
sured according to Lowry et al. [20].

ROS detection

For detection of mitochondrial ROS levels, fibroblasts were
incubated with 5 pM MitoSOX'™ (Life Technologies) in
HBSS-Ca/Mg for 10 min at 37 °C. The fluorescence inten-
sity was determined by a FACSCalibur cytometer, as de-
scribed above for mitochondrial membrane potential. For
cellular ROS detection, the day before the experiment
20,000 cells/well were plated in 96-well white plates and in
parallel in a generic 96-well clear plate for cell counting.
After incubation with 2’,7'-dichlorodihydrofluorescein
(DCFH,) 100 uM for 30" minutes at 37 °C in the dark, the
white plate was read on a Victor plate reader (PerkinElmer),
in fluorescent mode, by using appropriate filters (approxi-
mate fluorescence excitation and emission 492-495 nm/
517-527 nm). Fluorescence intensity was then normalized
for cell number.

Quantitative Real time PCR

Total RNA from fibroblasts was retro-transcribed after
DNasel (Roche, Basel, Switzerland) treatment using
SuperScript II-RT (Life Technologies), oligo dT and ran-
dom primers. Oligonucleotide pairs for SQSTM1/p62
and MAPILC3 genes were designed with Primer Express
3.0 software (Applied Biosystems, Thermo Fisher Scien-
tific) on exon boundaries for gene expression analyses
(for primer sequences see Additional file 1: Table S2).
Real time PCR was performed for 45 cycles with SYBR
Green PCR Master mix (Applied Biosystems) and proc-
essed on ABI Prism 7900HT (Applied Biosystems). Reac-
tions were run in triplicate for each sample and a
dissociation curve was generated at the end. Threshold
cycles (C,) for each tested gene were normalized on the
housekeeping Rpl10a gene value (AC,) and every experi-
mental sample was referred to its control (AAC,). Fold
change values were expressed as 244",
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Mitochondrial DNA content

Total DNA was extracted from fibroblasts with the Wizard
Genomic DNA Purification Kit (Promega, Fitchburg, WI,
USA) according to the manufacturer’s protocol. About
20 ng of total DNA was used in real-time PCR to evaluate
the mitochondria-encoded NADH dehydrogenase 5 gene
(MT-NDS5) (Additional file 1: Table S2 for Tagman primer
and probe sequences) using the genomic ribonuclease P
(RPP) for data normalization (TagMan RNAse P Control
Reagent kit, Applied Biosystems).

Mitochondrial mass

For determination of mitochondrial mass, fibroblasts
were incubated with 75 nM Mitotracker green FM
(MTG; Life Technologies) in cell medium for 30 min at
37 °C, protected from light. Cells were then harvested
and processed with a FACSCalibur cytometer as de-
scribed above.

Cell viability assay

Fibroblasts were plated in 24-well dishes, in quadrupli-
cate for each patient’s line. To determine viable/non-vi-
able cells, both medium and adherent fibroblasts were
collected. After centrifugation at 2000 rpm for 5 min,
supernatant was discarded and pellet was resuspended
in 20 pl medium. Cells were diluted 1:2 with trypan
blue stain 0,4 % (Gibco) which labels only non-viable
cells and cell viability was calculated as the number of
viable cells divided by the total number of cells within a
Burker’s chamber.

Immunofluorescence

After labeling mitochondria with MitoTracker Red
CMXRos dye (see above), cells were fixed as described
above and permeabilized with 0.3 % Triton X-100 and
blocked with 10 % normal goat serum (NGS, Gibco).
Incubation with the primary antibody anti-TDP-43
(1:500, Proteintech) was performed in blocking solution
for 1.30 h at 37 °C. The fluorescent-tagged secondary
antibody Alexa Fluor 488 (1:500, Life Technologies) was
used for detection. As a negative control, primary anti-
body was replaced by NGS. Nuclei were stained with 4’
6-diamidino-2-phenylindole (DAPI) (Roche) and slides
were mounted with Fluorsave (Calbiochem, San Diego,
CA, USA). Confocal images were acquired with the
Eclipse Ti inverted microscope (Nikon).

Mitochondria sub-cellular fractionation

For mitochondria isolation 8 x 10° fibroblasts (grown for
48 h in galactose-containing medium) and 20 x 10° SK-
N-BE cells, transfected with wild-type or mutant
flagTDP-43 constructs, were pelleted at 600xg for 8 min
at 4 °C, washed twice with PBS and resuspended in 1
volume of 0,1X of the hypotonic solution IB (35 mM
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Tris-HCI pH 7,8; 25 mM NaCl; 52 mM MgCl,). Cells
were lysated mechanically with 20 passages through a
1 ml syringe insulin needle and 1/10 of the initial vol-
ume of packed cells of 10x IB Buffer was immediately
added to make the solution isotonic. The homogenized
cells were centrifuged at 1,600xg for 3 min at 4 °C and
the supernatant transferred into a fresh tube. The pellet
was resuspended, homogenized, isotonized and centri-
fuged again for twice as described above. The superna-
tants were added to the previous one, centrifuged at
1600xg for 3 min at 4 °C to eliminate nuclei and unbroken
cells and centrifuged again at 16,000xg for 1 min. The
resulting pellet, containing the mitochondria-enriched
fraction, was solubilized in 1X IB Buffer and centrifuged
at 16,060xg for 1 min, washed in homogenization solution
A (0,32 M sucrose, 1 mM EDTA, 10 mM Tris-HCl
pH 7,4) and one more time with MAITE buffer (25 mM
sucrose, 75 mM sorbitol, 100 mM KCI, 0,05 mM EDTA,
5 mM MgCl,, 10 mM Tris-HCl pH 7,4, 10 mM H3PO,
(adjusted pH 7,4 in Tris base 0,5 M). The final pellet was
resuspended in an appropriate volume of MAITE buffer.
Every step was performed on ice. Total cell lysates (25 pg)
and mitochondrial fractions (15 pg) were analyzed by
Western blot analysis, as described above.

Statistical analysis

Statistical analysis was conducted with PRISM software
(GraphPad) by using the one-way ANOVA with Dun-
nett’s multiple comparison post hoc test for multiple
groups analyses and the unpaired t-test for two-groups
analyses. For the Shape Factor analysis the chi-square
test was applied. For AR and FF quantitative analyses
the Kruskal-Wallis with Dunns post hoc test was ap-
plied. Statistical analysis of the Seahorse data was per-
formed using the two-way ANOVA with Bonferroni
post-tests.

Results

Mitochondrial morphology in mTDP-43 and mC9ORF72
fibroblasts

To evaluate mitochondrial functionality in fibroblasts of
ALS/FTD patients carrying pathogenic mutations in
TARDBP and C90ORF72 genes, we first analyzed mito-
chondria morphology and network organization as po-
tential indicators of their pathophysiology. As fibroblasts
have a mainly glycolytic metabolism, they were grown in
oxidative conditions in galactose-containing medium for
48 h to induce them to rely on oxidative phosphoryl-
ation (OX-PHOS) for energy production [30]. Primary
fibroblasts obtained from 3 ALS patients harboring the
same mutation (p.A382T) in TARDBP gene, 4 patients
with pathological expansion of the hexanucleotide repeat
sequence in C9ORF72 gene and 4 healthy controls
(Additional file 1: Table S1) were transfected with the
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mitochondria-tagging plasmid pDsRed2Mito or live-
labeled with the Mitotracker Red dye. In these oxidative
conditions mutant TDP-43 (mTDP-43) fibroblasts showed
fragmentation of the mitochondria network compared to
control cells, with the prevalence of round-shaped mito-
chondria (Fig. 1a and Additional file 1: Figure S1). Mutant
C90RF72 (mC90ORF72) fibroblasts showed a less evident
alteration of mitochondria network compared to mTDP-
43 cells, but mixed populations of elongated, short and
round-shaped mitochondria were frequently observed
within a single cell (Fig. 1a and Additional file 1: Figure S1).
In contrast, no morphological alterations of mitochondria
were observed in mutant fibroblasts maintained in
standard growing conditions with glucose as a main
carbon source (data not shown).

For the quantitative analysis of the mitochondrial net-
work changes observed in oxidative condition, we mea-
sured the Shape Factor (SF) parameter, an index of cell
mitochondria morphology and organization with values
ranging from O (cells with flattened mitochondria) to 1
(cells with circular mitochondria). Three main categories
were arbitrary chosen and cell distribution in the three
different classes (0-0.3; 0.3—0.6; 0.6—1) was evaluated for
each fibroblast group (Fig. 1b and Methods). The pattern
of cell distribution was significantly different in mTDP-
43 fibroblasts compared to controls. In particular, a
decreased number of cells in the first category (0-0.3)
and an increased amount of cells in the other two
categories was evident, indicating fragmentation of the
mitochondria network (Fig. 1b). No significant differ-
ences were detected in mC9ORF72 fibroblasts compared
to controls, although a slight increase of the intermedi-
ate class was observed (Fig. 1b).

A more detailed image analysis was performed on sin-
gle mitochondria area to measure other two quantitative
morphological parameters, such as Aspect Ratio (AR),
an indicator of mitochondria length, and Form Factor
(EF), reflecting both length and degree of mitochondria
branching. Both AR and FF values were significantly
lower in both mTDP-43 and mC9ORF72 fibroblasts
compared to healthy cells, although differences were
higher for mTDP-43 mitochondria (Fig. 1c). Quantitative
morphology analyses clearly suggest that mitochondria
network is altered in both mutant fibroblast groups, with
mTDP-43 cells presenting a more fragmented mitochon-
dria network compared to mC9ORF72.

In line with these results, electronic microscopy ana-
lysis indicated that, although both mutant fibroblasts
had a normal aspect considering the reticulum, mem-
branes and nuclei, they showed some mitochondria
alterations in all samples examined, namely lamellar dis-
tribution and paucity of cristae (Fig. 1d). Few autophagic
and mitophagic vacuoles were also present in both
mTDP-43 and mC9ORF72 cells (Fig. 1d).
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Fig. 1 Mitochondria morphology of mutant TARDBP and C9ORF72 fibroblasts after 48 h in galactose medium. a Representative confocal images of
mitochondrial network in fibroblasts from 4 controls (CTRL), 3 ALS patients with the TARDBP p.A382T mutation (MTDP-43) and 4 ALS/FTD patients with
mutations in C90RF72 (mCOORF72). Fibroblasts were transfected with pDsRed2Mito. Bar, 10 um. b Quantitative analysis of mitochondrial network in
mTDP-43, mC90ORF72 and CTRL fibroblasts labelled with Mitotracker Red dye. Cell distribution in the three arbitrary chosen Shape Factor classes (0-0.3;
0.3-06; 0.6-1) was evaluated for each fibroblast group (mean + SEM; Chi-square test; ***p < 0.001). ¢ Quantitative analysis of mitochondrial network by
Aspect Ratio (AR), an indicator of mitochondria length, and Form Factor (FF), reflecting both length and degree of mitochondria branching, in mTDP-43,
mC90RF72 and control fibroblasts transfected with pDsRed2Mito construct. Data are presented in dot plot graphs in logarithmic scale and median values
are presented (red bar); Kruskal-Wallis with Dunns post hoc test; ***p < 0.001. d Representative images of electron microscopy analysis of CTRL (panel 1),
mTDP-43 (panels 2-3) and mCOORF72 (panel 4) fibroblasts. Paucity of cristae is indicated by an asterisk. A higher magnification of an unrelated mTDP-43
cell shows two degenerating mitochondria with lamellar distribution of cristae (panel 3, arrowhead). In mCOORF72 fibroblasts a few autophagic vacuoles
(panel 4, pound key) degenerating mitochondria showing mitophagic alterations (arrow) and both lamellar distribution and paucity of cristae (arrowhead)
are present. Bar: 042 um (panels 1,24); 0,1 um (panel 3). e Representative WB analysis of MFN1 and FIST proteins in CTRL and mTDP-43 fibroblasts (upper
panel). Densitometric analyses of WB data are shown (mean + SEM of 4 controls and 3 TARDBP p.A382T patients, unpaired t-test, **p < 0.01) (lower panel).
Lysates from 3 different DIV were considered for each cell line. f Representative WB (upper panel) and densitometric analyses (lower panel) of CTRL and
mCO0RF72 fibroblasts (mean + SEM; n = 3 different DIV: unpaired t-test, **p < 0.01)
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Mitochondria dynamics was then investigated by asses-
sing the content of two factors involved in fission and
fusion processes, such as Fission 1 (FIS1) and Mitofusin 1
(MEN1) proteins, respectively. Western blot (WB) ana-
lyses indicated that FIS1 levels were significantly
increased in mTDP-43 fibroblasts (149 %) compared
to control cells (Fig. le), while MFN1 content was
increased specifically in mC9ORF72 cells (178 %)
(Fig. 1f). These results suggest that an altered balance
of fission and fusion processes may account for the
mitochondria morphology changes observed in mT
DP-43 and mC9ORF72 fibroblasts.

Mitochondrial functionality of mTDP-43 and mC9ORF72
fibroblasts

To investigate the potential correlation between the
mitochondria morphological changes observed in both
mutant fibroblasts in oxidative state and their bioener-
getic efficiency, we measured mitochondrial membrane
potential (MMP) with TMRM dye by FACS analysis. We
observed a significant depolarization of mitochondria in
mTDP-43 fibroblasts, where the median MMP value was
approximately 80 % compared to control group, whereas
in mC9ORF72 fibroblasts the median MMP value signifi-
cantly increased to 129 %, indicating hyperpolarized mito-
chondria (Fig. 2a). These results were further confirmed by
measuring MMP with another MMP-dependent dye, the
MitoTracker Red CMXRos (Additional file 1: Figure S2).
No changes in MMP were instead detected when fibro-
blasts were grown in glycolytic conditions (Additional
file 1: Figure S3), reflecting the absence of morphological
alterations of mitochondria in the same conditions.

In line with the increase of MMP value in mC9ORF72
fibroblasts, a significant increase of ATP content was ob-
served, whereas no change of ATP levels was found in
mTDP-43 cells (Fig. 2b). To further characterize mito-
chondrial functionality in oxidative state, we evaluated
oxygen consumption rate (OCR) in control and mutant
fibroblasts in different conditions: 1) in basal conditions
(OCR-B); 2) when oxygen consumption was inhibited
by the ATP synthesis blocker oligomycin (OCR-O); 3)
when oxygen consumption was stimulated by the oxi-
dative phosphorylation uncoupler FCCP (OCR-F). We
observed that the overall oxygen consumption rate
was enhanced in mC9ORF72 fibroblasts, with both
OCR-O and OCR-F reaching statistically significant
increase as compared to both controls and mTDP-43
cells (Fig. 2c), indicating high activity of the electron
transport chain (ETC).

Since global mitochondria respiration emerged to be
altered specifically in mC9ORF72 fibroblasts, the bio-
chemical analysis of each single ETC complex activity
was performed. No significant differences were mea-
sured in both mutant fibroblasts compared to controls,
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although for some complexes, we noticed a tendency to-
ward an increase (Fig. 2d and Additional file 1: Table S3).
We observed that succinate dehydrogenase (SDH) activity
was significantly higher in mC9ORF72 fibroblasts com-
pared to control cells and a trend toward an increase was
also present in mTDP-43 fibroblasts although it did not
reach statistical significance (Fig. 2d).

In order to investigate if the mitochondria bioenergetic
dysfunctions were associated with oxidative stress, we
next measured reactive oxygen species (ROS) levels in
mutant cells. In particular, we evaluated total cellular
ROS levels by DCFH, reagent and, as the results of such
measurement may be influenced by other factors [9],
specific mitochondrial ROS levels were determined by
using mitoSOX. We found a consistent and significant
increase of mitochondrial ROS along with a parallel
increase of total cellular ROS levels specifically in
mC9ORF72 cells compared to both healthy control and
mTDP-43 fibroblasts (Fig. 2e-f).

The mitochondria quality system in mTDP-43 and
mC90RF72 fibroblasts

Given the alterations in mitochondrial morphology and
functionality observed in mTDP-43 and mC9ORF72 fi-
broblasts, we next investigated the processes associated
to removal of damaged mitochondria and/or biogenesis
of these organelles. Quantification of p62 and LC3 levels,
as markers of autophagic vesicle formation, showed a
significant decrease of p62 protein level both in mTDP-
43 (Fig. 3a) and in mC9ORF72 fibroblasts (Fig. 3b) (60
and 74 %, respectively) compared to control fibroblasts
with no change in SQSTMI1/p62 gene expression level
(Fig. 3c). The ratio between lipidated/unlipidated LC3
proteins (LC3-II/LC3-I) and the total MAPILC3B
mRNA content were not different between mutant fibro-
blasts and control cells (Figs. 3a-b-d). These results,
together with electronic microscopy data showing few
autophagic/mitophagic vacuoles in both mutant fibro-
blast groups (Fig. 1d), suggest an early activation of the
autophagic process.

As removal of damaged mitochondria is a dynamic
process in equilibrium with the biogenesis of novel
organelles, we measured the content of mitochondrial
DNA as a marker of mitochondrial biogenesis. The level
of mitochondria-encoded NADH dehydrogenase 5 (MT-
NDS) was slightly increased in mTDP-43 fibroblasts, but
significantly higher in mC9ORF72 fibroblasts as com-
pared to controls (Fig. 3e). Moreover, evaluation of PG
Cl-a protein, a regulator of mitochondria biogenesis,
showed significantly increased levels only in mC9OR
F72 fibroblasts, while no changes in mTDP-43 fibro-
blasts were detected compared to controls (Fig. 3f).
Differences in markers of mitochondria biogenesis in mu-
tant mCOORF72 fibroblasts reflected also differences in
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Fig. 2 Mitochondrial functionality of mutant TARDBP and C9ORF72 fibroblasts in galactose medium. a Measurement of mitochondrial membrane
potential (MMP) by flow cytometry analysis of TMRM-positive fibroblasts (4 healthy controls, 3 TARDBP p.A382T (mTDP-43) and 4 C90ORF/2
(MCO0ORF72). Median + SEM, n =3 different DIV; one-way ANOVA with Dunnett's multiple comparison test, *p < 0.05; **p < 0.01. b Evaluation
of ATP content by the ATPlite kit. Mean + SEM, n = 3 different DIV; one-way ANOVA with Dunnett's multiple comparison test, **p < 0.01. c. Analysis of
oxygen consumption rate in basal condition (OCR-B), upon treatment with oligomycin (OCR-O) and with the oxidative phosphorylation uncoupler
FCCP (OCR-F). Data are presented as mean + SEM; n =5 different DIV; two-way ANOVA with Bonferroni post-tests; *p < 0.05 and **p < 0.01 vs. basal.
d Measurement of the respiratory electron transport system activity (complexes HV) and of succinate dehydrogenase (SDH) in 3 CTRL, 3 mTDP-43
and 4 mC90RF72 fibroblasts. Values are expressed as nmol/min/mg protein and normalised with citrate synthase activity (mean + SEM, one-way ANOVA
with Dunnett's multiple comparison test; *p < 0.05). @ Mitochondrial ROS detection by flow cytometry analysis after incubation with MitoSOX™ Red reagent.
Mean + SEM; n =3 different D/V; one-way ANOVA with Dunnett's multiple comparison test; **p < 0.01. f Cellular ROS detection after
incubation with 2',7'-dichlorodihydrofluorescein (DCF). Fluorescence intensity was normalized for cell number. Mean + SEM; n=3
different DIV; one-way ANOVA with Dunnett's multiple comparison test; **p <0.01

mitochondria content. In fact, mitochondria mass (MM),
measured by Mitotracker GreenFM dye, significantly and
specifically increased in mC9ORF72 fibroblasts (172 %)
compared to control cells, whereas it significantly dimin-
ished in mTDP-43 cells (65 %) (Fig. 3g). No changes in
MM were observed in mutant fibroblasts grown in stand-
ard culture conditions in glucose-containing medium
(Additional file 1: Figure S4), further suggesting that mito-
chondria alterations become evident only when cells are
forced to switch from a glycolytic to an oxidative state.

Cell viability and apoptosis in mTDP-43 and mC90ORF72
fibroblasts

To evaluate if the observed alterations in autophagy and
mitochondria biogenesis may trigger cell death, we mea-
sured cell viability and we found no evidence of cell mor-
tality in both mTDP-43 and mC9ORF72 fibroblasts
compared to control cells (Fig. 4a). Evaluation of Caspase
9 and Caspase 3 by WB assay revealed no changes in their
protein pattern in both control and mutant fibroblasts in-
dicating no activation of the apoptotic pathway (Fig. 4b).
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Fig. 3 (See legend on next page.)
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Fig. 3 Analysis of autophagy and mitochondria biogenesis in mutant TARDBP and C9ORF72 fibroblasts in galactose medium. a Representative
WB analysis of p62 and LC3II/I in lysates of control (CTRL) and mutated TARDBP (mTDP-43) fibroblasts (left panel). Tubulin was used for sample
normalization. Densitometric analyses of WB data are shown in the right panels; the ratio between lipidated (Il) and unlipidated (I) protein is
shown for LC3 (mean + SEM of 3 controls and 3 mTDP-43 patients; n = 3 different DIV; unpaired t-test, **p < 0.01). b Representative WB analysis
of p62 and LC3II/I in lysates of CTRL and mutated COORF72 (mC9ORF72) fibroblasts (left panel). Tubulin was used for sample normalization.
Densitometric analyses of WB data are shown in right panels (mean £ SEM of 3 controls and 4 mC90RF72 patients, n = 3 different DIV: unpaired t-test,

*p < 0.05). Q-PCR analysis of ¢ SQSTM1/p62 and d MAP1LC3 mRNA content in CTRL, mTDP-43 and mC9ORF72 fibroblasts. Fold change values were
calculated versus CTRL fibroblasts (mean + SEM; n = 3 different DIV; one-way ANOVA with Dunnett's multiple comparison test). e Quantification
of mitochondrial DNA content by Q-PCR of the mitochondria-encoded NADH dehydrogenase 5 (MT-ND5) gene. The genomic ribonuclease

P gene was used for data normalization (mean + SEM; n = 3 for each experimental group; one-way ANOVA with Dunnett's multiple comparison
test). f Representative WB analysis of PGCla in lysates of controls (CTRL), mTDP-43 (left panel) and mCOORF72 (right panel) fibroblasts. Tubulin
was used for sample normalization. Densitometric analyses of WB data are shown in the lower left and right panels (mean + SEM; n = 3 different
DIV; unpaired t-test, *p < 0.05). g Measurement of mitochondrial mass (MM) by flow cytometry analysis of Mitotracker green (MTG)-positive
fibroblasts (4 healthy controls, 3 mTDP-43 and 4 mC9ORF72). Median + SEM; n = 3 different DIV; one-way ANOVA with Dunnett's multiple
comparison test; **p < 0.01

Analysis of TDP-43 sub-cellular localization obtained mitochondria-enriched fractions was evaluated

Recent literature data on mouse motoneuronal cell lines by WB analysis with p84 and tubulin markers, respectively

and primary neurons reported that both wild-type and  (Fig. 5b). When we also over-expressed wild-type and

mutant TDP-43 proteins may localize at mitochondria ~ mutant TDP-43 p.M337V in human neuroblastoma SK-

thereby directly affecting their functionality [16, 21, 38].  N-BE cells, we did not recover either proteins in the

We investigated whether the endogenous wild-type and  mitochondria-enriched fractions (Fig. 5¢), in contrast to

mutant TDP-43 distributed at mitochondria also in hu-  what previously reported [16].

man fibroblasts. In addition, an in silico analysis of TDP-43 aminoacid
By immunofluorescence analysis we failed to detect sequence by Mitoprot, PSORT, and TargetP algorithms

TDP-43 co-localization with mitochondria and TDP-43 failed to recognize the presence of the consensus motif

mislocalization in the cytoplasm both in control and for protein import into mitochondria.

mTDP-43 fibroblasts (Fig. 5a). Also in mC9ORF72 cells Overall these data seem to suggest that the mitochon-

no localization of TDP-43 at mitochondria was observed  dria dysfunctions observed in mTDP-43 fibroblasts are

(Additional file 1: Figure S5). By performing sub-cellular  not likely to be directly associated with localization of

fractionation assays in control and mTDP-43 fibroblasts, = TDP-43 protein at mitochondria.

both wild-type and mutant TDP-43 proteins were not

present in the mitochondria-enriched fractions, which  Discussion

were positive for the mitochondria marker TOMM20 In the present study we showed that mutations in TAR

(Fig. 5b). Nuclear and cytoplasmic contamination of the = DBP and C9ORF72 genes, associated to defects in RNA
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Fig. 4 Cell viability and apoptosis in mutant TARDBP and C9ORF72 fibroblasts in galactose medium. a Cell viability was assessed by trypan blue stain in

control (CTRL), mutated TARDBP p.A382T (mTDP-43) and C9ORF72 (mC90RF72) fibroblasts. b WB analysis of caspase 9 (CASP9) and 3 (CASP3) in lysates of 4
CTRL, 3 mTDP-43 and 4 mC9ORF72 fibroblasts. Asterisk indicates the expected position of the cleaved forms of the two caspases. n = 3 different DIV
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(green) in primary fibroblasts from 4 healthy controls (CTRL) and 3 ALS patients carrying p.A382T mutation in TARDBP gene (mTDP-43), incubated with
Mitotracker Red (red). Bar, 10 um. b WB analysis of TDP-43 and TOMM20 proteins in total cell lysates (TOT) and mitochondria-enriched fractions (MT) of
CTRL and mTDP-43 fibroblasts maintained in galactose medium for 48 h. p84 and tubulin (TUB) were used to test contamination with nuclear and
cytoplasmic fractions, respectively. ¢ WB analysis of TDP-43 and TOMM20 proteins in total cell lysates (TOT) and mitochondria-enriched fractions (MT)
of SK-N-BE cells transfected for 48 h with flag-tagged wild-type (fTDP-43wt) and mutant p.M337V (fTDP-43p.M337V) TDP-43 constructs. Asterisk indicates
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metabolism in ALS and FTD neurodegenerative dis-
eases, affect mitochondria functionality by altering sev-
eral morphological and bioenergetics parameters in a
gene-specific manner. These alterations were detected in
peripheral disease cell models derived from patients,
such as mutant fibroblasts, when they were induced to
change their glycolytic metabolism and to actively use
oxidative phosphorylation for ATP production as neur-
onal cells.

In neurodegenerative disorders the study of pathome-
chanisms is hampered by the difficulty to monitor
disease progression in the affected brain tissues, and
autoptic tissues have the bias of representing the end-
stage state of the disease. Nonetheless, in Alzheimer’s
and Parkinson’s disorders, pathophysiological alterations
of the central nervous system were also similarly present
in patients’ peripheral tissues, such as blood and fibro-
blasts [7, 24]. Although fibroblasts have been scarcely

investigated in ALS disease so far [2, 23], they were re-
cently described to be defective in their bioenergetics me-
tabolism both in familial and sporadic ALS cases [5, 8, 18,
25]. In contrast to experimental disease cell models
where the mutant genes are usually over-expressed,
patient-derived fibroblasts have the advantage of
expressing mutant genes at physiological levels, there-
fore preventing any bias due to the aberrant over-
production of the protein of interest.

Our analysis of mitochondrial functionality in mTDP-
43 and mCO9ORF72 fibroblasts revealed gene-specific
alterations in mitochondrial morphology and dynamics,
membrane potential, respiration and ATP production
specifically occurring in oxidative conditions. In fact,
these changes were absent when mutant fibroblasts were
grown in glycolytic conditions. We found alterations in
mitochondria morphology in both mTDP-43 and mC90
RF72 fibroblasts, as indicated by significant changes in AR
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and FF quantitative parameters and in mitochondrial ultra-
structure and density by electronic microscopy. In particu-
lar, a very fragmented mitochondria network was evident in
mTDP-43 fibroblasts in association to the up-regulation of
FIS1 protein content. An altered balance of fission and
fusion processes, also evidenced in mC9ORF72 fibroblasts
with increased MFNT1 levels, may well account for the ob-
served mitochondria morphology changes. Interestingly,
the presence of altered mitochondria with paucity of cristae
was previously described in spinal cord of TDP-43 trans-
genic mice in association with an abnormal sub-cellular
distribution and trafficking of mitochondria and with dys-
regulation of proteins involved in fission and fusion pro-
cesses [34, 35, 38—40]. Also murine neuronal cell models
over-expressing wild-type or mutant human TDP-43
proteins were described to have alterations in mito-
chondria morphology, dynamics and transport along
neurites [16, 21, 38]. On the other hand, mitochondria
alterations have not been reported or investigated in
C90RF72 cellular and animal models so far, but our
findings suggest that C9ORF72-mediated pathome-
chanisms, either through expanded RNA/dipeptide
protein gain-of-function or CO9ORF72 protein haploin-
sufficiency, may also affect mitochondria metabolism.
Our data also suggest that mutant TARDBP and C90
RF72 trigger mitochondria alterations in response to
energy demand in a specific manner because mitochon-
drial morphological changes were not present in mu-
tant SODI and sporadic ALS fibroblasts when they
were similarly exposed to oxidative conditions in
galactose-containing medium [4, 5].

In line with the evidence that mitochondria morph-
ology may reflect mitochondria functionality, we found
alterations in the mitochondria membrane potential,
which significantly changed in a different manner in
the two mutant fibroblasts. Mitochondria membrane
potential was specifically reduced in mTDP-43 fibro-
blasts and increased in mC9ORF72 cells. Mitochondria
depolarization was also described in murine TDP-43
cell models, but when both wild-type and mutant TDP-
43 were over-expressed in primary motor neurons or in
NSC-34 cells [16, 21, 38]. Human fibroblasts from spor-
adic ALS patients showed mitochondria hyperpolariza-
tion when they were grown in glycolytic conditions
[18]. Here we found that mutations in TARDBP and
C90ORF72 were associated to alterations of mitochon-
dria membrane potential only when cells had to rely
mainly on oxidative phosphorylation for ATP synthesis.
When we evaluated the mitochondria bioenergetics, we
observed an increase of oxygen consumption rate only
in mC9OREF72 fibroblasts after blocking ATP synthesis
and after uncoupling respiration, in association with
normal respiratory chain enzymatic activities but
increased SDH activity. A similar increase in oxygen
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consumption was observed also in mutant SODI fibro-
blasts when they were exposed to galactose-containing
growing medium, although this was not associated with
mitochondria morphological alterations as in mC90O
RF72 cells [5]. The increased oxygen consumption rate
may reflect an efficient and tightly coupled ETC activity
in mC90ORF72 fibroblasts, thus accounting for the ob-
served higher ATP content, while the increased MMP
may favour electron slippage and trigger ROS produc-
tion as sustained by our experimental data.

Among the mitochondrial changes, we found also an
increase of mitochondrial DNA content and mass specif-
ically in mC9OREF72 fibroblasts, suggesting the presence
of compensatory proliferation mechanisms of aberrant
mitochondria, which could also explain the higher
oxygen consumption rate, ATP level and ROS produc-
tion in these cells. We speculate that the same mechan-
ism is probably not active in mTDP-43 fibroblasts which
showed depolarized mitochondria, but were not able to
activate mitochondrial proliferation to counteract mito-
chondrial dysfunctions. Since mitochondrial fission
usually precedes mitophagy [11, 37], the observed frag-
mentation of the mitochondrial network and the pres-
ence of autophagic/mitophagic vacuoles in mTDP43
fibroblasts seem to support this hypothesis. The autoph-
agic process is also partially activated in mC9ORF72 as
evidenced by electron microscopy data and p62 protein
down-regulation.

Whether a direct or an indirect effect of mTDP-43
and mC90ORF72 is responsible for the observed mito-
chondria dysfunctions still remains to be elucidated. Our
data suggest that in human fibroblasts both wild-type
and mutant TDP-43 proteins do not localize at mito-
chondria and therefore are not likely to influence
directly their functioning. Also in condition of TDP-43
over-expression in human neuronal cell lines, we did not
observe translocation of TDP-43 into mitochondria. On
the contrary, recent literature data supported the hy-
pothesis of a direct effect on mitochondria based mainly
on the presence of TDP-43 protein in mitochondria-
enriched fractions obtained by cell fractionation assays
[16, 38]. However, as contamination with nuclear
materials, and likely nuclear TDP-43, may not be com-
pletely excluded in these assays, this issue will need
further investigation.

Altogether our results indicate that mutations in
TARDBP and C9ORF72 genes may differentially affect
mitochondria activity and bioenergetics in ALS and FTD
patient-derived cells when they are induced to use oxida-
tive phosphorylation for ATP production. This further
supports the evidence of a link between defects in TDP-
43-mediated RNA metabolism and mitochondria
dysfunction [16, 21, 38]. However, as in this study we
considered ALS patients carrying the same TARDBP
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p.A382T mutation, which is the most frequent one in
the Italian population [12], also different TARDBP muta-
tions will worth investigation.

Conclusions

Our findings highlight for the first time that mutant
C90ORF72 impairs mitochondria activity in a different
and opposite manner compared to mutant TDP-43. We
speculate that TARDBP and CO9ORF72 mutations might
trigger cell death by impairing not only RNA metabol-
ism, but also mitochondria activity in ALS/FTD neurons
since their mitochondrial energetic metabolism depends
mainly on oxidative phosphorylation. The use of neu-
rons/motoneurons differentiated from induced pluripo-
tent stem cells obtained from mTDP-43 and mC9ORF72
fibroblasts will certainly help to address and further in-
vestigate this important issue.

Additional file

Additional file 1: Figure S1. Mitochondria morphology in mutant
TARDBP and C90ORF72 fibroblasts after 48 h in galactose medium.
Representative confocal images of mitochondrial network in primary
fibroblasts from three healthy controls (C1, C2, C3), three ALS patients carrying
mutation in TARDBP gene (p.A382T; T1, T2, T3) and three ALS//FTD patients
with pathological expansion of the hexanucleotide repeat in C9ORF72 (C9.2,
(9.3, C94) transfected with pDsRed2Mito construct. Bar, 10um. Figure S2.
Mitochondria functionality in mutant TARDBP and C90RF72 fibroblasts.
Measurement of mitochondrial membrane potential by flow cytometry
analysis of Mitotracker Red (MTR) positive fibroblasts (from 4 healthy controls,
3 TARDBP and 4 C90ORF72 mutated patients) maintained in medium with
galactose and without glucose. Median + SEM, n = 3 different DIV: One-way
ANOVA with Dunnett's multiple comparison test; **p < 0.01). Figure S3.
Analysis of mitochondria membrane potential in mutant TARDBP and C9ORF72
fibroblasts in glycolitic conditions. Measurement of mitochondrial (MMP) by
flow cytometry analysis of TMRM-positive fibroblasts (4 healthy controls, 3
TARDBP and 4 C9ORF72), maintained in medium with 2 g/I glucose.
Median + SEM, n =3 different DIV; One-way ANOVA with Dunnett's
multiple comparison test). Figure S4. Analysis of mitochondria mass
in mutant TARDBP and C90ORF7?2 fibroblasts in glycolitic conditions.
Measurement of mitochondrial mass (MM) by flow cytometry analysis
of Mitotracker green (MTG)-positive fibroblasts (4 healthy controls, 3
TARDBP and 4 C9ORF72), maintained in medium with 2 g/I glucose.
Median + SEM, n =3 different DIV; One-way ANOVA with Dunnett’s
multiple comparison test). Figure S5. TDP-43 sub-cellular localization in
C9ORF72 fibroblasts after 48 h in galactose medium. Representative
immunofluorescence images of TDP-43 (green) in primary fibroblasts from
healthy controls (four) and ALS/FTD patients carrying mutation in C9ORF72
gene (four), incubated with Mitotracker Red. Bar, 10 um. Table S1. Clinical
features of healthy controls, TARDBP- and C9ORF72-mutated patients.
Table S2. Primer sequences and probes for Quantitative Real time
PCR. Table S3. Respiratory electron transport chain activity. Values
are expressed as nmol/min/mg protein and normalised with citrate
synthase activity. (PDF 609 kb)

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

EO carried out the mitochondrial functionality assays, Western blot analyses,
immunofluorecsence analysis, cell subfractionation assays, analysed data and
drafted the manuscript; CC established the primary fibroblast cultures,
performed ATP assays and immunofluorecsence analysis, drafted the
manuscript and images; VG carried out the mitochondria morphological

Page 13 of 14

analyses and FACS assays; MOB carried out all the FACS analyses; SD
performed the oxygen consumption rate assays; AD performed the skin
biopsies; FG carried out the electron microscopy analysis; FI measured the
electron transport chain activities and mitochondria DNA content; MM
analysed the electron microscopy images; VT contributed to the
experimental design and revised the manuscript; VS recruited patients and
clinical data and revised the manuscript; AR designed the entire
experimental plan, supervised the experiments, analysed data and drafted
the manuscript. All authors read and approved the final manuscript.

Acknowledgments

A special thanks to the patients because without their generous contribution
this study would have not been possible. We thank the Cell line and DNA
bank of pediatric movement disorders and mitochondrial diseases of the
Telethon Network of Genetic Biobanks (Project GTB07001) for donation of
two healthy fibroblast cell lines, and the Pierfranco and Luisa Mariani
Foundation. MM and GF thank the Biobank of skeletal muscle, peripheral
nerve, DNA and cell cultures, member of the Telethon Network of Genetic
Biobanks (Project GTB12001), and the Eurobiobank Network. We would like
also to thank Drs. Francesca and Jenny Sassone, and Prof. Poletti's lab for
their technical support.

Author details

'Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto
Auxologico Italiano, Via Zucchi, 18, Cusano Milanino 20095, MI, Italy.
“Department of Pathophysiology and Transplantation, ‘Dino Ferrari’ Center -
Universita degli Studi di Milano, Milan, Italy. *Laboratory of
Immunorheumatology, IRCCS Istituto Auxologico Italiano, Milan, Italy.
“Department of Clinical Sciences and Community Health, Universita degli
Studi di Milano, Milan, Italy. *Molecular Neurogenetics Unit, Foundation
IRCCS-Neurological Institute “Carlo Besta”, Milan, Italy. °Neuromuscular and
Rare Disease Unit, Department of Neuroscience, Foundation IRCCS Ca’
Granda Ospedale Maggiore Policlinico, Universita degli Studi di Milano,
Milan, Italy.

Received: 23 April 2016 Accepted: 23 April 2016
Published online: 05 May 2016

References

1. Afifi AK, Aleu FP, Goodgold J, MacKay B. Ultrastructure of atrophic muscle in
amyotrophic lateral sclerosis. Neurology. 1966;16:475-81.

2. Aguirre T, Van Den Bosch L, Goetschalckx K, Tilkin P, Mathijs G, Cassiman JJ,
Robberecht W. Increased sensitivity of fibroblasts from amyotrophic lateral
sclerosis patients to oxidative stress. Ann Neurol. 1998;43:452-7.

3. Akimoto C, Volk AE, van Blitterswijk M, Van den Broeck M, Leblond CS,
Lumbroso S, Camu W, Neitzel B, Onodera O, van Rheenen W et al. A
blinded international study on the reliability of genetic testing for GGGGCC-
repeat expansions in C9orf72 reveals marked differences in results among
14 laboratories. J Med Genet. 2014;51:419-24.

4. 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. doi:10.1016/j.neurobiolaging.2015.07.013.

5. Allen SP, Rajan S, Duffy L, Mortiboys H, Higginbottom A, Grierson AJ, Shaw PJ.
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. doi:10.1016/j.neurobiolaging.2013.11.025.

6. Atsumi T. The ultrastructure of intramuscular nerves in amyotrophic lateral
sclerosis. Acta Neuropathol. 1981,55:193-8.

7. Auburger G, Klinkenberg M, Drost J, Marcus K, Morales-Gordo B, Kunz WS,
Brandt U, Broccoli V, Reichmann H, Gispert S et al. Primary skin fibroblasts as
a model of Parkinson’s disease. Mol Neurobiol. 2012;46:20-7. doi:10.1007/
$12035-012-8245-1.

8. Bartolome F, Wu HC, Burchell VS, Preza E, Wray S, Mahoney CJ, Fox NC,
Calvo A, Canosa A, Moglia C et al. Pathogenic VCP mutations induce
mitochondrial uncoupling and reduced ATP levels. Neuron. 2013;78:57-64.
doi:10.1016/j.neuron.2013.02.028.

9. Bromme HJ, Zuhlke L, Silber RE, Simm A. DCFH2 interactions with hydroxyl
radicals and other oxidants—influence of organic solvents. Exp Gerontol.
2008:43:638-44.


dx.doi.org/10.1186/s40478-016-0316-5
http://dx.doi.org/10.1016/j.neurobiolaging.2015.07.013
http://dx.doi.org/10.1016/j.neurobiolaging.2013.11.025
http://dx.doi.org/10.1007/s12035-012-8245-1
http://dx.doi.org/10.1007/s12035-012-8245-1
http://dx.doi.org/10.1016/j.neuron.2013.02.028

Onesto et al. Acta Neuropathologica Communications (2016) 4:47

10.  Bugiani M, Invernizzi F, Alberio S, Briem E, Lamantea E, Carrara F, Moroni |,
Farina L, Spada M, Donati MA et al. Clinical and molecular findings in children
with complex | deficiency. Biochim Biophys Acta. 2004;1659:136-47. doi:10.
1016/j.bbabio.2004.09.006.

11. Chan NC, Salazar AM, Pham AH, Sweredoski MJ, Kolawa NJ, Graham RL,
Hess S, Chan DC. Broad activation of the ubiquitin-proteasome system by
Parkin is critical for mitophagy. Hum Mol Genet. 2011;20:1726-37.

12. Corrado L, Ratti A, Gellera C, Buratti E, Castellotti B, Carlomagno Y,
Ticozzi N, Mazzini L, Testa L, Taroni F et al. High frequency of TARDBP
gene mutations in Italian patients with amyotrophic lateral sclerosis.
Hum Mutat. 2009;30:688-94.

13. Crugnola V, Lamperti C, Lucchini V, Ronchi D, Peverelli L, Prelle A, Sciacco
M, Bordoni A, Fassone E, Fortunato F et al. Mitochondrial respiratory chain
dysfunction in muscle from patients with amyotrophic lateral sclerosis. Arch
Neurol. 2010,67:849-54.

14. Delesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M,
Rutherford NJ, Nicholson AM, Finch NA, Flynn H, Adamson J et al.
Expanded GGGGCC hexanucleotide repeat in noncoding region of
C90RF72 causes chromosome 9p-linked FTD and ALS. Neuron. 2011,72:
245-56. doi:10.1016/j.neuron.2011.09.011.

15. Gendron TF, Belzil W, Zhang YJ, Petrucelli L. Mechanisms of toxicity in COFTLD/
ALS. Acta Neuropathol. 2014;127:359-76.

16. Hong K, Li Y, Duan W, Guo Y, Jiang H, Li W, et al. Full-length TDP-43 and its
C-terminal fragments activate mitophagy in NSC34 cell line. Neurosci Lett.
2012;530:144-9. doi:10.1016/j.neulet.2012.10.003.

17.  Invernizzi F, D'Amato |, Jensen PB, Ravaglia S, Zeviani M, Tiranti V. Microscale
oxygraphy reveals OXPHOS impairment in MRC mutant cells.
Mitochondrion. 2012;12:328-35. doi:10.1016/j.mit0.2012.01.001.

18. Kirk K, Gennings C, Hupf JC, Tadesse S, D'Aurelio M, Kawamata H, Manfredi
G. Bioenergetic markers in skin fibroblasts of sporadic amyotrophic lateral
sclerosis and progressive lateral sclerosis patients. Ann Neurol. 2014;76:620-4.
doi:10.1002/ana.24244.

19.  Kwiatkowski Jr TJ, Bosco DA, Leclerc AL, Tamrazian E, Vanderburg CR, Russ C, Davis
A, Gilchrist J, Kasarskis EJ, Munsat T et al. Mutations in the FUS/TLS gene on
chromosome 16 cause familial amyotrophic lateral sclerosis. Science. 2009323
1205-8. doi:10.1126/science.1 166066.

20. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with
the Folin phenol reagent. J Biol Chem. 1951;193:265-75.

21. LuJ, Duan W, Guo Y, Jiang H, Li Z, Huang J, Hong K; Li C. Mitochondrial
dysfunction in human TDP-43 transfected NSC34 cell lines and the
protective effect of dimethoxy curcumin. Brain Res Bull. 2012;89:185-90.
doi:10.1016/j.brainresbull.2012.09.005.

22. Mackenzie IR, Rademakers R, Neumann M. TDP-43 and FUS in amyotrophic
lateral sclerosis and frontotemporal dementia. Lancet Neurol. 2010;9:995-1007.
doi:10.1016/51474-4422(10)70195-2.

23. Mead RJ, Higginbottom A, Allen SP, Kirby J, Bennett E, Barber SC, Heath PR,
Coluccia A, Patel N, Gardner | et al. S[+] Apomorphine is a CNS penetrating
activator of the Nrf2-ARE pathway with activity in mouse and patient
fibroblast models of amyotrophic lateral sclerosis. Free Radic Biol Med.
2013,61:438-52.

24, Ramamoorthy M, Sykora P, Scheibye-Knudsen M, Dunn C, Kasmer C, Zhang
Y, Becker KG, Croteau DL, Bohr VA. Sporadic Alzheimer disease fibroblasts
display an oxidative stress phenotype. Free Radic Biol Med. 2012;53:1371-80.
doi:10.1016/j.freeradbiomed.2012.07.018.

25. Raman R, Allen SP, Goodall EF, Kramer S, Ponger LL, Heath PR, Milo M, Hollinger
HC, Walsh T, Highley JR et al. Gene expression signatures in motor neurone
disease fibroblasts reveal dysregulation of metabolism, hypoxia-response and
RNA processing functions. Neuropathol Appl Neurobiol. 201541:201-26. doi:10.
1111/nan.12147.

26. Ratti A, Buratti E. Physiological Functions and Pathobiology of TDP-43 and
FUS/TLS proteins. J Neurochem. 2016.doi: 10.1111/jnc.13625

27. Ratti A, Corrado L, Castellotti B, Del Bo R, Fogh |, Cereda C, Tiloca C,
D'Ascenzo C, Bagarotti A, Pensato V et al. C9ORF72 repeat expansion in a
large Italian ALS cohort: evidence of a founder effect. Neurobiol Aging.
2012;33:2528. €2527-2514.

28. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S, Gibbs JR,
Schymick JC, Laaksovirta H, van Swieten JC, Myllykangas L et al. A hexanucleotide
repeat expansion in C9ORF72 is the cause of chromosome 9p21-linked ALS-FTD.
Neuron. 2011,72:257-68. doi:10.1016/j.neuron.2011.09.010.

29. Robberecht W, Philips T. The changing scene of amyotrophic lateral
sclerosis. Nat Rev Neurosci. 2013;14:248-64. doi:10.1038/nrn3430.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 14 of 14

Robinson BH, Petrova-Benedict R, Buncic JR, Wallace DC. Nonviability of
cells with oxidative defects in galactose medium: a screening test for
affected patient fibroblasts. Biochem Med Metab Biol. 1992,48:122-6.
Rohrer JD, Isaacs AM, Mizielinska S, Mead S, Lashley T, Wray S, Sidle K, Fratta
P, Orrell RW, Hardy J et al. C9orf72 expansions in frontotemporal dementia
and amyotrophic lateral sclerosis. Lancet Neurol. 2015;14:291-301. doi:10.
1016/51474-4422(14)70233-9.

Sasaki S, Horie Y, Iwata M. Mitochondrial alterations in dorsal root ganglion cells
in sporadic amyotrophic lateral sclerosis. Acta Neuropathol. 2007;114:633-9.
Sasaki S, lwata M. Mitochondrial alterations in the spinal cord of patients with
sporadic amyotrophic lateral sclerosis. J Neuropathol Exp Neurol. 2007;66:10-6.
Shan X, Chiang PM, Price DL, Wong PC. Altered distributions of Gemini of
coiled bodies and mitochondria in motor neurons of TDP-43 transgenic mice.
Proc Natl Acad Sci U S A. 2010;107:16325-30. doi:10.1073/pnas.1003459107.
Stribl C, Samara A, Trumbach D, Peis R, Neumann M, Fuchs H, Gailus-Durner V,
Hrabe de Angelis M, Rathkolb B, Wolf E et al. Mitochondrial dysfunction and
decrease in body weight of a transgenic knock-in mouse model for TDP-43.

J Biol Chem. 2014;289:10769-84. doi:10.1074/jbcM113.515940.

Vance C, Rogelj B, Hortobagyi T, De Vos KJ, Nishimura AL, Sreedharan J,

Hu X, Smith B, Ruddy D, Wright P et al. Mutations in FUS, an RNA
processing protein, cause familial amyotrophic lateral sclerosis type 6.
Science. 2009;323:1208-11. doi:10.1126/science.1165942.

Wang K, Klionsky DJ. Mitochondria removal by autophagy. Autophagy.
2011;7:297-300.

Wang W, Li L, Lin WL, Dickson DW, Petrucelli L, Zhang T, Wang X. The ALS
disease-associated mutant TDP-43 impairs mitochondrial dynamics and
function in motor neurons. Hum Mol Genet. 2013;22:4706-19. doi:10.1093/
hmg/ddt319.

Xu YF, Gendron TF, Zhang YJ, Lin WL, D'Alton S, Sheng H, Casey MC, Tong
J, Knight J, Yu X et al. Wild-type human TDP-43 expression causes TDP-43
phosphorylation, mitochondrial aggregation, motor deficits, and early
mortality in transgenic mice. J Neurosci. 2010,30:10851-9. doi:10.1523/
JNEUROSCI.1630-10.2010.

Xu YF, Zhang YJ, Lin WL, Cao X, Stetler C, Dickson DW, Lewis J, Petrucelli L.
Expression of mutant TDP-43 induces neuronal dysfunction in transgenic
mice. Mol Neurodegener. 2011;6:73. doi:10.1186/1750-1326-6-73.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1016/j.bbabio.2004.09.006
http://dx.doi.org/10.1016/j.bbabio.2004.09.006
http://dx.doi.org/10.1016/j.neuron.2011.09.011
http://dx.doi.org/10.1016/j.neulet.2012.10.003
http://dx.doi.org/10.1016/j.mito.2012.01.001
http://dx.doi.org/10.1002/ana.24244
http://dx.doi.org/10.1126/science.1166066
http://dx.doi.org/10.1016/j.brainresbull.2012.09.005
http://dx.doi.org/10.1016/S1474-4422(10)70195-2
http://dx.doi.org/10.1016/j.freeradbiomed.2012.07.018
http://dx.doi.org/10.1111/nan.12147
http://dx.doi.org/10.1111/nan.12147
http://dx.doi.org/10.1111/jnc.13625
http://dx.doi.org/10.1016/j.neuron.2011.09.010
http://dx.doi.org/10.1038/nrn3430
http://dx.doi.org/10.1016/S1474-4422(14)70233-9
http://dx.doi.org/10.1016/S1474-4422(14)70233-9
http://dx.doi.org/10.1073/pnas.1003459107
http://dx.doi.org/10.1074/jbc.M113.515940
http://dx.doi.org/10.1126/science.1165942
http://dx.doi.org/10.1093/hmg/ddt319
http://dx.doi.org/10.1093/hmg/ddt319
http://dx.doi.org/10.1523/JNEUROSCI.1630-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1630-10.2010
http://dx.doi.org/10.1186/1750-1326-6-73

	Abstract
	Introduction
	Materials and methods
	Human primary fibroblast cultures and SK-N-BE cell line
	Cell transfection
	Mitochondrial network analysis
	Transmission electron microscopy
	Western blot analysis
	Mitochondrial membrane potential
	ATP assay
	Oxygen consumption rate measurement
	Mitochondrial respiratory chain enzyme activity
	ROS detection
	Quantitative Real time PCR
	Mitochondrial DNA content
	Mitochondrial mass
	Cell viability assay
	Immunofluorescence
	Mitochondria sub-cellular fractionation
	Statistical analysis

	Results
	Mitochondrial morphology in mTDP-43 and mC9ORF72 fibroblasts
	Mitochondrial functionality of mTDP-43 and mC9ORF72 fibroblasts
	The mitochondria quality system in mTDP-43 and mC9ORF72 fibroblasts
	Cell viability and apoptosis in mTDP-43 and mC9ORF72 fibroblasts
	Analysis of TDP-43 sub-cellular localization

	Discussion
	Conclusions
	Additional file
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

