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Impairment of the axonal transport system mediated by intracellular microtubules (MTs) is known to be a major
drawback in neurodegenerative processes.
ALS Due to a growing interest on the neurotoxic effects of selenium in environmental health, our study aimed to
Tubulin alpha-4A assess the relationship between selenium and MTs perturbation, that may favour disease onset over a genetic
Cytoskeleton . fe . .
Neurodegeneration predisposition to amyotrf)ph1c laferal s'cler051.s. ' ' o

We treated a neuron-like cell line with sodium selenite, sodium selenate and seleno-methionine and observed
that the whole cytoskeleton was affected. We then investigated the protein interactome of cells overexpressing
aTubulin-4A (TUBA4A) and found that selenium increases the interaction of TUBA4A with DNA- and RNA-
binding proteins. TUBA4A ubiquitination and glutathionylation were also observed, possibly due to a selenium-
dependent increase of ROS, leading to perturbation and degradation of MTs. Remarkably, the TUBA4A mutants
R320C and A383 T, previously described in ALS patients, showed the same post-translational modifications to a
similar extent. In conclusion this study gives insights into a specific mechanism characterizing selenium neu-
rotoxicity.

1. Introduction disease, at least in some cases(Clark et al., 2016). Indeed, the recent

identification of microtubule protein mutations and their impact on MT

Amyotrophic lateral sclerosis (ALS) is an aggressive multifactorial
disease characterized by the degeneration of motor neurons (MNs),
their axons and neuromuscular synapses. The vulnerability of MNs may
depend on a wide range of complex factors, among which a dysfunction
of neuronal microtubules (MTs) that are intracellular structures that
allow many neuronal functions, including axonal transport. In ALS, MTs
abnormalities have been suggested to be a key component of the

function, specific interactions with mutant and pathological proteins as
well as altered function of MT-associated proteins and signaling path-
ways which affect MT dynamics, have all been implicated in ALS
etiopathogenesis (Smith et al., 2014)(Tischfield et al., 2011). Not only
in the vast majority of sporadic cases are present disruptions in this
intracellular machinery, but mutation of a microtubule protein, the
tubulin isoform TUBA4A, may also cause a familial, albeit rare, form of
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the disease (Smith et al., 2014)(Pensato et al., 2015).

TUBAA4A is ubiquitously expressed in all cell types, but at high levels
in the nervous system (Rustici et al., 2012)(Smith et al., 2014). The
expression of TUBA4A also increases with aging, possibly revealing why
mutations in these genes cause later age disease phenotypes, unlike
congenital tubulin mutations, which generate developmental disorders
(Tischfield et al., 2011)(Hersheson et al., 2013).

Evidence has been provided that microtubule mediated deficits in
axonal transport are a pivotal point for MNs survival in both sporadic
and familial disease (Clark et al., 2016). However, it remains unclear if
altered MT function is the cause, or consequence, of upstream initiating
etiopathogenic mechanisms, such as mitochondrial-dependent energy
depletion, excitotoxicity and calcium dysregulation and cellular oxi-
dative stress (Ferraiuolo et al., 2011) (Peters et al., 2015).

While ROS are required for cytoskeletal remodeling and during
axonal growth (Munnamalai and Suter, 2009)(Wilson and Gonzélez-
Billault, 2015), an excess ROS production can have harmful impacts on
MTs (Landino et al., 2004), through multiple ways. For instance, the
cellular redox status could be tightly joined with MT formation since
ROS signals regulate the organization of MT and induce tubulin mod-
ifications (Livanos et al., 2014), as both a- and (- tubulin contain Cys
residues that have the capacity to oxidize (Landino et al., 2007)(Wilson
and Gonzalez-Billault, 2015). Oxidative stress conditions due to an in-
creased intracellular level of oxidized glutathione may alter the cytos-
keleton organization and of its function leading to axon degeneration
(Carletti et al., 2011). The interplay between these modifications and
insults to MTs are not well understood, however, MTs may act as a site
for mechanistic convergence, as they are affected by various pathogenic
molecular mechanisms associated with neurodegeneration (Clark et al.,
2016).

In humans, selenium, a trace element of both nutritional and tox-
icological interest, has been hypothesized to exert neurotoxicity, in-
cluding a selective damage to motor neurons, thus inducing the onset of
the human motor neuron disease ALS (Vinceti et al., 2014).

Se toxicity mechanisms have not been completely elucidated yet,
but they are mainly ascribed to the generation of superoxide and hy-
drogen peroxide during reduction of active Se compounds (Misra et al.,
2015)(Vinceti et al., 2018a). Several selenium species have been re-
cently shown to be increased in cerebrospinal fluid of an ALS patient
carrying the TUBA4A mutation, as was Se-Met in other patients affected
by familial ALS, compared to referents, suggesting an involvement of
some selenium species in the disease (Mandrioli et al., 2017).

The present study aims to investigate the mechanisms through
which selenium compounds may affect cytoskeleton in a human neuron
cell line and induce MTs interactome alterations, based on an in vitro
experimental model of selenium toxicity we previously used (Maraldi
et al., 2011).

2. Material and methods
2.1. Materials

Sodium selenite, sodium selenate, seleno-L-methionine, 2’,7’-di-
chlorofluorescin-diacetate (DCFH-DA), 2’,7’-dichlorofluorescein (DCF),
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT),
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), Igepal CA-630,
orthovanadate, phenyl-methylsulfonyl fluoride (PMSF), N-tosyl-L-ly-
sine chloromethyl ketone (TLCK), N-tosyl-L-phenylalanine chlor-
omethyl ketone (TPCK), and were from Sigma-Aldrich (St. Louis, MO,
USA).

Anti-goat, anti-mouse and anti-rabbit IgG conjugated to horseradish
peroxidase and Western Blotting Luminol Reagent were purchased from
Pierce (Rockford, IL, USA). A list of primary antibodies is reported in
Table 1. Anti-MAP2 was from Cell Signaling Technology (Beverly, MA,
USA), anti- nestin, anti-human mitochondria protein, anti-BtubulinIII
were from Millipore (Temecula, CA, USA), anti-atubulin4A was form
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Table 1
Antibodies list.
Antibody Supplier
MAP2 Cell Signaling Technology (Beverly, MA, USA)

nestin
human mitochondria protein

Millipore (Temecula, CA, USA)
Millipore (Temecula, CA, USA)

BtubulinIIl Millipore (Temecula, CA, USA)

atubulin4A Novus Biologicals (CO, USA)

TIA-1 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
Eif4G Santa Cruz Biotechnology (Santa Cruz, CA, USA)
ubiquitin Santa Cruz Biotechnology (Santa Cruz, CA, USA)
GPx1 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
TrxR1 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
TrxR2 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
SOD1 Santa Cruz Biotechnology (Santa Cruz, CA, USA)
HA Sigma-Aldrich (St Louis, MO, USA)

actin Sigma-Aldrich (St Louis, MO, USA)

tubulin Sigma-Aldrich (St Louis, MO, USA)

phalloidin Sigma-Aldrich (St Louis, MO, USA)

GSH Abcam (Cambridge, UK)

V5 Invitrogen (CA, USA)

FUS Millipore (Temecula, CA, USA)

Novus Biologicals (CO, USA), anti-GPx1, anti-TrxR1 and 2, anti-SOD1,
anti-TIA-1, anti-Eif4G, anti-ubiquitin were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA), anti-HA, anti-actin, anti-tubulin and
phalloidin were from Sigma-Aldrich (St Louis, MO, USA), anti-GSH was
from Abcam (Cambridge, UK), anti-V5 was from Invitrogen (CA, USA)
and anti-FUS was from Millipore (Temecula, CA, USA). Secondary an-
tibodies for immunofluorescence were from Jackson ImmunoResearch
Labs (West Grove, PA, USA). All the other chemicals and solvents were
of the highest analytical grade.

2.2. Cell cultures

SKNBE human neuroblastoma cells (from DSMZ, Germany) were
grown in DMEM-F12 medium supplemented with 10% foetal bovine
serum (FBS) (all EuroClone Ltd., UK), L-glutamine (2 mM), penicillin
(50 Ul/mL), streptomycin at 37 °C under a humidified 95% to 5% (vol/
vol) mixture of air and CO,. SKNBE were differentiated towards neuron
cells treating with medium with 10% foetal bovine serum (FBS) sup-
plemented with 10 pM retinoic acid for 1 week.

Human Embryonic Kidney 293 cells (HEK-293), obtained from
DSMZ, were cultured as previously reported (Maraldi et al., 2009). In
brief, cells were grown in DMEM-high glucose supplemented with 10%
FBS.

2.3. Infection

TUBAA4A overexpression on SKNBE cells was performed with spe-
cific human TUBA4A V5 tagged lentiviral expression plasmid (pLX304,
DNASU, AZ, USA). Neuronal pre-differentiated SKNBE cells were
transduced with 5pg/ml polybrene (Sigma, USA) by lentiviral super-
natant obtained in packaging hosts HEK-293 cells as described in the
supplier's instruction manual. The medium was changed 48 h after in-
fection maintaining differentiation, cells were selected with 2 pg/ml of
blasticidin and treated with selenium compounds. Lentiviral pLKO
empty vectors were used as the control.

2.4. Transfection

Transient TUBA4A overexpression on 293 T cells was obtained by
polyethyleneimine (PEI) transfection using a 3:1 ratio of PEI (ug): total
DNA (ug). Cells were transfected with empty vector as control, TUBA4A
WT or TUBA4A mutants A383 T or R320C (DITTA) for 24 h.
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2.5. ROS detection

To evaluate intracellular ROS levels, dichlorodihydrofluorescein
diacetate (DCFH-DA) assay was performed as previously described
(Casciaro et al., 2018). Cells were seeded in 96 well plate at density of
3000 cells/well, 6 replicates. The cells were treated with selenium
compounds (sodium selenite, sodium selenate and seleno-methionine at
0.1, 0.5 and 0.5 pM respectively) for 4 days. Cell culture medium was
removed and the 5uM DCFH-DA was incubated in PBS glucose 5 mM
for 30 min, 37 °C and 5% CO,. The cell culture plate was read at 485 nm
(excitation) and 535nm (emission) using the Appliskan instrument
(Thermo Fisher Scientific, Vantaa, Finland).

2.6. Cell viability assay

Viable cells treated with selenium compounds were evaluated by
the MTT assay. Cells were incubated with 0.5 mg/mL MTT for 4h at
37 °C, as previously reported (Lucarelli et al., 2002). At the end of the
incubation, purple formazan salt crystals were dissolved by adding the
solubilization solution (isopropanol, 0.1 M HCl). The absorption at
570 nm was measured on a multiwell plate reader (Appliskan, Thermo
Fisher Scientific, Vantaa, Finland).

2.7. Immunofluorescence and confocal microscopy

For immunofluorescence analysis, cells treated with selenium
compounds were processed as previously described (Guida et al., 2013).
Cells were fixed in toto in 4% paraformaldehyde in PBS and permea-
bilized with 0.1% Triton X-100 in PBS for 10 min. After a treatment
with 3% BSA in PBS for 30 min at room temperature, cells were in-
cubated 1 h at room temperature with the primary antibodies diluted in
PBS containing 3% BSA. After washing in PBS containing 3% BSA, the
samples were incubated 1h at room temperature with the secondary
antibody diluted 1:200 in PBS containing 3% BSA (goat anti-rabbit FITC
and donkey anti-mouse Cy5). After washing in PBS the samples were
incubated for 5 min with DAPI, washed and then mounted with anti-
fading medium (0.21 M DABCO and 90% glycerol in 0.02M Tris, pH
8.0). Negative controls consisted of samples not incubated with the
primary antibody. Confocal imaging was performed by a Nikon Al
confocal laser scanning microscope. The confocal serial sections were
processed with ImageJ software to obtain three-dimensional projec-
tions. The image rendering was performed by Adobe Photoshop soft-
ware.

2.8. Cell treatment and preparation of cell extracts

Cells were treated with selenium compounds and cell extracts were
obtained as described (Naeem et al., 2015). Briefly, subconfluent cells
were extracted by addition of modified RIPA buffer (20 mM Tris-Cl, pH
7.0; 1% Nonidet P-40; 150 mM NaCl; 10% glycerol; 10 mM EDTA;
20 mM NaF; 5mM sodium pyrophosphate; and 1 mM NazVO,) and
freshly added Sigma Aldrich Protease Inhibitor Cocktail at 4 °C for
30 min. Lysates were sonicated, cleared by centrifugation and im-
mediately boiled in SDS sample buffer or used for immunoprecipitation
experiments, as described below. For GSH detection the lysates were
separated by electrophoresis under nonreducing conditions.

2.9. Immunoprecipitation and western blot

Equal amounts of lysates, whose protein concentration was de-
termined by the Bradford method, were loaded onto SDS-poly-
acrylamide gel, blotted on Immobilon-P membranes (Millipore,
Billerica, MA, USA), and processed by Western blot with the indicated
antibody. Immunoprecipitation was performed as reported (Maraldi
et al., 2015). Equal amounts of precleared lysates, whose protein con-
centration was determined by the Bradford method, were incubated
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overnight with anti-V5, anti-GSH, anti-FUS or anti-HA (3 pg all). Then
the samples were treated with 30 uL of 50% (v/v) of protein A/G
agarose slurry (GE Healthcare Bio-sciences, Uppsala, Sweden) at 4 °C
with gentle rocking for 1 h. Pellets were washed twice with 20 mM Tris-
ClL, pH 7.0; 1% Nonidet P-40; 150 mM NaCl; 10% glycerol; 10 mM
EDTA; 20 mM NaF; 5mM sodium pyrophosphate, once with 10 mM
Tris-Cl, pH 7.4, boiled in SDS sample buffer, and centrifuged. For GSH
detection the IP were treated under nonreducing conditions. Super-
natants were loaded onto SDS-polyacrylamide gel, blotted on Im-
mobilon-P membranes and processed by Western blot with the in-
dicated antibodies, detected by  Supersignal substrate
chemiluminescence detection kit (Pierce, Rockford, IL, USA). Quanti-
tation of the signal was obtained by chemiluminescence detection on a
Kodak Image Station 440CF and analysis with the Kodak 1D Image
software. Primary antibodies were raised against the indicated mole-
cules.

2.10. SDS-PAGE and protein digestion

Proteins immunoprecipitating with anti-V5 for each sample were
eluted as decribed above and loaded onto 10% SDS-PAGE.
Electrophoresis was allowed to proceed until proteins were tightly
packed in a single band. Gels were then stained in the Coomassie
brilliant blue solution (0.1% Coomassie blue in 10% acetic acid, 45%
methanol) and shaken at room temperature for 1h. The gels were de-
stained by soaking for 2 h in destaining solution (10% acetic acid, 30%
methanol) (Beretti et al., 2018). In gel trypsin digestion was performed
as previously reported (Resmini et al., 2017). Briefly, each gel band was
divided in small pieces that were treated with solution A (1:1 mixture of
acetonitrile: 100 mM ammonium bicarbonate) for 30 min and then
dried under vacuum. Proteins were then subjected to reduction of dis-
ulfide bonds by 10 mM DTT at 56 °C for 1 h. Alkylation of cysteine re-
sidues was performed with 55 mM iodoacetamide for 45 min at room
temperature in the dark. Before trypsin digestion, the rehydration and
dehydration steps were again performed with solution A and samples
were finally dried under vacuum. Digestion was performed by in-
cubating the dry gel slices with 40 pL of sequencing grade modified
trypsin (12.5 ng/pL in 50 mM NH4HCO3, Promega) at 37 °C, overnight.
Peptides were extracted from the gels with 100 pL of acetonitrile/0.1%
formic acid (3 times) and samples were dried under vacuum and stored
at —20 °C until LC—MS/MS analysis was performed.

2.11. Mass spectrometry and data analysis

Each sample was dissolved in 30 pL of formic acid 0.1% and 3 pL of
this solution was injected into a nano-LC system (Ultimate 3000,
Dionex — Thermo Fisher Scientific) coupled online to a LTQ-Orbitrap XL
mass spectrometer (Thermo Fisher Scientific). Peptides were loaded
into a 11 cm pico-frit capillary column (New Objective) packed in house
with C18 material (Aeris Peptide 3.6 um XB-C18, Phenomenex) and
separated using a linear gradient of acetonitrile/0.1% formic acid from
3% to 40% in 40 min. The mass spectrometer operated with a Top4 data
dependent acquisition method, performing a full scan at 60,000 re-
solution in the Orbitrap, followed by the fragmentation in the linear
trap of the four most intense ions.

Raw data files were analyzed with the software package MaxQuant
(Cox and Mann, 2008) (Tyanova et al., 2016). MS/MS spectra were
analyzed with the search engine Andromeda (Cox et al., 2011) against
the Human section of the Uniprot database (version June 2018) and
against a database of contaminants commonly found in proteomics
experiments. The search parameters were set as follows: trypsin was
selected as enzyme with one missed cleavage allowed; carbamido-
methylation (C) was specified as fixed modification while, oxidation
(M) as variable modification. Results were filtered at a False Discovery
Rate (FDR) of 0.01, both at the peptide and protein level. Only proteins
identified with at least 2 independent peptides were considered as a
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significant hit. The parameter “Intensity” calculated by the software
and normalized based on the total amount of TUBA4A was used to
estimate the abundance of the proteins across the different samples.

2.12. Bioinformatic analysis

The lists of identified proteins were subjected to PANTHER classi-
fication system, version 9.0 (http://www.pantherdb.org/), for under-
standing biological context of the identified proteins and their in-
volvement in biological pathways (Beretti et al., 2018). The list of
UniProt Accession number was uploaded and mapped against reference
Homo sapiens dataset to extract and summarize molecular functions,
biological processes and the class of proteins.

2.13. Statistical analysis

In vitro experiments were performed in triplicate. For quantitative
comparisons, values were reported as mean * SD based on triplicate
analysis for each sample. To test the observed differences among the
study groups Student’s t-test or One-way Anova with Bonferroni post
hoc test were applied. Statistical analysis and plot layout were obtained
by using GraphPad Prism® release 5.0 software.

3. Results
3.1. Effect of selenium treatments on ROS content and cell morphology

We previously demonstrated that the selenium compounds sodium
selenate (Se-VI), sodium selenite (Se-IV) and seleno methionine (Se-
Met), at a concentration of 0.5, 0.1 and 0.5 pM respectively, give rise to
a significant increase in ROS amount (150%) already at 1h treatment
up to 18 h in SKNBE cells (Maraldi et al., 2011). Here we decided to
follow the effect of selenium on ROS levels at longer times, namely
24 h, 4 days and 1 week, monitoring in parallel viability parameters and
cell morphology. The effects at 24 h was similar to that observed at 18 h
(data not shown). Conversely, starting from the day 4 of treatment we
noticed a further increase in the ROS amount maintaining a cell via-
bility at around 70%. Fig. 1A shows the ratio between the intracellular
DCF-reactive species/MTT values, highlighting the permanence of high
ROS levels (average 200%) leading to a redox unbalance and thus an
oxidative stress status.

The accumulation of ROS induced evident morphological mod-
ifications: in particular the presence of long neurites, typical of neuron
cells, dramatically decreased upon selenium treatments. The graph of
Fig. 1B shows that with all the selenium compounds the number of cells
with long cytoplasmic extroflessions is less than one third compared to
the untreated sample (control).

Similarly to the 24h of selenium treatments previously demon-
started, after 4 days cells exhibited more intense bands recognized by
the anti-GPx1 (glutathione peroxidase 1), anti-TrxR (thioredoxin re-
ductase) both the cytosolic (1) and the mitochondrial isoform (2)
(Fig. 1C), suggesting an involvement of selenium in the synthesis of
selenium-containing enzymes. However, Se administration decreases
expression of other antioxidant enzymes such as superoxide-dismutase
1 (SOD1) (Fig. 1C).

3.2. Effect of selenium treatments on the cytoskeleton

Giving the importance of cytoskeletal proteins in the neuron mor-
phology and functionality, we investigated by immunofluorescence the
impact of selenium on the distribution and the expression of micro-
filament, intermediate filament and microtubule molecules.

The staining of actin was consistent with that of total atubulin,
showing short neurites in treated samples (Fig. 2), supporting the data
observed by phase contrast microscopy (graph of Fig. 1B). Moreover,
the distribution of mitochondria in cytoplasmic extroflessions was
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affected by selenium, as showed by magnified images and graph. In
fact, the presence of mitochondria was limited to the cell body area in
the samples treated with Se-VI, Se-IV and Se-Met.

As neuroblastoma SKNBE cells were treated with neurodiffer-
entiating medium before and during selenium treatments as shown in
Supp Fig. 1, we next focused our attention on the typical neuronal
cytoskeletal molecules, Btubulin III, MAP2 and nestin, that are involved
in neurodifferentiation. Fig. 3 shows IF images revealing that the whole
cytoskeleton expression of differentiating cells is affected, although to a
greater extent in the case of MTs.

3.3. Tubulin Alpha 4a interactome: effect of selenium compounds

Since mutations on tubulin isoform TUBA4A are sufficient to cause a
familial, albeit rare, form of ALS disease, we focused on MTs, over-
expressing wild type (WT) TUBA4A V5-tagged in SKNBE cells in order
to explore the possible effect of selenium on this specific isoform in-
teractome. Fig. 4A shows that our experimental condition allowed to
obtain a good overexpression efficiency, since around 50% of cells are
positive for the tag (V5) staining. Immunoprecipitation procedure with
anti-V5 was carried out for all the cell lysates and then IP-pellets were
processed for protein identification and quantification with mass
spectrometry. Interestingly, the identification and the quantity com-
parison among selenium treated samples vs control, obtained from
LC-MS/ MS analysis, revealed that at least 20 proteins increase (more
than 5 times) their interaction with TUBA4A following selenium
treatments. These identified proteins were classified using Gene On-
tology terms (http://geneontology.org/). The PANTHER GO analysis,
showed in the pie charts of Fig. 4B, highlighted nucleic acid binding
proteins (violet slice) as the category with the highest increase. Inter-
estingly, some of the proteins listed in this category are known to be
typically involved in the ALS pathogenesis, such as fused in sarcoma
(FUS) and TIA-1. We therefore performed co-immunoprecipitation ex-
periments in order to validate this result.

In Fig. 5A SKNBE total cell extracts immunoprecipitated with anti-
V5 and immunoblotted with anti-FUS and anti-TIA-1 are shown. The
treatments with selenium compounds enhanced the interaction of both
these proteins with TUBA4A. The detection of V5 was performed in
order to control that comparable levels of V5 protein were im-
munoprecipitated, and the graphs show the IP gray level of each protein
normalized to the relative total lysate. Similarly, cell extracts im-
munoprecipitated with anti-FUS, and then immunoblotted with anti-
TUBA4A and anti-TIA-1, display (in Fig. 5B) the same trend confirming
the above result.

Since FUS is a DNA/RNA binding protein known to relocalize in the
cytoplasm of neurodegenerating cells of ALS patients, we then in-
vestigated by immunofluorescence experiments the intracellular dis-
tribution of FUS. Images of Fig. 5C demonstrate a mislocalization of
FUS in some cells of treated samples. Indeed, FUS appeared not only
into the nuclei, as demonstrated by the overlap of DAPI signal with the
one of FUS, but also in the cytoplasmic area, where its higher interac-
tion with a cytoplasmic cytoskeletal protein such as TUBA4A can
therefore take place. This aspect is consistent with the one of FUS
mutated dependent ALS cases.

3.4. Effect of selenium on post-translational modifications of TUBA4A

We hypothesized that the oxidative stress induced by selenium
treatments could trigger TUBA4A post-translational modification on
Cys, a mechanism involved in ALS etiopathogenesis. Therefore we
tested the status of glutathionylation of SKNBE cells, treated or not with
selenium for 16 h, by immunoprecipitation experiments in non-redu-
cing condition. Fig. 6A shows that TUBA4A is more glutathionylated in
the presence of selenium compounds. Remarkably, this effect was mi-
micked also by HEK293 cells expressing TUBA4A with Arginine mu-
tated to Cysteine, although it is detectable also in cells carrying another
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Fig. 1. Effect of selenium supplementation on ROS content and cell morphology of SKNBE cells.
A - Cells were incubated for 4 days with 0.5 uM sodium selenate (Se-VI), 0.1 uM sodium selenite (Se-IV), and 0.5 pM selenomethionine (Se-Met). ROS content was
measured with DCFH-DA as described in the Material and Methods section. The graph shows the DCF fluorescence (ROS) normalized to the MTT values. P values are
0.0002, 0.0006, 0.0001 for Se-VI, Se-IV and Se-Met respectively. B — The graph represents the percentage of cells, incubated or not for 4 days with selenium
compounds, showing neurite length that doubles the size of cell bodies. Results are expressed as means *= SD of three independent experiments, each performed in
triplicate. P values are 0.0001, 0.0001, 0.0001 for Se-VI, Se-IV and Se-Met respectively. C - Cells treated as in A were lysates and western blot was performed as
described in the Materials and Methods section. A representative immunoblot revealed for anti-GPx1, anti-TrxR1 and 2, anti-SOD1 and anti-actin is showed. Relative
amounts determined by scanning densitometry analysis are in arbitrary units and compared to the control. P values for GPx1 are 0.0006 for Se-VI and 0.0001 for Se-
IV and Se-Met. P values for TrxR1 are 0.0011 for Se-VI and 0.0001 for Se-IV and Se-Met. For TrxR2 are 0.0001 for all the treatments compared to the control. For
SOD1 P values are 0.0468, 0.0801 and 0.0003 for Se-VI, Se-IV and Se-Met respectively compared to the control.

ALS-related mutation, T383A (Fig. 6B). selenite for 16 h, with or without MG-132 for 5h, an inhibitor of pro-

Since we have noticed that TUBA4A expression decreased following teasome activity, as a positive control. In fact, MG-132 provoked ac-
selenium treatments in total lysates (Fig. 5B), we finally investigated cumulations of ubiquitinated TUBA4A and a similar result was obtained
the ubiquitination level of TUBA4A in SKNBE treated with sodium with selenite treatment. Therefore addition of selenite not only triggers
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Fig. 2. Effect of selenium supplementation on cytoskeleton and mitochondrial
distribution in SKNBE cells.

Representative images showing DAPI (blue) and tubulin (green) or mitochon-
drial protein (green) and phalloidin (actin, red) signals of SKNBE incubated or
not for 4 days with selenium compounds. Scale bar =20 pm. In white squares
are shown representative doubled magnification images. The graph represents
the normalized green fluorescence intensity of mitochondrial protein in the
extroflessions. P values are 0.0001 for Se-VI, Se-IV and Se-Met.
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glutathionylation of TUBA4A, but also enhances its ubiquinination
(Fig. 6C). Whether these two effects are independent or linked in some
hierarchical way remains to be determined.

4. Discussion

An extremely diverse set of biochemical processes has been im-
plicated in ALS disease, that may be grouped in RNA metabolism and
translational biology; protein quality control; cytoskeletal integrity and
trafficking; mitochondrial function and transport; and oxidative stress
(Cook and Petrucelli, 2019). This suggests, therefore, that several
pathways of toxicity are strictly intertwined and could cooperate in the
pathogenesis of ALS. The increase of ROS (Beal, 2002) and reduction of
TUBAA4A protein was confirmed in brain cortex tissue of fALS and sALS
patients, and led to motor axon defects in an in vivo model. The dis-
covery of a TUBA4A depolymerization and degradation pathogenic
cascade in both fALS and sALS suggest that TUBA4A alterations may
occur in a large proportion of ALS cases (Helferich et al., 2018). In this
study we tried to assess the possible existence of crosslinks among se-
lenium toxicity, oxidative stress, neurotubule damage in the framework
of ALS pathogenesis.

The important role played by redox stress in ALS pathology was
clearly demonstrated by the high levels of protein carbonyl and ni-
trotyrosine modifications found in the spinal cords of ALS patients and
mouse models of familial ALS (Beal, 2002). Neurons are highly vul-
nerable to oxidative stress and oxidation of cytoskeletal proteins is
considered one of the first steps of neurodegeneration. Selenium in-
volvement in ALS has been suggested on the basis of epidemiological
studies (Vinceti et al., 2018a)(Vinceti et al., 2018b), in vitro investiga-
tions, and veterinary studies in which selenium induced a selective
toxicity against motor neurons (Vinceti et al., 2014). In this context,
some elevated selenium species levels found in cerebrospinal fluid of
ALS patients with both the sporadic (Vinceti et al., 2013) and the fa-
milial form of the disease (Mandrioli et al., 2017) suggested an inter-
action between this environmental factor and a specific genetic back-
ground possibly triggering the disease onset. Moreover, since oxidative
stress has long been recognized as a major toxic effect of selenium
species, the evidence of their pro-oxidant effect on neuronal cells even
at low concentrations is particularly relevant (Maraldi et al., 2011)
(Jablonska and Vinceti, 2015). Here we further demonstrated the
maintenance and the additional increase of reactive oxygen species due
to the selenium compounds long exposure, indicating that the in-
tracellular redox machinery is definitively affected, as well as the cell
morphology, through remodelling of cytoskeletal elements such as the
MT.

Perturbations in MT and microtubule associated protein functions
have been implicated in a range of neurodegenerative diseases (Penazzi
et al.,, 2016), including ALS (Baird and Bennett, 2013)(Smith et al.,
2014). In ALS, MT dysfunction has been hypothesized to influence
predominantly the physical length of the axon in affected MNs, as well
as alterations to MTs cause defects on axonal transport (Millecamps and
Julien, 2013). In our study, we observed that selenium treatments in-
duced a dramatic decrease in axon of SKNBE cells, causing an altered
distribution of mitochondria, a clear indication that also the axonal
transport is compromised.

MTs also interact with other cytoskeletal networks, such as the
neuronal microfilament actin, and the neuronal specific NFs which are
known to influence MT structure and function. Our results show that
during the differentiating process of SKNBE cells, the selenium presence
negatively influenced tubulinfIII expression more than the one of the
specific NF nestin. TubulinfIII, indeed, may be critical in the response
of neuronal cells to stress, using sulfhydryl groups to scavenge ROS and
defend neuronal cells against oxidative stress.

The modifications to neuronal MTs include tubulin tyrosination,
acetylation, polyamination, glutathyonilation, glutamylation and gly-
cylation (Janke and Kneussel, 2010) (Magiera and Janke, 2014).
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Fig. 3. Effect of selenium supplementation on neuronal cytoskeleton.
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Representative images showing DAPI (blue) and BtubulinIlIl (red), MAP2 (green) or nestin (green) signals of SKNBE incubated or not for 4 days with selenium

compounds. Scale bar =20 pm.

However, in oxidative stress conditions the increase of intracellular
GSSG level may induce a cytoskeletal dysfunction and ultimately an
axonal degeneration through protein glutathionylation that is a critical
event in the redox regulation of protein function and constitutes a
sensor of tissue oxidative stress in patho-physiological conditions
(Landino et al., 2004). It is therefore conceivable to regard the neuronal
cytoskeleton as a primary target for post-translational modification by

GSSG (Carletti et al., 2011).

Starting from the recent identification of tubulin gene mutations
(TUBA4A) and their impact on MT function (Smith et al., 2014), we
focused our attention on the effect of selenium compounds on TUBA4A
and glutathionylation. In good agreement, we report here for the first
time that TUBA4A undergoes this post-translational modification after
exposure to selenium compounds that is already detectable at 16 h.
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Fig. 4. Effect of selenium supplementation on TUBA4A interactome.

A — SKNBE cells, overexpressing V5 tagged TUBA4A, were incubated or not for 4 days with selenium compounds. Representative images showing DAPI (blue), V5-
TUBA4A (green) and phalloidin (actin, red) signals are shown. Scale bar=20 pm. B - SKNBE overexpressing V5 tagged TUBA4A, treated or not with selenium
compounds, were lysated and V5-immunoprecipitating proteins were analyzed by MS, described in the Material and Methods section. Panther GO-Slim classification

shown in pie charts of differentially (more than 5 times) interacting proteins in Se-VI, Se-IV, Se-Met vs control SKNBE cells according to their protein class. The lists
include 39, 37, 20 proteins for Se-VI, Se-IV, Se-Met respectively.
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Fig. 5. Effect of selenium supplementation on TUBA4A interaction with the nucleic acid binding protein FUS.

A - Western blot analysis of total lysate (TL) and immunoprecipitation (IP) experiment with anti-V5 antibody of SKNBE, overexpressing V5 tagged TUBA4A treated or
not with selenium compounds, then revealed with anti-FUS, anti-TIA-1 and anti-V5 antibodies. The graph shows the densitometry of each IP bands normalized to the
relative TL. P values for FUS are 0.0001 for Se-VI, Se-IV and Se-Met. P values for TIA1 are 0.003 for Se-VI, and 0.0001 for Se-IV and Se-Met. B — The same samples
were immnunoprecipitated with anti-FUS and revealed with anti-TUBA4A, anti-TIA-1 and anti-FUS antibodies. Data are representative of three independent ex-
periments. The graphs show the densitometry of each IP bands normalized to the relative TL. P values for TUBA4A are all 0.0001 for Se-VI, Se-IV and Se-Met
compared to the control. P values for TIA1 are 0.005 for Se-VI, and 0.0005 for Se-IV and Se-Met. C - Representative images showing DAPI (blue) and FUS (red) signals
of SKNBE incubated or not for 4 days with selenium compounds. Arrows indicate FUS presence in the cytoplasm. Scale bar=20 um. The graph represents the
normalized red fluorescence intensity of FUS in the cytoplasm. P values are 0.0001 for Se-VI, Se.IV and 0.0004 for Se-Met.

What’s more, the same treatment triggered also TUBA4A ubiquitina-
tion, an event known to promote protein degradation through the
proteasome-lysosome machinery. Whether glutathionylation of
TUBA4A is a mandatory modification priming TUBA4A for subsequent
ubiquitination and degradation remains to be determined. However, it
is worth to underline that we observed an overlapping modification of
TUBAA4A carrying the R to C point mutation (R320C). As this mutation
has been recently discovered in a patient affected by ALS (Smith et al.,
2014), we consider our finding as particularly deserving further in-
vestigation.

Since glutathionylation, like protein phosphorylation, can control
enzyme activities, modify transcription profiles and change protein-
protein interactions, thereby altering their function (Sun et al., 2012)
(Cooper et al., 2011), we then investigated also the modification of
TUBAA4A interactome. Our finding highlights a general positive effect of
selenium on TUBA4A binding to nucleic acid binding proteins, such as
fused in sarcoma (FUS). Nuclear DNA/RNA binding protein FUS is in-
volved in various aspects of gene expression through mRNA metabolism

and mRNA transport (Kamelgarn et al., 2018). Interestingly, mutations
in the FUS gene were discovered to contribute to a subset of familial
ALS (Kwiatkowski et al., 2009) where mutant FUS accumulates in the
cytoplasm, due to a loss of the nuclear import. In turn, cytoplasmic
accumulation of FUS forms stable ribonucleoprotein granules, which
can lead to inclusion bodies and possibly contribute to neurotoxicity
(Yang et al., 2015). It is therefore interesting that, after selenium ex-
posure, a FUS accumulation in the cytoplasm occurred, suggesting that
this element affect different aspects involved in ALS pathogenesis that
are, in some ways, linked with oxidative stress status. In response to
oxidative stress, neurons can form transient stress granules SGs, and
defects in SG dynamics can accelerate neurodegeneration (Wolozin,
2014). As such, SGs have been observed in Alzheimer's disease, ALS,
fronto-temporal dementia (FTD), spinocerebellar ataxia, and Hunting-
ton's disease (Dobra et al., 2018). Although SGs regulate redox levels,
SG formation is in turn itself differently controlled by various types of
oxidative stress. Cytoskeleton is involved in SG dynamics, especially the
microtubules and microtubule-associated motor proteins play a pivotal
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Fig. 6. Effect of selenium supplementation on
TUBAA4A posttranslational modifications.
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role in several aspects of granule formation (Chen and Liu, 2017).

Remarkably, many of the proteins involved in the pathogenesis of
above mentioned disorders are present in SGs, for example the disease-
causing forms of FUS, hnRNPA1, SMN, Tau and TDP-43, and the SG
assembly promoting protein TIA1 (Chung et al., 2018). The identifi-
cation of TIA1 mutations in ALS/FTD strengthens the role of RNA
metabolism and SG dynamics in ALS/FTD pathogenesis (Mackenzie
et al., 2017). For these reasons, it was not surprising for us to notice a
greater interaction of TUBA4A also with TIAl in selenium treated
samples.
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nals. Actin bands are shown for TL samples. P
values are 0.0052, 0.108 for R320C and
A383T respectively. C - Western blot analysis
of total lysate (TL) and immunoprecipitation
(IP) experiment, in not reducing condition,
with anti-V5 antibody of SKNBE, over-
expressing V5 tagged TUBA4A treated or not
with selenium selenite and/or MG132, then
revealed with anti-GSH, anti-ubiquitin and
anti- TUBA4A antibodies. The graph shows
densitometric analysis of ubiquitin normalized
to TUBA4A signals. P values are all 0.0001.

Since cytoplasmic SGs are involved in facilitating stress responses
and for preventing the accumulation of misfolded proteins (Chen and
Liu, 2017), the observations of the higher ubiquitination level of
TUBA4A and its content decrease after selenium treatment are con-
sistent with the hypothesis of proteasome degradation pathway. How-
ever, although it is clear that both glutathionylation and ubiquitination
of TUBA4A can be modulated by selenium compounds, further in-
vestigation is needed to establish whether they occur as independent
events downstream of selenium exposure or if they sequentially lay on a
vertical axis of post-translational modifications. Furthermore, to
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conclusively link settle a mechanistic hypothesis linking our observa-
tions to the pathophysiology of ALS it would be important to get con-
firmation that also point mutation at cysteine, or other residues in-
volved in this disease, affects ubiquitination similar to selenium.

5. Conclusions

These data indicate that low concentrations of selenium compounds
induce redox imbalance as well as MT dysfunction in neuronal cells,
two mechanisms which might play a role in ALS etiopathogenesis.
These findings can help to understand why MTs are considered a site for
mechanistic convergence involved in the etiopathogenesis of some
neurodegenerative diseases, and strengthen the hypothesis that over-
exposure to environmental selenium may represents a risk factor for
ALS in humans.
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