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a b s t r a c t

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by progressive
degeneration of motor neurons. TDP-43 has been found to be a major component of ubiquitin-positive
inclusions in ALS. Aberrant TDP-43, which is found in inclusions, is phosphorylated and is re-
distributed from the nucleus to the cytoplasm. Alterations of TDP-43 protein, particularly insolubiliza-
tion/aggregation and cytosolic distribution are thought to be involved in the pathogenesis of ALS. Levels
of 4-hydroxynonenal (HNE), a marker of oxidative stress, have been reported to be elevated in sporadic
ALS patients. However, the effects of HNE on TDP-43 are unclear. In this study, we found that HNE
treatment of cells causes insolubilization, phosphorylation, and partial cytosolic localization of TDP-43.
HNE-induced cytosolic TDP-43 was diffusely localized and only a small proportion of TDP-43 localized
to stress granules, which are transient structures. HNE-induced TDP-43 insolubilization and phosphor-
ylation were even observed 24 h after washout of HNE. We also showed that the cysteine residues of
TDP-43 are responsible for HNE-induced insolubilization of TDP-43. Our results indicate that HNE can
cause biochemical changes of TDP-43, which resemble the aberrant alterations of this protein in ALS, and
suggest that upregulation of HNE could be a risk factor for ALS.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disorder characterized by degeneration of both upper and lower
motor neurons. Approximately 90% of ALS cases are sporadic and
the remaining cases are familial. Although the exact causes of
motor neuron degeneration in sporadic ALS remain unclear,
oxidative stress has been thought to be relevant to the pathogenesis
of the disease. This is because markers of oxidative stresses,
including 4-hydroxynonenal (HNE), have been reported to be
elevated in spinal cord, motor cortex, cerebrospinal fluid, or serum
of sporadic ALS patients [1e3] compared with that of other
neurodegenerative diseases, non-neurodegenerative controls, or
healthy groups. HNE is produced by lipid peroxidation of
HNE, 4-hydroxynonenal.
polyunsaturated fatty acids and is one of the most toxic products of
lipid peroxidation [4,5]. It is therefore a candidate for mediation of
oxidative stress in sporadic ALS.

The presence of aggregated proteins or inclusion bodies in
neurons are a common feature of affected regions in many neuro-
degenerative diseases including ALS. In ALS and frontotemporal
lobar degeneration, TDP-43 is a major component of ubiquitin-
positive inclusions [6]. TDP-43 is an RNA-binding protein nor-
mally localized to the nucleus. In aberrant inclusions, TDP-43 is
phosphorylated and re-distributes from the nucleus to the cytosol
[7]. Additionally, missense mutations in the TDP-43 gene have been
reported to be causative in familial ALS [8,9]. Thus, alterations of
TDP-43, particularly insolubilization/aggregation and cytosolic
distribution are thought to be involved in the pathogenesis of
sporadic ALS.

However, the relationship between HNE and TDP-43 is unclear
and it is worth evaluating the effects of HNE on TDP-43. In this
study, we investigated the effects of HNE on intracellular localiza-
tion, insolubilization, and phosphorylation of TDP-43.
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2. Materials and methods

2.1. Cell culture and treatment

COS-7 cells were cultured as described previously [10]. Tran-
sient transfections of COS-7 cells were performed using Lipofect-
amine LTX (Life Technologies) as described previously [11]. HNE
treatment of cells were performed as described previously [12,13].
Briefly, cells were incubated at 37 �C for 60minwith 100 mMHNE in
PBS containing 5 mM glucose, 0.3 mM CaCl2, and 0.62 mM MgCl2.

2.2. Plasmids

The pCI-neo-hTDP-43 plasmids containing human wild-type
TDP-43 and TDP-43 variants, with a C-terminal FLAG tag, were
prepared as described previously [14], or generated using a Quik-
Change Site-Directed Mutagenesis Kit (Stratagene) or PrimeSTAR
Max DNA Polymerase (Takara). All resulting constructs were
confirmed by sequencing.

2.3. Cell fractionation

The preparation of detergent (1% Triton X-100)-soluble and
insoluble fractions was performed as described previously [15]. For
detection of phospho-TDP-43, cell lysates were prepared using
phosphatase inhibitors (PhosSTOP, Roche).

2.4. SDS-PAGE and immunoblotting

SDS-PAGE was performed under reducing conditions. Immu-
noblotting was performed according to standard procedures as
described previously [16,17]. Anti-reduced HNE-Michael Adducts
(rabbit) was purchased from Calbiochem. Anti-TARDBP/TDP-43
(rabbit) was purchased from Protein Tech Group, Inc. Anti-
phospho-TDP-43 (Ser 409/410) (mouse) was purchased from Cos-
mobio Co., Ltd. Anti-TIAR (mouse) was purchased from BD Trans-
duction Laboratories. Anti-b-actin (mouse) was purchased from
Sigma Aldrich. Anti-DYKDDDDK (FLAG, mouse) was purchased
from Wako. For immunoblotting with an anti-reduced HNE-
Michael Adducts antibody, proteins were transferred to a PVDF
membrane and reduced with 10 mM NaBH4 in Tris-buffered saline
for 30 min at room temperature prior to incubation with the
antibody.

2.5. Immunoprecipitation

Immunoprecipitation was performed as previously described
[12] with a slight modification. In brief, cells were harvested in cold
RIPA buffer (50 mM TriseHCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, and 0.5% sodium deoxycholate) containing protease
inhibitors (Complete, EDTA-free, Roche). FLAG-tagged TDP-43
proteins were immunoprecipitated using anti-FLAG M2 affinity gel
(Sigma).

2.6. Immunofluorescence analysis

Immunofluorescence was performed as described previously
[18,19] with some modifications. Cells were fixed with 3.7% form-
aldehyde for 30 min, washed with PBS and permeabilized with PBS
containing 0.1% Triton X-100 for 10 min. Cells were washed with
PBS again and then blocked with 3% bovine serum albumin in PBS
before incubating overnight at 4 �C with primary antibodies. After
another PBS wash, cells were incubated with Alexa Fluor 488- or
594-labeled secondary antibodies (Life Technologies) for 1 h at
room temperature. Finally, cells were washed with PBS and
mounted in ProLong Gold Antifade Reagent with DAPI (Life Tech-
nologies). Confocal microscopy was performed using a FLUOVIEW
system (Olympus, Tokyo, Japan).

3. Results

To examine the effects of HNE on insolubilization of TDP-43, we
used COS-7 cells inwhich alternations of TDP-43 can be observed in
response to oxidative stress [20]. COS-7 cells were treated with
100 mM HNE for 60 min, and the levels of TDP-43 in the insoluble
fraction of cells was analyzed. We found that HNE treatment
increased the levels of insoluble TDP-43 while decreasing the levels
of soluble TDP-43 (Fig. 1A and B). Using the antibody specific to
phosphorylated TDP-43, we observed that in HNE-treated cells,
insoluble TDP-43 was phosphorylated and soluble TDP-43 was not
phosphorylated (Fig. 1A). In HNE-untreated cells, phosphorylation
of TDP-43 was not detected in either insoluble or soluble fractions
(Fig. 1A).

We then tested the effect of HNE on intracellular localization of
TDP-43. In HNE-untreated cells, endogenous TDP-43 was pre-
dominantly localized to the nuclei (Fig. 1C). We found that in HNE-
treated cells, a considerable proportion of TDP-43 localized to the
cytoplasm with a diffuse pattern (Fig. 1C). Collectively, HNE causes
biochemical changes of TDP-43 that resemble the aberrant alter-
ations of this protein observed in sporadic ALS.

Under oxidative stress conditions induced by H2O2, TDP-43 has
been reported to localize to cytoplasmic stress granules [20]. In
contrast, only a small proportion of HNE-induced cytoplasmic TDP-
43 co-localized with TIAR, a marker of stress granules (Fig. 1D).
Stress granules are transient structure that are known to disappear
2e3 h after the removal of stressors [21,22]. Because most of the
HNE-induced cytoplasmic TDP-43 did not co-localize with stress
granules, we hypothesized that the presence of cytoplasmic TDP-43
would persist over the 2- to 3-h timeframe of stress granules. To
examine the persistence of aberrant cytosolic TDP-43 induced by
HNE, we tested whether the effects of HNE treatment on insolu-
bilization and phosphorylation of TDP-43 were observed 24 h after
removal of the stress. COS-7 cells were first incubated with 100 mM
HNE for 60 min and then the solution containing HNE was
removed, and cells were incubated in culture medium for 24 h. The
level of TDP-43 in the insoluble fraction of cells was still elevated in
HNE treated cells compared with untreated cells, even 24 h after
removal of HNE (Fig. 2A and B). The level of TDP-43 in the soluble
fraction of HNE-treated cells was still lowered (Fig. 2A and B), and
insoluble TDP-43 was phosphorylated in HNE-treated cells, while
soluble TDP-43 in HNE treated cells were not phosphorylated
(Fig. 2A). These data indicate that the effects of HNE treatment on
insolubilization and phosphorylation of TDP-43 are persistent. We
next examined the persistence of HNE effects on intracellular
localization of TDP-43.We observed that a small proportion of TDP-
43 was localized to cytoplasm in HNE-treated cells 24 h after
removal of HNE (Fig. 2C). These persistent alterations of TDP-43 are
consistent with TDP-43 pathology observed in sporadic ALS.

Next, we investigated the mechanism underlying insolubiliza-
tion of TDP-43 by HNE treatment. Because HNE can directly modify
cellular proteins, we analyzed whether HNE modifies TDP-43. COS-
7 cells overexpressing FLAG-tagged TDP-43 were treated with HNE
and then immunoprecipitated with an anti-FLAG antibody fol-
lowed by immunoblotting using an anti-HNE antibody. We found
that TDP-43 was directly modified with HNE (Fig. 3A). HNE pref-
erentially targets cysteine sulfhydryl groups [23] and TDP-43 pos-
sesses six cysteine residues (Cys-39, Cys-50, Cys-173, Cys-175, Cys-
198, and Cys-244). We therefore constructed mutant TDP-43 vec-
tors in which each cysteine residue was individually substituted
with serine, to determine which cysteine is responsible for HNE-



Fig. 1. Effects of HNE treatment on solubility, phosphorylation and intracellular
localization of TDP-43. (A and B) COS-7 cells were treated with or without 100 mMHNE
for 60 min, and Triton X-100-soluble and -insoluble fractions were prepared from each
sample. The levels of phosphorylated TDP-43 and the total levels of TDP-43 in each
fraction were analyzed by immunoblotting (A). The relative levels of TDP-43 in soluble
and insoluble fractions were quantified by densitometry and then normalized to b-
actin (B). Data are presented as fold changes compared with controls (mean ± SEM,
n ¼ 3). **p < 0.01 (Student's t-test). (C and D) COS-7 cells were treated with or without
100 mM HNE for 60 min, and then TDP-43 localization was analyzed by immunocy-
tochemistry. Nuclei were visualized by DAPI staining (blue). TIAR was used as a marker
of stress granules (D).

Fig. 2. Effects of HNE treatment on TDP-43 24 h after washout of HNE. (A and B) COS-7
cells were treated with or without 100 mM HNE for 60 min and incubated in culture
medium for 24 h. Triton X-100-soluble and -insoluble fractions were prepared from
each sample. The levels of phosphorylated TDP-43 and the total levels of TDP-43 in
each fraction were analyzed by immunoblotting (A). The relative levels of TDP-43 in
soluble and insoluble fractions were quantified by densitometry and then normalized
to the levels of b-actin (B). Data are presented as fold changes compared with controls
(mean ± SEM, n ¼ 3). **p < 0.01 (Student's t-test). (C) COS-7 cells were treated with or
without 100 mM HNE for 60 min and incubated in culture medium for 24 h. TDP-43
localization was analyzed by immunocytochemistry.
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induced insolubilization of TDP-43. Insolubility of C39S, C50S, and
C244S mutants was markedly increased by HNE treatment, while
substitution of Cys173, Cys175, or Cys198 dramatically reduced
HNE-induced insolubilization of TDP-43 (Fig. 3B, C and
Supplementary Fig. S1).We also constructedmultiple cysteine TDP-
43 mutants, 2CS (C173/175S), 3CS-1 (C173/175/198S), 3CS-2 (C173/
175/244S), and 4CS (C173/175/198/244S), and tested the effects of
mutations on HNE-induced insolubilization of TDP-43. Insolubility
of 2CS and 3CS-2 was slightly increased by HNE treatment, while
insolubility of 3CS-1 and 4CS was not significantly increased by
HNE treatment (Fig. 3B, C and Supplementary Fig. S1). These results
indicate that Cys173, Cys175, and Cys198 are responsible for HNE-
induced insolubilization of TDP-43.
4. Discussion

HNE is known to be elevated in serum and cerebrospinal fluid
samples from sporadic ALS patients and this study focused on the
relationship between HNE and TDP-43. We found that HNE treat-
ment of cells induces aggregation, phosphorylation, and mis-
localization of TDP-43, which are similar to the properties of TDP-
43 observed in the pathology of sporadic ALS. HNE-induced



Fig. 3. Mechanism underlying HNE-induced insolubilization of TDP-43. (A) COS-7 cells overexpressing TDP-43-FLAG (wild type) were treated with or without 100 mM HNE for
60 min. Cells were then subjected to immunoprecipitation (IP) with an anti-FLAG antibody followed by immunoblotting using anti-HNE and anti-FLAG antibodies. (B and C) The
indicated TDP-43-FLAG variants were overexpressed in COS-7 cells, treated with or without 100 mM HNE for 60 min, and Triton X-100-insoluble fractions were prepared from each
sample. The levels of TDP-43 were analyzed by immunoblotting using anti-FLAG (B) and anti-b-actin (Supplementary Fig. S1) antibodies. The relative levels of TDP-43 in insoluble
fractions were quantified by densitometry and then normalized to the levels of b-actin (C). Data are presented as fold changes compared with controls (mean ± SEM, n ¼ 3).
*p < 0.05, **p < 0.01, n.s., not significant (Student's t-test).

C. Kabuta et al. / Biochemical and Biophysical Research Communications 463 (2015) 82e87 85
aggregation and phosphorylation of TDP-43were persistent at least
24 h after removal of stress treatment. Moreover, we demonstrated
that C173/C175/C198 cysteine residues in TDP-43 are responsible
for the insolubilization of TDP-43 induced by HNE.

Recently, several studies reported that various oxidative
stressors, such as ethacrynic acid, H2O2, and sodium arsenite cause
insolubilization, aberrant intracellular localization, and TDP-43
phosphorylation, which resemble the features of TDP-43 in the
pathology of sporadic ALS [20,24e27]. Although elevation of the
levels of HNE in serum and cerebrospinal fluid of sporadic ALS
patients were reported, ethacrynic acid and sodium arsenite are
artificial oxidative stressors, and to our knowledge, there is no
report showing that H2O2 levels are increased in sporadic ALS pa-
tients. Taken together, our results suggest that HNE is one of the key
mediators of oxidative stress and is involved in the TDP-43 pa-
thology observed in sporadic ALS, and that upregulation of HNE
could be risk factor for ALS.

In oxidative stress conditions induced by HNE, TDP-43 localized
diffusely in the cytosoplasm and only a small proportion of TDP-43
localized to stress granules. Therefore, the mechanism of cyto-
plasmic TDP-43 accumulation by HNE treatment is probably inde-
pendent of stress granule formation. The diffuse cytosolic
localization of TDP-43 by HNE treatment is similar to translocation
of TDP-43 by ethacrynic acid treatment causing glutathione
depletion [24], or by long-term/sub-lethal stress induced by arse-
nite [28]. In contrast, under oxidative stress conditions induced by
H2O2, mislocalized TDP-43 has been reported to bemainly localized
to cytoplasmic stress granules [20].

We have shown that HNE-induced insolubilization of TDP-43 is
retained even 24 h after removal of HNE, indicating that insolub-
lization of TDP-43 by HNE is a persistent change. These persistent
alterations of TDP-43 are consistent with TDP-43 pathology
observed in sporadic ALS. However, only a small proportion of TDP-
43 retained cytoplasmic localization 24 h after removal of HNE.
Whether insoluble TDP-43 induced by oxidative stress including
HNE contributes to cytoplasmic aggregation of TDP-43 in the pa-
thology of sporadic ALS is an important issue to be resolved.
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We showed that HNE stress reduces the levels of soluble TDP-43
and this downregulation is persistent for at least 24 h after its
removal. Because TDP-43 re-distributes from the nucleus to the
cytosol in motor neurons of sporadic ALS patients, aggregation and
loss of function of TDP-43 are thought to be related to the patho-
genesis of sporadic ALS. Knockdown of TDP-43 in cultured cells was
reported to induce cell death [29,30]. Mice in which TDP-43 was
knocked out specifically in postnatal motor neurons exhibited an
age-dependent progressive degeneration of motor neurons [31].
Thus, HNE-induced reduction of soluble TDP-43 may be involved in
the TDP-43 pathology of sporadic ALS.

It has been reported that H2O2 or arsenite treatment induces
intra-molecular disulfide bond formation of TDP-43, and four
cysteine residues (Cys-173, Cys-175, Cys-198, and Cys-244) are
required for this disulfide bond formation [20]. It is interesting that
Cys-173, Cys-175, and Cys-198 are also required for HNE-induced
insolubilization of TDP-43. Although H2O2 or arsenite can induce
disulfide bonds of 2CS (C173/175S) mutant TDP-43 comparable to
wild-type levels [20], substitutions of Cys173/175 dramatically
reduced HNE-induced insolubilization of TDP-43 (Fig. 3B and C).
Thus, mechanisms of HNE-induced insolubilization of TDP-43 are
distinct from that of intra-molecular disulfide bond formation.
Rather, modification of Cys-173, Cys-175, and Cys-198 by HNE may
be involved in HNE-induced insolubilization of TDP-43.
Conflict of interest

None.
Acknowledgments

This work was supported by Grants-in-Aid for Scientific
Research from the Japan Society for the Promotion of Science; a
research grant from the Uehara Foundation (to T.K.); a research
grant from the Takeda Foundation (to T.K.); Intramural Research
Grants for Neurological and Psychiatric Disorders of National Cen-
ter of Neurology and Psychiatry (to T.K.); and by Grants-in-Aid for
Scientific Research from the Japan Society for the Promotion of
Science (to K.W.).
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.05.027.
Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.05.027.
References

[1] W.A. Pedersen, W. Fu, J.N. Keller, W.R. Markesbery, S. Appel, R.G. Smith,
E. Kasarskis, M.P. Mattson, Protein modification by the lipid peroxidation
product 4-hydroxynonenal in the spinal cords of amyotrophic lateral sclerosis
patients, Ann. Neurol. 44 (1998) 819e824.

[2] E.P. Simpson, Y.K. Henry, J.S. Henkel, R.G. Smith, S.H. Appel, Increased lipid
peroxidation in sera of ALS patients: a potential biomarker of disease burden,
Neurology 62 (2004) 1758e1765.

[3] R.J. Ferrante, S.E. Browne, L.A. Shinobu, A.C. Bowling, M.J. Baik, U. MacGarvey,
N.W. Kowall, R.H. Brown Jr., M.F. Beal, Evidence of increased oxidative damage
in both sporadic and familial amyotrophic lateral sclerosis, J. Neurochem. 69
(1997) 2064e2074.
[4] A. Benedetti, M. Comporti, H. Esterbauer, Identification of 4-hydroxynonenal
as a cytotoxic product originating from the peroxidation of liver microsomal
lipids, Biochim. Biophys. Acta 620 (1980) 281e296.

[5] H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde and related aldehydes, Free Radic. Biol.
Med. 11 (1991) 81e128.

[6] M. Neumann, D.M. Sampathu, L.K. Kwong, A.C. Truax, M.C. Micsenyi, T.T. Chou,
J. Bruce, T. Schuck, M. Grossman, C.M. Clark, L.F. McCluskey, B.L. Miller,
E. Masliah, I.R. Mackenzie, H. Feldman, W. Feiden, H.A. Kretzschmar,
J.Q. Trojanowski, V.M. Lee, Ubiquitinated TDP-43 in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis, Science 314 (2006) 130e133.

[7] M. Neumann, L.K. Kwong, E.B. Lee, E. Kremmer, A. Flatley, Y. Xu, M.S. Forman,
D. Troost, H.A. Kretzschmar, J.Q. Trojanowski, V.M. Lee, Phosphorylation of
S409/410 of TDP-43 is a consistent feature in all sporadic and familial forms of
TDP-43 proteinopathies, Acta Neuropathol. 117 (2009) 137e149.

[8] E. Kabashi, P.N. Valdmanis, P. Dion, D. Spiegelman, B.J. McConkey, C. Vande
Velde, J.P. Bouchard, L. Lacomblez, K. Pochigaeva, F. Salachas, P.F. Pradat,
W. Camu, V. Meininger, N. Dupre, G.A. Rouleau, TARDBP mutations in in-
dividuals with sporadic and familial amyotrophic lateral sclerosis, Nat. Genet.
40 (2008) 572e574.

[9] J. Sreedharan, I.P. Blair, V.B. Tripathi, X. Hu, C. Vance, B. Rogelj, S. Ackerley,
J.C. Durnall, K.L. Williams, E. Buratti, F. Baralle, J. de Belleroche, J.D. Mitchell,
P.N. Leigh, A. Al-Chalabi, C.C. Miller, G. Nicholson, C.E. Shaw, TDP-43 muta-
tions in familial and sporadic amyotrophic lateral sclerosis, Science 319 (2008)
1668e1672.

[10] T. Kabuta, A. Furuta, S. Aoki, K. Furuta, K. Wada, Aberrant interaction between
Parkinson disease-associated mutant UCH-L1 and the lysosomal receptor for
chaperone-mediated autophagy, J. Biol. Chem. 283 (2008) 23731e23738.

[11] T. Kabuta, A. Kinugawa, Y. Tsuchiya, C. Kabuta, R. Setsuie, M. Tateno, T. Araki,
K. Wada, Familial amyotrophic lateral sclerosis-linked mutant SOD1 aber-
rantly interacts with tubulin, Biochem. Biophys. Res. Commun. 387 (2009)
121e126.

[12] T. Kabuta, R. Setsuie, T. Mitsui, A. Kinugawa, M. Sakurai, S. Aoki, K. Uchida,
K. Wada, Aberrant molecular properties shared by familial Parkinson's
disease-associated mutant UCH-L1 and carbonyl-modified UCH-L1, Hum. Mol.
Genet. 17 (2008) 1482e1496.

[13] T. Kabuta, K. Wada, Insights into links between familial and sporadic Par-
kinson's disease: physical relationship between UCH-L1 variants and
chaperone-mediated autophagy, Autophagy 4 (2008) 827e829.

[14] S. Higashi, Y. Tsuchiya, T. Araki, K. Wada, T. Kabuta, TDP-43 physically in-
teracts with amyotrophic lateral sclerosis-linked mutant CuZn superoxide
dismutase, Neurochem. Int. 57 (2010) 906e913.

[15] T. Kabuta, Y. Suzuki, K. Wada, Degradation of amyotrophic lateral sclerosis-
linked mutant Cu,Zn-superoxide dismutase proteins by macroautophagy
and the proteasome, J. Biol. Chem. 281 (2006) 30524e30533.

[16] T. Kabuta, F. Hakuno, T. Asano, S. Takahashi, Insulin receptor substrate-3
functions as transcriptional activator in the nucleus, J. Biol. Chem. 277
(2002) 6846e6851.

[17] T. Kabuta, T. Mitsui, M. Takahashi, Y. Fujiwara, C. Kabuta, C. Konya, Y. Tsuchiya,
Y. Hatanaka, K. Uchida, H. Hohjoh, K. Wada, Ubiquitin C-terminal hydrolase L1
(UCH-L1) acts as a novel potentiator of cyclin-dependent kinases to enhance
cell proliferation independently of its hydrolase activity, J. Biol. Chem. 288
(2013) 12615e12626.

[18] T. Kabuta, F. Hakuno, Y. Cho, D. Yamanaka, K. Chida, T. Asano, K. Wada,
S. Takahashi, Insulin receptor substrate-3, interacting with Bcl-3, enhances
p50 NF-kappaB activity, Biochem. Biophys. Res. Commun. 394 (2010)
697e702.

[19] T. Kabuta, K. Take, C. Kabuta, F. Hakuno, S. Takahashi, Differential subcellular
localization of insulin receptor substrates depends on C-terminal regions and
importin beta, Biochem. Biophys. Res. Commun. 377 (2008) 741e746.

[20] T.J. Cohen, A.W. Hwang, T. Unger, J.Q. Trojanowski, V.M. Lee, Redox signalling
directly regulates TDP-43 via cysteine oxidation and disulphide cross-linking,
EMBO J. 31 (2012) 1241e1252.

[21] B. Wolozin, Regulated protein aggregation: stress granules and neuro-
degeneration, Mol. Neurodegener. 7 (2012) 56.

[22] S. Mollet, N. Cougot, A. Wilczynska, F. Dautry, M. Kress, E. Bertrand, D. Weil,
Translationally repressed mRNA transiently cycles through stress granules
during stress, Mol. Biol. Cell 19 (2008) 4469e4479.

[23] R.M. Lopachin, B.C. Geohagen, T. Gavin, Synaptosomal toxicity and nucleo-
philic targets of 4-hydroxy-2-nonenal, Toxicol. Sci. 107 (2009) 171e181.

[24] Y. Iguchi, M. Katsuno, S. Takagi, S. Ishigaki, J. Niwa, M. Hasegawa, F. Tanaka,
G. Sobue, Oxidative stress induced by glutathione depletion reproduces
pathological modifications of TDP-43 linked to TDP-43 proteinopathies,
Neurobiol. Dis. 45 (2012) 862e870.

[25] C. Colombrita, E. Zennaro, C. Fallini, M. Weber, A. Sommacal, E. Buratti,
V. Silani, A. Ratti, TDP-43 is recruited to stress granules in conditions of
oxidative insult, J. Neurochem. 111 (2009) 1051e1061.

[26] L. Liu-Yesucevitz, A. Bilgutay, Y.J. Zhang, T. Vanderweyde, A. Citro, T. Mehta,
N. Zaarur, A. McKee, R. Bowser, M. Sherman, L. Petrucelli, B. Wolozin, Tar DNA
binding protein-43 (TDP-43) associates with stress granules: analysis of
cultured cells and pathological brain tissue, PLoS One 5 (2010) e13250.

http://dx.doi.org/10.1016/j.bbrc.2015.05.027
http://dx.doi.org/10.1016/j.bbrc.2015.05.027
http://dx.doi.org/10.1016/j.bbrc.2015.05.027
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref1
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref2
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref3
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref4
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref5
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref6
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref7
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref8
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref9
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref10
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref11
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref12
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref13
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref14
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref15
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref16
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref17
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref18
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref19
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref20
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref21
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref22
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref23
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref24
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref25
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref26
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref26


C. Kabuta et al. / Biochemical and Biophysical Research Communications 463 (2015) 82e87 87
[27] K.K. McDonald, A. Aulas, L. Destroismaisons, S. Pickles, E. Beleac, W. Camu,
G.A. Rouleau, C. Vande Velde, TAR DNA-binding protein 43 (TDP-43) regulates
stress granule dynamics via differential regulation of G3BP and TIA-1, Hum.
Mol. Genet. 20 (2011) 1400e1410.

[28] S. Higashi, T. Kabuta, Y. Nagai, Y. Tsuchiya, H. Akiyama, K. Wada, TDP-43 as-
sociates with stalled ribosomes and contributes to cell survival during cellular
stress, J. Neurochem. 126 (2013) 288e300.

[29] Y. Iguchi, M. Katsuno, J. Niwa, S. Yamada, J. Sone, M. Waza, H. Adachi,
F. Tanaka, K. Nagata, N. Arimura, T. Watanabe, K. Kaibuchi, G. Sobue, TDP-43
depletion induces neuronal cell damage through dysregulation of Rho family
GTPases, J. Biol. Chem. 284 (2009) 22059e22066.

[30] A. Aulas, S. Stabile, C. Vande Velde, Endogenous TDP-43, but not FUS, con-
tributes to stress granule assembly via G3BP, Mol. Neurodegener. 7 (2012) 54.

[31] Y. Iguchi, M. Katsuno, J. Niwa, S. Takagi, S. Ishigaki, K. Ikenaka, K. Kawai,
H. Watanabe, K. Yamanaka, R. Takahashi, H. Misawa, S. Sasaki, F. Tanaka,
G. Sobue, Loss of TDP-43 causes age-dependent progressive motor neuron
degeneration, Brain 136 (2013) 1371e1382.

http://refhub.elsevier.com/S0006-291X(15)00941-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref27
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref28
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref29
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref30
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref30
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref31
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref31
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref31
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref31
http://refhub.elsevier.com/S0006-291X(15)00941-9/sref31

	4-Hydroxynonenal induces persistent insolubilization of TDP-43 and alters its intracellular localization
	1. Introduction
	2. Materials and methods
	2.1. Cell culture and treatment
	2.2. Plasmids
	2.3. Cell fractionation
	2.4. SDS-PAGE and immunoblotting
	2.5. Immunoprecipitation
	2.6. Immunofluorescence analysis

	3. Results
	4. Discussion
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


