
166

Human Molecular Genetics, 2022, Vol. 31, No. 2 166–175

https://doi.org/10.1093/hmg/ddab227
Advance Access Publication Date: 10 August 2021
General Article

G E N E R A L A R T I C L E

Cytoplasmic TDP-43 is involved
in cell fate during stress recovery
Youn-Bok Lee1,*, Emma L. Scotter3, Do-Young Lee1, Claire Troakes4,
Jacqueline Mitchell1, Boris Rogelj5,6,7, Jean-Marc Gallo1 and
Christopher E. Shaw1,2,*
1Department of Basic and Clinical Neuroscience, Maurice Wohl Clinical Neuroscience, Institute of Psychiatry,
Psychology and Neuroscience, Kings College, SE5 9NU London, UK, 2UK Dementia Research Institute Centre,
Institute of Psychiatry, Psychology and Neuroscience, Maurice Wohl Clinical Neuroscience Institute, SE5 9RT
London, UK, 3Centre for Brain Research, The University of Auckland, Auckland 1010, New Zealand, 4Basic and
Clinical Neuroscience Department, Institute of Psychiatry, Psychology and Neuroscience, King’s College, SE5
8AF London, UK, 5Department of Biotechnology, Jozef Stefan Institute, SI-1000 Ljubljana, Slovenia, 6Biomedical
Research Institute BRIS, SI-1000 Ljubljana, Slovenia and 7Faculty of Chemistry and Chemical Technology,
University of Ljubljana, SI-1000 Ljubljana, Slovenia

*To whom correspondence should be addressed at: Department of Basic and Clinical Neuroscience, Maurice Wohl Clinical Neuroscience, Institute of
Psychiatry, Psychology and Neuroscience, Kings College, SE5 9NU London, UK. Tel: 0044 20 7848 6915; Email: younbok.lee@kcl.ac.uk (Y.-B. Lee);
Tel: 0044 20 7848 5180; Fax: 0044 20 7848 5914; chris.shaw@kcl.ac.uk (C.E. Shaw)

Abstract

Transactive response DNA binding protein 43 (TDP-43) is an RNA processing protein central to the pathogenesis of
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Nuclear TDP-43 mislocalizes in patients to the
cytoplasm, where it forms ubiquitin-positive inclusions in affected neurons and glia. Physiologically, cytoplasmic TDP-43 is
associated with stress granules (SGs). Here, we explored TDP-43 cytoplasmic accumulation and stress granule formation
following osmotic and oxidative stress. We show that sorbitol drives TDP-43 redistribution to the cytoplasm, while arsenite
induces the recruitment of cytoplasmic TDP-43 to TIA-1 positive SGs. We demonstrate that inducing acute oxidative stress
after TDP-43 cytoplasmic relocalization by osmotic shock induces poly (ADP-ribose) polymerase (PARP) cleavage, which
triggers cellular toxicity. Recruitment of cytoplasmic TDP-43 to polyribosomes occurs in an SH-SY5Y cellular stress model
and is observed in FTD brain lysate. Moreover, the processing body (P-body) marker DCP1a is detected in TDP-43 granules
during recovery from stress. Overall, this study supports a central role for cytoplasmic TDP-43 in controlling protein
translation in stressed cells.

Introduction
Mislocalization of transactive response DNA binding protein
43 (TDP-43) from the nucleus to the cytoplasm has been
identified as a pathogenic mechanism in amyotrophic lateral
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sclerosis (ALS) and frontotemporal dementia (FTD) (1,2). As
a DNA/RNA binding protein, TDP-43 shuttles continuously
between the nucleus and the cytoplasm, while impairment of
nuclear import depletes nuclear TDP-43 leading to cytoplasmic
accumulation (3,4). Cytoplasmic TDP-43 inclusions are not
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restricted to ALS/FTD cases but are commonly detected in
other neurodegenerative diseases, including Alzheimer’s and
Parkinson’s disease (5–10).

It has been proposed that cytoplasmic stress granules may
be the site of initial TDP-43 aggregation which seed or nucleate
cytoplasmic inclusions (11). Stress granules (SGs) are hetero-
geneous structures that harbour transcriptional and transla-
tional components, including mRNAs that accumulate in the
nucleus or cytoplasm in cells under stress conditions such as
heat shock, oxidative and osmotic shock (12). The principal
function of SGs is to arrest steady-state translation, enabling the
translation of specific stress response mRNAs, typically trans-
lated at low levels that promote cellular recovery. SGs preserve
other non-essential mRNAs which, upon recovery from stress,
resume translation (13). SGs are membrane-less organelles that
are dynamic and move between polysomes and processing bod-
ies (P-bodies) where translation-arrested mRNA can be degraded
(14). The major components of SGs include T cell-induced anti-
gen 1 (TIA-1), poly-A binding protein 1 (PABP1), ribosomal initia-
tion complex 48S and small RNA processing components, which
promote SG assembly through their prion-like low complexity
domains in response to stress (15,16).

Many studies have reported that TDP-43 is recruited to SGs
in response to oxidative stress (17–20). However, little is known
about the role of aberrant cytoplasmic TDP-43 and related trans-
lational polyribosome assemblies under stress conditions other
than oxidative stress. Here, we explored the effect of osmotic
shock (sorbitol) and oxidative stress (arsenite) alone and com-
bined, on TDP-43 cytoplasmic accumulation and polysome pro-
files. We find that cytoplasmic TDP-43 plays a central role in the
control of translation in stressed cells.

Results
TDP-43 rapidly translocates to the cytoplasm
following osmotic shock (sorbitol) compared with
oxidative stress (arsenite)

In ALS/FTD, the nuclear protein TDP-43 is cleared from the
nucleus and accumulates in the cytoplasm to form inclusion
bodies (2); however, the drivers of TDP-43 mislocalization are
not well understood. The progressive accumulation of TDP-43 in
SGs in the cytoplasm could contribute to the mislocalization of
TDP-43 in ALS/FTD. To test this hypothesis, SG inducers arsenite
(oxidative stress) and sorbitol (osmotic stress) were applied to
a neuronal cell line (SH-SY5Y) and TDP-43 distribution was
monitored by immunofluorescence.

TDP-43 and T-cell restricted intracellular antigen-1 (TIA-1)
are predominantly nuclear in unstressed SH-SY5Y cells (Fig. 1
Aa). One-hour incubation with arsenite (500 μM) did not increase
cytoplasmic TDP-43 levels compared with untreated controls.
Although TIA-1-positive SG granules were detected in most
arsenite-stimulated cells, these were rarely positive for TDP-
43 (Fig. 1 Ac and b). Conversely, osmotic stress induced by
sorbitol treatment (600 mM) caused a dramatic shift of TDP-
43 and TIA-1 from nucleus to the cytoplasm (Fig. 1 Ad and
b). This demonstrates that osmotic stress is more effective in
translocating TDP-43 to the cytoplasm than oxidative stress.

To test the time course of TDP-43 distribution following
osmotic shock, the intensity of cytoplasmic TDP-43 was
measured every 15 min. Maximum cytoplasmic TDP-43 intensity
was seen after 45 min incubation with sorbitol (Fig. 1 Ba). Fused
in sarcoma (FUS) is another predominantly nuclear DNA/RNA
binding protein and cytoplasmic FUS inclusions are associated
with a subset of ALS/FTD (23). FUS is predominantly located in

the nucleus under resting conditions (Supplementary Material,
Fig. S1A). Similar to TDP-43, FUS was not translocated to the
cytoplasm or detected in TIA-1 positive cytoplasmic SG following
oxidative stress induced by arsenite (Supplementary Material,
Fig. S1B). FUS was however rapidly cleared from the nucleus
following osmotic shock (sSupplementary Material, Fig. S1C
and D).

To define the time course of TDP-43 and FUS relocalization to
the cytoplasm by sorbitol, cytoplasmic fractions of SH-SY5Y cells
were collected at 1-hour intervals following sorbitol treatment
and analyzed by western blotting. Cytoplasmic levels of TDP-43,
FUS and hnRNPA1 were increased in a time-dependent manner
following sorbitol treatment (Fig. 1 Bb). These results suggest
that the sorbitol-mediated shift of nuclear proteins to the cyto-
plasm occurs rapidly and is not limited to TDP-43. A time-
dependent increase in cytoplasmic TDP-43, FUS and hnRNPA1
was also observed in HeLa (cervical cancer) cells following sor-
bitol incubation (Supplementary Material, Fig. S2A). However,
other nuclear proteins (Sam-68 and hnRNP-U) did not show
relocalization to cytoplasm (Supplementary Material, Fig. S2C).
In addition, increased levels of insoluble TDP-43 were detected
in SH-SY5Y cells incubated with arsenite or sorbitol for 30 min
(Supplementary Material, Fig. S2Ba). TDP-43 insolubility was fur-
ther increased by combining arsenite and sorbitol exposure.
In contrast, there was no evidence that FUS became insoluble
following osmotic or oxidative stress (Supplementary Material,
Fig. S2Bb). These results demonstrate that sorbitol-induced cyto-
plasmic TDP-43 relocalization is not cell type-specific, and that
insoluble TDP-43 is increased by both arsenite and sorbitol.

Next, we tested whether the stress signalling and cell death
pathways were activated in parallel with TDP-43 cytoplasmic
localization. Levels of phospho-eIF2a are known to increase in
response to cellular stress and mediate a reduction in mRNA
translation. Phosphorylation of eIF2a was increased after 1 h of
sorbitol treatment, and gradually increased over 3 h in both HeLa
and SH-SY5Y cells (Supplementary Material, Fig. S3). Levels of
phosphorylated AKT1 and poly (ADP-ribose) polymerase (PARP)
cleavage are known to reflect activation of the apoptotic path-
way. Sorbitol treatment of SH-SY5Y and HeLa cells increased
phosphorylated AKT1 and PARP cleavage, suggesting that the
cells were undergoing apoptosis in response to osmotic shock
(Supplementary Material, Fig. S3). Overall, these data provide evi-
dence that cytoplasmic translocation of TDP-43 and FUS occurs
in parallel with a reduction in translation (phosphorylation of
eIF2a) and an increased in apoptosis (PARP cleavage) in response
to osmotic shock by sorbitol.

Arsenite and sorbitol induce distinct ribosomal
RNA profiles

Given that osmotic stress is known to induce translational
stalling, we hypothesized that TDP-43 may be involved in
the translational control of cytoplasmic RNA pools, including
polysome-associated RNA. To test for interaction between
the translational machinery and TDP-43, we used sucrose
gradients to separate ribosomal fractions and characterized
arsenite- and sorbitol-induced polysome profiles (Fig. 1C).
We excluded the insoluble fraction by pre-centrifugation and
used supernatants to prepare ribosomal fractions. The normal
RNA profile obtained from the sucrose gradient gave the
expected 260 nm absorbance profile for RNA associated with
40S, 60S and 80S ribosomal components and polysomes. Each
fraction from the gradient was then immunoblotted to detect
TDP-43, FUS and the 40S-ribosomal subunit protein, RPS-19
(Fig. 1 Ca).
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Figure 1. Nuclear TDP-43 is released to the cytoplasm by osmotic shock but not by oxidative stress. (A) Detection of TDP-43 redistribution following arsenite or sorbitol

treatment. SH-SY5Y cells were untreated (a) or treated with either arsenite (500 μM) for 1 h (c), or high-osmolarity sorbitol (600 mM) medium for 1 h (d). The cells were

fixed and immunoassayed with anti-TIA-1 (green) and TDP-43 (red) antibodies to detect endogenous proteins by confocal microscopy. DAPI is used as a nuclear marker.

Scale bars = 10 μm. Cytoplasmic intensity of TDP-43 measured under arsenite and sorbitol stress (P < 0.001) (b). (B) The cytoplasmic intensity of TDP-43 was measured

using an IN Cell™ Analyzer 1000. SH-SY5Y cells were cultured in 96 well plates and sorbitol was added. Images were captured at the indicated times at 15 min intervals

(a). The captured images of the cytoplasm were segmented then the intensity of TDP-43 was analyzed using the IN Cell™ Analyzer 1000. The graph is the result of six

experimental sets and presented as the mean ± SEM. Western blot analysis of nuclear and cytoplasmic fractions from SH-SY5Y. FUS, TDP-43 and hnRNPA1 antibodies

were used for detection (b). To ensure the absence of nuclear contamination in cytoplasmic fractions, tubulin (for cytoplasmic fraction) and histone H3 (for nuclear

fraction) antibodies were used, and the data indicated that there was no cross contamination between fractions thus TDP-43 and FUS are released from the nucleus

in response to osmotic stress. (C) Characterization of ribosomal RNA redistribution following oxidative and osmotic shock. SH-SY5Y cells were untreated (a) or treated

with either (b) arsenite (500 μM) or (c) sorbitol (600 mM) for 30 min and the lysates were separated by centrifugation in a 10–50% sucrose gradient. Each fraction was used

for polysome profiling and analysis of TDP-43, FUS and ribosomal protein 19 (RPS-19) distribution by immunoblotting as indicated. (D) Double immunocytochemistry

in-situ hybridization of SH-SY5Y cells untreated (a) or treated with (b) arsenite (500 μM) or (c) sorbitol (600 mM) for 30 min. In-situ hybridization was used to detect the

distribution of mRNA in the cytoplasm using an oligo dT probe to analyze the possibility of TDP-43 (red) sequestration into mRNA granules and SGs (TIA-1, purple),

scale bar = 5 μm.
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In untreated SH-SY5Y cells, RPS-19 was undetectable in 40S
subunit fractions, being found mainly in the 80S monosome
and polysome fractions, where protein translation occurs. TDP-
43 and FUS were both located in the RNA monomer region
(Fig. 1 Ca), which indicates that they are not directly involved
in regulating protein translation in the resting state. Oxida-
tive stress induced by arsenite treatment resulted in polysome
disruption. Both RNA and RPS-19 were shifted left, from the
polysome to 80S monosome fractions, while TDP-43 was shifted
right towards the 60S region (Fig. 1 Cb). In contrast, the location
of FUS remained unchanged. These data suggest that TDP-43
may become associated with ribosomal subunit/RNA complexes
in response to oxidative stress. With sorbitol treatment, sim-
ilar to arsenite, polysomes were again completely disrupted.
However, RNA shifted towards the 40S and 60S rather than 80S
fractions (Fig. 1 Cc). TDP-43 and FUS remained in the monomer
region, while RPS-19 accumulated in the monosome fraction
(Fig. 1 Cc). This finding suggests that sorbitol treatment results
in the dissociation of the 80S-ribosomal complex to 40S and 60S
subunits.

Given our hypothesis that TDP-43 and FUS sequestration
within the SG complex is important in the attenuation of
mRNA translation during stress, we investigated whether
polyadenylated mRNA (poly-A) was co-localized with TDP-43
and/or FUS in SGs. We performed in-situ hybridization using
an oligo-dT (18 mer) probe to detect poly-A mRNAs prior to
TDP-43 immunocytochemistry and confocal imaging. In the
absence of stress, TDP-43 and TIA-1 are predominantly nuclear
and poly-A positive mRNAs were evenly distributed between the
nucleus and cytoplasm (Fig. 1 Da). Following arsenite stress, TIA-
1 colocalized with cytoplasmic granules of poly-A mRNA while
TDP-43 remained nuclear (Fig. 1 Db), suggesting that arsenite
is not a strong inducer of TDP-43 export from the nucleus. In
contrast, sorbitol induced TDP-43 cytoplasmic relocalization,
however there was no evidence of TIA-1, TDP-43 and poly-
A mRNA colocalizing in cytoplasmic SGs (Fig. 1 Dc). Taken
together, these results indicate that arsenite potently induced
cytoplasmic stress granule formation, polysome disassembly
and TDP-43 co-migration with ribosomal subunits, while sorbitol
induced polysome disassembly and TDP-43 translocation from
the nucleus to the cytoplasm.

TDP-43 is detected in the polysome fraction in
a sequential cellular stress model and in FTLD
brain tissues

Given that TDP-43 mislocalizes and co-migrates with riboso-
mal subunits in stressed cells, we investigated whether similar
changes in TDP-43 distribution occur in the brains of fron-
totemporal lobar degeneration (FTLD) patients. We conducted
sucrose gradient separation of TDP-43-positive FTLD and control
brain tissue samples to characterize TDP-43 distribution and
ribosomal RNA profiles (Fig. 2A). Control tissue samples showed
a ribosomal RNA profile (260 nm) similar to that seen in SH-
SY5Y cells (Fig. 2 Ad-e). In contrast, the RNA profile of FTLD brain
lysate exhibited evidence of polysome disassembly (Fig. 2 Aa-c).
Notably, in FTLD cases TDP-43 was detected in the polysome
and monosome fractions, and RNA monomer region, whereas in
controls TDP-43 was detected only in the RNA monomer region
(Fig. 2A).

Given the distinct ribosomal RNA profiles seen with sorbitol-
and arsenite-induced stress, together with their differential
effects on TDP-43 subcellular localization (Fig. 1), we hypoth-
esized that sequential activation of oxidative and osmotic stress

may better mimic the TDP-43 profile seen in FTLD patients.
We therefore investigated the effects of various combinations
of these stressors in SH-SY5Y cells (Fig. 2B). Because FTLD is
characterized by cell death and the pathological aggregation and
cleavage of TDP-43, we first examined the extent of apoptosis
(caspase-3 regulated cleavage of PARP), and the cleavage of TDP-
43. Neither acute arsenite nor sorbitol stress alone induced
apoptosis; however, sequential exposure to both stressors in
either order significantly increased cleaved PARP cleavage (Fig. 2
Ba-b). Allowing a 30-min recovery period after sorbitol stress
prior to harvesting cells also resulted in a significant increase in
PARP cleavage, as did recovery from the combinatorial stress
models, although there was no significant increase in PARP
cleavage following a 30-min recovery from arsenite treatment.
Notably, the level of cleaved PARP present in cells treated with
arsenite then sorbitol, followed by a 30-min recovery period,
was significantly higher than that seen in any of the other
stress combinations, thus this stress combination may result in
a significant increase in cellular death compared with the other
combinations. Importantly, TDP-43 showed a 32 kDa cleaved
fragment in cells following arsenite then sorbitol and recovery, or
sorbitol and recovery, thus TDP-43 cleavage may be intrinsically
linked to the activation of the apoptotic pathway (Fig. 2 Bb).
Conversely, we identified no change in FUS cleavage in any of
the stress conditions, suggesting that TDP-43 cleavage is a more
sensitive reporter of the severity of the stress response.

TDP-43 is found in TIA-1 and poly-A positive granules
following sequential arsenite–sorbitol stress

Next, we used sucrose gradient separation to assess the ribo-
somal RNA profile of cells in the combinatorial stress models
and examined the concomitant TDP-43 and FUS profiles (Fig. 2C).
Sorbitol followed by arsenite dramatically increased the amount
of 60S and 80S complexes while dissociating polysome (Fig. 2
Ca). Western blot analyses demonstrated a slight shift in TDP-
43 distribution towards the 60S fractions (Fig. 2 Cb). In con-
trast, there was no change in FUS distribution in response to
stress in this model. RPS-19 was detected mainly in the 60S
and 80S regions. In-situ hybridization and immunocytochemistry
demonstrated large poly-A positive granules that colocalized
with TIA-1 and TDP-43 (Fig. 2 Cc). Conversely, FUS immunore-
activity was confined to the nucleus in response to this stress
regime (Supplementary Material, Fig. S4A). These results show
that sequential osmotic then oxidative stress results in TDP-43
sequestration into TIA-1 and poly-A positive SGs.

Reversing sequential stress (arsenite followed by sorbitol), we
found a dramatic decrease in the amount of 60S ribosomal com-
plexes (Fig. 2 Da), again with a small amount of TDP-43 identified
in the 60S fractions and no change in FUS (Fig. 2 Db). Intriguingly,
in-situ hybridization and immunocytochemistry demonstrated
a lack of co-localization between SGs and cytoplasmic TDP-43,
which was abundant in the cytoplasm but remained diffuse
(Fig. 2 Dc). Similarly, FUS was detected within all TIA-1 and poly-
A positive granules (Supplementary Material, Fig. S4B). Collec-
tively, these findings provide a mechanism whereby TDP-43 is
released into the cytoplasm in response to osmotic shock, which
is subsequently recruited to SGs in response to oxidative stress.

Arsenite–sorbitol-recovery stress mimics TDP-43
distribution in ribosomal fractions from FTLD brain

To further explore the pathological significance of our sequential
stress model, we investigated the effect of a 30 min recovery
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Figure 2. TDP-43 is sequestered into stalled ribosomes in FTLD patients and in a sequential stress cellular model. (A) Polysome fractionation from the cortex from

FTLD patients, FTLD patient 1 (a), FTLD patient 2 (b), FTLD patient 3 (c) and control (d-e). Collected fractions from sucrose gradient (10–50%) were used for TDP-43

detection and RPS-19 used as a polyribosome marker. (B) Schematic diagram of sequential stress model. Following the two independent stress stimulants showed

typical polysome separation, we used acute 30 min oxidative (arsenite) and osmotic (sorbitol) stress (a). This model used in reversed order including recovery. SH-

SY5Y cells were incubated under sequential stress conditions then the cellular responses were assessed by PARP, TDP-43 and FUS. Tubulin was used as a loading

control (b). (C) TDP-43 is found in SGs after sorbitol treatment followed by arsenite treatment. SH-SH5Y cells were treated with sorbitol (600 mM) for 30 min then the

medium was replaced with medium containing arsenite (500 μM) for another 30 min (S-A). The cells were lysed and separated on a 10–50% sucrose gradient (a). Each

fraction was used for A 260 nm absorbance measurement for polysome profiling. Individual fractions were subjected to immunoblotting for TDP-43, FUS and ribosomal

protein 19 (RPS-19) as indicated (b). In-situ hybridization was used to detect mRNA in the cytoplasm using an oligo dT probe to analyze the possibility of TDP-43 or

FUS sequestration into mRNA granules (c). Scale bar = 5 μm. (D) Reversed order; SH-SY5Y cells were incubated initially with arsenite for 30 min then the medium

was replaced for medium containing sorbitol for further 30 min (A-S). The cells were lysed and separated on a 10–50% sucrose gradient. Each fraction was used for A

260 nm absorbance measurement for polysome profiling (a). Individual fractions were subjected to immunoblotting for TDP-43, FUS and ribosomal protein 19 (RPS-19)

as indicated (b). In-situ hybridization was used to detect mRNA in the cytoplasm using an oligo dT probe to analyze the possibility of TDP-43 or FUS sequestration into

mRNA granules (c). Scale bar = 5 μm.
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on polysomes (Fig. 3). Following recovery from sorbitol–arsenite
stress, the relative size of the 80S and 60S peaks were reversed
(Fig. 3 Aa), and TDP-43 was confined to the RNA monomer region
(Fig. 3 Ab). TDP-43 sequestration to TIA-1 positive SGs was dra-
matically decreased during recovery, although some colocaliza-
tion was still detectable (Fig. 3 Ac), in contrast to FUS, which
remained confined to the nucleus (Supplementary Material, Fig.
S5A).

Next, we assessed the effect of recovery from sequential
arsenite then sorbitol. We observed a reduction in the 80S
ribosomal RNA peak (Fig. 3 Ba), accompanied by the presence
of TDP-43 throughout the monosome and polysome fractions
(Fig. 3 Bb). This pattern of TDP-43 distribution was similar
to that seen in brain samples from FTLD patients (Fig. 2),
thus suggesting our arsenite–sorbitol sequential stress model
followed by recovery may be relevant to disease. We noticed that
cytoplasmic TDP-43 was now accumulated in small granules
adjacent to TIA-1 SGs (Fig. 3 Bc). In contrast, FUS distribution
throughout the sucrose gradient was, as before, not altered in
response to the sequential stress activation then recovery, and
FUS remained localized to the nucleus (Supplementary Material,
Fig. S5B).

DCP1a colocalizes with TDP-43 following recovery
from arsenite–sorbitol stress

We hypothesized that the small TDP-43-positive granules
surrounding larger TIA-1 and poly-A positive SGs, identified
during recovery from arsenite–sorbitol stress may be P-bodies.
To test this hypothesis, we conducted immunocytochemical and
co-immunoprecipitation studies using the P-body marker DCP1a
(Fig. 3 Ca and Cc). DCP1a co-localized with TDP-43 granules
adjacent to poly-A and TIA-1 positive SGs, suggesting TDP-43 is
recruited to P-bodies following recovery from arsenite–sorbitol
stress. To independently confirm TDP-43-DCP1a colocalization,
we used immunoprecipitation to demonstrate a physical
interaction between TDP-43 and DCP1a. Following recovery
from arsenite–sorbitol stress, DCP1a was detected by TDP-43
immunoprecipitation (Fig. 3 Cb). Further studies investigating
HA-tagged wild type or mutant (Q331K, M337V) TDP-43 in
transfected cells demonstrated that DCP1a was pulled down
by HA-tagged TDP-43 regardless of mutation status. We also
showed that RNase treatment completely abolished TDP-
43 and DCP1a interaction, suggesting that the binding of
these two proteins is indirect, and requires the presence of
RNA (Fig. 3 Cd). These findings support the hypothesis that
poly-A mRNA in SGs may be recognized by DCP1a-TDP-43
P-bodies for further processing of the mRNA. This model
may lend itself to further study of the P-body-stress granule
interactions.

In conclusion, TDP-43 translocates to the cytoplasm in
response to osmotic but not oxidative stress and is subsequently
sequestered into cytoplasmic SGs following oxidative stress.
Conversely, recovery from arsenite–sorbitol stress, results in a
distribution of TDP-43, as defined by sucrose gradient profiling,
similar to that seen in the brains tissues from FTLD patients.
Thus, sequential stress paradigms may provide a better model
to explore mechanistic aspects of ALS and FTD pathophysiology.
Moreover, the switching from oxidative to osmotic stress,
and events during the subsequent recovery period may play
a crucial role in the deposition and processing of TDP-43,
which may in turn be involved in the onset or progression of
disease.

Discussion
The RNA-binding proteins TDP-43 and FUS are central to the
pathogenesis of the vast majority of cases of the neurodegen-
erative disorders ALS and FTD. These proteins have multiple
roles in the regulation of RNA splicing, exon skipping and the
processing of noncoding RNA (21,22). The sequestration of TDP-
43 into cytoplasmic inclusion bodies and loss of nuclear function
of TDP-43 contribute to the death of affected neurons (1). TDP-
43 is recruited to cytoplasmic SG, where untranslated mRNAs
are sequestered when cells undergo oxidative stress (11). FUS is
also recruited to SGs due to ALS-linked mutations in the nuclear
localization signal (23).

The RNA-protein granules formed under stress, SG repre-
sent a system for cellular resistance to challenging environ-
mental conditions such as oxidative and osmotic stress (24–
28). This cellular buffering system is particularly important for
neurons which have little capacity for regeneration and utilize
neuro-transmission systems that continuously generate neuro-
toxic reactive oxygen species (29–31). However, the mechanism
by which nuclear TDP-43 re-locates to the cytoplasm and is
recruited to SGs has yet to be elucidated.

Here we show that osmotic shock and oxidative stress have
several distinct effects on TDP-43 and FUS. Osmotic stress more
efficiently clears TDP-43 from the nucleus than oxidative stress,
which on its own produces robust stress granules that are largely
devoid of TDP-43. Osmotic shock induced robust cytoplasmic
translocation of FUS similarly to TDP-43 as has previously been
reported (27). However, the role of these two stressors is contro-
versial for the recruitment of TDP-43 to SGs and may depends
on the cell type and stress applied (17).

In an attempt to model TDP-43 recruitment to SGs, we applied
osmotic and oxidative stress singly, sequentially and reverse
order. Only the sequential exposure of cells to oxidative then
osmotic stress resulted in abundant TDP-43 in the cytoplasm
(Fig. 2D). Recovery from arsenite–sorbitol stimulation showed
TDP-43 in the polysome fraction (Fig. 3 Bb). This coincided with
an increased level of cleaved PARP (Fig. 2B). Supporting this, the
cytoplasmic translocation of TDP-43 paralleled the translational
stalling caused by eIF2a phosphorylation. Similar studies have
also reported that TDP-43 is involved in translational stalling,
which associated with stress (32,33). In contrast, recovery from
sequential sorbitol–arsenite stimulation did not show TDP-43
in ribosomal fractions (Fig. 3 Aa-b). These results imply that
cytoplasmic TDP-43 recruitment to polysomes increases cellular
toxicity during recovery from the stress.

Moreover, our data suggest that TDP-43 is not involved in
regulating protein translation in unstressed SHSY5Y cells, in
which TDP-43 was found in the non-translating regions (mono-
some) of sucrose gradient profiles (Fig. 1C). Similar results were
reported by Higashi et al. (32) who showed that TDP-43 was found
in lower density in ribosomes. However, we demonstrated that
FTLD brain lysates are enriched in monosomes and that TDP-
43 is detected across the monosome and polysome fractions,
implying an association between TDP-43 and stalled transla-
tional complexes. Importantly, recovery from sequential arsenite
then sorbitol stress in SH-SY5Y cells recapitulated the co-elution
of TDP-43 with monosome and polysome fractions from FTLD
brain tissues, identifying this stress paradigm as a potential
model of disease.

Recovery from oxidative stress followed by osmotic shock
produced small TDP-43 positive foci that were surrounded by
TIA-1 positive SGs (Fig. 3C). We speculated whether these TDP-
43 foci were part of processing bodies (P-bodies), which are

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab227#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab227#supplementary-data
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Figure 3. Recovery from sequential stress mimics TDP-43 sequestration in stalled-ribosomes. (A) SH-SH5Y cells were treated with sorbitol for 30 min then the medium

was replaced with medium containing arsenite for another 30 min (S-A). Cells were then changed to normal medium to allow recovery for 30 min before being lysed

and fractionated using 10–50% sucrose gradient centrifugation. Each fraction was used for A 260 nm absorbance measurement for polysome profiling (a). Individual

fractions were analyzed by immunoblotting for TDP-43, FUS and ribosomal protein 19 (RPS-19) as indicated (b). In-situ hybridization was used to detect mRNA in the

cytoplasm using an oligo dT probe to track the possibility of TDP-43 or FUS sequestration into mRNA granules (c). (B) SH-SY5Y cells were incubated initially with

arsenite (500 μM) for 30 min then the medium was replaced with medium containing sorbitol (600 mM) for 30 min (A-S). The medium was then changed to normal

medium to allow recovery for 30 min. Cells were lysed and separated using 10–50% sucrose gradient centrifugation. Each fraction was used for A 260 nm absorbance

measurement for polysome profiling (a). Individual fractions were analyzed by immunoblotting for TDP-43, FUS and ribosomal protein 19 (RPS-19) as indicated (b).

In-situ hybridization was used to detect mRNA in the cytoplasm using an oligo dT probe to track the possibility of TDP-43, FUS sequestration into mRNA granules

(c). (C) Cytoplasmic TDP-43 is recruited into DCP1a-positive granules during recovery from sequential stress (arsenite–sorbitol-recovery). TDP-43 (red), DCP1a (green),

DAPI (Blue) and TiA-1 (purple), respectively (a). Scale bar = 5 μm. Cells were lysed and immunoprecipitation performed with a TDP-43 antibody for DCP1a and eIF4E (b).

Densitometry analysis of TDP-43 and DCP1 granules. Purple represents TIA-1, green represents DCP1a and red represents TDP-43 granule measured across the white

line on the merged image (c). HA-tagged wild-type TDP-43 were used for cytoplasmic fractionation and performed immunoprecipitation using HA antibody for the

detection of DCP1a (d). Cell lysates of (HA-TDP-43 wild-type, HA-TDP-43-Q331K, HA-TDP-43-M337V) were treated with RNase then used for immunoprecipitation.
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primarily involved in translation repression and mRNA decay.
Convergent studies from several laboratories have shown that P-
bodies contain proteins involved in mRNA degradation including
the de-capping enzymes DCP1a, Lsm, and the exonuclease XRN1
(34,35). We discovered that small TDP-43 foci are positive for
DCP1a and interact with eIF4E (Fig. 3C), implying TDP-43 involve-
ment in mRNA degradation (DCP1a) and protein translation
(eIF4E) during the recovery process. Liu et al. (20) observed that
there was close contact of TDP-43 with P-bodies under arsenite
stress. Our assumption is that TDP-43 could be sequestered to
P-bodies during the recovery period after sequential stimulation
by the two stressors, arsenite and sorbitol.

Our hypothesis is that TDP-43 redistribution and aggregation
is caused by repeated cycles of osmotic and oxidative stress
and recovery. This recurring combination of stressors is consis-
tent with evidence from epidemiological and theoretical mod-
elling studies that multiple environmental ‘hits’ contribute to
the pathophysiology of ALS and FTD in a multi-step process (36).

Materials and Methods
Cell culture, stressors and transfection

SH-SY5Y cells were obtained from ECACC and cultured in Ham’s
F12: DMEM (1:1), 2 mM Glutamine and 10% Foetal Bovine Serum
(FBS). Cells were exposed to 500 μM sodium arsenite or 600 mM
sorbitol as indicated for each experiment. For immunofluores-
cence, cells were grown on coverslips and plasmids were trans-
fected using lipofectamine 2000 transfection reagent (Invitrogen)
according to the manufacturer’s instructions. HA tagged TDP-43
wild type, Q331K and M337V were cloned into lentivirus shuttle
plasmid by gateway cloning.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in phosphate
buffered saline for 15 min, permeabilized with 0.1% Triton X-100
for 5 min and non-specific binding sites were blocked with 10%
normal donkey serum solution (Sigma). Overnight incubation
was performed with primary antibodies to TDP-43, FUS, TIA-
1 and DCP1a in blocking solution at 4◦C. Dylight-conjugated
secondary antibodies were used for detection and nuclei were
visualized by 4′-6-diamidino-2-phenylindole (DAPI) staining
(Sigma). Coverslips were mounted in Fluorsave (Calbiochem,
USA) and imaging was performed using a Zeiss Axiovert
200M confocal laser scanning microscope (Carl Zeiss Ltd,
Hertfordshire, UK) with C-apochromat 63x/1.2 water immersion
objective and LSM 510 SP2 software version 3.2. The 96 well
plate Images were acquired using IN Cell™ Analyzer 1000 (GE
Healthcare).

In-situ hybridization of poly-A RNA

Cells at sub-confluence were prepared for fluorescence in-situ
hybridization by rinsing with PBS and fixing in 4% paraformalde-
hyde for 15 min at room temperature. Cells were then washed
three times for 15 min each at room temperature in PBS and
permeabilized with 0.1% Triton X-100 for 5 min at 4◦C. Cells
were rinsed twice in PBS. An oligo dT (18)-mer, 5′ end labelled
with biotin (Genotex, Sigma, USA) was used as a probe for in-
situ hybridization to poly(A)+ RNA. Cells were equilibrated in
2× SSC for 10 min and then subjected to hybridization at 42◦C
in a humidified chamber. The hybridization mixture (20 μL)
contained 80 ng oligo dT (18), 2× SSC, 1 mg/mL tRNA, 10% dextran
sulphate and 25% formamide. After an overnight hybridization,

cells were washed twice in 2× SSC and once in 0.5× SSC at room
temperature.

Sucrose gradient centrifugation

Cells were washed with cold (4◦C) PBS and incubated in PBS
containing 10 μg/mL cycloheximide for 5 min, then harvested
and centrifuged at 500xg. Cell pellets were lysed in 1 mL of ice-
cold lysis buffer (140 mM KCl, 1 mM DTT, 20 mM Tris, pH 8.5,
20 mM MgCl2, 0.5% NP-40, 0.5 U/mL RNasin) and mechanically
disrupted using a 10-gauge needle. The lysates were centrifuged
at 14000 g for 20 min. The final supernatant was layered onto
10 mL of 10-50% linear sucrose gradient. Centrifugation was
performed at 35 000 rpm for 3 h using a Beckman Coulter SW40Ti
rotor. Fractions were eluted from the top of the gradient using a
BioRad fraction collector. About 200 μL fractions were collected
and OD was measured at A 260 nm to obtain the polysome
profile.

Human tissue processing

All cases were provided by the MRC London Neurodegenerative
Diseases Brain Bank (Institute of Psychiatry, Psychology and
Neuroscience, King’s College London, UK) and were collected
and distributed according to local and national research ethics
committee approvals (See Supplementary Material, Table S1 for
case details).

Western blot and immunoprecipitation

Cells were lysed in RIPA buffer, then denatured for 5 min with
sample buffer. Proteins were resolved on 10% NU-PAGE Tris
gels (Invitrogen). Proteins were transferred to nitrocellulose
membranes using an iBlot (Invitrogen) and protein loading was
assessed by Ponceau red staining. Blots were then blocked with
blocking buffer (Roche) and probed using standard procedures.
Immunoreactivity was detected by HRP-conjugated secondary
antibodies (Sigma) and ECL kit (Promega).

For soluble and insoluble fractionation, cells were lysed in
RIPA buffer and the pellet was precleared by centrifugation
at 1000 g. The supernatant was centrifuged at 25 000 g. The
supernatant was used for the soluble fraction and the pellet was
dissolved in urea buffer for insoluble fraction. For immunopre-
cipitation assays, cells were grown in 10 cm diameter culture
dishes until 70% confluence. The cells were stressed under A-S-
R. Cells were then washed with cold PBS and lysed with IP lysis
buffer. Protein A or G magnetic beads (NEB) were used for TDP-43
and HA immunoprecipitation and unconjugated magnetic bead
were used for control.

Supplementary Material
Supplementary Material is available at HMG online.
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