482

J Mol Neurosci (2011) 45:480-485

2007). Type 1 is characterized by dystrophic neurites (DNs)
with few neuronal cytoplasmic inclusions (NCIs) and no
neuronal intranuclear inclusions (NIIs), Type 2 has numer-
ous NCIs with few DNs and no NIIs, Type 3 has numerous
NCIs and DNs and occasional NIIs and Type 4 has
numerous NIIs and DNs with few NClIs, a pattern which
is specific for familial FTLD-U with mutations of VCP
gene. There appears to be a strong relationship between
other subtypes of TDP-43 pathology and clinical pheno-
type. Type 1 is associated with semantic dementia, type 2
with FTLD with motor neuron disease (MND), ALS or
clinical signs of MND, and type 3 with progressive non-
fluent aphasia or FTD with mutation in the progranulin
gene. Recent studies of ALS have clarified the wide
distribution of neuronal and glial TDP-43 pathology in
multiple areas of the central nervous systems (Geser et al.
2008; Nishihira et al. 2009), suggesting that ALS does not
selectively affect only the motor system, but rather is a
- multisystem neurodegenerative TDP-43 proteinopathy af-
fecting both neurons and glial cells.

By immunoblot analyses of the Sarkosyl-insoluble
fractions from FTLD-U and ALS patients, we found that
the band patterns of the C-terminal fragments of phosphor-
ylated TDP-43 corresponded to the neuropathological
subtypes. Type 1 FTLD-U showed two major bands at 23
and 24 kDa and two minor bands at 18 and 19 kDa, while
type 2 ALS showed three major bands at 23, 24 and 26 kDa
and two minor bands at 18 and 19 kDa. Type 3 FID with
mutation in the progranulin gene showed an intermediate

pattern between those two. These results clearly indicate
that TDP-43 proteinopathies subclassified by neuropatho-
logical differences can also be distinguished biochemically.
This strong association between the neuropathology and the
biochemistry is critical for understanding the molecular
pathogenesis of TDP-43 proteinopathies.

Biochemical Analysis of TDP-43 in FTLD-U and ALS

- The biochemical differences of TDP-43, as shown in the
different band patterns of TDP-43 C-terminal fragments, are
closely linked to the morphologies of inclusions. The
properties of the abnormal TDP-43 may determine the
neuropathological and clinical phenotypes of TDP-43
proteinopathies. Similar biochemical and neuropathological
differences have been reported in tau between PSP and
CBD. Both PSP and CBD are tauopathies with deposition
of 4-repeat tau isoforms; however, distinct types of C-
terminal fragments are detected, i.e., a 33-kDa band in PSP
and ~3-kDa bands in CBD (Arai et al. 2004).

So, what do the different band patterns mean? It is clear
that the fragments are produced by cleavage at multiple
sites of TDP-43. The band patterns also suggest that the
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cleavage sites are slightly altered between the diseases.
Based on these observations, it is likely that the event may
occur after the assembly or aggregation of abnormal TDP-
43, and represent relatively protease-resistant domains of
TDP-43, which form beta-sheet structure. That is, the
different band patterns in TDP-43 proteinopathies represent
different conformations of abnormal TDP-43 in the diseases.
To test this idea, we performed protease treatment of the
abnormal TDP-43 recovered in the Sarkosyl-insoluble
pellets, and analyzed the protease-resistant bands. Proteins.
can be easily cleaved by proteases if they are denatured or
unstructured, but domains that have rigid structures such as
beta-sheet structure, or that are structurally buried or
interacting with other molecules, are highly resistant to
proteases. Figure 1 shows the result of immunoblot analysis
of abnormal TDP-43 from two ALS and two FTLD-U cases
before and after protease treatment. Before treatment,

. hyperphosphorylated full-length TDP-43 at 45 kDa, smear-

ing substances and 18-26 kDa C-terminal fragments were
detected by pS409/410. The band patterns of the C-terminal
fragments are different between FTLD-U with type 1
pathology and ALS with type 2 pathology. Upon trypsin
or chymotrypsin treatment, the full-length 45-kDa band and
smearing substance of TDP-43 disappeared and protease-
resistant core fragments appeared at 16-26 kDa (Fig. 1). As
expected, the protease-resistant band pattern of ALS is
different and clearly distinguishable from that of FTLD-U.
Doublet bands at ~16 kDa and a band at 25 kDa were

- detected in ALS, but only a single broad band at ~16 kDa

was detected in FTLD-U with type 1 pathology after
trypsin treatment (Fig. 1). Similarly, multiple protease-
resistant bands were detected at 16-25 kDa after chymo-
trypsin treatment and the band patterns were different
between ALS and FTLD-U (Fig. 1). These results strongly
support the idea that the different band pattems of the
C-terminal - fragments reflect different conformations of
abnormal TDP-43 molecules between ALS and FTLD-U.

'~ TDP-43 in Different Brain Regions

Similar protease-resistant bands and differences in the band
patterns have been reported in prion diseases, CJD and BSE
(Collinge et al. 1996). Protease-resistant prion from new-
variant CJID cases showed a different characteristic pattern
from that in sporadic CJD cases, and the band pattern is
indistinguishable from that of mice infected with ‘BSE
prion. This is biochemical evidence that the BSE agent has
been transmitted from bovine to human.

Applying this to TDP-43 in TDP-43 proteinopathies, it is
possible to determine whether there is any difference
between the abnormal TDP-43 accumulated in cortex and
that in spinal cord by analyzing the band patterns of the C-
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phosphorylatlon dependent antx-TD it polyclonal antibody
(pS409/410) a Hyperphosphorylated full length TDP-43 at 45 kDa,
smearing: substances and 18-26 kDa- C-terminal fragments were
detected by pS409/410 before treatment. The band patterns of the C-
terminal fragments are different between FTLD-U with type 1
pathology and ALS with type 2 pathology. b Upon trypsin treatment,

terminal fragments of TDP-43. Thus, we have prepared
Sarkosyl-insoluble fractions from cortex and spinal cords of
three ALS cases, immunoblotted them with pS409/410 and
compared the results. In all three cases, type 2 C-terminal
fragments of TDP-43 were detected, and there was no
significant difference between the band pattern in cortex
and that in spinal cord (data not shown). This strongly
suggests that the same form of abnormal TDP-43 molecule
is deposited in different brain regions. Similar results were
also obtained from the analysis of the C-terminal band
pattern of TDP-43 in FTLD-U. It seems highly unlikely that
the same conformational change would occur synchronous-
ly in different brain regions. Instead, it seems more likely
that abnormal protein produced in cells is transferred to
different regions and propagated. These biochemical data
obtained from the brains of patients provide biochemical
evidence that abnormal species of TDP-43 are transmitted
from cell to cell and propagated in vivo.

Discussion

Amyloid-like protein deposition is a common neuropatholog-
ical feature of many neurodegenerative diseases. Hyperphos-
phorylated tau in Alzheimer’s disease and related tauopathies,
hyperphosphorylated alpha-synuclein in Parkinson’s. disease
and other alpha-synucleinopathies, and expanded polyglut-
amines in polyglutamine diseases have been identified.
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the full-length 45 kDa band and smearing substance of TDP-43
disappeared and protease-resistant core fragments appeared at 16~

.- 26 kDa. Doublet bands at ~16 kDa and a band at 25 kDa were seen in

ALS, but a single broad band at ~16 kDa was detected in FTLD-U
with type 1 pathology after trypsin treatment. ¢ Multiple protease-
resistant bands were detected at 16~25 kDa after chymotrypsin
treatment and the band pattems were dlfferent between- ALS and
FTLD-U S

Importantly, the extent of the abnormal protein pathologies is
closely correlated with the d1sease progressmn (Braak and
Braak 1991; Braak et al. 2003; Saito et al. 2003). The -
proteins or- protem fibrils deposrted in cells in these diseases
have been shown to have a common structural feature. Cross-
beta structure, which is the same as in abnormal prion
protein, has been demonstrated in filaments or fibrils
composed of tau (Berriman et al. 2003), alpha-synuclein
(Serpell et al. 2000) or expanded polyglutamines (Perutz
1999). It has not been demonstrated in TDP-43 yet, but we
have shown by electron. microscopy. that phosphorylated
TDP-43 in motor neurons of ALS patients has a fibrous
structure (Hasegawa et al. 2008), suggesting that TDP-43 is
also an amyloid-like protein.

For the assembly of amylmd ﬁbrﬂs nucleation-
dependent protein polymerization has been proposed. This
comprises nucleation and elongation phases, and nucleation
is the rate-limiting step. It takes a long time to form the first
aggregated seed from the monomer, but once the seed is
formed, the elongation step proceeds relatively quickly.
More importantly, by addition of amyloid-seed, proteins are
often converted to the same conformation as that of the
seed. For example, WT monomeric alpha-synuclein is
converted to A30P-type amyloid fibrils when it is incubated
with a small amount of fibril-seeds formed with A30P
mutant alpha-synuclein (Yonetani et al. 2009). Differences
in the conformations of the amyloid fibrils are detected
based on the differences in the protease-resistant band

@ Springer



484

J Mol Neurosci (2011) 45:480-485

patterns, as in the typing of prion proteins. There is another
example of nucleation-dependent amyloid fibril formation in
cultured cells. We developed a novel method for introducing
amyloid seeds into cultured cells using lipofectoamine, and
presented experimental evidence of seed-dependent polymer-
ization of alpha-synuclein, leading to the formation of
filamentous protein deposits and cell death (Nonaka et al.
2010). Overexpression of alpha-synuclein itself in cells does
not generate abnormal inclusions, but if fibril seeds formed
with alpha-synuclein are introduced into cells, abundant
filamentous alpha-synuclein aggregates positive for PSer129
and ubiquitin are developed, and cells with inclusions
undergo cell death. This was also clearly demonstrated in
cells expressing different tau isoforms by introducing the
corresponding tau fibril seeds (Nonaka et al. 2010).

The above results obtained from biochemical analyses of
abnormal proteins in patients strongly suggest that intracel-
lular amyloid-like proteins, including TDP-43, propagate
from cell to cell and this propagation is the cause of disease
progression, analogously to metastasis of cancer cells to
multiple different tissues in cancer progression. From this
point of view, we have proposed as a hypothesis that
neurodegenerative diseases with amyloid-like proteins can
be regarded as “protein cancers.” The term prion, coined in
1982 by Stanley B. Prusiner, describes an agent transmis-
sible among humans and a variety of mammals. On the
other hand, the term “protein cancers” describes’ diseases
that involve the spreading or propagation of abnormal
proteins in tissues or individuals, even though the mecha-
nism of propagation is basically the same as that of prions.
Amyloid-like protein interacts with normal protein and
converts it to the same abnormal conformation, and the

Intracellular amyloid-like protein
interacts with normal protein and
converts it to the same conformation,
like PrpS¢ protein.

normat %
s

GO |-

amyloid-fike
molecule

abnormal proteins.
transmit from cell to cell
probably through
synapses

Fig. 2 Schematic representation of prion-like conversion of normal
protein into amyloid-like protein and its propagation in neurodegen-
erative diseases. Intracellular amyloid-like protein interacts with
normal protein and converts it to the same abnormal conformation.
Amplified abnormal amyloid-like protein is transmitted from cell to
cell, probably through synapses, and propagates to various brain
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amplified amyloid-like protein is transmitted from cell to cell,
probably through synapses, and propagates to various brain
regions (Fig. 2). As a result, the same abnormal protein
pathology expands gradually, and clinical manifestations that
are associated with affected brain regions become more
marked because of the transmission and propagation of the
abnormal protein. Therefore, it is important to regulate the
propagation of abnormal proteins for clinical therapy.

Conclusions

1. In ALS, FTLD-U and other TDP-43 proteinopathies,
abnormally phosphorylated, ubiquitinated, and truncat-
ed TDP-43 is accumulated in a filamentous form.

2. We established cellular models which recapitulate many of
the features of the abnormal TDP-43 in FTLD-U and ALS

3. ALS-related pathogenic mutations of the TDP-43
gene accelerate aggregate formation by ‘the C-terminal
fragments. -

4. The band pattern of the TDP-43 C-terminal fragments is
different between diseases with different clinicopatholog-
ical phenotypes, and it represents different conformations
of the abnormal TDP-43 between the diseases.

5. The C-terminal band patterns in several brain areas and
spinal cord in each individual case of sporadic ALS are
indistinguishable.

6. These and other results suggest that abnormal TDP-43,
tau and alpha-synuclein are transmitted and propagated
from cell to cell in different regions during disease
progression. It is important to find drugs that can block
the propagation of abnormal proteins for clinical therapy.

Thie same
fesio
exnand

i
H
H
H
H

regions. As a result, the same abnormal protein pathology expands
gradually, and clinical manifestations that are associated with affected
brain regions become more marked because Of the transmission and
propagation of the abnormal protein. From this point of view,
neurodegenerative diseases with amyloid-like proteins can be regarded
as ’protein cancers” ’
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:Nonaka T, Watanabe ST, watsubo
T Hasegawa M. Seeded aggregat:on and toxnc— ol

berrant protein aggregates in
ffected brain cells of patients
with neurodegenerative diseases are a

well-known hallmark, but although

the formation of these inclusions is an

important pathogenic event, the mecha-
nism involved remains unclear. We have
recently established a simple method to
introduce protein fibrils into cultured
cells as seeds for protein aggregation,
and we showed that intracellular soluble
a-synuclein or tau can aggregate in cul-
tured cells dependently upon seeds intro-
duced in this way. Seeded aggregation of
a-synuclein induced necrotic cell death,
which was suppressed by the addition of
various polyphenols. Our cellular models
are expected to be valuable tools not only
for. elucidating the molecular mecha-
nisms of onset of neurodegenerative dis-
eases, but also for drug discovery.

In patients with neurodegenerative disor-
ders, intracellular aberrant protein inclu-
sionsare often found in the brain, including
neurofibrillary tangles in Alzheimer’s dis-
ease or Lewy bodies in Parkinson’s disease
and dementia with Lewy bodies. These
aberrant protein aggregates are often

observed in the most affected regions of

diseased brains, suggesting they may cause
neuronal cell death, leading to onset of
these diseases. Tau and a-synuclein are
well-known cytosolic proteins that are
the main components of neurofibrillary
tangles and Lewy bodies, respectively:
They are soluble and natively unfolded
proteins, and it remains unclear how they
become aggregated in neuronal cells.
Indeed, intracellular aggregate formation
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of these proteins does not occur when cul-
tured cells are transfected with expression
plasmids encoding these proteins. On the
other hand, many in vitro studies using
recombinant proteins, such as Abeta, tau,
a-synuclein or poly glutamine-containing
protein, have shown that these proteins
are readily aggregated into fibrils in the
presence of seeds for aggregation. These
findings prompted us to examine whether
seeds-dependent aggregation would occur
in cultured cells. Thus, we aimed to intro-
duce protein fibrils into cultured cells as
seeds for aggregation.

Transfection of plasmid DNA into
cultured cells is conducted routinely by
the use of liposomes of polycationic and
neutral lipids in water, based on the prin-
ciple of cell fusion. Several commercially
available reagents such as Lipofectoamine,
Lipofectamine 2000 or FuGENEG are
available to efficiently transfect plas-
mid DNA into cultured cells. We tested
whether these transfection reagents
could transfect cultured SH-SY5Y cells
not only with plasmid DNA, but also
with protein fibrils. After much trial and
error, we finally succeeded in transfecting
a-synuclein fibrils into these cells using
Lipofectamine reagent. We found that
the introduced recombinant a-synuclein
fibrils are phosphorylated at Serl29 in
cultured cells, indicating that they had
been introduced by Lipofectamine.!
Interestingly, monomeric and oligomeric
a-synuclein could not be introduced by
the use of Lipofectamine. We applied for
a patent covering the use of Lipofectamine
for transduction of recombinant protein
fibrils into cultured cells in 2005 (patents
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pending in the United States: 12/086124,
the European Union: 06834541.2 and
Japan: 2007-549210). Recently, other
groups have also reported introduction of
fibrillar protein into cultured cells with or
without specific reagents.>?

Next, we examined whether intra-
cellular a-synuclein can be aggregated
dependently upon introduced seeds.
When a-synuclein fibrils mixed with
Lipofectamine were introduced into cells
transiently expressing a-synuclein, phos-
phorylated and ubiquitinated a-synuclein
inclusions (~10 pm in diameter) were
observed by means of confocal laser micros-
copy, indicating that plasmid-derived sol-
uble a-synuclein formed aggregates in the
presence of exogenous a-synuclein fibrils
in cells, and these inclusions resembled
Lewy bodies in diseased brains. Others
“have also reported that a-synuclein fibrils
seed the formation of Lewy body-like
intracellular inclusions in cultured cells.
On the other hand, introduced tau fibrils
were also shown to act as seeds for intra-
cellular aggregation of plasmid-derived
soluble rau protein. Interestingly, we
found that fibrils composed of 3-repeat
tau isoform serve as seeds for intracel-
lular aggregation of soluble 3-repeat tau,
but not soluble 4-repeat tau and fibrils of
4-repeat tau seed serve as seeds for aggre-
gation of soluble 4-repeat tau, but not
soluble 3-repeat tau. Likewise, introduc-
tion of a-synuclein fibrils did not clicit
intracellular tau aggregation in cells and
soluble a-synuclein did not form intracel-
lular aggregates in the presence of any tau
fibrils. These results clearly indicate that
intracellular protein aggregation is highly
dependent on the species of protein fibril
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seeds. Now, we are examining whether
detergent-insoluble fractions prepared
from several diseased brains can be intro-
duced into cells by Lipofectamine and can
serve as seeds for intracellular aggregate
formation of soluble a-synuclein, tau or
TDP-43.

Does the formation of these inclusions
lead to cell death or toxicity? The answer
is yes. We observed non-apoptotic cell
death in cells harboring these inclusions.
In these cells, proteasome activity was
found to be significantly reduced. This
suppression may be related to the cause
of cell death. Furthermore, we showed
that cell death in cells with a-synuclein
inclusions is effectively suppressed by the
addition of various small molecules to the
culture medium; polyphenols such as exi-
fone and gossypetin were the most effec-
tive, suggesting that these compounds
may be possible new drugs for the treat-
ment of neurodegenerative diseases.

Qur study strongly supports a seed-
dependent mechanism for the formation
of the intracellular protein aggregates.
Recently, the intercellular transfer of
inclusions made of tau,>¢ a-synuclein®”®
and huntingtin® has been reported, sug-
gesting the existence of mechanisms remi-
niscent of those by which prions spread
through the nervous system. It remains to
be clarified whether the incorporation of
amyloid seeds into neurons or glial cells,
as shown in our study, also occurs in vivo,
but our results strongly suggest that extra-
cellular aggregates may be taken up into
neurons by endocytosis or under certain
specific conditions. Therefore, it may be
crucial to inhibit not only the production
of intracellular amyloid seeds, but also

Communicative & Integrative Biology

184

their spread into extracellular space and
their propagation. Vaccination against
.a-synuclein® or tau may be an effective
treatment, together with the inhibition
of intracellular aggregates formation with
small-molecular compounds, for the ther-
apy of neurodegenerative diseases.
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berrant protein aggregates in
ffected brain cells of patients
with neurodegenerative diseases are a
well-known hallmark, but although
the formation of these inclusions is an
important pathogenic event, the mecha-
nism involved remains unclear. We have
recently established a simple method to
introduce protein fibrils into cultured
cells as seeds for protein aggregation,
and we showed that intracellular soluble
a-synuclein or tau can aggregate in cul-
tured cells dependently upon seeds intro-
duced in this way. Seeded aggregation of
a-synuclein induced necrotic cell death,
which was suppressed by the addition of
various polyphenols. Our cellular models
are expected to be valuable tools not only
for elucidating the molecular mecha-
nisms of onset of neurodegenerative dis-
eases, but also for drug discovery.

In patients with neurodegenerative disor-
ders, intracellular aberrant protein inclu-
sionsare often found in the brain, including
neurofibrillary tangles in Alzheimer’s dis-
ease or Lewy bodies in Parkinson’s disease
and dementia with Lewy bodies. These
aberrant protein aggregates are often
observed in the most affected regions of
diseased brains, suggesting they may cause
neuronal cell death, leading to onset of
these diseases. Tau and «-synuclein are
well-known cytosolic proteins that are
the main components of neurofibrillary
tangles and Lewy bodies, respectively.
They are soluble and natively unfolded
proteins, and it remains unclear how they
become aggregated in neuronal cells.
Indeed, intracellular aggregate formation
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of these proteins does not occur when cul-
tured cells are transfected with expression
plasmids encoding these proteins. On the
other hand, many in vitro studies using
recombinant proteins, such as Abeta, tau,
a-synuclein or poly glutamine-containing
protein, have shown that these proteins
are readily aggregated into fibrils in the
presence of seeds for aggregarion. These
findings prompted us to examine whether
seeds-dependent aggregation would occur
in cultured cells. Thus, we aimed to intro-
duce protein fibrils into cultured cells as
seeds for aggregation.

Transfection of plasmid DNA into
cultured cells is conducted routinely by
the use of liposomes of polycationic and
neutral lipids in water, based on the prin-
ciple of cell fusion. Several commercially
available reagents such as Lipofectoamine,
Lipofectamine 2000 or FuGENEG are
available to efficiently transfect plas-
mid DNA into cultured cells. We tested
whether these transfection reagents
could transfect cultured SH-SY5Y cells
not only with plasmid DNA, but also
with protein fibrils. After much trial and
error, we finally succeeded in transfecting
a-synuclein fibrils into these cells using
Lipofectamine reagent. We found that
the introduced recombinant a-synuclein
fibrils are phosphorylated at Serl29 in
cultured cells, indicating that they had
been introduced by Lipofectamine.!
Interestingly, monomeric and oligomeric
a-synuclein could not be introduced by
the use of Lipofectamine. We applied for
a patent covering the use of Lipofectamine
for transduction of recombinant protein
fibrils into cultured cells in 2005 (patents
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pending in the United States: 12/ 086124,
the European Union: 06834541.2 and
Japan: 2007-549210). Recently, other
groups have also reported introduction of
fibrillar protein into cultured cells with or
without specific reagents.”

Next, we examined whether intra-
cellular a-synuclein can be aggregated
dependently upon introduced seeds.
When a-synuclein fibrils mixed with
Lipofectamine were introduced into cells
transiently expressing a-synuclein, phos-
phorylated and ubiquitinated a-synuclein
inclusions (-10 pm in diameter) were
observed by means of confocal laser micros-
copy, indicating that plasmid-derived sol-
uble a-synuclein formed aggregates in the
presence of exogenous a-synuclein fibrils
in cells, and these inclusions resembled
Lewy bodies in diseased brains. Others
have also reported that a-synuclein fibrils
seed the formation of Lewy body-like
intracellular inclusions in cultured cells.
On the other hand, introduced tau fibrils
were also shown to act as seeds for intra-
cellular aggregation of plasmid-derived
soluble tau protein. Interestingly, we
found that fibrils composed of 3-repeat
tau isoform serve as seeds for intracel-
[ular aggregation of soluble 3-repeat tau,
but not soluble 4-repeat tau and fibrils of
4-repeat tau seed serve as seeds for aggre-
gation of soluble 4-repeat tau, but not
soluble 3-repeat tau. Likewise, introduc-
tion of a-synuclein fibrils did not elicit
intracellular tau aggregation in cells and
“soluble a-synuclein did not form intracel-
lular aggregates in the presence of any tau
fibrils. These results clearly indicate that
intracellular protein aggregation is highly
dependent on the species of protein fibril
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seeds. Now, we are examining whether

detergent-insoluble  fractions  prepared
from several diseased brains can be intro-
duced into cells by Lipofectamine and can

serve as seeds for intracellular aggregate

formation of soluble a-synuclein, tau or
TDP-43.

Does the formation of these inclusions
lead to cell death or toxicity? The answer
is yes. We observed non-apoptotic cell
death in cells harboring these inclusions.
In these cells, proteasome activity was
found to be significantly reduced. This
suppression may be related to the cause
of cell death. Furthermore, we showed
that cell death in cells with a-synuclein
inclusions is effectively suppressed by the
addition of various small molecules to the
culture medium; polyphenols such as exi-
fone and gossypetin were the most effec-
tive, suggesting that these compounds

may be possible new drugs for the treat-

ment of neurodegenerative diseases.

Our study strongly supports a seed-
dependent mechanism for the formation
of the intracellular protein aggregates.
Recently, the intercellular transfer of
inclusions made of tau,*¢ a-synuclein®”®
and huntingtin’ has been reported, sug-
gesting the existence of mechanisms remi-
niscent of those by which prions spread
through the nervous system. It remains to
be clarified whether the incorporation of
amyloid seeds into neurons or glial cells,
as shown in our study, also occurs in vivo,
but our results strongly suggest that extra-
cellular aggregates may be taken up into
neurons by endocytosis or under certain
specific conditions. Therefore, it may be
crucial to inhibit not only the production
of intracellular amyloid seeds, but also
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their spread into extracellular space and
their propagation. Vaccination against
a-synuclein®® or tau may be an effective
treatment, together with the inhibition
of intracellular aggregates formation with
small-molecular compounds, for the ther-
apy of neurodegenerative diseases.
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Abstract

Background: TDP-43 proteinopathies are characterized by loss of nuclear TDP-43 expression and formation of C-
terminal TDP-43 fragmentation and accumulation in the cytoplasm. Recent studies have shown that TDP-43 can
accumulate in RNA stress granules (SGs) in response to cell stresses and this could be associated with subsequent
formation of TDP-43 ubiquinated protein aggregates. However, the initial mechanisms controlling endogenous
TDP-43 accumulation in SGs during chronic disease are not understood. In this study we investigated the
mechanism of TDP-43 processing and accumulation in SGs in SH-SY5Y neuronal-like cells exposed to chronic
oxidative stress. Cell cultures were treated overnight with the mitochondrial inhibitor paraquat and exammed for
TDP-43 and SG processing.

Results: We found that mild stress induced by paraquat led to formation of TDP-43 and HuR-positive SGs, a
proportion of which were ubiquitinated. The co-localization of TDP-43 with SGs could be fully prevented by
inhibition of c-Jun N-terminal kinase (JNK). JNK inhibition did not prevent formation of HuR-positive SGs and did
not prevent diffuse TDP-43 accumulation in the cytosol. In contrast, ERK or p38 inhibition prevented formation of
both TDP-43 and HuR-positive SGs. JNK inhibition also inhibited TDP-43 SG localization in cells acutely treated with
sodium arsenite and reduced the number of aggregates per cell in cultures transfected with C-terminal TDP-43
162-414 and 219-414 constructs.

Conclusions: Our studies are the first to demonstrate a critical role for kinase control of TDP-43 accumulation in
SGs and may have important implications for development of treatments for FTD and ALS, targeting cell signal
pathway control of TDP-43 aggregation.

Keywords: TDP-43, stress granules, JNK, kinases, oxidative stress, paraquat, hnRNP

Background

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset
neurodegenerative disease in which the function of
motor neurons in the spinal cord and brain progres-
sively deteriorates. ALS is by far the most prevalent
form of motor neuron disease. Patients with ALS rarely
survive more than 3-5 years after diagnosis with
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respiratory failuré the most common cause of death [1].
Approximately 5% of patients with ALS have a positive
family history of the disorder. The first pathological
mutations identified in ALS were in superoxide dismu-
tase 1 (SOD1) and account for around 20% of familial
ALS cases [2]. That discovery has been the basis for
most ALS research in the past decade, and animal mod-
els containing SOD1 mutant transgenes have provided
important insights into SOD1-mediated neurotoxic
effects. However, SOD1 mutations only account for 1-
2% of all ALS cases [3].

© 2011 Meyerowitz et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http/creativecormmons.org/licenses/hy/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Frontotemporal dementia (FID) is the second most
common cause of presenile dementia, affecting people
in their 50s and 60s [4,5]. There are several clinical phe-
notypes and the historical neuropathological classifica-
tion included either frontotemporal lobar degeneration
with tau positive (FTLD-tau) or ubiquitin-positive
(FTLD-U) inclusions [4,5]. The observation that some
ALS patients developed cognitive deficits with frontal
lobe degeneration resembling FTLD-U has led to the
belief that ALS and FTD with FTLD-U might involve a
clinical spectrum of neurodegenerative illnesses [5].

In 2006, TAR DNA binding protein 43 (TDP-43) was
identified as the major protein constituent of ubiquiti-
nated neuronal inclusions in FTLD-U and in non-SOD1
ALS cases [6,7]. This led to the re-classification of
FTLD-U to FTLD-TDP-43, and TDP-43-positive ALS
and FTLD-TDP-43 cases are now referred to collectively
as primary TDP-43 proteinopathies [8]. These findings
also provided further support for the concept of FTD
and ALS as diseases within the same broad clinical spec-
trum. Subsequently, TDP-43-positive inclusions have
been identified in a number of neurodegenerative dis-
eases. In these cases, the TDP-43 identification is
referred to as a secondary TDP-43 proteinopathy [8].
While the role of abnormal TDP-43 accumulation in
both primary and secondary TDP-43 proteinopathies is
not yet fully understood, the identification of TDP-43
mutations associated with ALS and FTD (~40 at pre-
sent) has provided clear evidence that altered TDP-43
processing can be a primary cause of neurodegeneration
and is not just a secondary phenomenon [9,10].

TDP-43 is a 414 amino acid protein of the heteroge-
neous nuclear ribonucleoprotein (hnRNP) family and
consists of two RNA recognition motifs and a C-term-
inal glycine rich region [8,11]. It has a number of
reported roles including transcription, pre-mRNA spli-
cing, and transport and stabilization of mRNA [8]. The
protein is normally localized to the nucleus and has a
classical bipartite nuclear localization sequence [12].
TDP-43 contains two caspase 3 consensus cleavage sites
leading to formation of C-terminal fragments (CTFs) of
35 kDa and 25 kDa that are excluded from the nucleus
[8]. The majority of TDP-43 mutations occur in the C-
terminal region and CTFs are commonly identified in
ALS and FTD inclusions.

In post-mortem tissue from ALS and FTD, the hall-
mark neuropathological features include loss of TDP-43
expression in the nucleus together with accumulation of
TDP-43 in cytoplasmic inclusions. These inclusions are
enriched in ubiquitinated and hyperphosphorylated
(phospho-Ser409/410) TDP-43 and there can be sub-
stantial enrichment of CTE-TDP-43 [8,11]. Recent cell
studies have shown that transfection with CTF-TDP-43
can accurately re-capitulate the histopathological

188

Page 2 of 22

findings of ALS and FTD with accumulation of cytosolic
ubiquitinated and phosphorylated CTF-TDP-43 aggre-
gates [13-15]. In addition, transfection with-these con-
structs can result in neurotoxicity and cell death
although the pathways involved are not known [14].
However, while these studies have recapitulated find-
ings of post-mortem disease tissue, they have told us lit-
tle of the early disease processes associated with
abnormal TDP-43 metabolism, particularly in sporadic
TDP-43 proteinopathies which account for > 90% of
ALS (and FTD) cases. A new insight into TDP-43 accu-
mulation is developing through studies identifying TDP-
43 association with RNA stress granule proteins [16,17].
Stress granules (SGs) are cytoplasmic sites of stalled
mRNA pre-initiation complexes induced by oxidative
changes, heat shock or osmotic stress where the cell
stalls mRNA translation of non-critical proteins to shift
energy expenditure to key repair and survival proteins
[18]. Recent studies have shown that under stress, TDP-
43 is recruited to SGs in a variety of cells [16,17,19,20].
Initially Moisse et. al. [21] reported that TDP-43 loca-
lized to SGs after axotomy in mice. Subsequently, stu-
dies in cells revealed that acute cell stress induced TDP-
43 SG association and this was dependent on residues

*216-315 and the first RNA recognition motif [19]. While

the same group reported a lack of TDP-43 association
with SG markers in ALS tissues, subsequent work by
Volkening et al. [22] reported an association between
TDP-43 and staufen in ALS spinal cord tissue. TDP-43
SG co-localization in ALS and FTLD-U has since been
reported by Liu-Yesucevitz et al,, [17] and FUS, another
hnRNP protein associated with ALS, has also been iden-
tified in ALS SGs [23,24]. Liu-Yesucevitz et al. [17] also
reported that TDP-43 may associate with SGs through
interaction with SG proteins such as TIA-1 and this has
been supported by studies on TDP-43 association with a
number of SG proteins [20,25]

However, while these studies have advanced our
understanding of the early stages of TDP-43 aggrega-
tion, the majority of this research has been performed in
cells exposed to acute and highly toxic treatment with
sodium arsenite, the standard means of inducing SGs
[17,19,20]. In addition, much of our knowledge has been
gained through generation of CTF-TDP-43 over-expres-
sion in transfected cells. There is a lack of understand-
ing about the processes involved in endogenous TDP-43
aggregation during chronic oxidative stress. As the
majority of ALS and FID cases involve no known muta-
tion in TDP-43 and the slow disease process characteris-
tic of neurodegeneration involves chronic oxidative and
nitrosative stresses [2,26], it is critical to determine how
these factors affect TDP-43 SG cytosolic accumulation.

_Moreover, SG proteins have a high propensity to aggre-

gate and over-expression of highly aggregating CTF
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fragments may not accurately re-capitulate the underly-
ing mechanistic processes involved in endogenous TDP-
43 aggregation and association with SGs during chronic
stress. Therefore, we investigated the effects of mild,
chronic oxidative and nitrosative stress on endogenous
TDP-43 in neuronal-like cell cultures. Our findings
revealed that in contrast to acute stress, chronic oxida-
tive stress induced several features consistent with TDP-
43 proteinopathies including loss of nuclear TDP-43,
accumulation of diffuse TDP-43 in the cytosol, forma-
tion of a 35 kD& C-terminal fragment and accumulation
of TDP-43 in SGs, some of which revealed ubiquitina-
tion. Importantly, our findings revealed that TDP-43.
localization to SGs was controlled by c-Jun N-terminal
kinase (JNK). Inhibition of JNK also modulated TDP-43
accumulation in SGs induced by sodium arsenite and in
cells transfected with CTF-TDP-43 constructs. OQur data
also indicated that the aggregation of TDP-43 may be
associated with JNK modulation of hnRNP-TDP-43
interactions and SG localization.

Results
To investigate the effects of chronic stress on TDP-43
metabolism, we first determined optimal concentrations
of oxidative and nitrosative stress inducers in SH-SY5Y
neuronal-like cultures. Cells were treated overnight with
each compound at a range of concentrations and the cell
viability was determined by MTT assay and cell death
was measured using an LDH assay (not shown). Addi-
tional File 1 shows the selected concentrations used for
further investigation. The concentrations shown in Addi-
- tional File 1 induced mild but significant reductions in
cell viability overnight. However, except for 2 mM para-
quat (24 = 3.2% cell death) and 75 uM rotenone (32 +
4.6% cell death), no change to LDH release was observed
compared to untreated controls. These doses were used
to mimic sub-lethal chronic stress conditions relevant to
brain or spinal cord neurons during disease in vivo.

Nitrosative stress inducers mediate altered TDP-43
processing ) )

Treatment of SH-SY5Y cells with inducers of nitrosative
stress resulted in changes to sub-cellular distribution of
TDP-43. Compared to untreated controls (Figure 1A-C),
SIN-1, a peroxynitrite donor caused a frequent, evenly
distributed, diffuse accumulation of TDP-43 in the cyto-
sol of treated cells (Figure 1D-F). In contrast, paraquat,
an inhibitor of the mitochondrial electron transport
chain and inducer of superoxide/peroxynitrite stress (a
common feature in neurodegeneration), induced sub-
stantial and varied cytoplasmic accumulation of TDP-43
including aggregates of TDP-43 resembling RNA SGs
(Figure 1G-1I). Arginine (nitric oxide precursor) had no
consistent effect (Figure 1J-L).
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~ Paraquat induces a robust cell model of TDP-43

proteinopathy .

Further examination of TDP-43-in paraquat-treated cells
revealed multiple features reported for human TDP-43
proteinopathies. Paraquat-treated cells frequently
showed clear loss of nuclear TDP-43 (Figure 2D-F),
accumulation of diffuse TDP-43 in the cytosol (Figure

2G-I) and formation of cytoplasmic aggregates. Interest-

ingly, these changes were not always observed in the
same cells suggesting that loss of nuclear TDP-43
expression and accumulation in the cytosol may been
caused by different stress-mediated processes. To deter-
mine if the cytosolic aggregates of TDP-43 induced by
paraquat were SGs, cells were co-stained for the SG
marker, HuR. The majority of TDP-43 aggregates co-
localized with HuR although there were also additional
HuR-positive SGs that lacked TDP-43 (Figure 2N-Q).
Quantitative analysis revealed that 66 + 8% of paraquat-
induced SGs that were positive for HuR were also posi-
tive for TDP-43 and that SG formation correlated to
increasing toxicity of paraquat (Additional File 2). TDP-
43 also frequently co-localized with the SG marker,
TIA-1 (data not shown). We examined the time course
of TDP-43 SG formation and found that TDP-43 only
accumulated into SGs between 8 and 20 hr after expo-
sure to paraquat. This is in contrast to the rapid accu-
mulation of TDP-43 into SGs reported for arsenite or
osmotic stress [19,20]. Our findings were also observed
in retinoic-acid differentiated SY5Y neuronal-like cells,
confirming that these changes can occur in non-dividing
SY5Y cells (Additional File 2H-K).

We extended the investigation of this model further
by examining if TDP-43-positive SGs revealed presence
of the protein aggregate marker ubiquitin, also a hall-

. mark feature of the ubiquitinated inclusions in ALS and

FTLD-U in FTID. Interestingly, our study revealed that a
number of the TDP-43-positive SGs co-localized with
ubiquitin (Figure 3F and 3]). 24 + 6% of TDP-43-posi-
tive SGs were also positive for ubiquitin indicating that
only a portion of the SGs may progress to ubiquitinated
protein aggregates (Figure 3). Diffuse TDP-43 did not
consistently co-localize with ubiquitin (Figure 3J).
Whether the ubiquitination of the SGs was associated
directly with the TDP-43 or ubiquitination of alternative
SG proteins is uncertain. Due to the relatively low num-
bers of cells containing ubiquitinated SGs and lack of a
method for purifying SGs, it was not possible to deter-
mine if the ubiquitinated protein in the SGs was specifi-
cally TDP-43.

Interestingly, we did not observe phosphorylated TDP-
43 associated with the SGs (Additional File 3A-F). This
was confirmed by Western blot analysis that detected
no increase in phosphorylated TDP-43 or phosphory-
lated CTF-TDP-43 post-exposure to paraquat
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Figure 1 Effect of SIN-1, paraquat and arginine on TDP-43 localization in SH-SY5Y cells. Cells were exposed: overnight with 0.1 mM SIN-1,
1 mM paraquat or 1 mM arginine and TDP-43 localization was examined by immunofluorescence. A-C: untreated, D-F: SIN-1, G-I: paraquat, J-L:
arginine. Green = TDP-43, blue = DAPI. Right-hand panel = merged images of TDP-43 and DAPI. Arrowheads show diffuse cytosolic TDP-43.
Arrows show aggregated cytosolic TDP-43. Bar = 10 um. Representative images from three separate experiments performed in duplicate or

triplicate.
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Figure 2 Induction of cytosolic TDP-43 accumulation and SGs by paraquat in SH-SY5Y cells. Cells were exposed overnight to 1 mM
paraquat and TDP-43 localization was examined by immunofluorescence. A-C: untreated, D-I: paraquat treated. Arrows show loss of nuclear
TDP-43. Arowheads show diffuse cytosolic TDP-43. Green = TDP-43, blue = DAPI. Right-hand panels = merged images. J-Q: Cells were exposed
to 1 mM paraquat overnight and TDP-43 and HUR localization was measured by immunofluorescence. J-M: untreated, N-Q: paraquat treated.
Green = TDP-43, Red = HuR, Blue = DAPL. M and Q are merged images from TDP-43 and HuR panels. Arrows indicate stress granules. Inset
shows higher magnification of TDP-43 and HuR positive SGs. Bar = 10 um. Representative images from four separate experiments performed in

duplicate or triplicate.
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Figure 3 Treatment of SH-SY5Y neurons induces co-locali f TDP-43 and ubiquitin in SGs. Cells were treated overnight with 1 mM
paraquat and localization of TDP-43 and ubiquitin was determined by immunofluorescence. A-D: untreated, E-L: paraquat treated. Green = TDP-
43, red = ubiquitin, blue = DAPL. D, H and L represent merged images of panels above. Solid arrows indicate co-localization of TDP-43 and
ubiquitin in SGs. Arrowhead indicates lack of co-localization of TDP-43 and ubiquitin in one SG in panel F. Dotted arrow indicates lack of co-
localization of diffuse TDP-43 and ubiquitin. Bar = 10 pm. Representative images from three separate experiments performed in duplicate or

triplicate.
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(Additional File 3G). It is possible that more prolonged
treatment of cells is required to induce phosphorylation
or that the correct cellular kinases are not present or
not-localized to SGs. Alternatively the. TDP-43 may be
phosphorylated on sites different to the 409/410 site.
However, the combination of clear nuclear loss of TDP-
43, diffuse cytosolic accumulation, aggregation and ubi-
quitination under mild stress provided a unique model
for investigating the early processes in abnormal TDP-
43 processing associated with ALS and FTD.

Paraquat induces formation of caspase-dependent and

~ caspase-independent TDP-43 SGs

One of the hallmark neuropathological features of TDP-
43 proteinopathies is the formation of C-terminal TDP-
43 fragments (CTF-TDP-43), often of 35 or 25 kDa in
mass [6,8]. Cell studies have re-capitulated features of
end-stage TDP-43 proteinopathies through expression
of these fragments which aggregate and co-localize with
SG proteins [13,27]. Therefore, we examined if our
paraquat model also induced CTF-TDP-43. The SH-
SY5Y cells revealed basal expression of a 35 kDa TDP-
43 band even in untreated cultures. This is consistent
with previous observations [28]. Western blot analysis of
paraquat-treated cells revealed the increased expression
of this 35 kDa CTF-TDP-43 (Figure 4A). Interestingly,
none of the additional mitochondrial inhibitors or nitro-
sative stress inducers tested significantly elevated 35
kDa CTE-TDP-43 (Figure 4A and 4B). This was despite
inducing a similar loss of cell viability (Additional
File 1). These findings suggested that formation of TDP-
43 SGs may be specifically associated with CTF-TDP-43
as previously supported by studies involving transfection
of cells with TDP-43 CTF constructs [16]. Co-treatment
of cells with paraquat and the broad-spectrum caspase
inhibitor, Z-VAD-fmk, resulted in a complete inhibition
of increased 35 kDa CTF-TDP-43 expression (Figure
4C). This supported previous studies demonstrating that
35 kDa TDP-43 CTFs are generated by caspase-cleavage
at a DETD consensus site within the NLS of TDP-43
[29,30]. However, we found that while inhibiting CTF-
TDP-43 generation with Z-VAD-fmk partially inhibited
TDP-43 SG formation (Figure 4H), the effect was not
complete. Treatment of cultures with Z-VAD-fmk
reduced the number of cells containing TDP-43-positive
SGs from 18 + 8% to 8 = 2% (P < 0.05). This inhibitory
effect was mainly due to a reduction in cells containing
smaller TDP-43-positive SGs as there was no loss of
large (= 1 pm) TDP-43 SGs in Z-VAD-fmk treated cells,
despite a complete inhibition of enhanced 35 kDa CTF
formation. In our cultures, no change was observed to a
faint 25 kDa CTF-TDP-43 (Figure 4C), ruling out invol-
vement of this fragment in TDP-43 SG formation.
Nishimoto et al. have also reported that the 25 kDa

Page 7 of 22

form is not involved in TDP-43 SG formation [30].
These findings strongly suggest that while paraquat
treatment enhanced 35 kDa CTF-TDP-43 formation,
this was not sufficient for TDP-43 SG formation.

Induction of cytosolic TDP-43 accumulation by paraquat

is not mediated through mitochondrial inhibition ‘
As paraquat is a mitochondrial electron transport chain
inhibitor, we compared paraquat treatment with alterna-
tive inhibitors of cellular respiration to determine if
mitochondrial impairment induced TDP-43 SGs. Figure
5P-R shows that only paraquat induced cytosolic accu-
mulation and formation of TDP-43-positive SGs after an
overnight treatment. Other mitochondrial inhibitors
including rotenone (Figure 5D-F), 3-NP (Figure 5G-I),
MPP+ (Figure 5J-L) and sodium azide (Figure 5M-O)
had no effect on TDP-43 despite being applied at con-
centrations that induced the same or increased level of
mild cell toxicity (Additional File 1). We then deter-
mined if the alternative mitochondrial respiration inhibi-
tors induced HuR-positive SGs that lacked TDP-43.
However, as shown in Additional File 4, no HuR-posi-
tive SGs were observed in cells after overnight treatment
with the mitochondrial inhibitors. These observations
showed that the ability of paraquat to induce loss of
nuclear TDP-43, cytosolic accumulation and SGs is not
solely attributable to its ability to inhibit mitochondrial
activity per se. These findings suggest that the effects of
paraquat on TDP-43 are more likely associated with
specific pathways of oxidative or nitrosative stress
induction that differ from the other mitochondrial

_inhibitors. :

JNK controls TDP-43 localization to SGs during

oxidative stress

It has been reported previously that kinases can control
cytoplasmic localization and SG accumulation of
hnRNPs such as hnRNP Al and hnRNP K. This
includes p38, JNK and ERK-dependent modulation of
hnRNP sub-cellular accumulation [31-36]. Of these, INK
has been clearly established as a critical stress-activated
kinase [37] and is central to toxic effects of paraquat
[38,39]. Therefore, we examined if modulation of JNK
activity affected TDP-43-positive SG formation. Initially,
we determined if paraquat induced activation of JNK
and p38 as previously reported [38]. After overnight
treatment with 1 mM paraquat robust activation of JNK
and ERK was observed with weaker p38 activity (Figure
6A). A time course of activation revealed elevated JNK
and ERK phosphorylation after 30-60 min with maximal
activation at 2 hr (Figure 6A). No early activation of p38
was observed (data not shown). Subsequent co-treat-
ment of cultures with paraquat and the JNK inhibitor,
SP600125, resulted in almost complete inhibition of
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Figure 4 Paraquat treatment induces up-regulation of a caspase’—dep'endent- TDP-43 fragment. SH-SY5Y cells were treated overnight with
1 mM paraquat, 1 mM arginine, 100 uM SIN-1 (A), or 1 mM paraquat, 2 mM MPP+, 0.075 mM rotenone (B) and TDP-43 expression was
determined by immunoblot. C: Cells were treated overnight with 1 mM paraquat with and without 50 UM Z-VAD-fmk (caspase inhibitor) and
TDP-43 expression was determined by immunoblot. Middle panels represent a longer exposure to visualizé the 35 kDa-band. D-I: Cells were
treated overnight with paraquat in the absence (F-G) and presence (H-l) of Z-VAD-fmk and examined for TDP-43-positive SGs. Green = TDP-43,
Blue = DAPI. Arrows indicate TDP-43-positive SGs = um. Arrowheads indicate TDP-43-positive SGs = 1 pm. Bar = 10 um. Representative images
from two-three separate experiments.

194




Meyerowitz et al. Molecular Neurodegeneration 2011, 6:57
http://www.molecularneurodegeneration.com/content/6/1/57

Page 9 of 22

Figure 5 Treatment of SH-SY5Y

three separate experiments performed in duplicate or triplicate.

Is with dlfferent mitochondrial mhlbltors dld not |nduce TDP-43 aggregation. Cells were treated with
vehicle control (A-C), 0.075. mM rotenone (D- F) 1 mM 3-NP_(G-1), 2 mM MPP+ (J-L), 5 mM sodium azide (M-0) or 1 mM paraquat (P-R). Cells
wereé analyzed for TDP-43 localization by immunofluorescence: Green = TDP-43, blue = DAPI.C, F, |, L, O and R represent merged images of
adjacent TDP-43 and DAPI panels to the left. Arrows indicate TDP-43 SGs in paraquat-treated cells. Bar = 10 um. Representative images from

TDP-43-positive SGs, with little effect on the presence

of HﬁR—positive SGs (Figure 6B and 6C-R). This was
paralleled by inhibition of JNK phosphorylation (Addi-
tional File 4K). The numbers of SGs per cell was used
as a more consistent indicator than total number of
cells containing SGs. However, in paraquat-treated cul-
tures, the number of cells containing one or more TDP-
43-positive SGs was 18 + 8% of all cells. Co-treatment
with SP600125 and paraquat reduced this to 0.22 £
0.06% of cells (P < 0.01): No cells containing SGs were
observed in control cultures.

As SP600125 is not entirely specific for JNK, we also
tested the effect of BI-78D3, a specific JNK inhibitor
on TDP-43 SG formation [40] and found that this
induced the same effect as SP600125 (data not shown).
This was further supported by the fact that inhibition
of another SP600125 target kinase, casein kinase 1
(CK1) with a CK1 inhibitor (D4476), had no effect on
TDP-43 or HuR SG formation (Figure 6B). Additional
confirmation of the specific role for JNK in TDP-43
accumulation in stress granules was obtained through
JNK knockdown. Treatment with combined siRNA
against JNK1 and JNK2 significantly reduced JNK
expression (Additional File 5A). Subsequent treatment
with paraquat resulted in almost no TDP-43-positive
stress granules while still inducing HuR-positive stress
granules (Additional File 5B-M).
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In contrast, inhibition of ERK with PD98059 had a
substantial inhibitory effect on both TDP-43 and HuR-
positive SG formation (Figure 6B and Figure 7I-L com-
pared to A-D). In paraquat-treated cultures, 27.4 + 7%
of cells contained HuR-positive SGs (no HuR-positive
SGs were observed in control cultures). This was
reduced to 1.5 + 0.3% after treatment with PD98059 (P
< 0.01). A parallel decrease in the number of cells con-
taining TDP-43-positive SGs was observed (reduced

from 18 + 8% to 0.99 + 0.2% of cells, P < 0.01). These

effects were also confirmed using the additional ERK
inhibitor, U0126 and Raf inhibitor, GW5074 (data not
shown). A somewhat weaker effect was observed on
TDP-43 and HuR SG formation by SB203580, an inhibi-
tor of p38 (Figure 6B and Figure 7M-P compared to A-
D). $SB203580 reduced the number of cells containing
HuR-positive SGs from 27.4 + 7% to 12.9 £ 1.7% (P <
0.01) and cells containing TDP-43-positive SGs from 18
+8to 7.2+ 2.1% (P < 0.01). Although ERK was acti-
vated earlier than p38 by paraquat, the inhibition of
HuR and TDP-43-positive SGs by inhibitors of both
kinases is consistent with our observations that SGs
were not detected until after 8 hr of paraquat exposure
(data not shown). This suggests that different kinases
may have a role in SG formation over the prolonged
exposure to paraquat with JNK controlling TDP-43
association and ERK and p38 affecting TDP-43 and
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Figure 6 Treatment of SH-SY5Y cells with paraquat induces JNK-dependent accumulation of TDP-43 into SGs. Cells were treated with 1
mM paraquat overnight. Where indicated, cells were co-treated with 10 pM SP600125 (JNK inhibitor), PD98059 (ERK inhibitor), S8203580 (p38
inhibitor) or D4476 (CK1 inhibitor). Cells were examnined for phosphorylation of kinases by immunoblot and accumulation of TDP-43 and HuR by
immunofluorescence. A: Cells were treated with paraquat and examined after overnight incubation for activation of JNK, p38 and ERK. In
addition, cells were incubated with paraguat and examined at different time points from 0-480 min (8 hr) for ERK and JNK activation. Lower
panels for each image indicate that total kinase expression is unchanged, upper panels indicate changes to phorphorylated forms. B: Cells were
treated with paraquat in the presence or absence of kinase inhibitors and the number of TDP-43 and HuR SGs was determined. *p < 0.05, **p <
0.01. n = minimum of 500 cells counted across multiple coverslips and separate experiments for each inhibitor. C-F: Untreated, G-J: Paraquat
treated, K-N: Paraquat + SP600125 showing loss of TDP-43 but not HuR SGs, O-R: Paraquat + SP600125 showing loss of TDP-43 SGs but not
diffuse cytosolic TDP-43. Green = TDP-43, red = HuR, blue = DAPI. Bottom panels indicate merged images of TDP-43 and HuR panels above.
Arrows indicaté SGs, arrowheads indicate diffuse TDP-43. Bar = 10 um. Representative images from two-four separate experiments performed in
duplicate or triplicate, i
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experiments performed in duplicate or triplicate.

Figure 7 Treatment of SH-SY5Y cells with paraquat induces ERK and p-38-dependent accumulation of TDP-43 and HuR-positive SGs.
Cells were treated overnight with 1 mM paraquat in the absence or presence of 10 uM PD98059 (ERK inhibitor), SB203580 (p38 inhibitor) or
SP600125 (JNK inhibitor) and immunofluorescence analysis of TDP-43 and HuR was performed. A-D: Untreated control, E-H: paraquat-treated, I-
L: paraquat and PD98059, M-P: paraquat and $B203580, Q-T: paraquat and SB600125. Green = TDP-43, red = HuR, blue = DAPI. Arrows indicate
SGs. Bottom panel indicates merged images from TDP-43 and HuR panels above. Bar = 10 um. Representative images from three separate

additional SG protein accumulation. This is the first
report of JNK and additional kinases controlling TDP-
43 localization to SGs. The fact that inhibition of JNK
resulted in almost complete abrogation of TDP-43-posi-
tive SGs with little effect on HuR localization to SGs
indicated that JNK is potentially a key controller of
TDP-43 (and possibly other hnRNP) association with
SGs rather than simply mediating SG formation per se.
As the majority of studies on SGs involve acute (0.5 -
1 hr) treatment with toxic doses of stress inducers such
as arsenite, heat shock or osmotic stress, we examined
whether a short-term treatment with paraquat induced
JNK-controlled TDP-43 SG formation. Interestingly
treatment of cells for 1 hr with up to 5 mM paraquat
had no effect on HuR or TDP-43 (data not shown),
demonstrating that paraquat-mediated SG formation is
a longer term process requiring prolonged incubation
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for TDP-43 to localize to SGs. The data are more con-
sistent with a role for paraquat in prolonged oxidative
stress than impairment of mitochondrial function and
suggest that paraquat or other chronic inducers of TDP-
43 SG formation may provide useful models to mimic
the slow progression of disease-associated changes in
ALS or FTD.

JNK controls TDP-43 SG association in different cell-types
To determine if the effect of JNK inhibition on TDP-43
localization with SGs in SH-SY5Y cells was specific for
this cell-type, we compared this to additional cell-lines
treated with paraquat. Treatment of Hela cells and
U87MG glial cells overnight with 1 mM paraquat
resulted in TDP-43-positive SGs (Additional File 6).
Extensive numbers of TDP-43 SGs were observed in
HeLa cells (~28% of cells) while SG positive cells in
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US7MG cultures were rare (~2% of cells) (Additional
File 6). No paraquat-induced SGs were observed in
HEK293 or human fibroblasts (GSM2069) (not shown).
Co-treatment of HeLa cultures with paraquat and
SP600125, dramatically reduced formation of TDP-43-
postive SGs, with only a limited effect on the presence
of HuR-positive SGs analogous to SP600125. treatment
of SH-SY5Y cells (data not shown). These findings
demonstrate that paraquat induces TDP—43—positive‘SGs
in different cell-types and JNK-mediated control of
TDP-43 with SGs is not specific for one cell line but
appears to be a consistent feature of chronic stress-
induced SG formation.

JNK partially controls TDP-43 association with SGs in
arsenite stress -

We examined whether inhibition of JNK also affected
localization of TDP-43 in cells exposed to sodium
arsenite, the most commonly used SG inducer. Sodium
arsenite is also known to induce JNK activation [41].
Initially, we Cbmpafed the effect of sodium arsenite on
TDP-43 in SH-SY5Y cells at a concentration that
induced the same level of toxicity as paraquat did over-
night. 50 pM sodium arsenite overnight induced 58%
cell viability (compared to 57% cell viability in cells trea-
ted with 2 mM paraquat overnight, Additional File 1B).
However, this level of toxicity with sodium arsenite did
not cause cytosolic TDP-43 SGs. We also examined
short term treatment of cells with sodium arsenite (0.5
mM sodium arsenite for 1 hr) and while this induced
robust HuR SGs, few cells revealed TDP-43 co-localiza-
tion. Given the lack of TDP-43 SGs in the sodium

arsenite-treated SH-SY5Y cells, we treated Hela cells

with sodium arsenite (0.5 mM 1 hr). This treatment
induced widespread TDP-43 and HuR-positive SGs (Fig-
ure 8D-F). To determine if JNK activity was responsible
for TDP-43 accumulation in sodium arsenite-treated
cells, cultures were co-treated with SP600125 and para-
quat. Interestingly, we observed a 46% decrease in the
number of cells positive for TDP-43 SGs (Figure 8G-I).
As with inhibition of paraquat-treated SH-SY5Y cells,
SP600125 had little effect on HuR SGs (Figure 8G-I).
This_ partial, but significant, inhibition of TDP-43 locali-
zation to SGs by JNK inhibition suggests that JNK has a
role in TDP-43-SG interaction during acute sodium
arsenite treatment but other factors (e.g. other kmases)
are also involved.

JNK inhibition partially modulates aggregation of
transfected CTF-TDP-43 '

Next we investigated whether JNK controls aggregation
of transfected CTE-TDP-43 constructs. SH-SY5Y cells
were transfected with GFP-tagged vector control, full
length TDP-43, CTF-TDP-43 162-414 or CTE-TDP-43

- trast,:
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219-414 for 48 hrs. As expected, no aggregates of TDP-
43 were observed in cells exposed to vector control (Fig-
ure 9A-B) or full length TDP-43 (Figure 9C-D). In con-
CTF-TDP-43 162-414 or 219-414 induced
cytoplasmic aggregates in cells after 48 hr consistent
with previous reports [15] (Figure 9E-F and 91-J). We
then treated cultures with SP600125 after 24 hr (to
allow transfection to 'stabiliz’e) and examined the forma-
tion of TDP-43 aggregates after a further 24 hr incuba-
tion. While treatment with SP600125 did not reduce the

“number of cells containing aggregated TDP-43, there

was a significant decrease in the number of aggregates
per cell in cultures transfected with TDP-43 162-414
(Figure 9K-L and 9M) and 219-414 (Figure 9G-H and
9M). ERK inhibition induced a small decrease in num-
ber of aggregates but this was not significant. These
findings suggested that the aggregation of these CTF-
TDP-43 fragments maybe partially affected by JNK. This
could be due to a role for basal JNK activity in modulat-
ing CTF-TDP-43 aggregation or alternatively, early
aggregation of the CTF-TDP-43 fragments could induce
cell stress that promotes further CTF-TDP-43 aggrega-
tion via JNK activation. This stress may then accelerate
aggregatlon in some cells. -

JNK inhibition of TDP-43 SG formation is not due to
inhibition of 35 kDa CTF-TDP43 expression-
Interestingly, while JNK inhibition blocked TDP-43
incorporation in SGs, it did not have a substantial effect
on inhibiting accumulation of diffuse cytosolic TDP-43
or prevent loss of nuclear TDP-43 induced by paraquat
treatment (Figure 6C-R). This finding provided further
support for the role of JNK in modulating cytosolic
TDP-43 incorporation into SGs rather than affecting
upstream processes leading to loss of nucleatr TDP-43
and accumulation of TDP-43 in the cytosol. Additional
support for this was obtained when we examined the
effect of JNK inhibition on 35 kDa CTF-TDP-43 accu-
mulation. As shown in Figure 10, co-treatment of cul-
tures with the JNK inhibitor, actually led to an increase
in detectable levels of the 35 kDa CTF-TDP-43 rather
than inhibit its formation. This is consistent with the
data in Figure 4 demonstrating that the formation of
TDP-43-positive SGs was not fully prevented by inhibit-
ing 35 kDa CTF-TDP-43 formation using a caspase
inhibitor.

JNK inhibition blocks association of hnRNP K and TDP-43
with SGs ,

In order to obtain an insight into the potential mechan-
ism by which JNK controls TDP-43 association with
SGs during chronic stress, we examined co-localization
with other hnRNPs. Previous studies have reported that
TDP-43 binds to hnRNPs including hnRNP Al and K

198



