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Background: The pathological mechanism of the potent modifier of TDP-43 toxicity, ataxin-2, is unknown.

Result: Ataxin-2 modified the subcellular distributions of truncated TDP-43 and mutant FUS.

Conclusion: Increased ataxin-2 leads to a mislocation of TDP-43 and FUS, leading the RNA dysregulation.

Significance: An aberrant distribution of TDP-43 and FUS mediated by ataxin-2 may be a key therapeutic target against ALS.

The RNA-binding proteins TDP-43 and Fused in Sarcoma
(FUS) play central roles in neurodegeneration associated with
amyotrophic lateral sclerosis and frontotemporal lobar degen-
eration. Both proteins are components of messenger ribonu-
cleoprotein (mRNP) granules and show cytoplasmic mislocal-
ization in affected tissues. Recently, ataxin-2 was identified as a
potent modifier of TDP-43 toxicity in an RNA-dependent man-
ner. This study investigated to clarify how ataxin-2 modifies the
TDP-43 and FUS pathological pathway. The expression of cyto-
plasmic TDP-43, the 35-kDa C-terminal fragment (TDP-p35f),
and mutant FUS recruited ataxin-2 to mRNP granules, whereas
increased ataxin-2 inhibited the mRNP granule formation of the
35-kDa C-terminal fragment and mutant FUS. A subcellular
compartment analysis showed that the overexpressed ataxin-2
increased the cytoplasmic concentrations of both proteins,
whereas it decreased their nuclear distributions. These data
indicate that increased ataxin-2 impairs the assembly of TDP-43
and FUS into mRNP granules, leading to an aberrant distribu-
tion of RNA-binding proteins. Consequently, these sequences
may exacerbate the impairment of the RNA-quality control sys-
tem mediated by amyotrophic lateral sclerosis/frontotemporal
lobar degeneration-associated RNA-binding proteins, which
forms the core of the degenerative cascade.

Advanced pathological and genetic approaches have suc-
cessively identified TDP-43 and FUS? as critical molecules in
amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration with ubiquitin-positive inclusion bodies
(FTLD-U) (1-5), furthering our understanding of the patho-
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genesis of ALS/FTLD-U. Because both proteins have common
biochemical characteristics such as RNA-binding domains,
cytoplasmic mislocalization in affected tissues, and compo-
nents of messenger ribonucleoprotein (mRNP) granules, or so-
called stress granules (SGs), they are conceivably part of a coop-
erative pathological process during the development of ALS/
FTLD-U (6-8). Recently, comprehensive analyses aimed at
identifying TDP-43-binding RNA targets demonstrated that
TDP-43 is crucial for maintaining normal levels and splicing
patterns of various mRNAs, including pre-mRNAs with very
long introns and noncoding RNAs (9, 10). The nuclear RNA-
binding protein FUS/TLS is also thought to have an important
role in the translation, stability, and metabolism of various
mRNAs. Therefore, both TDP-43 and FUS are thought to be
involved in a similar pathological process via the RNA quality
control system.

We previously reported the expression of a truncated
TDP-43 protein, a 35-kDa C-terminal fragment (TDP-p35f),
and its isoform, which lacks a nuclear localization signal and is
redistributed to the cytoplasm, leading to the formation of
mRNP granules that exhibit some properties of SGs, which
package mRNA and RNA-binding proteins during cell stress
(7). Furthermore, we also demonstrated previously that mutant
FUS, which is missing the nuclear traffic activity of the C ter-
minus, is mislocated to the cytoplasm and assembled into sim-
ilar SG-like mRNP granules (6). Therefore, excessive cytoplas-
mic RNA binding proteins such as TDP-43 and FUS induce a
conjoint pathological cascade of neurodegeneration that leads
to ALS/FTLD-U (8). However, the pathological consequences
of mRNP granules in neurodegenerative diseases remain
unclear.

Elden et al. (11) demonstrated recently that ataxin-2, a poly-
glutamine protein that contains tracts of expanded glutamine
residues, results in hereditary spinocerebellar ataxia-2 and is a
potent modifier of TDP-43 toxicity. They showed that the over-
expression or reduced expression of ataxin-2 enhances or
attenuates TDP-43 toxicity, respectively, in the retinas of flies
and that ataxin-2 and TDP-43 form a complex in a longer poly-
glutamine expansion-dependent manner. Furthermore, in a
genomic analysis of ALS patients, they also found that interme-
diate-length ataxin-2 polyglutamine expansions (27-33 gluta-
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mine residues) are associated with an increased risk for ALS
and that this is accompanied by an earlier age of onset. Notably,
ataxin-2 is also a cytoplasmic RNA binding protein with a Like
Sm (Lsm) domain that binds to RNA oligonucleotides (12).
Recent studies have shown that ataxin-2 is a constituent protein
of SGs and that the cellular ataxin-2 concentration is important
for the assembly of SG and also processing bodies (P-bodies)
(13).

Here, we investigated the associations among ataxin-2, TDP-
43, and FUS in cells expressing these proteins to clarify how
ataxin-2 is involved in the TDP-43 and FUS pathological path-
way. We demonstrated that increased ataxin-2 levels modulate
the subcellular distributions of truncated TDP-43 and mutant
P525L FUS via the mRNP granule machinery. Our findings
indicated that ataxin-2 leads to an aberrant distribution of
RNA-binding proteins, such as TDP-43 and FUS, leading to the
enhancement of RNA dysregulation, which forms the core of
the ALS/FTLD-U degenerative cascade (8, 14).

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—HeLa human carcinoma cells
were maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) containing 10% fetal bovine serum, as described
previously (6, 7, 15, 16). Human neuroblastoma SK-N-SH cells
were cultured in aMEM (Invitrogen) supplemented with 10%
fetal bovine serum. Arsenite was purchased from Sigma. Trans-
fection was performed using Lipofectamine 2000 (Invitrogen),
according to the instructions of the manufacturer. The trans-
fection efficiency in HeLa cells was ~30% for single plasmids
and ~10% for double plasmids.

¢DNA—pcDNA-HA-Ataxin-2 GlIn-22, GIn-33, and GIn-79
were generated from pcDNA4HisMax-Sca2CAG-Q22 and
pcDNA4HisMax-Sca2CAG-Q79, a generous gift from Dr.
Manfred Schwab (German Cancer Research Center, Heidel-
berg, Germany) using PCR and the following primer pairs:
sense, 5'-CGCTCAGCGGCCGCAGCTCCTCGGAGTCCCG-
CGGT and antisense, 5'-AGCGTAATCTGGAACATCGTATG-
GGTAAGAACCCCCCATGGTTTCGG-3'. Deletion mutants
were generated using KOD-Plus-site-directed mutagenesis
(Toyobo, Osaka, Japan), according to the instructions of the
manufacturer. pGFP-ataxin-2-(Q22) and -(Q58) were kindly
provided by Dr. Stefan M. Pulst (Department of Neurology,
University of Utah, Salt Lake City, UT). The plasmids used to
express human TDP-43 (wild-type and TDP-p35f) and FUS
(wild-type and P525L) were described previously (6, 7). The
plasmid containing the gene for RFP-TIA1 was kindly provided
by Dr. John Goodier (Department of Genetics, University of
Pennsylvania School of Medicine).

Antibodies—Mouse monoclonal anti-ataxin-2 was pur-
chased from BD Biosciences. Mouse monoclonal anti-V5 anti-
bodies were obtained from Invitrogen. Rabbit polyclonal
anti-V5 (C464.6) was obtained from Bethyl Labs (Montgomery,
TX). Rabbit polyclonal anti-G3BP was obtained from Protein-
tech (Chicago, IL). Anti-HA monoclonal antibody (16B12) was
obtained from Covance Research Products, Inc. (Princeton,
NJ). Anti-DDX6 polyclonal antibody was obtained from Novus
Biologicals (Littleton, CO).
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Immunofluorescence—Cultured cells on glass coverslips
coated with poly-L-lysine were transfected with various expres-
sion plasmids. After 48 h, the cells were fixed with 4% parafor-
maldehyde for 10 min and then permeabilized in 0.2% Triton
X-100 for 10 min. After blocking for nonspecific binding, the
cells were incubated with primary antibodies diluted in PBS
containing 0.2% Tween 20 and 3% bovine serum albumin. After
3 washes, the cells were incubated with Alexa Fluor 488-conju-
gated and Alexa Fluor 633-conjugated anti-rabbit secondary
antibodies, or Alexa Fluor 586-conjugated anti-mouse second-
ary antibodies (Invitrogen) (1:200). Immunofluorescent images
were acquired using a Leica TCS SP5 confocal microscope
(Leica, Wetzlar, Germany).

For image quantification, single confocal images were taken
in the plane of the largest cytosolic area. Total fluorescence
intensities of mutant FUS and p35f were quantified as “pixel,
(gray level)” using Leica Application Suite Advanced Fluores-
cence software (Leica). The mean total, cytosolic, or nuclear
intensities were calculated from pixel,,,./pixel Cells were
defined as mRNP granule-positive when they had cytosolic foci
with a size of 1-5 um. For Fig. 7, HeLa cells were transfected
with p525L FUS-V5 or TDP-p35f-V 5 and also with GFP to
define the borders of the cells.

Immunoblotting—Cells were briefly sonicated in cold lysis
buffer (50 mm Tris-HCI (pH7.4), 150 mm NaCl, 0.5% Nonidet
P-40, 0.5% sodium deoxycholate, 0.25% sodium dodecyl sulfate,
5 mm EDTA, and protease inhibitor mixture (Sigma)). Cell
lysates were then separated via a reducing SDS-PAGE on a
4-20% Tris-glycine gradient gel (Invitrogen), after which the
proteins were transferred to a polyvinylidene difluoride mem-
brane (Millipore, Billerica, MA). The membrane was then
incubated with primary antibodies followed by horseradish
peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence reagents (PerkinElmer Life Sciences). The
proteins were then visualized using Amersham Biosciences
HyperfilmTM film (GE Healthcare). Protein levels in Fig. 9
were determined by densitometry using an Epson ES-2000
scanner and Image] (National Institutes of Health, Bethesda,
MD).

Statistical Analysis—A statistical analysis of the data were
performed using a one-way analysis of variance with Fisher’s
protected least squares difference test using the Statview 5.0
system (Statview, Berkley, CA) or JMP 8 (SAS Institute, Inc.).

count*

RESULTS

Endogenous Ataxin-2 Is Localized in mRNP Granules Medi-
ated by the ALS-linked Molecules TDP-43 and FUS—A recent
study (13) and Fig. 1 show that the cytoplasmic RNA binding
protein ataxin-2 is a component of cytoplasmic mRNP gran-
ules, SG, indicating that ataxin-2 is potentially involved in reg-
ulating and controlling mRNA degradation, stability, and trans-
lation via mRNP granules. We demonstrated previously that
the ALS-associated RNA binding proteins TDP-43 and FUS
form part of SGs, and that truncated TDP-43, termed TDP-
p35f (amino acids 90-414), and mutant FUS facilitate the
assembly of SG-like mRNP granules when overexpressed (6, 7).
Therefore, we hypothesized that endogenous ataxin-2 may be
recruited and assembled into cytoplasmic mRNP granules con-
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FIGURE 1. Endogenous ataxin-2 (endo.ATXN2) is recruited to SGs induced by arsenite. A, Hela cells were treated with/without arsenite (0.5 mm) for 1 h
following double-labeling with polyclonal anti-G3BP antibody (SG marker) (green) and monoclonal anti-ataxin-2 antibody (red). Cells were counterstained with
DAPI (blue). B, HeLa cells transfected with RFP-TIAT (SG marker) (red) were treated with arsenite following labeling with monoclonal anti-ataxin-2 antibody
(green) and polyclonal anti-G3BP antibody (blue). C, HeLa cells were stained with anti-ataxin-2 antibody (red) and anti-DDX6 antibody (P-body marker) (green).
Note that ataxin-2 is assembled with SGs but not with P-bodies. Scale bar = 10 um.

taining overexpressed TDP-p35f and/or mutant FUS. To exam-
ine this issue, we first performed triple immunofluorescence
staining for endogenous ataxin-2 in HeLa cells expressing
TDP-43 (full-length or TDP-p35f) tagged with V5 and FUS
(wild-type or P525L) tagged with GFP. As shown in Fig. 24,
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coexpressed TDP-p35fand P525L conjointly form mRNP gran-
ules, suggesting that the formation of TDP-p35f and mutant
FUS mRNP granules possibly occurs via a similar mechanism.
Immunostaining for ataxin-2 revealed that endogenous
ataxin-2 is recruited to mRNP granules of TDP-p35f and/or
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P525L. Furthermore, in the human neuronal cell line SK-N-SH
(Fig. 2B) and the motor neuronal cell line NSC-34 (data not
shown), we also found that endogenous ataxin-2 was distrib-
uted substantially to mRNP granules containing TDP-p35f
and/or P525L. Meanwhile, the G85R mutant Cu/Zn superoxide
dismutase (SOD1) and optineurin (wild-type and glaucoma-
mutant E50K, ALS mutant E478G), which are also associated
with familial ALS, do not affect the distribution of ataxin-2
(data not shown). Therefore, these findings indicate a specific
interaction between ataxin-2 and the ALS/FTLD-U-linked
RNA binding proteins TDP-43 and FUS in mRNP granules.

The Lsm Domain and PAM2 Motif Are Important for
Ataxin-2 Assembly with mRNP Granules Induced by Arsenite—
Next, we examined whether ataxin-2 expression leads to the
formation of mRNP granules, similar to overexpressed mutant
FUS and TDP-p35f. HeLa cells were transfected with
HA-tagged ataxin-2 with 22 (normal repeat), 30 (intermediate-
length), or 79 (SCA2 pathogenic repeat) consecutive glu-
tamines and stained with anti-HA antibody and the SG marker
G3BP 2 days after transfection. As shown in supplemental Fig.
1A, overexpressed ataxin-2, even the pathogenic polyglutamine
repeats, does not form G3BP-positive mRNP granules. On the
other hand, overexpressed ataxin-2 was colocalized with
endogenous TDP-43 or FUS in G3BP-positive granules after
treatment with arsenite, a well established SG inducer (sup-
plemental Fig. 1B), indicating that the three ALS/FTLD-U-
linking molecules could assemble in the same SG cellular
compartment.

We next sought to determine what region(s) of ataxin-2 are
required for assembly with SG induced by arsenite (17). To do
this, we constructed a series of mutant constructs and assessed
the SG of mutant FUS in HeLa cells, as described in Fig. 3A. The
cells were transiently transfected with single or expanded poly-
glutamine constructs (GIn-1 and GIn-79) and deletion series
constructs in which the NH,, terminus Lsm, which is known
to contribute to self-assembly into ring formations and to
bind to RNA oligonucleotides (12); the Lsm-associated domain
(LsmAD), which contains a trans-Golgi signal; the poly(A)-
binding protein interacting motif (PAM2), which is a known
the poly(A)-binding protein (PABP)-interacting motif; or the
COOH terminus had been deleted (ANT, ALsm, ALsmAD,
APAM?2, and ACT, respectively) (Fig. 3A4). The results of con-
focal microscopy showed that only the APAM?2 construct
showed a punctate distribution in the cytoplasm under normal
conditions and partially impaired the recruitment to the SG
induced by arsenite, whereas SG assembly was retained in the
other mutants (supplemental Fig. 2). Next, because a recent
study revealed that both the Lsm/LsmAD domain and the
PAM?2 motif independently mediate the assembly of ataxin-2
with polyribosomes (18), we further focused on the Lsm,
LsmAD, and the PAM2 motif and generated double deletion
constructs for each. As shown in Fig. 3B, the Lsm and PAM?2
double-deleted forms of ataxin-2 (ALsm + PAM?2) drastically

affected recruitment to the SG. Therefore, this data indicates
that the PAM2 motif and also the Lsm domain mediate ataxin-2
assembly with SG induced by arsenite.

Next, we asked whether the PAM2 motif and the Lsm
domain of ataxin-2 are also required for assembly during the
formation of mRNP granules induced by the overexpression of
mutant FUS and TDP-p35f. Surprisingly, ALsm+PAM2 did
not affect recruitment to the mutant FUS and TDP-p35f mRNP
granules (Fig. 64, j—/, and C). We also examined the distribu-
tions of other deletion series and found that all the deletion
series were recruited to mutant FUS and TDP-p35f mRNP
granules (data not shown), indicating that multiple regions are
involved in ataxin-2 assembly with mRNP granules induced by
mutant FUS and TDP-p35f. These findings suggest that mRNP
granules of cytoplasmic TDP-p35f and mutant FUS exhibit dif-
ferent characteristics of SG induced by arsenite, at least with
regard to the assembly machinery of ataxin-2.

Overexpressed Ataxin-2 Levels Interfere with the Formation of
Mutant FUS and TDP-p35f-mRNP Granules—A recent study
in both yeast and mammalian cells demonstrated that the
altered expressions of ataxin-2 and a yeast ortholog of ataxin-2,
Pabl-binding protein, affect the assembly of SGs and P-bodies
(13). To address whether ataxin-2 may influence the mRNP
granule formation of mutant FUS and TDP-p35f, we examined
HelLa cells coexpressing ataxin-2 tagged with HA and mutant
FUS or TDP-p35f tagged with V5. In cells expressing ataxin-2
with 22, 30, or 79 consecutive glutamines, the number of cells
harboring mRNP granules of mutant FUS and TDP-p35f was
decreased drastically (Fig. 4). Similar findings were observed in
cells expressing GFP-ataxin-2 with 22 or 58 consecutive glu-
tamines (Fig. 5).

We also examined whether the PAM2 motif and the Lsm
domain of ataxin-2 are required for the inhibition of mRNP
granule formation induced by mutant FUS. As shown in Fig. 6,
ALsm+PAM?2 completely abolished the effect of interference
in mRNP granule formation. Therefore, these experiments
indicated that an increased cellular ataxin-2 level potentially
interferes with the formation of mRNP granules of the ALS/
FTLD-U-linked molecules FUS and TDP-43, depending on the
PAM2 motif and the Lsm domain.

Overexpressed Ataxin-2 Increases the Cytoplasmic Distribu-
tion of Mutant FUS and TDP-p35f—Whether the formation of
mRNP granules is pathogenic or protective in neurodegenera-
tive diseases is controversial. Recent evidence has revealed that
mRNP granules reduce intracellular levels of toxic proteins
linked to neurodegeneration, suggesting that they may serve a
neuroprotective function (19-21). To address this issue, we
transfected HeLa cells with mutant FUS or TDP-p35f for 48 h,
and the presence or absence of mRNP granules was determined
using immunostaining. The levels of mutant FUS or TDP-p35f
expression in randomly chosen cells were then determined
according to the fluorescence intensities using confocal
microscopy. No significant difference in the whole cellular lev-

FIGURE 2. Endogenous ataxin-2 (endo.ATXN2) is recruited to mRNP granules formed by TDP-p35f and mutant FUS. A, 48 h after cotransfection with
wild-type or P525L mutant FUS with GFP at the N terminus and full-length TDP-43 or TDP-p35f with the V5 tag at the C terminus, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, and labeled with anti-V5 and ataxin-2 or G3BP antibodies. A, HeLa cells. B, human neuronal cell line
SK-N-SH cell. Scale bar = 10 um. Note that mRNP granules formed by TDP-p35f and mutant FUS exhibit ataxin-2 immunoreactivity.
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els of mutant FUS and TDP-p35f was seen between cells with
and those without mRNP granules (overall cellular intensity:
granules-/P5251, 2.16 = 0.76 X 107 (n = 30) and granules+/
P525L, 1.95 + 0.74 X 107 (n = 30), p = 0.287; granules-/TDP-
p35f, 0.78 = 0.37 X 107 (n = 30) and granules+/p35f, 0.66 *
0.31 X 107 (n = 30), p = 0.195). As shown in Fig. 7, the mean
levels of diffuse cytoplasmic mutant FUS and p35f (with the
exception of mRNP granules) in cells with mRNP granules were
significantly low, suggesting that mRNP granule formation was
linked to a decrease in diffuse cytoplasmic mutant FUS and
TDP-p35f (mean cytosol/mean whole cellular intensity: gran-
ules-/P525L, 0.624 * 0.25 and granules+/P525L, 0.47 * 0.21,
p = 0.012; granules-/TDP-p35f, 0.71 *+ 0.27, granules+/TDP-
p35f, 0.52 * 0.19, p = 0.0021).

Next, we asked whether altered ataxin-2 levels affected the
cytoplasmic levels of mutant FUS or TDP-p35f. Cells express-
ing mutant FUS or TDP-p35f with/without ataxin-2 (Gln-22)
were used to assess the diffuse cytoplasmic levels of mutant FUS
or TDP-p35f. The total cellular levels of TDP-p35f or mutant
FUS in cells overexpressing ataxin-2 were significantly higher
than those in cells that were not transfected with ataxin-2 (Fig.
8, A and E) (whole cellular intensity: empty vector/P525L,
1.99 + 0.14 X 107 (1 = 93) and ataxin-2 (GIn-22)/P525L, 2.62 =
0.15 X 107 (n = 93), p = 0.0039; empty vector/TDP-p35f,
0.73 = 0.56 X 107 (n = 40) and ataxin-2 (GIn-22)/TDP-p35f,
1.88 = 1.69 X 107 (1 = 40), p = 0.0001). This finding supports
the results of a Western blot analysis, which showed increases
in the TDP-p35f, and wild-type FUS and mutant FUS levels in
the presence of ataxin-2 (Gln-22 and GIn-58) coexpression (Fig.
9A). A quantification analysis showed that ataxin-2 (Gln-58)
increased the mutant FUS and TDP-p35f protein levels to a
significantly greater degree than ataxin-2 (GIn-22), suggesting
that the polyQ repeat of ataxin-2 might affect the levels of these
proteins (Fig. 9, B and C). Interestingly, the expression level of
full-length TDP-43 changed minimally compared with the
changes in the expressions of the other molecules. A cellular
compartment analysis (Fig. 8) revealed that the diffuse distribu-
tion of cytoplasmic TDP-p35f and mutant FUS clearly
increased in the presence of ataxin-2 overexpression (mean
cytosol/mean whole cellular intensity: empty vector/P525L,
0.61 *= 0.29 and ataxin-2 (GIn-22)/P525L, 1.05 = 0.36, p <
0.0001; empty vector/TDP-p35f, 0.62 = 0.25 and ataxin-2 (Gln-
22)/TDP-p35f, 1.30 = 0.43, p < 0.0001). Meanwhile, the
nuclear distributions in cells with overexpressed ataxin-2 were
significantly lower (mean nuclear/mean whole cellular inten-
sity: empty vector/P525L, 1.50 * 0.26 and ataxin-2 (Gln-22)/
P525L,1.13 + 0.38, p = 0.012; empty vector/TDP-p35f, 1.56 =
0.44 and ataxin-2 (GIn-22)/TDP-p35f, 1.23 = 0.28, p < 0.0001].
Collectively, these findings suggest that ataxin-2 is a potent
modifier of the cytoplasmic and nuclear distribution of TDP-
p35f and mutant FUS.

DISCUSSION

This study documents several lines of evidence regarding the
molecular pathogenesis of the ALS-associated molecules TDP-
p35f and mutant FUS and their modification by ataxin-2. First,
ataxin-2 is assembled with SGs induced by arsenite in an Lsm
domain and PAM2 motif-dependent manner (Fig. 3B). Second,
the increased ataxin-2 levels interfered with the mRNP granule
formation of TDP-p35f and mutant FUS depending on the Lsm
domain and PAM?2 motif (Figs. 4—6). Third, the cytoplasmic
distributions of TDP-p35f and mutant FUS in cells with mRNP
granules were significantly lower than those in cells without
mRNP granules, suggesting that mRNP granule formation
potentially decreases the diffuse cytoplasmic TDP-p35f and
mutant FUS (Fig. 7). Fourth, the overexpression of ataxin-2
potentially increases the diffuse cytoplasmic distribution of
TDP-p35f and mutant FUS, whereas it decreased the nuclear
distributions of both proteins (Fig. 8), suggesting that an exces-
sive ataxin-2 level enhances the disturbance of the RNA quality
control system via an aberrant distribution of RNA binding
proteins. These findings support a recent report that ataxin-2
enhances TDP-43 toxicity in animal, yeast, and fly models (11)
and also explains the mechanism of ataxin-2 as a modulator of
TDP-43 toxicity.

The proper control of RNA processing, degradation, and
translation is a critical aspect of the regulation of gene expres-
sion and was shown recently to be an important part of the
pathogenesis of neurodegeneration (22), including that which
occurs in ALS (9, 10, 14, 23). Although there is no direct evi-
dence showing a relation between mRNP granules, so-called
SGs and P-bodies, and neurodegeneration, mRNP granules
containing nontranslating mRNAs, translation regulators, and
RNA degradation machinery, exhibit a dynamic cycle of dis-
tinct biochemical and compartmentalized mRNPs and mRNA
in the cytosol with implications for the control of mRNA func-
tion (24). Although each granule has a distinct composition in
the cytoplasm, they do not function and exist entirely separate
from each other (25). The SGs and P-bodies, which are often
juxtaposed with one another, share many mRNP components,
such as Rck/p54 and eIF4E, suggesting a transition between
these mRNP granules (26). An experiment in yeast indicated
that SG assembly depends on P-body formation and suggested
that SG is primarily formed from pre-existing P-bodies (27).
Recent studies have shown that the concentration of the cyto-
plasmic RNA binding protein ataxin-2 is important for the
assembly of mRNP granules (13). Nonhoff et al. (13) demon-
strated that overexpressed ataxin-2 levels decreased with cellu-
lar P-body formation. Meanwhile, a reduction in ataxin-2
inhibited SG formation, suggesting that ataxin-2 was necessary
for SG assembly. In contrast, this study showed that the over-
expression of ataxin-2 drastically disrupted the mRNP granule
formation of cytoplasmic TDP-p35f and mutant FUS, which
were positive for SG markers as described in a previous paper

FIGURE 3. Effects of deleting specific domains of ataxin-2 on recruitment to SGs induced by arsenite. A, schematic diagram showing the location of
deletions introduced into ataxin-2. All the ataxin-2 constructs contained an HA tag at the N terminus. B, HeLa cells expressing ataxin-2 deletion constructs were
treated with/without arsenite (0.5 mm) for 1 h after double-labeling with anti-HA antibody (red) and monoclonal anti-G3BP antibody (green). Cells were
counterstained with DAPI (blue). Scale bar = 10 um. Note that ataxin-2 lacking both Lsm and PAM2 (ALsm + PAM2) is not localized in SGs.
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FIGURE 4. Ataxin-2 overexpression interferes with mRNP granules formed by mutant FUS and TDP-p35f. A and B, Hel a cells were transiently transfected
with plasmid HA only (mock) or HA-ataxin-2 (GIn-22, GIn-30, or GIn-79) (red) and p525L FUS-V5 (A) or TDP-p35f-V5 (B) (green). To stain for exogenous ataxin-2
and mutant FUS and TDP-p35f, the cells were incubated with antibodies directed against HA (red) and V5-tag (green), followed by treatment with secondary
antibodies. Cand D, in ~1000 transfected cells from five independent experiments, the percentage of cells harboring mRNP granules of mutant FUS (C) and
TDP-p35f (D) were calculated. Note that the formation of mMRNP granules was decreased in ataxin-2-expressing cells. Scale bar = 20 wm. Error bars show S.D.
* p < 0.0001, significant difference versus HA tag only.
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FIGURE 5. Overexpressed GFP-ataxin-2 interferes with the formation of mRNP granules containing mutant FUS and TDP-p35f. A, Hela cells were
transfected with plasmids for GFP only (pEGFP-NT) or GFP-ataxin-2 (GIn-22, GIn-58) and P525L FUS-V5 (A and B) or TDP-p35f-V5 (Cand D). The cells were stained
with anti-V5 (red) and the SG marker G3BP (blue) antibody. Band D, in ~600 transfected cells from three independent experiments, the percentage of cells with
mRNP granules of mutant FUS was calculated. Scale bar = 10 um. Error bars show S.D. *, p < 0.003, significant difference versus GFP tag only.

(6, 7). The reason for this discrepancy remains unknown,
but differences in the experimental conditions, cell lines,
and expression levels are reasonable explanations. However,
because SGs and P-bodies are not entirely separate from each
other, as described above, one possibility is that mRNP gran-
ules of cytoplasmic TDP-p35f and mutant FUS also share at
least some features of P-bodies with regard to the assembly
regulated by ataxin-2. This hypothesis is supported by the
data shown in Figs. 3 and 6, which show that the assembly
machinery of ataxin-2 differs between SG-induced by arsen-
ite and mRNP granules of cytoplasmic TDP-p35fand mutant
FUS, indicating that TDP-p35f and mutant FUS mRNP gran-

41318 JOURNAL OF BIOLOGICAL CHEMISTRY

ules have partially distinct features from well established
arsenite-induced SG.

Whether the aberrant accumulation of pathogenic proteins,
so-called inclusion bodies, is pathogenic or protective in neu-
rodegenerative diseases remains to be determined. Several lines
of experimental evidence have indicated that inclusion bodies
reduce intracellular levels of diffuse polyglutamine disease pro-
teins, such as the overexpression of huntingtin or ataxin 1, sug-
gesting that they may serve a neuroprotective function (19, 28).
However, whether this is a common mechanism of protection
in other neurodegenerative diseases remains unclear. Recent
pathological findings have demonstrated that inclusion bodies

S
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FIGURE 6. PAM2 motif and the Lsm domain are critical for interference in mRNP granule formation. A, Hela cells were transfected with plasmids for HA
only, HA-Ataxin-2 (GIn-22) or HA-ALsm+PAM2 and P525L FUS-V5. The cells were stained with anti-HA (red) and V5 (green) antibodies. j, k, and | show high
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only; *,p <0.001, HA-ALsm+PAM2. C, Hela cells transfected with HA-ALsm +PAM2 and TDP-p35f-V5 were stained with anti-V5 (green) and HA (red) antibodies.

Scale bar = 10 um.

of FTLD-U are histologically positive for mRNP granules mark-
ers, suggesting that mRNP granule biology plays an important
role in inclusion body formation (29, 30). Interestingly, our
present findings also revealed that the formation of mRNP
granules, which interferes with increased ataxin-2 levels,
substantially reduced the diffuse cytoplasmic distribution of
overexpressed truncated TDP-43 and mutant FUS (Fig. 7),
suggesting that the formation of mRNP granules may be neu-
roprotective via the attenuation of excessive pathogenic RNA
binding protein.

Another important subject to be elucidated is the molecular
mechanism responsible for the enhancement of the aberrant
distribution of TDP-43 and FUS protein by the expression of
ataxin-2, as shown in Fig. 8. We hypothesized several possible

NOVEMBER 30, 2012+VOLUME 287 -NUMBER 49

scenarios explaining the relation between the distribution of
TDP-43, FUS proteins, and ataxin-2. First, the mRNP granules
may potentially trap and incarcerate excessive diffuse cytoplas-
mic mRNA binding protein. Increased ataxin-2 expression
inhibits the formation of mRNP granules (Figs. 4 and 5),
thereby increasing the free levels of both mRNA binding pro-
teins. This hypothesis is consistent with the findings in Fig. 7,
which shows that the diffuse cytoplasmic TDP-p35f and
mutant FUS levels in cells with mRNP granules were signifi-
cantly lower than in those without mRNP granules. Second, the
fact that the total cellular levels of cytoplasmic TDP-43 and FUS
protein are also increased in the presence of overexpressed
ataxin-2 (Figs. 8, A and E, and 9) suggests that ataxin-2 may
modulate the stabilities of both proteins. This scenario is sup-

JOURNAL OF BIOLOGICAL CHEMISTRY 41319



Ataxin-2 in TDP-43 and FUS Proteinopathy

A P525L

*p=0.012

-

N
- O
| 1

-

3]

|
vy

PO TR

Ratio of P525L intensity
(Cytosol mean /Total mean)
o o
N ~
[3,] [3,]
1 |
D “h
[

0

mRNP - +
granules

(@)

TDP-p35f

[~ p=0.0021 |
1.25 : :

1- e
0.75

0.5

0.25 -

Ratio of TDP-p35f intensity
(Cytosol mean /Total mean)

0

mRNP - +
granules

FIGURE 7. Distribution of mutant FUS and TDP-p35f in cells with/without mRNP granules. Hela cells were transfected with p525L FUS-V5 (A and B) or
TDP-p35f-V 5 (C and D), and pEGFP-N1 were stained with anti-V5 antibody (red). A and C, total cellular or cytoplasmic (with the exception of mRNP granules)
fluorescence intensities were quantified using confocal microscopy. The graphs indicate the ratio of the mean intensity of the cytosol/whole cell. The cytosolic
fluorescence intensities of cells with mRNP granules of both mutant FUS (A) and TDP-p35f (C) were significantly low. The diamonds and vertical lines indicate the
95% prediction interval and S.D., respectively. The mean values for all the cells or the cells with/without mRNP granules are shown with long horizontal lines on
the graph and short horizontal lines in a diamond, respectively. Representative images are shown in B and D. Note that the diffuse cytoplasmic fluorescent
distributions in cells without mRNP granules (indicated as #) are higher than those in mRNP granule+ cells (indicated as an asterisk). The cytoplasm is outlined

by dotted lines on the basis of the cotransfected GFP signal.

ported by a recent study showing that excess polyglutamine,
such as huntingtin and SCA1, inhibits ubiquitin-proteasome
system activity (31). Thus, increased levels of polyglutamine
protein, such as ataxin-2, likely affect the degradation machin-
ery of TDP-43 and FUS protein. Third, because the nuclear
levels of both mRNA binding proteins in ataxin-2 overex-
pressed cells are clearly decreased (Fig. 8, C and G), ataxin-2
may affect the nuclear distribution of both proteins from the
cytoplasm to the nucleus. A recent study has shown that the
intranuclear transport mechanisms of TDP-43 and FUS medi-
ate nuclear import receptors (importin and transportin, respec-
tively) (32, 33). Thus, ataxin-2 may detain both proteins in cyto-
plasm via either a direct or an indirect interaction and
consequently may lead to an insufficiency of nuclear TDP-43
and FUS. A recent paper reported the direct binding of TDP-43
and ATXN2 in a coimmunoprecipitation study (11), but the
detailed interactions and modification of ataxin-2 on TDP-43
and FUS remain unknown. Although future studies are needed
to clarify the molecular mechanisms of ataxin-2 on TDP-43 and
FUS, we propose that the molecular basis for the enhancement
of an aberrant distribution of TDP-43 and FUS mediated by
ataxin-2 may be a key therapeutic target against ALS/FTLD-U.

41320 JOURNAL OF BIOLOGICAL CHEMISTRY

Growing evidence indicates that intermediate-length
polyglutamine expansions (27-33 glutamine residues) in
ataxin-2 are a genetic risk factor for ALS (11, 34-36). A
recent study has also shown that intermediate-length
ataxin-2 polyQ expansions activate stress-induced TDP-43
C-terminal cleavage and phosphorylation, linking the acti-
vation of caspase 3 (37). Elden et al. (11) demonstrated that
polyQ repeat expansions increase ataxin-2 stability and
enhance TDP-43 mislocalization, and we suggested that
long-lifespan ataxin with expanded polyQ repeats may accu-
mulate to a greater degree than ataxin-2 with a normal polyQ
repeat, possibly enhancing toxicity. In this study, the longer
polyQ length of ataxin-2 (GIn-58) significantly increased the
levels of mutant FUS and TDP-p35f compared with ataxin-2
(GIn-22), indicating a polyQ repeat dependence (Fig. 9).
However, Fig. 4 shows that a long polyQ repeat tends to
enhance the inhibition of mRNP granule formation only
slightly, and a significant repeat dependence was not
observed. In this case, the potency of ataxin-2 may have been
saturated in the overexpression studies, masking the polyQ
repeat dependence. Future studies on the basis of native
expression levels using knockin or patient-derived cells,
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FIGURE 8. Overexpression of ataxin-2 increases cytoplasmic mutant FUS and TDP-p35f. Hela cells transfected with GFP only or GFP-Ataxin-2 (GIn-22)
(green) and p525L FUS-V5 (A-D) or TDP-p35f-V5 (E-H) were stained with anti-V5 antibody (red). The level of mutant FUS and TDP-p35f were quantified using
confocal microscopy. The graphs indicate the intensity of all the cells (A and E), the ratio of the mean intensity of the cytosol/whole cell (B and F), or the mean
intensity of the nucleus/whole cell (C and G). Note that the whole cell and cytosolic fluorescence intensities of mutant FUS (A and B) and TDP-p35f (Eand F) in
the cells that overexpressed ataxin-2 were significantly high, whereas the nuclear intensity (C and G) was low in the cells that overexpressed ataxin-2. Repre-
sentative images are shown in D and H. The diamonds and vertical lines indicate the 95% prediction interval and S.D., respectively. The mean values among all the cells
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such asinduced pluripotent stem (iPS) or neuronal cells (iN), Although further investigations are required to elucidate the
may be necessary to reveal the significance of polyQ repeat precise function of RNA granules in TDP-43 and FUS pro-
dependence in mRNP granule formation. teinopathies, our study contributes significantly toward a

NOVEMBER 30, 2012-VOLUME 287-NUMBER 49 YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 41321



Ataxin-2 in TDP-43 and FUS Proteinopathy

A Wt FUS P525L
o~ © o ©
N wn N wn
o o o o
2 9 9 2> 9 9
c c [ c c e
§d3d5 g d5d3
6 695 & 615
FUS | o s e e
GFP-Ataxin-2 — — —
a tubulin l “

W

Folded increase of fus levels
(GFP-Ataxin 2/GFP only)

Wt fus

TDP-43 p35f

GFP-only
GFP-
Ataxin-2 Q22
GFP-
Ataxin-2 Q58
GFP-only
GFP-
Ataxin-2 Q22
GFP-
Ataxin-2 Q58

Full length »
p35f »

GFP-Ataxin-2

o tubulin

i

C s
#
w 5 %
N I
>
Q =
Lol =
55"
= *
5 Q3
QN
o £
952
58
£9
i
k-2
"? 0 S ' S o
& &g && & &g &8
& & & & & &
&) § & ) § &
4_3\' & ‘?' &
& v & v
TDP-43 TDP-p35f

FIGURE 9. Overexpression of ataxin-2 increases the expression levels of FUS and TDP-p35f. A, lysates from Hela cells cotransfected with GFP-ataxin-2
(GIn-22 or GIn-58) or an empty vector and wild-type FUS-V5, mutant FUS-V5TDP-43-V5, or TDP-p35f-V5 were subjected to a Western blot analysis with an
anti-V5 antibody. Note that the levels of wild-type and mutant FUS and TDP-p35f were increased by ataxin-2 overexpression. Data are representative of three
independent experiments. Band C, quantitation analysis of FUS and TDP protein levels.Immunoblot analyses were scanned and analyzed using densitometry.
The protein levels were normalized using an internal control (a-tubulin). The graphs show the fold increases in the TDP and FUS levels in cells cotransfected with
GFP-ataxin-2 (GIn-22 and GIn-58) compared with the levels in cells transfected with an empty vector. The values represent the mean =+ S.D. of five independent
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greater understanding of the molecular basis of interactions
among the key proteins TDP-43, FUS, and ataxin-2 in ALS/
FTLD-U. Further improvement of RNA quality control systems
may serve as a novel therapeutic target for delaying or prevent-
ing neurodegeneration in ALS/FTLD-U.
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