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Figure 1. Pedigrees of ALS and Charac-
terization of Mutations

(A) Pedigree charts of the index family.
Filled symbols indicate affected individ-
uals. The arrow indicates the proband.
For confidentiality purposes, all unaffected
siblings are indicated by diamonds. Dots or
asterisks indicate individuals included in
the linkage study or WGS, respectively.
Age at present or age at death is shown un-
der each individual, and ages at onset are
shown in parentheses. The box with gray
shading indicates that the individual’s
clinical information obtained from the
family members strongly supports the
diagnosis of ALS, although detailed neuro-
logical evaluations have not been conduct-
ed for this individual.

(B) Additional Canadian (Ped255) and
Japanese (Ped5175) pedigrees with ERBB4
mutations. The electropherograms of mu-
tational data are shown beside each
member. Nucleotide colors correspond to
the colors in the electropherograms. The
amino acids are designated below the
nucleotide sequences. The blue arrows
indicate the nucleotide positions of the
mutations. In the electropherograms
(Ped5175), nucleotide sequences of the
reverse complementary strand are shown.
(C) Amino acid conservation. The amino
acids Arg927 and Argl275 are highly
conserved among species.

(D) The protein structure along with the
locations of amino acid substitutions are
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sequencing technologies has allowed us to overcome the
difficulty by means of whole-genome sequencing (WGS)
or exome analysis.

We identified a Japanese family with three affected
siblings presenting with late-onset ALS (Figure 1A and Ta-
ble 1). The familial history indicated that the mode of
inheritance is probably an autosomal-dominant one.
Mutational analysis of the proband (II-4) employing direct
nucleotide sequence analysis, a microarray-based rese-
quencing, or a repeat-primed PCR analysis excluded
SODI1[MIM 147450], ALS2IMIM 606352], DCTNI1[MIM
601143], CHMP2BIMIM 609512], ANG[MIM 105850],
TARDBPIMIM 605078], FUSIMIM 137070] and C9ORF72
[MIM 1614260] as the genes associated with FALS.** To
identify a gene associated with FALS, we applied WGS in
combination with a linkage analysis to the pedigree. Writ-
ten informed consent was obtained from all the partici-
pants. This study was approved by the institutional review
board at the University of Tokyo.

l Rec: cheY-homologous receiver domain

Transmembrane domain

shown; amino acid substitutions are indi-
cated by arrows. The amino acid substitu-
tion p. Arg927GIn resides in the tyrosine
kinase domain, which mediates the key
functions of ErbB4. The amino acid substi-
tution p. Argl275Trp resides in the
C-terminal domain in the vicinity of mul-
tiple phosphorylation sites, which mediate
downstream signaling pathways.

E Tyrosine kinase domain

WGS was performed on three individuals (I-2, II-3 and
II-4, as shown in Figure 1A) in the index pedigree. Paired-
end DNA libraries were generated and subjected to
massively parallel sequencing with a GAIl Illumina
Genome Analyzer in accordance with the manufacturer’s
instructions. The short read sequences obtained were
aligned to the reference genome (NCBI37/hg19 assembly)
via the Burrows-Wheeler Aligner.” Downstream analyses in
which potential PCR duplicates were removed were pro-
cessed with SAMtools.® Aligned reads were viewed on an
Integrative Genomics Viewer.” Genomic sequence varia-
tions were identified with the SAMtools pileup command
and annotated with Refseq, dbSNP135, 1000 Genomes,
personal genome databases, the NHLBI GO Exome
Sequencing Project (NHLBI-ESP) database, and an in-house
variant database containing 41 whole genomes and 1,408
exomes in the Japanese population. The numbers of non-
synonymous variants that were identified in individuals
1-2, 1I-3, and II-4 but that were not present in any of the
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Table 1. Clinical Characteristics of Affected Individuals

Pedigree Number Pedigree 3166 Pedigree 255 Pedigree 5175

Ethnicity Japanese Canadian Japanese

Inheritance familial (autosomal dominant) familial simplex
(autosomal dominant)

Mutation C.2780G>A c.2780G>A c.3823C>T

Amino acid p. Arg927Gin p. Arg927GIn p. Argl275Trp

substitution

Members I-1 1I-3 11-4 (proband) 1II-6 1I1-3 1I-1

Age at onset 70 60 63 60 67 45

Initial symptoms bulbar N.D. upper limbs respiration upper limbs upper limbs
Diagnostic criteria® N.D. N.D. definite definite probable probable

unable to walk
after 3 years

Progression ventilator -dependent
after S years, locked-in

state after 8 years

after S years

locked-in state

wheelchair- bound,
MRS 1-2/5 in upper
extremities after 5

ventilator- dependent
after 1 year, locked-in
state after 5 years

slow progression
that significantly
decelerated and finally

stopped after 8 years  years
Cognitive function N.D. N.D. normal normal N.D. normal
Age at death 74 69 70 66 N/A N/A

Abbreviations are as follows: N.D., not described; MRS, manual muscle testing rating scale; and N/A, not applicable.

El Escorial and Airlie House revised criteria.

databases (hereafter, variants not found in the databases
are referred to as “novel”) were 411, 404, and 382, respec-
tively (Table $1). No novel nonsynonymous variants in
genes known to be associated with FALS were included.
Among the identified variants, 57 were identified both in
the proband and in the affected sibling, but not in the
mother, and were subjected to further analysis.

The individuals indicated by dots in Figure 1A were gen-
otyped with Genome-Wide Human SNP Array 6.0 (Affyme-
trix). Linkage analysis and haplotype reconstruction were
conducted with the pipeline software SNP-HiTLink® and
Allegro version 2” under the assumption of an auto-
somal-dominant mode of inheritance and a disease-allele
frequency of 0.000001. Parametric multipoint linkage
analysis under the assumption of complete penetrance re-
vealed three loci spanning 23.6 Mb on chromosomes 1, 6,
and 13, having a maximum LOD score of 1.8 (Figure S1;
penetrance = 1.0), and containing 88 annotated genes.
However, no novel nonsynonymous variants were identi-
fied in the candidate regions. We then considered the pos-
sibility of reduced penetrance. When penetrance was
reduced to 0.8 (Figure S1), seven additional loci had LOD
scores > 0.7 and were thus shown to support linkage; these
loci contained 809 annotated genes. Three heterozygous
novel nonsynonymous variants were identified in these
regions; among these variants, only c.2780G>A (p.
Arg927GIn; dbSNP SubSNP ID ss831884245) substituting
glutamine for arginine at codon 927 (p. Arg927Gln) in v-
erb-a erythroblastic leukemia viral oncogene homolog 4
(avian) (ERBB4 [MIM 600543; RefSeq accession number
NM_005235.2]) was not present in 477 controls (lable
S2). When we allowed further reduced penetrance, we
identified 19 additional loci with LOD > 0; these loci con-

tained 1,265 annotated genes. In these regions, we
identified seven heterozygous novel nonsynonymous
variants, among which three wvariants in OR2D3
(RefSeq NM_001004684.1), FTCD (MIM 606806; RefSeq
NM_206965.1), and TJPZ (MIM 607709; RefSeq
NM_001170414.2) were not present in 477 controls (Table
$2). OR2D3 is an olfactory receptor gene; the substituted
amino acid in OR2D3 is not conserved, and the substitu-
tion is predicted as benign by PolyPhen-2 analysis. FTCD
and TJP2 are associated with autosomal-recessive gluta-
mate formiminotransferase deficiency (MIM 229100) and
familial hypercholanemia (MIM 607748), respectively,
and heterozygous carriers have not been described as
exhibiting ALS. Taken together, the results pointed to
€.2780G>A in ERBB4 as the most likely pathogenic muta-
tion.

We used a direct nucleotide sequence analysis method
to conduct mutational analysis of ERBB4 in 364 FALS
and 818 SALS individuals by using an ABI 3100 sequencer
and BigDye Terminator ver3.1 (Applied Biosystems). We
used the ExonPrimer website to design oligonucleotide
primers (Table $3). The mutation ¢.2780G>A was also
identified in one Canadian FALS individual (Figure 1B).
Unfortunately, DNA from other family members was not
available to confirm segregation. To investigate a possibil-
ity that the c.2780G>A mutation identified in the
Japanese and Canadian families is a common founder
mutation, we compared the haplotypes with the
€.2780G>A mutation in ERBB4 of the Japanese and Cana-
dian families (Figure S2). Different SNPs were observed 14
kbp and 5 kbp centromeric and telomeric to the mutation,
respectively, indicating that disease haplotypes of the Jap-
anese and Canadian families are different and that
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Figure 2. Functional Analysis of Wild-Type and Mutant ErbB4
upon Neuregulin-1 Stimulation

COS-7 cells transfected with an empty-vector control or plasmids
encoding either wild-type (wt) or mutant HA-tagged ErbB4 (p.
Argl14Gln, p. Alal58Glu, p. His374Gln, p. Arg927Gln, or p.
Arg1275Trp) were stimulated with or without NRG-1, and the au-
tophosphorylation activity of ExbB4 was analyzed by immunoblot
analysis with antibodies against phospho-ErbB4 (Tyr1284) (Cell
Signaling) and HA tag (Abcam), respectively. For loading controls,
immunoblotting was performed with an anti-actin antibody
(Santa Cruz Biotechnology). Three amino acid substitutions,
including p.Argl14Gln, p.Alal58Glu, and p.His374GIn
(rs760369), identified through mutational analysis of FALS and
SALS individuals, were included in autophosphorylation assay.
The substitutions p.Arg114Gln and p.Ala158Glu were not consid-
ered to be relevant to ALS because neither recurrence nor cosegre-
gation was confirmed.

mutation occurred independently. We identified a de novo
mutation of ¢.3823C>T (dbSNP SubSNP ID ss831884246),
substituting tryptophan for arginine at codon 1275 (p.
Arg1275Trp), in a Japanese SALS individual (Figure 1B) in
whom a biological parent-descendant relationship was
confirmed (Table $4) by the PLINK'" algorithm. These mu-
tations were neither present in the 477 Japanese controls
nor registered in the in-house database containing 41
whole genomes and 1408 exomes, the 1000 Genomes
database, or the NHLBI-ESP database, containing 6503
exomes. Furthermore, ¢.2780G>A was not present in 190
Canadian controls. The identification of ¢.2780G>A in
two independent families of different ethnic backgrounds
strongly supported c.2780G>A as the causative mutation
for ALS. Given that de novo mutation rates have been esti-
mated to be 1.20 x 10~® per nucleotide per generation’’
and less than one nonsynonymous single-nucleotide
variant (SNV)/generation,’? the observation of the de
novo mutation further supports the idea that c.3823C>T
is likely to be the causative mutation for ALS in this indi-
vidual. The mutation’s substituted arginine residues,
Arg927 and Argl275, are highly conserved among species
(Figure 1C), and the substitutions are predicted to be prob-
ably damaging by PolyPhen-2 analysis. The amino acid res-
idue Arg927 resides in a tyrosine kinase domain, which is
essential for the receptor tyrosine kinase activity, and
Argl275 is located in a C-terminal domain in the vicinity

of multiple phosphorylation sites, which mediate down-
stream signaling pathways (Figure 1D). The clinical presen-
tations of these ALS individuals with the ERBB4 mutations
are summarized in Table 1. The common clinical character-
istics of the individuals included both upper and lower
motor-neuron involvement diagnosed as definite or prob-
able ALS according to El Escorial and Airlie House revised
criteria, relatively slow disease progression, and no obvious
cognitive impairment. The individuals with the
€.2780G>A mutation were characterized by relatively late
onset (the ages at onset ranged from 60-70 years) and a
slightly reduced penetrance. In contrast, the individual
with the ¢.3823C>T mutation was characterized by early
onset (45 years of age).

ErbB4 is a member of the epidermal growth factor (EGF)
subfamily of receptor tyrosine kinases (RTKs). It forms a
homodimer or a heterodimer with ErbB2 or ErtbB3 and is
activated upon binding of neuregulins (NRGs) to the extra-
cellular ligand-binding domain of ErbB4.'* Activation of
ErbB4 is mediated by increased tyrosine kinase activity
upon NRG binding, resulting in autophosphorylation of
the C-terminal tail."* To determine how the two mutations
identified in the ALS individuals affect ErbB4 functions, we
investigated the autophosphorylation of ErbB4 in cells
expressing either wild-type or mutant (c.2780G>A or
¢.3823C>T) ERBB4 in the presence of NRG-1. The ERBB4
mutations were introduced into the pBABE-pur-
OERBB4JM-aCYT-2HA plasmid encoding HA-tagged ErbB4
JM-a CYT-2'® by site-directed mutagenesis according to
the protocol described in the Phusion Site-Directed Muta-
genesis Kit (Thermo Fisher Scientific). After mutagenesis,
all the constructs were verified by sequencing. The plas-
mids were transiently transfected into COS-7 cells via
FuGENE 6 transfection reagent (Roche) in accordance
with the manufacturer’s instructions. Transfected cells
were starved of serum overnight and stimulated with O or
50 ng/ml NRG-1 (R&D Systems) for 10 min at 37°C. After
stimulation, the cells were lysed, and samples equivalent
to 50 pg of total protein were separated through 8% SDS-
PAGE gels. For detectiin of ErbB4 phosphorylation and
total ErbB4 protein levels, immunoblotting was performed
antibodies against phospho-ErbB4 (Tyr1284) (Cell
Signaling) and HA-tag (Abcam), respectively. The two
amino acid substitutions, p. Arg927GIn and p.
Argl1275Trp, showed a clearly reduced autophosphoryla-
tion of ErbB4 (Figure 2). On the basis of these genetic
and functional data, we concluded that the two mutations
are causative mutations for ALS (ALS19).

This study revealed that a reduced autophosphorylation
of ErbB4 upon NRG-1 stimulation is involved in the path-
ogenesis of ALS. Erbb4 is specifically expressed in the soma
of large motor neurons of the rat spinal cord.'® The lack of
Erbb4 is embryonically lethal in mice, which displayed the
derangement of motor-neuron axon guidance and path-
finding during embryogenesis.'” Heterozygous-null mice
showed a reduced body weight and delayed motor develop-
ment, and brain-specific conditional knock-out mice
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demonstrated reduced spontaneous motor activity and
grip strength of the hindlimbs.'* Mice lacking cysteine-
rich domain (CRD) isoforms of Nig-1 (CRD-NRG-1~"/ 7) die
perinatally as a result of respiratory failure, lack detectable
limb movement, and exhibit a loss of ~60% of spinal motor
neurons.'” Similarly, motor and sensory neuron-specific
conditional Nrg-1 knockout mice die at birth and showed
marked retraction of motor-neuron axons.?” Furthermore,
a decrease in the amount of CRD-NRG-1 has been detected
in the spinal motor neurons in FALS and SALS individuals
and Sod1 mutant mice at disease onset,”' raising the pos-
sibility that disruption of the NRG-ErbB pathway is
commonly involved in the motor-neuron degeneration
underlying ALS. This study provides insight into ALS path-
ogenesis and is expected to pave the way for the develop-
ment of innovative therapeutic strategies such as using
NRGs or their agonists to upregulate ErtbB4 functions.
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Abstract Amyotrophic lateral sclerosis (ALS) is a dev-
astating neurodegenerative disease affecting both upper
and lower motor neurons. The prognosis for ALS is
extremely poor, but there is a limited course of treatment
with only one approved medication. A most striking recent
discovery is that TDP-43 is identified as a key molecule
that is associated with both sporadic and familial forms of
ALS. TDP-43 is not only a pathological hallmark, but
also a genetic cause for ALS. Subsequently, a number of
ALS-causative genes have been found. Above all, the
RNA-binding protein, such as FUS, TAF15, EWSR1 and
hnRNPA1, have structural and functional similarities to
TDP-43, and physiological functions of some molecules,
including VCP, UBQLN2, OPTN, FIG4 and SOSTM1, are
involved in a protein degradation system. These discover-
ies provide valuable insight into the pathogenesis of
ALS, and open doors for developing an effective disease-
modifying therapy.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset,
progressive, and devastating neurodegenerative disease.
The typical ALS case develops a muscle weakness and
atrophy, which result from selective motor neuronal death
in the cortex, brain stem, and spinal cord, but does not
affect the oculomotor, sensory or autonomic functions.
ALS occurs alone or with frontotemporal lobar degenera-
tion (FTLD). Transactive response (TAR)-DNA binding
protein 43 kDa (TDP-43) was identified as a component of
the ubiquitinated neuronal inclusion in sporadic ALS
(SALS) and FTLD with ubiquitinated inclusions [1-3].
These two diseases have been regarded as part of the
spectrum of a single disease referred to as TDP-43 pro-
teinopathy. TDP-43 is reported to be a causative molecule
of familial ALS (FALS) [4-7]. Subsequently, a number
of ALS-causative genes have been identified (http://
neuromuscular.wustl.edu/index.html). Some of the identi-
fied ALS-causative molecules share physiological roles
indispensable for a cellular activity and are involved in
SALS pathologies (Fig. 1). Although the cause of SALS,
which accounts for ~90 % of ALS, is uncertain, these
discoveries have provided novel insights into the patho-
genesis of ALS. Here we review recent genetic findings
concering ALS.

TARDBP

In 2006, two groups reported that TDP-43 is a major
component of ubiquitinated neuronal cytoplasmic inclu-
sions in both SALS and FTLD [1, 2]. In addition, mutations
of TARDBP, the gene encoding TDP-43, cause an auto-
somal dominant FALS, which accounts for ~5 % of FALS
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Fig. 1 Physiological and neuropathological overlaps of ALS-causa-
tive genes. Several ALS-causing molecules share similar cellular
functions and are possibly co-localized in intra-neuronal aggregates
of ALS. Aggregate in SALS; the protein encoded by each gene forms
aggregates in a SALS-affected region. TDP-43 pathology in mutation
carrier; TDP-43-positive cytoplasmic inclusion is observed in ALS
cases with each mutation. ESCRTs, endosomal sorting complexes
required for transport

cases [4-7]. Except for D169G, all TARDBP mutations are
in the C-terminal glycine-rich region encoded by exon 6.
Although ALS patients carrying TDP-43 mutations nor-
mally exhibit a classical ALS phenotype with rare co-
occurrence of dementia, there is a trend for disease onset to
be earlier, with upper limb onset being more common and a
longer duration compared to SALS patients [8]. TDP-43 is
an RNA-binding protein that regulates elements of RNA
metabolism such as gene transcription, stability of mRNA,
pre-mRNA splicing, and microRNA biogenesis [9-18].
This protein is redistributed from the nucleus to the cyto-
plasm and forms aggregates in affected neurons and glial
cells of SALS patients [1-3] (Fig. 2), suggesting that gain
and/or loss of TDP-43 function underlies SALS pathogen-
esis. With regard to gain of TDP-43 toxicity, rodent and
primate models overexpressing wild-type or disease-mutant

Fig. 2 TDP-43 pathology of
spinal motor neuron. Lumbar
spinal cords of control and ALS
patients were stained with anti-
TDP-43 antibody (Proteintech).
TDP-43 is normally localized in
the nucleus, but is redistributed
to the cytoplasm in various
patterns, such as a diffuse
granular distribution (arrow)
and skein-like inclusions (arrow
head). The scale bars represent
20 pm

Control
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TDP-43 exhibit the phenotype of neurodegeneration, but
this exogenous TDP-43 exists mainly in the nuclei, and
TDP-43-positive cytoplasmic inclusions are barely detect-
able [19-28]. Although it is unclear how wild-type and
mutant TDP-43 acquire a toxic effect, overexpression of
TDP-43 makes a dose-dependent contribution to neurode-
generation [20-22]. In addition, pathological TARDBP
mutations have longer half-lives compared to the wild type
[29, 30], and longer half-lives of mutant proteins are cor-
related with accelerated disease onset [30], suggesting that
mutant TDP-43 toxicity depends on its protein stability. On
the other hand, TARDBP knockout mice are embryonic
lethal [31-33], and postnatal deletion of TARDBP led to
rapid loss of body fat and death [34]. Finally, motor neuron-
specific TARDBP knockout mice exhibited age-dependent
progressive motor dysfunction together with ALS-mim-
icking pathology, including motor axonal degeneration,
neurogenic muscle atrophy, and denervation at neuromus-
cular junctions [35, 36] (Fig. 3). These lines of evidence
suggest that both gain and loss of TDP-43 function con-
tribute to ALS pathogenesis.

FUS

Mutations in the gene encoding fused in sarcoma (FUS)
mutations have been identified in autosomal dominant
FALS, which accounts for ~4 % of FALS cases [37-39].
The majority of FUS mutations are in the C-terminal
nuclear localization signal (NLS), and these mutants cause
aberrant cytoplasmic distributions of FUS [37, 38].
Although the majority of patients carrying FUS mutations
exhibit a classical ALS phenotype without cognitive
impairment, the clinical courses of these ALS patients are
diverse, even among carriers of the same mutations [40-
44]. The FUS protein has been demonstrated in neuronal
cytoplasmic inclusions in ALS cases with FUS mutations
and a subset of FTLD with ubiquitinated, neuronal inter-
mediate filament inclusion disease (NINID), and basophilic

ALS
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Fig. 3 Motor neuron-specific A
TDP-43 knockout (TDP CKO)
mice exhibit degeneration of the
motor neuron system.

a Immunofiuorescencent
stainings (TDP-43, green;
ChAT, red) of the lumbar
ventral horn from 100-week-old
control and TDP CKO mice.
TDP-43-lacking motor neurons
(arrows) were significantly
smaller than TDP-43-positive
motor neurons. b Toluidine
blue-stained images in the L5
ventral root from 100-week-old
control and TDP CKO mice.
Arrows indicate axonal
degeneration. The scale bars
represent 100 pm.

¢ Hematoxylin and eosin
staining of gastrocnemius
muscles of 100-week-old mice.
Axial sections from TDP CKO
mice exhibited grouped atrophy
(arrow). d Immunofluorescent
staining (synaptophysin and
phopsho-neurofilament, green;
bungarotoxin, red) of NMJs in
100-week-old mice. Denervated
NMlIs (arrow) are indicated by
the lack of staining of
synaptophysin and phospho-
neurofilament. The scale bar
represents 50 pm. Reproduced
with permission from Iguchi

et al. Ref. [36]

Control

Control

TDP CKO

TDP CKO

TDP CKO

TDP CKO

inclusion body disease (BIBD) [45-48]. These inclusions
are positive for GRP78/BiP, p62 and ubiquitin, but not for
TDP-43 [38, 49, 50]. In addition, FUS is reported to be co-
localized with ubiquitin and TDP-43-positive cytoplasmic
inclusions of SALS patients [51, 52]. This issue remains
controversial, however, because in other studies, FUS was
not found in these inclusions in SALS [38, 47, 53]. Rat
models overexpressing human disease mutants of FUS
exhibit pathological phenotypes like ALS and FTLD [54],
and overexpression of human wild-type FUS in mice
causes dose-dependent progressive motor neuron degen-
eration [55]. By contrast, FUS knockout mice on an inbred
C57BL/6 background display perinatal death and exhibit
abnormal lymphocytes and chromosomal instability [56],
whereas knockout mice on an outbred background develop
male sterility and survive until adulthood [57]. It is note-
worthy that FUS and TDP-43 share structural and functional
similarities [38] and that both proteins regulate alternative

pre-mRNA splicing events and transcription [59-62].
Although most of the mRNA targets for FUS are distinct
from those for TDP-43, a small set of common targets may
contribute to ALS pathogenesis [60, 61]. In addition, both
TDP-43 and FUS associate with the SMN complex and are
involved in spliceosome maintenance [63, 64].

FIG4

FIG4 was reported as a causative gene for Charcot-Marie-
Tooth disease type 4] (CMT4J), an autosomal recessive
motor and sensory neuropathy [65]. Later, FIG4 mutations
were identified in autosomal-dominant FALS and SALS
[66]. In this cohort of European ancestry, FIG4 mutations
were found in 2 % of ALS and primary lateral sclerosis
(PLS) cases [66]. Two of ten identified mutations are
truncation mutations that lead to loss of FIG4 phosphatase
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activity [66]. The protein transcript of FIG4 is a phos-
phoinositide 5-phosphatase that regulates a cellular abun-
dance of phosphatidylinositol 3,5-bisphosphate (P1(3,5)P2),
a signaling lipid on the cytosolic surface of membranes of
the late endosomal compartment [67]. PI(3,5)P2 is required
for retrograde membrane trafficking from lysosomal and
late endosomal compartments to the Golgi and is involved
in autophagy [68-70]. The analysis of FIG4~'~ mouse
brain shows disruption of autophagy in neurons and glial
cells [71].

OPTN

Three mutations of OPTN were identified in Japanese
FALS patients [72], with both dominant and recessive
mutations observed. Later analyses in Japanese and Euro-
pean populations revealed several additional mutations,
and estimated mutation rates were 1-4 % in FALS [73-
75]. Although optineurin, which is encoded by OPTN,
regulates TNFo-induced NF-xB activation negatively by
binding to polyubiquitinated RIP [76], ALS-causative
OPTN mutations abolish its inhibition [72]. OPTN also acts
as an autophagy receptor [77] and coordinates actin-based
and microtubule-based motor function for maintenance of
Golgi morphology [78]. OPTN is co-localized in ubiquiti-
nated neuronal cytoplasmic inclusions of SALS spinal
cords [72, 79-81], suggesting that OPTN is generally
involved in the pathogenesis of a variety of ALS types.

ATXN2

The pathological expansions (>34 repeats) of a CAG repeat
in ATXN2, which encodes a polyglutamine tract in ataxin-2,
cause spinocerebellar ataxia type 2 (SCA2). Intermediate-
length expansions (27-33 glutamine residues) were repor-
ted to contribute to susceptibility to ALS [82]. In a later
study, however, longer ATXNZ repeats (>29-32 repeats)
were significantly associated with the disease [83-86], and
CAG repeats (>32) were found in approximately 2 % of
familial and sporadic ALS patients [84]. Furthermore,
Expanded ATXN2 repeats were also significantly associated
with progressive supranuclear palsy [87]. Pathological
analysis shows that ataxin-2 forms cytoplasmic aggregates
in ALS spinal cord neurons, although this protein is local-
ized in a diffuse or fine-granular pattern throughout the
cytoplasm of control spinal cord neurons [§2]. Although the
pathological mechanism of ATXNZ expansion in ALS
pathogenesis is not fully understood, CAG repeat expan-
sions are reported to enhance the interaction between
ataxin-2 and TDP-43 or mutant FUS [82, 88].
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DAO

D-serine, a co-agonist of the N-methyl p-aspartate (NMDA)
type of glutamate receptor [89], was reported to accumu-
late in the spinal cords of SALS and G93A SODI1 mice [90,
91]. p-amino acid oxidase (DAO) negatively regulates p-
serine. Mutation R199W in the DAO gene was identified in
autosomal dominant FALS [92]. This mutation, when
expressed in neuronal cell lines, reduces cell viabilities and
induces ubiquitinated aggregates [92]. These data suggest
that accumulation of p-serine contributes to an ALS path-
ogenesis, and DAO might be a common therapeutic target
for ALS.

SPG11

Mutations of the spatacsin gene (SPG1I) are the most
common cause of hereditary spastic paraplegia with thin-
ning corpus callosum [93]. Recently, SPGI] mutations
were identified in autosomal recessive juvenile ALS [94].
These patients exhibit a slowly progressive phenotype of
motor neuron disease. Although the loss-of-function
mechanism is suggested as the pathogenesis of ALS with
the SPG1/ mutation, the physiological function of this
molecule is unclear.

vCpP

Mutations in VCP were found in patients with inclusion
body myopathy of early-onset Paget disease and fronto-
temporal dementia (IBMPFD) [95]. In addition, VCP
mutation was identified in 1-2 % of FALS cases with or
without the phenotype of IBMPFD in an autosomal dom-
inant manner [96]. Now, IBMPFD is referred to as a
multisystem proteinopathy (MSP), which affects motor
neurons, brain, skeletal muscle, and bone. VCP mutation
carriers exhibit diverse phenotypes, even with the same
mutation [97]. TDP-43 positive ubiquitinated cytoplasmic
inclusions in the affected neurons are present in patients
with VCP mutations [96, 98]. The highly conserved
AAA+-ATPase, VCP regulates multiple cellular pathways
such as the ubiquitin—proteasome system (UPS), autoph-
agy, endosomal sorting, and regulating protein degradation
at the outer mitochondrial membrane, and chromatin-
associated processes [99]. VCP is indispensable for matu-
ration of autophagosomes, and disease-causative mutations
of VCP disrupt this process [100]. Mutant VCP knock-in
mice develop age-dependent motor dysfunction with
abnormal TDP-43 pathologies in the spinal cord, muscle
and brain [101-103].
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UBQLN2

Mutations in UBQLNZ2 were identified in rare X-linked
dominant ALS cases [104]. UBQLN2-positive inclusions
are found in the spinal cord of ALS and ALS/FTLD
patients with UBQLN2 mutations, and these inclusions
frequently contain TDP-43 and FUS [104, 105]. In addi-
tion, abnormal UBQLN2 pathologies are found in SALS
patients and FUS mutation carriers [104, 105]. These data
suggest that UBQLN?2 is generally involved in the patho-
genesis of ALS. UBQLN2 is a member of the ubiquilin
family, which is involved in both the ubiquitin—proteasome
system and autophagy [106, 107], and mutations in UB-
QLN2 were reported to disrupt protein degradation [104].

CI90ORF72

In a large family with FTLD and/or ALS mapping to
chromosome 9p21, a GGGGCC hexanucleotide repeat was
identified between noncoding exons la and 1b of the
C90ORF72 gene [108, 109]. The repeat is <25 units in
healthy controls, whereas the estimated expansion range is
from 800 to 4,400 units in cases carrying this repeat
expansion [108-110]. The mutation frequencies in Euro-
pean and North American Caucasian populations are gen-
erally high: they are up to 29, 50 and 88 % in FTLD, ALS
and ALS/FTLD patients [111]. Especially in North Europe,
the repeat expansion frequencies are from 12 to 21 %, even
in the SALS patients [108, 112, 113]. By contrast, the
frequency of ALS patients with these expansions is very
low in Asian populations [113-119]. ALS patients with
C90RF72 expansion commonly have a bulbar onset and
cognitive impairment and partially exhibit Parkinsonism or
psychiatric symptoms such as psychosis or suicide [120-
122]. Abundant UBQLN-positive cytoplasmic inclusions
are seen in the cerebellum and the hippocampus. UBQLN
is co-localized partially with p62 and only rarely with
TDP-43 positive inclusions [123, 124]. Using RNA fluo-
rescence in situ hybridization (FISH) analysis, COORF72-
containing RNA foci are observed in 25 % of the spinal
cord and frontal cortical neurons of patients with the repeat
expansion [108]. In addition, the neurons contain dipeptide
repeat proteins generated from this intronic repeat region
by non-ATG-initiated translation [ 125, 126]. It is, however,
uncertain whether these neuronal accumulations of the
aberrant RNA, and protein derived from COORF72 repeat
expansions contribute to the neurodegeneration. The latest
study demonstrated that COORF72 is a full-length distant
homologue of proteins related to DENN, which is a Rab
GEF, a regulator of Rab-GTPase activity [127]. Because
Rab GTPases regulate membrane trafficking, COORF72
may have a crucial role in neuronal activities such as

axonal transport and the autophagy-lysosome system.
Although no reliable antibody for this protein is known, the
intronic repeat expansions are reported to cause the loss of
one or all alternatively spliced COORF72 transcripts [108,
109, 128], suggesting that COORF72 haploinsufficiency
may underlie the pathogenesis of ALS patients carrying
this repeat expansion. The high incidence of C9ORF72
mutations in Caucasian ALS patients raises the possibility
of the additional identification for ALS-causative gene
mutations, even in SALS. Targeting a specific molecule,
such as C9ORF72, appears to be a promising strategy.

PFN1

PFNI mutations were identified in autosomal dominant
FALS patients, [129]. Although four missense mutations
were reported in 274 FALS patients [129], several other
analyses further suggest that the mutation carriers in FALS
patients are generally rare [130-138]. Profilin-1, the pro-
tein transcript of PFNI, is essential for the polymerization
of monomeric G-actin to form filamentous actin [139]. A
disrupted mutant of PFNI causes a growth cone arrest in
embryonic motor neurons of Drosophila [140]. Although
the neuropathology of an ALS patient with the PFNI
mutation is not reported, ALS-related mutants of PFNI
form ubiquitinated cytoplasmic aggregates when they are
overexpressed in Neuro-2a cells or primary motor neurons
[129]. In addition, the PFNI mutants reduce actin-binding
ability, inhibit axonal outgrowth, and reduce the size of the
growth cone in cultured cells or primary motor neurons
[129]. These findings suggest that mutation-dependent
disruption of PFNI/ function contributes to ALS patho-
genesis via an alteration of the actin dynamic pathway.

SIGMAR1

SIGMARI is reported to be associated with juvenile
amyotrophic sclerosis. A homozygous missense mutation,
E102Q, in SIGMARI gene was identified in autosomal
recessive FALS from Saudi Arabia [141]. Patients carrying
the SIGMARI mutation exhibit the motor neuron disease
phenotype at the age of 1-2 years, and the weakness pro-
gresses slowly without cognitive impairment. The sigma-1
receptor (SIR), which is encoded by SIGMARI, is a non-
steroidal ER protein that regulates various ion channel
activities and has a protein chaperone function [142]. SIR
is highly expressed in motor neurons of the brain stem and
spinal cord, and SI1R knockout mice are reported to have
motor deficiency [143]. These findings suggest that the
mutation in SIGMARI affects predominantly motor neu-
rons via loss of SIR function. Further investigations,
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including a histopathological characterization of post-
mortem samples and functional analysis of the SIR mutant,
are needed.

Molecular targeted approach for the treatment of ALS

Current therapies for neurodegenerative diseases are tar-
geted mainly to symptomatic relief or replacement of
neurotransmitters. Most of these therapies, however, do not
halt or reduce neurodegenerative progression [{44]. With
regard to ALS, the only available drug, riluzole (6-(triflu-
oromethoxy)benzothiazol-2-amine), has a limited effect:
the increase in median survival for the riluzole-treated
group was 2-3 months [145]. Many compounds, including
vitamin E, gabapentin, topiramate, creatine, celecoxib and
minocycline, identified in studies using animal models
have failed in the clinical trials of ALS.

Although several interpretations can be considered, one
possibility of the cause of this divergence is the use of
mutant SOD1 mice in pre-clinical studies. There are distinct
pathophysiological differences between SODI-mediated
FALS (ALS1) and SALS [146, 147]. Conversely, TDP-43 is
a promising therapeutic target for SALS, because abnormal
TDP-43 pathologies are characteristic features of SALS.
Given that a dose-dependent or aggregate toxicity of TDP-
43 would be related to ALS pathogenesis, interventions to
regulate TDP-43 protein expression or to mitigate the
aggregate formation could have therapeutic potential for
ALS. An analysis using induced pluripotent stem (iPS) cells
derived from ALS patients carrying TDP-43 mutations
would be a useful tool for elucidating ALS disease patho-
genesis and for screening drug candidates [148].

Analyzing functional similarities to ALS-causative mol-
ecules is a promising approach. Some of these molecules
share physiological functions indispensable for cellular
activities, including RNA metabolism, protein degradation,
and the ER-Golgi pathway (Fig. 1). For instance, several
ALS-causative genes, including VCP, UBQLN2, OPTN and
FIG4, are related to a protein-degrading system via autoph-
agy, and mutations in SQSTM 1, which encodes p62, have
been identified in ALS patients [149]. ALS patients carrying
mutations in these genes have TDP-43-positive neuronal
cytoplasmic inclusions, suggesting that the effect of these
mutations could be an upstream cause for the aberrant TDP-
43 pathology. In addition, p62-positive neuronal inclusions
are seen in most of SALS and FALS patients, and accumu-
lations of autophagosomes are observed in the motor neurons
of SALS patients [150]. These lines of data suggest that
dysregulation of autophagy commonly underlies ALS path-
ogenesis. Notably, autophagy activators rescue the pheno-
type and pathology in FTLD model mice in which wild-type
TDP-43 was overexpressed in the forebrain [151], suggesting
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that the autophagic pathway could be a potential therapeutic
target for ALS.

TDP-43, FUS, and ataxin-2 are components of stress
granules (SGs), which have a central role in the stress
response, such as regulating mRNA translation and turn-
over [152] under stress [153-155]. In addition, the TDP-43
C-terminal fragment and FUS-disease mutant are recruited
more abundantly into SGs [156-158]. Given that stress
granule marker proteins are co-localized in TDP-43 and
FUS-positive neuronal inclusions of ALS and FTLD
patients [158, 159], dysregulation of mRNA metabolism in
SGs would underlie common ALS pathogenesis and could
be a therapeutic target for ALS. Furthermore, TDP-43 and
FUS have a similar sequence to the prion protein, prion-like
domain (PrL.D). Notably, an insoluble fraction of TDP-43
from FTLD brain has a seeding ability when introduced into
cultured cells, and the aggregated TDP-43 induced by these
seeds is propagated to neighboring cells [160]. These data
suggest that interference with the propagation of TDP-43 or
other RNA-binding proteins may be a therapeutic target for
ALS. Finally, mutations in other RNA-binding proteins,
such as Ewing’s sarcoma breakpoint region 1 (EWSRI),
TATA-binding protein-associated factor 15 (TAF15), and
heterogeneous nuclear ribonucleoprotein Al (hnRNPA1)
have been identified in ALS patients [161-163]. These
RNA-binding proteins are responsible for RNA metabolism
and harbor a PrLD as well as TDP-43 and FUS.

ALS causative genes have been uncovered by recent
developments in gene analysis technology. Certain FALS-
causing gene mutations have also been identified in SALS
cases, suggesting that sporadic and familial forms of ALS
share, at least in part, the same molecular pathomechanism.
These discoveries provide novel insight into ALS patho-
genesis and are expected to contribute to developing an
effective disease-modifying therapy. Given the limited
availability of animal models carrying FALS mutations, the
results of genetic studies should be utilized for the creation
of models and the search for therapies that suppress motor
neuron degeneration.
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'osph(‘)ryla'tetén'd_truh‘c‘ate‘d TAR DNA«omdmg proteinds (TDP—43) isa major component ()f ubiquitinated ytop!asmlc
clusions in neuronal and glial cells of two TDP-43 proteinopathies, amyotrophlc lateral sclerosis and frontotemporal lobar
— egeneratxon ‘Modifications of TDP-43 . are thus considered to play an important role in the pathogenesns of TDP-43

, ﬁprotemopathies However, both the initial cause of these abnormal modifications and the TDP-43 region responsible forits
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introduction

Amyotrophic lateral sclerosis (ALS) and certain forms of
frontotemporal lobar degeneration (FTLD) with ubiquitin-positive
but tau-negative inclusions have been considered to be a single
disease spectrum of TAR DNA-binding protein 43 (TDP-43)
proteinopathy since 2006, when this protein was reported to be a
major component of ubiquitin-positive inclusions in the affected
neuronal and glial cells of both ALS and FTLD [1-3]. The
identification of missense mutations of TARDBP, the gene
encoding TDP-43, in familial and sporadic ALS and/or FTLD
patients further confirmed the importance of this molecule in the
pathogenesis of TDP-43 proteinopathies [4-7].

Although TDP-43 normally localizes to the nucleus, it is
distributed from nucleus to cytoplasm or neurite and forms
aggregates that mainly consist of C-terminal fragments (CTTs) in
the affected neurons of TDP-43 proteinopathy patients. In
addition, aberrantly aggregated TDP-43 is hyperphosphorylated
at multiple C-terminal sites [8]. The fact that most TDP-43
proteinopathy cases are sporadic suggests that exogenous factors
induce the post-translational modifications of TDP-43 that are
seen in the disease.

Although it does not fully recapitulate the pathological features
of TDP-43 proteinopathies, artificial axonal damage induces
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transient cytoplasmic distribution of TDP-43 in mouse motor
neurons [9,10], and several stress conditions, including oxidative
stress and suppression of the ubiquitin-proteasome system, cause
aberrant modifications of TDP-43 in cultured cell lines or primary
neurons [11-15]. In addition, a motor neuron-specific disruption
of proteasomes results in the cytosolic distribution of TDP-43 in a
mouse model [16]. Finally, the repeat expansion of GGGGCC in
CO9orf72, as well as mutations in UBQLN2, VCP, PGRN, or
OPTN, lead to neurodegeneration with TDP-43-positive neuronal
inclusions [17-22].

These findings provide us with a clue for elucidating the
mechanism of these modifications. Nevertheless, both the initial
cause of these abnormal modifications and the region of TDP-43
responsible for its aggregation remain unknown. Here we report
that RNP2 in RNA binding motif 1 (RRM1) plays a substantial
role in the pathological TDP-43 modifications that are seen in
TDP-43 proteinopathies.

Materials and Methods

Cell Culture and Treatment
Mouse NSC34 motor neuron-like cells (a kind gift of N.R.

Cashman, University of British Columbia, Vancouver, Canada)
[23] and human embryonic kidney 293 (HEK293) cells were
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Figure 1. Intracellular localizations of TDP-43 lacking the NLS and of CTFs of TDP-43. (A) Structures of wild-type (Wt), NLS-disrupted
mutant (dNLS) and CTFs (TDP35, TDP32 and TDP25). (B) Immunoblots of the cytosol and nuclear fractions from HEK293 cells expressing Wt, dNLS,

TDP35, TDP32, or TDP25.
doi:10.1371/journal.pone.0066966.g001

cultured in a humidified atmosphere of 95% air/5% CO2 in a
37°C incubator in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). In both NSC34
and HEK293 cells, the transfections of the intended plasmids were
performed using Lipofectamine 2000 (Invitrogen), according to
the manufacturer’s instructions. Before performing subsequent
experiments, the cells were incubated for 48 h after transfection.

DNA Constructs

Human wild-type TDP-43 (WT-TDP-43) (accession number
NM 007375) ¢cDNA was amplified by PCR from human spinal
cord cDNA as previously described [11]. The PCR product was
cloned into the pENTR/D-TOPO vector (Invitrogen). For the
TDP-43 truncated fragments, amplified PCR products (for
primers see Table S1) from the WT-TDP-43 vector were cloned
into the pENTR/D-TOPO vector. For delta RNP2 TDP-43
(ARNP2), mutated RNP2 TDP-43 (mtRNP2), mutated RNP!
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TDP-43 (mRNP1), delta RRM1 TDP-43 (ARRM1), and delta
nuclear localization signal (NLS) TDP-43 (dNLS) vectors, primers
containing mutant substitutions (Table S2) were used to
mutagenize WT-TDP-43 (KOD-Plus-Mutagenesis kit; Toyobo).
The entry vectors of each mutant TDP-43 vector were transferred
into either a pcDNA6.2/N-EmGFP-DEST or pcDNA3.1/nV5-
DEST vector using the Gateway LR Clonase II enzyme mix
(Invitrogen). The sequences of all constructs were verified using
the CEQ 8000 genetic analysis system (Beckman Coulter). The
collection of autopsied human tissue and its use for this study were
approved by the Ethics Committee of Nagoya University
Graduate School of Medicine, and written informed consent was
obtained from the patients’ next-of-kin. The experimental
procedure involving the human subject was conducted in
conformance with the principles expressed in the Declaration of
Helsinki.
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Figure 2. Ubiquitination of TDP-43 CTFs. (A) Immunocytochemistry of NSC34 cells expressing Wt, dNLS, TDP35, or TDP32. Cells were stained
with anti-ubiquitin antibody (green), anti-V5 antibody (red), and DAPI (blue). Scale bar=5 um. (B) Percentage of cells with ubiquitin-positive
aggregates. Error bars indicate SEM (n=3). The percentage of TDP32-expressing cells containing ubiquitin-positive aggregates was significantly
higher than that of cells expressing TDP35 (p<<0.05). (C) Immunoprecipitations with anti-ubiquitin antibody. The immunoreactivity of V5 was only
detected in the TDP32 lane (arrow head). Asterisk indicates non-specific signal. (D) Immunoprecipitations with anti-V5 antibody. The ubiquitin-
positive smear band was increased in the lane of TDP32 compared with that of TDP35. Asterisks indicate a heavy or light chain of IgG.

doi:10.1371/journal.pone.0066966.9002

Immunoblot Analysis

We used NE-PER Nuclear Cytoplasmic Reagents (Thermo
Fisher Scientific) for the analysis of the cytoplasmic/nuclear ratio.
For analysis of protein solubility, cells cultured in 10-cm plates
were lysed in 1 ml RIPA buffer (Thermo Fisher Scientific). Lysates
were sonicated and centrifuged at 100,000 ¢ for 15 min. To
prevent carryover, the pellets were washed with RIPA buffer,
followed by sonication and centrifugation. RIPA-insoluble pellets
were lysed in 100 pl urea buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 30 mM Tris, pH 8.3), sonicated, and centrifuged at
100,000 g for 15 min.

After the denaturation, 5 pl of each sample was separated by
SDS-PAGE (5%-20% gradient gel) and the proteins were then
transferred to Hybond-P membranes (Amersham Pharmacia
Biotech). The membranes were blocked with 5% skimmed milk
in Tris-buffered saline containing 0.05% Tween-20 and incubated
with the intended primary antibodies. The primary antibodies
used were as follows: anti-TDP-43 rabbit polyclonal antibody
(1:1000; ProteinTech); anti-pTDP-43 (phospho Ser409/410)
rabbit polyclonal antibody (1:1000; Cosmo Bio); anti-ubiquitin
mouse monoclonal antibody (MBL); anti-histone HI1 mouse
monoclonal antibody (1:500; Millipore); anti-GAPDH mouse
monoclonal antibody (1:2000; Temecula); anti-GFP mouse
monoclonal antibody (1:2000; MBL); and anti-V5 mouse mono-
clonal antibody (1:5000; Invitrogen). For the anti-ubiquitin
antibody, the membranes were fixed with 0.05% glutaralde-
hyde/0.IM KHyPO, and blocked with 4% BSA. Secondary
antibody probing and detection were performed using ECL Plus
detection reagents (GE Healthcare). Chemiluminescence signals
were digitized (LAS-3000 Imaging System; Fujifilm) and band
intensities were quantified using Multi Gauge software (version
3.0; Fujifilm).

Immunocytochemistry

NSC34 cells were fixed in 4% paraformaldehyde, incubated in
PBS containing 0.3% Triton X-100 for 5 min, blocked with
Image-iT FX signal enhancer (Invitrogen), and incubated
overnight at 4°C with anti-TDP-43 rabbit polyclonal antibody
(1:1000; ProteinTech), anti-pTDP-43 (phospho Ser409/410)
rabbit polyclonal antibody (1:500; Cosmo Bio), anti-TIAR mouse
monoclonal antibody (1:500; BD Transduction Laboratories,
Milan, Italy), anti-ubiquitin mouse monoclonal antibody (1:100;
MBL), anti-V5 rabbit polyclonal antibody (1:1000; Bethyl) or anti-
V5 mouse monoclonal antibody (Invitrogen). After washing,
samples were incubated with Alexa-488-conjugated goat anti-
mouse IgG and Alexa-555-conjugated goat anti-rabbit IgG (both
at 1:1000; Invitrogen) for 60 min, mounted with Prolong Gold
antifade reagent with DAPI (Invitrogen), and then imaged with a
confocal microscope (LSM710; Zeiss).

For the counting of inclusion-bearing cells, we randomly
selected 100 transfected cells from three separate experiments.
The colocalization coefficient, which reflects the fraction of green
pixels that are also positive for red pixels, was calculated using the
Zeiss LSM software. We calculated the colocalization coefficient
by randomly selected 10 fields from three separate experiments.
To obtain images for calculating the colocalization coefficient, the
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settings of the confocal microscopy and the threshold of positive/
negative fluorescence was fixed within each experiment.

Immunoprecipitation

Transfected HEK293 cells were washed with PBS and lysed in
immunoprecipitation buffer (Thermo Fisher Scientific). After
sonication on ice, the samples were agitated for 30 min at 4°C.
The samples were centrifuged and supernatants were incubated
with magnetic beads: anti-V5 magnetic beads (MBL), anti-GFP
magnetic beads (MBL), and anti-ubiquitin magnetic beads (MBL).
Samples were rotated overnight at 4°C. Immunoprecipitates were
separated by SDS-PAGE (5%-20% gradient gel). Western blotting
was performed using anti-V5-HRP antibody (MBL) and anti-GFP-
HRP antibody (MBL).

Ribonucleoprotein Immunoprecipitation
Ribonucleoprotein (RNP) immunoprecipitation was performed
using a RIP assay kit (MBL), according to the manufacturer’s
instructions. RNA concentrations were measured with a Nano-
drop (Thermo Fisher Scientific). Electrophoresis of precipitated
RNA was performed with a Bioanalyzer (Agilent Technologies)
according to the manufacturer’s instructions. For analysis of
neurofilament light chain (hNFL) mRNA 3'UTR content, RNA
obtained from immunoprecipitates was reverse transcribed into
first-strand ¢DNA wusing SuperScript II reverse transcriptase
(Invitrogen) and a PCR was performed with the following primers:
ACCAACCAGTTGAGTTCCAGAT (forward) and GAAT-
GATTCACATTGCCGTAGA (reverse).

Effect of RNase on TDP-43 Solubility

For analysis of protein solubility with or without RNase,
HEK?293 cells cultured in 10-cm plates were lysed in 1 ml of Tris-
saline (T'S) buffer (50 mM Tris-HCI buffer, pH 7.5, 0.15 M Na(l,
5 mM EDTA, protein phosphatase inhibitors, and a protease
inhibitor cocktail). Lysates were sonicated and then divided into
two samples. RNase A (10 pg/ml) was added to one of the
samples. Samples incubated for 0 and 15h at 4°C were
centrifuged at 100,000 ¢ for 15 min. To prevent carryover, the
pellets were washed with TS buffer, followed by sonication and
centrifugation. TS-insoluble pellets were lysed in 1 ml of Triton X-
100 (TX) buffer (TS buffer containing 1% Triton X-100),
sonicated, and centrifuged at 100,000 g for 15 min. The pellets
were washed with TX buffer, followed by sonication and
centrifugation. TX-insoluble pellets were lysed in 500 pl of
Sarkosyl (Sar) buffer (T'S buffer containing 1% Sarkosyl), sonicated
and centrifuged at 100,000 gfor 15 min. Sar-insoluble pellets were
lysed in 100 pl of urea buffer.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism
software (GraphPad software inc.). Biochemical data were
statistically analyzed using a Student’s #-test or one-factor factorial
ANOVA followed by Tukey post hoc tests. A p value of 0.05 or
less was considered to be statistically significant.
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