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TDP-43DW1 (5'-TATTACGCGTCTACATTCCCCAGCCAGAAGACTTAG-
3’). After gel purification, the PCR products were digested
with Mlul and cloned into a pCl mammalian expression vec-
tor (Promega, Madison, WI) that had been digested with
the same restriction enzyme. For the construction of the
TDP-43 fragments, each fragment was amplified using PCR
with primers specific for residues 89-414 (TDP 89-414; for-
ward, 5-AAAAACGCGTATGGCTTCATCAGCAGTGAAAGTG-3’ and
TDP-43DW1), or residues 220-414 (TDP 220-414; forward,
5'-AAAAACGCGTATGGTCTTCATCCCCAAGCCATTC-3' and TDP-
43DWT1). The resulting products were digested with Mlul and
cloned into pCl (Promega). Mutant TDP-43 cDNAs carrying the
A315T and M337V mutations were prepared using site-directed
mutagenesis and cloned into the pCl vector. We sequenced the
plasmids to confirm that there were no unwanted mutations.

The small interfering RNA (siRNA) used included human
TDP-43 siRNA1 sense; 1(GUAACAUGGUAACACUUAA)ITAT
anti-sense; r(UUAAGUGUUACCAUGUUAC)ATAG human
TDP-43 siRNA2  sense; r(CAAUAGCAAUAGACAGUUA)TAT
anti-sense; r(UAACUGUCUAUUGCUAUUG)dTdG and mouse
TDP-43  siRNA1 sense; r(CGAUGAACCCAUUGAAAUA)JTAT
anti-sense; r(UAUUUCAAUGGGUUCAUCG)dTAT mouse TDP-
43 siRNA2 sense; r(GUAACAUGGUAACAUUAAA)ITAT anti-sense;
r(UUUAAUGUUACCAUGUUAC)ATAG (Qiagen HP GenomeWide).

2.2. Cell culture and transfection

TetHeLaG2 cells (Sawada et al, 2009) were cultured in
MEM-a medium (WAKO, Tokyo, Japan) supplemented with 10%
Tet-System-Approved fetal bovine serum (TAKARA), 100U/ml
penicillin, 100 p.g/ml streptomycin (Invitrogen), and with or with-
out 0.75 p.g/ml puromycin (TAKARA) in 5% CO, at 37°C. Mouse
neuroblastoma Neuro2a cells were cultured in high-glucose DMEM
(WAKO, Tokyo, Japan) supplemented with 10% fetal bovine serum,
100 U/ml penicillin and 100 p.g/ml streptomycin in 5% CO; at 37 °C.
TetHela cells stably expressed the transfected GluA2 mini gene
with constant editing efficiency of the pre-mRNA (Sawada et al.,
2009) and Neuro2a cells expressed the intrinsic GluA2 gene with
stable editing efficiency of the transcripts (Yamashita et al,, 2012).
The cells were grown to 70% confluence in 6-well culture plates and
transfected with the expression constructs using Lipofectamine
2000 (Invitrogen) or Lipofectamine RNAIMAX (Invitrogen) accord-
ing to the manufacturer’s instructions.

2.3. RNA extraction and reverse transcription

Total RNA was isolated from the cells using an illustra RNAspin
RNA Isolation Kit (GE Healthcare Bioscience) and treated with
DNasel, as recommended by the manufacturer. First-strand cDNA
was synthesized from the total RNA using Ready-To-Go You-Prime
First-Strand Beads (GE Healthcare Bioscience) and 50 ng of random
primers (Invitrogen) in a final volume of 33 pl, as recommended
by the manufacturer. GluA2 was amplified as previously described
(Sawada et al., 2009).

2.4. Analysis of the conversion of adenosine to inosine at the Q/R
editing site

The efficiency of the conversion of adenosine to inosine in the
GluA2 pre-mRNA was calculated following the digestion of PCR
products with restriction enzymes using a Bioanalyzer 2100 (Agi-
lent Technologies, Santa Clara, CA) (Kawahara et al.,, 2003, 2004;
Bhalla et al.,, 2004). The amplified GluA2 pre-mRNA PCR products
were digested using Bbvl (New England Biolabs, Ipswich, MA).

The PCR products from edited GluA2 pre-mRNA molecules
contain one intrinsic Bbvl recognition site, whereas the

products originating from the unedited GluA2 contain an addi-
tional recognition site. Therefore, digestion of the PCR products
from the edited GluA2 pre-mRNA should produce two bands
(129 and 71 bp), whereas digestion of bands originating from the
unedited GluA2 pre-mRNA molecules should produce three bands
(91, 38 and 71 bp). The densities of the 71-bp band, which results
from digestion of both the edited and unedited pre-mRNA, and the
129-bp band, which is only the product of the edited pre-mRNA,
were quantified, and the editing efficiency was calculated as
the former to the latter for each sample (Nishimoto et al., 2008;
Sawada et al., 2009).

2.5. Real-time quantitative polymerase chain reaction

Quantitative PCR was performed using a LightCycler System
(Roche Diagnostics, Indianapolis, IN). A set of standards and cDNA
samples were amplified in a reaction mixture (20 p.l total volume)
composed of 10l of 2x LightCycler 480 Probes Master Roche
(Roche Diagnostics), 0.5 wM of each primer, and 0.1 uM of Universal
Probe Library (Roche Diagnostics). The reaction was initially incu-
bated at 95°C for 10 min, and amplification of the templates was
performed with a denaturing step at 95°C for 10s and a primer
annealing step at 60°C for 30s. As an internal control, the expres-
sion of human {3-actin was also measured in each sample using a
LightCycler Primer/Probe Set (Roche Diagnostics) and the same PCR
conditions (Sawada et al., 2009).

The PCR primers and probes were designed based on the
cDNA sequence of GluA2 pre-mRNA, ADAR2 and 3-actin, which
were obtained from GenBank (GluA2, Accession Nos. NM000826,
BC028736; GluA2 gene, Accession Nos. NC000004.11, NC000069.5;
ADAR2, Accession Nos. NMO015833, NM015834, NM130895,
U76421, U76422; and P-actin, Accession Nos. NM001101,
NM007393).

2.6. Western blot analysis

NeuroZa and TetHeLaG2m cells were homogenized by sonica-
tion in 20 volumes of extraction buffer (50 mM HEPES, pH 7.5, 1 mM
EDTA, 100 mM NacCl, 10 mM DTT and 0.1% CHAPS). The homogenate
was centrifuged at 1000 x g for 10 min at 4 °C. The supernatant was
boiled with 4x SDS gel loading buffer, and subjected to SDS-PAGE.
After electrophoresis, proteins were transferred to an Immobilon-P
transfer membrane (Millipore, Bedford, MA) and immunocblotting
for TDP-43 and PB-actin was conducted. For the first antibod-
ies, rabbit anti-human TDP-43 antibody (10782-1-AP, ProteinTech
Group Inc., designated as TDP-43) (1:2500) and rabbit anti-B-actin
antibody (IMGENEX Corp.) (1:2000) were used, and for the sec-
ondary antibodies, peroxidase-conjugated goat anti-rabbit IgG (Cell
Signalling Technology, Inc., Danvers) (1:2000) were used. Visual-
ization was carried out using ECL plus Western blotting detection
reagents (GE Healthcare Bioscience, Piscataway, NJ, USA). Specific
bands were detected with a LAS 3000 system (Fujifilm, Tokyo).

2.7. Statistical analysis

The data are presented as the mean 4 SEM. Statistical analyses
were carried out using the JMP 8 software (SAS Institute). For the
statistical comparison of two groups, an unpaired, two-tailed Stu-
dent's t-test was used. Differences were considered significant at
P<0.05.
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Fig. 1. The effects of altered TDP-43 expression on ADAR2 activity. The editing efficiency at the GluA2 pre-mRNA Q/R site was decreased after overexpression of human
TDP-43 in Neuro2a cells but not in TetHeLaG2m cells. In contrast, the editing efficiency was increased in TetHeLaG2m cells, but not in Neuro2a cells, after TDP-43 knockdown.
However, these changes were not correlated with the relative abundance of ADAR2 (the ratio of ADAR2 mRNA to GIuA2 pre-mRNA), a determinant of ADAR2 activity. The

data are presented as the mean £ SEM (n=3-5, Student’s t-test, *P<0.05).

3. Results
3.1. The effect of TDP-43 expression on ADARZ activity

To test whether changes in TDP-43 expression could alter
ADAR2 activity at the GluA2 Q/R site, we analyzed the editing
efficiency and mRNA expression level of ADAR2 in TetHeLaG2m
and Neuro2a cells that had been transfected with either the
human TDP-43 expression constructs or an siRNA against TDP-43
(Supplementary Fig. S1). The effects of TDP-43 overexpression and
knockdown of ADAR2 activity were inconsistent between the two

cell lines: the overexpression of human TDP-43 decreased GluA2
pre-mRNA Q/R site editing (editing efficiency) in Neuro2a cells
but not in TetHeLaG2m cells, whereas the knockdown of TDP-43
using siRNA increased the editing efficiency in TetHeLaG2m cells
butnotin Neuro2a cells (Fig. 1A). Previous studies have determined
that ADAR2 activity is based on the expression level of ADAR2 rel-
ative to that of GluA2 mRNA or pre-mRNA in the human brain
(Kawahara et al., 2003). Therefore, we examined the abundance
of ADAR2 mRNA relative to GluA2 pre-mRNA using quantitative
RT-PCR. Changes in the relative abundance of ADAR2 mRNA were
observed in TetHeLaG2m cells overexpressing TDP-43 but not in
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Fig. 2. The effects of the expression of TDP-43 lacking an NLS or NES on ADAR2 activity. (A) A schematic diagram of TDP-43 highlighting the location of the NLSs and NESs.
Both sets of basic amino acids (red) in the NLS were mutated to generate three defective mutants (ANLS1, ANLS2, and ANLS1/2), and both sets of hydrophobic amino acids
(orange) in the NES were altered to generate the ANES1, ANES2 and ANES1/2 mutants. (B) The editing efficiency in TetHeLaG2m and Neuro2a cells following expression of
TDP-43 lacking an NLS (ANLS1, ANLS2, and ANLS1/2) or NES (ANES1, ANES2, and ANES1/2) is shown. None of the ANLS or ANES mutants changed the efficiency of GluA2
QJR site editing. The data are presented as the means + SEM (n=3-5, Student’s t-test, *P<0.05). (C) Although the transfection of DNLS2 reduced the relative abundance of
ADAR?2 in TetHeLaG2m cells due to an increase in the GluA2 pre-mRNA level, there was no increase in the relative abundance of ADAR2 in Neuro2a cells transfected with
DNLS2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

the siRNA-treated TetHeLaG2m cells or the Neuro2a cells overex-
pressing TDP-43. Furthermore, the changes in the editing efficiency
of GluA2 by TDP-43 overexpression in Neuro2a or knockdown in
TetHeLaG2m cells were not associated with the changes in the
expression levels of the ADARZ mRNA, GluA2 pre-mRNA, or ADAR2
relative to the GluA2 pre-mRNA (Fig. 1A and B). The inconsistent
results in the TetHeLaG2m and Neuro2a cells suggest that alter-
ations in the expression level of TDP-43 do not play a significant
role in the regulation of ADAR2 activity in these cultured cells.

3.2. The effect of removing the nuclear localization signal or the
nuclear export signal of TDP-43 on ADAR2 activity

We investigated the effects of the expression of TDP-43 lacking
either one or both of the nuclear localization signals (NLS1, ANLS2,
or ANLS1/2) or TDP-43 lacking either one or both of the nuclear
export signals (ANES1, ANES2, or ANES1/2) (Winton et al., 2008)
because both TDP-43 and ADAR2 are nuclear proteins (Fig. 2A).
None of the truncated forms of TDP-43 consistently changed the
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Fig. 3. The effects of caspase-3-cleaved TDP-43 fragments on ADAR2 activity. The editing efficiency in TetHeLaG2m and Neuro2a cells transfected with constructs expressing
C-terminal fragments (CTFs) of TDP-43 (TDP 89-414 and TDP 220-414) is shown. GluA2 Q/R site editing is decreased in Neuro2a cells expressing TDP 89-414 but increased
in Neuro2a cells expressing TDP 220-414. However, there is no change in the mRNA expression of ADAR2. The changes in editing efficiency may be the result of changes in
the expression of the GluA2 pre-mRNA in Neuro2a cells expressing TDP 89-414. The data are presented as the means = SEM (n=3-5, Student's t-test, *P<0.05).

editing efficiency of ADAR2 (Fig. 2B). Because the expression level
of ADAR2 mRNA is significantly reduced in ALS motor neurons
(Hideyama et al., 2012), the abundance of the ADAR2 mRNA relative
to the GluA2 pre-mRNA or to 3-actin would have been decreased if
nuclear TDP-43 had a regulatory role in the expression of ADAR2.

Although the transfection of ANLS2 reduced the relative abun-
dance of ADAR2 in TetHeLaG2m cells due to an increase in the
GluA2 pre-mRNA level (Fig. 2C), there was no increase in the rela-
tive abundance of ADAR2 in Neuro2a cells transfected with ANLS2
(Fig. 2B and C).

3.3. The effect of caspase-3-cleaved C-terminal fragments of
TDP-43 on ADAR2 activity

Caspase-3 is thought to cleave TDP-43 into aggregation-prone
C-terminal fragments (CTFs) that play a critical role in TDP-43
pathology by initiating the formation of cytoplasmic inclusions
(Nonaka et al., 2009; Zhang et al., 2009). Therefore, we examined
the effects of multiple TDP-43 CTFs on ADAR2 activity. A CTF con-
sisting of amino acid residues 89-414 of TDP-43 (TDP 89-414)
decreased the editing efficiency of ADAR2 in Neuro2a cells but not
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Fig. 4. The effects of mutated TDP-43 on ADAR2 activity. The editing efficiency in TetHeLaG2m and NeuroZ2a cells transfected with the constructs expressing full-length ALS-
linked TDP-43 mutants or CTFs derived from these mutants is shown. The TDP-43 mutants did not affect GluA2 Q/R site editing. The data are presented as the means + SEM

(n=3-5, Student’s t-test, *P<0.05).

in TetHeLaG2m cells compared with the full-length human TDP-
43; however, the CTF consisting of amino acid residues 220-414 of
TDP-43 (TDP 220-414) increased the editing efficiency compared
with full-length human TDP-43 in Neuro2a cells but not in TetHe-
LaG2m cells (Fig. 3A). The expression of ADAR2 mRNA relative to
GluA2 pre-mRNA did not change in Neuro2a cells (Fig. 3B) but was
increased in TetHeLaG2m cells without an associated increase in
the editing efficiency (Fig. 3A and B).

3.4. The effect of ALS-linked TDP-43 mutations on ADAR2 activity

We tested the effects of ALS-linked TDP-43 mutations on ADAR2
activity by expressing full-length mutated TDP-43 (A315T and
M337V) and CTFs (TDP 89-414 and TDP 220-414) derived from
these mutants. Compared with cells transfected with wild-type
TDP-43, neither the full-length TDP-43 mutants nor the CTFs from
the TDP-43 mutants affected the editing efficiency (Fig. 4A) or the
expression of ADAR2 mRNA relative to GluA2 pre-mRNA in TetHe-
LaG2m or Neuro2a cells (Fig. 4B).

4. Discussion

We aimed to determine if the abnormal processing of TDP-43 is
upstream of inefficient GluA2 RNA editing and the molecular link
between these two abnormalities in the motor neurons of patients
with sporadic ALS (Kawahara et al,, 2004; Aizawa et al., 2010).
However, overexpression or knockdown of TDP-43, expression of
TDP-43 lacking an NLS or NES, expression of CTFs from TDP-43 and
expression of a full-length ALS-linked TDP-43 mutants or CTFs from
the TDP-43 mutants failed to induce consistent changes in ADAR2
activity at the GluA2 Q/R site in two cultured cell lines. This result
suggests that the abnormal processing of TDP-43 is likely not the
cause of inefficient GluA2 RNA editing in ALS motor neurons.

A recent microarray study demonstrated that ADAR2 mRNA is
a target RNA for TDP-43 (Sephton et al.,, 2011) and ADAR2 gene
expression is reduced in the brain of TDP-43 knockdown mice
(Polymenidou et al., 2011). These studies suggest a regulatory
role of TDP-43 in the expression of ADAR2, which may induce
downregulation of ADAR2 in ALS motor neurons that lack nuclear
TDP-43. However, the extent of downregulation of ADAR2 in the
TDP-43 knockdown animal brain (reduction by 22% compared to
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wild-type mice) (Polymenidou et al., 2011) was much smaller than
that in ALS motor neurons (approximately 70% compared to con-
trol motor neurons){Hideyamaetal,, 2012). Normal motor neurons
express only edited GluA2 (100% of GluA2 Q/R site-editing) unless
the expression level of ADAR is kept at above half normal level in
mouse motor neurons (Hideyama and Kwak, 2011; Hideyama et al,,
2012). Therefore, only a modest decrease in ADAR2 expression does
not explain the extensive expression of unedited GluA2 and the
loss of ADAR2 immunoreactivity in motor neurons with TDP-43
pathology in patients with sporadic ALS (Aizawa et al,, 2010).

TDP-43 pathology is not only observed in the motor neurons of
ALS patients; it is also frequently observed in the cortical neurons
of patients with various neurological diseases, including fron-
totemporal lobar degeneration with TDP-43-positive inclusions
(FTLD-TDP), Alzheimer's disease (Tremblay et al., 2011; Wilson
et al.,, 2011) and traumatic brain injury (McKee et al.,, 2010). In
contrast, inefficient GluA2 RNA editing at the QJR site occurs in
the motor neurons of patients with sporadic ALS (Kawahara et al.,
2004) and has not been observed in post-mortem brain tissue
taken from patients with other neurological diseases, including
Alzheimer's disease and FTLD (Suzuki et al, 2003). Furthermore,
conditional ADAR2 knockout mice (AR2) exhibited a slow death of
motor neurons resulting from a failure to edit the GluA2 Q/R site
(Hideyama et al., 2010), suggesting a similar cell death mechanism
may be occurring in ALS patients. Notably, both TDP-43 pathology
and inefficient editing of the GluA2 Q/R site occur concomitantly
in many of the motor neurons of patients with sporadic ALS, but
neither of these two abnormalities were observed in the motor neu-
rons of SOD1-associated ALS patients or SOD1 transgenic animals
(Kawahara et al., 2006; Mackenzie et al,, 2007; Tan et al.,, 2007),
indicating that different pathways may underlie the pathogenesis
of familial ALS (Kwak and Weiss, 2006) and that the link between
these two abnormalities is specific to sporadic ALS. Our future work
will test the hypothesis that the downregulation of ADAR2 can
induce TDP-43-associated pathology.
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Adenosine deaminase acting on RNA 2 (ADAR2) catalyzes RNA editing at the glutamine/arginine (Q/R)
site of GluA2, and an ADAR2 deficiency may play a role in the death of motor neurons in ALS patients.
The expression level of ADAR2 mRNA is a determinant of the editing activity at the GluA2 Q/R site in
human brain but not in cultured cells. Therefore, we investigated the extent of Q/R site-editing in the
GluA2 mRNA and pre-mRNA as well as the ADAR2 mRNA and GluA2 mRNA and pre-mRNA levels in
various cultured cell lines. The extent of the GluA2 mRNA editing was 100% except in SH-SY5Y cells,

Kiil/l:v:rrisc:eptor which have a much lower level of ADAR2 than the other cell lines examined. The ADAR2 activity at the
GluA2 GluA2 pre-mRNA Q/R site correlated with the ADAR2 mRNA level relative to the GluA2 pre-mRNA. SH-
RNA editing SY5Y cells expressed higher level of the GluA2 mRNA in the cytoplasm compared with other cell lines.
Adenosine deaminase acting on RNA type 2 These results suggest that the ADAR2 expression level reflects editing activity at the GluA2 Q/R site and
(ADAR2) that although the edited GluA2 pre-mRNA is readily spliced, the unedited GluA2 pre-mRNA is also spliced
Splicing and transported to the cytoplasm when ADAR2 expression is low.

Amyotrophic lateral sclerosis (ALS)

© 2012 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Adenosine deaminase acting on RNA 2 (ADAR2) belongs to a
family of mammalian RNA-editing enzymes (ADAR1-3) that have
a catalytic domain responsible for the conversion of adenosine to
inosine (A-to-I conversion) and two or three double-stranded RNA-
binding domains (Kim et al., 1994; O’'Connell et al.,, 1995, 1997;
Melcher et al,, 1996a,b; Chen et al,, 2000). ADAR2 is expressed
ubiquitously in mammalian organs and localizes predominantly
in the nucleus (Desterro et al., 2003; Sansam et al., 2003; Aizawa
et al,, 2010). A-to-I conversions occur most abundantly in tran-
scripts that are expressed predominantly in the central nervous
system (CNS) of humans and other mammals, and ADAR2 plays
a key role in regulating neuronal function by converting A into
I in several pre-mRNAs (Kwak et al, 2008; Nishimoto et al,,
2008; Riedmann et al., 2008; Sakurai et al., 2010), including the
glutamine/arginine (Q/R) site in GluA2, a subunit of the a-amino-3-

Abbreviations: ADAR, adenosine deaminase acting on RNA; dsRNA, double-
stranded RNA; ALS, amyotrophic lateral sclerosis; AMPA, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate; GAPDH, glyceraldehyde-3 phosphate dehydroge-
nase.

* Corresponding author.
E-mail address: kwak-tky@umin.ac.jp (S. Kwak).

hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor (Brusa
et al., 1995; Higuchi et al., 2000). In both mammalian and human
CNSs, RNA editing at the GluA2 Q/R site occurs in neurons with vir-
tually 100% efficiency throughout life beginning at the embryonic
stage (Burnashev et al., 1992; Paschen and Djuricic, 1995; Carlson
etal., 2000; Kawahara et al., 2003, 2004a,b). This conversion regu-
lates the biologically indispensable properties of AMPA receptors,
including permeability to Ca2* and receptor trafficking (Hume et al.,
1991; Burnashev et al., 1992; Lomeli et al., 1994). AMPA receptors
containing an unedited GluA2 are permeable to Ca2*, and ADAR2-
null mice exhibit fatal epilepsy (Higuchi et al., 2000). In conditional
ADAR?2 knockout mice, motor neurons lacking ADAR2 slowly die
as a result of the lack of GluA2 Q/R site-editing (Hideyama et al.,
2010). Notably, motor neurons in patients with sporadic amy-
otrophic lateral sclerosis (ALS) express abundant unedited GluA2
mRNA (Takuma et al., 1999; Kawahara et al., 2004a; Kwak and
Kawahara, 2005; Kwak et al., 2010), indicating that abnormal regu-
lation of ADAR2 may play a role in the pathogenesis of sporadic ALS.
Therefore, elucidation of the regulatory mechanisms underlying
the ADAR2-mediated RNA editing of the GluA2 Q/R site is necessary.

In contrast to the neurons in the mammalian CNS, ADAR2-
mediated GluA2 Q/R site-editing occurs with less than 100%
efficiency in cultured cells (Rueter et al., 1995; Maas et al., 2001).
Splicing and RNA editing are both post-transcriptional events that

0168-0102/$ - see front matter © 2012 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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modify pre-mRNA. The double strand RNA structure required for
ADAR2-mediated GluA2 Q/R site-editing is formed by an exon
sequence encoding the QJR site and the exon complementary
sequence located in the downstream intron of GluA2 pre-mRNA.
It is common that sites of selective editing are in the proximity
of splice sites and that the editing event is dependent on intron
sequence. In these cases, the complex of both editing and splic-
ing might corroborate proper transcription (Bass, 2002; Nishikura,
2004). Several lines of evidence showed that the editing and splic-
ing of the GluA2 pre-mRNA influence each other and the A-to-I
conversion at the Q/R site has a positive effect on splicing (Gan
et al., 2006; Ryman et al., 2007; Schoft et al., 2007).

In this study, we investigated the extent of Q/R site-editing
of the GluA2 mRNA and pre-mRNA and the expression levels of
the ADAR2 mRNA, GluA2 pre-mRNA and mRNA in several cul-
tured cell lines. We found that the abundance of the ADAR2 mRNA
relative to the GIuA2 pre-mRNA was correlated with the extent
of RNA editing at the Q/R site of the GluA2 pre-mRNA. We also
found that although the edited GluA2 pre-mRNA was more readily
spliced than unedited pre-mRNA, the unedited GluA2 mRNA was
expressed when the ADAR2 level was low and that both the edited
and unedited free GluA2 mRNA were transported to the cytoplasm.

2. Materials and methods
2.1. Cell culture

Tet-on-Hela cells (TAKARA, Tokyo, Japan) were cultured in
MEM-a medium (WAKO, Tokyo, Japan) supplemented with 10%
Tet System Approved fetal bovine serum (TAKARA), 100 U/ml peni-
cillin and 100 pg/ml streptomycin (Invitrogen, Carlsbad, CA, USA)
with incubation condition at 37 °C with 5% CO,. TetHeLaG2m cells
(Nishimoto et al., 2008; Sawada et al.,, 2009) were cultured in the
same condifion except adding 0.75 pg/ml puromycin (TAKARA)
in the medium. Rat INS1-D cells were cultured in RPMI-1640
(Invitrogen) with 11.1 mmol/l p-glucose (WAKO) supplemented
with 10% fetal bovine serum, 100U/ml penicillin, 100 pg/ml
streptomycin, 10 mmol/l HEPES (WAKO), 2 mmol/l L-glutamine
(WAKO), 1 mmol/l sodium pyruvate (WAKO), and 50 p.mol/l mer-
captoethanol with incubation condition at 37°C with 5% CO,.
Human neuroblastoma SH-SY5Y cells and human glioma US7MG
and T98G cells were cultured in DMEM HAM F-12 (Invitrogen)
and DMEM high glucose (WAKO), respectively, supplemented with
10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml strep-
tomycin in a 5% CO, at 37°C. The culture medium was changed
once after 24 h and then every 2 days. The cells were grown in 6-
well plates at the density of 3.5 x 104 cell/cm? and were cultured
for 24 h and 48 h, and then were harvested. In some experiments,
we harvested cells after 72 h in culture (for Fig. 3).

2.2. Protein extraction and Western blot analysis

Nuclear and cytoplasmic fractions were separated with PARIS
Protein and RNA Isolation System (Life Technologies) according to
the manufacturer’s instructions. The cultured cells (approximately
107 cells) were washed with cold PBS. The harvested cells were
resuspended in 300 pul of ice-cold cell fractionation buffer of PARIS
protein and RNA isolation system (Life Technologies), gently agi-
tated, then incubated on ice for 10 min. The incubated cells were
centrifuged at 500 x g at 4°C for 5 min. The resultant supernatant
was used as the cytoplasmic fraction and the pellet as the nuclear
fraction. Aliquots of the nuclear and cytoplasmic fractions were
boiled with 300l of 2x SDS gel loading buffer, and subjected
to SDS-PAGE. After electrophoresis, proteins were transferred to
an Immobilon-P transfer membrane (Millipore, Bedford, MA, USA)

and immunoblotting for histon protein (MAB052 (CHEMICON,
Temecula, CA, USA) (1:1000), glyceraldehyde-3 phosphate dehy-
drogenase (GAPDH) (MAB374 (CHEMICON) (1:600) and ADAR2
(E-20, Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:5000) was
conducted. For secondary antibodies, goat anti-mouse 1gG (H+L)
(Jackson ImmunoResearch, West Grove, PA, USA) (1: 5000), mouse
and goat anti-mouse IgG (H+L) (Jackson ImmunoResearch, West
Grove, PA, USA) (1:5000) and donkey anti-goat IgG HRP (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) (1:5000) were used for
respective primary antibodies. Visualization was carried out using
ECL plus Western blotting detection reagents (GE Healthcare Bio-
science, Piscataway, NJ, USA). Specific bands were detected with a
LAS 3000 system (Fujifilm, Tokyo).

2.3. RNA extraction and reverse transcription

RNA was extracted from their cells in each well using an RNA-
spin mini (GE Healthcare Bioscience) kit or PARIS Protein and RNA
[solation System (Life Technologies) according to the manufac-
turer’s instructions. First-strand cDNA was synthesized from the
total RNA extracted from nuclear and cytoplasmic fractions after
treatment with DNasel (Invitrogen) using Ready-To-Go You-Prime
First-Strand Beads (GE Healthcare Bioscience) and 50 ng random
primer (Invitrogen) in a final volume of 33l according to the
manufacturer's instructions. Polymerase chain reaction (PCR) was
performed under the condition as indicated in Table 1. The PCR
amplification began with a 2 min denaturation step at 95°C, fol-
lowed by 30 cycles of denaturation at 95°C for 10s, annealing at
66°C for 30s and extension at 68<C for 40s. Nested PCR reaction
was initiated at 95 °C for 2 min and amplification of templates was
performed by 30 cycles of denaturation at 95 >C for 10s annealing
and extension at 68 °C for 30s.

2.4. Analyses for extents of A-to-I editing sites

Extents of RNA editing at the Q/R site in GluA2 mRNA and
pre-mRNA were expressed as the proportion (%) of edited tran-
scripts in total transcripts calculated by quantitative analyses of the
restriction digests of PCR products with a Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) (Kawahara et al., 2003, 2004b;
Bhalla et al.,, 2004). The PCR products for GluA2 mRNA and GluA2
pre-mRNA were cleaved by Bbvl (New England Biolabs, Ipswich,
MA, USA).

Digestion of The PCR products with Bbv] yields two bands at 129
and 71bp when they were originated from edited GluA2 mRNA,
whereas three bands at 91,38 and 71 bp when they were originated
from unedited GluA2 mRNA. The 71-bp band was originated from
both edited and unedited GluA2 mRNA, while the 129-bp band was
originated from only edited mRNA, hence the extent of editing was
calculated as the molarity of the former to that of the latter for each
sample.

2.5. Preparation of standard cDNA for quantitative polymerase
chain reaction

Using the primers shown in Table 1, 2 pl of cDNA extracted
from Hela cells (human control) was subjected to PCR with 1 p.l of
advantage 2 polymerase mix (BD Biosciences Clontech, Palo Alto,
CA, USA). After gel purification, PCR products were subcloned using
the TOPO TA cloning kit (Invitrogen), and clones containing inserts
were sequenced with an ABI PRISM 3100 sequencer (Applied
Biosystems, Foster City, CA, USA). The concentration of each stan-
dard plasmid was measured spectrophotometrically at 260 nm
(Nano Drop™ ND-1000; Nano Drop Technologies, Wilmington,
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Table 1

Sequences of primers and TagMan probes used for quantitative polymerase chain reaction.

Oligonucleotide sequence

Universal probe library

5'-TTCCTGGTCAGCAGATTTAGCC-3'
5'-TTCCCTTTGGACTTCCGCAC-3
5'-TCTGGTTTTCCTTGGGTGCC-3
5-AGATCCTCAGCACTTTCG-3
5'-TTCCTGGTCAGCAGATTTAGCC-3'
5'-GCAACATTCAAAGAACATTGTTC-3
5'-TCTGGTTTTCCTTGGGTGCC-3'
5'-CCGAAGCTAAGAGGATGTCCTTC-3'
5"-TTCCTGGTCAGCAGATTTAGCC-3'
5'-TTTCCTTTGGATTTCCGGACTC-3
5'-TCTGGTTTTCCTTGGGTGCC-3
5'-AGATCCTCAGCACTTTCG-3
5'-TTCCTGGTCAGCAGATTTAGCC-3
5'-TCAACATTCCAGGAACATTGTTC-3'
5'-TCTGGTTTTCCTTGGGTGCC-3
5'-ATGCCGATGGTAAAAATTTGCCCTC-3'

Oligonucleotide sequence

Universal probe library

5'-ATGCGATATTTCGCCAAGA-3'
5'-CAGTCAGGAAGGCAGCTAAGTT-3'
5'-GATGGTGTCTCCCATCGAAA-3
5'-TCCATAAGCAATTTCTGTTTGCT-3'
5'-GTGTAAGCACGCGTTGTACTG-3'
5'-CGTAGTAAGTGGGAGGGAACC-3'
5'-GCAGAGGCGTACAGGGATAG-3'
5'-GCAACCGCGAGAAGATGA-3'
5'-ATGCGATATTTCGCCAAGA-3'

probe: #63 (Roche cat. no. 04688627001)
probe: #73 (Roche cat. no. 04688961001)
probe: #42 (Roche cat. no. 04688015001)
probe: #64 (Roche cat. no. 04688635001)

probe: #63 (Roche cat. no. 04688627001)

Human GluA2 mRNA hG2F2
hG2R2
hG2F4
hG2R9

Human GIluA2 pre-mRNA hG2F2
hG2IR1
hG2F4
hG2IR2

Rat GluA2 mRNA hG2F2
rG2R1
rG2F2
rG2R2

Rat GluA2 pre-mRNA hG2F2
rG2iR1
rG2F2
rG2IR2

Human GluA2 mRNA hLC63F

hLCE3R

Human GIluA2 pre-mRNA hLC73F

hLC73R

Human ADAR2 hLC42F

hLC42R

Human B-actin hLC64F

hLC64R

Rat GluA2Z mRNA rLC63F

rLC63R

Rat GIuA2 pre-mRNA rLC73F

rLC73R

Rat ADAR2 rLC42F

rLC42R

Rat B-actin rLC64F

rLC64R

5'-CAGTCAGGAAGGCAGCTAAGTT-3’
5'-TCAAAAGTGCATAGCTTTCTAAGTG-3
5'-CCAACTGGCTATCAGAAATAAGTG-3'
5'-TCCCGCCTGTGTAAGCAC-3
5-TGGGCTTGGTGATCTTGG-3'
5'-CCAACCGTGAAAAGATGACC-3
5-ACCAGAGGCATACAGGGACA-3

probe: #73 (Roche cat. no. 04688961001)
probe: #42 (Roche cat. no. 04688015001)

probe: #64 (Roche cat. no. 04688635001)

DE). We prepared standard solutions by serial dilutions of the sam-
ple ranging from 101! t0 10-19,10-%, 10-8 and 10-% p.g/pl

2.6. Real-time quantitative polymerase chain reaction

Quantitative PCR was performed using a LightCycler System
(Roche Diagnostics, Indianapolis, IN, USA). A set of standard cDNA
samples and test cDNA samples were amplified in a reaction mix-
ture (20 pl in total volume) composed of 10 pl of 2x LightCycler
480 Probes Master Roche (Roche Diagnostics), 0.5 WM each primer,
0.1 .M Universal probes (Roche Diagnostics). The PCR reaction
was initiated at 95°C for 10min and amplification of templates
was performed by running denaturation at 95°C for 10s, primer
annealing at 60=C for 30s. As an internal control, the expres-
sion of human B-actin was also measured with each sample using
LightCycler-Primer/Probes Set (Roche Diagnostics) under the same
PCR condition (Sawada et al., 2009).

The PCR primers and probes were designed from the cDNA
sequences of GluA2, GIuA2 mini-gene (preGluA2), ADAR2 and {3-
actin (as an internal control), which were obtained from GenBank
(GluA2 (accession no. NM000826, BC028736), ADAR2 (accession
no. NM015833, NM015834, U76421, U76422), B-actin (accession
no. NM001101)).

2.7. Statistical analysis

The data are presented as the mean = SEM. Statistical analyses
were carried out using the JMP 8 software (SAS Institute). For the
statistical comparison of two groups Mann-Whitney U-test was
used. Correlation analysis was performed by Spearman rank corre-
lation test. Differences were considered significant at P<0.05.

3. Results

3.1. The extent of RNA editing at the GIuA2 QR site in several cell
lines

Nuclear and cytoplasmic fractions were isolated from Tet-on
Hela cells using the PARIS Protein and RNA Isolation System (Life
Technologies). As detected using western blot, the ADAR2 protein
was only detected in the nuclear fraction (Fig. S1).

Among the eight different cultured cell lines investigated, six cell
lines (Tet-on Hela, TetHeLaG2m, INS1-D, NSC-34, Neuro2a and SH-
SY5Y) exhibited consistent extent of GluA2 Q/R site-editing over
a given culture time, whereas two glioma cell lines demonstrated
variable extent of RNA editing independent of culture time (Table 2
and Table S1). The extents of GluA2 mRNA editing were below 100%
in SH-SY5Y cells and the glioma cell lines, but virtually 100% in the
other five cell lines. By contrast, the extents of the GIuA2 pre-mRNA
editing were low, ranging from 4.6% to approximately 30% even
in the cell lines expressing only edited GluA2 mRNAs (Fig. 1 and
Table S1). Because of the unique profile of SH-SY5Y cells, which con-
sistently expressed a large proportion of unedited GluA2 mRNAs,

Table 2

The extent of editing at the GluA2 Q/R (%) site in several cell lines.
U87MG 50.7 £+ 4.2 n=32
T98G 775 + 8.1 n=16
SH-SY5Y 53.5£2.0 n=18
INS-1D 100 £ 0.0 n=24
Tet-on Hela 100 £ 0.0 n=10
TetHeLaG2Zm 963 £ 2.1 n=20

Each value represents the mean + SEM.
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Fig. 1. Q/Rsite-editing of the GluA2 mRNA and pre-mRNA in the nuclear and cytoplasmic fractions. The proportion of edited GluA2 mRNAs and pre-mRNAs in TetHeLaG2m
and SH-SY5Y cells. The white, black and gray columns represent the proportion of nuclear pre-mRNA, nuclear mRNA and cytoplasmic mRNA transcripts that were edited,
respectively. The data are presented as the mean = SEM (n=6). The mean values for the GluA2 pre-mRNA are significantly lower than those for the GluA2 mRNA in the nucleus

or in the cytoplasm (Mann-Whitney U-test, **P<0.001).

we compared the extents of RNA editing and expression levels of
transcripts in SH-SY5Y cells and TetHeLaG2m cells.

3.2. The extent of the GIluA2 mRNA and pre-mRNA editing in
nuclear and cytoplasmic fractions

Next, we investigated the extent of the GluA2 mRNA and pre-
mRNA editing in nuclear and cytoplasmic fractions isolated from

the TetHeLaG2m cells and SH-SYS5Y cells after 24 h or 48 h of cul-
ture. The extent of the GluA2 mRNA editing in TetHeLaG2m cells
was 100+ 0% in both the nuclear and cytoplasmic fractions irre-
spective of the time in culture (Fig. 1). However, the extent of RNA
editing in SH-SY5Y cells decreased slightly from 61.9+9.7% at 24 h
to 55.8+£8.9% at 48 h in the nuclear fraction and increased from
45.3+2.0% at 24h to 52.6+2.1% at 48 h in the cytoplasmic frac-
tion (Fig. 1). The extents of the GluA2 pre-mRNA editing in both
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Fig. 2. Time-dependent changes in RNA editing and expression of the ADAR2 mRNA, GluA2 mRNA and pre-mRNA. The expression levels of the ADAR2 mRNA (A), GIuA2 pre-
mRNA (B) and GluA2 mRNA (C) in TetHeLaG2m and SH-SY5Y cells in culture for 24 h or 48 h; all values were normalized to 3-actin expression. Compared with TetHeLaG2m
cells, SH-SY5Y cells expressed significantly less ADAR2 mRNA and GIuA2 pre-mRNA, but more GluA2 mRNA. The data are presented as the mean + SEM (n=6). The cytoplasmic
GluA2 mRNA level in SH-SY5Y cells after 48 h is significantly higher than that after 24 h (Mann-Whitney U-test, *P<0.006). (D) The extent of GluA2 Q/R site-editing correlates
more closely with the ADAR2 mRNA level relative to the GluA2 pre-mRNA level than with the ADAR2Z mRNA level relative to the GluA2 mRNA level. (E and F) The extent of
the GluA2 pre-mRNA editing correlates with the abundance of the ADAR2 mRNA relative to the GluA2 pre-mRNA (E), whereas the extent at the GluA2 mRNA Q/R site-editing
does not correlate with the abundance of the ADAR2 mRNA relative to the GluA2 mRNA (F).
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Fig. 3. The correlation between the extent of editing and the relative abundance of the ADAR2 mRNA in different cell lines. The extent of the GluA2 pre-mRNA editing
significantly correlates with the ADAR2 mRNA level relative to the GIuA2 pre-mRNA level in SH-SY5Y (n =18, r;=0.586; P<0.05), TetHeLaG2m (n =18, 15=0.661; P<0.01) and
Tet-on Hela cells (n=18, r;=0.666; P<0.01) but not in INSD-1 cells (n =15, rs=0.333; NS) (left column). There was no correlation between the extent of the GluAZ mRNA
editing and the ADAR2 mRNA level relative to the GluA2 mRNA level (right column). Each symbol represents the value for a culture dish at a given culture time. Correlation

analysis was performed by Spearman rank correlation test.

TetHeLaG2m cells and SH-SY5Y cells were significantly lower than
those of the GluA2 mRNA and did not change after 24h or 48 h of
culture (P<0.001).

3.3. The expression levels of the ADAR2 mRNA, GluA2 mRNA and
GluA2 pre-mRNA

Following normalization to 3-actin expression, the expression
levels of the transcripts differed among the cell lines (Fig. 2A-C
and Table S1). SH-SY5Y cells expressed a one order of magnitude
lower level of ADAR2 mRNA (P<0.005) and a modestly lower level
of GluA2 pre-mRNA (P<0.01) but a one order of magnitude higher
level of GluA2 mRNA than TetHeLaG2m cells (Fig. 2A-C).

The expression level of the ADAR2 mRNA was increased in TetH-
eLaG2m cells, but decreased in SH-SY5Y cells, after 48 h of culture
when compared with the expression after 24 h of culture (Fig. 2A).
The expression level of the GluA2 pre-mRNA changed in parallel
with the ADAR2 expression level in both cell lines (Fig. 2B). The

nuclear and cytoplasmic expression level of the GluA2 mRNA in
TetHeLaG2m cells did not change with time, whereas the cyto-
plasmic expression level in SH-SY5Y cells after 48h of culture
was significantly greater than the expression after 24 h of culture
(P<0.006) (Fig. 2C).

3.4. Correlation between the extent of the GluA2 pre-mRNA
editing and the abundance of the ADAR2 mRNA relative to the
GluA2 pre-mRNA

We next compared the extent of Q/R site-editing with the
abundance of the ADAR2 mRNA relative to the GluA2 mRNA and
pre-mRNA. In SH-SY5Y cells, the expression level of the ADAR2
mRNA relative to the GluA2 pre-mRNA or the GluA2 mRNA was
three orders of magnitude and two orders of magnitude lower than
the levels in TetHeLaG2m cells, respectively (Fig. 2D). In both SH-
SY5Y cells and TetHeLaG2m cells, the time-dependent change in
the abundance of the ADAR2 mRNA correlated with that of the
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GluA2 pre-mRNA but not with that of the GluA2 mRNA (Fig. 2D).
The extent of Q/R site-editing correlated with the abundance of the
ADAR2 mRNA relative to the GluA2 pre-mRNA at different culture
time points (Fig. 2E), but not with that relative to the GIuA2 mRNA
(Fig. 2F).

There was a slight time-dependent change in the extent of
Q/R site-editing and the abundance of the ADAR2 mRNA rela-
tive to the GluA2 pre-mRNA correlated with the extent of the
GluA2 pre-mRNA editing in SH-SY5Y (n=18, rs=0.586; P<0.05),
TetHelaG2m (n=18, r;=0.661; P<0.01) and Tet-on Hela (n=18,
rs=0.666; P<0.01) cells (Fig. 3), although the relative abundance of
the ADAR2 mRNA markedly differed among the different cell lines
examined (Fig. 2 and Table S1). There was no correlation between
the relative abundance of ADAR2 mRNA and the extent of the GluA2
mRNA editing in all of the cell lines examined (Fig. 3).

4. Discussion

In this study, the extent of the Q/R site in the GluA2 mRNA
editing was virtually 100% in five cell lines but approximately 50%
in SH-SY5Y cells. Interestingly, the expression level of the ADAR2
mRNA in SH-SY5Y cells was more than one order of magnitude
lower than the expression level seen in the other five cell lines.
The extent of the GluA2 pre-mRNA editing was significantly lower
than that of the GluA2 mRNA in all of the cell lines examined (Fig. 1
and Table S1), but the extent of editing was correlated with the
abundance of the ADAR2 mRNA relative to the GluA2 pre-mRNA
in the same cell line at different culture times. However, the abun-
dance of the ADAR2 mRNA relative to the GluA2 pre-mRNA differed
markedly among the cell lines examined (Fig. 2 and Table S1).

The low ADAR2 activity in SH-SY5Y cells may be important
because of the expression of the unedited GluA2 mRNA in both
the nucleus and the cytoplasm. The proportion of edited GluA2
pre-mRNA was correlated with the abundance of ADAR2 relative to
the GluA2 pre-mRNA in SH-SY5Y cells, similar to what was seen in
TetHeLaG2m (Fig.2), Tet-on HeLa and INSI-D cells (data not shown).
In addition, the expression level of the GluA2 pre-mRNA in SH-
SY5Y cells did not markedly differ from that in TetHeLaG2m cells.
These results suggest that ADAR2 edits the GluA2 pre-mRNA faster
than splicing occurs and that the unedited GluA2 pre-mRNA can
also undergo splicing in conditions with low ADAR2 levels, such as
in SH-SY5Y cells (Fig. 2A). Notably, the cytoplasmic GluA2 mRNA
level was markedly higher in SH-SY5Y cells compared with TetHe-
LaG2m cells (Fig. 2C), and approximately half of the GluA2 mRNA
molecules in SH-SY5Y cells were edited despite the low proportion
(less than 10%) of edited GluA2 pre-mRNAs (Fig. 2B). The high pro-
portion of edited GluA2 mRNAs compared with GluA2 pre-mRNAs
suggests that in SH-SY5Y cells, the edited GluA2 pre-mRNA is pref-
erentially spliced compared with the unedited GluA2 pre-mRNA,
consistent with previous reports detailing the inhibition of GIuA2
pre-mRNA splicing at the exon harboring the Q/R site in the absence
of editing (Higuchi et al., 2000) and that edited GluA2 pre-mRNAs
are more readily spliced than unedited GluA2 pre-mRNAs (Ryman
et al., 2007; Schoft et al., 2007). These results also suggest that
free GluA2 mRNA molecules (i.e., unassociated with ADAR2) are
readily transported to the cytoplasm irrespective of editing in SH-
SY5Y cells because only edited GluA2 mRNA was associated with
ADAR2 in human cerebellar nuclei (Nishimoto et al., 2008). Thus,
Q/R site-editing may be a preferential determinant of the splicing
of the GIuA2 pre-mRNA but not a determinant of the extranuclear
transport of the GluA2 mRNA.

Areduced mRNA level of ADAR2 relative to GluA2 mRNA is asso-
ciated with the expression of unedited GluA2 mRNAs in the human
brain (Kawahara et al., 2003, 2004b). In the human and mouse
CNS, virtually all GluA2 mRNAs and the majority of the GluA2 pre-
mRNAs are edited at the Q/R site (Higuchi et al., 2000; Kawahara

et al, 2003, 2004a; Hideyama et al.,, 2010), in contrast to some cell
lines in which unedited GluA2 pre-mRNAs are expressed abun-
dantly. Itis likely that the abundance of the ADAR2 mRNA relative to
the GluA2 pre-mRNA correlates better than relative abundance to
the GluA2 mRNA in the mammalian CNS, as in cultured cells. How-
ever, the high proportion of edited GluA2 pre-mRNAs also makes
the abundance of ADARR2 relative to the GluA2 mRNA a suitable
marker of ADAR2 activity at the GluA2 Q/R site in the human and
mammalian CNS (Kawahara et al., 2003). The relative abundance of
the ADAR2 mRNA determines the extent of the GluA2 pre-mRNA
editing in the same cells, but the marked difference among the cell
lines suggests that cell type-specific cofactors or regulators play
roles as well (Peng et al., 2006; Marcucci et al., 2011). The present
results also suggest that increased expression of the ADAR2 mRNA
may activate GluA2 Q/R site-editing in human motor neurons and,
therefore, may be a therapeutic strategy for the treatment of spo-
radic ALS, in which unedited GluA2 is abundantly expressed (Kwak
et al, 2010).
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Introduction

ABSTRACT

Amyotrophic lateral sclerosis (ALS) is the most common adult-onset fatal motor neuron disease. In spinal
motor neurons of patients with sporadic ALS, normal RNA editing of GluA2, a subunit of the L-a:-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, is inefficient. Adenosine deaminase acting on
RNA 2 (ADAR2) specifically mediates RNA editing at the glutamine/arginine (Q/R) site of GluA2 and motor
neurons expressing Q/R site-unedited GluA2 undergo slow death in conditional ADAR2 knockout mice.
Therefore, investigation into whether inefficient ADAR2-mediated GluA2 Q/R site-editing occurs universally
in motor neurons of patients with ALS would provide insight into the pathogenesis of ALS. We analyzed the
extents of GluA2 Q/R site-editing in an individual laser-captured motor neuron of 29 ALS patients compared
with those of normal and disease control subjects. In addition, we analyzed the enzymatic activity of three
members of the ADAR family (ADAR1, ADAR2 and ADAR3) in ALS motor neurons expressing unedited
GluA2 mRNA and those expressing only edited GluA2 mRNA. Q/R site-unedited GluA2 mRNA was expressed
in a significant proportion of motor neurons from all of the ALS cases examined. Conversely, motor neurons of
the normal and disease control subjects expressed only edited GluA2 mRNA. ADAR2, but not ADAR1 or
ADAR3, was significantly downregulated in all the motor neurons of ALS patients, more extensively in
those expressing Q/R site-unedited GluA2 mRNA than those expressing only Q/R site-edited GluA2 mRNA.
These results indicate that ADAR2 downregulation is a profound pathological change relevant to death of
motor neurons in ALS.

© 2011 Elsevier Inc. All rights reserved.

and Kawahara, 2005; Takuma et al., 1999). This is in marked contrast
to the fact that all GluA2 mRNA expressed in the spinal motor neu-

Amyotrophic lateral sclerosis (ALS) is the most common adult-
onset fatal motor neuron disease with unknown etiology. In spinal
motor neurons of patients with ALS, normal RNA editing of GluA2, a
subunit of the L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor, is inefficient (Kawahara et al, 2004a; Kwak

Abbreviations: ALS, amyotrophic lateral sclerosis; ADAR2, adenosine deaminase
acting on RNA 2; AH, anterior horn; AMPA, L-a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid; BLCAP, bladder cancer associated protein; CYFIP2, cytoplasmic fragile
X mental retardation protein interacting protein 2; GluA2, AMPA receptor subunit 2;
MSA, multiple system atrophy; PBP, progressive bulbar palsy; PH, posterior horn; Q/
R, glutamine/arginine; RT-PCR, reverse transcription polymerase chain reaction.
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rons was edited in control subjects (Kawahara et al., 2004a; Kwak
and Kawahara, 2005; Takuma et al,, 1999), in patients with motor
neuron diseases other than sporadic ALS (Kawahara et al, 2006;
Kwak and Kawahara, 2005) and in dying neurons in neurodegenera-
tive diseases, including degenerating Purkinje cells of patients with
spinocerebellar degeneration (Akbarian et al., 1995; Kawahara et al,,
2004a; Suzuki et al., 2003).

Conversion of glutamine (Q) to arginine (R) at the Q/R site of
GluA2 affects multiple AMPA receptor properties, including Ca2 * per-
meability of receptor-coupled ion channels, receptor trafficking, and
assembly of receptor subunits (Burnashev et al, 1992; Greger et al,,
2003; Greger et al.,, 2002; Sommer et al,, 1991). In the GluA2 pre-
mRNA, the adenosine coding for the Q/R site is converted to inosine
(A-to-I conversion) by adenosine deaminase acting on RNA 2
(ADAR2) (Higuchi et al., 1993; Melcher et al., 1996), and inosine is
read as guanosine during translation, thereby converting the genomic
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Table 1

Profile of the cases with sporadic ALS.
Individual Age at onset Clinical type Duration of Initial

(year) of ALS illness symptom

Al 77 Classic 2y U/E
A2 60 Classic 2y 3 mo U/E
A3 39 Classic 13y UJE, L/E
A4 77 Classic 1y 7 mo L/E
A5 69 Classic 2y UJE
A6 31 Classic 5y U/E
A7 57 Classic 1y9mo U/E
A8 72 Classic 5y 3 mo U/E
A9 67 Classic 2y U/E
A10 54 Classic 3y U/E
All 58 Classic 3y U/E
A12 42 Classic 6 mo UJ/E, LJE
Al13 64 Classic 7 mo U/E
Al4 70 Classic 1y 3 mo UJE, L/E
A15 70 Classic 4y U/E
Al6 71 Classic 2y 9 mo U/E
A17 80 Classic 2y U/E
A18 56 Classic 5y4 mo U/E
Al19 22 Baso 8 mo U/E
A20 39 PBP 1y 4 mo Bulbar
A21 77 PBP 2y Bulbar
A22 78 PBP 1y 4 mo Bulbar
A23 85 PBP 1y 8 mo Bulbar
A24 43 PBP 1y5mo Bulbar, U/E
A25 70 PBP 4y Bulbar
A26 58 ALS-D 10 mo UJE, LJE
A27 76 ALS-D 2y U/E
A28 67 PBP 4y 5mo Bulbar
A29 75 PBP 2y 6mo Bulbar

Classic: limb-onset classical ALS, PBP: progressive bulbar palsy, ALS-D: ALS with dementia,
Baso: ALS with basophilic inclusion body, y: year, mo: month, Bulbar: dysarthria and/or
dysphagia, U/E: weakness and/or amyotrophy in upper extremities, L/E: weakness and/
or amyotrophy in lower extremities.

Q codon (CAG) to an R codon (CGG) at the Q/R site of GluA2. Because
A-to-1 conversion at the GluA2 Q/R site occurs in all GluA2 expressed
in neurons, only Q/R site-edited GIluA2 is expressed in virtually all
neurons in the mammalian brain (Seeburg, 2002). Failure of Q-to-R
conversion at this site produces Ca®*-permeable AMPA receptors,
resulting in increased excitation of neurons, which has been shown
to culminate in fatal status epilepticus in mice (Brusa et al.,, 1995;
Feldmeyer et al, 1999; Higuchi et al, 2000). Moreover, ADAR2-
deficient motor neurons undergo slow death due to failure of GluA2
Q/R site-editing with expression of unedited GluA2 in conditional
ADAR2 knockout (ADAR27¥/MXVACKT-Cre.Fast or AR2) mice
(Hideyama et al., 2010). Because A-to-I nucleotide conversion in the
pre-mRNA for the GluA2 Q/R site is critical to survival of motor neu-
rons, we investigated whether the expression of unedited GluA2
with a reduction of ADAR2 occurs in motor neurons of patients with
sporadic ALS irrespective of the phenotype.

Materials and methods
All studies were carried out in accordance with the Declaration of
Helsinki, and the Ethics Committee of the University of Tokyo ap-

proved the experimental procedures used.

Table 2
Profile of the cases with sporadic ALS, control, and disease control (MSA).
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Study population and spinal cord and brain tissue samples

Frozen spinal cords from pathologically proven patients with ALS
(n=29; age 23-87 years) were used in this study (Table 1). Spinal
cords from patients with multiple system atrophy (MSA) (n=5;
age 65-78 years) and from control subjects (n=12; age 27-82)
were used as disease and normal controls, respectively (Table 2).
The ALS group included classical limb-onset ALS, progressive bulbar
palsy (PBP), ALS with long clinical course, ALS with basophilic inclu-
sion body, and ALS with dementia. All patients were clinically exam-
ined by neurologists prior to death and none had relatives with ALS.
Previously reported cases (Kawahara et al,, 2004a) were included in
this study, but we obtained additional samples from these cases.
Spinal cord tissues were rapidly frozen on dry ice immediately after
removal at autopsy and were kept at —80 °C until use. Written
informed consent was obtained from all of the subjects prior to
death or from their relatives.

Samples of the anterior horn (AH), posterior horn (PH) and white
matter (SpW) of the spinal cord were obtained by dissecting frozen
axial spinal cord sections under a binocular microscope within a
freezing chamber. In addition, single motor neurons were dissected
with a laser microdissector (Leica AS LMD, Leica Microsystems) as
previously described (Kawahara et al, 2004a; Kawahara et al,
2003b; Takuma et al., 1999). Total RNA was isolated from dissected
tissues, and first-strand cDNA was synthesized and treated with DNA-
ase | (Invitrogen) as previously described (Kawahara et al., 2003a;
Kawahara et al., 2003h).

Analysis for editing efficiency at A-I sites

Editing efficiencies at the Q/R sites in GluA2 mRNA were calculat-
ed by quantitative analyses of the digests of RT-PCR products with
Bbvl as previously described (Kawahara et al, 2004a; Kawahara
et al,, 2003a; Kawahara et al,, 2003b; Takuma et al., 1999). In brief,
2l of cDNA was subjected to first PCR in duplicate in a reaction
mixture of 50 pl containing 200 mM each primer, 1 mM dNTP Mix
(Eppendorf AG), 5 pl of 10x PCR buffer and 1 pl of Advantage 2 Poly-
merase mix (BD Biosciences Clontech). The PCR amplification began
with a 1-min denaturation step at 95 °C, followed by 40 cycles of de-
naturation at 95 °C for 10 s, annealing at 58 °C for 30 s and extension
at 68 °C for 40 s. Nested PCR was conducted on 2 l of the first PCR
product under the same conditions with the exception of the anneal-
ing temperature (56 °C). Primer pairs used for each PCR were listed in
Table S1. After gel purification using the Zymoclean Gel DNA Recov-
ery Kit according to the manufacturer's protocol (Zymo Research),
an aliquot (0.5 mg) was incubated with Bbvl (New England BioLabs)
at 37 °C for 12 h. The PCR products originating from Q/R site-edited
GluA2 mRNA had one intrinsic restriction enzyme recognition site,
whereas those originating from unedited mRNA had an additional
recognition site. Thus, restriction digestion of the PCR products origi-
nating from edited GluA2 mRNA should produce different numbers of
fragments (two bands at 116- and 66-bp) from those originating from
unedited GluA2 mRNA (three bands at 35-, 81- and 66-bp). As the 66-
bp band would originate from both edited and unedited mRNA, but
the 116-bp band would originate from only edited mRNA, we

Cases

Sporadic ALS Control MSA

Classic Baso PBP ALS-D

n=18 n=1 n=3§ n=2 n=12 n=>5
Age at onset (year) meand SD (range) 61.9+13.7 (31-80) 22 66.8+16.8 (41-87)  67.0 (58-76) 524+18.0 (27-82)  71.6+5.5 (65-78)
Duration of illness (month) mean - SD (range) 3824342 (6-1 56)"kl 8 31.8412.5 (16-53) 17 (10-24)

*1; with long duration (1 case): 156-mo, Classic: classical limb-onset ALS; PBP: progressive bulbar palsy; ALS-D: ALS with dementia; Baso: ALS with basophilic inclusion body; Con-
trol: neurologically free control subjects; MSA: multiple system atrophy. Please refer to Table 1 for a more detailed profile of the cases with sporadic ALS.



T. Hideyama et al. / Neurobiology of Disease 45 (2012) 1121-1128 1123

quantified the molarity of the 116- and 66-bp bands using the 2100
Bioanalyzer (Agilent Technologies) and calculated the editing
efficiency as the ratio of the former to the latter for each sample
(Supplementary Table 1).

With similar methods, we calculated the editing efficiencies at the
Q/R sites in GluR6 mRNA and in GluA2 pre-mRNA, the R/G site in
GluA2 mRNA, and the K/E sites in cytoplasmic fragile X mental retar-
dation protein interacting protein 2 (CYFIP2) mRNA and pre-mRNA
(Supplementary Table 1) (Kawahara et al,, 2004a; Kawahara et al,,
2003a; Kawahara et al, 2003b; Kwak et al.,, 2008; Nishimoto et al,,
2008; Paschen et al., 1994; Takuma et al., 1999). Following restriction
enzymes were used for restriction digestion of the respective A-to-I
sites; Bbvl for the Q/R sites, NialV (New England BioLabs) for the
R/G sites, and Msel (New England Biolabs) for the K/E site. Primer
pairs used for each PCR and sizes of restriction digests of PCR products
were indicated in Supplementary Table 1.

Quantitative PCR

The expression levels of ADAR1, ADAR2, ADAR3, GluA2 and
B-actin mRNAs were measured using the LightCycler system (Roche
Diagnostics, Indianapolis, IN) (Kawahara et al., 2004a; Kawahara
et al.,, 2003a; Takuma et al., 1999). To prepare an internal standard
for quantitative PCR, gene-specific PCR products of approximately
1 kb in length were amplified from human cerebellar cDNA with the
same primer pairs as previously reported (Supplementary Table 2)
(Kawahara et al., 2004a; Kawahara et al, 2003a; Takuma et al,
1999). Each cDNA sample was amplified in a reaction mixture (20 ml
total volume) composed of 10 pl of 2 x LightCycler 480 Probes Master
Roche (Roche Diagnostics), 0.5 mM of each primer set and 0.1 mM
probes (Universal Probe Library Set, Human, Roche Diagnostics)
(Supplementary Table 3).

DNA sequence

Editing efficiency at the Y/C site in mRNA of bladder cancer associated
protein (BLCAP) was evaluated by sequencing the PCR products with a
3100 Genetic Analyzer sequencer (Applied Biosystems, Foster City, CA)
(Supplementary Table 1).

Statistical analysis

Differences and correlations between two groups were evaluated
using Mann-Whitney U-test with SPSS software (version 15; SPSS
Inc., Chicago, IL) and Pearson product-moment correlation coefficient
with GraphPad Prism version 5 (GraphPad Software, Inc., La Jolla, CA),
respectively. Moreover, differences between three groups were
evaluated using repeated ANOVA with GraphPad Prism version 5. Dif-
ferences were considered statistically significant with p<0.05 and
highly significant with p<0.01.

Results

Inefficient GIluA2 editing in motor neurons is a universal molecular
abnormality in patients with sporadic ALS

We analyzed the extent of GluA2 Q/R site-editing in spinal cord
and motor neuron lysates from 29 cases of pathologically proven spo-
radic ALS of various phenotypes (Table 1). Efficiency of RNA editing at
the GluA2 Q/R site in the anterior horn (AH) was nearly 100% in the
control subjects, whereas efficiency was significantly lower in all of
the ALS cases examined (Fig. 1A). To test whether unedited GluA2
mRNA was universally expressed in motor neurons in ALS cases, we
examined the extent of GluA2 Q/R site-editing in lysates of motor
neurons. Reverse transcription polymerase chain reaction (RT-PCR)
products for GluA2 mRNA were not always yielded from lysates of a

single motor neuron and approximately one third of the lysates
yielded amplicons for GluA2 mRNA. When we could not effectively
amplify RT-PCR products from any of the lysates of a single motor
neuron in a case, we used lysates of 30 motor neurons dissected
from the same case. We dissected more than 10,000 motor neurons,
including 500 motor neurons of control subjects, 600 motor neurons
of patients with MSA and 1270 motor neurons of patients with ALS.
These lysates except those of 100 motor neurons from two ALS case
(A28, A29) yielded GluA2 RT-PCR amplicons. The number of motor
neurons examined and the mean editing efficiency in each case
were shown in Supplementary Table 1. We found that at least one
motor neuron in each of the 27 ALS cases expressed detectable
amounts of unedited GluA2 mRNA. The proportion of unedited
GluA2 varied among motor neurons in each ALS case, ranging from
0% to 100%. Conversely, all of the motor neurons from control subjects
and patients with MSA expressed only edited GluA2 mRNA (Fig. 1B
and Supplementary Table 1).

ADAR?2 is downregulated in all the motor neurons including apparently
normal motor neurons that express only edited GluA2

In the AH, the expression level of ADAR2 mRNA relative to GluA2
mRNA in ALS cases was decreased to less than one third of that in
control cases. In contrast, expression levels in the PH and the SpW
of the spinal cord of ALS cases were not different from those of the
control cases (Fig. 2A). After examining whether unedited GluA2
mRNA was contained in each single motor neuron lysate, we pooled
c¢DNA from 100 single motor neuron lysates of four ALS cases that
contained only edited GluA2 mRNA (ALS®%%). We pooled together
cDNA from 47 motor neurons that expressed unedited GluA2 mRNA
into a sample called ALS"™*? (Fig. 3). In addition, we obtained lysates
of 100 or 30 motor neurons from control subjects and MSA cases. We
analyzed the expression level of ADAR2 mRNA in these lysates rela-
tive to GluA2 mRNA (Fig. 2B) and B-actin mRNA (Fig. 2C). Both ana-
lyses demonstrated that the motor neurons of ALS patients
expressed significantly lower amounts of ADAR2 mRNA than those
of the control subjects or patients with MSA. Notably, the expression
level of ADAR2 mRNA was much lower for ALS""®4 than for ALS®dit
(Figs. 2B and C).

Next, we examined the efficiencies of A-to-I conversion at ADAR2-
mediated conversion positions. A-to-I conversion at the Q/R site of
GluA2 pre-mRNA and the K/E site in CYFIP2 are specifically mediated
by ADAR2 (Kwak et al.,, 2008; Nishimoto et al., 2008; Riedmann et al.,
2008), and A-to-I conversion at the Q/R site of GIuR6 is partially
mediated by ADAR2 (Higuchi et al., 2000; Paschen et al., 1994). The
editing efficiencies at these sites in lysates were lower in ALS cases
than in control cases, although the difference in the efficiency of
GluR6 Q/R site-editing between ALS and control cases did not reach
statistical significance (Figs. 2D-F). Furthermore, efficiencies of edit-
ing at these sites were significantly correlated with the efficiency of
GluA2 Q/R site-editing (Supplementary Figs. 1A and B). These results
indicate that ADAR2 activity is significantly decreased in ALS motor
neurons.

ADAR1 and ADAR3, other members of the ADAR family, play no role in
ALS pathogenesis

There are three members of the ADAR family, including ADART,
ADAR2 and ADAR3. ADART1 catalyzes A-to-I editing in vivo with dif-
ferent but overlapping site-selectivity from ADAR2 (Levanon et al.,
2005; Nishimoto et al., 2008; Wang et al., 2004), whereas editing
activity has not been demonstrated for ADAR3 that predominantly
localizes in brains (Chen et al, 2000). The expression levels of
ADAR1 mRNA in lysates of ALS motor neurons (both ALS®%® and
ALS“"*d) were similar to or even higher than those in lysates of con-
trol motor neurons (Fig. 4A). In addition, efficiencies of ADAR1-
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Fig. 1. Reduction of GluA2 Q/R site-editing in ALS motor neurons. (A) Editing efficiencies at the GluA2 Q/R site in anterior horn (AH) lysates of spinal cord from sporadic ALS patients
(ALS) and control subjects (Ctl). Editing efficiencies for the ALS group (ALS, n=29) was significantly lower than that of the control group (Ctl, n=12) (61.0%£22.7% vs.
99.4% +0.7%; ***p<0.001). Each circle represents the extent of GluA2 Q/R site-editing in each ALS case (red) or control case (blue), illustrating that values representing editing
efficiency were less than 100% in all ALS cases, whereas those in the control subjects were approximately 100%. Columns and bars represent the mean == SEM. (B and C) Extents
of GIuA2 Q/R site-editing in motor neuron lysates. Each narrow bar represents the editing efficiency in the lysate of one motor neuron, and each wide bar represents the editing
efficiency in the lysate of 30 motor neurons. The results from the lysates of an individual case are shown in the same color. Editing efficiency was 100% in all motor neurons
from all control subjects and patients with multiple system atrophy (MSA). Note that the extent of editing was less than 100% in at least one motor neuron of all 27 ALS cases ex-
amined, regardless of the clinical phenotype. Red asterisks indicate lysates showing 0% editing efficiency. Classical ALS: limb-onset ALS (blue); Baso: ALS with basophilic inclusion

body (green); PBP: progressive bulbar palsy (orange); ALS-D: ALS with dementia (red).

mediated A-to-I conversion at the R/G site of GluA2 mRNA (Wang et
al, 2004) and the Y/C site of bladder cancer associated protein
(BLCAP) mRNA (Kwak et al, 2008; Nishimoto et al,, 2008) in the
ALS AH lysates did not differ from those in the control AH lysates
(Figs. 4B and C and Supplementary Fig. 1C). Finally, ADAR3 mRNA
expression level in the lysate of the ALS AH did not differ from that
of the control AH (Supplementary Fig. 1D).

Discussion

The consistent results obtained from a large number of single
motor neurons derived from a considerable number of ALS cases
clearly demonstrate that inefficient GluA2 Q/R site-editing is a
disease-specific molecular abnormality observed among sporadic
ALS patients with different clinical manifestations, including classical
limb-onset ALS, progressive bulbar palsy and ALS with dementia.
GluA2 Q/R site-editing is fully preserved throughout life from the em-
bryonic stage in mammalian brains (Burnashev et al., 1992; Nutt and
Kamboj, 1994), including human brains (Kawahara et al., 2004b). A-

to-I conversion at the GluA2 Q/R site is specifically mediated by
ADAR2 (Higuchi et al, 2000), and motor neurons deficient in.
ADAR2 undergo slow death specifically due to a failure to edit this
site, as observed in conditional ADAR2 knockout (AR2) mice
(Hideyama et al.,, 2010). Expression of unedited GluA2 is also toxic
in cultured cells (Mahajan and Ziff, 2007). Therefore, inefficient
GluA2 Q/R site-editing is likely a common molecular abnormality
and one cause of motor neuron death in ALS. Notably, the present
study demonstrated that Q/R site-unedited GluA2 mRNA was
expressed in motor neurons of two patients with ALS with dementia
as occurred in patients with other clinical phenotypes of sporadic ALS.
Based on the recent observation that ALS is not infrequently associat-
ed with the pathology in fronto-temporal lobar degeneration with
ubiquitin-immunoreactive inclusion bodies (FTLD-U) and that
degenerating neurons in both patients with ALS and those with
FTLD-U exhibit TDP-43 pathology, it is believed that there is a com-
mon pathogenic mechanism between ALS and FTLD-U (Cairns et al,
2007). The present result is in agreement with this concept and
lends support to the hypothesis that inefficient GluA2 Q/R site-
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Fig. 2. Downregulation of ADAR2 mRNA and editing efficiency of ADAR2 substrates in ALS motor neurons. (A) The relative abundance of ADAR2 mRNA in the GluA2 mRNA base in
the spinal cord anterior horn (AH) was significantly less in the ALS group (A) than in the control group (C) (*p<0.05). In contrast, relative abundance in the posterior horn (PH) or
white matter (SpW) of the spinal cord did not differ between the two groups. (B and C) Relative abundance of ADAR2 mRNA in lysates of motor neurons in the GluA2 mRNA base
(B) and P-actin mRNA base (C). The expression level of ADAR2 mRNA in ALS®%® (A®d%; n=4) was significantly lower than in the lysates of motor neurons of control subjects
(C; n=4; **p<0.02), and that in ALS""*¢ (A"9) was much lower than in A°®, On the contrary, ADAR2 mRNA level in the MSA group did not differ from the C group. (D) Editing
efficiency at the K/E site of CYFIP2 mRNA in lysates of AH (*p<0.03) and motor neurons (MN) (***p<0.005) and editing efficiency of CYFIP2 pre-mRNA in the AH (*p<0.02) were
significantly lower in the ALS group (A) than in the control group (C). (E) Editing efficiency at the Q/R site of GluR6 mRNA was lower in the ALS AH than in the control AH, although
this difference was not statistically significant. Editing efficiency at the GluR6 Q/R site was not significantly different between AH and the lysate of 100 MN from control spinal cord.
(F) Editing efficiency at the Q/R site of GluA2 pre-mRNA in the AH lysates from the ALS group was lower than that of the lysates of the control group (**p<0.01). Columns and bars
represent mean + SEM. Each triangle represents a value for the AH lysate, and each circle represents a value for the MN lysate from a single case. C: Lysate of 100 motor neurons
from control subjects (n=4). A*¥": lysate of 100 motor neurons expressing only Q/R site-edited GluA2 mRNA from ALS patients. A"™9: lysate of 47 motor neurons expressing Q/R

site-unedited GluA2 mRNA from ALS patients. MSA: lysate of 30 motor neurons from the patients with multiple system atrophy (n=E6).

editing is a common death-causing molecular abnormality in sporadic
ALS.

Of the three members of the ADAR family, only ADAR2 was down-
regulated in ALS motor neurons. Although ADAR1 catalyzes A-to-l
conversions that are critical during embryogenesis (XuFeng et al.,
2009) and ADARS3 is predominantly localized in the central nervous
system (Chen et al., 2000), neither ADAR1 nor ADAR3 participates
in the inefficient GluA2 Q/R site-editing in ALS motor neurons. In ad-
dition, ADAR2 was downregulated in all ALS motor neurons, even in
those motor neurons expressing only edited GluA2 (ALS®%) and
more extensively in those motor neurons expressing unedited
GluA2 (ALS""*%), indicating profound downregulation of ADAR2 asso-
ciated with sporadic ALS. Deficient ADAR2 induces death of motor
neurons via failure to edit the GluA2 Q/R site, and expression of edi-
ted GluA2 by genetic engineering of the endogenous GluA2 gene res-
cues motor neurons lacking ADAR2 from death in AR2 mice
(Hideyama et al., 2010). Investigations on the conditional ADAR2
knockout mice in which one ADAR2 gene allele was ablated in
motor neurons (HeteroAR2; ADAR2%¥/*/VAChT-Cre.Fast) demon-
strated that the motor neurons with reduced ADAR2 expressed uned-
ited GluA2 mRNA, and although the unedited GluA2 accounted for no
more than 30% of all GluA2 mRNA, these motor neurons underwent
slow death (Hideyama and Kwak, 2011). Therefore, expression of un-
edited GluA2, even in a small proportion, is not favorable for the

survival of motor neurons in mice and expression of ADAR2 sufficient
to edit all the GluA2 mRNA rather than the expression level of ADAR2
per se is the critical factor for motor neuron survival. The critical role
of GluA2 Q/R site-editing in neuronal death indicates that ALS motor
neurons can survive, provided they express only edited GluA2, de-
spite reduced ADAR2 activity. However, the expression level of
ADAR?2 likely decreases further with progression of the disease, and
once the expression level of ADAR2 decreases below a threshold
that is necessary to edit the Q/R site of all GluA2, motor neurons
enter into a death cascade (see Fig. 5). This interpretation is consis-
tent with the finding that the proportion of unedited GluA2 among
all the GluA2 expressed in single neurons varied widely from 0% to
100% in a single ALS cases (Fig. 1C) (Kawahara et al., 2004a) and
with the pathological finding that both healthy-appearing and
shrunken motor neurons are observed in the ventral horn of the
same ALS patients (Weller et al., 1997), as well. Therefore, it is likely
that progressive downregulation of ADAR2 is closely relevant to the
pathogenesis of ALS, in which the failure of A-to-I conversion at the
GluA2 QJ/R site is critical. We previously demonstrated that the
threshold level of ADAR2 mRNA expression that enables editing of
the Q/R sites of all GluA2 mRNA is approximately 20x 10~ relative
to GluA2 mRNA in human brains (Kawahara et al, 2003a). We
obtained consistent results in the present study; the expression
level of ADAR2 mRNA in ALS® was well above this threshold
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Fig. 3. Collection of ALS single motor neurons. We dissected single motor neurons from 27 sporadic ALS cases using a laser microdissector (see Table 1). After examining the effi-
ciency of GluA2 Q/R site-editing in each lysate of a single motor neuron, we separately collected the remaining cDNA of the lysate that contained only Q/R site-edited GluA2 (ALS®%)
and lysate that contained unedited GluA2 mRNA (ALS"9), Each ALS* contained cDNA from 100 motor neurons that expressed only Q/R site-edited GluA2 (n=4), and one
ALS""d contained cDNA from 47 motor neurons that expressed unedited GluA2. ALS®®* and ALS"™® were used for analysis of the expression levels of ADAR1T mRNA and ADAR2

mRNA in ALS motor neurons shown in Figs. 2B and C.

(78.5x107 3 4£26.1x 10~ 3; range 60.0-117 x 10~ 3), whereas the ex-
pression level in ALS""*¢ was far below this threshold (3.48 x 10~ 3)
(Figs. 2B and C).

In the present study, we showed that the expression level of
ADAR2 mRNA is a factor regulating the ADAR?2 activity in human spi-
nal motor neurons, and that reduced expression level of ADAR2 tran-
scripts was the cause of reduced ADAR2 activity in ALS motor
neurons. We previously demonstrated that all the motor neurons ex-
press ADAR2 immunoreactivity in the spinal cord of normal human
subjects, whereas approximately half of motor neurons lack ADAR2
immunoreactivity in patients with sporadic ALS (Aizawa et al,
2010). The present results provided us with knowledge that the
lack of ADAR2 protein in ALS motor neurons resulted from reduced
expression level of ADAR2 transcripts but not from accelerated degra-
dation of ADAR2 protein, as shown in ischemic rat brain (Mahajan et
al,, 2011). Molecular mechanism regulating the level of ADAR2 mRNA
expression and ADAR2 activity has been poorly elucidated. At least 48
different RNA variants are expressed in human brain, among which

only three variants accounting for less than 10% of total amount of
the transcripts encode active form of ADAR2 (Kawahara et al,
2005). Aside from the regulation by the expression level of ADAR2
mRNA, ADAR2 activity was positively regulated by the presence of
inositol hexaphosphate in the catalytic domain (Macbeth et al,
2005) and negatively regulated by excessive expression of ADAR1 in
glioma cells (Cenci et al., 2008) and cleavage of ADAR2 protein by
Ca%*-dependent protease (Mahajan et al., 2011).

Because ADAR2 is an RNA regulatory protein, the present findings
support the emerging hypothesis that defects in RNA processing play
a role in neurodegenerative diseases, including ALS (Lagier-Tourenne
and Cleveland, 2009). For example, the mislocalization of TDP-43 and
FUS/TLS has been reported in the motor neurons of ALS patients, includ-
ing sporadic ALS. We previously found that ADAR2-deficient motor
neurons exhibit TDP-43 pathology, whereas ADAR2-expressing motor
neurons exhibit normal TDP-43 subcellular localization in sporadic
ALS patients (Aizawa et al.,, 2010), indicating that there is a molecular
link between these two RNA processing proteins. Whether TDP-43
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Fig. 4. Normal ADAR1 and ADAR3 in ALS motor neurons. (A) The expression levels of ADAR1 mRNA in ALS motor neurons, both ALS®% (A®4if) and ALS""*d (AU were in the same
level as in control motor neurons (C). (B) Extents of RNA editing at the Y/C site of bladder cancer associated protein (BLCAP) mRNA in ALS AH did not differ from those in control AH.
(C) There was no significant difference in editing efficiency at the R/G site of GluA2 mRNA in AH between ALS and control cases. Columns and bars represent mean + SEM. Each
triangle represents a value for the AH lysate, and each circle represents a value for the MN lysate from a single case.



