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Figure 6. Microtubule-dependent fraction of depolarization-induced ACh release from PNG3 cells requires KAP3. (A) Differentiated PNG3 cells, metabolically
labeled with [*H]choline, were depolarized by increased KCI in the medium for 15 min. The radioactivity was released into the medium representing *HJACh
and was measured for different concentrations of KCl and colchicine, as indicated. (B) Depolarization-induced [*H]JACh release from differentiated PNGS3 cells
transfected with vector only, siRNA for mouse KAP3 (mKAP3) or siRNA for mKAP3 together with expression plasmid for either human KAP3 (hKAP3) or
hKAP3 lacking C-terminal 223 amino acids (ARKAP3), expression plasmid for hKAP3 only or expression plasmid for AWRKAP3 was determined with or without
colchicine treatment. Radioactivity is shown as a percentage to that from vector-transfected, colchicine-untreated cells. The asterisk indicates non-significant
differences calculated as P > 0.05. Note that KAP3 down-regulation inhibited microtubule-dependent: ACh release. (C) Summarized time schedule for
[PHJACh-release measurement in differentiated PNG3 cells with and without SOD1 misfolding/aggregation. KCl-evoked release of ACh was calculated by sub-
tracting the radioactivity in S1 (medium before KCl addition) from that in S2 (medium after KCI addition). (D) Depolarization-induced [PHJACh release from
differentiated PNGS3 cells transfected with vector only, expression plasmid for wild-type SOD1 or G85RSOD! was defermined with or without MG132 treat-
ment. Microtubule-dependent and “independent fractions of release’ were meastired for each condition analyzed: Radioactivity is shown as percentage to that
from vector-transfected, colchicine-iintreated cells; Note that ACh release from mutant SOD1-transfected cells was reduced in response to MG132 treatment,
while overexpression of mutant SOD1 per s did not affect choline incorporation into. cells (Supplementary Material, Fig.: S4C). The asterisk indicates non-
significant. difference calculated as 2 > 0.05. (E) Depolarization-induced [*HJACh release from’ differentiated PNG3 cells transfected with vector only,
expression plasmid for wild-type SOD1 or G8SRSODI, with or without co-transfection of mKAP3 expression plasmid, was determined after MG132 freatment.
Microtubule-dependent and -independent fractions of release were measured for each condition analyzed: Radioactivity is shown as a percentage of that from
vector-transfected, colchicine-untreated cells. Note that the reduction in ACh release observed in mutant SOD1-transfected cells in response to MG132 treatment
was normalized by mKAP3 expression. The asterisk indicates non-significant difference calculated as P > 0.05.

(Fig. 6D, asterisk). MG132 treatment itself resulted in up- was independent from the misfolded SODI1-induced effect
regulation - of both microtubule-dependent-and--independent . (Supplementary Material, Figs S4B and C). These results
ACh release  (Fig. 6D and = Supplementary Material, suggest that misfolded SOD1 inhibits ChAT transport in this
Fig. S4A). However, this:MG132-induced increase in: ACh = FALS model system in culture as well.

release. was. presumably. caused by increased - expression The observations in SODI®**4-Tg mice, as well as in the
levels of proteins necessary for ACh synthesis/release and = cellular FALS model system that we described, further
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suggest that misfolded SOD1 causes a reduction or depletion
of the functional kinesin-2 complex via its association with
KAP3. This raises the possibility that misfolded
SODI-induced reduction in ChAT transport may be normal-
ized by supplementing motor neurons with KAP3. To prove
this hypothesis using the FALS culture model system, we
examined microtubule-dependent ACh release from differen-
tiated PNG3 cells overexpressing wild-type or mutant SOD1
together with KAP3. Overexpression of KAP3 did not
change ACh release from MG132-treated PNG cells trans-
fected with empty vector or wild-type SODI. However, over-
expression of KAP3 was able to normalize the ACh release
reduction under the condition that causes mutant SODI mis-
folding (Fig. 6E). These results strongly suggest that mis-
folded SOD1-induced reduction in ChAT transport and ACh
release is mediated by a reduction in functional KAP3 mol-
ecule because of its association with misfolded SOD1. These
results may also suggest that the normalization of functional
KAP3 level in motor neurons could have a therapeutic effect
on FALS pathogenesis.

KAP3 was co-localized with mutant SOD1 aggregates
within LBHI in spinal motor neurons from human FALS
patients

As described, we performed analysis of the misfolded
SODI-induced reduction of ChAT transport in cultured cells
in cultured cells as well as in a mouse model. To gain
insight into the significance of this mechanism in human
FALS, we performed immunohistochemistry on spinal cord
sections of human SODI-linked FALS cases to examine
co-localization of KAP3 and SODI!. The neuropathological
phenotypes of four patients we analyzed, who were
members of two different families (27-29), are summarized
in a table in Figure 7. These patients often developed
Lewy-body-like hyaline inclusions (LBHIs), which are
protein aggregates containing mutant/wild-type SODI and
one of the most characteristic cytopathological changes in
the spinal motor neurons of mutant sod/-linked FALS (28).
Immunohistochemical analysis revealed that most: of the
LBHIs in the spinal motor neurons were positive for both
KAP3 and SODI (arrowheads in Fig. 7). We confirmed that
the KAP3 signal in LBHIs was not present when- the
anti-KAP3 antibody was pre-incubated with an excess of the
synthetic. KAP3 antigen peptides (data not shown). These
observations demonstrated that KAP3-SOD]1 interaction and
subsequent . co-aggregation frequently occurs in human
SOD1-linked FALS cases.

DISCUSSION

In this paper, we presented a novel pathological mechanism by
which misfolded SODI may cause neuronal dysfunction in
FALS. A significant “proportion * of misfolded SOD1 is
located within ‘motor axons prior to disease onset in
SODI®%**.Tg FALS model mice. We showed that misfolded
SODI1 species selectively binds to' KAP3 (Fig. 2B and C)
and that this binding may be a cause for the reduction in
functional KAP3 molecule required for kinesin-2-dependent
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Figure 7. KAP3 was co-localized with SOD1 aggregates within LBHI in
spinal motor neurons from human FALS cases. Consecutive sections of LBHI-
containing spinal motor neuwrons from FALS patients possessing sod/
mutations were immunostained with anti-KAP3 and anti-SOD1 antibodies.
The clinicopathological characteristics of the FALS patients are summarized
in the table. D125X mutation is a deletion of two nucleotides at codon 126
that results in the truncation of five residues downstream. Co-localization of
KAP3 and SOD1 within the LBHI is evident (arrowheads). The images are
representative of 30 LBHIs observed in each case, all of which showed
co-localization of SODI and KAP3. Scale bars=25 pm for the images of
top row, 50 pm in others.

transport within motor axons (Fig. 3A and B). The kinesin-2
motor complex is particularly important, because it is required
for ChAT - transport  (19). Decreased  ChAT - expréssion
and resultant decrease in*ACh release from motor nerve
ends can lead to dysfunction of motor synapses at axon term-
inals (30,31). By employing a newly developed cell culture
model of FALS, we showed that ACh release from nerve
terminals-was ‘decreased presumably due fo a reduction in
ChAT transport resulting from KAP3 sequestration by mis-
folded SODI species (Figs 5A and C and 6D). The pathologi-
cal mechanism we propose from our data is schematized
in Figure 8.

ALS-like motor neuron pathology is observed in transgenic
mice expressing C-terminal truncated SODI1 (L126Z), in
which the mutant SOD1 expression was not clearly observed
in sciatic’ nerve (32). This" suggests that” KAP3-misfolded
SOD1 association is formed mostly in motor neuron cell
bodies. Indeed, we detected KAP3-misfolded SOD1 associ-



sopt CO
{nonmal form) QO

ChAT transport: normal /@% ’,

Human Molecular Genetics, 2009, Vol. 18, No. 5 951

.
¢ 2 RX

@
acetyl-CoA’
¢
#

ACh-release: normal

T

microtuble

« % Motor function: normal
X

o
% jchotine

EhaD chat

Mutant SOD1 @D KAP3

aggregation i ]hetewdimemom}mnesin i
KIF3A, B, or C

ACh &
1 ACh-release: reduced
acetyl-CoA = \‘%

ChAT transport: reduced\J cholino

Motor dysfunction

Figure 8. A schematic diagram for a mutant SOD1 toxicity and impairment of axonal transport of ChAT. [n healthy motor neurons (A), ChAT is continuously
transported by kinesin-2 motor, comprising KIF3A, KIF3B/C and KAP3, toward the neuromuscular junction where ACh functions as a neurotransmitter. ACh is
released into the synaptic cleft upon stimulation and rapidly degraded into choline and acetic acid by AChE. Choline is taken up into the nerve terminal by
choline transporters and then ChAT synthesizes ACh from choline and acetyl-CoA. The reaction catalized by ChAT is the rate-limiting step for ACh supply
to the nerve terminals. In motor neurons expressing mutant SOD1 (B), mutant SOD1 proteins were converted into misfolded forms as a vesult of increased
ROS generation and/or reduced proteasomal activity. Certain misfolded species preferentially binds to KAP3 and inhibit the binding of ChAT to KAP3,
thereby causing a decrease in ChAT transport. This decrease in ChAT in the nerve terminals can constitute a mechanism that causes motor dysfunction.

ation in spinal cords (Fig. 2C) and ventral white matter
(Fig. 2A and B) of SODI®®*.-Tg mice prior to disease
onset, but could not detect it in distal sciatic nerve even at
the end-stage (data not shown). These findings suggest that,
even if misfolded SODI associates with molecular motors, it
cannot travel for a long distance, presumably because it is
not a physiological cargo.

We suspect that misfolded SOD1-KAP3 association is one
of the early events in FALS pathogenesis. Evidence to support
this possibility is that the SOD1-KAP3 association becomes
detectable around 6 months of age in SODI®**.Tg mice, 2
months earlier than disease onset (Fig. 2C), suggesting
that the SOD1-KAP3 association constitutes an early event
in FALS motor neurons. Also, our immunoprecipitation/
immunoblot analysis shows. that. SOD1-KAP3: association
always detected relatively low molecular-weight misfolded
SOD1 (—50kDa). among all of the misfolded products
ranging up to hundreds of kilodaltons in size (Figs 2B and C
and 5A). The preferential association of KAP3 for low
molecular-weight species but not  with large precipitates
suggests that SOD1-KAP3 association accounts for a fraction
of the initial events in FALS pathogenesis. Previous, reports
on selective increase in KAP3 transcription in lumbar spinal
cords from SODI®**®.Tg mice as an early event prior to
disease onset (33) also supports our hypothesis, as the increase
may be regarded as compensatory to the KAP3 sequestration by
SODI1-KAP3 association,

Previous reports show that crossing mutant SOD1-Tg mice
with dynein heavy chain mutant mice (Joa or cra) delays. the
disease onset and extends survival (34,35). This result is sur-
prising because mutations in dynein heavy chain, a subunit

of dynein motor complex, or plSOG‘“Ed, a subunit of dynactin

(dynein activator) cause dysfunction and degeneration of
spinal motor neurons (15,16). This suggests a possible
mechanistic link between impaired axonal transport in
mutant SODI-Tg mice and that in dynein heavy chain
mutant mice. Here we demonstrated that KAP3 sequestration
by misfolded SOD! is a mechanism for selective inhibition
of axonal transport observed in mutant SOD1-Tg mice. Pre-
vious reports on melanophore transport in Xenopus melano-
somes showed that dynactin serves as an activator of
kinesin-2 via direct binding of p150%"*¢ to KAP3 and regu-
lates the intracellular direction of melanosome transport by
binding to either dynein (retrograde) or KAP3 (anterograde)
(36). Dynein and KAP3 share the same binding site on
p150°™ and so p150©™* binds to only one of them at a
time and thereby activates transport i only one direction. If
a similar regulation by dynactin plays a role in mammalian
neurons, loa and cra mutations may increase the chance of
p1509"¢" to bind to KAP3, because those mutations
promote subunit disassembly and increase dynein-unbound
dynactin (15). By this mechanism, dynein heavy chain
mutations may result in normalizing kinesin-2-mediated trans-
port of ChAT inhibited by the misfolded SODI" species.
Indeed, in our analysis of ventral white matter in
SODI1%%3*.Tg mice using Nycodenz density gradient centrifu-
gation, a small fraction of p1509"™*¢ co-migrated with mis-
folded SOD1 species and KAP3 (Fig. 2A). This population
of p150°™¢ also co-precipitated with KAP3 (data not
shown). This result may reflect an involvement of p150°"e*
in KAP3/SOD1 misfolding and aggregation through its inter-
action with KAP3.
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A recent study provides an interesting evidence that tran-
scription of all members of the KIF3 family selectively
decreases in motor cortex of sporadic ALS patients among
13 kinds of kinesin and kinesin-related proteins (37). Impaired
neuromuscular transmission was detected in early sporadic
ALS patients (38), and a reduced supply of releasable ACh
was thought to be the primary cause for the degeneration of
motor terminal in a dog model of hereditary spinal muscular
atrophy (30,39). It is possible that kinesin-2 dysfunction and
subsequent inhibition of ChAT transport might be one of the
comumon pathways leading to motor neuron-specific dysfunc-
tion in both sporadic and familial ALS cases.

The cargos and adaptor molecules for kinesin-2 have not
been well studied. Small GTP-binding protein dissociation
factor SmgGDS (40), fodrin (41), a twmor suppressor adeno-
matous polyposis coli (42), N-cadherin (43), ChAT and
AChE (18) have been reported as molecules that bind to
KAP3, Our finding that misfolded SOD1 species sequesters
KAP3 raises a possibility that the transport of these molecules
may also be impaired in mutant SOD1-related FALS, together
with the reduced ChAT transport. Indeed, we observed a slight
decrease in N-cadherin transport in motor axons from pre-
symptomatic SODI®**.Tg mice (Supplementary Material,
Fig. S5). The expression and function of those molecules
within motor neurons need to be studied to elucidate the
entire mechanism.

MATERIALS AND METHODS

All the data in Figures 16 are a representative of three mice
per group or three independent experiments. Statistical signifi-
cance was assessed by ANOVA followed by Fisher’s test.
Error bars in graphs represent standard deviations. Signals in
immunoblots were detected using ECL (GE Healthcare) and
quantified with NTH image software (1.61J).

Reagents

All four types (WT, G93A, G85R and A4V) of FLAG-tagged
human SOD1 ¢DNA at the C terminus were cloned into
pcDNA3 (44), Full-length mouse (Image clone ID: 5698182)
and human  (4829354) KAP3 were purchased from lmage
clong - bank - and . cloned: into- pcDNA3- and . pCMV-Tagl,
respectively.. The integrity of each: clone. was. verified by
nucleotide sequence analysis. The siRNA designed for silen-
cing mouse KAP3 (M-047278-00-0010) was purchased from
Dharmacon Research. Primary antibodies used for immuno-
blots were as-follows: anti-SOD1 (Stressgen, SOD-100, and
Calbiochem, 574597), kinesin C2 (Affinity BioReagents) and
CRMP-2 - (Immuno-Biological .. Laboratories).. Anti-ChAT
(AB144P), KHC (MABI1614), KLC (MAB1617), synaptophy-
sin (MAB5258-20UG), actin (MAB1501), Neurofilament-M
(AB1987) and MBP (myelin basic protein, AB9046). anti-
bodies: were- all - purchased: from Chemicon. - Anti-KAP3,
KIF3A, KIF3B, p150°"S, p50 dynamitin, dynein IC, KIF2
and Rab3 antibodies were purchased from BD PharMingen/
Transduction Laboratories. Primary antibodies used for immu-
noprecipitation. and iimmunostaining were anti-SOD1 (Stress-
gen, SOD-100), ChAT (Chemicon, AB144P) and FLAG

(Sigma, F3165) antibodies. KAP3 antibody was prepared by
immunizing rabbits with a peptide containing the 1-14
amino acids of mouse KAP3, which are conserved in human
KAP3, followed by affinity purification using an epitope-
conjugated column.

Animals

We used the GIL line of transgenic mice harboring the
G93A-mutated human SODI gene (B6SIL-TgN(SODI-
G93A)1Gur‘“) purchased from the Jackson Laboratories.
Mice harboring wild-type human SODI gene (B6.Cg-Tg
(SOD2Gur/]) was a gift from Dr Kawamata of Kyoto Uni-
versity. C57BL/6J mice were also used. The transgenic mice
were backcrossed with C57BL/6] for more than 14 gener-
ations. All data were derived from male mice. All the
animal experiments were approved by the Animal Care
Committee of National Center of Neurology and Psychiatry
(NCNP).

Preparation of subsegments from mouse spinal
cords using LMD technique

Frozen sections from mouse spinal cords were prepared
without fixation and processed through AS LMD (Leica) as
previously described (17). Five sections were pooled for
each sample location for subsequent analyses.

Isolation of misfolded SOD1 species from ventral
white matter of spinal cords

The spinal cord was dissected from the indicated mice, and the
ventral half of white matter at L.1-S3 level was carefully dis-
sected under a microscope. The dissected samples were homo-
genized in 300 wl of Nz homogenization buffer [20 mm
HEPES, pH 7.4, 120 mm NaCl, 2 mm EDTA, pH 8.0, 0.25%
NP-40 and complete protease inhibitor cocktail (Roche)] fol-
lowed. by a brief sonication., The lysates were added to
32ml of Nycodenz linear density gradient in 10 mm
HEPES, pH 7.4 and I mm EDTA; pH 8.0 (initial concentration
of Nycodenz was 30%). After a centrifugation at 87 479g for
2 h at 4°C, in Optima MAX-E using MLS 50 rotor (Beckiman
Coulter), 160wl of aliquot was collected from the top to the
bottom of the: tube, totaling 22 fractions. Twenty microliters
of each fraction was collected and analyzed by immunoblot.

Immunoprecipitation

Affinity-purified anti-KAP3 and anti-SOD1 antibodies were
captured: with- Dynabeads Protein: G. (Dynal: Biotech). and
cross-linked: using-dimethyl pimelimidate as. per manufac-
turer’s protocol. For the immunoprecipitation from fractions
prepared.: from' Nycodenz density gradient centrifugation,
30 pl - of - each fraction . was. mixed with the antibody-
conjugated Dynabeads in 20 mm HEPES, pH 7.4, 120 mm
NaCl, 2 mm EDTA and complete protease inhibitor cocktail.
The mixture was incubated overnight at 4°C on a rocking plat-
form, followed by washing with PBS containing 0.05%
Tween-20. The target. proteins were eluted. with 30 pl of
0.1 m ¢itric acid (pH. 2.0) for 2 min, and half of the eluates



were analyzed. For the immunoprecipitation from spinal cords
or SOD1-transfected PNG3 cells, tissues or cells were lysed in
TN-T buffer (50 mm Tris—HCI, pH 7.6, 1% Triton X-100,
150 mm NaCl) containing complete protease inhibitor cocktail
and subjected to a centrifugation at 5000g for 10 min at 4°C.
The supernatants were incubated with antibody-conjugated
Protein G Dynabeads and analyzed as described above.

Preparation of transported components
from ventral cauda equina

The fraction enriched with transported components within
motor axons was prepared from ventral roots of caudal
spinal cords as described (41) with the following modifi-
cations. Ventral cauda equina was minced for two times in
400 pl of IM-D buffer supplemented with 1 mm ATP and a
protease inhibitor cocktail (Complete; Roche) for 10 min on
ice. They were subsequently subjected to centrifugation at
5000g for 10 min at 4°C. The obtained supernatants were
measured for protein conceniration and 5 pg of each was sub-
jected to SDS/PAGE to evaluate the kinesin-2 contents. To
analyze kinesin-2 status, the transported vesicle fractions pre-
pared from four mice were subjected to 4.4 ml of sucrose step
gradient centrifugation ranging from 0.2 to 2%. After centrifu-
gation in an SW55 Ti rotor (Beckman Coulter) at 50 000 rpm
for 18 h at 4°C, 400 .l of each fraction was collected from top
of the tube, totaling 12 fractions, and 20 pl of each fraction
was analyzed by SDS—PAGE/immunoblots.

Cell culture and transfection

NG108-15 cells (a kind gift from Dr Akazawa in Tokyo Medical
and Dental University), a hybrid cell line of mouse N18TG2
neuroblastoma cells and rat C6-BU-1 glioma cells, were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma, D5796) containing 10% fetal bovine serum and 2%
HAT supplement (GIBCO). Differentiation of PNG3, a sub-
clone of NG108-15 isolated from single cells, was induced
with T 'mm of dibutyryl cAMP (Nacalai tesque) and 0.2 pum of
dexamethasone (MB Biomedicals) for 3 days. Transfection of
plasmids into PNG3 was performed using Optifect or Lipofecta-
mine 2000 (Invitrogen Life Technologies) as per manufacturer’s
protocol. Culture medium was changed every 20-24 h except
where indicated - otherwise. " Transfection  of* siRNA and
co-transfection of siRNA with plasmids were performed accord-
ing to the manufacturer’s protocols using DharmaFECT trans-
fection reagent 2 (Dharmacon) and DharmaEFCT Duo
transfection reagent, respectively. For induction of SOD1 mis-
folding/aggregation, cells were treated with 6.5 um of MG132
(a proteasoine inhibitor) 56 h after transfection and then treated
with 2.5 mum hydrogen peroxide for 2 h'at 72 h after transfec-
tion. Cells were then lysed with: TN-T buffer plus Complete
protease inhibitor cocktail and subjected to centrifugation at
10 000g for 10 min at 4°C to be separated into soluble (super-
natant) and insoluble (pellet) fractions.

Measurement of PHJACh release

Depolarization-induced [*HJACh release was measured based
on the method previously described' (Kumagai et al., 1993)
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with several modifications. For metabolic labeling of PNG3
cells by [*H]choline, DMEM lacking choline chloride was
used. Time schedules for labeling, reagents used and incu-
bation time are shown in Figure 6C.

The culture medium was changed to choline-free DMEM
either with or without colchicine. After 2h incubation,
6.25 kBq [*H]choline chloride ([methyl->H] choline chloride,
2.2 TBg/mmol; GE Healthcare) was added to the medium of
each well of a 12-well plate. After 2h incubation, the
medium was changed to ACh release measuring buffer
[20 mm HEPES-NaOH, pH 7.4, 150 mm NaCl, 5mm KCl,
1.8 mm CaCly, 0.8mm MgS0O4, 25mm glucose, 25 uM
eserine sulfate and 10 pM hemicholinium-3 (HC-3)] and the
culture plates were returned to the CO, incubator. Eserine,
an inhibitor for cholinesterase, was added to inhibit a degra-
dation of released ACh by cholinesterase. HC-3, an inhibitor
for high-affinity choline transporter 1, was added to comple-
tely inhibit [°H]choline uptake after changing the medium.
After 15 min incubation, with eserine and HC-3, an aliquot
of culture medium was transferred into a 1.5 m! tube (media
before KCl addition), and then KCl was added into the
medium to a final concentration of 50 mm. The culture
plates were quickly returned to the CO, incubator, and after
15 min, the medium was transferred into a new 1.5 ml tube
(media after KCl addition). Both the medium collected
before and after KCl addition were centrifuged at 10 000g
for Smin at 4°C to remove debris. The supernatants were
mixed with a scintillation cocktail (Ultima Gold XR, Perkin
Elmer) to measure the ["H] radioactivity using a liquid scintil-
lation spectrophotometer. The radioactivity of [PHJACh
released by KCI was calculated by subtracting the activity of
media before KC1 (=S1) from the activity of media after
KCl addition (=82), as described in Figure 6C.

Immunocytochemistry

PNG3 cells were fixed with 4% paraformaldehyde in PBS for
15 min. After permeabilization with 0.15% Triton X-100 in
PBS for 10min, cells were treated with Blocking-one
(Nacalai) for 1 h. The cells were then treated with primary
antibodies in Blocking-one at 4°C overnight. The cells were
washed with PBS. For detection, cells were. treated with
fluorescent-conjugated secondary antibodies in Blocking-one
at room temperature for | h. After washing again with PBS,
cells wete mounted’ with Vectasheld (Vector Laboratories).

Autopsy specimens and immunohistochemistry

The - studies - were performed on - archival,” buffered: 10%
formalin-fixed, paraffin-embedded spinal cord tissues obtained
at autopsy from four FALS patients who were members of two
different families. Consent for autopsy was- obtained from
legal representatives in accordance with the requirements of
local institutional review boards. The clinicopathological
characteristics of the FALS patients have been previously
reported (27,29). SOD1- gene  analysis revealed that the
members of the Japanese Oki: family had a 2 bp deletion at
codon 126 in the gene for SODI (frame-shift 126 mutation,
D125X) and that the members of the T family had a
Leucine to Valine substitution at codon 106 in the SODI
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gene (L106V). To look at the expression of KAP3 and SOD1
in these specimens, affinity-purified rabbit anti-KAP3 anti-
body (0.05 wg/ml, diluted 1:200 in 1% bovine serum albumin-
containing PBS, pH 7.4), mouse monoclonal antibody against
human SOD1 (0.5 mg/ml, cloneiG,, MBL, Aichi, Japan) and
sheep polyclonal antibody against human SODI1 (1:20,000,
Calbiochem, Darmstadt, Germany) were used as primary anti-
bodies. Immunohistochemical reaction was performed by a
standard procedure. Antibody signal was visualized by the
avidin—biotin—immunoperoxidase complex (ABC) method
using the appropriate Vectastain ABC Kit (Vector Labora-
tories, Burlingame, CA, USA) and 3,3'-diaminobenzidine tet-
rahydrochloride (DAB; Dako, Glostrup, Denmark) as the
chromogen.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Copper/zinc-superoxide dismutase (SOD1) plays a protective role in cells by catalyzing the conversion of the
superoxide anion into molecular oxygen and hydrogen peroxide. Although SOD1 knockout {KO) mice exhibit
a reduced life span and an elevated incidence of dysfunctions in old age, young SOD1 KO mice grow normally
and exhibit no abnormalities, This fact leads to the hypothesis that other antioxidative proteins prevent
oxidative stress, compensating for SOD1. Differently expressed genes in 3-week-old SOD1 KO and littermate
wild-type mice were explored. A gene remarkably elevated in SOD1 KO mouse kidneys was identified as the
glutathione S-transferase Alpha 4 gene (Gsta4), which encodes the GSTA4 subunit. The GSTA4 protein level
and activity were also significantly increased in SOD1 KO mouse kidneys. The administration of an iron
complex, a free radical generator, induced GSTA4 expression in wild-type mouse kidneys. Iron deposition
detected in SOD1 KO mouse kidney is thought to be an inducer of GSTA4. In addition, overexpression of
mouse GSTA4 cDNA in human embryonic kidney cells decreased cell death caused by both 4-hydroxynonenal
and hydrogen peroxide. These findings suggest that compensatory induced GSTA4 plays a protective role
against oxidative stress in young SOD1 KO mouse kidneys.
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Oxidative stress caused by accumulated reactive oxygen species
(ROS)! is closely involved in a variety of pathological processes,
including inflammation, cancer, neurodegenerative disorders, and
aging. Most cells have a'lot of defense systems for avoiding the toxic
effects of ROS. A variety of antioxidative proteins and low-molecular-
weight antioxidants are highly régulated to mainfain cellular home-
ostasis. Among them, superoxide dismutase (SOD) is thought to play
a central role because of its ability to scavenge superoxide anions, the
primary ROS generated from molecular oxygen in cells; Mammals
have three isozymes, Cu/Zn-SOD (SOD1), Mn-SOD (SOD2), and
extracellular SOD (EC-SOD, SOD3). SOD1 is mainly localized in the
cytosol and SOD2 is -Jocated exclusively in mitochondria. SOD3
protein is secreted into the extracellular space, where the majority of
it becomes anchored to sulfated glycosaminoglycans in the tissue
interstitium. Mutation of SODT causes familial amyotrophic lateral
sclerosis (FALS), which is'a neurological disease characterized by
selective motor neurons in the brain and spinal cord. Several lines of

Abbreviations: ROS, reactive oxygen species; SOD, superoxide dismutase; FALS,
familial amyotrophic lateral sclerosis; GST, glutathione S-transferase; 4-HNE, 4-
hydroxynonenal; CDNB, 1-chloro-2,4-dinitrobenzene; MDA; malondialdehyde; Fe-
NTA, ferric nitrilotriacetate; HEK293. human: embryonic kidney 293; ARE, antiox-
idant-responsive element; Nrf2, nuclear factor E2-related factor 2,
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transgenic mice that express the mutant human SOD1 linked with
FALS develop progressive neurodegeneration and a phenotype that
clearly resembles human FALS {1,2]. In contrast, young SOD1
knockout (KO) mice grow normally-and exhibit no clear abnormal-
ities except for a small body size and anemia |3}, However, adult or
old SOD1 KO mice exhibit elevated incidences of alcohol-induced
liver injury [4], hepatocarcinogenesis [5], ischemia/reperfusion-
induced renal failure {6}, hearing loss {7}, lipid accumulation in the
liver {8}, and female infertility {9]. These phenotypes are probably
caused by accumulated toxic organic peroxides such as lipid
peroxides and unsaturated aldehydes resulting from the constitutive
SOD1 deficiency.

The glutathione S-transferases (GSTs; EC 2.5.1.18) constitute a
major group of phase I detoxification proteins that protect against a
variety of reactive chemicals, such as chemotherapeutic agents and
chemical carcinogens, and secondary metabolites during oxidative
stress, such as o,PB-unsaturated aldehydes, quinones, and hydroper-
oxides | 10]. Mammalian cytosolic GSTs are all dimeric with subunits of
199-244 amino acids. Based on amino acid sequence similarities, at
least seven classes of cytosolic GSTs are recognized in mammals,
which are designated-as Alpha, Mu, Pi, Sigma, Theta, Omega, and Zeta
[10]. Among them, GSTA4-4, which is a homodimer of the GSTA4
subunit, belongs to the GST Alpha family and exhibits uniquely high
glutathione conjugation activity toward 4-hydroxynonenal (4-HNE),
an end-product of lipid peroxidation [11.12].
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Fig. 1. Differential gene expression in SOD1 KO and WT mouse kidneys. (A} Differential
banding patterns of genes isolated from SOD1 KO and WT mouse kidneys. The
arrowhead indicates the more highly expressed gene in SOD1 KO mice. (B) RT-PCR
analysis of Gsta4 expression. Total RNAs were isolated from 3-week-old male SOD1 KO
and WT mouse kidneys. PCR products were separated on a 2% agarose gel and stained
with SYBR Green 1.

The kidney plays an important role in the excretion of metabolic
wastes and reabsorption of nutrients through blood filtration. The
renal tubules tend to suffer oxidative stress from such metabolites
including harmful agents through the active transport. Although
SOD1 deficiency may further increase renal oxidative stress, clear
abnormalities are not observed in young SOD1 KO mouse kidneys.
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Also, few differences in renal function between wild-type (WT) and
SOD1 KO mice after ischemia/reperfusion at a young age were
reported [6]. Accumulating studies have shown that SOD isoenzymes
such as SOD2 and SOD3 probably do not cover a SOD1 deficiency
[13] and that SOD1 and SOD3 have no overlapping roles, as seen
with SOD1 and SOD3 double-KO mice {13]. These facts lead to the
hypothesis that some unidentified antioxidative proteins protect
against oxidative stress, compensating for SOD1.

In this study, we performed differential display analysis, using 3-
week-old SOD1 KO and WT mouse kidneys, to search for com-
pensatory working proteins. We found that the GSTA4 gene, Gsta4,
which encodes the GSTA4 subunit, is remarkably induced in young
SOD1 KO mouse kidneys. Thus, we focused on the investigation of the
expression and roles of GSTA4 in SOD1 KO mouse kidneys by com-
parison with the expression of other antioxidative enzymes. In
addition, we investigated whether ROS production mimicking SOD1
deficiency induces GSTA4 expression and whether GSTA4 overexpres-
sion has a protective effect against ROS-induced cell death. The results
show that oxidative stress induces GSTA4 expression even in wild-
type mouse kidneys and that the GSTA4-expressed cells have
tolerance to 4-HNE- and hydrogen peroxide-induced cell death.
Moreover, we found iron deposits in SOD1 KO mouse kidneys,
which are probably related to the GSTA4 induction.

Experimental procedures
Materials
All chemicals used in this study were purchased from Wako Pure

Chemical Industries Ltd.,, Nacalai Tesque, Inc., or Sigma-Aldrich,
unless specified otherwise, and were of the highest grade available.
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Fig. 2. GSTA4, GSTA1, GSTP1, GSTM1, SOD2, and SOD3 protein expression in SOD1 KO and WT mouse kidneys, at (A) 3 and (B) 12 weeks of age. The top shows the protein expression
levels determined by Western blot analysis, The bottom (bar graphs) shows the fold (%) changes calculated against the protein levels in WT mice by densitometric scanning of the
Western blots. The data are normalized to the expression levels of B-actin and expressed as means 4 SEM (*p<0.05, compared with WT mice).



D. Yoshihara et al. / Free Radical Biology & Medicine 47 (2009) 559-567 561

Antibodies

Polyclonal antibodies against human GSTA1, mouse GSTP1, mouse
GSTMT, and B-actin were obtained from Oxford Biomedical Research,
Stressgen, Upstream Biotechnology, Abcam, and Sigma-Aldrich,
respectively. Antibodies against human SOD1 and rat SOD2 were
kindly provided by Dr. Taniguchi (Osaka University, Osaka, Japan).
Antibodies against mouse SOD3 were raised previously {14} Horse-
radish peroxidase-conjugated goat anti-rabbit IgG and horseradish
peroxidase-conjugated rabbit anti-goat 1gG were purchased from
Promega and DAKO, respectively.

Experimental animals

The mice used for this study were derived from breeding pairs of
heterozygous SOD1-deficient (B6;1295-SOD1™'*") mice obtained
from The Jackson Laboratory. The mice were backcrossed with
C57BL/6] mice more than seven times before experiments. All
breeding and genotyping were performed in a virus- and patho-
gen-free barrier facility at the Hyogo College of Medicine. The
animals were maintained under an artificial 12/12-h light/dark cycle,
as well as a constant temperature of 20-22°C, and had free access to
food and distilled water. The genotype of each mouse was
ascertained by polymerase chain reaction (PCR) of DNA isolated
from a tail biopsy as described on The Jackson Laboratory Web site.
All experiments were approved by the Hyogo College of Medicine
Animal Care and Use Committee.

Identification of differently expressed genes

Screening of differently expressed genes in SOD1 KO and litter-
mate WT mice was performed using a GeneFishing kit according
to the manufacturer's instructions (Seegene). The PCR products
were subjected to electrophoresis on a 2% agarose gel and then
stained with SYBR Green | (Cambrex). The screened PCR products
were cloned into the pT7Blue vector (Novagen) and subjected to
cycle sequencing with a Model 3130XL automated sequencer
(Applied Biosystems). The identity of each product was confirmed
by sequence homology analysis using the Basic Alignment Search
Tool.

Production and purification of recombinant mouse GSTA4 protein

Mouse GSTA4 (mGSTA4) cDNA was subcloned into the Escheri-
chia coli expression vector pET-19b (Novagen) in frame with a six-
histidine tag. After induction with 1 mM isopropyl-1-thio-S-d-
galactopyranoside overnight at 27 °C in E. coli (BL21 strain), the
cells were harvested. The cells were homogenized in a binding buffer
(20 mM phosphate buffer, pH 7.4, containing 0.5 M NaCl and 20 mM
imidazole) and then centrifuged at 10,000 g for 20 min at 4 °C. The
recombinant mGSTA4 was purified by nickel-chelating chromato-
graphy on Ni-Sepharose 6 Fast Flow resin (GE Healthcare).

Preparation of rabbit polyclonal antibodies to mouse GSTA4

Keyhole limpet hemocyanin-coupled mGSTA4-specific peptide
(residues 117-130) was obtained from Sigma-Aldrich. Immunization
of rabbits and purification of IgG for mGSTA4 were carried out as
described previously {15] with minor modifications. The anti-mGSTA4
antibody was purified on an affinity column coupled with the recom-
binant mGSTA4.

RNA extraction and RT-PCR

Total RNA was isolated from kidney samples using TRIzol reagent
(Invitrogen). The expression of different mRNAs of interest was eva-

luated by reverse transcriptional polymerase chain reaction (RT-PCR)
using a High Capacity RNA-to-cDNA kit (Applied Biosystems).

Real-time PCR

Relative quantitative analysis of mRNAs was performed using PCR
with a SYBR Green Realtime PCR master mix (Toyobo) and an ABI
Prism 7500HT Fast Real Time PCR system {Applied Biosystems) on
MicroAmp optical 96-well reaction plates (Applied Biosystems).
Amplification conditions were 1 min at 95°C, followed by 40 cycles
of 15 s at 95°C and 1 min at 60°C.

Protein extraction and Western blot analysis

Tissues from mice or cells were homogenized in a cell lysis buffer
(50 mM Tris-HCl buffer, pH 7.5, containing 0.25 M sucrose, 10 mM
KCl, and 5 mM MgCl,) containing a protease inhibitor cocktail
(Nacalai Tesque). The homogenates were centrifuged at 15,000 g for
15 min at 4°C, and the supernatants were used for Western blot
analysis and measurement of enzyme activities. Protein concentra-
tions were determined using a BCA protein assay kit (Pierce) with
bovine serum albumin as the standard. Aliquots of proteins (5-
30 pg) were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto a PVDF membrane under
semidry conditions by means of a trans-blot (Bio-Rad). The
membranes were blocked with 5% fat-free milk at room temperature
for 1 h and then incubated overnight at 4°C with an appropriate
primary antibody in 0.5% fat-free milk in Tris-buffered saline
containing 0.05% Tween 20 (TBS-T). After being washed with TBS-
T, each membrane was incubated with an appropriate secondary

>

12-week old

&

3-week old

15+ 4

!

1.0

0.5

GSTA4 activity {U/mg protein)

0 WTKO WTKO  WTKO WT KO
Female Male Female Male
3-week old 12-week old

08} L x

0.6 |

0.2

Total GST activity (U/mg protein) {13

WT KO WT KO
Female Male

WT KO WT KO
Female Male

Fig. 3. Effects of the SOD1 deficiency on GSTA4 activity and total GST activity. (A) GSTA4
activity toward 4-HNE in 3- and 12-weel-old mice. (B Total GST activity toward CDNB
in 3- and 12-week-old mice. The data are expressed as the means 3 SEM for four or five
animals (#p<0,05, compared with WT mice of the same sex and age).
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antibody at room temperature for 1 h, After another wash, a Immunohistochemistry
chemiluminescence method involving an ECL or an ECL Plus kit (GE

Healthcare) was employed to detect peroxidase activity. Mice were deeply anesthetized with sodium pentobarbital (0.1 ml/
100 g of body wt) and then perfused with phosphate-buffered saline
Measurement of enzyme activities (PBS) via the aorta. After fixation with 4% paraformaldehyde in 0.1 M

cacodylate buffer (pH 7.3), kidney specimens were embedded in par-
Total GST activity and GSTA4 activity against 1-chloro-2,4- affin, cut into 5-um-thick sections, and then subjected to immuno-
dinitrobenzene (CDNB) and 4-HNE, respectively, were determined histochemical analysis. Sections were deparaffinized and then washed in

as described previously {16,17]. PBS. Normal serum homologous with a secondary antibody diluted in 1%
BSA-PBS was used as the blocking reagent. Tissue sections were in-
Measurement of 4-HNE and malondialdehyde (MDA) levels cubated with anti-GSTA4 for 18 h at 4°C. Bound antibody was visualized

by the avidin-biotin-immunoperoxidase complex (ABC) method using
The 4-HNE and MDA levels were determined using a Biotech LPO- an appropriate Vectastain Elite ABC rabbit IgG kit (Vector Laboratories)
586 kit {Oxis International) according to the manufacturer's protocol. and 3,3’-diaminobenzidine tetrahydrochloride as the chromogen. The
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Fig. 4. (A) Expression of GSTA4 protein in various tissues in fernale (top) and male {bottorn) 12-week-old SOD1 KO and WT mice. Fifteen micrograms of proteins from various tissues
were subjected to Western blotting {n=3, except for ovary). (B) Immunohistochemical analysis of paraffin-embedded 12-week-old mouse kidney sections with detection by anti-

mGATA4. (a) Female WT micuse, {b) female SOD1 KO mouse, (¢} male WT mouse, {d) male SOD1 KO mouse, GSTA4 was preferentially expressed in the proximal tubules of female
SOD1 KO mice.
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endogenous peroxidase activity was quenched by incubation with 3%
H,0; for 30 min after the secondary antibody treatment.

Prussian blue staining for tissue iron detection

The paraffin sections were deparaffinized and then washed in
Milli-Q (Millipore, Japan) water. The sections were incubated in 1%
hydrochloric acid containing 1% potassium ferrocyanide for 20 min.
After being washed with Milli-Q water, the sections were stained
with nuclear fast red solution (Sigma) for 5 min.

Preparation of a ferric nitrilotriacetate (Fe-NTA) solution and
administration protocol

The Fe-NTA solution was prepared immediately before use as pre-
vious described [ 18). Female C57BL/6 ] mice (7 weeks of age, 18-20 g)
were purchased from Oriental Yeast Co. Ltd. Animals were given a
single ip injection of Fe-NTA (7.5 mg iron/kg body wt), the same
amount of NTA in the Fe~NTA solution or saline. The kidneys were
extracted at 6 and 24 h after the injection.

Cell culture

The mouse proximal tubular epithelial cell line, mProx24, was
kindly provided by Dr. Imai {Osaka University) [ 19]. The mProx24 cells
and human embryonic kidney 293 (HEK293) cells were grown in K-1
medium (50/50 Ham's F-12/Dulbecco’s modified Eagle's medium)
and in Dulbecco's modified Eagle's medium, respectively, containing
100 units/ml penicillin and 100 pg/mi streptomycin supplemented
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with 10% heat-inactivated fetal bovine serum at 37°C under an
atmosphere of 95% air and 5% CO,.

GSTA4 induction by hemin treatment

The mProx24 cells were seeded into six-well plates (5x 10° cells/
well) and incubated overnight in growth medium. After treatment
with 10, 50, or 100 uM hemin for 6 or 24 h, the cells were liberated from
the plates with ice-cold PBS. Total RNA was isolated from cell samples
using TRIzol reagent and then subjected to semiquantitative RT-PCR.

Detection of 4-HNE and MDA adducts in HEK293 cells

HEK293 cells were transfected with either control pcDNA3.1 lacking
an exogenous insert or pcDNA3.1 containing the mGSTA4 gene using
Lipofectamine LTX reagent (Invitrogen) according to the manufac-
turer's instructions, and then hygromycin-resistant clones were
selected. These stably transfected cells were seeded into 24-well flat-
bottom plates (2 x 10 cells/well) for cytotoxicity assay and into 6-well
flat-bottom collagen-coated plates (5 x 10° cells/well) for detection of
4-HNE and MDA adducts and grown for 24 to 36 h until confluent. The
cells were treated with various concentrations of 4-HNE for 3 h or H,0;
for 24 h. Control cells were treated with the vehicle alone. For
cytotoxicity assay, 100 pl of an MTT solution (0.5 mg/ml in PBS) was
added to each well, followed by incubation for an additional 3 h. The
blue MTT formazan precipitate was dissolved in acid-isopropanol and
then measured with a microplate reader Model 550 (Bio-Rad) at the
absorbance wavelength of 570 nm. For detection of 4-HNE and MDA
adducts, cells were homogenized in a cell lysis buffer (50 mM Tris-HCl
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Fig. 5. (A) Effects of Fe~NTA treatment on Gstad expression in 7-week-old female mouse kidneys. The left shows the expression of Gsta4 by RT-PCR. PCR products were
separated on a 2% agarose gel and stained with SYBR Green 1. The right (bar graph) shows the fold (¥} changes calculated against the mRNA level in the saline group by
relative quantitative real-time PCR. The data are normalized to the expression levels of ribosomal. protein $18 (R18) and expressed as means - SEM (*p<0.05, compared with
the NTA group with the same treatment time). (B) Effects of Fe-NTA treatment on the GSTA4 protein level in 7-weel-old female mouse kidneys, Protein levels were
normalized to those of 3-actin. The left shows the GSTA4 protein levels determined by Western blot analysis. The right (bar graph) shows the fold (%) changes calculated
against the protein levels in the saline group by densitometric scanning of the Western blots. The data are normalized to the expression level of 3-actin and expressed as
means + SEM (*p<0.05, compared with the NTA group with the same treatment time). (C) Effects of hemin treatment on Gsta4 expression in a mouse proximal tubular

epithelial cell line (mProx24 cells).
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buffer, pH 7.5, containing 0.25 M sucrose, 10 mM KCl, and 5 mM MgCl,)
with a protease inhibitor cocktail. The homogenates were centrifuged at
15,000 g for 15 min at 4 °C, and the supernatants were used for Western
blot analysis. Forty micrograms of proteins was separated by SDS-PAGE
and then subjected to Western blot analysis using anti-4-HNE (Nikken
Seil), anti-MDA (Alpha Diagnostic), or anti-GSTA4.

Statistical analysis

Numerical values are expressed as meansd-SEM. Student's ¢ test
was used for evaluation of statistical significance.

Results
GSTA4 is induced by the SOD1 deficiency

We screened differently expressed genesin SOD1 KO and littermate
WT mouse kidneys using a Gene-Fishing kit. As shown in Fig. 1A, we
obtained one gene that was markedly up-regulated in 3-week-old
male SOD1 KO mice compared with littermate male WT mice. This
gene was cloned and identified as Gsta4, which encodes glutathione S-
transferase Alpha 4. Moreover, RT-PCR using Gsta4 gene primers
proved that the GSTA4 mRNA level in SOD1 KO mouse kidneys was
much higher than that in WT mouse kidneys (Fig. 1B). The real-time
quantitative RT-PCR also showed threefold increases in GSTA4 mRNA
levels in SOD1 KO mice compared with WT mice (data not shown).
These results suggest that the Gsta4 gene is induced in SOD1 KO mouse
kidneys as one of the antioxidative proteins that compensate for SOD1.

We next examined the protein expression levels of GSTA4 and other
antioxidative enzymes by Western blot analyses using total proteins
isolated from kidneys derived from 3- and 12-weel-old mice. Not only
the GSTA4 protein but also the GSTA1 and SOD3 proteins were increased
in SOD1 KO mice (Figs. 2A and B). In contrast, no differences in the
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protein levels of GSTP1, GSTM1, and SOD2 between SOD1 KO and WT
mice of both genders and different ages were observed (Figs. 2A and B).
We observed that the mRNA level of GSTA1, but not GSTP1 and GSTM1,
is also increased in SOD1 KO mice as shown by real-time PCR (data not
shown), In 12-week-old male mice, the GSTA4 expression in both SOD1
KO and WT was markedly decreased, although GSTA4 levels in SOD1 KO
mice were still higher than in WT mice (Fig. 2B). These findings suggest
that GSTA4 expression in male mice is limited to a young age.

The alteration in the amount of the GSTA4 protein could affect the
enzyme activity, and hence GSTA4 activity and total GST activity, using
4-HNE and CDNB, respectively, as the substrates, were measured,
because CDNB is a common substrate for most forms of GSTand 4-HNE
is more specific to GSTA4 [20]. As shown in Fig. 3A, the GSTA4 activity
in SOD1 KO mice was higher than that in WT mice, the levels being
similar in both female and male mice at 3 weeks of age. In contrast, the
activity in male mice was significantly lower than that in female mice
at 12 weeks of age although the GSTA4 activity in SOD1 KO mice was
higher than that in WT mice. The GSTA4 activity in male SOD1 KO mice
was identical to that in female WT mice at 12 weeks. This GSTA4
activity in 12-week-old mice might be reflected by the GSTA4 expres-
sion pattern (Fig. 2B). As for total GST activity, higher and similar levels
were observed in both female and male SOD1 KO mice (Fig. 3B).

It has been reported that GSTA4 is induced by lipid peroxide
accumulation, especially by 4-HNE [21]. Thus, we supposed that lipid
peroxidation increases in SOD1 KO mouse kidneys with SOD1
deficiency. However, the levels of lipid peroxides, i.e, MDA and 4-
HNE, were not increased in either 3- or 12-week-old SOD1 KO mouse
kidneys {data not shown).

GSTA4 is induced in proximal tubules in SOD1 KO mice

The effects of SOD1 deficiency on the tissue distribution of GSTA4
expression were examined by Western blot analysis. As shown in
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Fig. 6. Detection of iron deposits of paraffin-embedded 12-week-old mouse kidney sections. (a) Female WT mouse, (b) female SOD1 KO mouse, {c} male WT mouse, (d) male SOD1

KO mouse,
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Fig, 4A, remarkable increases in GSTA4 expression were observed in
kidney, whereas slight increases were observed in cerebral cortex,
lung, and liver. We further examined the cell population exhibiting
GSTA4 induction in SOD1 KO mouse kidneys by immunohistochem-
istry. In the 12-week-old SOD1 KO female mouse kidneys, GSTA4
was preferentially detected in the cortex area (data not shown), and
the proximal tubules were more intensively labeled compared with
WT mice and SOD1 KO male mice (Fig. 4B). In contrast, the
glomeruli were not immunostained.

GSTA4 is induced by iron load

The iron complex Fe-NTA is a good ROS inducer and its adminis-
tration causes acute renal tubular injury {18,22}. The effect of Fe-NTA
injection on Gsta4 gene expression was examined by using normal
C57BL/6] mice. As a result, it was found that the GSTA4 mRNA level
was drastically increased after 6 h (Fig. 5A), and the GSTA4 protein
was increased at 24 h after Fe-NTA injection (Fig. 5B). Administration
of cisplatin, which is another ROS generator {23}, also induced the
Gsta4 gene (data not shown). Because the Fe-NTA injection could
also load iron into the kidney, we examined whether iron loading
induces GSTA4 in a mouse proximal tubular epithefial cell line
(mProx24 cells). As shown in Fig, 5C, hernin treatment induced GSTA4
mMRNA in a dose-dependent manner.

Iron deposition is observed in SOD1 KO mouse kidneys

The results shown in Fig, 5 suggested that GSTA4 induction is
associated with iron overload. Thus, the kidney tissue iron level was
compared between SOD1 KO and WT mice. As shown in Fig. 6, iron
deposits, giving a positive reaction with Prussian blue staining, were
detected in the renal proximal tubules, especially in female SOD1
KO mice.

GSTA4 has a protective role against cytotoxicity caused by 4-HNE and
HZOZ

We finally examined whether GSTA4 induction plays a protective
role in 4-HNE- or hydrogen peroxide-induced cell death using HEK293
cells transfected with mGSTA4. The overexpression of mGSTA4 reduced
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the cell death caused by both 4-HNE (Fig. 7A) and H,0, (Fig. 7B) and
inhibited the formation of 4-HNE protein adducts (Fig. 7C) and MDA
protein adducts (Fig. 7D) in 4-HNE- and H,0,-treated cells, respec-
tively. These results clearly demonstrate that GSTA4 conjugates with
and eliminates the 4-HNE and MDA in cells, and therefore contributes
to a protection from ROS-induced cytotoxic effects,

Discussion

In this study we demonstrated that the GSTA4 gene, protein level,
and activity are remarkably increased in young SOD1 KO mouse
kidneys (Figs. 1-3). The clear induction of GSTA4 was limited to
kidney among various organs (Fig, 4A) and was particularly observed
in proximal tubular cells of female mice (Fig. 4B). Administration of
the iron complex Fe~-NTA induced GSTA4 mRNA and protein expres-
sion in wild-type mice (Fig. 5). Desmots et al. also showed that iron
overload caused by feeding an Fe-containing diet for 8 months
induced the GSTA4 protein but strongly decreased GSTAT and GSTM1
expression in mouse kidneys {24}, These findings suggest that GSTA4
induction is one of the compensatory regulation systems protecting
cells from ROS produced on iron exposure. The reports showing
increases in the iron contents of liver and serum {13} and enhanced
hemolysis caused by the much shorter erythrocyte turnover [3}
observed in SOD1 KO mice led to our speculation illustrated in Fig. 8.
The higher iron deposits in SOD1 KO mouse kidney (Fig, 6) probably
caused by the enhanced hemolysis would lead to ROS production and
GSTA4 induction. A detailed investigation of iron metabolism in SOD1
KO mouse kidney is under way in our laboratory.

The substrate of GSTA4, 4-HNE, is a strong toxic lipid-derived
aldehyde formed through oxidative cleavage of linoleic and arachi-
donic acids in cells [25] and is associated with the etiology of a variety
of degenerative disorders such as atherosclerosis {26}, Parkinson
disease {27}, and Alzheimer disease {28]. GSTA4 KO mice are reported
to exhibit lower litter size, higher fat content in bones, and greater
susceptibility to bacterial infection [29]. In addition, the GSTA4 KO
mice had a significantly shorter survival time when chronically treated
with low doses of paraquat {29}, which indicates that GSTA4 has a
defensive role against oxidative stress. It is noteworthy that a
remarkable induction of several antioxidative enzymes, including
SODT1, SOD2, and catalase, was observed in the GSTA4 KO mouse liver
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Fig, 7. Effects of overexpression of mGSTA4 on (A) 4-HNE- and (B) H,05~induced cell death, Closed circles, HEK293 cells stably transfected with mGSTA4 cDNA. Open squares,
HEK293 cells stably transfected with the empty. vector (*p<0.05, compared with viability of the HEK293 clone transfected with the empty vector treated with the same
concentrations of 4-HNE or Ha0,). (C) Top: 4-HNE protein adducts in HEK293 cells transfected with mGSTA4 cDNA or the vector detected by Western blot analysis with anti-4-HNE:
Bottom: Mouse GSTA4 proteins were detected only in HEK293 cells transfected with mGSTA4 cDNA. (D) Top: MDA protein adducts in HEK293 cells transfected with mGSTA4 cDNA or
the vector detected by Western blot analysis with anti-MDA. Bottom: Mouse GSTA4 proteins were detected only in HEK293 cells transfected with mGSTA4 cDNA.
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Fig. 8. Proposed mechanism of GSTA4 induction in SOD1 KO mouse kidney, SOD1 defi-
ciency could accelerate the destruction of erythrocytes and the resultant iron release. The
increased serum iron would be absorbed into kidney cells and the resultant accumulated
iron would induce GSTA4 expression to protect the cells against oxidative stress.

[29]. SOD1 and GSTA4 probably compensate for the mutual deficiency.
Cheng et al. [30] reported that human myeloid HL-60 cells transfected
with mGSTA4 were protected from 4-HNE-induced apoptosis through
a block in JNK-mediated signaling, We also found that human kidney
cells transfected with mGSTA4 were protected from not only 4-HNE-
but also hydrogen peroxide-induced cell death (Fig. 7). The lower
levels of 4-HNE and MDA protein adducts in the mGSTA4-transfected
cells (Figs. 7C and D) indicate that GSTA4 detoxified these lipid
peroxides in the cells, Although an increase in the contents of GSTA4
inducers, i.e.,, MDA and 4-HNE, was not observed, the induced GSTA4
in cooperation with other antioxidative enzymes such as SOD3 and
GSTA1 probably maintains the normal concentrations of these toxic
oxidant metabolites in young SOD1 KO mouse kidneys. GSTA4 would
increase the excretion rate of lipid peroxidation products as conju-
gates into urine. In fact, Sentman et al. [13] reported that the urinary
excretion of the isoprostane 8-iso-prostaglandin Fzq, a biomarker of
lipid peroxidation, significantly increased in 12-week-old SOD1-KO
mice. Because prostaglandins and isoprostanes are GST substrates
[10], the increase in urinary excretion of the isoprostane would be
through glutathione conjugation reactions by the induced GSTA4 in
kidney. Precise studies on how GSTA4 works to eliminate the lipid
peroxidation products in SOD1 KO mouse kidneys are required.

A substantial number of GST genes have been found to contain an
antioxidant-responsive element (ARE), and their expression is thought
to be regulated by the ARE/Nrf2 (nuclear factor E2-related factor 2)
system [31]. However, their expression seems not always to be syn-
chronized. Each GST isozyme is probably regulated through: other
transcriptional factors, such as activator protein 1, signal transducer
and activator of transcription, or nuclear factor-xB, which are also
involved in oxidative stress [31], in addition to the ARE/Nrf2 system.
Remarkable changes in antioxidative protein expression or activity in
SOD1 KO mice reported so far comprise increases in metallothionein-1
and -1l [32] and decreases in iron regulatory protein 1.{33], carbonic
anhydrase HI [5,34] proteins, and GPx activity [5,13,35]. However,
Yamanobe et al, reported: that the protein levels of antioxidative en-
zymes, i.e.; glutathione reductase, peroxiredoxin 1 (Prx1), Prx4, gluta-
thione peroxidase 1, aldose reductase, and aldehyde reductase; were
not increased in SODT KO mouse kidneys [6]. Further studies are

needed to clarify the regulation mechanism causing the alteration in
expression of various antioxidative proteins, including GST isozymes
under oxidative stress, and the differences in GSTA4 expression be-
tween genders and ages in SOD1 KO and even WT mice.

In conclusion, the findings herein show that the Gsta4 gene is
induced by ROS production, such as under the condition of a SOD1
deficiency, and that the overexpression of GSTA4 protects cells from 4-
HNE- or hydrogen peroxide-induced cell death. These findings suggest
that GSTA4 plays an important role by protecting against oxidative
stress in young SOD1 KO mouse kidneys.
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Nuclear TAR DNA Binding Protein 43 Expression in Spinal Cord
Neurons Correlates With the Clinical Course in Amyotrophic
Lateral Sclerosis

Hisae Sumi, MD, PhD, Shinsuke Kato, MD, PhD, Yuko Mochiimaru, Harutoshi Fujimura, MD, PhD,
Masaki Etoh, MD, PhD, and Saburo Sakoda, MD, PhD

Abstract

TAR DNA binding protein 43 (TDP-43) has been considered a
signature protein in frontotemporal dementia and amyotrophic
lateral sclerosis (ALS), but not in ALS associated with the
superoxide dismutase 1 (SODI) gene mutations (ALS1). To clarify
how TDP may be involved in ALS pathogenesis, clinical and
pathological features in cases of sporadic ALS ([SALS] n = 18) and
ALSI (n = 6) were analyzed. In SALS patients with rapid clinical
courses, TDP mislocalization (i.e. cytoplasmic staining and TDP-
positive cytoplasmic inclusions) in anterior hom cells was frequent.
In SALS patients with slow clinical courses, TDP-43 mislocalization
was rare. In an ALS! patient with the SOD/ gene mutation C111Y,
there were numerous TDP-positive inclusions and colocalization of
SODI1 and TDP. In mutant SOD1 transgenic (G93A) mice at the end
stage (median, 256 days), TDP-positive inclusions and TDP
colocalization with SOD! were also observed; nuclear TDP-43
immunoreactivity was highly correlated with life span in these mice.
In both humans and mice, nuclei that stained strongly for TDP were
large and circular; weakly stained nuclei were atrophic or deformed.
In conclusion, low levels of TDP expression in the nucleus cor relate
with a rapid clinical course in SALS and in ALS} model mice,
suggesting that nuclear TDP may play a protective role against
motor neuron death resulting from different underlying etiologies.

Key Words: Amyotrophic lateral sclerosis, ALS, Anterior horn cell,
ALSI, G93A transgenic mice, Lewy body-like hyaline inclusion,
SODI1, TDP-43.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal motor
neuron disease that causes progressive motor paralysis, The
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underlying pathogenetic mechanisms are largely unknown in
90% of ALS patients, that is, those with sporadic ALS
(SALS). Of the 10% of ALS cases with familial ALS
(FALS), appxoxtmately one fifth are associated with a
mutation in the superoxide dismutase | (SODI) gene; these
patxents are classified as ALS1 (1, 2). The pathogenesis of
ALSI is thought to involve aggregation of mutant SOD1 and
subsequent oxidative stress (3). Another rare cause of
juvenile autosomal recessive FALS is the gene that encodes
ALS?2, also known as alsin (4, 5). In most cases of FALS,
however, the causative gene has not been identified because
of low penetrance.

TAR DNA binding protein 43 (TDP-43), a nuclear
protein, contains 2 fully functional RNA recognition motif
domains and a C-terminal region that is capab]e of binding
directly to several proteins of the heterogeneous nuclear
ribonucleoprotein family (6-8); these ribonucleoproteins have
a variety of functions including the modification, stabilization,
and transport of RNA, The TDP modifies the splicing of exon
9 of the cystic fibrosis transmembrane conductance regulator
gene (9) and of exon 3 of the apolipoprotein A-Il gene (10).
Recently, it also has been reported that loss of TDP in vitro
results in nuclear dysmorphism, misregulation of the cell
cycle, and apoptosis (11).

Neuronal inclusions, such as Lewy body-like hyaline
inclusions (LBHIs), or the aggregation of mutant SOD1 in
ALS1 (3, 12) are known to be important pathological fea-
tures in the pathogenesis of neurodegenerative diseases.
The TDP is a component of the ubiquitin-positive inclusions
and neurites observed in frontotemporal dementia and ALS
(13, 14). The TDP-positive round or filamentous inclusions
in the cytoplasm and mislocalization of TDP from the
nucleus to the cytoplasm have been observed in all cases
of SALS (15) and FALS, but not in ALS1 (16, 17). A novel
missense mutation in TDP was recently identified as caus-
ative in familial motor neuron disease and SALS (18, 19).
Although the concept of TDP proteinopathy has been sug-
gested (14, 20), the presence of TDP-positive inclusions in
other diseases, including hippocampal sclerosis, Alzheimer
disease (21), Parkinson disease (22), Pick disease (23), and
neoplastic lesions (24), complicates this issue. Furthermore,
Sanelli et al (25) have reported that TDP is not a major
ubiquitinated target within the pathological inclusions
of ALS.
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Nuclear TDP Correlates With ALS Clinical Course

J Neuropathol Exp Neurol s Volume 68, Number 1, January 2009

To clarify how TDP may be involved in pathogenetic
mechanisms in ALS, we examined SALS and ALS] patients
clinically and pathologically by immunohistochemistry using
an anti-TDP antibody. We also examined the lumbar spinal
cords of mutant SODI1 transgenic mice (G93A mice) that
have lower copy numbers of the mutant SOD/ gene than the
G93A mice previously examined by Robertson et al (26);
G93A mice with low copy numbers of the mutant SODI gene
show pathological changes that are similar to those in
patients with ALS (27).

MATERIALS AND METHODS

ALS Cases and Pathological Assessment

Fixed paraffin-embedded 4-pm-thick sections through
the lumbar spinal cord at the L5 level were obtained from
Osaka University Graduate School of Medicine (Suita) for
clinicopathologic analysis. These patients had SALS (n = 18;
age at death 62 [median, 45-79] years; disease duration,
2 [0.7-7.3] years) or ALS! (n = 6; age at death, 58 {42-71]
years; disease duration, 9 [2-11] years; Table). All neuro-
pathologic analyses were performed by trained neuropathol-
ogists. Sporadic ALS patients who did and did not have a
history of respirator use and whose deaths were caused by
respiratory failure or pneumonia were examined. Clinical
data including the localization of initial symptoms, history of
respirator use, cause of death, and family history are shown
in the Table.

Deparaffinized sections were incubated for 30 minutes
with 0.3% hydrogen peroxide to quench endogenous perox-
idase activity and then washed with PBS. The primary
antibodies used were rabbit polyclonal antibodies against
TDP-43 (1:3000, Protein Tech Group, Chicago, IL) and
ubiquitin (1:2000, Dako, Glostrup, Denmark), mouse mono-
clonal antibodies against human SOD1 (0.5 pg/mL, clone
1G2, MBL, Aichi, Japan) and phosphorylated neurofilament
(1:10,000, SMI31, Covance, Berkeley, CA), and a sheep
polyclonal antibody against human SOD! (1:20,000, Calbio-
chem, San Diego, CA); these were applied to serial sections
as primary antibodies. Goat anti-rabbit and anti-mouse
immunoglobulins conjugated to peroxidase-labeled dextran
polymer (ready to use, Dako Envision+, Dako Corp,
Carpinteria, CA) and rabbit’ anti-sheep immunoglobulin
(1:1000, Abcam PLC, Cambridge, United Kingdom) were
used as secondary antibodies. Reaction products were
visualized with 3,3"-diaminobenzidine tetrahydrochloride
(ImmPACT DAB, Vector Laboratories, Burlingame, CA),
and hematoxylin was used to counterstain cell nuclei.

To estimate the numbers of TDP-positive cytoplasmic
inclusions, large neurons: that had clear nucleoli and cell
bodies with a diameter greater than 37 pm (28) (presumed to
be o motoneurons) and the numbers of neurons with TDP
mislocalization from the nucleus to the cytoplasm in the gray
matter, from video images of each section obtained with a
digital camera (Keyence VB-7010, Keyence, Osaka) attached
to a light microscope (EclipseE800, Nikon, Tokyo), were
counted. The diameters of the neurons were measured with
the aid of image analysis software (VH-HIAS, Keyence).

© 2008 American Association of Neuropathologists, Inc.

Mislocalization of TDP was defined as the presence of a
TDP-negative nucleus and TDP-positive cytoplasm. In
mislocalizations of TDP, there can also be diffuse staining
patterns in the cytoplasm and TDP-positive filamentous or
round inclusions in the cytoplasm. Cells containing TDP-
positive inclusions were classified as neurons or glia on the
basis of the shape of their nuclei and cytoplasm.

Animals

Transgenic mice expressing the mutated human SODI
(G93A) gene at a low level (B6SJL-TgN[SOD1}-G93A) 1Gu®
[G1L]) were obtained from Jackson Laboratory (Bar Harbor,
ME). These mice carry 18 transgene copies because of a
reduction in the copy number compared with (B6SJL-
TgN[SOD1]-G93A)1Gur (G1H) mice, which express 25
copies (3). The GIL mice were bred and maintained as
hemizygotes by mating with wild-type B6.SJL mice. Non-
transgenic littermates were used as controls. All animals were
genotyped and handled as previously described (29). We
examined control (n = 6,292 [median, 240-296] days old) and
GIL (n = 9,256 [224-281] days old, end stage) mice. One
G1H mouse (120 days, end stage), also obtained from Jackson
Laboratory, was examined to confirm the lack of TDP-43
abnormalities reported previously (26). End stage was defined
as occurring when the mouse was so severely paralyzed that it
could hardly move or drink water. The mice were killed with
an overdose of sodium pentobarbital and perfused with PBS
followed by 4% paraformaldehyde. The lumbar enlargement
of the spinal cord was removed, immersed in 4% paraformal-
dehyde overnight at 4°C, and then dehydrated and embedded
in paraffin blocks. Paraffin sections, 4-pm-thick, were
prepared and stained with hematoxylin and eosin. Every fifth
section {cut at 20-pm intervals) was obtained, and 4 sections
from each mouse were used to count the total number of
LBHIs in the sections. For immunohistochemistry, the primary
antibodies used on the serial sections were against TDP-43
(1:600, Protein Tech Group) and human SOD1 (0.5 pg/mi,
clone 1G2, MBL, Nagoya, Japan).

Semiquantitative Analysis of Immunoreactivity
for TDP

Because variation in the TDP immurnoreactivity (TDP-
IR) was evident among GIlL mice, the patterns of TDP
immunostaining were divided into normal (0) and abnormal
(1 to 4), the latter showing TDP-positive neurites and
inclusions and varying degrees of nuclear positivity, The
stages of normal or abnormal patterns were classified by
TDP-IR of the neuron nuclei as follows: normal pattern
(Stage 0): same as in normal littermates, with mmmunoreac-
tivity apparent only in nuclei; abnormal pattern (Stages 1-4):
Stage 1, weak immunoreactivity in nuclei; Stage 2, weak to
moderate immunoreactivity in nuclei; Stage 3, moderate to
strong immunoreactivity in nuclei; Stage 4, strong immuno-
reactivity in nuclei.

Quantitative Analysis of LBHIs
The numbers of LBHIs with a core and halo in neurons
of the lumbar spinal cord were counted in hematoxylin and
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eosin—stained sections (100x objective) from each GIL
mouse as previously described (29).

Statistical Analysis

Differences in the numbers of TDP-positive inclusions in
neurons and glia and in large neurons (>37 um) between SALS
patients with a rapid course and those with a slow course were
analyzed by Wilcoxon rank sum test. The relationships among
the numbers of large neurons and TDP-positive inclusions in
neurons and glia were also analyzed using Spearman
correlation coefficient with a 95% confidence interval (CI).
In GIL mice, the relationships among age at the end stage,
number of LBHIs, and TDP-IR were analyzed using Spearman
correlation coefficient with 95% Cl. Exploratory subgroup
analyses for age at the end stage were done in the TDP-IR
weak groups (Stages 1 and 2) and the TDP-IR strong groups
(Stages 3 and 4) by Kolmogorov-Smirnov test. All statistical
analyses were performed with SAS version 9.1 (SAS Institute
Inc, Cary, NC).

RESULTS

ALS Cases

In the lumbar cords of SALS patients with disease
durations less than or equal to 2.5 years (SALS r-1 to -13),

FIGURE 1. Mislocalization of TAR DNA binding protein (TDP)

mislocalization of TDP was frequently observed (Figs. 1B, C;
Table); this was not evident in controls (Fig. 1A). There was
a diffuse cytoplasmic staining pattern, especially in large
neurons (>37 pm, Fig. 1B) and TDP-positive filamentous or
round inclusions were evident in atrophic neurons and in glia
(Figs. 1C, D); the nuclei in the neurons and glia were
negative for TDP. In SALS patients with mild to moderate
neuronal loss, there was often a diffuse TDP staining pattern
in the cytoplasm of large neurons (Table). No extracellular
TDP-positive inclusions were apparent. By contrast, in SALS
patients with disease durations longer than 5 years (SALS s-1
to -5), neurons with diffuse cytoplasmic staining pattems
were not evident, and TDP-positive inclusions were only
rarely detected (Table). The TDP-IR of the nuclei of residual
neurons appeared to be preserved.

In ALSI1 patients, diffuse cytoplasmic TDP staining of
large neurons was found only in 1 patient, i.e. ALS1-2 (126
2bp del), who had a clinical course of 2 years (Table). Some
small neurons in Patients ALS1-2 and ALS1-3 (126 2bp del)
also showed diffuse cytoplasmic TDP staining (Figs. 3A, C).
The TDP-positive inclusions were prominent in the glia and
in small neurons or their neurites in Patient ALS1-1 (C111Y),
who had no remaining large neurons. The nuclei of cells with
TDP-positive inclusions were TDP negative (Figs. 2A, E).
Colocalization of TDP and SODI1 was frequently evident as

in cases of sporadic amyotrophic lateral sclerosis (SALS) with

rapid clinical courses. (A) Normal control. The nuclei of large neurons are positive for TDP (arrows). Some glia (arrowheads) are
weakly stained. (B-D) SALS patients. (B) There is diffuse punctate cytoplasmic staining in the neuron on the left (arrow), and
heterogeneous staining in the middle (arrow) is observed in the cytoplasm. Nuclei of neurons on the left and in the middle are
negative for TDP, whereas the nucleus of the neuron on therightis stained. (C) Variable appearances of cytoplasmic TDP inclusions
(arrows). The structure on the left (arrow) is rounded, whereas the one in the middle neuron is elongated and filamentous
(arrow). (D) Glial inclusions are positive for TDP (arrows). Immunohistochemistry against TDP. Scale bar = 50 um.
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