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Fig: 1. Dorfin transgenic mouse. A: Schematic view of the transgene
constructs. The microinjected fragment: was. composed: of a- chicken
B-actin promoter, a: FLAG=tagged Dorfin, and a rabbit B-globin pol-
vadenylation signal sequence  (poly-A). B:: Southern blot analysis: of
Dorfin transgenic mouse tail. DNA. About: 20 copies of FLAG-Dor-
fin transgene are detected in DNA samples from-Jines 513 and 526,
C: Quantitative RT-PCR analysis - of  Dorfin: mRINA - expression.
Total RNA: samples were extracted. from spinal cord of Dorfin: Tg
and 'wt mice (P < 0.01; n== "3 each). Dorfin Tg mice from both

essed for paraffin: embedding, as previously described (Adachi
et:al;, 2001; Katsuno et al., 2002). Transverse sections of spi-
nal:cord (4 pm thick) 'were: deparaffinized; rehydrated, and
treated for antigen retrievals Forithe mutant SODT immuno-
histochemical study, the paraffin sections were pretreated with
formic -acid for' 5 min at room: témperature; processed: using
the: Ventana Discovery system (Ventana, Tucson, AZ) with
heating at 1007C for 30 min; and. incubated with mouse anti=
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lines 513 and 526 express Dorfin'mRNA at significantly higher levels
than wt mice. Error bars represent SEM. D: 'Transgene expression in
Dotfin 526 line. Tg mice. RT-PCR analysis of RNA- from systemic
organs. “Ez:Dorfin. protein i the: spinal  cord “of ‘526 Dorfin Tg
miouse.: Immunoprecipitation using anti-FLAG antibody. demonstrates
that: exogenous FLAG=Dorfin is-detected only in Dorfin Tg mice: F:
Immunohistochemistry of - the spinal: cord - of - 526. Dorfin/G93A
SOD1 double: Tg mice and G93A SOD1 Tg mice with antibodies
against Dortin. Scale bar = 20 pm.

SOD1Ab, NCE-SOD 1 (1:5,000; Novocastra, Newcastle: upon
Tyne, United Kingdom), and biotin-SP-conjugated goat anti-
mouse’ [gG (1:500;  Jackson ‘Immunoresearch, West Grove,
PA) using the Ventana. DAB map: kit (Ventana; Tucson; AZ).
For immunostaining of ubiquitin; sections were similarly proc-
essed: and incubated with ‘antiubiquitin: mouse  monoclonal
antibody ~4PD1 " (1:1,000; Santa - Cruz Biotechnology, - Santa
Cruz,” CA)and biotin-SP-conjugated  goat anti-mous¢  IgG
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(1:500; Jackson Immunoresearch). The areas of SOD1-positive
immunoreactivity or ubiquitin-positive aggregates in the ante-
rior hom of transverse spinal cord sections were assessed with
a computer-assisted image analyzer (Win roof: Mitami Corpo-
ration, Tokyo, Japan) under the light microscope (Axio
Imager M1; Carl Zeiss Japan, Tokyo, Japan). Each spinal cord
section was divided into four portions by coronal and sagiteal
lines passing through the central canal. The immunoreactive
areas in the gray matter of the above-mentioned dorsal por-
tions were summed and divided by the area of the entire gray
matter of the same portion to calculate the ratio of the immu-
noreactive area. One hundred consecutive transverse sections
of the lumbar spinal cord were prepared for each of five mice,
and SOD1- or ubiquitin-positive areas in the anterior horn
were assessed on every tenth section, as described previously
(Terao et al., 1996). For Dorfin immunohistochemistry, we
air dried cryostat sections (6 pm thick) of mice spinal cord
(Katsuno et al., 2003) and stained them with antiserum against
Dorfin (Dorfin-41, 1:200; Niwa et al., 2001; Hishikawa et al.,
2003). For double-immunofluorescence staining of the spinal
cord, sections were blocked with 4% goat serum and then
sequentially incubated with anti-GFAP antibody. (1:1,000;
Dako., Glostrup, Denmark) and anti-SOD1 antibody (1:100;
NCL-SOD1). Anti-GFAP antibody was visualized by anti-
rabbit goat IgG coupled with Alexa Fluor 488 (Molecular
Probes, Eugene, OR), and anti-SOD1 antibody was visualized
with anti-mouse goat IgG coupled with Alexa Fluor 568
(Molecular Probes). Stained sections: were observed under
an LSM-710 confocal microscope (Carl Zeiss, Gottingen,
Germany).

Morphometric Analyses of Spinal Neurons and
Ventral Spinal Roots

To assess the neuron populations, 100 serial: (4 Um
thick) sections from L5 lumbar spinal cords were prepared as
described above. Every tenth section was’ examined by the
disector method. The section was stainied by the Nissl tech-
nique, and neurons in the anterior horn were counted by the
disector method using the nucleolus as the leading edge on an
Axio vision image analyzer (Carl Zeiss Japan) as described pre-
viously (Terao et ali, 1996; West, 1999).. Data were expressed
as the number of neurons per volume of 400 (tm thickness of
unilateral ventral horn.

The L5 ventral roots: were fixed in 2.5% glutaraldehyde
in: 0:125 - M cacodylate “bufter  (pH :7.4) ‘and  embedded: in
epoxy. resin for morphometric analysis. Morphological changes
and “diameters of ‘myelinated’ fibers with normal shape were
assessed ‘' toluidine blue-stained senuithin sections. Morpho-
logical changes of myelinated fibers were assessed as described
previously (Dyck et al;; 1993). -Abnormal fibers were those
with: swollen axons or with a myelin ovoid showing the figure
of “axonal “change  (Dyck et ali,; 1993). Nornmally shaped
myelinated: fibers were chosen manually, ‘and their diameters
were - measured S using - a computer=assisted - image © analyzer
(Axiovision; Carl Zeiss Japan, Tokyo, Japan), as described pre-
viously (Katsuno et-al:; 2002; Mmamiyama et al,; 2004). The
results were: expressed:as a diameter ‘frequency histogram: per
whole ‘L5 ventral root using the: data from normally shaped

fibers. The ratio of the normally shaped small fibers (<6 pm)
and normally shaped large fibers (6 um) to the number of
normally shaped fibers at 10 weeks, 14 weeks, and 18 weeks
of age were investigated. The ratio of the number of abnormal
fibers against the normal and abnormal fibers was examined.

Immunoprecipitation and Western Blotting Analysis

Spinal cords were snap-frozen with powdered COs in
acetone (Katsuno et al.,, 2003). Frozen tissue was homoge-
nized in ice-cold lysis bufter (30 mM HEPES, pH 7.4, 150
mM NaCl, 10 mM EDTA, 1% NP-40), maintained at 4°C
for 30 min, and centrifuged at 18,000¢ for 30 min at 4°C.
The protein concentration of the supernatant (soluble fraction)
was determined by using the DC protein assay (Bio-Rad).
The pellet fractions were suspended in ice-cold buffer (0.5%
SDS, 8 M urea, 1% B-mercaptocthanol, 50 mM phosphate
butter, pH 7. 4); homogenized 15 times, and kept at 4°C for
30 min. Samples were then centrifuged at 18,000¢ for 30 min
at 4°C to obtain the supernatant (insoluble fraction).

Immunoprecipitation from the soluble fraction was per-
formed. with 8 pg anti-FLAG rabbit antibody (Sigma, St.
Louis, MQ) and. Protein A/G Plus-Agarose (Santa Cruz
Biotechnology), and the precipitates were washed four tines.
Spinalcord lysates or immunoprecipitates were separated by
SDS-PAGE (5-20% gradient gel). Western blotting was per-
formed using standard procedures as described previously
(Katsuno et al., 2002; Minamiyama et al., 2004). Primary anti-
bodies were used at the following concentrations: anti-FLAG
M2, 1:1,000 (Sigma); anti-Cu~Zn SOD1, 1:5,000 (SOD-100;
Stressgen, Victoria, British Columbia, Canada); anti-Dorfin,
1:1,000 (Dorfin-30; Hishikawa et al.,, 2003). Secondary anti-
body probing and detection were performed using the ECL
Plus kit (GE Healthcare; Buckinghamshire, United Kingdom).
Chemiluminescence signals: were digitalized (LAS-3000 [mag-
ing System; Fujifilm; Tokyo, Japan), and band intensities were
quantified in Muld Gauge softwate version 3.0 (Fujifilm).

Statistical Analyses

Data were analyzed by Kaplan-Meier and log-rank tests
for survival rate; unpaired f-tests for the results of RT-PCR,
two-tactor répeated measure. ANOVA for the Rotarod and
footprint, one-factor factorial ANOVA with Fisher’s probabil-
ity of least significant differences post hoc test for the results
of immunochistochemical study with: SOD1 and ubiquitin anti-
body, and two-factor factorial ANOVA for the ‘other analyses
(Statview version 5; Hulinks, Tokyo;: Japan). P values of 0.05
or less denoted statistical significance.

RESULTS

Dorfin Transgenic Mice

We established 20 lines of Dorfin transgenic mice
aind examined 10 different organs for exogenous, FLAG-
tagged Dorfin mRNA expression. We assessed the num-
ber of copies of Dorfin transgene in each Dorfin Tg
mouse line by Southern blotting (Fig. 1B) and quantita-
tive RT-PCR. (Fig. 1C) and selected two Dorfin Tg
mouse lines for: further study (513 and 526). Approxi-
mately 20 copies of the FLAG-Dorfin: transgene were
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TABLE 1. Copy Number of Mutant SOD1 Gene*

GY3A mutant SOD1

Genotype copy number

Dortin/G93A mSOD1
double Tg
G93A mSOD1 Tg

2532 * 1.6

250 £ 1.1

*Values are the mean = SD, n = 72 (Dortin/GI3A mSOD1 double

Teg), n = 77 (GY3A mSOD1 Tg).

detected in DNA samples from each of these lines. Ex-
ogenous Dortin was highly expressed in the spinal cord,
brain, muscles, kidney, heart, and testis and was not sub-
stantially detected in the stomach, lung, spleen, or liver
(Fig. 1D). We were unable to detect the exogenous
Dorfin protein by Western blotting, probably because of
its short half-life (Ishigaki et al., 2007). Iinmunoprecipi-
tation using anti-FLAG antibody showed that exogenous
Dorfin protein was detected only in the Dorfin Tg mice
(Fig. 1E). We also detected Dorfin protein by immuno-
histochemistry with Dorfin antibody in Dorfin/G93A
SOD1 double Tg mouse spinal cord sections (Fig. 1F).
We did not find differences in size, body weight, gross
morphology, or behavior between the Dorfin Tg mice
and their littermates, indicating that Dorfin overexpres-
sion does not affect normal mouse development.

Dorfin Ameliorates Clinical Phenotypes in a
Transgenic Mouse Model of ALS

To determine the potential neuroprotective role of
Dotfin in mutant SOD I-related ALS, progeny of Dorfin
transgenic mice (lines 513 and 526) were crossed with
G93A mutant: SOD1 = transgenic mice [B6SJL-TgN
(SOD1-G93A)1Gur] (Gurney et al., 1994). The mean
copy number of the mutant SOD1 gene in mice used
for examinations is shown in Table I. The same copy
number was observed in Dorfin/G93A SOD1 double
Tg mice and G93A SOD1 Tg mice. We determined the
life span and assessed motor impairment in both lines of
Dorfin/G93A SOD1 double Tg mice and G93A SOD1
Tg mice. Dorfin/G93A SOD1 double Tg mice survived
significantly longer than: SOD1- Tg offspring from cross-
ings of either Dorfin Tg line (Fig. 2A). Dorfin improved
the mean survival time (513 Dorfin/ G93ASOD1 double
Tg at 144.9 days vs. G93ASOD1T. Tg at 134.4 days, P <
0.01; and: 526 Dortinn/G93ASOD1 double Tg at 142.2
days vs: G93ASOD1 Tg at 131.7 days; P < 0.01) as
well as the maximal life span (513 Dorfin/G93ASOD1
Double Tg at 175 days vs. G93A SOD1 Tg at 155 days
and 526 Dorfin/GI3ASOD1 Double Tg at 167 days vs.
G93A SOD1 Tg at 148 days; Fig. 2A). Both Dortin Tg
lines showed a significant increase in the mean life span
of ‘approximately: 10 days and ‘a significant-increase’ in
niaximal hifé span of approximately ‘20 days. ‘As a mea-
sure of motor impairment, we assessed Rotarod per-
formance and foot stride during walking. The onset of
motor impairment on the Rotarod task was delayed for
1 week in both: lines of Dorfin/G93A SOD1 double Tg
mice; and the progression of: the motor deficit was
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slowed by 1-2 wecks compared with that observed in
the G93A SOD1 Tg mice. Both the 513 and the 526
lines of Dorfin/G93A SOD1 double Tg mice performed
significantly better than the G93A SOD1 Tg mice (P <
0.05, ANOVA; Fig. 2B; 513: Dorfin/G93ASOD1 dou-
ble Tg 300 % 0.0 sec vs. GO3ASOD1 Tg 300 % 0.0 sec
at 10 weeks of age, 300 £ 0.0 sec vs. 278.8 sec at 14
weeks of age, 160.8 = 34.2 sec vs. 67.8 = 255 sec at
18 weeks of age; 526: 300 = 0.0 sec vs. 300 £ 0.0 sec
at 10 weeks of age, 300 = 0.0 sec vs. 300 & 0.0 sec at
14 weeks of age, 135.8 = 29.8 sec vs. 86.0 = 27.0 sec
at 18 weeks of age). We analyzed the walking strides at
three time points, 10 weeks (presymptomatic stage), 14
weeks (early stage), and 18 weeks of age (end stage).
Both lines of Dortin/G93ASOD1 double Tg mice
showed significantly longer foot strides than the G93A
SOPT Tg mice (B13: P < 0.05; 526: P < 0.01,
ANOVA; Fig. 2C; 513: Dorfin/G93ASOD1 double Tg
68.0 & 2.0 mm vs. G93ASOD1 Tg 63.0 £ 0.9 mun at
10 weeks of age, 69.7 = 2.3 mm vs. 63.6 £ 0.9 mm at
14 weeks of age, 29.9 = 5.8 mm vs. 20.1 = 3.0 mm at
18 weeks of age; 526: 67.3 = 1.8 mm vs. 67.1 * 0.9
mm at 10 weeks of age, 63.1 £ 1.3 mm vs. 63.3 £ 1.4
mm at 14 weeks of age, 50.1 & 5.6 mm vs. 26.0 £ 4.5
mm at 18 weeks of age).

Dorfin Ameliorates Histopathological Changes in
the Transgenic Mouse Model of ALS

Dorfin “ameliorated histopathological impairments
in spinal neurons (Fig. 3A) and their axons in the double
Tg mice (Fig: 3B). We assessed the size of the neuron
population in the lumbar spinal cord and the distribution
of ventral root diameters. The number of neurons in the
unilateral lumbar spinal anterior horn was significantly
larger in the Dorfin 526/G93ASOD1 double Tg mice
than. in the "G93ASOD1 Tg mice examined with
ANOVA (P <0.05; n: = 5). Dorfin overexpression also
ameliorated histopathological - changes in the ventral
roots. Histograms of the diameters of myelinated fibers
in the G93ASOD1 Tg mouse lumbar ventral roots
showed decreases in the numbers of large myelinated
fibers with age, whereas the 526 Dorfin/GY93ASOD1
double Tg mice retained these large axons:even at 18
weeks of age (Fig. 3B). We investigated the ratio of nor-
mally shaped small. myelinated. fibers (<6 um). and nor-
mally shaped large myelinated fibers (>6 pm) to the
normally shaped tibers (Fig. 3C), and the ratio of abnor-

“mally shaped fibers to- the normmally shaped and-abnor-

mally shaped fibers (Fig. 3D) at 10 weeks, 14 weeks,
and - 18 weeks of ~age with 'ANOVA. Dorfin/
G93ASOD1 ~double "Tg mice showed: asignificantly
lower: ratio: of ‘small: myelinated - fibers: (P < 0.05,
ANOVA) and a higher ratio of large: myelinated fibers
(P < 0:05; ANOVA) compared with G93A SOD1 Tg
mice. . ‘The ratuo of abnormal = fibers  in Dorfin/
GY3ASOD1 double Tg-mice was significantly  lower
than that of G93ASOD1T Tg mice (P < 0.05, ANOVA).
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Fig. 2. Dorfin - ameliorates . clinical - phenotypes. of . G93A  mutant
SOD1 - Tg mice.: A: Survival rate” (Kaplan-Meier).  Dorfin/G93A
SOD1 double: Tg mice of both fines: 513 and 526 (gréen) show sig-
nificantly longer survival times than the G93A SOD1 Tg mice (P <
0.01 log-rank): B: Rotarod task. Both 513 and 526 lines of Dorfin/
GY3A  SOD1 double ‘' Tg mice perform' significantly better “on the
Reotarod task than the' GO3A SOD1 Tg mice (P <:0.05, ANOVA).
C: Left: Footprints of 526 line mice at 18 weeks of age. Front paws

Dorfin Decreases the Amount of Mutant SOD1 in
the Spinal Cord of SOD1 Tg Mice

As we reported previously (Niwa et al.; 2002), the
overexpression of Dorfin accelerated the degradation of
mutant- SOD L protein by the: ubiquitin-proteasome: sys-
tem. We investigated the ability of Dorfin to reduce the
amount of mutant SOD1 protein using immunohisto-
chemistry at 18 weeks of age and Western blotting of
mice ‘spinal- cords: from line’ 526 mice: (Figs: 4, 5). In
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are in red and hind paws in blue. Right: Dorfin/G93A SOD1I double
Tg mice of both lines show longer strides than the G93A SOD1 Tg
mice: (513:0 P-<0.05; 526: P < 0.01, " ANOVA). The number of
mice was: 513 line: n = 18 (male =10, female = 8) in Dorfin/
G93ASODT double Tg and n = 22 (male’ = §; female =14} in
G93A SOD1.Tg; 526 liner n = 24 (male = 12, female = 12} in
Dorfin/G93ASOD1 ‘double: Tg ‘and n. = 25 (male = 9, fenule =
16} in'GI3A SOD1T Tg. Values represents meanis: = SEM.

transverse. sections - of the ventral: homn (Fig. 4A), the
SOD1-positive areas from Dorfin/G93ASOD1 double
Tg mice ~were  significantly smaller - than. those | in
GI3ASODL Tg mice (Fig: 4B;. Dortin/G93ASODI1
double Tg at 2:66% vs. G93ASOD1.Tg at 3.45%, P <
0.01). " Immunohistochemistry = with -antiubiquitin. -anti-
body revealed that ubiquitin-positive protein: accuniula-
tions - were . present inthe  cytoplasm - of - the  residual
motor neurons and also'in-the neuropil (Fig. 4C): The
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Fig. 3. Histopathological “analysis-of spinal cord and: ventral roots of
526 Dorfin/G93A mutant SOD1 double Tg mice and G93A mutant
SOD1 Tg mice. A: Transverse section’ of Nissl-stained. L5 ‘spinal
anterior: horns 'of :526 Dortin/G93A mutant. SOD1 double. Tg mice
and: G93A mutant SOD1 Tg mice at’ 10 weeks;: 14 weeks, and
18 weeks of age. B: Transverse, semithin section of L5 ventral roots
stained: with toluidine blue at 10 weeks; 14 weeks, and 18 weeks of
age. Histograms: of the diameters of myelinated. fibers ' in: the ventral
roots’ show “that the progressive decrease in the number of large
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myelinated ' fibers: was suppressed "in Dorfin/G93A  SOD1 double
Tg mice compared with G93A SOD1 Tg mice at 18 weeks (0 =3).
C: Bar graphs of the small fiber ratio (%) of the ventral root (P < 0.05,
ANOVAY and bar graphs of the large fiber ratio (%) of the ventral root
(P < 0.05, ANOVA). D: The frequency of abnormal fibers. Dorfin/
G93A SOD1 double Tg mice show a significantly lower fréquency of
abnormal fibers than. G93A SOD1 Tg mice (P < 0.05; ANOVA):
Scale bars = 50 pm in A; 20 pm in B. [Color figure can be viewed in
the online issue, which is available at www.interscience. wiley.com.]
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Fig. 4. Dorfin/G93A SOD1 double Tg inice show a’decreased
amount of mutant SOD1 protein and ubiquitin-positive aggregates
under overexpression of Dorfin. Immunohistochémistry of the spinal
cord of 526 Dorfin/G93A SOD1 double’ Tg mice and GY93A
SOID1 Tg mice with antibodies against SOD1 (A}, ubiquitin (C; low
magnification  in  upper cohunn; *square - mdicates . the - area

accuniulations ot ubiquitin-positive proteins: were less in
the Dorfin/G93A SOD?T double Tg mice than in the
G93A SOD1 Tg mice (Fig: 4D; Dorfin/G93ASOD 1 dou-
ble Tg at 7.99% vs. G93ASOD1 Tgat 9.56%, P < 0.05).

Glial Pathology in the Spinal Cord of Tg Mice

We investigated the glial cell pathology using anti-
GFAP antibody. The findings from confocal microscopy
showed no striking - differences in the degree of gliosis
between SOD1T Tg and Dorfin/SOD1 double Tg mice
(Fig.* 5). Double. immunotluorescence  staining. showed
that SOD1-positive inclusion was not observed in the
cytoplasm of astrocytes in the spinal cords of both SOD1
Tg and Dorfin/SOD1 double Tg mice,

Western Blot Analysis in the Spinal
Cord of Tg Mice

Results from Western blotting analysis showed that
the level of mutant SOD1 in the soluble fraction of spinal

magnified” in high magnification in lower column). Bar graphs of
the relative sizes of SODI-positive (B) and ubiquitin-positive
(D) areas in the. L5 spinal anterior hom at 18 weeks of age
compared with the total areas of gray matter. *P < (.01, **P <
0.05. WT, wild-type mice, Dorfin.Tg;, dorfin Tg mice. Scale bars =
20 pm.

cord from the Dorfin/G93A double Tg mice was signifi-
cantly less than that of spinal cord from the G93ASOD1
Tg mice (Fig. 6A; P < 0.01 ANOVA). The decrease in
SOD1 levels was most prominent at 18 weeks of age. We
observed the same tendency in the insoluble fraction, but
the - decrease “was. not - significant - (Fig.. 6B; ANOVA).
These decreases of mutant SOD1 proteins were observed
under Dortin overexpression (Fig. 1F).

DISCUSSION

Recently, several E3s, including Dorfin, were iden-
tified- that specitically recognize and reduce the levels of
mutant: SOD1 protein in an in wvitro: cell culture model
(Niwa et al., 2002; Miyazaki et al.; 2004; Urushitani
et al.; 2004). However, these results have not been veri-
fied in vivo. In the present study, we demonstrated for
the first time: that transgenically overexpressed Dorfin, as
an - E3, ‘attenuates the accumulation ‘of mutant SOD1
deposition, reduces neuronal death and axonal degenera-
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Fig. 5. Imunofluorescence study of the spinal cord of 526 Dorfin/
G93A SOD1 double Tg mice (A) and G93A SOD1 Tg mice (B)
using antibodies against GFAP and SOD1. Low magnification at
upper column and high magnification in lower column (The square

tion of motor neurons, ameliorates motor performance
deficits, and extends the life span of G93A SOD1 trans-
genic mice.

The E3 CHIP was reported to degrade toxic mis-
folded proteins associated with molecular chaperons
Hsp70 and Hsp90 (McDonough and Patterson, 2003;
Shin et al., 2005; Dickey et al., 2006) and to ameliorate
the phenotypes of transgenic mouse (Adachi et al., 2007)
and zebrafish (Miller et al.,, 2005) models of polyglut-
amine disease. These reports suggest that the overexpres-
sion of this E3 is beneficial for rescuing the phenotype
of neurodegenerative disease.
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SOD1 Merge

indicates the area magnified in high magnification in lower column).
The findings revealed no swiking difterences in the degree of ghosis
between SOD1 Tg and Dorfin/SOD1 double Tg. SOD1 protein
was not localized in astrocytes. Scale bars = 20 pm.

As opposed to CHIP, Dortin specifically recognizes
mutant SOD1 molecules and degrades them via the
ubiquitin-proteasome system (Niwa et al., 2001, 2002).
This specific recognition suggests an advantage for using
Dorfin as a therapeutic tool against mutant SOD1-medi-
ated ALS. '

SALS, FALS, and G93A mutant SOD1 Tg mice
have been reported to present ubiquitin-positive aggre-
gation (Murayama et al., 1990; Watanabe et al., 2001;
Ardley and Robinson, 2004). In this study, we demon-
strated a reduction in mutant SOD1 protein and ubiqui-
tin-positive protein accumulation in the spinal cord
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Fig. 6. Western blot analysis of the spinal cord protein extracts

from 526 Dorfin/G93A SOD1 double Tg mice and G93A SOD1 Tg
mice. Western blotting was performed at 10, 14, and 18 weeks of age
using anti-Cu~Zn SOD1 antibody. Seluble fraction (A), insoluble frac-
tion (B). Each lane contains 10 pg protein. Bar graphs in each case rep-
resent the densitometric analysis of the standardized amount of SOD1

resulting from Dorfin overexpression. On Western blots,
the reduction of mutant SOD1 was more marked in the
soluble fraction from end-stage mice than in the insolu-
ble fraction. Thus, Dorfin overexpression may reduce
more soluble mutant SOD1 protein. Dorfin also reduced
the histopathological deposition of mutant SOD1 and
ubiquitin-positive protein in the spinal cord at 18 weeks
of age. Overaccumulation of ubiquitinated, misfolded
proteins may adversely affect the proteasome machinery
and impair normal protein degradation (Boillee et al.,
2006). Thus, a reduction of this deposition may lead
to reduced cytotoxicity of spinal neurons and, finally, to
the amelioration of histopathological and clinical
phenotypes.

These results were consistent with those of our
previous study showing that Dorfin overexpression pro-
tected against the toxic effects of mutant SOD1 in neu-
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protein against endogenous o-tubulin in each Western blot and the ra-
tio of SODI Tg/Dorfin/SOD1 double Tg standardized data of at each
age. Protein samples were prepared from cach of five different mice
and averaged in the quantification. Error bars represent SEM. WT,
wild-type littermate; Dorfin, dorfin Tg. [Color figure can be viewed
in the online issue, which is available at www .interscience.wiley.com. ]

ronal cell culture (Niwa et al., 2002). Dorfin overexpres-
sion reduced the levels of mutant SOD1 by recognizing
and ubiquitinating mutant SOD1 proteins and by target-
ing them for proteasomal degradation, thereby protecting
against neuronal cell death (Niwa et al., 2002, 2007).
Histopathological ~amelioration as assessed by
observing the number of neurons in the anterior horn
and ventral root was detected. The number of abnormal
fibers was decreased, and the population of large fibers
was well preserved in Dorfin/G93A SOD1 double Tg
mice compared with G93A SOD! Tg mice. From these
results, we infer that Dorfin overexpression has a protec-
tive effect against axonal degeneration caused by GY3A
mutant SOD1 protein. These histopathological ameliora-
tions may lead to the improvement of clinical pheno-
types as indicated by improvements in the Rotarod tasks
and foot strides reported here, although there was no

Journal of Neuroscience Research



remarkable difference in the degree of gliosis in the spi-
nal cords. Many reports have suggested that not only
motor neurons but also other cell types, such as astro-
cytes, play an important role in neurodegeneration (Pra-
matarova et al., 2001; Clement et al.. 2003; Boillee
et al,, 2006). In our examination, we observed that
SOD1 positive aggregates existed in the cell body of
neurons, but there were no aggregates observed in astro-
cytes from either G93A SODL Tg or Dorfin/SODI
double Tg mice. This result suggests that the overex-
pressed Dorfin was unable to ubiquitinate G93A mutant
SOD1 protein in the astrocytes because there was no
accumulation of G93A mutant SOD1 protein m the
astrocytes of G93A SOD1 Tg mice. Consequently, Dor-
fin may have no beneficial effect on the astrocyte cell
function impaired by mutant SOD1 protein.

Although many hypotheses for the pathogenesis of
ALS have been proposed (Julien, 2001; Boillee et al.,
2006; Kabashi and Durham, 2006; Van Deerlin et al,,
2008), we suggest that a reduction in the levels of mu-
tant SOD1 may have a beneficial effect on neuronal cell
viability, including mitochondria function and a potential
for therapeutic use {(Niwa et al., 2002; Takeuchi et al,
2004).

In the present study, Dorfin overexpression was
effective in ameliorating the ALS phenotypes of the
G93A SOD1 Tg mouse but was not as efficient as treat-
ment with VEGF or IGF-1 delivered via the lentivirus
system (Kaspar et al,, 2003; Azzouz et al., 2004). One
reason for this reduced efficacy may be that transgeni-
cally expressed Dortin does not clear sufficient amounts
of mutant SOD1 protein to eliminate the phenotypes
because of its short half-life (Ishigaki et al., 2007). Dorfin
may be precisely regulated in its expression level in vivo,
and, thus, exogenously expressed human Dorfin under
the B-actin promoter may be degraded immediately.
Moreover, as the pathology of the G93A SOD1 mouse
progresses, the function of the proteasome gradually
deteriorates (Kabashi et al., 2004; Cheroni et al., 2005;
Boillee et al., 2006; Cheroni et al.,, 2009), and Dorfin
may lose its E3 activity to clear the mutant SOD1 with
advancing disease. Strategies to improve the activity of
Dorfin include the utilizaton of a Dorfin-CHIP chi-
meric protein, which has the E3 activity of Dorfin and a
longer half-life, as we reported previously (Ishigaki et al.,
2007), and, alternatively, the crossing of the Dorfin Tg
mouse with other mutant SOD1 Tg mouse showing
milder symptoms with a slower progressive course than
G93A. In these cases, Dorfin may exert a more marked
amelioration of the phenotypes. In the present study, the
gender balance of the mice was different to some extent
between Dorfin/SOD1 double Tg and SOD1 Tg in
both the 513 and the 526 lines (percentage of male mice
513: 55% for Dorfin/SOD1 double Tg, 36.3% for
SOD1 Tg; 526: 50% for Dorfin/SOD1 double Tg, 36%
for SOD1 Tg). The differences in SOD1 Tg motor
function and survival between males and females has
been reported previously (Mahoney et al., 2004; Stam
et al., 2008). Female mice showed a longer survival and
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better motor function, and the ditference of gender bal-
ance may contribute to a modest difference ot survival
or motor function.

The important point of this study is that the over-
expression of a toxic protein-specific E3 that reacts spe-
cifically and directly with mutant SOD1 ameliorated the
clinical and pathological phenotypes of mutant SODI-
mediated motor neuron degeneration. Dorfin has been
shown in previous studies to localize to various inclu-
sions found in neurological tissue samples of human dis-
ease. For SALS, the Lewy body-like inclusions were im-
munoreactive for anti-Dorfin antibody, and, for FALS,
the hyaline-like inclusions were positive for Dorfin
(Hishikawa et al., 2003; Tto et al., 2003). These findings
suggest that Dorfin may be involved in the pathogenesis
of a broad spectrum of neurodegenerative disorders
(Hishikawa et al., 2003; Ito et al., 2003) and may pro-
vide a clue to the treatment of these diseases. The acti-
vation or induction of the E3 Dorfin may be an effective
therapeutic strategy for a wide range of neurodegenera-
tive diseases.
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The 43-kDa TAR DNA-binding protein (TDP-43) is known to
be a major component of the ubiquitinated inclusions charac-
teristic of amyotrophic lateral sclerosis and frontotemporal
lobar degeneration with ubiquitin-positive inclusions. Al-
though TDP-43 is a nuclear protein, it disappears from the
nucleus of affected neurons and glial cells, implicating TDP-43
loss of function in the pathogenesis of neurodegeneration. Here
we show that the knockdown of TDP-43 in differentiated
Neuro-2a cells inhibited neurite outgrowth and induced cell
death. In knockdown cells, the Rho family members RhoA,
Racl, and Cdc42 GTPases were inactivated, and membrane
localization of these molecules was reduced. In addition,
TDP-43 depletion significantly suppressed protein geranylgera-
nylation, a key regulating factor of Rho family activity and intra-
cellular localization. In contrast, overexpression of TDP-43
mitigated the cellular damage caused by pharmacological inhi-
bition of geranylgeranylation. Furthermore administration of
geranylgeranyl pyrophosphate partially restored cell viability
and neurite outgrowth in TDP-43 knockdown cells. In sum-
mary, our data suggest that TDP-43 plays a key role in the main-
tenance of neuronal cell morphology and survival possibly
through protein geranylgeranylation of Rho family GTPases.

The 43-kDa TAR DNA-binding protein (TDP-43)? has
recently been identified as a major component of the ubiquiti-
nated inclusions characteristic of amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration with ubiquitin-
positive inclusions (1, 2). Subsequently several point mutations
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located in the glycine-rich domain of TDP-43 have been iden-
tified as the disease-causing mutations of familial and sporadic
ALS (3-7). TDP-43 has been shown to be a fundamental
component of ubiquitin-positive neuronal cytoplasmic and
intranuclear inclusions as well as that of neuronal dystrophic
neurites in the affected neurons or glial cells in these neurode-
generative diseases. TDP-43 is known to regulate gene tran-
scription, exon splicing, and exon inclusion through interac-
tions with RNA, heterogeneous nuclear ribonucleoproteins,
and nuclear bodies (8 —12). Recently it has been reported that
TDP-43 stabilizes human low molecular weight neurofilament
mRNA through direct interaction with the 3'-untranslated
region (13) and that it regulates retinoblastoma protein phos-
phorylation through the repression of cyclin-dependent kinase
6 expression (14). However, the physiological function of
TDP-43 in the central nervous system has not been fully eluci-
dated, and it remains unclear how this protein is implicated in
the pathogenesis of neurodegeneration.

The Rho family of GTPases are members of the Ras super-
family and are known for regulating actin cytoskeletal dynamics
(15-18). RhoA, Racl, and Cdc42, the most studied proteins of
this family, also modulate functions such as cell movement,
motility, transcription, cell growth, and cell survival (18). In
neurons, RhoA, Racl, and Cdc42 have been shown to regulate
neurite outgrowth (19-21).

Although TDP-43 is localized in the nucleus of unaffected
neurons, nuclear staining of this protein is significantly reduced
in neurons bearing ubiquitin inclusions (1, 2, 22), suggesting
that loss of TDP-43 function may play a role in neurodegenera-
tion. In this study, we used small interfering RNA (siRNA) to
investigate the effect of TDP-43 loss of function on cell death
and neurite outgrowth and elucidated a novel relation between
TDP-43 and the activities of RhoA, Racl, and Cdc42.

EXPERIMENTAL PROCEDURES

SiRNA Oligonucleotides and Construction of Expression
Vectors—The oligonucleotide siRNA duplex was synthesized
by Takara Bio (Shiga, Japan). The siRNA sequences were as
follows: scrambled (control) siRNA-setl, 5'-GAAUCAGAUG-
CACAUGAGUTT-3'; -set2, 5'-ACGGCCUAAUCUAACAG-
ACTT-3'; TDP-43 siRNA-setl, 5'-GAACGAUGAACCCAU-
UGAATT-3'; -set2, 5'-CCAAUGCUGAACCUAAGCATT-3'.
Unless otherwise mentioned, set 1 siRNA was used for TDP-43
knockdown throughout the experiments.
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The pEGFP-Racl construct was produced as described else-
where (23, 24). Mouse TDP-43 (GenBank™ accession number
NM_145556) cDNA was amplified by PCR from mouse brain
c¢DNA using the following primers: 5'-GTGCTTCCTCCTTG-
TGCTTC-3' and 5'-CCACACTGAACAAACCAATCTG-3".
The PCR product was cloned into the pCR-BluntII-TOPO vec-
tor (Invitrogen), and the entire coding region of mouse TDP-43
was inserted in-frame into either the Kpnl and Xbal sites of the
pcDNA3.1/V5His vector (Invitrogen) or the Kpnl and BamHI
sites of the pDsRed-Monomer-Hyg-N1 vector (Clontech). An
siRNA-resistant form of the TDP-43 gene was generated by
changing the targeted sequence of the siRNA to 5'-GAATGA-
CGAGCCAATTGAA-3’ (mutated nucleotides are underlined)
using the KOD-Plus-Mutagenesis kit (Toyobo, Osaka, Japan).

Cell Culture and Transfection—Neuro-2a cells (American
Type Culture Collection, Manassas, VA), a line derived from
mouse neuroblastoma, were maintained as described previ-
ously (25). The transfection of siRNA into Neuro-2a cells was
performed using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer’s instructions. For the transfec-
tion of the intended plasmid and siRNA, cells were co-trans-
fected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. To differentiate the Neuro-2a
cells, the medium was changed to Dulbecco’s modified Eagle’s
medium containing 2% fetal calf serum and 20 um retinoic acid,
and cells were cultured for 24 h. For the interventional studies,
the cells were incubated for 24 h with differentiation medium
containing Clostridium difficile toxin B (Sigma-Aldrich) or for
12 h with medium containing GGTI-298 (Calbiochem). Gera-
nylgeranyl pyrophosphate (GGPP) (Sigma-Aldrich) was added
to the differentiation medium at the indicated concentration
24 h after siRNA transfection, and cells were incubated for an
additional 24 h.

Quantitative Assessment of Neurite Outgrowth—Neuro-2a
cells cultured in 6-well dishes were photographed using an
Olympus IX71 inverted phase-contrast microscope (Olympus,
Tokyo, Japan). The length of the longest neurite was measured
with Image Gauge version 4.22 software (Fujifilm, Tokyo,
Japan). Averages of the lengths of over 100 transfected cells
were analyzed. To confirm the efficacy of siRNA transfection,
BLOCK-{T™ Alexa Fluor® Red Fluorescent Control (Invitro-
gen) was co-transfected with TDP-43 siRNA or control RNA.
The efficacy of plasmid transfection was ensured using DsRed
(Clontech). To assess neurite outgrowth in TDP-43 knockdown
cells, we performed a time course analysis starting at 24 h after
the siRNA transfection when the differentiation medium was
changed.

Cell Viability and Apoptosis Analysis—The 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-caboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS)-based cell proliferation assay was
carried out on the differentiated Neuro-2a cells 48 h post-
transfection using the CellTiter 96 Aqueous One Solution Cell
Proliferation Assay (Promega, Madison, W1} according to the
manufacturer’s instructions. Absorbance at 490 nm was meas-
ured in a multiple plate reader (PowerscanHT, Dainippon
Pharmaceutical). The assays were carried out in 6 wells for each
condition. To assess cell apoptosis, differentiated Neuro-2a
cells were stained with Alexa Fluor 488-conjugated Annexin V
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and with propidium iodide (PI) using the Vybrant Apoptosis
Assay kit (Invitrogen) according to the manufacturer’s instruc-
tions. TUNEL assays were performed using the APO-
DIRECT™ kit (BD Biosciences). The extent of staining in
10,000 cells was monitored by FACSCalibur™ and CellQuest
version 3.1.3 acquisition and analysis software (BD Biosciences)
immediately after the staining.

Caspase-3/7 Assay—Neuro-2a cells were grown on black
96-well plates. The caspase-3/7 activity of differentiated
Neuro-2a cells was analyzed using the Apo-ONE homogene-
ous caspase-3/7 assay (Promega) after 48 h of transfection or
intended treatment according to the manufacturer’s instruc-
tions. Fluorescence (485/528 nm) was measured in the mul-
tiple plate reader, and the assay was carried out in 6 wells for
each condition.

Quantitative Real Time PCR—mRNA levels were deter-
mined by real time PCR as described before (26). Briefly total
RNA from Neuro-2a cells was reverse transcribed into first
strand cDNA, real time PCR was performed, and the product
was detected by the iCycler system (Bio-Rad). For an internal
standard control, the expression level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was simultaneously
quantified. The following primers were used: 5'-CCGCAT-
GTCAGCCAAATACAAG-3" and 5'-ACCAGAATTGGCT-
CCAACAACAG-3' for TDP-43and 5'-TGTGTCCGTCGT-
GGATCTGA-3" and 5'-TTGCTGTTGAAGTCGCAG-
GAG-3' for GAPDH.

Western Blot Analysis—Western blot analyses were per-
formed as described before (27). Briefly Neuro-2a cells were
lysed in Cellytic lysis buffer (Sigma-Aldrich) containing a pro-
tease inhibitor mixture (Roche Applied Science) 48 h after
transfection. For subcellular fractionation, we used the Proteo-
Extact Subcellular Proteome Extraction kit (Calbiochem)
according to the manufacturer’s instructions. Cell lysates were
separated by SDS-PAGE (5-20% gradient gel) and analyzed by
Western blotting with ECL Plus detection reagents (GE Health-
care). Primary antibodies used were as follows: anti-TDP-43
rabbit polyclonal antibody (1:1000; ProteinTech, Chicago, IL),
anti-Racl mouse monoclonal antibody (1:1000; Millipore,
Temecula, CA), anti-RhoA mouse monoclonal antibody
(1:1000; Cytoskeleton, Denver, CO), anti-Cdc42 rabbit poly-
clonal antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-phospho-myosin phosphatase targeting subunit 1
(Thr-853) rabbit polyclonal antibody (1:500; Millipore), anti-
myosin phosphatase targeting subunit 1 rabbit polyclonal anti-
body (1:1000; Santa Cruz Biotechnology), anti-H-Ras rabbit
polyclonal antibody (1:1000; Santa Cruz Biotechnology), anti-
Rab5 rabbit polyclonal antibody (1:1000; Santa Cruz Biotech-
nology), anti-GAPDH mouse monoclonal antibody (1:1000; BD
Pharmingen) as a cytosol marker, anti-integrin 1 rabbit poly-
clonal antibody (1:1000; Santa Cruz Biotechnology) as a mem-
brane marker, anti-green fluorescent protein mouse mono-
clonal antibody (1:2000; Millipore), anti-Rho GDP dissociation
inhibitor rabbit polyclonal antibody (1:1000; Millipore), anti-
geranylgeranyltransferase-18 mouse polyclonal antibody
(1:1000; Abnova, Taipei, Taiwan), and anti-geranylgeranyl
pyrophosphate synthase rabbit polyclonal antibody (1:1000;
Abgent, San Diego, CA).
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Rho Family GTPase Activation Analysis—To measure RhoA
and Racl/Cdc42 GTPase activities, we used the Rho binding
domain (RBD) of the Rho effector protein with Rhotekin and
Cdc42/Rac interactive binding (CRIB) region of the Cdc42/Rac
effector protein with p21 activated kinase 1 (PAK), respectively.
Pulldown assays were performed in the presence of glutathione
S-transferase-tagged Rhotekin-RBD and PAK-CRIB protein-
agarose beads (Cytoskeleton) according to the manufacturer’s
instructions.

Fluorescent Images of Neuro-2a Cells—Neuro-2a cells, which
were transfected with EGFP-Racl, DsRed-TDP-43, and siRNA
(TDP-43 siRNA or control RNA), were fixed by 4% paraform-
aldehyde with 0.1% Triton X-100 for extraction of cytosol com-
ponents. After washing, samples were mounted with
VECTASHIELD mounting medium (Vector Laboratories, Inc.,
Burlingame, CA) and then photographed with a Zeiss Axio
Imager M1 (Carl Zeiss AG).

Assay of Protein Geranylgeranylation—Neuro-2a cells were
transfected with siRNA on 10-cm? dishes. Twenty-four hours
after the transfection, 20 um lovastatin (Sigma) was added to
the culture medium. Twenty-four hours after the addition of
lovastatin, the cells were labeled by adding fresh culture
medium containing 6.25 uCi/ml [**C]mevalonolactone
(50-62 mCi/mmol) (GE Healthcare) and 20 um lovastatin.
Nineteen hours after labeling, the cells were harvested, and
Racl was immunoprecipitated by incubating with 4 mg of anti-
RhoA mouse monoclonal antibody (Santa Cruz Biotechnology)
or anti-Racl mouse monoclonal antibody (Millipore) for 24 h
followed by adding 20 ul of protein G-Sepharose (GE Health-
care). Immunoprecipitated proteins were separated by electro-
phoresis on a polyacrylamide-SDS gel. The '*C-labeled gels
were fixed and soaked in Amplify Fluorographic Reagent (GE
Healthcare) for 30 min. The gels were dried, and labeled pro-
teins were visualized on a Typhoon 9410 Workstation (GE
Healthcare) after exposure to a Storage Phosphor Screen (GE
Healthcare) for 72 h. We validated this experiment using 20 uM
GGTI-298.

Statistical Analysis—Statistical differences (not including
neurite length data) were analyzed by analysis of variance and
Bonferroni post hoc analyses for three or more group compar-
isons and the unpaired Student’s ¢ test for two-group compar-
isons. Neurite length differences were analyzed using the
Mann-Whitney U test (SPSS version 15.0, SPSS Inc., Chicago,
IL). Two-tailed p < 0.05 was regarded as statistically significant.

RESULTS

TDP-43 Depletion Induces Cell Death and Inhibits Neurite
Outgrowth—To analyze the effect of TDP-43 depletion, two
sets of siRNA oligonucleotides were transfected into Neuro-2a
cells. The efficiency of TDP-43 siRNA transfection was con-
firmed by Western blotting and quantitative real time RT-PCR
(Fig. 1, A and B). To assess cell viability, we carried out an
MTS-based cell proliferation assay in differentiated Neuro-2a
cells after 48 h of siRNA transfection. The viability of knock-
down cells was significantly decreased by both sets of siRNA
compared with each control (Fig. 1C). To exclude the possibil-
ity of an off-target effect, a plasmid carrying an siRNA-resistant
form of TDP-43 was co-transfected together with set 1 siRNA.
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FIGURE 1. Effects of endogenous TDP-43 depletion on cell viability.
A, anti-TDP-43 Western blot of Neuro-2a cells transfected with siRNAs. B, the
mRNA expression levels of TDP-43 measured by real time RT-PCR. Data are
shown as the ratio of the mRNA level of TDP-43 to that of GAPDH. C, the
viability of Neuro-2a cells quantified by the MTS-based cell proliferation
assays. TDP-43 depletion significantly reduced cell viability. D, a rescue exper-
iment using the MTS assay. Mock plasmid and an siRNA-resistant form of
TDP-43 (Mut-TDP-43) were co-transfected into Neuro-2a cells together with
TDP-43 siRNA or control RNA. Mut-TDP-43 prevented the reduction of cell
viability. E, Western blot of the cells transfected with mock plasmid or Mut-
TDP-43. Error bars indicate S5.D. N.S., not significant.

As a result, the siRNA-resistant form of TDP-43 prevented the
reduction of cell viability (Fig. 1D). The apoptotic process was
quantified with Annexin V/PI staining and TUNEL labeling,
The knockdown of TDP-43 significantly increased the number
of PI-positive cells (Fig. 24). However, the number of cells pos-
itive for Annexin V or TUNEL was not altered (Fig. 2, Band C).
In the caspase-3/7 assay, there was no significant difference
between knockdown and control cells (Fig. 2D). To clarify the
effects of TDP-43 depletion on cellular morphology, we per-
formed a time course experiment measuring the average length
of neurites. Neurites of control cells extended over the course of
48 h, but neurite outgrowth was significantly inhibited in TDP-
43-depleted cells (Fig. 2E).
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confirmed by a significant reduction
in the level of the Thr-853 phospho-
rylation of myosin phosphatase tar-
geting subunit 1, which is exclu-
sively phosphorylated by Rho kinase
(28) (Fig. 3A). To verify that inacti-
vation of Rho family GTPases leads
to neuronal damage, we tested the
effects of C. difficile toxin B, a pan-
inhibitor of Rho family proteins, on
differentiated Neuro-2a cells. As a
result, this toxin reduced cell viabil-
ity and inhibited neurite outgrowth

Caspase 3/7 activity 1J

TDP-43 siRNA

FIGURE 2. Apoptosis analyses and quantitative assessment of neurite outgrowth in TDP-43-depleted
Neuro-2a cells. A, B, and C, the number of the cells positive for Pl, Annexin V, and TUNEL staining. We
counted 10,000 cells using flow cytometry. Knockdown of TDP-43 significantly increased the number of
cells stained with Pi but not that with stained with Annexin V or TUNEL. D, caspase-3/7 activity of Neuro-2a
cells transfected with TDP-43 siRNA or control RNA. E, time course analysis of neurite outgrowth in
Neuro-2a cells transfected with TDP-43 siRNA or control RNA. Averages of the longest neurite lengths of
over 100 transfected cells were analyzed 24 h after the transfection of siRNA. Neurites of control cells
extended over the course of 48 h, but in TDP-43-depleted cells, neurite outgrowth was inhibited. Error bars
indicate S.D. (A-D) or S.E. (E). F, phase-contrast images of Neuro-2a cells 48 h after the transfection of

control RNA or TDP-43 siRNA. Scale bar, 10 um. N.S., not significant.

Knockdown of TDP-43 Reduces Rho Family GTPase Activity—
To elucidate the pathophysiology of neuronal cell death and the
morphological alteration caused by TDP-43 depletion, we
focused on the Rho family GTPases, which are potent regula-
tors of neurite outgrowth and cell survival. First RhoA, Racl,
and Cdc42 GTPase activities were investigated by pulldown
assays. In TDP-43-depleted cells, the activities of RhoA, Racl,
and Cdc42 GTPase were all decreased compared with the con-
trols (Fig. 3, A and B). Inactivation of RhoA GTPase was also
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(Fig. 3, Cand D).

Small G proteins, including Rho
and Ras family members, must be
able to localize at the cell membrane
to exert their biological functions
(29). We thus investigated the intra-
cellular distribution of Rho family
proteins to elucidate the mecha-
nism by which TDP-43 regulates
their GTPase activity. Western blots
showed that the amounts of RhoA,
Racl, and Cdc42, but not H-Ras or
Rab5, in the membrane fractions
were decreased in the TDP-43
knockdown cells (Fig. 44). The sub-
cellular fraction of Rho GDP disso-
ciation inhibitor, another regulator
of Rho activity, was not altered
by TDP-43 knockdown (Fig. 4A4).
The siRNA-resistant form of
TDP-43 rescued the reduction in
the amount of membrane-bound
Rho family GTPases (Fig. 4B). The
fluorescent images also demon-
strated that membrane-localized
Racl was significantly reduced in
TDP-43 knockdown cells in com-
parison with control cells (Fig. 5).

TDP-43 Regulates Rho GTPase
Activity via Protein Geranylgeranyla-
tion—For membrane localization to
occur, members of the Rho family of
.GTPases have to be catalyzed by
transferring GGPP to the C-termi-
nal motif (geranylgeranylation),
whereas Ras family members, such
as H-Ras, require farnesyl pyrophosphate. We thus tested two
agents that modulate geranylgeranylation of Rho family mol-
ecules. GGTI-298, a specific inhibitor of geranylgeranyla-
tion, has been shown to increase neural cell death through
the inactivation of Rho family GTPases (30, 31). In differen-
tiated Neuro-2a cells, GGTI-298 inhibited neurite out-
growth and reduced cell viability in a dose-dependent man-
ner without any evidence of caspase-3/7 activation (Fig. 6,
A-C). GGTI-298 also decreased the amount of membrane-
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FIGURE 3. Activities of Rho family GTPases in TDP-43-depleted Neuro-2a
cells. A, pulldown assays of RhoA, Rac1, and Cdc42 and Western blot using
anti-phospho-myosin phosphatase targeting subunit 1 (p-MYPTI) in
Neuro-2a cells transfected with TDP-43 siRNA or control RNA. TDP-43 knock-
down significantly reduced Rho family GTPase activity. B, densitometric
quantitations of three independent experiments. C, the viabilities of
Neuro-2a cells incubated with the indicated concentrations of C. difficile toxin
B. D, quantitation of neurite outgrowth in Neuro-2a cells incubated with 100
ng/ml toxin B compared with control. Error bars indicate S.D. (B and () or
SE(D).

bound Rho GTPases (Fig. 6D). In contrast, GGPP, the final
substrate of geranylgeranylation, prevented the reduction in
the amounts of membrane-bound RhoA, Racl, and Cdc42
caused by TDP-43 knockdown (Fig. 6E). In addition, GGPP
restored viability and neurite outgrowth in TDP-43-depleted
cells (Fig. 6, F and G). These findings indicate that impaired
geranylgeranylation appears to be the molecular basis of
TDP-43 depletion-induced cellular damage. We next exam-
ined whether TDP-43 regulates geranylgeranylation of Rho
GTPases. Fig. 7, A-C, shows that TDP-43 increased the
amount of membrane-bound Rho GTPases, augmented neu-
rite outgrowth, and increased cell viability in GGTI-298-
treated cells.

Taken together, these observations suggest that TDP-43
regulates the activities of Rho family members through pro-
tein geranylgeranylation. We thus investigated the effect of
TDP-43 depletion on protein geranylgeranylation using
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FIGURE 4. Intracellular distribution of Rho family GTPases in TDP-43
knockdown Neuro-2a cells. A, Western blots of subcellular fractions
(cytosol, membrane, and nucleus) of Neuro-2a cells transfected with TDP-43
siRNA or control RNA. The amount of Rho family members in the membrane
fraction was significantly reduced in TDP-43 knockdown cells. This effect,
however, was not observed with H-Ras or Rab5. Moreover the subcellular
fraction of Rho GDP dissociation inhibitor (RhoGD/) was not altered by TDP-43
depletion. GAPDH and integrin B1 were used as a cytosol and membrane
marker, respectively. Cyto, cytosol fraction; Mem, membrane fraction; Nuc,
nuclear fraction. B, the effect of the siRNA-resistant form of TDP-43 (Mut-TDP-
43) on the intracellular distribution of Rho family GTPases. Mut-TDP-43 pre-
vented the reduction of membrane-bound Rho family members.

Racl TDP-43

Control RNA

TDP-43 siRNA

FIGURE 5. Fluorescent images of Neuro-2a cells. Neuro-2a cells co-trans-
fected with EGFP-Rac1, DsRed-TDP-43, and siRNA (TDP-43 siRNA or control
RNA) were fixed by 4% paraformaldehyde with 0.1% Triton X-100. Mem-
brane-localized Rac1 was significantly reduced in the TDP-43 depleted cells
{arrowhead) compared with the cells that escaped knockdown of TDP-43
{arrow) and with the control RNA-transfected cells. Scale bar, 10 um.

[**C]mevalonic acid (MVA). Incorporation of ['*C]MVA
into RhoA or Racl was significantly decreased in the TDP-
43-depleted Neuro-2a cells (Fig. 8, A and B), suggesting that
the knockdown of TDP-43 inhibits geranylgeranylation of
Rho family members. GGTI-298 reduced incorporation of
["C]MVA into Racl, further confirming this conclusion
(Fig. 8C).

Protein geranylgeranylation of the Rho family is regulated by
specific enzymes: geranylgeranyltransferase-I8 and gera-
nylgeranyl pyrophosphate synthase-1, which is responsible for
synthesis of GGPP. We therefore investigated the expression
levels of these enzymes. However, the knockdown of TDP-43
did not alter the protein expression level of geranylgeranyl-
transferase-I or geranylgeranyl pyrophosphate synthase-1
(data not shown).
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FIGURE 6. The effect of modulation of geranylgeranylation on cell via-
bility. A, the viability of Neuro-2a cells incubated with the indicated con-
centrations of GGTI-298 (GGTI). B, averages of neurite length in Neuro-2a
cells incubated with 20 um GGTI-298 compared with control. C, caspase-
3/7 activity in Neuro-2a cells treated with GGTI-298. D, Western blot of the
membrane fraction from Neuro-2a cells incubated with 20 um GGTI-298
compared with control. £, Western blot of the membrane fraction from
Neuro-2a cells incubated with 20 um GGPP in the presence of TDP-43
siRNA. F, measurement of neurite length of Neuro-2a cells incubated with
20 um GGPP. The cells were transfected with TDP-43 siRNA or control RNA.
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FIGURE 7.Effect of TDP-43 in Neuro-2a cells on GGTI-298-induced cellular
phenotype. A, Western blot of the membrane (Mem) fraction of 10 um GGTI-
298 (GGTl)-treated Neuro-2a cells transfected with TDP-43 or mock vector.
B, neurite length of GGTI-298-treated Neuro-2a cells transfected with DsRed-
TDP-43 or mock vector. C, the viability of Neuro-2a cells incubated with the
indicated concentrations of GGTI-298. Error bars indicate S.E. (B) or S.D. (Q).

DISCUSSION

TDP-43 as a Regulator of Rho Family GTPases—In the pres-
ent study, we demonstrated that knockdown of TDP-43 inhib-
its neurite outgrowth and induces cell death in differentiated
Neuro-2a cells, suggesting that loss of TDP-43 function plays a
causative role in neurodegeneration. To elucidate the molecu-
lar mechanisms by which TDP-43 depletion causes neuronal
cell damage, we examined the relationship between TDP-43
and Rho family GTPases. Neuronal morphology is determined
in large part through the regulation of the cytoskeleton. One of
the key regulators of the actin cytoskeleton is the Rho family of
GTPases: RhoA, Racl, and Cdc42 (15-17). Although each Rho

G, the viability of Neuro-2a cells incubated with the indicated concentra-
tions of GGPP. Error bars indicate S.D. (A and C) or S.E. (B and F). N.S., not
significant.
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FIGURE 8. Protein prenylation of RhoA and Racl in Neuro-2a cells.
A, Neuro-2a cells were metabolically labeled with ["*CIMVA: left, Western blot
with anti-RhoA or Ract antibody of cell lysates; right, incorporation of
["*CIMVA into RhoA or Rac1. B, densitometric quantitation of four independ-
ent experiments. Error bars indicate S.D. C, incorporation of ["*CJMVA into
Rac1 in Neuro-2a cells incubated with or without GGTI-298 (GGT/).

family member has a distinct effect on cell morphology and
plays an important role in the regulation of neuronal survival,
we demonstrated that pan-inhibition of Rho family proteins by
C. difficile toxin B suppressed neurite outgrowth and reduced
cell viability as reported previously (19-21, 32, 33). We dem-
onstrated here that the activities of RhoA, Racl, and Cdc42
were all decreased in TDP-43-depleted cells, suggesting that
knockdown of TDP-43 induces inhibition of neurite outgrowth
and cell death through the inactivation of Rho family GTPases.
There was no evidence of apoptosis mediated by TDP-43
knockdown in the model we used perhaps because of the bio-
logical characteristics of Neuro-2a cells in which the induction
of apoptosis is known to be difficult (34, 35). In support of this
view, we confirmed that GGTI-298 had no effect on apoptosis
in Neuro-2a cells under the present conditions (Fig. 6C),
although this reagent has been shown to efficiently induce apo-
ptosis in non-neuronal cells (36, 37).
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Inhibited Protein Geranylgeranylation of Rho Family Mem-
bers in TDP-43-depleted Cells—How does TDP-43 regulate the
activities of the Rho family? Various molecules have been
shown to regulate the activity of Rho, Rac, and Cdc42, but few
are capable of regulating all three GTPases concomitantly. To
elucidate the molecular mechanism by which TDP-43 regulates
Rho, Rac, and Cdc42, we directed our attention to the fact that
membrane localization is the key regulatory factor common to
these molecules. Small G proteins, including members of the
Rho and Ras families, act as molecular switches cycling between
an active, GTP-bound state and an inactive, GDP-bound state
(18, 38, 39). Post-translational modification with a C-terminal
prenyl moiety allows small G proteins to associate with the
membrane where they can interact with and activate their
effectors (29). Proteins that require prenylation include the far-
nesyl group, such as the Ras family, and the geranylgeranyl
group, such as the Rho or the Rab family (29, 40). In the present
study, we showed that knockdown of TDP-43 decreased mem-
brane-bound RhoA, Racl, and Cdc42 but did not affect the
intracellular distribution of H-Ras or Rab5. TDP-43 knock-
down also inhibited the incorporation of ['*C]MVA, a tracer of
the mevalonate pathway, into RhoA and Racl in differentiated
Neuro-2a cells. In contrast, the expression level of Rho GDP
dissociation inhibitor, which functions by extracting Rho fam-
ily GTPases from membranes and solubilizing them in the
cytosol (41, 42), was not significantly altered by TDP-43 knock-
down. In addition, inhibition of geranylgeranylation by GGTI-
298 reproduced the cytotoxic effects of TDP-43 depletion,
whereas GGPP, the substrate of the geranylgeranylation path-
way, restored cell viability and neurite outgrowth in TDP-43-
depleted Neuro-2a cells. Furthermore in GGTI-298 treated
cells, overexpression of TDP-43 restored the membrane local-
ization of Rho GTPases as well as cell viability and neurite out-
growth. These findings suggest that TDP-43 depletion inacti-
vates Rho family GTPases through inhibition of protein
geranylgeranylation.

Protein geranylgeranylation of Rho family members is cata-
lyzed by geranylgeranyltransferase-I using GGPP produced by
geranylgeranyl pyrophosphate synthase-1 as the substrate (43).
Geranylgeranyltransferase-I consists of two subunits, « and 8,
and the « subunit is also a component of protein farnesyltrans-
ferase (44). We thus assessed the mRNA and protein expression
of geranylgeranyltransferase-If and geranylgeranyl pyrophos-
phate synthase-1 in Neuro-2a cells. However, the expression
levels of these enzymes were not altered by TDP-43 knock-
down. These results imply that TDP-43 depletion decreases the
activities of these enzymes.

Loss of TDP-43 Function in the Pathophysiology of TDP-43
Proteinopathies—Ubiquitinated cytoplasmic inclusions are a
histopathological hallmark of ALS and frontotemporal lobar
degeneration with ubiquitin-positive inclusions. Although the
nature of these aggregates has not been fully elucidated, recent
studies have identified TDP-43 as the major component of the
ubiquitin-immunoreactive neuronal inclusions seen in ALS
and frontotemporal lobar degeneration with ubiquitin-positive
inclusions (1, 2). There has been a great deal of debate about
whether loss or gain of function of TDP-43 causes neuronal
dysfunction and eventual cell death. Although TDP-43 is a
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ubiquitously expressed, highly conserved nuclear protein,
under the pathological conditions in ALS and frontotemporal
lobar degeneration with ubiquitin-positive inclusions, TDP-43
completely disappears from the nuclei of the affected neurons
(1, 2). These histopathological findings indicate that loss of
nuclear TDP-43 may underlie neuronal degeneration, although
it is also possible that neuronal inclusions possess cytotoxic
properties. It has been reported that TDP-43 depletion leads to
up-regulation of cyclin-dependent kinase 6 protein and tran-
script levels followed by misregulation of the cell cycle and apo-
ptosis in cultured human epithelial cancer cells (14). In the
present study, knockdown of TDP-43 inactivated Rho family
GTPases and thereby induced cell death in differentiated
Neuro-2a cells. Although this is not the model imitating the
dislocation of TDP-43 from the nucleus to the cytoplasm, our
findings suggest that loss of function of TDP-43 may induce
neuronal degeneration probably through dysregulation of Rho
family GTPases.

In summary, we have demonstrated that TDP-43 depletion
inhibits neurite outgrowth and induces neuronal cell death.
This phenomenon possibly results from a reduced membrane
localization of Rho family GTPases due to the inhibition of pro-
tein geranylgeranylation.
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Methods: We assessed the clinical features of sporadic ALS patients in Japan, based on the nationwide
registration system of the Ministry of Health, Labor and Welfare of Japan. We described 3428 new cases
registered cases between 2003 and 2006 to analyze initial symptoms and related clinical features, 4202 cases
registered in the single year of 2005 to describe the cross-sectional overview of the ALS patients, and a total

ﬁéwmds' of 2128 cases with tracheostomy positive pressure ventilation (TPPV) from all of the registration data from
Japan 2003 to 2006 to describe the features of ALS patients with TPPV.

Sporadic Results: The patients with an older age at onset progressed more rapidly to the TPPV stage than those with a
Age at onset younger age at onset. The subpopulation of patients with long-standing TPPV showed ophthalmoplegia,
Initial symptom while its appearance rate was less in the patients with an older age at onset than in those with a younger age

Clinical feature

PPy at onset. Furthermore, age at onset strongly influenced the frequency of initial symptoms: dysarthria,

dysphagia, neck weakness and respiratory disturbance were more frequent in patients with an older age at
onset, while upper or lower limb weakness was observed more frequently in patients with a younger age at
onset. In addition, those initial symptoms were still the most prominent at the follow-up stage, suggesting
that the initial symptoms determine the major clinical features even in advanced illness.
Conclusions: Our present study demonstrated that symptomatic features of ALS are strongly influenced by the
age at onset by the large scale of sampies.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction expire within three years of onset, primarily due to respiratory failure

) ) ) ) {1-6]. Approximately 5-10% of ALS patients show a familial trait,

Amyotrophic lateral sclerosis (ALS) is one of the most devastating  while more than 90% of the patients are sporadic, and the causal

neurodegenerative diseases affecting upper and IOWG'Y motor neurons mechanism of the motor neuron degeneration is largely unknown,

preferentially, and shows progressive muscle wasting of the limb,  Although many clinical trials of potential therapeutic agents for the

bulbar and respiratory musculatures. Almost half of ALS patients treatment of sporadic ALS have been performed [7], effective

therapeutics against motor neuron degeneration in ALS except for

riluzole |8.9] have not been developed. The clinical features of ALS

Abbreviations: ALS, amyotrophic lateral sclerosis; TPPV, tracheostomy positive have been established for the most part. However, many aspects of
pressure ventilation. . s . . . 7
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