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Dorfin Ameliorates Phenotypes in a
Transgenic Mouse Model of Amyotrophic

Lateral Sclerosis

Jun Sone,' Jun-ichi Niwa,'” Kaori Kawai,' Shinsuke Ishigaki,l
Shin-ichi Yamada,' Hiroaki Adachi,' Masahisa Katsuno,
Fumiaki Tanaka,' Manabu Doyu,"” and Gen Sobue'*

'Department of Neurology, Nagoya University Graduate School of Medicine, Nagoya, Japan
2 ~ . . . . . . .
“Department of Neurology and Stroke Center, Aichi Medical University, Aichi, Japan

Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disease that is characterized by progressive
motor neuron degeneration and leads to death within a
few years of diagnosis. One of the pathogenic mecha-
nisms of ALS is proposed to be a dysfunction in the
protein quality-control machinery. Dorfin has been iden-
tified - as a ubiquitin ligase (E3) that recognizes and
ubiquitinates. mutant SOD1 proteins, thereby accelerat-
ing their degradation and reducing their cellular toxicity.
We examined the effects of human Dorfin. overexpres-
sion in. GY3A mutant SOD1. fransgenic mice, a. mouse
maodel of familial ALS. In addition to causing a decrease
in the. amount of mutant. SOD1 protein in:the spinal
cord, Dorfin  overexpression - ameliorated  neurological
phenotypes - and. motor  neuron  degeneration. « Our
results indicate that Dorfin overexpression or the acti-
vation or induction of E3 may be a therapeutic avenue
for mutant SOD1-associated ALS. © 2009 Wiley-Liss, Inc.

Key words: Dorfin; ALS; G93A mutant SOD1; ubiquitin
ligase; neurodegeneration

Amyotrophic lateral sclerosis (ALS) is a progressive
and fatal neurodegenerative disease characterized by pro-
gressive: muscle atrophy, paralysis, and death within a
few years of diagnosis' (Rowland and: Shneider, 2001).
Several hypotheses. for the pathogenesis of ALS have
been . proposed, - including ‘protein  quality-control  dys=
function, ‘mitochondrial damage, oxidative  stress, gluta-
mate receptor abnormality, inflammation,  neurotrophic
factor deficiency, and activation of apoptosis (Julien,
2001: Boillee et al.; 2006; Kabashi and Durham; 2006;
Cassina et al., 2008). However, the pathogenic mecha-
nism has not been clarified, and no eftective therapy has
been developed. Approximately 90% of ALS cases are
sporadic - (nonhereditary; SALS) and 10% are familial
ALS (hereditary; FALS). About 20% ot cases of FALS
are due to mutations in- Cu/Zn superoxide- dismutase ‘1
(SOD1T; Rosen et al;: 1993; Hirano, 1996; Martin et al.;
2007). - Mutant: SOD1 protein- is thought to: induce
motor neuron degeneration by a-gain of toxic function

€ 2009 Wiley-Liss, Inc.

rather than a loss of dismutase function (Bruijn et al,,
1998; Boillee et al., 2006; Martin et al., 2007).

Sporadic and familial ALS present inclusion bodies
composed of aberrant protein aggregates in the cyto-
plasm of residual motor neurons (Shibata et al, 1996;
Ross and Poirier, 2004; Strong et al., 2005). Inclusions
containing mutant SOD1 are found in the motor neu-
rons of mutant SOD I-related FALS patients and mutant
SOD1 transgenic. (Tg) mice {Gurney et al, 1994,
Shibata et al, 1996; Watanabe et al., 2001).. Aberrant
proteins such as mutant. SOD1 are ubiquitinated
{Alves-Rodrigues et -al;; 1998; Ardley and Robinson,
2004) and are thought to be degraded by the ubiquitin-
proteasome system (Niwa et al., 2002; Urushitani et al,,
2002; Goldberg, 2003; Kabuta et al.;2006; Cheroni
et al., 2009). However, when the production of aberrant
proteins exceeds the cellular degradation capacity, these
proteins often form aggregates before they are degraded
(Sherman and: Goldberg, 2001; Goldberg, 2003).

The : ubiquitin-proteasome. systemr mediates - post-
translational modification and.degradation of proteins and
is essential - for manyfundamental cellular ‘functions,
including cell ¢ycling, DNA repair, cell signaling,. gene
transcription, and apoptosis (Ardley and Robinson; 2004,
Kabashi and Durham; 2006). Protein ubiquitination i$.an
ATP-dependent  process during. which - ubiquitin . is
sequentially - activated” by ubiquitin-activating . enzymes
(El), transferred to: ubiquitin-conjugating. enzymes. (E2),
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and ligated to protein substrates by ubiquitin ligases (E3).
Polyubiquitinated proteins are degraded by the 26S pro-
teasome (Goldberg, 2003; Ciechanover, 2005). E3s are of
particular importance insofar as they determine the target-
ing specificity of the ubiquitin-proteasome system (Ardley
and Robinson, 2004).

Previously, we identified Dorfin as the product of
a gene expressed in the anterior horn of the human spi-
nal cord (Niwa et al., 2001). Dorfin contains a RING-
finger/in-between-RING domain and funcdons as an
E3. Dorfin is the first E3 reported to recognize mutant
SOD1 proteins and to accelerate their degradation,
thereby reducing their cellular toxicity in vitro (Niwa
et al., 2002; Takeuchi et al., 2004). We have also shown
that Dorfin is located in the inclusions found in spinal
cord sections from SALS, FALS, and other neurodege-
nerative disease patients (Niwa et al., 2002; Hishikawa
et al., 2003; Ito et al, 2003). These results suggest that
Dorfin is involved in the protein quality-control system
that addresses abnormal proteins related to neuronal
degeneration. In particular, the results suggest that Dor-
fin acts in vivo as an E3, which reduces the level of
mutant SOD1 aggregates and toxicity.

In- this study, we demonstrate that transgenic over-
expression of Dorfin ameliorated phenotypic expression
in G93A mutant SOD1 transgenic mice and reduced the
accumulation of mutant SOD1 in the spinal cord: These
results stiggest that Dorfin overexpression may be an
effective treatment for mutant SOD1-related FALS.

MATERIALS AND METHODS

Generation and Maintenance of Tg Mice
and Genotyping

Full-length human' Dorfin ¢DNA (GenBank accession
No. AB029316) tagged with the FLAG epitope was amplfied
by PCR and inserted into a pCMV-Tag2' vector. (Stratagene,
La Jolla, CA). FLAG-Dortfin was excised from the vector and
inserted downstream ‘of the chicken B-actin promioter in the
pCAGGS vector (see Fig. ' 1A). We generated Dorfin Tg mice
by microinjection of pCAGGS ¢arrying FLAG-Dorfin into
BDF1 fertilized eggs and obtained 20 founders. These founder
mice were - back=crossed to - C57BL/6 ‘mice. - We screened
mouse tail. DNA by PCR for the presence of the Dorfin
transgene usinig the primers 5-TTGATTTATATTTTGGC
GATGC-3 and 5-ACCAGCCACCACCTTCTGATAG-3.
The Dorfin' transgene copy number in. each line’ was deter-
mined by densitometric - comparison’ of the Southern blot
hybridization: intensity of the DNA with known standaids or
quantitative - real-time  RT-PCR: using ' 'the "iCycler system
(Bio-Rad, Hercules,. CA). as previously described - (Ishigaki
¢t ak; 2002). Transgenic: mice. overexpressing human SOD1
carrying ‘a- Gly93Ala mutation were obtained from  Jackson
Laboratories (Bar - Harbor, - ME). - Transgenic ' progeny " were
identified by PCR using primers specific for human: SOD1
(Gurney ‘et al:; 1994). Genotyping of mice was performed by
PCR using mouse tail DNA. G93A mutant SOD1 Tg mice
were maintained by crossing to F1 of C57BL/6 and SJL: We
performed real-time quantitative’ PCR. with- mouse tail DNA

to estimate the mutant SOD1 copy number in each mouse.
We calculated the ratio of mutant SOD1 relative to apolipo-
protein B, an internal reference, and compared these results
with those of founder mouse tail DNA known to have 25
copies of mutant SOD1 (Dal Canto et al,, 1996) using the
primer set 5-CATCAGCCCTAATCCATCTGA-3 and 5'-
CGCGACTAACAATCAAAGTGA-3 for mutant SOD1 and
using the primer set 5-GGCAAACACTTACGGGTCAT-3
and 5-TTGGCTGTTAGAATGCTGGA-3 for apolipopro-
tein B. We excluded mice with a low copy number of mutant
SOD1. We analyzed the Dorfin transgenic lines 513 and 526
of this mouse model in the present study.

To determine the potential neuroprotective role of Dor-
fin in ALS, we crossed hemizygous Dotfin Tg mice with
hemizygous G93A mutant SOD! Tg mice. This mating
resulted in the generation of four groups of mice: 1) wild
type, 2) Dorfin single transgenic mice (Dorfin Tg), 3) G93A
single transgenic mice (G93A SOD1 Tg), and 4) Dorfin and
G93A SOD1 double transgenic mice (Dorfin/G93A SOD1
double Tg).” We compared littermates of G93A SOD1 Tg
mice and- Dorfin/G93A SOD1 double Tg mice using the fol-
lowing examinations, and we excluded the mice that died of
symptoms unrelated to ALS such as injury by fighting each
other; difficulty with the water feeding device, and trauma.
The mice had ad libitum access to food-and water on the bot-
toms of their cages during the light phase of the 12-hr light/
12-hr-dark cycle, as described previously (Adachi et ali; 2001;
Katsuno et al:; 2003). All' animal experiments were performed
in accordance with the National Institutes of Health Guide for
the carc-and: usc of laboratory “ariimals and were approved by the
Nagoya University Animal Experiment Committee, All ani-
mal experiments were performed with the investigator blinded
to génotype.

Assessment of Neurological Phenotype

We ‘assessedthe life span- of ‘the mice in each: group.
The end pomt of survival dates was defined as when an: ani-
mal could not stand up within 30 sec after it was put on a flat
board on both the right and the left sides. Rotarod perforn-
ance was assessed by using an’ Economex Rotarod (Columbus
Instruments, Columbus, OH). Three trials were. perforied at
5 1tpm, and the longest duration that each mouse remained on
the ‘rod. was recorded. The ‘timer: was stopped when the
mouse fell from the rod or after an arbitrary limit of 300 sec.

The footprints of mice were collected as they walked
on a straight line. Their front paws were painted with red ink
and the hind paws with blue ink. Stride was measured within
the area showing regular walking. The longest three strides of
both hind paws were measured. Strides of mice that could not
walk were measured as zero. Motor activity ‘was analyzed at
10 weeks: (presymptomatic stage),. 14 weeks (early stage), and
18 weeks (end stage) of age:

Immunohistochemistry

Mice were exsanguinated under ketamine-xylazine anes-
thesia and transcardially perfused: with ‘20 ml ‘of 4% parafor-
maldehyde in phosphate buffer (pH 7.4). Tissues were post-
fixed-overnight in 10% phosphate-buffered formalin and proc-
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