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Figure 4. Ultrastructure of the outer retina in wild-type (A, C, and E) and Uchi3-deficient mice (B, D, and F) at 3w of age. A and B: Inner segment of mutant
retina is shrunken associated with vacuolar changes (arrowheads in B). Arrows in A and B indicate outer limiting membrane. C and D: Subsets of mitochondria
at the inner segment in Lchl3-deficient mice are swollen with decreased cristae (arrowheads in D) compared with that of wild-type (arrowheads in C) Groups
of small round-to-oval shaped structures are occasionally seen in degenerated inner segment (white arrows in D). E and F: Outer nuclear layer of wild-type (E)
and Uchi3-deficient (F) mice. Chromatin condensation of photoreceptor cells is observed in mutant mice (F). G and H: Morphometric analysis of mitochondria
was performed with the percentage of cristae area (G; red) against mitochondrial area (n = 50 for each genotype). Cristae area in the inner segment is significantly
decreased in mutant retina (H, —/—, black bar) compared with that in wild-type (H, WT, white bar). Each value represents the mean £ SE (**P < 0.01) OS,
outer segment; 1S, inner segment; ONL, outer nuclear layer. Scale bars = 1 pm (A and B), 500 nm (C and D), and | pm (E and F)
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Figure 5. TUNEL analysis in wild-type and
Uchl3-deficient mice at different ages. A:
TUNEL staining in fluorescent microscopy
shows that TUNEL-positive cells (green) are
observed at the ventricular zone at PO as well
as at the inner nuclear layer at P10 in both
genotypes. After 3w of age, TUNEL-positive
cells are found in the outer nuclear layer in
Uchi3-deficient mice. All sections are counter-
stained with propidium iodide (red) B-D:
Number of TUNEL-positive cells in mutant
mice (Uchi3™’"; black bar) is significanty
increased compared with those in wild-type
(wild-type; white bar) at P10, 3w, 6w, and
8w (B). Increased number of TUNEL-positive
cells in mutant mice at P10 correspond 1o
apoptosis in the inner nuclear layer (C),
whereas that in 3w, 6w, and 8w is reflected 10
apoptosis in the outer nuclear layer (D). VZ,
ventricular zone; OS, outer segment; LS, inner

segment; ONL, outer nuclear layer; OPL, outer
ONL plexiform layer; INL, inner nuclear layer; IPL,
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cient mice may be due to caspase-independent apopto-
tic pathway (Figure 7). Ubiquitin and Nedd-8, which are
considered to be associated with UCH-L3 in vitro,'*'®
were expressed in the inner retina of both genotypes in a
similar pattern as UCH-L1 (data not shown).

Discussion

This study demonstrates the unique localization of
UCH-L3 to the photoreceptor inner segment that is abun-
dantly populated with mitochondria after 3w of age in
wild-type mice. The following features were found with
regard to retinal degeneration in Uchi3-deficient mice.
The retina showed no obvious maorphological abnormal-
ities during early postnatal development; however, pro-
gressive retinal degeneration was observed after 3w of
age. The inner segment was originally perturbated with
ultrastructural changes of mitochondria and increased
expressions of markers for oxidative stress. The caspase-
independent pathway was implicated during photore-
ceptor cell apoptosis. Thus, UCH-L3 may have a role in
preventing mitochondrial oxidative stress-related apopto-
sis in photoreceptor cells.

Differential Localization of UCH-L1 and UCH-L3
in Murine Retina

The cellular distribution of UCH-L3 has not been studied
except in the testis and epididymis, where UCH-L1 and
UCH-L3 have distinct expression patterns.®® In the
present study, we found that UCH-L3 was enriched in the
photoreceptor inner segment after 3w of age, whereas

inner plexiform layer; GCL, ganglion cell
layer. Scale bar = 20 pm (A). Each value in
B-D represents the mean * SE (*P < 0.05;
*P < 0.01)

UCH-L 1 was widely expressed in the inner retina. Photo-
receptor cells are highly differentiated, and each seg-
ment has specific morphology and function; eg, inner
segment contains abundant mitochondria,?” and its oxy-
gen consumption is considered to be high.2® Meanwhile,
expression of UCH-L1 at the inner retina was associated
with that of ubiquitin and Nedd-8. Although in vitro studies
indicate that UCH-L3 has de-neddylation activity,*
UCH-L1 may be responsible for regulating expression
level of ubiquitin and ubiquitin-like protein Nedd-8 in the
retina. Because UCH-L1 expression in the retina was not
altered in Uchl3-deficient mice, the function of UCH-L3
may not be compensated by UCH-L1. Our results indi-
cate that UCH-L3 and UCH-L1 differ with regard to their
localization and function in retina.

Mechanism of Photoreceptor Cell Death in the
LU'chl3-Deficient Mice

In our result, retinal apoptosis in Uchi3-deficient mice
consisted of two different phases, during retinal develop-
ment and after development. During the early postnatal
development at P10, TUNEL-positive cells were ob-
served in the inner nuclear layer of both genotypes, and
the physiological apoptosis was slightly enhanced in the
mutant retina. Because UCH-L3 was faintly expressed in
the outer plexiform layer at P10 in wild-type mice,
UCH-L3 may function during development. In the retinal
development, the number of bipolar and Muller cell
deaths reaches a peak at the postnatal days 8 to 11,
which is associated with differentiation of the retina in
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Figure 6. Immunohistochemical analysis of apoptosis- and oxidative stress-
related molecules at 3w of age in wild-type and Uchl3-deficient mice. Az
Expression of molecules relevant to the caspase-dependent pathway, includ-
ing cytochrome ¢ (Cyto C), caspase-3, cleaved caspase-3, and caspase-1, is
unchanged between both genotypes. B: Increased immunoreactivites for
oxidative stress markers, COX, Mn-SOD, and AIF, are observed in the inner
segment of Lchi3-deficient mice (arrows) Translocation of Endo G to nuclei
is found in the outer nuclear layer of Uchi3-deficient mice (inset in B). OS,
outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer Scale bars = 50 um (A and B); 10 um (inset in B)

mice.?® Therefore, loss of UCH-L3 may mildly promote
the cell death of these cells.

After 3w of age, prominent and progressive photo-
receptor cell apoptosis was disclosed in the outer nu-
clear layer of Uchi3-deficient mice. Under pathological
conditions, several apoptotic pathways have been
suggested in experimental retinal degeneration.
Caspase-1 is predominantly associated with photore-
ceptor cell apoptosis in retinal degeneration of isch-
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emia-reperfusion.®® Light-induced retinal degeneration
activates the parallel cascades, t:as;:raz~:e-120 and
caspase-independent apoptosis.?’ Oxidative stress
leads to caspase-independent apoptosis in cultured
cells.®' Our results indicated that a caspase-indepen-
dent pathway was activated during photoreceptor cell
apoptosis in Uchi3-deficient mice, because immuno-
histochemical analysis revealed that activated
caspase-3 and caspase-1 were not expressed in the
degenerated retina. In addition, Endo G, a protein
involved in the caspase-independent pathway, was
expressed in the nuclei of the outer nuclear layer in
Uchl3-deficient mice. Endo G is a mitochondria-spe-
cific nuclease that translocates to nuclei and serves as
the DNase during a caspase-independent apoptosis.>?
Therefore, Endo G may be responsible for the DNA
degradation that occurs during apoptosis in Uch/3-
deficient mice. Expression of Endo G was slightly in-
creased in the outer plexiform layer, inner nuclear
layer, and inner plexiform layer of the Uch/3-deficient
mice after 3w of age despite no significant UCH-L3
immunoreactivities in these layers. This result may re-
flect trans-synaptic secondary neuronal degeneration
or glial changes of Mdller cells.

AlIF, another factor involved in caspase-independent
apoptosis, was enriched in the inner segment; however,
we did not observe translocation to nuclei for this protein.
AlF is a mitochondrial flavoprotein that is a free radical
scavenger of healthy cells.®*® During apoptotic induction,
AIF translocates from mitochondria to nuclei.®*3# It func-
tions as a caspase-independent and PARP-1-dependent
death effector that induces chromatin condensation and
large-scale DNA fragmentation.®® In our study, expres-
sion of AIF at the inner segment was associated with
increased immunoreactivities of the oxidative stress
markers, COX and Mn-SOD. Although it is unknown why
AlF did not translocate to nuclei in the degenerated ret-
ina, increased immunoreactivity for AIF in the inner seg-
ment may indicate a reaction to oxidative stress. Because
mouse eyes open 12 to 13 days after birth, light-induced
oxidative stress may affect photoreceptor cell apoptosis
in Uchi3-deficient mice after development. On the other
hand, the retinal oxygen consumption increases under
dark-adapted condition in the cat retina.®®® it may be
interesting to study whether constant light or constant
dark has any effect on the development of retinal degen-
eration in the Uchl3-deficient mice.

Uchi3-Deficient Mice as a Model of Retinal
Degeneration with Mitochondrial Impairment

Apoptosis during retinal degeneration is observed in in-
herited diseases such as retinitis pigmentosa as well as
in retinal diseases induced by a variety of stimuli, includ-
ing hypoxia and oxidative stresses.® ?® Several geneti-
cally engineered animal models of retinitis pigmentosa
have been extensively investigated, including the RCS rat
and rd mice. Retinal degeneration in the RCS rat was
originally identified as an impairment of phagocytosis by
pigmented epithelium due to mutation of receptor ty-
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Table 1. Chronological Changes in Expression of Markers for Oxidative Stress and Caspase-Independent Apoptosis
COX Mn-SOD AlF Endo G

PO P10 3w 6w 8w 12w PO P10 3w 6w 8w 12w PO P10 3w 6w 8w 12w PO P10 3w 6w Bwl2w
VZ: — = = =
PR - = - =
(O} - - nd nd - — nd nd - - nd nd = - nd nd
IS + + - nd + + + nd ++ + - nd - - - nd
ONL - - - - - - - - - - - - - - = - ++5 45 - -
OPL - = = = = = = = = e - 2 oo e
INL - - - - - — S - - = - = = = +§ o
PL - - - - - - = = = - - - - - - - - - - = - -+ *
GCL = = = = = o= o= = e = = = = e = = = = = = = o

*VZ, ventricular zone;
nuclear layer, IPL, inner plexiform layer, GCL, ganglion cell layer

PR. photoreceptor; OS, outer segment; S, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner

-, no change; *, slight increase; +, mild increase; and ++, marked increase of immunoreactivity compared to that of wild type

nd, not determined due to atrophic change.
SNuclear staining

rosine kinase (Mertk) with subsequent photoreceptor cell
death occurring in a caspase-1- and -2-dependent man-
ner.3*-2 rd mice have a recessive mutation in the rod
cGMP phosphodiesterase B-subunit, and photoreceptor
apoptosis occurs via a caspase-dependent mecha-
nism.*3** Thus, these animal models of retinitis pigmen-
tosa differ from Uchi3-deficient mice with regard to the
mechanism of retinal degeneration.

The relationship between retinal degeneration and mi-
tochondrial dysfunction has not been well studied except
in Harlequin mice, which contain a mutation of AlIF and
exhibit progressive retinal degeneration.*® We consider
that the degeneration induced in the Uchl3-deficient mice
is associated with mitochondrial dysfunction, because
mitochondria in the inner segment of mutant retina exhib-
ited morphological changes such as decreased cristae
area. Uchl3-deficient mice reveal not only retinal degen-
eration but also muscle degeneration and mild growth

P -

V4 “'\
' Caspase-1 }
S -

,_/"y—-‘

~ Caspase-independent
Caspase-dependent - Pathway

Pathway

; Nucleus

Figure 7. Function of UCH-L3 n apoptosis during retinal degeneration
Mitochondrial apoptosis is classified into caspase-dependent and caspase-
independent pathways. Loss of UCH-L3 leads to oxidative stress-induced
muochondrial damage that causes translocaton of Endo G from mitochon-
dria to nuclei, resulting in caspase-independent apoptosis Red arrows are
considered to be activated in (’chi3-deficient mice

retardation,'” and thus the lack of UCH-L3 may affect
general organs containing abundant mitochondria. Sub-
types of mitochondrial diseases, such as chronic pro-
gressive external ophthalmoplegia and Kearns-Sayre
syndrome, are caused by various mitochondrial DNA
deletions and observed progressive ophthalmoplegia as
well as retinitis pigmentosa.“®*” Because UCH-L3 is pre-
dicted to be involved in the maintenance of mitochondrial
function, Uchl3-deficient mice may be a model of disease
that arises from mitochondrial impairment. Further stud-
ies are necessary to clarify the molecular mechanisms
underlying retinal degeneration, as well as other organs
in these animals.
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Mutations in the Cu,Zn-superoxide dismutase (SOD1) gene
cause ~20% of familial cases of amyotrophic lateral sclerosis
(fALS). Accumulating evidence indicates that a gain of toxic
function of mutant SOD1 proteins is the cause of the disease. It
has also been shown that the ubiquitin-proteasome pathway
plays a role in the clearance and toxicity of mutant SOD1. In this
study, we investigated the degradation pathways of wild-type
and mutant SOD1 in neuronal and nonneuronal cells. We pro-
vide here the first evidence that wild-type and mutant SOD1 are
degraded by macroautophagy as well as by the proteasome.
Based on experiments with inhibitors of these degradation path-
ways, the contribution of macroautophagy to mutant SOD1
clearance is comparable with that of the proteasome pathway.
Using assays that measure cell viability and cell death, we
observed that under conditions where expression of mutant
SOD1 alone does not induce toxicity, macroautophagy inhibi-
tion induced mutant SOD1-mediated cell death, indicating that
macroautophagy reduces the toxicity of mutant SOD1 proteins.
We therefore propose that both macroautophagy and the pro-
teasome are important for the reduction of mutant SOD1-me-
diated neurotoxicity in fALS. Inhibition of macroautophagy also
increased SOD1 levels in detergent-soluble and -insoluble frac-
tions, suggesting that both detergent-soluble and -insoluble
SOD1 are degraded by macroautophagy. These findings may
provide further insights into the mechanisms of pathogenesis of
fALS.

Amyotrophic lateral sclerosis (ALS)? is a neurodegenerative
disease caused by selective loss of motor neurons (1, 2).
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Although most cases of ALS are sporadic, ~10% of ALS cases
run in families. Dominant missense mutations in the gene that
encodes the Cu,Zn-superoxide dismutase (SOD1) are respon-
sible for 20% of familial ALS (fALS) cases (3). Mice overexpress-
ing mutant SOD1 develop an ALS-like phenotype comparable
with human ALS, whereas mice lacking SOD1 do not (4, 5).
These findings have led to the conclusion that SOD1 mutants
cause motor neuron degeneration by a toxic gain of function.
Thus, studies of the degradation process of mutant SOD1 pro-
teins could provide important insights into understanding the
mechanisms that underlie the pathology of fALS, and possibly
sporadic ALS, and into developing novel therapies for fALS by
removing toxic species of mutant SOD1.

Cytoplasmic proteins are mainly degraded by two pathways,
the ubiquitin-26 S proteasome pathway (6) and autophagy (7). Pre-
vious studies have shown that mutant SODI1 proteins are turned
over more rapidly than wild-type SOD1, and a proteasome inhib-
itor increases the level of mutant SOD1 proteins (8, 9). Dorfin and
NEDL], two distinct ubiquitin ligases, ubiquitinate mutant but not
wild-type SOD1 (10, 11). These observations suggest that mutant
SOD1 is degraded by the ubiquitin-26 S proteasome pathway and
that the increased turnover of mutant SOD1 is mediated in part by
this pathway. On the other hand, the 20 S proteasome, a compo-
nent of the 26 S proteasome, can degrade proteins without a
requirement for ubiquitination (12, 13). A recent study has found
that metal-free forms of wild-type and mutant SOD1 are degraded
by the 20 S proteasome in vitro (14).

Autophagy is an intracellular process that results in the deg-
radation of cytoplasmic components inside lysosomes. At least
three forms of autophagy have been described in mammalian
cells: macroautophagy, microautophagy, and chaperone-medi-
ated autophagy (7). Macroautophagy is the major and the most
well studied form of autophagy; this process begins with a
sequestration step, in which cytosolic components are engulfed
by a membrane sac called the isolation membrane. This mem-
brane results in a double membrane structure called the auto-
phagosome, which fuses with the lysosome. The inner mem-
brane of the autophagosome and its protein and organelle
contents are degraded by lysosomal hydrolases. Recent reports
have demonstrated that macroautophagy plays an important
role in preventing neurodegeneration in mice (15, 16).
Although macroautophagy can be induced by starvation, this

glutinin; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium.
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pathway may take place constitutively in mammals (17). In
cultured cells, inhibition of macroautophagy does not alter
enhanced green fluorescent protein (EGFP) levels (18) or glyc-
eraldehyde-3-phosphate dehydrogenase protein levels,® sug-
gesting that not all cytosolic proteins are degraded by macro-
autophagy. To date, however, there have been no reports of
macroautophagy in mutant SOD1 clearance.

In this study, we investigated the pathway by which human
wild-type SOD1 and the A4V, G85R, and G93A SOD1 mutants
are degraded in neuronal and nonneuronal cells. We show that
wild-type and mutant SOD1 proteins are degraded by both the
proteasomal pathway and macroautophagy. The experiments
with inhibitors of these degradation pathways suggested that
mutant SOD1 are degraded more rapidly than wild-type SOD1
in part by macroautophagy and that the contribution of macro-
autophagy to mutant SOD1 clearance is approximately equal to
that of the proteasome pathway. Macroautophagy decreases
mutant SOD1 protein levels in both nonionic detergent-soluble
and -insoluble fractions. In addition, we provide data indicating
that macroautophagy has a role in mutant SOD1-mediated cell
death.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The expression plasmids pcDNA3-
hSOD1 containing wild-type, A4V, G85R, and G93A mutant
SOD1 were kindly donated by Ryosuke Takahashi (Kyoto Uni-
versity, Kyoto, Japan) and Makoto Urushitani (Laval University,
Quebec, Canada) (19). To construct a plasmid expressing
human wild-type SOD1 with the HA tag at the carboxyl termi-
nus of SOD1, HA-tagged SOD1 fragments were amplified by
PCR using wild-type SOD1 cDNA (Open Biosystems, Hunts-
ville, AL) as the template. The PCR products were digested
with Xhol and Notl and cloned into an Xhol-NotI-digested
pCl-neo vector (Promega, Madison, WI). The primers used
were 5 -AAAACTCGAGCCGCCAAGATGGCGACGAAGG-
CCGTGTGCG-3' and 5'-AAAAGCGGCCGCTTAAGCGTA-
ATCTGGAACATCGTATGGGTATTGGGCGATCCCAATT-
ACACCACA-3'. A plasmid expressing HA-tagged G93A SOD1
was generated using QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) according to the manufacturer’s proto-
col. To construct a plasmid expressing fusion protein of green flu-
orescent protein and LC3, LC3 fragments were amplified by PCR
using rat LC3 cDNA (Open Biosystems) as the template. The PCR
products were digested with Bglll and EcoRI and cloned into a
Bgill-EcoRI-digested pEGFP-C1 vector (Clontech). The primers
used were 5'-ACTCAGATCTATGCCGTCCGAGAAGACCT-
TCAAA-3' and 5'-TGCAGAATTCTTACACAGCCAGTGCT-
GTCCCGAA-3'. After construction, the DNA sequences of the
plasmids were confirmed by DNA sequence analysis.

Cell Culture and Transfection—The mouse neuroblastoma
cell line Neuro2a, the human neuroblastoma cell line SH-SY5Y,
and the monkey kidney-derived cell line COS-7 were main-
tained in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% fetal calf serum (JRH Biosciences, Lenexa,
KS). Transient expression of each vector in Neuro2a and COS-7
cells was performed using the FuGENE 6 transfection reagent

37. Kabuta, Y. Suzuki, and K. Wada, unpublished data.
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(Roche Applied Science). For experiments with differentiated
Neuro2a cells, the medium was changed to differentiation
medium (Dulbecco’s modified Eagle’s medium supplemented
with 1% fetal calf serum and 20 puMm retinoic acid) 24 h after
transfection. Approximately 90% of cells in dishes (wells) were
transfected in our experimental conditions (data not shown),
and there was no notable differences in the transfection effi-
ciency among the wells (supplemental Fig. S1).

Treatment of Cells with Epoxomicin, 3-Methyladenine,
Cycloheximide, Rapamycin, or NH ,Cl—Cells grown in 12- or
6-well plates to 50-80% confluence were transfected with
expression plasmids containing wild-type, A4V, G85R, or G93A
mutant SOD1. 24 h after transfection, cells were incubated with
epoxomicin (10 nM, 1 um, 5 uM, or 10 um; Sigma), 3-methylad-
enine (3-MA) (10, 20, or 30 mMm; Sigmay), rapamycin (100 or 200 nm;
Sigma), 20 mm NH,Cl, and/or carrier (Me,SO or water) asa con-
trol. In some experiments, 10 pug/ml cycloheximide (Sigma) was
added to the cells to avoid the confounding effects of ongoing pro-
tein synthesis. Epoxomicin, cycloheximide, and rapamycin were
dissolved in Me,SO, NH,Cl in water. 3-MA was freshly dissolved
in culture medium 30 min before use.

Cell Fractionation—For preparation of nonionic detergent-
soluble and -insoluble fractions, adherent cells were harvested and
lysed on ice for 15 min in 1% Triton X-100 lysis buffer containing
50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 5 mm EDTA, 1% Triton
X-100, and protease inhibitors (Complete, EDTA-free; Roche
Applied Science). Lysates were centrifuged at 20,000 X g for 10
min at 4 °C, and the supernatants were pooled and designated as
the detergent-soluble fractions. After the pellets were washed with
1% Triton X-100 lysis buffer, they were solubilized with SDS buffer
(50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 5 mm EDTA, 3% SDS, 1%
Triton X-100, and protease inhibitors) and sonicated. The result-
ing solution was used as the detergent-insoluble fraction. For prep-
aration of total cell lysates containing both detergent-soluble and
-insoluble fractions, cells were lysed in SDS buffer and sonicated.
Protein concentrations were determined with the protein assay kit
(Bio-Rad) or the DC protein assay kit (Bio-Rad).

Western Blot Analysis—Western blotting was performed using
standard procedures as described previously (20). The primary
antibodies used were as follows: anti-SOD1 rabbit polyclonal anti-
body (1:4000; Stressgen Bioreagents, Victoria, Canada), anti-c-
tubulin mouse monoclonal antibody (1:4000; Sigma), anti-B-actin
mouse monoclonal antibody (1:5000; Sigma), anti-HA mouse
monoclonal antibody (1:4000; Sigma), anti-Beclin 1 mouse mono-
clonal antibody (1:500; BD Transduction Laboratories, San Diego,
CA), anti-Apg7/Atg7 rabbit polyclonal antibody (1:500; Rockland,
Gilbertsville, PA). After overnight incubation with primary anti-
bodies at 4 °C, each blot was probed with horseradish peroxidase-
conjugated anti-rabbit IgG or anti-mouse IgG (1:20,000; Pierce).
Immunoreactive signals were visualized with SuperSignal West
Dura extended duration substrate (Pierce) or SuperSignal West
Femto maximum sensitivity substrate (Pierce) and detected with a
chemiluminescence imaging system (FluorChem; Alpha Inno-
tech, San Leandro, CA). The signal intensity was quantified by
densitometry using FluorChem software (Alpha Innotech).

Short Interfering RNA (siRNA) Preparation and Transfec-
tion—Double-stranded siRNA targeting mouse Beclin 1,
mouse Atg7 and EGFP were purchased from RNAi Co,, Ltd.
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FIGURE 1. Both mutant and wild-type SOD1 are degraded by the proteasome. 4, i, Neuro2a cells were transiently transfected with wild-type or mutant A4V
human SOD1. 24 h after transfection, cells were treated with 10 pg/ml cycloheximide for the indicated time and lysed. Total cell iysates were analyzed by immuno-
blotting using anti-SOD1 or anti-a-tubulin antibody. i, Neuro2a cells transfected with G93A SOD1 were incubated with or without 10 nm epoxomicin in the presence
of 10 ug/ml cycloheximide for the indicated time and lysed. Total cell lysates were analyzed by immunoblotting using anti-SOD1 or anti-a-tubulin antibody. iii, the
relative levels of wild-type or G93A SOD1 (percentage of 0-h control) were quantified by densitometry. Mean values are shown with S.E. (n = 3). Band C, Neuro2a cells
were transiently transfected with wild-type or mutant A4V, G85R, or G93A human SOD1. 24 h after transfection, cells were incubated with or without 10 nmepoxomicin
in the presence of 10 pg/ml cycloheximide for 24 h. Total cell lysates were analyzed by immunoblotting using anti-SOD1 antibody. The electrophoretic mobility of
G85R SOD1 was greater than that of wild-type SOD1. a-Tubulin was used as a loading control. Asterisks indicate endogenous mouse SOD1 (B). The relative level of
wild-type or mutant SOD1 was quantified by densitometry. Mean values are shown with S.E. (n = 3).%, p < 0.05; **, p < 0,01 (C). D and £, human SH-SY5Y cells were
incubated with or without 10 nm epoxomicin in the presence of cycloheximide for 24 h. Total cell lysates were analyzed by immunoblotting with anti-SOD1 antibody
(D). The relative level of human endogenous SOD1 was quantified by densitometry. Data are expressed as the means + SE. (n = 3).* p < 005 (E).

(Tokyo, Japan). Sequences targeted by siRNA were selected using UUACCAGCCGCCGCUCAA-3'); EGFPsiRNA, sense (5'-GCC-
siDirect (RNAi Co., Ltd.): mouse Beclin 1 siRNA, sense (5'-GUC- ACAACGUCUAUAUCAUGG-3') and antisense (5'-AUGAUA-
UACAGAAAGUGCUAAUAG-3’) and antisense (5'-AUUAGC- UAGACGUUGUGGCUG-3'). EGFP siRNA was used as a
ACUUUCUGUAGACAU-3'); mouse Atg7 siRNA, sense (5'- control. Cells (3 X 10°) were cotransfected with 1 ug of DNA and
GAGCGGCGGCUGGUAAGAACA-3") and antisense (5'-UUC- 3 ug of siRNA using Lipofectamine PLUS reagent (Invitrogen).
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SOD1 was quantified by densitometry. Data are expressed as the means = S.E.(n = 3).*, p < 0.05 {F).

Quantitative Assessment of Cell Viability and Cell Death—
One day before transfection, Neuro2a cells were seeded at 5 X 10*
cells/well in 24-well plates. 24 h after transfection with 0.4 ug of
DNA/well, cells were cultured in differentiation medium with or
without 10 mm 3-MA for 24 h. Cell death was assessed by alactate
dehydrogenase release assay using the CytoTox-ONE homogene-
ous membrane integrity assay (Promega) according to the manu-
facturer’s protocol. The percentage of cytotoxicity (Fig. 7G) was
calculated according to this protocol. For assessment of cell via-
bility, we used the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay
and the ATP assay with the CellTiter 96 AQueous One Solution
cell proliferation assay (Promega) and CellTiter-Glo lumines-
cent cell viability assay (Promega), respectively, according to

OCTOBER 13, 2006+ VOLUME 281 -NUMBER 41

the manufacturer’s protocols. Measurements with a multiple-
plate reader were performed after samples were transferred to
96-well assay plates.

Statistical Analysis—For comparison of two groups, the sta-
tistical difference was determined by Student’s ¢ test. For com-
parison of more than two groups, analysis of variance was used.
If the analysis of variance was significant, Dunnett’s multiple
comparison test was used as a post hoc test.

RESULTS

Wild-type and Mutant SOD1 Are Degraded by the Pro-
teasome—To determine whether SOD1 is degraded by the pro-
teasome pathway, we assessed the effect of proteasome inhibi-
tors on SOD1 protein clearance. Peptide aldehydes, such as
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MG132 or ALLN, and lactacystin are widely used proteasome
inhibitors. However, peptide aldehydes also inhibit cathepsins
and calpains, and lactacystin inhibits cathepsin A (21, 22).
Because these inhibitors are not proteasome-specific and may
interfere with lysosomal function, we used epoxomicin as a
selective proteasome inhibitor (23, 24). We observed protein
clearance of human SOD1 in Neuro2a cells transfected with
mutant or wild-type SOD1 in the presence of the translation
inhibitor cycloheximide (Fig. 14, i and ii). Consistent with pre-
vious reports (9, 11), wild-type SOD1 exhibited a relatively long
half-life (half-life of more than 24 h) compared with mutant
SOD1 (~10 h; G93A) (Fig. 14, iii). The degradation of wild-
type and mutant SOD1 was suppressed by epoxomicin treat-
ment (Fig. 1, B and C) (~14-h increase in half-life; G93A; Fig.
14, ii). Our finding that mutant SOD1 is degraded by the pro-
teasome is in agreement with previous reports (8, 9). To deter-
mine whether endogenous human wild-type SODI1 is also
degraded by the proteasome, SODI1 clearance was examined
using the human neuroblastoma SH-SY5Y cell line. The pro-
teasome inhibitor treatment promoted the accumulation of
human SOD1 proteins (Fig. 1, D and E). These results indicate
that endogenous wild-type SODL1 is degraded by the protea-
some, also consistent with a previous report (14).

Wild-type and Mutant SOD1 Are Also Degraded by Macro-
autophagy—To date, there have been no reports of macroauto-
phagy participating in human SOD1 clearance. We therefore
investigated whether wild-type or mutant SOD1 was degraded
by macroautophagy using 3-MA, an inhibitor of macroautoph-
agy (18, 25, 26), and ammonium chloride, an inhibitor of lyso-
somal proteolysis (26). We initially confirmed that 3-MA inhib-
its the formation of autophagosomes in Neuro2a cells using
green fluorescent protein-LC3, a marker of autophagosomes
(27) (supplemental Fig. S2). Moreover, we also showed that the
clearance of a-synuclein, an established substrate for macroau-
tophagy (28), was inhibited by 3-MA or ammonium chloride
treatment (supplemental Fig. $3). Treatment of Neuro2a cells
with 3-MA promoted the accumulation of G93A mutant SOD1
proteins (Fig. 24). In the presence of cycloheximide, the degra-
dation of wild-type and mutant SOD1 was suppressed by treat-
ment with 3-MA (Fig. 2, Band C) (a more than 14-h increase in
half-life; G93A, Fig. 2B), indicating that wild-type and mutant
SOD1 are degraded by macroautophagy in these cells and that
the accumulation of SOD1 proteins by 3-MA is not due to
increased protein synthesis. These results, together with Fig. 1,
suggest that mutant SOD1 are degraded more rapidly than
wild-type SOD1 by macroautophagy (it is estimated that
15-20% of wild-type SOD1 and 25-30% of mutant SOD1 were
degraded by macroautophagy during the 24-h incubation). The
clearance of mutant G93A SOD1 was also decreased by treat-
ment with ammonium chloride (Fig. 2D). As shown in Supple-
mental Fig. $4 and Fig. 2D, the protein level of endogenous
mouse SOD1 was increased by 3-MA or ammonium chloride
treatment. The result shown in Fig. 2D further supports the role
of the lysosomes in SOD1 degradation. To test the role of mac-
roautophagy on SOD1 degradation in differentiated neuronal
cells or neurons, we also used differentiated Neuro2a cells. In
differentiated Neuro2a cells, 3-MA increased both wild-type
and mutant SOD1 protein levels in the presence or absence of
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FIGURE 3. Rapamycin treatment decreases mutant SOD1 protein levels. A
and B, Neuro2a cells were transiently transfected with HA-tagged G93A
SOD1. 24 h after transfection, cells were incubated with or without 100 nm
rapamycin for 24 h. Total cell lysates were analyzed by immunoblotting using
anti-SOD1 antibody. a-Tubulin was used as a loading control (4). The relative
level of mutant G93A SOD1 was quantified by densitometry. Data are pre-
sented as the means * S.E.{n = 3).* p < 0.05 (B). C, Neuro2a cells transfected
with mutant A4V, G85R, or G93A SOD1 were cuitured in differentiation
medium with or without 200 nm rapamycin for 24 h. Total celt lysates were
analyzed by immunoblotting.

cycloheximide (data not shown). To determine whether endog-
enous human SOD1 is degraded by macroautophagy, the clear-
ance of endogenous SOD1 was examined in SH-SY5Y cells. As
shown in Fig. 2, E and F, the degradation of endogenous SOD1
proteins was inhibited by 3-MA.

For further confirmation of the clearance of SOD1 by mac-
roautophagy, we used rapamycin to induce macroautophagy
(29, 30), and gene silencing with siRNA to inhibit macroauto-
phagy. Treating Neuro2a cells with rapamycin decreased HA-
tagged G93A SOD] levels (Fig. 3, A and B). In differentiated
Neuro2a cells, SOD1 protein levels were also decreased by
rapamycin (Fig. 3C). Beclin 1 is a component of a class I1I phos-
phatidylinositol 3-kinase complex that is crucial for macroau-
tophagy (31). Silencing of the Beclin 1 gene by siRNA inhibits
the generation of autophagosomes, thus preventing macroau-

- tophagy (32). Atg7 protein is also essential for macroautophagy

(17). We initially confirmed that Beclin 1 or Atg7 expression
was knocked down by Beclin 1 or Atg7 siRNA, respectively
(Fig. 4, A and B). We also showed that a-synuclein level was
increased by Beclin 1 or Atg7 siRNA (supplemental Fig. $3). We
observed inhibited degradation of wild-type and mutant SOD1
in cells with Beclin 1 siRNA (Fig. 4, A and C) or Atg7 siRNA (Fig.
4, B and D) compared with cells with control siRNA (~14 h
increase in half-life; G93A; Fig. 4E). The results shown in Figs.
2-4 demonstrate that wild-type and mutant SOD1 are also
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FIGURE 4. Silencing of macroautophagy genes promote the accumulation of SOD1 proteins. A and C, Neuro2a cells were cotransfected with SOD1
(wild-type, A4V, G85R, or G93A) and siRNA (Beclin 1 siRNA or control EGFP siRNA). 24 h after transfection, total cell lysates were prepared and analyzed by
immunoblotting using anti-SOD1 or anti-Beclin 1 antibody. a-Tubulin was used as a control (4). Levels of SOD1 were quantified by densitometry, and the levels
are expressed as -fold level of SOD1 in cells with Beclin 1 siRNA over cells with control SiRNA. Data are presented as the means = S.E.(n = 3).*,p <0.05,*,p <
0.01 (C). Band D, Neuro2a cells were cotransfected with SOD1 (wild-type, A4V, G85SR, or G93A) and siRNA (Atg7 siRNA or control siRNA). 24 h after transfection,
total cell lysates were prepared and analyzed by immunoblotting using anti-SOD1, anti-Atg7, or anti-a-tubulin antibody (8). Levels of SOD1 were quantified by
densitometry, and the levels are expressed as -fold level of SOD1 in cells with Atg7 siRNA over cells with control siRNA. Data are presented as the means * S.E.
(n = 3).* p < 0.05;**, p < 0.01 (D). £, Neuro2a cells cotransfected with G93A SOD1 and siRNA (control, Atg7, or Beclin 1 siRNA) were treated with 10 png/ml
cycloheximide for the indicated time and lysed. Total cell lysates were analyzed by immunoblotting using anti-SOD1 or anti-a-tubulin antibody.

degraded by macroautophagy in neuronal cells. In the nonneu-
ronal COS-7 cells, ammonium chloride or 3-MA treatment
stimulated the accumulation of HA-tagged wild-type SOD1
and G93A SOD1 (Fig. 5A) or mutant G93A SOD1 (Fig. 5B),
respectively. Treatment of the cells with epoxomicin also
increased wild-type and mutant SOD1 levels (Fig. 5C and sup-
plemental Fig. S5). These results indicate that wild-type and
mutant SOD1 are degraded by both macroautophagy and the
proteasome in COS-7 cells. The results shown in Figs. 34 and
5A indicate that not only SOD1 without a tag but also HA-
tagged SOD1 is degraded by macroautophagy.

The Contributions of the Proteasome Pathway and Macroau-
tophagy to Mutant SOD1 Degradation Are Comparable—We
then assessed the relative contributions of proteasomal degra-
dation and macroautophagy to the clearance of mutant SODI.
As shown in Fig. 64, 10 mM 3-MA entirely suppresses the
(3-MA-sensitive) macroautophagy-mediated degradation of
mutant SOD1. 1 uM epoxomicin also entirely suppresses the
(epoxomicin-sensitive) proteasome-mediated degradation of

OCTOBER 13, 2006+VOLUME 281 +-NUMBER 41

mutant SOD1 (Fig. 6B and supplemental Fig. S6). Therefore, we
compared mutant G93A SOD1 levels in 1 uM epoxomicin-
treated cells with that of 10 mM 3-MA-treated cells. The SOD1
protein level in 3-MA-treated cells was comparable with that of
epoxomicin-treated cells (Fig. 6, C—F). An increased accumula-
tion of mutant SOD1 was detected in cells cotreated with both
inhibitors compared with that of 3-MA-treated cells or
epoxomicin-treated cells (Fig. 6, E and F). These data further
support the idea that mutant SOD1 proteins are degraded by
both macroautophagy and the proteasome and indicate that, in
these cells, the contribution of macroautophagy to mutant
SOD1 clearance is approximately equal to that of the protea-
some pathway.

Macroautophagy Reduces the Toxicity of Mutant SOD1—
Previous studies have shown that mutant SOD1-expressing
cells are more susceptible to cell death induced by proteasome
inhibition (33). We examined whether inhibiting the macroau-
tophagy-mediated degradation of mutant SOD1 could also
induce cell death in Neuro2a cells using three different assays.
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FIGURE 5. Mutant and wild-type SOD1 are degraded by both macroautophagy and the proteasome in
€0S-7 cells. A, COS-7 cells were transiently transfected with HA-tagged human wild-type SOD1 or G93A SOD1.
24 h after transfection, cells were incubated with or without 20 mm NH,CI for 24 h. Total cell lysates were
analyzed by immunoblotting using anti-HA antibody or anti-SOD1 antibody. B-Actin and a-tubulin were used
as loading controls. B, COS-7 cells transfected with G93A mutant SOD1 were incubated with or without 10 mm
3-MA in the presence of cycloheximide for 24 h. Total cell lysates were analyzed by immunoblotting using
anti-SOD1 antibody (i}. Levels of SOD1 were quantified by densitometry, and the levels are expressed as -fold
level of SOD1 in cells with 3-MA over control. Data are presented as the means * S.E. (n = 3). *>* p<0.01(ii).C,
COS-7 cells were transfected with wild-type or mutant A4V or G93A SOD1. 24 h after transfection, cells were
incubated with or without 10 nm epoxomicin for 24 h. Total cell lysates were analyzed by immunoblotting.

For assessment of cell viability, we used the MTS assay and ATP
assay, and for assessment of cell death, we used the lactate dehy-
drogenase release assay. In untreated differentiated Neuro2a
cells, there was no statistically significant difference in cell via-
bility or cell death among control cells, wild-type SOD1-ex-
pressing cells, and mutant SOD1-expressing cells (Fig. 7, A-C).
However, when cells were treated with 3-MA, mutant SOD1-
expressing cells showed significantly increased cell death and
significantly decreased cell viability compared with control
cells or wild-type SOD1-expressing cells (Fig. 7, D-F). When
compared with cell death of 3-MA -untreated cells, cell death of
3-MA-treated cells was increased in mutant SOD1-expressed
cells but not in cells with wild-type SOD1 (Fig. 7G). From these
results, we conclude that macroautophagy reduces mutant
SOD1-mediated toxicity in this cell model.

Inhibition of Macroautophagy Leads to Accumulation of both
Detergent-soluble and Detergent-insoluble Mutant SOD1—De-
tergent-insoluble SOD1 proteins, aggregates, or inclusion
bodies have been found in motor neurons in fALS patients
(34), mouse models of fALS (35), and the cells transfected
with mutant SOD1 (9, 36), although it is not clear whether
these insoluble SOD1 proteins and aggregates are toxic
because of conflicting results on the correlation between
aggregate formation and cell death (36, 37). We investigated
the effect of macroautophagy inhibition on the clearance of
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SOD1 »

a -tubulin

nonionic detergent-soluble and
-insoluble SOD1. The nonionic
detergent-soluble and -insoluble
fractions were subjected to SDS-
PAGE following Western blotting.
In agreement with a previous
report (9), mutant SOD1 proteins
exhibited increased nonionic
detergent insolubility compared
with wild-type SOD1 (Fig. 8B).
The increased level of wild-type
SOD1 compared with mutant in
the detergent-soluble fraction
(Fig. 84) is probably due to the
rapid turnover of mutant SOD1.
Incubation with 3-MA increased
monomer SOD1 levels in the
detergent-soluble (Fig. 84) and
-insoluble fractions (Fig. 8B),
suggesting that both detergent-
soluble and -insoluble SOD1 are
degraded by macroautophagy.
Consistent with a previous report
(9), we found SDS-resistant di-
mers and high molecular weight
aggregates of mutant SOD1 in the
detergent-insoluble fraction (Fig.
8C). These dimers and aggregates
of mutant SOD1 were increased by
3-MA treatment (Fig. 8C), sug-
gesting that insoluble aggregates
of mutant SOD1 are also cleared
by macroautophagy. The results
from Figs. 7 and 8 indicate that the accumulation of toxic
mutant SOD1 proteins by macroautophagy inhibition leads
to greater cell death.
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DISCUSSION

Using inhibitors of macroautophagy and proteasomal degra-
dation, we have shown that both wild-type and mutant SOD1
proteins are degraded by both pathways. Accumulating evi-
dence has shown that mutant SOD1 is degraded by the ubig-
uitin-proteasome pathway (8, 9, 19). However, most of these
studies have used lactacystin or a peptide aldehyde, both of
which are not proteasome-specific inhibitors. Qur data on the
effect of the selective proteasome inhibitor epoxomicin also
indicate that mutant SOD1 is degraded by the proteasome.
Because wild-type SOD1 is not ubiquitinated by the ubiq-
uitin ligases (10, 11), it has been proposed that wild-type
SOD1 is not a substrate of the proteasome. However, a
recent report has suggested that wild-type SOD1 can be
degraded by the 20 S proteasome without ubiquitination
(14). Moreover, we show here that epoxomicin treatment
increases both overexpressed and endogenous wild-type
SOD1 levels. Our data together with the previous reports
support the idea that wild-type SOD1 is degraded by the 20 S
proteasome in mammalian cells.

In this study, we demonstrated for the first time that macro-
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FIGURE 6. The contribution of macroautophagy to SOD1 clearance is
comparable with that of the proteasome. A, Neuro2a cells transfected with
mutant G93A SOD1 were incubated with or without 10, 20, or 30 mm 3-MA for
24 h. Total cell lysates were analyzed by immunoblotting. 8, Neuro2a cells
transfected with mutant G93A SOD1 were incubated with or without 1, 5, or
10 um epoxomicin {epox) for 24 h. Total cell lysates were analyzed by immu-
noblotting. C and D, Neuro2a cells transfected with mutant G93A SOD1 were
incubated with or without 10 mm 3-MA or 1 um epoxomicin for 24 h. Total cell
lysates were analyzed by immunoblotting (C). The relative level of mutant
G93A SOD1 was quantified by densitometry. Data are presented as the
means * S.E. (n = 3). **, p < 0.01 in comparison with control (analysis of
variance with Dunnett’s multiple comparison test). (D). £ and F, COS-7 cells
transfected with mutant G93A SOD1 were incubated with or without 10 mm
3-MA, 1 um epoxomicin, or both inhibitors (10 mm 3-MA and 1 um epoxomi-
cin) in the presence of cycloheximide for 24 h. Total cell lysates were analyzed
by immunoblotting {(£). The relative level of mutant G93A SOD1 was quanti-
fied by densitometry. Data are presented as the means = S.E. (n = 3).**, p <
0.01 in comparison with 3-MA + epoxomicin (analysis of variance with Dun-
nett’s multiple comparison test) (F).

autophagy is another pathway for degradation of wild-type and
mutant SOD1. Our findings are consistent with a previous
report that rat wild-type SOD1 is present in autophagosomes
and lysosomes in rat hepatocytes (although they did not exam-
ine whether rat SOD1 was degraded by macroautophagy in
those cells) (38). We propose that the contribution of macroau-
tophagy to mutant SOD1 degradation is comparable with that
of the proteasome pathway in the cell types we tested. Recent
studies have demonstrated that transgenic mice with neuron-
specific expression of mutant SOD1 do not exhibit an ALS-like
phenotype (39, 40) and that neurodegeneration is delayed when
motor neurons expressing mutant SOD1 are surrounded by
healthy nonneuronal wild-type cells (41). In addition, Urushi-
tani et al. (42) have shown that chromogranins promote secre-
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FIGURE 7. Macroautophagy inhibition causes mutant SOD1-mediated
cell death. A-G, Neuro2a cells were transiently transfected with control
empty vector (A, B, D, and E) or human SOD1 (wild type, A4V, G85R, or G93A).
24 h after transfection, cells were incubated in differentiation medium with
(D-G) or without (A-C and G) 10 mm 3-MA for 24 h, and the lactate dehydro-
genase release assay (A, D, and G), MTS assay (B and E), or ATP assay (Cand F)
were performed. The percentage of nonviable cells in each sample was cal-
culated from the lactate dehydrogenase release assay (G). The experiment in
G was performed independently of A and D. Data are expressed as the
means = S.E.(n=4inA,C,D,F,andG;n=3inBandE).*, p<0.05;** p < 0.01
in comparison with control (4, B, D, and E) or with wild-type SOD1 (C and F)
(analysis of variance with Dunnett’s multiple comparison test). **, p < 0.01 (G;
t test).
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G85R

GI93A

tion of mutant SOD1 from cells expressing the mutant protein,
and they proposed that secreted mutant SOD1 can be toxic to
neighboring cells. These studies strongly suggest that the
expression of mutant SOD1 in nonneuronal cells may be
involved in mutant SOD1-mediated neurotoxicity. In nonneu-
ronal COS-7 cells, mutant SOD1 is also degraded by both the
proteasome and macroautophagy (Fig. 5). Thus, not only the
proteasome but also macroautophagy may play an important
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FIGURE 8. Inhibition of macroautophagy causes accumulation of both detergent-soluble and -insoluble mutant SOD1. A-C, Neuro2a cells were tran-
siently transfected with human wild-type or mutant A4V, G85R, or G93A SOD1. 24 h after transfection, cells were cultured in differentiation medium with or
without 10 mm 3-MA for 24 h. Triton X-100-soluble (A) and -insoluble (B and C) fractions were prepared and analyzed by immunoblotting using anti-SOD1
antibody. B-Actin and a-tubulin were used as loading controls. C (i), alonger exposure of 8. C {i and ii}, two different sets of experiments with longer exposure.

role in clearance of mutant SOD1 in fALS in nonneuronal cells
as well as in neuronal cells.

It has been well established that mutant SOD1-mediated tox-
icity is caused by a gain of toxic function rather than the loss of
SOD1 activity (1, 2). The appearance of mutant SOD1 aggre-
gates in motor neurons in fALS patients and mouse models of
fALS (34, 35) has suggested that aggregation has a role in neu-
rotoxicity. However, conflicting results have been reported on
the correlation between aggregate formation and cell death. A
recent study has shown that the ability of mutant G85R and
G93A SOD1 proteins to form aggregates correlates with neu-
ronal cell death using live cell imaging techniques (36). Another
report has concluded that aggregate formation of A4V and
V148G SOD1 mutants does not correlate with cell death (37).
These controversies also exist in other neurodegenerative dis-
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eases (43—46). Our current data suggest that macroautophagy
degrades toxic species of mutant SOD1 and that the accumula-
tion of mutant SOD1 proteins leads to greater cell death. How-
ever, whether the toxic SOD1 species are monomers, oli-
gomers, or aggregates cannot be determined from our study,
because a variety of mutant SOD1 species, including detergent-
soluble SOD1 monomers and detergent-insoluble monomers,
dimers, and aggregates, were accumulated by macroautophagy
inhibition (Fig. 8).

Our data show that macroautophagy reduces mutant SOD1-
mediated toxicity and that induction of macroautophagy
decreases mutant SOD1 protein levels. Niwa et al. (10) have
shown that the ubiquitin ligase Dorfin ubiquitinates mutant
SOD1 and prevents the neurotoxicity of mutant SOD1. Taken
together, these data imply that macroautophagy inducers, acti-

VOLUME 287 -NUMBER 41-OCTOBER 13, 2006



vators of the ubiquitin-proteasome pathway, or a combination
of the two have therapeutic potential for fALS. In conclusion,
our results demonstrate that mutant SOD1 is degraded by at
least two pathways, macroautophagy and the proteasome path-
way, and that the clearance of mutant SOD1 by macroautoph-
agy reduces its cell toxicity. These findings may provide insight
into the molecular mechanisms of the pathogenesis of fALS.
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Abstract

The 193M mutation in ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) was reported in one German family with autosomal dominant
Parkinson’s disease (PD). The causative role of the mutation has. however, been questioned. We generated transgenic (Tg) mice carrying human
UCHLI under control of the PDGF-B promoter; two independent lines were generated with the 193M mutation (a high- and low-expressing line)
and one line with wild-type human UCH-L1. We found a significant reduction in the dopaminergic neurons in the substantia nigra and the
dopamine content in the striatum in the high-expressing 193M Tg mice as compared with non-Tg mice at 20 weeks of age. Although these changes
were absent in the low-expressing 193M Tg mice. 1-methyl-4-phenyl-1.2.3 6-tetrahydropyridine (MPTP) treatment profoundly reduced
dopaminergic neurons in this line as compared with wild-type Tg or non-Tg mice. Abnormal neuropathologies were also observed. such as
silver staining-positive argyrophilic grains in the perikarya of degenerating dopaminergic neurons, in 193M Tg mice. The midbrains of 193M Tg
mice contained increased amounts of insoluble UCH-L1 as compared with those of non-Tg mice. perhaps resulting in a toxic gain of function.
Collectively, our data represent in vivo evidence that expression of UCHLI™*M leads to the degeneration of dopaminergic neurons.

«C) 2006 Elsevier Ltd. All rights reserved.
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1. Introduction instability (Dauer and Przedborski. 2003). The pathological
basis of PD is the progressive loss of dopaminergic neurons in

Parkinson’s disease (PD) is the second most common human  the substantia nigra pars compacla, giving rise to a decrease in

neurodegenerative disorder after Alzheimer's disease (AD)
(Dauer and Przedborski. 2003; Vila and Przedborski, 2004). PD
patients exhibit motor dysfunction, including slowed move-
ment (bradykinesia), resting tremor, rigidity, and postural
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dopamine content in the striatum (Dauer and Przedborski.
2003). Although most cases of PD are sporadic, studies of
familial PD have provided accumulating evidence for the
molecular mechanisms of PD. Thus far, at least six proteins
have been identified to cause familial PD: «-synuclein
(Chartier-Harlin et al.. 20{4: Farrer et al.. 2004; Ibanez
et al.. 2004: Kruger et al.. 1998: Polymeropoulos et al.. 1997:
Singleton et al.. 2003), UCH-LI (Leroy et al.. 199%), parkin
(Kitada et al.. 1998), DJ-1 (Bonifati et al.. 2003), phosphatase
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and tensin homolog induced kinase-1 (PINK1) (Valente et al..
20i4), and leucine-rich repeat kinase-2 (LRRK2) (Paisan-Ruiz
et al.. 2004: Zimprich ¢t al.. 2004). a-Synuclein, UCH-L1 and
LRRK2 are linked to the autosomal dominant form of PD,
whereas parkin, DJ-1 and PINK 1 are linked to the recessive form.

In 1998, UCH-L1 carrying an lle to Met mutation at amino
acid position 93 (193M) was identified in one German family
affected by autosomal dominant familial PD. UCH-L1, also
known as PGP9.5, is an abundant protein in neuronal cells,
comprising up to about 1-2% of total protein in the brain. Its
function as de-ubiquitylating enzyme (Larsen et al.. 1998;
Wilkinson et al., 19%9), ubiquitylating enzyme (Liu et al.
2002), de-neddylating enzyme (Hemelaar et al.. 2004), and
mono-ubiquitin stabilizer (Osaka ct al. 2003) has been
reported. In vitro analysis using recombinant human UCH-
L1 indicated that 193M mutation results in the reduction of
hydrolase activity of about 50% (Nishikawa et al.. 2003). Uchll
gene deletion in mice, however, was reported to causes gracile
axonal dystrophy (gad), a recessive neurodegenerative disease
with distinct phenotype and pathological features from PD
(Saigoh et al., 1999). Moreover, extensive analysis failed to find
other PD patients with mutations in the UCHLI gene (Lincoln
et al. 1999; Maraganore et al., 1999) and there was an
incomplete penetrance in reported German family (Leroy et al..
1998). Thus, the correlation of 193M mutation and pathogenesis
of PD was questioned.

To elucidate the pathological role of UCH-L1%*™ expres-
sion in the pathogenesis of PD, in vivo, we generated transgenic
mice expressing human UCH-L19%™

2. Experimental procedures
2.1. Generation of hUCHLI YT und hUCHLI'"*™ transgenic mice

We generated transgenes by cloning either the wild-type or 193M mutant
human UCH-L1 ¢cDNAs under the control of the human platelet-derived growth
factor B chain (PDGF-B) promoter (Fig. 1 A) (Sasahara etal.. 1991). Sequences
encoding UCHL] were amplified from a human brain cDNA library (Strata-
gene. La Jolla. CA) by PCR and subcloned into the Xhol and Norl sites of pCl-
neo (Promega, Madison. WI). The 193M substitution was obtained using
QuikChange (Stratagene). The 5’ flanking region of the human PDGF-B chain
gene was isolated from the human genomic DNA and inserted into the Bg/II and
Xhol site of pCl-neo which results in the replacement of promoter from CMV to
PDGF-B. The plasmid was lincarized by digestion with HindIlI and Aarll. A
2 wg/inl solution of the linearized plasmid of each transgene was then micro-
injected into the pronuclei of newly fertilized C57BL/6J mouse eggs. Offspring
were screened for the presence of the transgene by PCR of tail DNA using
specific primers (forward: PD-UCH-2. 5-GCACTCTCCCTTCTCCTTTATA-
3, reverse: PD-UCH-5. 5'-CCTGTATGGCCTCATTCTTTTC-3'). Expression
of hUCH-L1™* in a low-expressing mouse line only occurred in male mice.
Thus. all experiments were done using male heterozygous transgenic mice.
Animal care and handling were in accordance with institutional regulations for
animal care and were approved by the Animal Investigation Committee of the
National Institute of Neuroscience. National Center of Neurology and Psy-
chiatry. Tokyo. Japan which conforms the National Institute of Health guide for
the care and use of Laboratory animals.

2.2, Quamtitative RT-PCR analysis

Primers specific for mouse Uchll (forward: mL1-7.5'-CCTTGGTTTGCAG-
CTTTAGCA-3"; reverse: mL1-8. 5-GGGCTGTAGAACGCAAGAAGA-3")

(A) 33
q Human POGFB promo{e> Human UCH-L1 HV@*
1
™M

@® 10 2 1 20 100 ug
2 2 2 15 15 2 15 15 2 weeks

B »
L -
~- = —“-“ 8 -actin
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c N

IP:UCH-L1
WB:UCH-L1

Fig. 1. Generation of transgenic mice expressing hUCH-L1%¥Tand hUCH-
L1*M (A) UCH-L1I™™ was constructed under control of the PDGF-B
promoter, as depicted. (B) Immunoblotting analysis of endogenous mouse
UCH-L! and transgenic human UCH-L! expression in mouse midbrain. To
detect exogenous human UCH-L1 levels specifically, we generated transgenic
mice in the gad background (H-h193M/gad), which corresponds to the null
mutant of Uchll. Notice that the faint band corresponding to UCH-L1 is
detected at 2 weeks of age when 20 pg protein/lane was loaded for the
detergent-soluble fraction of midbrain origin in H-hI93M/gad mice. When
the applied protein was increased to 100 pg/lane. UCH-L1 was easily detected
at 2 weeks in H-hI93M/gad mice. and UCH-L1 levels markedly decreased by
age 15 weeks. Faint bands indicated by the asterisk may correspond to UCH-L3.
which cross-reacted with the UCH-L! antibody when a large amount of protein
was loaded per lane. (C) Immunoprecipitation analysis of exogenous human
UCH-L1 in hWT/gad (left) and L-h193M/gad (right) brains. Brain lysates from
hWT/gad (left) or L-hI193M/gad (right) were both immunoprecipitated and
detected using anti-UCH-L1 antibody. The band corresponding to the UCH-L1
can be found in both hWT/gad and L-h193M/gad lysates but not in gad lysates
indicating the exogenous human UCH-L1 expression.

and human UCHLI (forward: L1Tg-F2. 5-TGGCAACTTCTCCTCCTGCA-
3" reverse: L1Tg-R2. 5-ACAGCACTTTGTTCAGCATC-3’) were designed,
and SYBR Green-based real-time quantitative RT-PCR was performed using
the ABI PRISM 7700 (Applied Biosystems. Foster City. CA) using total RNA
from mouse brain (n = 3 for each line) (Aoki et al.. 2002). GAPDH was used as an
internal control.

2.3. Fractionation und imimunoblotting and immunoprecipitation

For the immunoblotting of total UCH-L1. the soluble fraction in RIPA
(20 mM Tris-HCI. pH 7.5; 0.1% SDS: 1.0% (w/v) Triton X-100; 1.0% sodium
deoxycholate) with Complete EDTA-Free Protease Inhibitors (Roche. Basel.
Switzerland) was extracted from H-h193M/gad t[high-expressing] UCH-
LI g1 18Y59%  oqd and non-Tg mouse midbrains. The extracted
samples were loaded as indicated in Fig. 1.

For subfractionation, the cortex and hippocampus were removed from the
midbrains of a H-h193M mouse or a non-Tg littermate and bottom half under
the aqueduct were used as the substantia nigra fraction. The fractionation
method was modified from that of Kuhle ¢t ul. «(2001). Each sample was
homogenized with 9 volumes of 5% SDS/TBS lysis buffer (50 mM Tris-HCl
(pH 7.5). 150 mM NaCl. 5% SDS) with Complete EDTA-Free Protease
Inhibitors using a 23G syringe. After three times of 10 s sonication, samples
were ultra-centrifuged in 130,000 x g for 1 h. and the supernatant were
pooled as 5% SDS fraction. The pellets were washed with 5% SDS/TBS
solution once and further homogenized in 8 M urea/5% SDS/TBS lysis buffer
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(8 M urea, 5% SDS, 50 mM Tris—HCI (pH 7.5), 150 mM NaCl) with 23G
syringe. The resulting supernatant was used as 8 M urea/5% SDS fraction.
The protein concentration was assessed by a DC-protein assay kit (Bio-Rad).
1.25 pg of 5% SDS fraction and 0.5 pg of 8 M urea/5% SDS fraction were
subjected to SDS-PAGE using 15% gels (Perfect NT Gel; DRC, Tokyo,
Japan). Anti-UCH-L1 (1:5000, RA95101; Ultraclone, Isle of Wight, UK) and
anti-B-actin (1:5000, clone AC15; Sigma, St. Louis, MO) were used to detect
each protein. Signals were detected using a chemiluminescent SuperSignal
West Dura Extended Duration Substrate kit or West Femto Maximum
Sensitivity Substrate kit (Pierce, Rochford, IL) and analyzed with a Che-
milmager (Alpha Innotech, San Leandro, CA). For the internal control of
8 M urea/5% SDS fraction, 1 pg protein were dot blotted to PVDF membrane
and stained with Ponceau § staining (Rane et al.. 2004). Statistical analyses
were conducted using the two-tailed Student’s r-test with total of four
samples for each group.

For the immunoprecipitation, half of the brain (for hWT/gad) or mid-
brain region (for L-hi93M/gad) were homogenized in 2 ml ice-cold modified
RIPA buffer (50 mM Tris-HCI, pH 7.4; 1% (w/v) Nonidet P40; 0.25%
sodium deoxycholate; 150 mM NaCl; | mM EDTA) with Complete EDTA-
Free Protease Inhibitors and centrifuged at 16,000 x g at 4 °C for 20 min.
The protein concentration of the resulting supernatants was determined with
the Protein Assay Kit (Bio-Rad, Hercules, CA). Immunoprecipitation was
performed with a Seize X Mammalian Immunoprecipitation kit (Pierce,
Rockford, IL) with some modifications. Briefly. 300 ug of protein was
added to a 50 pl slurry of immobilized protein G cross-linked with rabbit
polyclonal anti-human UCH-L1 (AB1716; Chemicon, Temecula, CA) or
normal rabbit IgG and rotated at 4 °C overnight. The samples were then
washed three times with 500 p! of 0.1B buffer (20 mM Tris~HCL. pH 8.0;
0.1M KCI; 5mM MgCl,; 10% (w/v) glycerol; 0.1% (w/v) Tween 20;
10 mM B-mercaptoethanol). Elution of samples was performed by adding
20 i of 5x SDS-PAGE sample buffer, and samples were boiled at 100 *C
for 5 min. ’

2.4. Immunohistochemistiv, immunofluorescence and electron
microscopy

Brain and peripheral (sciatic) nerve sections from 2-, 7- and 20-week-old
mice were analyzed (n=3 for each line) by immunocytochemistry as pre-
viously described (Wang et al.. 2004: Watanube et al., 1977) using antibodies to
UCH-L1 (1:4000; RA95101, Ultraclone), TH (1:1000; Chemicon) and ubiqui-
tin (1:1000; Sigma~Aldrich, St. Louis. MO). Antibody binding was detected
with 3.3'-diaminobenzidine tetrachloride (DAB) or 3-amino-9-ethylcarbazole
(AEC) as a peroxidase substrate or Alexa-488- or Alexa-568-conjugated
secondary antibodies (Invitrogen. Carlsbad, CA). Sections were then counter-
stained with hematoxylin. Ultrastructural electron microscopic studies of the
substantia nigra were performed as described (Watanabe et al.. 1977) using
midbrain sections.

2.5. MPTP treatment
For MPTP treatient. the mice received four injections of 30 mg/kg MPTP-
HCI intraperitoneally (Research Biochemicals. Natick, MA) in saline at 24-h

intervals (Mochizuki et al.. 2001).

2.6. Tvrosine hvdroxvlase-positive cell counting and biochemical
analvsis

Samples for both histochemistry and biochemical analysis were obtained

from the same mouse. Each animal was deeply anesthetized with pentobarbital -

and perfused transcardially with 10 ml of ice-cold phosphate-buffered saline.
and the brain was removed and divided into forebrain and midbrain—hindbrain
regions.

For the tyrosine hydroxylase (TH)-positive cell counting. midbrain—
hindbrain was fixed with chilled 4% formaldehyde solution (pH 7.4). The
procedure of TH-positive cell counting was described previously (Furuya
et al.. 20f4) with minor modifications. Briefly. the substantia nigra was cut
into serial sections (30 wm). and every third section was subjected to

immunostaining for TH using a polyclonal antibody to TH (a kind gift from
I. Nagatsu, Fujita Health University, Aichi, Japan). The Vectorstain Elite
ABC kit (Vector Labs. Burlingame. CA) was used for subsequent antibody
detection with DAB as a peroxidase substrate. The number of viable TH-
positive neurons was assessed by manual counting by a blind observer using
coded slides (Furuy: et al.. 2004). The number of total neuronal cells outside
the substantia nigra was counted after Bodian staining in the cerebral cortex
(1 mm?, seven regions per section), cerebellum (total of all lobules) and
hippocampus (total number in CA1, CA2, CA3 and dentate gyrus). Statistical
analysis were done by one-way ANOVA followed by post hoc test (Fisher’s
PLSD).

For the biochemical analysis, the striatum was quickly dissected from the
forebrain, and the striatal tissue samples were weighed (~30mg) and
homogenized in 10 volumes (w/v) of ice-cold 0.05 M sodium acetate (pH
6.0). Homogenates were centrifuged (18,000 x g. 10 min at 4 °C), and the
supernatant was frozen immediately on dry ice and stored frozen at —80 “C
until use.

For the striatal dopamine measurement. supematant (50 pl) from the striatal
lysate was mixed with an equal volume of 0.2 M perchloric acid containing
0.2 mM EDTA and centrifuged (18.000 x g, 10 min at 4 °C), and the super-
natant was applied to an HPLC system. Chromatographic separation was
achieved using a C18 reversed-phase column (150 mm x 4.6 min i.d., Model
S-100; TOSOH, Tokyo, Japan). The mobile phase (50 mM citrate. 50 mM
NaH,PO,, 0.1 mM EDTA, 436 mM I-heptanesulfonate, 2.35% acetonitrile.
5.72% MeOH. pH 2.5) was pumped through the chromatographic system at a
rate of 1.0 mVYmin. A Coulochem electrode array system (ESA Inc., MA) with
eight coulometric electrodes was used to quantify the eluted catecholamines and
their metabolites. Statistical analysis was done by one-way ANOVA followed
by post hoc test (Fisher’s PLSD).

TH activity was assayed following the method of Hooper (1997) with
minor modifications (Hooper et al.. 1997: Naoi et al., 1988). The incubation
mixture contained 50 pl of diluted sample and included the following com-
ponents in a total volume of 200 ul: 0.2 M sodium acetate (pH 6.0). 0.2 M
glycerol, 20,000 U/m! catalase. 1.0 mM 6-MPH4, 4.0 U/ml dihydropteridine
reductase, 1 mM NADPH and 200 uM L-tyrosine. Incubations were carried
out at 37 °C for 10 min in a shaking water bath. Reactions were terminated by
adding 600 ul of ice-cold 0.33 M perchloric acid, 17 mM EDTA including
50 pmol of a-methyl DOPA as the internal standard. The L-DOPA produced
was extracted onto alumina, and the catechols were eluted with 0.16 M acetic
acid followed by 0.02 M phosphoric acid. A sample incubated onice instead of
37 °C was used as a blank. The amount of L-DOPA was quantified with the
HPLC system. as mentioned above. Statistical analysis was done by one-way
ANOVA.

2.7. Silver staining

Sixty-micrometer brain sections from 12-week-old mice (n =3 for each
group) were stained using FD NeuroSilver kit (FD Neuro-Technologies.
Catonsville. MD) according to the manufacturer’s protocol to detect argyro-
philic grain-positive degenerating neurons.

2.8. Behavioral tests

H-hI93M mice and non-Tg litlermates were used for all behavioral
analyses. For the accelerated rota-rod test. 20-25-week-old mice were placed
on the rod (Ohara. Japan) at a speed of 5 rpm. and the speed was accelerated to
50 rpm in 5 min. The length of time that each mouse was able to remain on the
rod before falling was recorded. For the locomotor activity test. 11-13-week-
old or 20-23-week-old mice were placed separately in a home cage 4 days
before the beginning of analysis for habituation. Two to four mice were
nonitored at once for locomotor activity on the home cage monitor (Ohara.
Japan) for 63 h beginning from 5:30 p.m. All mice were housed witha 12h
light/dark cycle. with the light cycle beginning at 8 a.m. The last 12 h of active
night were used for the analysis. Mice were weighed after the analysis; there
were no differences between the weights H-h193M and non-Tg mice (data
not shown). Statistical analyses were conducted using the two-tailed Student’s
1-test.
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3. Results

3.1. Generation of transgenic mice expressing human
UCHLI™™ in neurons of the substantia nigra

The human PDGF-B promoter was used to drive expression
of the human UCHLI in Tg mice (Fig. 1A) (Sasahara et al.,
1991). Germline transmission of hUCHLI" was obtained in
two independent Tg mouse lines (denoted L-hI93M and H-
hI93M, where L and H denote low and high expression,
respectively). Germline transmission of RUCHLI™T was
obtained in one Tg mouse line (denoted hWT). The levels of
transgenic mRNA and endogenous Uchll mRNA were assessed
by quantitative RT-PCR using primers designed to amplify
specifically the UCHLI transgene and mouse Uchll, respec-

(A)

8
g

tively. The estimated relative expression of UCHLI among the
transgenic lines was H-hI93M > hWT > L-hI93M. The ratio
of endogenous mouse Uchll transcripts to transgenic human
UCHLI transcripts was 111 in H-hI93M, 739 in hWT and 6015
in L-hI93M (n = 3 for each line).

At the amino acid level, human and mouse UCH-L 1 differ at
only 11 discrete positions, and endogenous UCH-L1 is one of
the most abundant protein in the brain. Therefore, we were not
able to make distinction between the exogenous human UCH-
L1 and endogenous mouse UCH-L1 in the brains of Tg mice
(data not shown) using immunoblotting analysis with several
antibodies against human UCH-L1 from different companies
(Chemicon; UltraClone; Medac; Biogenesis). To ascertain the
expression of transgene product, we used gad mice, which lack
endogenous UCH-L1 (Saigoh et al., 1999). We mated mice

Fig. 2. Immunohistochemistry of UCH-L1 in coronal sections of the substantia nigra (A) and regions outside the substantia nigra (B) in H-h193M. H-h193M/gad and
non-Tg mice. (A) Non-Tg mice (a). H-h193M mice ona CS7TBL/6J background (b) and gad mice (c) at 2 weeks of age and H-h193M/gad mice at 2 weeks (d). 7 weeks
te) and 20 weeks (f) of age. Neurons expressing UCH-L1 in the substantia nigra decreased in numbet and area. and densely stained neurons were observed in the aged
substantia nigra. Seale bar: 30 pm. (B) UCH-LI immunochistochemistry of coronal sections at the level of the subthalamic nuclei (a, e. i), striatum (b, £ j),
hippocampus CA3 (¢, g. k) and cerebellum (d. h. 1). Upper row (a—d). non-Tg mice: middle row (e-h). H-h193M/gad mice: lower row (i-1). gad mice. All mice were

examined at 2 weeks of age. Scale bar: 30 pm.
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3. Results

3.1. Generation of transgenic mice expressing human
UCHLI"*™ in neurons of the substantia nigra

The human PDGF-B promoter was used to drive expression
of the human UCHL! in Tg mice (Fig. 1A) (Sasahara et al.,
1991). Germline transmission of RUCHLI"*™ was obtained in
two independent Tg mouse lines (denoted L-h193M and H-
h193M, where L and H denote low and high ex ion,
respectively). Germline transmission of AUCHLI was
obtained in one Tg mouse line (denoted hWT). The levels of
transgenic mRNA and endogenous Uchll mRNA were assessed
by quantitative RT-PCR using primers designed to amplify
specifically the UCHLI transgene and mouse Uchll, respec-
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tively. The estimated relative expression of UCHLI among the
transgenic lines was H-hI93M > hWT > L-hI93M. The ratio
of endogenous mouse Uchll transcripts to transgenic human
UCHLI transcripts was 111 in H-hI93M, 739 in hWT and 6015
in L-hI93M (n =3 for each line).

At the amino acid level, human and mouse UCH-L1 differ at
only 11 discrete positions, and endogenous UCH-L1 is one of
the most abundant protein in the brain. Therefore, we were not
able to make distinction between the exogenous human UCH-
L1 and endogenous mouse UCH-L1 in the brains of Tg mice
(data not shown) using immunoblotting analysis with several
antibodies against human UCH-L1 from different companies
(Chemicon; UltraClone; Medac; Biogenesis). To ascertain the
expression of transgene product, we used gad mice, which lack
endogenous UCH-L1 (Saigoh et al., 1999). We mated mice
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Fig. 2. Immunohistochemistry of UCH-L1 in coronal sections of the substantia nigra (A) and regions outside the substantia nigra (B) in H-hI93M. H-h193M/gad and
non-Tg mice. (A) Non-Tg mice (a). H-hI93M mice on a C57BL/6J background (b) and gad mice (¢) at 2 weeks of age and H-h193M/gad mice at 2 weeks (d). 7 weeks
{e) and 20 weeks () of age. Neurons expressing UCH-L1 in the substantia nigra decreased in number and area. and densely stained neurons were observed in the aged
substantia nigra. Scale bar: 30 um. (B) UCH-L] immunchistochemistry of coronal sections at the level of the subthalamic nuclei (a. e. i). striatum (b. £ j).
hippocampus CA3 (c. g. k) and cerebellum (d. h. ). Upper row (a—d). non-Tg mice; middle row te—h). H-h193M/gad mice: lower row (i-]). gad mice. All mice were

examined at 2 weeks of age. Scale bar: 30 pm.



