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Table 1. Density of neurens in motor nerve hudei and spinal cord

Nudeus Control {1 == 3) newrons/mm’ AR2 ( = 4) neurons/mm >
] 11,253 £ 1783 10,441 % 632
v 15,783 1694 16,032 = 658
vl 10,117 = 996 10,699 * 195
Vm 8809 = 417 8623 = 246
VYm (>>25 pn) 3603 =213 2767 £ 175%*
Vil 1041 = 124 1016 = 96
VI (>20 pm) 911 £ 327 67.7 = 1314
X 11,442 = 1932 11,652 = 2387
Xi 11,800 + 541 9834 = 1530
XH{>20 pm) 8327 £ 929 677.8 = 116.2**
G5 AH (=20 pm) 37,147 =326 37,941 =331
(5 AH (>>20 jum) 255 =097 13.7 &£ 0797
L5 AH (>>20 wm) 293 £ 032° 15.9 £ 0319
DH 476,312 = 12,623 498,816 * 21,446
VR 840.0 2: 26.5° 6263 & 3140+

Humbers are the neuronal density per cubic millimeter (mean = SEM) ineach nucleus from mice at 12 months of
age. For Vm, VI, and Xil, newrons with large diameter (>-20 or 25 jum) wese also counted. ARZ, ADARZ™ "/
VACHT--Cre.Fasteice; I, nudeus of oculomotor nerve; 1Y, nudeus of trochlear nerve; VI, nudeusofabducens nerve;
Vm, motor nucleus of trigeminal nerve; Vi, nucleus of facial nerve; X, dorsal nudews of the vagus netve; Xil, nucleus
of hypoglossal nerve; (5 AH, antexior hom of the fifth cervical cord; L5 AH, anterior hom of the fifth fumbar cord; DH,
zona gelatinosa of the spinal cord; VR, ventral roots (L5). *p << 0.005;*p << 0.001 (ANOVA).
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Figure 5. Crudial role of GluR2 (/R site editing in death of ADAR2-deficient motor newrons. A, AR2/GluR-B™" mice (AR2res)
displayed full rotarod score and normal grip strength at 6 months of age compared with control mice (Ctl). The number of total
AHCs, of which a considerable propestion was deficient in ADAR2, did not decrease in AR2res mice. B, At6 months of age, although
onlyafew AHCs lacking ADAR2 immunoreactivity {arrowheads) were observed in AR2 mice, a considerable number of AHCs lacking
ADAR? immunoteactivity was present in AR2tes mice. The density of AHCs in ARZres mice was similar to that in the control micein
which alf the AHCs were immunoreactive to ADARZ in their nuclel, Sections were counterstained with hematoxylin. Scale bar, 100
£m. €, Scheme iflustrating that lack of ADARZ induces slow death of motor neurons in AR2 mice but not in AR2ses micethat express
(/R site-edited GluR2 in the absence of ADAR2 activity. The exonic Q codon at the Q/Rsite of GluR2 was substituted by an Rcodon

in the endogenous GluR2 afleles of GIuR-B"" mice.
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AR2/GluR-B¥® mice (AR2rescue, or AR2res, mice) were pheno-
typically normal and had full motor function until 6 months of
age (Fig. 54). The AHGCs, including the ~30% AHCs lacking
ADAR2 from Cre-mediated recombination, were viable in
AR2res mice at 6 months of age, and the total number of AHCs
was the same as in age-matched control mice (Fig. 54,B). Con-
sistent with alack of AHC loss, there was no detectable increase in
GFAP or MAC2 immunoreactivity in the anterior horns (supple-
mental Fig. S2C, available at www.jneurosci.org as supplemental
material). These results demonstrate that it is specifically the fail-
ure of GluR2 Q/R site editing by which ADAR2 deficiency in-
duces the slow death of motor neurons (Fig. 5C).

Discussion

We generated the AR2 mouse (Hideyama et al, 2008), a conditional
ADAR?2 knock-out line, which carries gene-targeted floxed ADAR2
alleles that become functionally ablated by Cre recombinase ex-
pressed from a transgene (VAChT—Cre.Fast) in ~50% of motor
neurons (Misawa et al., 2003). These displayed progressive mo-
tor dysfunctions. The ADAR2-lacking motor neurons expressed
only /R site-unedited GluR2. Virtually all of the ADAR2-
lacking AHCs underwent degeneration, whereas the surviving
ADAR2-expressing AHCs remained in-
tact by 12 months of age. The death of
ADAR2-lacking AHCs was completely
prevented by a point mutation in the en-
dogenous GluR2 alleles of AR2 miice, thus
generating Q/R site-edited GluR2 in the
absence of ADAR2 (Kask et al., 1998).
These findings highlight the crucial role of
RNA editing at the GluR2 Q/R site for sur-
vival of motor neurons and demonstrate
that expression of Q/R site-unedited GluR2
is a cause of slow death of motor neurons.
Therefore, it is necessary to investigate the
relevance of inefficient GluR2 Q/R site-
RNA editing found in the patient’s motor
neuronsto the pathogenesis of sporadic ALS
(Kawahara et al.,, 2004; Kwak and Kawa-
hara, 2005).

Concomitant with the loss of ADAR2-
lacking AHCs, proximal and distal axons
of AHCs underwent degeneration with re-
sultant neurogenic changes in neuromus-
cular units. These pathological changes in
AHCs and neuromuscular units caused
motor dysfunctions in AR2 mice. The pre-
vention of slow neuronal cell death ob-
served in AR2 mice by GluR-B" alleles
expressing Q/R site-edited GluR2 in the
absence of ADAR2 (Kask et al., 1998)
means that, although ADAR? edits numer-
ous A-to-I positions in many RNAs ex-
pressed in the mammalian brain (Levanon
et al., 2004; Li et al., 2009), failure of A-to-1
conversions at sites other than the GluR2
Q/Rsite did not play a role in neuronal cell
death (Fig. 5C).

When the GluR2 Q/R site is unedited,
the Ca®" permeability of the AMPA re-
ceptor is greatly increased, and trafficking
of the receptor to synaptic membranes is
facilitated (Sommer et al., 1991; Burna-

— 209 —



11924 - ). Neurosdi, September 8, 2010 + 30(36):11917-11925

shev et al., 1992; Greger et al.,, 2002). This enhances neuronal
excitability by increasing the density of Ca®™ -permeable func-
tional AMPA channels, which is typically observed as fatal epi-
lepsy in mice carrying Q/R site-uneditable GluR-B (GluR2)
alleles (Brusa et al., 1995; Feldmeyer et al,, 1999) and in systemic
ADAR2-null mice (Higuchi et al,, 2000). The results obtained
from AR2 mice indicate that motor neurons expressing only Q/R
site-unedited GluR2 undergo slow death when the mice live suf-
ficiently long.

Some ADAR2-lacking AHCs die shortly after recombination,
whereas others survive for more than 1 vear, These observations
indicate that, although all the ADAR2-lacking AHCs undergo
neuronal death, the ability to compensate for the increased Ca~ ™"
overload through the functionally altered AMPA receptor differs
among AHCs. It is likely that the increased Ca®™ overload might
have already led to dysfunction of the ADAR2-lacking AHCs
before their death, causing a decline of motor functions at earlier
stages. Vulnerability of motor neurons to Ca’*-permeable
AMPA receptor-mediated toxicity was demonstrated in GluR-
B(N) transgenic niice, which additionally to wild-type GluR2
express an engineered GluR2 subunit that features asparagine
{N) in place of glutamine (Q) at the Q/R site (Kuner et al., 2003).
ADAR2 activity is downregulated in the rat after transient fore-
brain ischemia, resulting in the selective death of hippocampal
CAl pyramidal cells (Peng et al., 2006).

An intriguing observation in AR2 mice was the selective vul-
nerability among motor neurons in different cranial nerve nuclei.
Neurons in facial and hypoglossal nerve nuclei decreased in num-
ber, whereas those in the oculomotor nerve nuclei did not, al-
though the extent of GluR2 Q/R site editing was significantly
reduced in all these nuclei. These results indicate that motor neu-
rons in the oculomotor nerve nuclei can survive despite the in-
complete nature of GluR2 Q/R site editing. Notably, motor
neurons in the nuclei of oculomotor nerves are also much less
vulnerable in ALS patients; this has been attributed to differential
expression levels of Ca®"-binding proteins, particularly parval-
bumin, among motor neurons in different cranial nerve nuclei.
Expression of parvalbuinin is high in oculomotor neurons and
low in the facial and spinal motor neurons (Ince et al., 1993).
Indeed, overexpression of parvalbumin attenuated kainate-
induced Ca®" transients and protected spinal motor neurons
from resultant neurotoxicity in parvalbumin transgenic mice
(Van Den Bosch et al., 2002). It is likely that neurons with an
efficient Ca*" -buffering system, such as oculomotor neurons,
are resistant to Ca®" overload resulting from Ca®* -permeable
AMPA receptors.

The present results indicate that the failure of A-to-1 conver-
sion at the Q/R site of GluR2 pre-mRNA in motor neurons of
sporadic ALS patients (Takuma et al., 1999; Kawahara et al., 2004;
Kwak and Kawahara, 2005) is likely attributable to reduced
ADAR? activity. Indeed, the expression level of ADAR2 mRNA
was decreased in the spinal cord of patients with sporadic ALS
(Kawahara and Kwak, 2005). Molecular abnormalities found in
postmortem tissues of patients with neurodegenerative diseases
have shown signs of mechanisms underlying the disease and may
represent both the neuronal death process and death-protective
reactions arising from the protracted nature of the death process.
It is therefore necessary to determine whether these molecular
abnormalities are the cause or the result of neuronal cell death by
developing an appropriate animal model. Although excitotoxic-
ity has long been implicated in the pathogenesis of neurological
diseases including ALS (Vosler et al., 2008; Bezprozvanny, 2009),
surprisingly little direct evidence indicating excitotoxic neuronal
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cell death has been demonstrated in patient-derived materials,
Here we demonstrate that the molecular abnormality found in
motor neurons of patients with sporadic ALS is a direct canse of
neuronal death in mice via a mechanism upregulating Ca®"-
permeable AMPA receptors. In addition, the AR2 mice possess
certain characteristics found in ALS, including slow progressive
death of motor neurons, heuromuscular unit-dependent motor
dysfunction and differential low vulnerability of motor neurons
of extraocular muscles. Therefore, this mouse model mimicking
patient-derived molecular abnormalities may be useful for re-
search on sporadic ALS.
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Ammonium chloride and tunicamycin are novel toxins for
dopaminergic neurons and induce Parkinson's disease~like
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Parkinson’s disease (PD) is a neurodegensrative disease that
is characterized by motor dysfunction, selective loss of
dopaminergic and noradrenergic neurons, and proteinaceous
inclusion bodies called Lewy bodies. The etiology of PD is
largely unknown, but it has been demonstrated that genetic
and environmental factors play a role in the development of
the disease (Dauer and Przedborski 2003; Wamer and
Schapira 2003).

Early animal models developed for PD research utilized
dopaminergic neuron-specific toxins such as 6-hydroxydop-
arpine and MPTP (Jonsson 1983; Kopin 1987; Bové et al.
2005; Smeyne and Jackson-Lewis 2005; Blandini et al
2008). These classical toxins do not seem to produce
inclusion bodies (Schober 2004; Bové et al. 2003),.although
there is one exception: continuous MPTP infusion by
minipumps can induce inclusion formation (Fornai ef al.
2005). More tecent models have been generated using
general toxins such as paraquat, rotenone or proteasome
inhibitors (Brooks eral 1999; Betarbet ef ol 2000;
McNaught et al. 2004; Uversky 2004). Rotenone and
proteasome inhibitors form inclusion bodies containing
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ubiquitin and «-synuclein that are similar to Lewy bodies
in PD brains (Betarbet et ol 2000; McNaught ef al. 2004).
These and other undiscovered toxins for dopaminergic
neurons may be related to the etiology of human PD.
Previously, we developed MPTP and proteasome inhibitor
models in medaka fish that displayed many features of PD
(Matsui ef al. 2009, 2010b). Medaka fish have proven to be
practical for environmental toxin exposure studies because of
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their small size and the accessibility of their CNS. Using this
model system, we report novel toxins for dopaminergic
neurons: a lysosome inhibitor, amumonium chloride, and an
N-glycosylation inhibitor, tunicamycin.

Materials and methods

Treatment of cells and medaka fish with ammonius: chieride,
tanivamycin and lactacystin
Ammoninm chlortde (Wako Pure Chemical, Osaka, Japan), tunica-
mycin (Nacalai Tesque, Kyoto, Japan) and lactacystin {Kyowa
Medex, Tokyo, Japan) were dissolved in 50% dimethylsulfoxide/
50% distilled water (v/v). SH-SY5Y cells, from a hwman dopami-
nergic cell line, were freated with a vehicle confrol, 15 mM
ammonium chloride, 0.1 pg/mL tunicamycin, or 5 pM lactacystin.
For the treatment of medaka fish, wild-type medaka of the Kyoto-
cab strain at 10 months post-fertilization were used. Substances
were injected info CSF space as previously described (Matsui ef al.
2010b). Briefly, medaka were anesthetized with chloretone (Tokyo
Chemical Industry, Tokyo, Japan). Each fish was moved into an
agarose-~gel plate with a dent filled with water, then injected with
toxins or non-toxic vehicles at a dosage of 0.8 pL/0.1 g body
weight. Injections were made using a glass micropipette (GD-1,
Narishige, Tokyo, Japan) attached to a Hamilton syringe (Hamilton,
Reno, NV, USA). The tip of the glass micropipette was positioned in
the CSF space between the hindbrain and the optic tectum. The
congcentrations of ammonium chloride, tunicamyecin, and lactacystin
were 100 pg/ml, 100 pg/ml, and 2 mM, respectively.

Enzyme activity assay

The proteasome activity in the medaka brain was measured as
previously described (Matsui ef al. 2010b). Cathepsin D activity
was measured using bovine hemoglobin (Sigma Aldrich, St. Loais,
MO, USA) as a substrate. Medaka brain was homogenized and
sonicated in 200 pL ice-chilled buffer comprised of 1 mM EDTA
and 0.2% (v/v) Tween 20 in phosphate-buffered saline. Homogen-
ates werz centrifuged at 14 000 g for 5min ai 4°C and the
supernatant was used for the subsequent assay. The reaction mixture
consisted of 100 pL of 2.5% (w/v) hemoglobin, 50 pL of 0.1 M
sodium acetate buffer (pH 4.0) and 25 pL of enzyme exiract
(containing 20 pg of protemn). The mixture was incubated for 16 h at
37°C, then 150 pL of 15% (w/v) trichloroacetic acid was added into
the mixture. The assay mixture was centrifuged at 20 000 g for
5 min at 20°C. The supernatant was neutralized by adding 8% (v/v)
4 M NaOH and the irichloroacetic acid-soluble peptides in the
supernatant were measured by the BCA assay kit (Thermo Fischer,
Waltham, MA, USA).

Cathepsin H activity was measured using Arg-MCA (methyl-
coumann anilide) (Peptide Institute, Osaka, Japan) as a substrate.
Medaka brain was homogenized and sonicated in 200 pl. ice-chilled
buffer comprsed of 1 mM EDTA and 0.2% (v/v) Tween 20 in
phosphate-buffered saline. Homogenates were centrifuged at
14 000 g for 5 min at 4°C and the supernatant was used for the
subsequent assay. The reaction mixture consisted of 20 pM of the
substrate, 40 mM sodium acetate buffer (pH 4.0) and 10 pL of
enzyme oxtract (containing 10 pg protein). The mixture was
incubated for 2 h at 37°C, and then the released AMC (7-amino-
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4-methylcoumarin} was detected by fluorescence at 460 nm (emis-
sion 355 nm) (Fluoroskan Ascent FL, Thermo Fischer).

Western blotting and dot blot analysis

Western blotting was conducted as previously described (Matsui
et al. 2010a). For dot blot analysis, 3 pL of sample buffer sohution
was dropped onto the nitrocellulosc membrane, and then the
membrane was dried for 30 min and subjected to the antigen-
antibody reaction. Anti-tyrosine hydroxylase (TH) (1 : 1000, mouse
monoclonal, Millipore, Billerica, MA, USA), anti-tryptophan
hydroxylase antibody (1 : 1000, sheep polyclonal, Abcam, Cam-
bridge, MA, USA), anti-Lys-Asp-Glu-Len (KDEL) antibody
(1 : 1000, mouse monocional, Merck, Darmstadt, Germany), anti-
ubiquitin antibody (1 : 1000, rabbit polyclonal, Dako, Glostrup,
Denmark), anti-B-actin antibody (1 : 5000, mouse monoclonal,
Sigma Aldrich), anti-pan synuclein antibody (1 : 1000, rabbit
polyclonal, Millipore), anti-phosphorylated a-synuclein antibody
(1 : 1000, mouse monoclonal, Wako Pure Chemical) and anti-
oligomer antibody (All, 1: 1000, rabbit pelyclonal, Tnvitrogen,
Carlsbad, CA, USA) were used for the assay.

nmunohistochemisiry and transmission electron microscopy
Immunohistochemistry and transmission electron microscopy were
conducted as previously described (Matsui et wl. 2010h). Anti-
phosphorylated a-synuclein antibody (1 : 160, mouse monocloral,
Wako Pure Chemical), anti-pan synuclein antibody (1 : 100, rabbit
polyclonal, Millipore), anti-o~synuclein aniibody (1 : 100, mouse
monoclonal, Invitrogen), anti-L.C3 antibody (1 : 100, rabhit poly-
clonal, MBL, Nagoya, Japan), anti-KDEL antibody (I : 100,
mouse-monoclonal, Merck), anti-ubiquitin antibody (1 : 100 for
fluorescence imaging and 1: 500 for diaminobenzidine (DAB)
staining, tabbit polyclonal, Dako) and anti-ubiquitin antibody
(1 : 100, mouse monoclonal, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were used for immunohistochemistry.

I vitro Kinase reaction of a-synudein

Four micrograms of recombinant medaka o-synuclein or human
a-synuclein was incubated in a buffer containing 25 mM Tris—HCl
(PH 7.5), 10 mM MgCl; and 1 mM ATP with or without 1 unit casein
kinase (1 or I1) (Promega, Madison, WI, UUSA). The mixture was
incubated at 37°C for 1 h. The reaction was stopped by adding
sodium dodecy! sulfate sample buffer and boiling at 85°C for 10 nin.

Statistical analysis

Data were expressed as means + standard erxors of the mean (SEM).
An ANova was used to test results for statistical significance.
Post-hoc analysis using Bonferroni correction for multiple tests
was used. Differences were considered significant when p < 0.05.

Results

Ammenium chioride, tunicamyrin, and lactacystin
treatment developed various kinds of inclusions in the
human dopaminergic cell fine

We first examined whether proteasome inhibition {lactacy-
stin), lysosome inhibition (ammonium chloride), or
N-glycosylation inhibition (tunicamycin) could induce
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inclusion formation in the SH-SY5Y human dopaminergic
cell line. We stained the cells with anti-ubiquitin and anti-
phosphorylated a-synuclein antibody to see the ubiquitin
and/or phosphorylated o-synuclein-positive inclusion forma-
tion. Two days after treatment, cells treated with any of the
three chemicals developed ubiquitin and/or phosphorylated
s-synuclein-positive inclusions (Fig. 1e—p), while the vehicle
control did not {(Fig. 1a—d). However, the staining pattern
differed among the groups. In Jactacystin-treated SH-SYSY
cells, many inclusions were only ubiquitin or phosphorylated
a-synuclein-positive, although some were double-positive
(Fig. le-h). In contrast, ammonium chloride treatment
resulted in inclusions containing both ubiquitin and phos-
phorylated o-synuclein (Fig. 1i-1). Tunicamycin treatment
induced many phosphorylated  a-synuclein-positive
inclusions but only a few inclusions contained ubiquitin
(Fig. lm~p). These results were also reproduced when using
anti-a-synuclein antibody (Figure Sla-p).

We hypothesized that these inclusion bodies contain
different proteins as a result of the toxin that was used.
Ammonium chloride inhibits lysosome-autophagosome
fusion, which should lead to an accumulation of markers
for autophagosomes. On the other hand, tunicamycin induces
protein misfolding in the endoplasmic reticulum (ER), which
may result in inclusion bodies containing ER proteins. As
predicted, ubiquitin-positive inclusion bodies that developed
after treatment with ammonium chloride contained LC3, a
marker for autophagosomes (Fig. 2A-P). Inclusion bodies
expressing this marker did not result from treatment with

© 2010 The Authors
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Fig. 1 Ubiquitin  and  phosphorylated
a-synuclein immunocytochemistry of SH-
SY5Y cells reated with vehicle control (a-d),
lactacystin {e~h), ammonium chioride (i),
or tunicamycin (m-p) for 48 h. (a, €, i, m)
Ubiquitin (green). (b, f, j, n) Phosphorylated
a-synuclein (red). {c, g. k. 0) DAPI ({hlue).
(d, h, L p) Merged image of {(a)-(c), (e)—(9),
(i)~(k), and (m)-(0), respectively.

lactacystin or tunicamycin. Inclusion bodies in funicamycin-
treated cells, and not in lactacystin- or ammonium chloride-
treated cells, contained KDEL, a signal sequence for ER
chaperones (Fig. 2Q-f).

In summary, ammonium chloride (a lysosome inhibitor),
tunicamycin (an N-glycosylation inhibitor), and lactacystin
(a proteasome inhibitor) developed inclusion bodies in
SH-SYSY cells with different characteristics according to
the toxin used.

Ammonium chloride and tunicamycin developed ublquitin-
pesitive inclusions in medaka brain

Next, to examine the effects of ammonium chloride,
tunicamycin, or lactacystin in ir vive animal models, we
administered these substances into medaka CSF using the
method previously described (Matsui ef al. 2010b). At first,
we measured lysosome activity (cathepsin D/H activity),
ER stress (KDEL expression level), and proteasome
activity of medaka brains to check the specific effects of
these toxins in medaka whole brain. Cathepsin D/H
activity appeared to be up-regulated in ammonium chlo-
ride-treated brains, probably becanse of compensation
(Figure S2a and b). KDEL expression was mcreased in
tunicamycin-treated brains, indicating successful induction
of ER stress in these brains (Figure $2¢). Proteasome
activity was decreased in lactacystin-treated bramns as
previously described (data not shown, Matsui ef al
2010b). These data indicate that each chemical induced
specific effects in medaka brains in vivo.
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Fig. 2 Ubiquitin, LC3 and KDEL immuno-
cytochemistry of SH-SYSY cells treated
with vehicle control, ammonium chioride,
tunicamycin, or lactacystin for 48 h (A-).
(A-D) Vehicle control. (E-H) Lactacystin.
(L) Ammonium chloride. (M-P) Tunica-~
mycin. (A, E, |, M) DAPL (B, F, J, N) LC3.
(C. G, K, O} Ubiquitin. (D, H, L, P) Merged
image of (A(C), (E)~(G), (h-(K), and
(M)-(O), respectively. (O-T) Vehicle con-
trol. (U-X) Lactacystin. (Y-b) Ammonium
chleride. (c-f) Tunicamycin. {Q, U, Y, ¢)
DAPL. (R, V, Z, d) KDEL. (S, W, a, e)
Ubiquitin. (T, X, b, f) Merged image of (Q)-
(8). (U)-(W), (Y)—(a). and (c)-(e), respec-
tively.

Western bloiting of medaka brains showed increased
amounts of ubiquitin binding proteins following ammo-
nium chloride, tunicamycin, or lactacystin injection com-
pared to the vehicle control (Fig. 3a and b, Matsui ef al
2010b). To test whether treatment with ammonium chlo-
ride, tunicamycin, or lactacystin resulted in an increase in
inclusion bodies in medaka brain, we stained brain sections
with an anti-ubiquitin antibody. Three days after adminis-
tration of ammonium chloride, tunicamycin, or lactacystin,
ubiquitin-positive cytoplasmic inclusions were seen in the
brain as well as in TH-positive dopaminergic neurons
(Fig. 3c-h, Matsui efal 2010b). Treatment with the
vehicle did not result in the formation of inclusion bodies
(Fig. 3c and f).

© 2010 The Authors
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Collectively, both ammonium chloride and tunicamyein
induced ubiguitin-positive inclusion bodies in medaka brain
similar to those induced by the proteasome inhibitors
lactacystin and epoxomicin (Matsui et al. 2010b).

Ammontum chioride and tunicamycin induce selective loss
of dopaminergic/noradrenergic neurons in medaka fish

We previously described that the proteasome inhibitors
lactacystin and epoxomicin developed not only ubiquitin-
positive inclusions but also other PD-like phenotypes such
as selective loss of dopaminergic/noradrenergic neurons
and movement disorder (Matsui ef al. 2010b). To assess
whether ammonium chloride or tunicamycin also cause
PD-like phenotypes, we performed western blotting,
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immunchistochemical analysis, HPLC and behavioral as-
says. Western blotting of medaka whole brain revealed a
reduction in TH, a marker of dopaminergic/noradrenergic
neurons, in ammonium chloride and tunicamycin-treated
medaka fish (Figare $3a and b). Tryptophan hydroxylase, a
marker for serotoninergic neurons, did not differ among these
groups, indicating selective loss of TH in these brains (Figure
S3a). Similar to the case of proteasome inhibitors, ammo-
nium chloride and tunicamycin treatment reduced
TH-positive dopaminergic neurons in the middle dienceph-
alon (a possible equivalent of the substantia nigra in
mammals) and TH-positive noradrenergic neurons in the
medulla oblongata (Fig. 4a—m). Nissl-positive neurons in the
optic tectum were not reduced, further indicating selective
loss of TH-positive neurons (Fig. 4n). To evaluate whether
these substances induced apoptosis, we conducted TdT-

mediated” dUTP-biotin nick end labeling (TUNEL) assay

using the methods previously described (Matsui ez al
2010a). In the middle diencephalon of ammonium chloride-
treated and tunicamycin-treated medaka brain, TdT-mediated
dUTP-biotin nick end labeling (TUNEL) and TH double-
labeled cells were observed (Fig. 40-v), but they were not
observed in vehicle-treated cells. These findings indicate that

© 2010 The Authors

Fig. 3 Ubiquitin immunchistochemistry and
western blotting of medaka brains treated
with vehicle contrel, ammonium chloride,
tunicamycin for 3 days. (a) Western blotting
of ubiquitin and p-actin of the brains. (b)
Densitometric analysis of the western blot-
ting. ***p < 0.001 vs. control. {c-e) Anti-
ubiquitin antibedy staining (DAB staining).
(f-h) Anti-ubiquitin (green) and anti-TH
(red) antibcdies staining (fluorescence
imaging). (c, f) Conirol brain. (d, g) Ammo-
nium chioride-treated brain. (e, h) Tunica-
mycin-ireated  brain.  Arrows indicate
ubiquitin-positive inclusion bodies.

ammonium chloride and tunicamycin treatment indeed
induced cell death of TH-positive neurons in the middle
diencephalon, at least partly by apoptosis. To measure the
amount of catecholamine species, medaka whole brain was
subjected to HPLC analysis. Results show a reduction in
dopamine and noradrenaline but not in serotonin, providing
further evidence of selective loss of dopaminergic/noradren-
ergic neurons following arumonium chloride and tunicamy-
cin treatment (Figure S4a—c). Finally, we traced and analyzed
the swimming behavior of medaka fish using the method
previously described (Matsui ef al. 2010b). The behavioral
assay showed a decrease in spontaneous swimming move-
ment in ammonium chloride- and tunicamycin-treated
medaka fish (Figure S5a—).

In summary, ammonium chloride and tunicamycin treat-
nient caused selective loss. of dopaminergic/noradrenergic

" néurons and movement disorder, similar to human PD.

Ammonium chloride, tunicamyein, and lactacystin showed
different kinds of inclusion bodies in the brain of medaks
fish

Because Lewy bodies are known to contain not only
ubiquitin but also phosphorylated w-synuclein, we stained
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Fig. 4 Anti-TH antibody and TUNEL stain-
ing of vehicle control-, ammonium chloride-,
and tunicamycin-treated brain sections.
(a—c) TH-positive fibers (arrows) in the

| 1188
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foreorain. (d-f) TH-pesitive neurons (ar- S) 200+ g% 1204
rows) in the middle diencephalon. (g-i) & 160 gg 160
Enlarged images of {d)~(7), respectively. (a, §§ - 2g 20
d, g) Control brains. (b. e, h) Ammonium :3_; %;%120” ’é}é 0
chloride-treated brains. {c, f, i) Tunicamy- }3?‘0‘& § 20 §§ o
cintreated brains. (-m) Numbers of Eéé . ;ejg 1
TH-positive neurons in the rostro-ventral e E2
diencephalon (). middle diencephalon (k), = Geioree e RS Sy
Control  Ammonium  Tunicamyein Amaonium  Tunicarmvein
caudal diencephalon () and medulla chloride hloride
oblongata (m). ***p < 0.001, *p<0.01,
*p < 0.05 vs. control (n = 6). (n) Number of (l)wc, g 120 (gi #0
Nissl-positive neurons in the optic tectum ggwo- 2%
(n=6). {o-r) Ammonium chloride-treated 2 g 0 LR
brain. (s-v} Tunicamycin-treated brain. {c, :Eg eb éé
s) DAPI staining. {(p, 1) Anti-TH antibody ”g;;g o gé
staining. (q, u) TUNEL staining. (r, v) 28 &g
Merged image of (o)-{g) and (s)~{u), §§ o . V gj
respectively. Arrows indicate TUNEL-posi- IR MW mmmdﬁ
tive TH neurons in the middle diencephalon. chioride chlortde

medaka brains with auti-phosphorvlated o-synuclein anti-
body. We first tested whether anti-phosphorylated a-synuc-
lein antibody binds to phosphorylated medaka a-synuclein.
Phosphorylated medaka a-synuclein was produced by in vitro
kinase reaction with recombinant medaka o-synuclein
and casein kinase I or II. Dot blot analysis showed that
anti-phosphorylated a-synuclein antibody reacted with phos-
phorylated human and medaka a-synuclein but not with non-
phosphorylated human and medaka a-synuclein (Figure S6a).

Next, we performed western blotting of medaka whole
brain using this anti-phosphorylated a-synuclein antibody.
The result showed an increased amount of high molecular
weight bands in tunicamycin- and. ammonium chloride-
freated fish (Figure S6b). Anti-oligomer specific antibody
disclosed increased immunochemical signals in these fish,
indicating increased amount of o-synuclein oligomer in
tunicamycin- and ammonium chloride-treated fish (Figure
S6¢). Iimmunohistochemical analysis showed that ammonium
chloride, tunicamycin, and lactacystin treatment increased
ubiquitin-positive inclusions while vehicle control did not.

© 2010 The Authors

Ammonium chloride- and tunicamycin-treated brain also
revealed an increased amount of phosphorylated a-synuc-
lein-positive inclusions, but such inclusions were not found
in lactacystin~ or vehicle-treated groups (Fig. Sa-r). Pre-
absorption by medaka phosphorylated a-synuclein dimin-
ished the signals of anti-phosphorylated a-synuclein anti-
body, indicating that this antibody indeed recognized medaka
phosphorylated o-synuclein (Fig. 5m-o0). Co-localization of
ubiquitin and phosphorylated o-synuclein was not seen in
vehicle-, tonicamycin-, or lactacystin-treated medaka, but
several inclusions in ammonium chloride-treated brain were
both ubiquitin- and phosphorylated a-synuclein-positive
(Fig. 5a-1). This co-localization was also demonstrated when
using aoti-a-syniclein and anfi-ubiquitin antibodies (Figare
S7a-1).

We next examined whether these inclusion bodies contain
LC3 or KDEL proteins. Inclusion bodies caused by lactacy-
stin did not contain LC3 or KDEL. However, inclu-
sion bodies in ammonium chloride-treated brains exhibited
both anti-ubiquitin  and anti-LC3  Gmmunoreactivity.
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Fig. 4 Continued.

Tunicamycin-treated samples also revealed inclusion bodies
that contained both ubiquitin and KDEL (Fig. 6a-1).

Finally, we used transmission electron microscopy to
examine the detailed structure of the inclusions. Aggregates
with multiple concentric and filamentous structores were
observed in the cytoplasm in ammonium chloride-treated
medaka brain (Fig. 72 and b). The brain also contained
abnormal lysosome-related structures containing whorled
membranous material, which were not seen in the vehicle
control (Fig. 7c and d). Tunicamycin-treated medaka brain
showed abnormal structures containing vacucles and elec-
tron-dense materials (Fig. 7e and f). The brain also contained
abnormal lvsosome-related structures containing whorled
membranous material similar to ammonium chloride samples
(Fig. 7¢ and h).

In conclusion, ammonium chloride, tumicamycin, and
lactacystin treatment resulted in the development of various
kinds of inclusion bodies, and the characteristics of these
inclusion bodies differed depending on the toxins.

Discussion

In this report, we described that ammonium chloride and
tunicamycin caused selective loss of dopaminergic/norad-
renergic neurons, movement disorders and inchusion bodies

© 2010 The Authors

similar to proteasome inhibitor models we previously
reported. Although these toxins shared many features of
PD, the specific characteristics of the inclusion bodies were
dependent on the toxin used.

In Lewy bodies associated with PD, s-synuclein, the
protein responsible for familial autosomal dominant PD
(Polymeropoulos e al. 1997), is phosphorylated and accu-
mulates with ubiquitin (Spillantini et al. 1997; Iwatsubo
2003). A recent paper demonstrated that brain samples from
a-synuclein transgenic mice and patients with Lewy body
disease also showed LC3-positive inclusion bodies (Crews
et al. 2010). Among the toxins we tested, ammonium
chloride seems to better replicate the features fypical of
Lewy bodies such as co-localization of phosphorylated o-
synuclein and ubiquitin, and the presence of LC3 protein in
nclusions.

A central issue in the pathogenesis of neurodegeneration
is. the disturbance of protein folding, aggregation and
degradation. There are two major pathways for protein
degradation, the ubiquitin-proteasome system and the
autophagy-lysosome systems (Ciechanover 2005). Recent
evidence suggests an association between PID pathogenesis
and autophagy-lysosome systems. Lysosomal clearance has
been shown to be disrupted by o-synuclein, which has
effects on chaperone-mediated autophagy (Cuervo et al
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Fig. 5 Ubiquitin and phosphorylated o-
synuclein immunchistochemistry of medaka
hrains. {a-¢) Vehicle contrel. (d-f) Lacta-
cystin-treated brain. (g-i) Ammonium chlo-
ride-treated brain. () Tunicamycin-treated
brain. {m-o0) Ammonium chloride-treated
brain wilh anti-phosphorylated o-synuclein
antibody pre-absorbed by medaka phos-
phorylated o-synuclein (10 pg/mL). (p-1)
Additional examples of ammonium chloride-
treated brain. (a, d, g, j. m, p) Anti-ubiquitin
antibody staining. (b, e, h, k, n, q) Anti-
phosphorylated a-synuclein antibody stain-
ing. {c, 1, i, |, 0, r) Merged image of (a) and
{b), (@) and {e), (@) and (h), () and (k), (m)
and (n), and (p) and (q). respectively.
Arrows indicate ubiquitin and phasphory-
lated w-synuclein double-positive ceills.

2004). Previous studies have shown that lysosome storage
diseases.such.as Gaucher disease and Niemann-Pick disease
often develop parkinsonism and a-synuclein accumulation
(Tayebi ef al. 2001; Varkonyi ef al. 2003; Saito ef al.
2004). Furthermore, there is now increasing evidence that
parkin and PINKI, genes responsible for autosomal reces-
sive familial PD, play important roles in mitophagy
(mitochondria-specific autophagy) and lysosomal clearance
of mitochondria (Narendra ef al. 2008, 2010; Geisler et al.

© 2010 The Authors

.

Nl and tunicamycin mogels of FY | 1187

Phoshorylated

a~synuiein Merge

2010; Kawajiri er al. 2010; Matsuda ef al. 2010; Michiorri
et al. 2010; Vives-Bauza ef.al. 2010). Mouse embryonic
fibroblasts deficient in DJ-/, another gene responsible for
autosomal recessive PD, also showed lysosomal pathology
(Krebiehl e al. 2010). Furthermore, Aig7-deficient mice
show neurodegeneration and inclusion bodies similar to
Lewy bodies (Komatsu efal 2006). Our results are
consistent with prior studies and provide further support
for the idea that lysosome inhibition can cause PD.
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Ammonium chloride has been reported to elevate pH in
the lysosome and inhibit phagosome-lysosome fusion
(Obkuma and Poole 1981). This substance can be found
naturally in volcanic regions, forming on volcanic rocks
near fume-releasing vents. Anunonium chioride is widely
used in everyday applications, including cleaning the tip of
soldering irons and can also be included in the soldering

® 2010 The Authors

Fig. 6 Anti-ubiquitin, KDEL, LC3 antibody
staining of lactacystin-, ammonium chlo-
ride-, and tunicamycin-treated brains. (a—f)
Lactacystin-treated brain. (g—} Ammonium
chleride-~treated brain. (m-r) Tunicamycin-
treated brain. {a, d, g, j, m, p) Anti-ubiquitin
antibody staining. (b, h, n) Anti-KDEL
staining. (e, k, q) Anti-LC3 staining. (c, f, i, |,
o, 1} Merged image of (a) and (b), (d) and
(&), (g} and (h}, (§) and (k), (M) and (n), and
{p) and (q), respectively. Arows indicate an
example of ubiquiti/KDEL or ubiquitin/L.C3
double-positive cells.

iron itself. Ammonium chloride is a common ingredient in
hair shampoo, textile printing, plywood glue, and some
alcoholic drinks. Because ammonium chloride and other
substances that inhibit lysosomal function may be related
to the etiology of PD, we must examine environmental
lysosome inhibitors in general as pathogenic candidates for
PD.
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Fig. 7 Transmission eleciron microscopic irmage of ammonium chic-
ride- and tunicamycin-treated brains. (a) Aggregates containing fila-
mentous structures in ammonium chioride-treated brain (arrows). {b)
Enlarged image of (a). (c) Abnormal lysosome-related structure con-
taining membranous structures {(arrow). (d) Enlarged image of {c). (e)
Abnormal structure containing electron dense materials and vacuoles
in tunicamycin-treated brain (arrow). {f) Enlarged image of (). (g)
Abnormal lysosome-related structure containing membranous struc-
tures (arrow). (h) Enlarged image of (g).

In conclusion, several agents that cause mishandling of
proteins can induce PD-like phenotypes. Among the
substances we tested, ammoniom chloride can replicate
Lewy body-like inclusions and may be related to the
pathogenesis of PD. Further studies are needed to examine
the relationship between lysosomal dysfunction and PD,
especially the possibility of lysosome inhibitors as an
environmental risk factor.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Ubiquitin and o-synuclein immunocytochemistry of
SH-SYSY cells treated with vehicle control (a~d), lactacystin (e-h),
ammonium chloride (i-1), or tunicamycin (m~p) for 48 h.

Figure S2. Effects of ammonium chloride, tunicamycin, and
lactacystin on whole medaka brain.

Figure S3. TH/TPH (tryptophan hydroxylase) western blotting of
medaka whole brains treated with vehicle conirol, ammonium
chloride and funicamyciv.

Figure 84. HPLC analysis of catecholamine in vehicle control-,
ammonium chloride-, and tunicamycin-treated medaka brain
n=296).

Figure S5. Spontaneous swimming movement of vehicle control-,
ammonium chloride-, and tunicamycin-treated medaka (n = 9).

Figure S6. Western blotting of anti-phosphorylated «-synuclein
antibody in vehicle control-, ammonium chloride-, tunicamycin-,
aud Jactacystin-treated brains.

Figure §7. Ubiqguitin and synuclein immunohistochemistry of
medaka brains.

As a service to owr authors and readers, this journal provides
supporting information supplied by the anthors. Such materials are
peer-reviewed and may be re-organized for online delivery, but are
not copy-edited or fypeset. Technical support issues arising from
supporting information {(other than missing files) should be
addressed to the authors.
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Introduction

Parkinson’s disease (PD (OMIM #168600)) is a neurodegener-
ative disease that affects the maintenance of dopaminergic (DA)
neurons. PD prevalence is estimated at ~1% among people over
the age of 65 and increases with age. Clinical features of PD
include motor abnormalities (tremor, rigidity, akinesia), autonomic
disturbances, psychiatric disability and cognitive impairment. The
recent identification of PD-associated genes has advanced our
understanding the molecular mechanisms underlying PD. Two of
these genes, PINKI (PARK6, OMIM #605909, Gene ID: 65018)
and parkin (PARK2;, OMIM #600116, Gene ID: 5071), are
associated with early-onset autosomal recessive PD, in which loss-
of-function (LOF) of a single gene product results in the clinical
manifestation of Parkinsonism [1,2]. The PINKI gene encodes a
serine/threonine kinase with a predicted mitochondrial target
sequence and a probable transmembrane domain at the N-
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terminus [3]. The gene product of the parkin gene encodes a
protein with an E3 activity [4-6]. Recent genetic studies in
Drosophila have reported that dPINKI (Gene ID: 31607) acts as an
upstream regulator of dParkin (Gene ID: 40336) in a common
pathway that influences mitochondrial maintenance in a subset of
tissues, including the flight muscle and DA neurons [7-9]. LOF of
the dPINKI or the dparkin genes results in enlarged or swollen
mitochondria, a phenotype that can be partially rescued by
heterozygosity for LOF mutations of the mitochondrial fusion-
promoting components Optic atrophy 1 (OPAl) and Mitofusin
(Mfn), or by increased mitochondrial fission activity via increased
dosage of the dynamin-related protein 1 (drp 1y gene [10~12]. Studies in
mammalian or Drosophila cultured cells report that PINKI is
required to recruit Parkin to damaged depolarized mitochondria,
and promotes their degradation through an autophagic event
called mitophagy [13-16]. Thus, there is strong evidence to
support an important role for PINK1 and Parkin in regulating

December 2010 | Volume 6 | Issue 12 | 1001229

— 225 —



mitochondrial homeostasis. However, little is known about how
PINK1 regulates mitochondrial integrity and turnover through
Parkin. Indeed, the precise means by which PINKI exerts an
effect on Parkin is not clear.

Here we show that a mitochondrial protein, phosphoglycerate
mutase 5 (PGAMS, Gene ID: 192111), which was previously
reported to be localized at the outer mitochondrial membrane and
to lack a phosphoglycerate mutase activity [17,18], is involved in
the PINK1 pathway, and that loss of PGAMS activity improves
mitochondrial defects caused by PINK1 inactivation in Drosophila.

Results

Isolation of PGAMS5 as a PINK1-Binding Protein

We and others have previously demonstrated that PINKI is
genetically upstream of parkin [7-9]. To further investigate the
relationship between PINK1 and Parkin, we searched for PINK1-
. binding proteins using a combination of biochemical purification
and mass spectrometric analysis. We affinity-purified humnan
PINK1 with a FLAG tag at its C-terminus (hPINK1-FLAG) from
lysate of human embryonic kidney (HEK) 293 cells stably
expressing hPINK1-FLAG using an anti-FLAG column, and
determined proteins specifically presented in the hPINK1-FLAG
elution fractions, which include cytoskeleton-related proteins
(MAP1B (GeneID: 4131), KIF1l (GeneID: 3832), Tubulin
GenelD: 602530, 191130)), proteasome subunits (PSMD1 (Gen-
eID: 5707), PSMD2 (GenelD: 5708), PSMC6 (GenelD: 5706)),
PRKDC (GeneID: 5591), Hsp70 (1A, GenelD: 3303; 1B,
GenelD: 3304), Hsp90 (GenelD: 3320), Cdc37 (GenelD:
11140), Insulin substrate-4 (IRS-4, GenelD: 8471) and PGAMS5
(Figure 1A). PRKDC is one of proteins non-specifically associated
with FLAG-tagged proteins in our proteomic analyses (data not
shown). The roles of Hsp90, Cdc37 and the proteasome for
PINK1 have been characterized previously [15,19-22]. We
therefore chose IRS-4 and PGAMS5 and tested whether these
proteins modulate the dPINKI LOF phenotypes by Drosophila
genetics. Our initial & v tests revealed that a mutant allele for
dPGAMS5 (CG14816, GenelD: 31143), PGAMS "% significantly
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Loss of PGAMS5 Rescues PINKT Phenotypes

suppressed the abnormal wing postures observed in dPINKI
knockdown flies {9] (Figure 1B), while it failed to improve the
viability (Figure 1C). Reducing the dose of chico (GenelID: 64880),
which encodes a Drosgphila orthologue of IRS-4, significantly
suppresses the short Lfespan phenotype caused by dPINKI
knockdown, without affecting wing posture (Figure 1D and 1E).
Inhibition of ckico activity has previously been reported to extend
the lifespan of Drosophila, such that we reasoned that the effect on
lifespan we observed might reflect a general phenomenon rather
than reflecting a specific interaction with dPINK1 [23]. Thus for
subsequent studies, we chose to focus on PGAMS.

The results of co-immunoprecipitation confirmed that C-
terminally Myc-tagged human PGAMS5 (hPGAMS5-Myc) specifi-
cally binds to hPINKI-FLAG in transfected HEK293 cells
(Figure 2A). Moreover, we found that hPGAMS5 and hPINK1
immunoreactivity co-localizes with mitochondria in transfected
Hel.a cells, consistent with the previous finding that PGAMS5 is
localized to the mitochondria (Figure 2B and 2C) [24]. To test if
endogenous hPGAMS interacts with hPINK]1, we first generated
an anti-hPGAMS5 antibody (Figure 2D). Next, we used a
previously established anti-PINK1 antibody to immunoprecipitate
PINK1 from HEK293 cell lysate, then probed with anti-PGAMS5
to detect endogenous hPGAMDS. As shown in Figure 2E,
endogenous hPGAMS was detectable in the fraction immunopre-
cipitated using anti-hPINK1 antibody but not a control antibody,
confirming the results of mass spectrometric analysis. Physical
association of dPINK1 with dPGAM5 was also observed in
Drosophila S2 cells (Figure 2F), suggesting that their functional
interaction is conserved between human and Drosophila.

Previous findings that PINK1 and PGAMS5 possess kinase and
phosphatase activities, respectively [18,25,26], prompted us to test
the possibility of their enzyme-substrate relationships. A mobility
shift assay to monitor the status of PINKI1 phosphorylation
suggested that overexpression of hPGMAS has litte effect on
hPINKI phosphorylation (Figure 2G). On the other hand, an in
vitro kinase assay using recombinant dPINKI1 failed to show a
possibility that PGAMS is a substrate for PINK 1, or that PGAMS5
modifies hPINK1 kinase activities (Figure 2H).

dPGAMS Alters Mitochondrial Morphology in Drosophila

The Drosophila genome appears to have two orthologs of
mammalian PGAMS, one on the X (CG14816) and the other on
the second chromosome (CG15874, GenelD: 37899). We have
renamed CGI4816 and CG15874 as dPGAM5 and dPGAMS-2,
respectively. Our initial & #izo genetic study and most subsequent
analyses were performed using dPGAM5 mutant and transgenic
animals because dPGAM5 is more similar to hPGAMS5 than is
dPGAM5-2 (dPGAMS5 vs. hPGAMS, 44% amino acid identity, and
dPGAMS5-2 vs. hPGAMS5, 38% identity, as determined using
ClustalW v1.4 to align the sequences), and because the results of
high-throughput analysis of transcript abundance suggest that the
dPGAM5-2 transcript is expressed at very low levels at the adult
stage, if at all (see http://flybase.org/reports/FBgn0035004.hanl).

We determined the P-element insertion allele PGAMS5™ %% a5 a
hypomorph allele, which showed a reduction of dPGAMS5
transcript levels to about 25% of normal levels (Figure S1). We
then generated a dPGAMS5 null allele PGAMS’, in which the
expression of dPGAMS completely disappeared at both the
transcript and protein levels (Figure S1B and S1C). The PGAM5’
homozygous animal is viable, fertile and grossly normal. However,
it displayed longer lifespan (Figure 3A). By contrast, overexpres-
sion of dPGAMS5 or dPGAMS5-2 resulted in shorter longevity
(Figure 3B). Since a previous report described that overexpression
of human PGAMS affects the mitochondrial morphology or
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Figure 1. identification of PINKi-binding proteins that modulate the phenotypes of dPINK7 knockdown fly. (A) Silver-stained
polyacrylamide gel to visualize hPINK1-binding proteins, FLAG elution fractions purified from cells stably expressing hPINK1-FLAG (PINK1-FLAG lane)
and parental cells (Control lane) are separated on a gel (For details of the procedure, see Materials and Methods). Bands corresponding to hPINK1
(dots) and representative co-purified proteins are indicated. (B, C) The wing phenotype typical of 10- and 20-day-old dPINK1 RNAI flies [9] (B) was
suppressed by the PGAMS5™ %% mutant allele, whereas viability of 10-, 20- and 30-day-old adult flies was not improved (C). *, p<0.05; **, p<0.01 vs.
age-matched dPINK1 RNAi group in Student’s t-test. The genotypes are as follows: MHC-GAL4™> dPINKI™" (+/+), PGAMS™"*/Y: MHC-GAL4>
dPINKITNA (PGAMSNPO558 y), PGAMSNPI553 11 MHC-GAL4> dPINKI®NAT (PGAMS™O558 /1), MHC-GALA4, a muscle-specific driver. Flies were raised at 29°C as
the RNAi-induced dPINK1 defects are more pronounced when flies are raised at that temperature. (D, E) Removal of one copy of the IRS4 ortholog
chico had no effect on the wing phenotype of dPINKT RNAi flies (D) but improved viability (E). ¥, p<0.05; **, p<<0.01 vs. age-matched dPINKT RNAi
group. The genotypes are: MHC-GAL4> dPINKI™ (+/4), chicol+; MHC-GAL4> dPINKI™*' (chico). Flies were raised at 29°C.

doi:10.1371/journal.pgen.1001229.g001

significance (Figure 3L and 3M). In addition, we frequently
observed constrictions in the mitochondria (see broken lines in
Figure 3D). In contrast, transgenic expression of dPGAMS or
dPGAMS-2 in Drosophila leads to fragmentation of mitochondria,
with cristae well-preserved in the indirect flight muscles (Figure 3E,
3F, 31, and 3]) and in the tyrosine-hydroxylase (TH)-positive
neurons of the adult fly brain (Figure 3N and 30). These results
suggested that dPGAMS is likely to promote the mitochondrial
fission process in Drosophila.

mobility in the cultured cells [24], we observed the mitochondria
in the dPGAMS null and transgenic flies. Although inactivation of
dPGAMS gene function did not cause mitochondrial degeneration,
the morphology of the mitochondria appears to be moderately
altered (Figure 3D and 3H compared to Figure 3C and 3G). The
mitochondria in the indirect flight muscles of the PGAMS5 mutant
flies were longer in the long-axis direction compared to control
animals (Figure 3K). A similar tendency was seen in DA neurons
of the adult brain although the difference did not reach statistical
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Figure 2. PGAMS associates with PINK1 at mitochondria. (A) hPGAMS5 binds to hPINK1 in HEK293 cells. Lysate expressing C-terminally Myc-
tagged hPGAMS5 (hPGAMS-Myc) and FLAG-tagged hPINK1 (hPINK1-FLAG) was subjected to immunoprecipitation with anti-FLAG antibody (FLAG-IP),
and analyzed by immunoblotting with anti-tag antibodies. (B) hPGAMS is localized to the mitochondria. Hela cells transfected with hPGAMS5-Myc
were visualized with anti-Myc (green). Mitochondria were visualized with MitoTracker (red) and nuclei with DAP! (blue). Regions of co-localization of
hPGAM5 with mitochondria appear in yellow in the merged image. (C) hPGAM5 and hPINK1 co-localize at mitochondria. Hela cells co-transfected
with hPINK1 and hPGAMS-Myc were stained with anti-PINK1 (green) and anti-Myc (red). (D) Anti-hPGAMS5 antibody specifically recognizes ~30 kDa
bands in extract from HEK293 cells, which were reduced in lysates from cells treated with siRNAs directed against hPGAMS. Lysate expressing
hPGAMS5-Myc and anti-tubulin signals served as a positive control and a loading control, respectively. (E) Endogenous hPGAMS is associated with
hPINK1. An anti-PINK1 (PINK1-IP) or an antibody against the unrelated protein Delta (ControlP) was used for immunoprecipitation of proteins in
HEK293 cells. Cell lysate in which hPINK1 was knocked down by RNAi (PINK1 RNAI) and lysate from cells that overexpressed hPINK1-FLAG (PINK1-
FLAG) served as additional controls. The PINK1-FLAG lysate was diluted eight-fold with loading buffer to reduce the strong signal present in that
sample. Asterisk, bands attributable to detection of the antibodies themselves, which may mask lower molecular weight hPINK1 bands (~52 kDa).
(F) dPGAMS is associated with dPINK1 in Drosophila S2 cells. 52 cell lysate expressing dPINK1-Myc and dPGAMS-FLAG was subjected to
immunoprecipitation with anti-Myc antibody (Myc-IP)}, and analyzed by immunoblotting with anti-tag or anti-dPGAM5 antibodies. Asterisks, a
putative processed form of dPGAMS. (G) HEK 293 cell lysate expressing hPINKI-FLAG together with hPGAMS-Myc was subjected to Phos-tag
immunoblotting [43]. hPINK1-FLAG lysate treated with alkaline phosphatase (CIP) was used as a positive control. A phospho-protein FoxO1 was
efficiently dephosphorylated by the CIP treatment. (H) An in vitro kinase assay was performed using 2x GST-dPINK1 and GST-hPGAMS. Recombinant
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2x GST-dPINK1 purified from bacteria was used as a kinase source. Recombinant GST-hPGAMS short form (GST-hPGAMS-S) or GST-hPGAMS was
purified from bacteria and 1 and 2 pl of the purified fractions were separated by SDS-PAGE and stained with Coomassie Brilliant Blue (CBB, right-hand
panel; arrowheads, GST-hPGAMS-S or GST-hPGAMS). A total of 100 or 400 ng of GST-hPGAMS-S or GST-hPGAMS, respectively, were incubated with
100 ng of 2x GST-dPINK1 in kinase reaction buffer A (100 mM Tris-HCl [pH 7.5], 240 mM NaCl, 30 uM ATP, 10 mM MgClo, 2 mM CaCly, 5 pCi y-2P
ATP) or buffer B (100 mM Tris-HCI [pH7.5], 240 mM NaCl, 30 pM ATP, 10 mM EDTA, 5 uCi y->2P ATP) for 30 min at 30°C. The reaction mixture was
suspended in SDS sample buffer and then subjected to SDS-PAGE and autoradiography (Left, 32p. the arrow and arrowheads represent expected
migration positions of 2x GST-dPINK1 and GST-hPGAMS/GST-hPGAMS-S, respectively). No specific signals corresponding hPGAMS or hPGAMS-S were
observed. Note that 2x GST-dPINK1 lacks kinase activity in the buffer B, suggesting that activation of PINK1 requires divalent cations such as Mg?* and

Ca®*, Scale bars =15 pm in (B and C).
doi:10.1371/journal pgen.1001229.g002

The Relationship between PGAM5 and the Mitochondrial

Fission/Fusion Machinery

Evolutionarily-conserved GTPases Mfn and OPAI promote the
mitochondrial fusion event while another GTPase Drpl regulates
the mitochondrial fission [27,28]. To determine the role of
PGAMS in the mitochondrial fission pathway, we manipulated the
activities of the genes that are involved in mitochondrial fission/
fusion in dPGAMS5 null flies. Decreased Mfn activity resulted in
fragmented mitochondria in the indirect muscle tissues, which was
not affected by removal of the dPGAMS5 gene (Figure 4A—4D and
4G, Figure S2). Conversely, an increased mitochondrial fission
activity by introducing an extra copy of the drp/ gene was not
suppressed in the dPGAM5 null genetic background (Figure 4E~
4G). These results suggested that dPGAMS may function
upstream of Mfn or Drpl, or that the mechanism of the
mitochondrial morphological changes by dPGAMS is independent
of that of the known fusion/fission components.

dPGAMS5 Modulates Phenotypes Caused by dPINK1
Inactivation in Drosophila

We next confirmed that the results of the genetic tests in
Figure 1B and 1C using a LOF allele for dPINKI, PINKI® to
exclude off-target effects due to RNAi (Figure 5). Adult PINET™
flies often have abnormal thoraces with dents in the mid-anterior
region, which is likely due to degeneration of the muscle tissues
lining the inside of the thorax (Figure 5B) [8]. This thorax
phenotype seen in PINKI 5 flies can be suppressed by introduction
of the PGAM5"™*% or the PGAM5” allele (Figure 5A and 5D). We
then examined the effects of dPGAMS5 inactivation on dPINKI
mutant phenotypes that progressively increase over time. As
described above, loss of dPINKI activity leads to the appearance of
abnormal wing postures, which is indicative of flight muscle
degeneration, and the percent of affected flies increases with
advancing age (Figure 5C and 5F) [8]. Introduction of the
dPGAM5 mutant alleles dramatically suppresses this phenotype
(Figure 5E and 5F), whereas ectopic expression of dPGAMS
enhances the phenotype (Figure 5G). Progressive loss of climbing
ability and the shorter lifespan of PIVKI® flies are additional
prominent phenotypes that may represent dysfunction of DA
neurons of the central nervous system and muscle degeneration.
The dPGAM5 mutant alleles also significantly improved these
phenotypes (Figure 5H and 5J). Conversely, overexpression of
dPGAM5 worsened the phenotypes (Figure 5I and 5K).
Transmission electron microscopy (TEM) sections from one day-
old adult PINKI® mutant flies reveal that mitochondria in the
indirect flight muscles are abnormally fused with one another and
that the structures of the mitochondrial cristae are unclear (i.e. the
cristae ‘have lost the normal electron density seen by TEM) as
compared to those of a dPINKI revertant line (Figure 6A and 6D
compared to Figure 3C and 3G). Importantly, the mitochondrial
hyperfusion and loss of cristae usually observed in dPIVK] mutant
animals can be partly sus)pressed by introduction of the
PGAMS5"®%%% or the PGAMS5® allele (Figure 6B, 6E, and 6G). In
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sharp contrast, transgenic expression of dPGAMS5 further
promoted mitochondrial degeneration (Figure 6C and 6F). Similar
results were obtained when mitochondria in DA neurons of the
adult brain (Figure 6H, 6l, and 6]) and in the indirect musde
tissues (Figure S3) were visualized using a version of GFP with a
mitochondrial targeting signal (mitoGFP). Mitochondrial mor-
phology in DA neurons in wild-type flies showed a long tubular
network in the cytoglasm (Figure 3L). As previously reported, DA
neurons in PINEI® flies form spherical aggregates of mitochon-
dria (Figure 61). Removal of dPGAMS5 from PINKI®® flies led to an
increase in the number of small fragmented or tubular
mitochondria (Figure 6]). These results suggest that excessive
mitochondrial aggregation, which is modulated by dPGAMS
inactivation, is indicative of a functional failure of mitochondria in
DA neurons.

Consistent with the beneficial effects of dPGAMS inactivation
on the mitochondrial degeneration seen in PINKI® flies, we
observed that dPGAMD inactivation suppresses the loss of DA
neurons in the protocerebral posterior lateral 1 (PPL1) and
protocerebral posterior medial 1 and 2 (PPM1/2) clusters of aged
flies (Figure 6K~-6M).

Removal of dPGAMS5 Fails to Suppress Phenotypes
Resulting from dparkin Inactivation

Previous studies in Drosophila suggested that dPINKI is
genetically associated with dparkin and furthermore, that dPINKI
functions upstream of dparkin [7-9]. In addition, dparkin null
mutations cause mitochondrial degeneration of a subset of tissues
in Drosophila, which phenocopies dPINKI inactivation [29,30].
Given the evidence that PGAMS5 is involved in the PINKI
pathway, we next asked if dPGAMS5 also affects the in wivo
mitochondrial phenotypes associated with mutations in dParkin.
Introduction of PGAMS5™"% in the parkin hypomorphic genetic
background (parkin’*"} had little effect on abnormal wing postures
(Figure 7A-7C) [29,30]. Consistent with the result in the wing
phenotype, loss of dPGAMS5 activity failed to rescue the age-
dependent motor defects and shorter lifespan observed
parkint P flies (Figure 7D and 7F). In the same settings, overex-
pression of dPGAMS5 further enhanced both motor defect and
reduced lifespan phenotype (Figure 7E and 7G). Loss of dParkin
activity results in an elongated morphology in mitochondria of the
adult indirect flight muscle tissues, a phenotype that was
suppressed by loss of the dPGAMS5 gene (Figure 7H, 71, and 7L).
However, the crista structures of the mitochondria were not
restored by inactivation of the dPGAMS5 gene (Figure 7] and 7K).
Taken together, these data suggest that dPGAMS lies genetically
upstream of dparkin, or functions independently of dparkin
downstream of dPINKI in Drosophila.

Activation of a Redox Control Pathway Improves Viability

of dPINK1 Mutant Flies
PGAMS5 was previously reported to interact with Keapl (Gene
ID: 9817), a substrate adaptor protein for a Cullin-3-dependent E3
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Figure 3. dPGAMS is dispensable for normal development, but affects lifespan in Drosophila. (A) Loss of dPGAMS genes extends the
fifespan. Adult male wild-type (yw/Y; n=125) vs. dPGAMS null (y, PGAM5"/Y; n=125) flies, p<<0.001 by log rank test. (B) Overexpression of dPGAMS or
dPGAMS5-2 in Drosophila causes shorter lifespan. Overexpression of the transgenes was induced using the ubiquitous daughterless (Da)-GAL4 driver.
Lifespan of adult male EGFP (n=130), dPGAMS (n =76) and dPGAMS5-2 (n=117) flies. EGFP vs. dPGAMS, p<<0.001; EGFP vs. dPGAMS5-2, p<<0.001; by log
rank test. (C-J) Transmission electron microscopy (TEM) analysis of the indirect flight muscle and morphology of mitochondria in 2-day-old adult flies
with the indicated genotypes. In C-F, we outlined some mitochondria with broken lines to highlight morphology. The insets in G-J show
representative mitochondria matrixes. A revertant, PINK1%Y, was used as a wild-type comparison [8]. The genotypes are: PINK1®7Y (C, G), PGAM5P958/
Y (D, H), Da-GAL4> UAS-dPGAMS (E, 1), Da-GAL4> UAS-dPGAMS-2 (F, J). Scale bars =1 um in C-F and 200 nm in G-J. (K) Quantification of the
percentage of mitochondrial size distribution in the indirect muscle tissue from wild-type (n=136 from 5 adult flies), PGAM5*% (n =155 from 5),
PGAMS’ (n =87 from 5), dPGAMS5 Tg (n= 143 from 5) and dPGAMS5-2 Tg flies (n= 147 from 5) as shown in (C-J). The length of the mitochondria in the
direction of the myofibrils was measured. Data are shown as means * SE (* p<<0.05, *p<<0.01 vs. wild-type). (L-O) Brain tissues of 5-day-old adult flies
were stained with anti-TH antibody (red). Mitochondria labeled with mitoGFP (green) were observed in the PPL1 TH-positive neurons of the indicated
genotypes. The genotypes are as follows: TH-GAL4> mitoGFP (wild-type), PGAMS'/Y; TH-GAL4>UAS-mitoGFP (PGAMS'), UAS-dPGAMS/TH-GAL4> UAS-
mitoGFP (dPGAMS Tg), UAS-dPGAM5-2/TH-GAL4> UAS-mitoGFP (dPGAMS-2 Tg). TH-GAL4, a DA neuron-specific driver. Scale bar =5 pm.
doi:10.1371/journal.pgen.1001229.g003

complex [17]. In a normal redox state, the Keapl complex restoring cellular redox homeostasis. Although we confirmed the
suppresses activity of a bZIP transcription factor, Nrf2, through association of PGAMS5 with Keap! in human cultured cells, the
ubiquitin/proteasome-dependent protein degradation [31]. Oxi-  proposed Keapl-binding motif in PGAMS5, NXESGE, was not
dative stress impairs inhibition of Nrf2 by Keapl [31]. Nrf2 thus  conserved in dPGAMS (Figure S1). On the other hand, Keapl/
becomes stabilized and activates oxidative stress protective genes,  Nrf2 signaling does appear to be conserved in Drosophila [32]. We
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