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Abbreviations

amyotrophic lateral sclerosis (ALS)
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
adaptor protein-4 (AP-4)

EGF receptor (EGFR)

Huntington’s disease (HD)
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mammalian target of rapamycin (mTOR)

Parkinson's disease (PD)

progressive motor neuronopathy (pmn)

transmembrane AMPA receptor regulatory protein (TARP)
leucine-rich repeat Ig-containing protein (LINGO-1) :
Wallerian degeneration slow (Wids)
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Astrocytes as determinants of
disease progression in inherited
amyotrophic lateral sclerosis

Koji Yamanaka'?, Seung Joo Chun', Severine Boillee',
Noriko Fujimori-Tonou?, Hirofumi Yamashita?,

David H Gutmann®, Ryosuke Takahashi!, Hidemi Misawa® &
Don W Cleveland!

Dominant mutations in superoxide dismutase cause
amyotrophic lateral sclerosis (ALS), an adult-onset
neurodegenerative disease that is characterized by the loss of
motor neurons. Using mice camrying a deletable mutant gene,
diminished mutant expression in astrocytes did not affect
onset, but delayed microglial activation and sharply slowed
later disease progression. These findings demonstrate that
mutant astrocytes are viable targets for therapies for slowing
the progression of non-cell autonomous killing of motor
neurons in ALS.

ALS is an adult-onset neurodegenerative di characterized by a
progressive and fatal loss of motor neurons. Dominant mutations in
the gene for superoxide dismutase (SOD1) are the most frequent cause
of inherited ALS. Ubiquitous expression of mutant SOD] in rodents
leads to progressive, selective motor neuron degeneration as a result of
acquired toxic properties. The exact mechanism responsible for motor
neuron degeneration in ALS, however, is not known'#. Mutant damage
in the vulnerable motor neurons is a key determinant of disease onset®,
whereas accumulating evidence supports an active role of non-
neuronal cells in motor neuron degeneration®”. Evidence with selec-
tive gene excision® or bone-marrow grafting® has demonstrated that
mutant SOD1-derived damage in microglia accelerates later disease
progression. Despite the importance of astrocyte function, the role of
mutant action in astrocytes in disease has not been tested in vivo.

To examine whether mutant SOD1 damage in astrocytes contributes
to disease, loxSOD1%%7R mice®, carrying 3 mutant SODI gene that can
be deleted by the action of the Cre recombinase, were mated with
GFAP-Cre mice (Fig. 1 and Supplementary Fig. 1 online), which
express both Cre recombinase and B-galactosidase (LacZ) under the
control of the human GFAP promoter®, Mice from these matings that
carry the GFAP-Cre transgene are denoted as Cre*, whereas mice
without it are referred to as Cre™. To determine the cell-type specificity
of Cre expression in the spinal cord, GEAP-Cre mice were mated to
Rosa26 mice, which ubiquitously express a LacZ gene that encodes

functional P-galactosidase only after Cre-mediated recombination,
Although this GFAP-Cre transgene is expressed in a subset of neurons
in the cerebellum and hippocampus during embryogenesis®, measure-
ment of P-galactosidase activity (by deposition of a blue reaction
product after addition of the X-gal substrate) demonstrated that Cre
expression and Cre-mediated recombination was restricted in the
spinal cord to GFAP-reactive astrocytes (Fig. lab). The efficiency
of mutant gene excision in cultured astrocytes from newborn
loxSODI5*R/GFAP-Cre* mice was ~76% (Fig. 1d.e), determined by
quantitative PCR for h S50D1 tr number (Fig. 1d) and
immunoblotting for mutant SODI levels (Fig. le). We observed
neither detectable Cre activity nor mutant gene excision in microglia
(Fig. 1¢ and Supplementary Fig. 2 online),

A simple, objective measure of disease onset and early disease was
applied by initiation of weight loss, itself reflecting denervation-
induced muscle atrophy. Reduction of SOD1®™ in astrocytes did
not slow disease onset nor early disease (GFAP-Cre*, 341.6 £ 48.9 d;
GFAP-Cre", 337.0 + 35.8 d; Fig. 1£h). However, late disease progression
(from early disease to end stage) was sharply delayed, providing a mean
extension of survival by 48 d (Cre*, 87.4 d; Cre”, 39.5 d; Fig. 1j).
Progression from onset to early disease was more modestly slowed by
14 d (Cre*, 99.3 d; Cre", 85.2 d; Fig. 1i). Overall survival was extended
by 60 d (Cre*, 436.5 + 38.8 d; Cre", 376.5 + 26.9 d; Fig. 1g). This
contrasts with delayed disease onset from diminished mutant synthesis
solely within motor neurons (with a VAChT-Cre transgene carrying the
motor neuron—specific vesicular acetylcholine transporter promater)
without affecting disease progression (Supplementary Results,
Supplementary Methods and Supplementary Fig. 3 online), just as
reported previously with an Isl1 (Islet1)-Cre transgene that is expressed
in motor neurons and some peripheral tissues®.

Astrocytic and microglial cell activation is a well-accepted feature
of SOD1 mutant-mediated ALS'?. An elevated proportion of
GFAP-positive astrocytes appeared before disease onset (Fig. 2a) in
1exSODI57R mice, This astrogliosis was progressive, readily apparent
by onset (Fig. 2b) and more prominent during disease progression
(Fig. 2c). Despite substantial mutant reduction, astrogliosis was not,
however, different in comparing disease-matched laxSODI%7R/GFAP-
Cré* mice (Fig. 2d,e) and loxSOD15R|GFAP-Cre” mice (Fig. 2bsc).

Microglial activation occurred at earliest disease onset in Cre” mice
(Fig. 2g) and was progressively more prominent during disease
progression (Fig. 2h). Microglial activation was, however, substantially
delayed from onset through early disease in the GFAP-Cre" mice when
mutant SOD1 levels were reduced only in astrocytes (Fig. 2i,j). By
exploiting the presence of P-galactosidase to mark astrocytes with
diminished SOD1 mutant synthesis, examination of sections through-
out lumbar spinal cords of symptomatic loxSODI®”®/GFAP-Cre* mice
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Figure 1 Selective Cre-mediated gene excision shows that mutant SOD1 action in astrocytes is a primary determinant of |ate disease progression,

(a,b) p-galactosidase (p-gal) activity in astrocytes in whole (a) or in the anterior horn region (b) of the lumbar spinal cord section of GFAP-Cre/Rosa26

reporter mice visualized with X-gal and immunostaining with GFAP antibody. Inset, magnified image of the boxed area in b. Arrows indicate p-gal/GFAP-Cre—
expressing astrocytes. (c,d) JaxSOD1%%7R transgene levels (= 3 for each group) in primary microglia (c) or astrocytes (d) from laxSOD137RIGFAP-Cre*

and laxSOD1%7R mice using real-time PCR. (e) We determined SOD1537R and mouse SOD1 levels by immunoblotting extracts from isolated primary
astrocytes of /oxSOD1%37R/GFAP-Cre* (lanes 1, 2) and a dilution series of a comparable extract from LoxSOD15%7R astrocytes representing 25%, 50% and
100% of the protein amounts loaded in lanes 1 and 2 (lanes 3-5). (f.g) Ages at which early disease phase (to 10% weight loss, P= 0.76; f) or end-stage
disease (P < 0.0001; g) were reached for loxSOD1%%7%/GFAP-Cre* mice (red) and loxSOD1%%7R |ittermates (blue). Mean ages = 5.d, are provided. (hJ) Mean
onset (P = 0.47) (h), mean duration of early disease (from onset to 10% weight loss, P = 0.35; i) and a late disease (from 10% weight loss to end stage,

P < 0.0001; j) for loxSODI%37F/GFAP-Cre* (red) and loxSOD15%7R |ittermates (blue). At each time point, Pvalue was determined by unpaired f-test,

Error bars denote s.d.

revealed an inverse relationship (Pig. 3a—g) between the number
of astrocytes with reduced mutant SOD1 (Cre*) and activated
microglia (correlation coefficient, r = —0.868, P < 0.001), despite
comparable astrocytic activation. Thus, microglial activation was
most prominent in areas with the highest mutant SOD1-expressing
astrocyte concentration.

Elevated production of nitric oxide by
upregulated inducible nitric oxide synthase

Mac2-positive microglia (Fig, 3n-r and Supplementary Fig. 4 online),
indicating that activated microglia are the primary cell type producing
nitric oxide in this SOD1 mouse model. Diminishing mutant synthesis
in astrocytes inhibited iNOS induction in disease-matched, sympto-
matic SOD1 mice (Fig. 3h,k), consistent with substantial inhibition of
microglial activation (Fig. 3i.1).

(iNOS) has been reported in mutant SOD1
mice'?, although deletion of the iNOS gene
has modest'! or no'? effect on SODI-
mediated disease. It is not known in which
glial cells this nitric oxide is produced in
irt vivo models of ALS, although both micro-
glia and astrocytes have an ability to produce
it when stimulated in vitro'>. Triple staining of
lumbar spinal cord sections with iNOS, Mac2
and GFAP antibodies (Fig. 3h-r) revealed
that almost all iNOS-positive cells were
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Figure 2 Selective downregulation of mutant
S0D1 in astrocytes significantly inhibits
microglial activation. (a~t) GFAP-positive
astrocytes (a—e), Mac2-positive activated
microglia (f-j) and motor neurons identified with
the neurofilament antibody SMI-32 (k-o) in the
|umbar spinal cord of a laxSOD1%37R mouse
before disease onset (af K p), at disease onset
(b,g.1,q) or during early disease (c,h,m,r), together
with loxSOD1537R/GFAP-Cre* mice at disease
onset (d,i,n,s) or during early disease

(e,j,0,t). Merged images are shown in p-t
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A role for astrocytes in inherited ALS has been previously considered
in several contexts. Mutant-expressing astrocytes produce and release
one or more as yet uncharacterized components that can accelerate
motor neuron death in vitro®’, Focal loss of the astrocytic EAAT2
glutamate transporter in affected regions'* (Supplementary Fig. 5
online) and the failure of normal glutamate uptake of SOD]IE*4
astrocytes in vitro'® suppert glutamate-dependent excitotoxicity as a
component of disease. Nevertheless, diminished mutant SOD1 synth-
esis in most astrocytes did not affect disease-dependent loss of EAAT2
from those astrocytes (Supplementary Fig. 5), indicating that a
reduction in glutamate transport reflects non—cell autonomous damage
to astrocytes, in part, from mutant SOD1 synthesized by other cells.
Our use of selective gene excision has now demonstrated that mutant
$OD1 damage in both microglia® and astrocytes (Fig, 1g—) accelerates
later disease progression without affecting the initiation of motor
neuron degeneration and phenotypic disease onset. Discovery that
damage in astrocytes determines the timing of microglial activation
and infiltration provides further evidence that, beyond any direct effect
of mutant astrocytes on motor neurons, such astrocytes amplify
an inflammatory response from microglia (including enhanced pro-
duction of nitric oxide and possibly of toxic cytokines), leading to
further damage to the motor neurons and accelerated disease progres-
sion through a non-cell autonomous mechanism (Supplementary
Fig. 6 online). These findings validate therapies, including astrocytic
stem cell-replacement approaches, that aim to slow disease progression

BRIEF COMMUNICATIONS

Figure 3 Mutant-expressing astrocytes enhance microglial activation and
induction of INOS, (a-f) Images of fi-galactosidase (a,d), Mac2 (b,e) and
GFAP (c,f) staining from a left (a—c) and right (d—f) lumbar spinal cord
section from a 12-month-old laxSOD1%7F/GFAP-Cre* mouse. GFAP-Cre*
astrocytes are marked by p-galactosidase (a,d). (g) Inverted correlation
between the number of Cre-positive astrocytes and Mac2-positive microglia
in laxSOD15%7RIGFAP-Cre* mice lumbar spinal cord sections (correlation
coefficient, r = -0.868, P < 0.001). (h-m) Lumbar spinal cord sections
from loxSOD1%37R (h-) and 1oxSOD1%37RGFAP-Cre* (k-m) mice at the early
disease stage immunostained with antibodies to iINOS (h.k), Mac2 (i,1), and
GFAP (j,m). (n) Quantification of iINOS-positive cells in the anterior horn from
lumbar spinal cord of symptomatic loxSOD1%37% mice. We plotted the
averaged percent of INOS*/Mac2* (red), INOS*/GFAP* (blue) and INOS*/other
cell type (black) per total INOS* cells. (o-r) Magnified images of anterior
horn from lumbar spinal cord of symptomatic JacSODIS3R mice stained
with INOS (o), Mac2 (p) and GFAP (q). Merged image illustrates that
iNOS-pasitive cells are Mac2-positive microglia (r).

in ALS by supplementing healthy astrocytes or modulating toxicity in
astrocytes to control an inflammatory response of microglia.

Note: Supplementary information is available on the Nature Newrascience website.
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Abstract

Mutation of PTEN-induced kinase 1 (PINK1), which encodes a putative mitochondrial serine/threonine kinase, leads to PARKG6, an autosomal
recessive form of familial Parkinson's disease. Although the precise function(s) of PINK1 protein is unknown, the recessive inheritance of this form
of Parkinson’s disease suggests loss of PINK1 function is closely associated with its pathogenesis. Here we report that PINK1 forms a complex with
the molecular chaperones Hsp90 and Cdc37/pS0 within cells, which appears to enhance its stability. When cells were treated with an Hsp90
inhibitor (geldanamycin or novobiocin), levels of PINK1 were greatly diminished, reflecting its rapid degradation via ubiquitin-proteasome
pathway. Similarly, the half-life of a pathogenic PINK1 mutant (L347P) that did not interact with Hsp90 or Cdc37/p50 was only 30 min, whereas
that of wild-type PINK1 was 1 h. These results strongly suggest that Hsp90 and Cdc37 are binding partners of PINK1 which regulate its stability.
© 2008 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is the second most frequently
occurring neurodegenerative disorder and is characterized by
selective dopaminergic neural cell loss in the substantia nigra
(Dauer and Przedborski, 2003). Most cases of PD are sporadic;
in 5-10% of the PD patients, however, the cause is an inherited
gene mutation. Moreover, the fact that the clinical character-
istics of familial PD are similar to those of sporadic PD has lead
to efforts to understand the pathogenic mechanisms induced by
the related gene mutations. Several genes are now known to be
causally associated with familial PD (Abou-Sleiman et al.,
2006). Among them, mutations in the PTEN-induced putative
kinase 1 gene (PINKI) have been shown to be associated with
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an autosomal recessive form of familial PD (Valente et al.,
2004).

PINK] was initially isolated from endometrial cancer cells
overexpressing PTEN (Unoki and Nakamura, 2001), and the
predicted primary sequence of PINKI protein included an N-
terminal mitochondrial-targeting signal along with a catalytic
serine/threonine kinase domain. Although PINK1’s mitochon-
drial localization and self-directed phosphorylation activity
have already been characterized (Valente et al., 2004; Beilina
et al., 2005; Silvestri et al., 2005; Nakajima et al., 2003), its
relation to the pathogenesis of PD is poorly understood.
However, evidence from several recent studies suggests that
PINK1 has the ability to protect cells from stress-induced
mitochondrial dysfunction and apoptosis (Valente et al., 2004;
Petit et al., 2005; Deng et al., 2005; Park et al., 2006; Clark
et al., 2006; Tang et al., 2006). In addition, Deng et al. (2005)
recently showed that suppression of PINK1 expression reduces
cell viability and significantly increases 1-methyl-4-phenylpyr-
idinium (MPP")- and rotenone-induced cytotoxicity. Consistent
with those findings, PINKI-null flies exhibit male sterility,
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doi: 10,1016/ .neures. 2008.01.006




44 Y. Moriwaki er al. /N

apoptotic muscle degeneration, defects in mitochondrial
morphology and increased sensitivity to multiple stresses,
including oxidative stress (Park et al., 2006: Clark et al., 2006).
These data, along with the recessive nature of PINKI
mutations, suggest that this form of familial PD is associated
with the loss of PINKI function.

On the other hand, Tang et al. (2006) showed that DJ-1,
another protein causatively associated with familial PD,
normally interacts with and stabilizes PINKI1, and DJ-1
mutations that attenuate this interaction reduce the stability of
PINK1. These findings suggest that protein—protein interactions
between PINK1 and one or more unknown proteins could play a
key regulatory role in affecting the activity and stability of
PINKI. In the present study, therefore, we endeavored to isolate
PINKI-binding partners using a combination of immunopreci-
pitation and mass-spectrometric analysis with the aim of
obtaining additional information on the pathogenic features of
PINK1 mutations. Our findings suggest that the stability of
PINK1 is strongly affected by its interaction with Hsp90, and that
inhibition of the PINK 1-Hsp90 interaction might contribute to
the pathogenesis of PD.

2. Materials and methods
2.1. Plasmids and anribodies

The coding region of human PINK1 was cloned using standard RT-PCR

techniques. PINK1 were g unanul.l:Chmgeme-dmted
is kit (Stratagene) ding to the i 's
W:!d-l.ypu and all mutant PINK1 cDNAJ were cloned into the mammalian
expression vector pcDNA3, which also contained the FLAG tag sequence at
its 3' terminal (pcDNA3-FLAG-C). Proper construction of all the plasmids
was verified by DNA sequencing, Anti-FLAG (M2), anti-Hsp90 (H-114),
anti-Cde37 (C-11) and anti-HA (Y-11) Abs were purchased from Sigma or
Santa Cruz.

2.2. Cell culture and transfection

COS7 and HEK293 cells were cultured in Dulbecco’s modified Eagle's
medium supplemented with 10% heat-inactivated fetal bovine serum (ICN
Biomedical, Inc.), 50 U/ml of penicillin and 50 U/ml of streptomycin at 37 °C
under an atmosphere of 95% air/5% CO.. Plasmids encoding PINK1 cDNAs
were transfected into cells using Lipofectamine or Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instructions.

2.3. Purification of PINKI-binding proteins

PINKI-FLAG-transfected HEK293 cells were homogeaized in lysis buffer
(20 mM Hepes [pH 7.4], ISOmMNnCL 10% glycerol and 1% Triton X-100)
supplemented with Complete Pro Inhibitars (Roche Diagnostics), The
soluble fraction of the lysate was immunoprecipitated with anti-FLAG M2
agarose (Sigma) and then washed five times in lysis buffer without protease
inhibitors, The fractions eluted with 200 pg/ml FLAG peptide were resolved by
SDS-PAGE, after which the protein bands were stained with Coomassie
Brilliant Blue (CBB) and excised for in-gel digestion.

2.4. Mass-spectral analysis

In-gel digestion was carried out as described by Mineki et al. (2002). Briefly,
the excised protein bands were alkylated and then incubated with 12.5 ng/pl
trypsin/100 mM NHHCO; overnight at 37 °C. The resultant tryptic peptides
were extracted from the gel by successive incubations with (i) 50% CH;CN/1%
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triflucroacetic acid and (ii) 20% HCOOH/25% CH3CN/15% isopropanol/40%
H;0. The extracts from each step were pooled and dried by vacuum ceatrifuga-
tion. Forpzpudumxpmng wnwdnLCt}DechPmmmmspnmw
with a 1 ion source (Thermo Electron Corp., Waltham,
MA) combined wll.h a reverse-phase capillary column (Cadenza C18,
2mm x 50 mm, Microme BioResources, In¢., Aubum, CA) on a Magic
2002 high perf e liquid ct graphy system (Mi BioRe-
sources, Inc.). The MS spectra and MS/MS sp data were 1 using
Xcalibur software (Matrix Science, London, UK). The data were analyzed for
candidate sequences of PINKI-interacting proteins using MASCOT software
(Matrix Science) with a public domain protein datsbase (National Center for
Biotechnology Information),

2.5. Treatment with Hsp90 and protease inhibitors

Geldanamycin (GA) and biocin were purchased from Sigma. Epox-
omycin, benzyloxycarbonyl-Leu-Leu-] l.au-lkkhyde (MG132), pepstatin A and
leupeptin were from Peptide Institute. GA (1 mM) was prepared in DMSO and
used at & final concentration of 3 uM; novobiocin was prepared in water and
used at a final concentration of 1 mM; MG132 (10 mM) was prepared in DMSO
and used at a final concentration of 5 uM; epoxomycin (1 mM) was prepared in
DMSO and used at o final ion of 1 uM; leupeptin (1 mM) was
prepared in water and used at a final concentration of 20 uM; and pepstatin
(lmM)mprcpuedeMSOmduuduaﬁmlmmmnuafliuM
Cells were exposed to drugs or vehicles 24 h post.

2.6. Degradation assay

COS7 cells were transiently transfected with wild-type or L347P PINKI1-
FLAG. Twenty-four hours after transfection, cells were i with 100 pg/ml
cycloheximide (CHX) to prevent protein synthesis, after which they were
harvested in lysis buffer at the times indicated in Section 3. Protein concentra-
tions were determined using a Coomassie Plus Protein Assay Reagent kit
(Pierce), and equal amounts of protein were subjected to SDS-PAGE. The
resolved proteins were transferred to PYDF memt (Immobilon, Millipare)
and analyzed by immunoblot analysis using anti-FLAG Ab, after which the
bands were visualized using an enhanced chemiluminescence detection kit
(Amersham Pharmacia).

3. Results
3.1. PINKI forms a complex with both Hsp90 and Cdc37

To isolate PINKI-binding proteins, HEK293 cells were
ransiently transfected with C-terminal FLAG-tagged PINKI
(PINK1-FLAG), after which proteins in the cell lysates were
immunoprecipitated using anti-FLAG M2 agarose, subjected to
SDS-PAGE, and stained with CBB. As a control, the same
purification procedure was undertaken with non-transfected
HEK293 cells. We observed several bands in samples from
PINKI1-FLAG transfectants that were not discernable in the
control sample (Fig. 1A). We then identified the proteins in
those bands using standard tryptic peptide mass-spectrometric
finger printing (Fig. 1B). Consistent with earlier results, two of
the proteins were identified as PINKI, itself (Beilina et al.,
2005; Silvestri et al., 2005; Petit et al., 2005; Park et al., 2006),
while the others were identified as Hsp90, Hsp70 and Cdc37.
Hsp90 and Cdc37 were previously reported to interact with a
number of other protein kinases, including one encoded by the
PD-related gene LRRK2 (Gloeckner et al., 2006). We then
confirmed the mass-spectral identification of PINK | -associated
proteins by immunoblotting samples of the purified protein
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Fig. 1. PINKI forms a complex with both Hsp90 and Cde37. (A) HEK293 cells
were transfected for 24 h with either a vector expressing PINK1-FLAG or with
an empty vector (Mock). The transfectants were then lysed and immunopre-
cipitated with anti-FLAG Ab, the immunocomplexes were separated by SDS-
PAGE, and the gel was stained with CBB to visualize proteins associated with
PINKL. (B) CBB stained bands, labeled as indi d in (A), were excised from
the gel and, following in-gel digestion with trypsin, their identilies were
determined by tryptic peptide mass-spectral fingerprinting. Scores and percen-
tages of sequence converge for each protein identified are indicated. (C) The
samples purified in (A) were immunoblotted with the indicated Abs; the asterisk
indicates a non-specific band detected by anti-FALG Ab. Full length (FL) and
processed PINK1 (A-PINK1) were detected. Closed and open arrowheads
indicate IgG heavy and light chains, respectively,

with Abs against Hsp90, Cdec37 or FLAG (Fig. 1C). Taken
together, these findings indicate that Hsp90 and Cde37
specifically associate with PINKI.

3.2. Hsp90 regulates PINKI stability

Hsp90 is a ubiquitous molecule that plays a key role in the
stabilization and conformational regulation of various signaling
effectors, including steroid hormone receptors and protein
kinases (Young et al., 2001). To determine whether Hsp90 also

regulates PINK1 stability, we next incubated COS7 cells
transiently transfected with wild-type PINK1-FLAG with 1-
10 uM GA, an inhibitor of Hsp90. We found that cells treated
with | or 3 pM GA showed reduced levels of PINK1 (Fig. 2,
top panel), whereas levels of Hsp90 and Cdc37 were unaffected
(Fig. 2, middle and bottom panels). In addition, GA completely
blocked the interaction between PINKI and Hsp90/Cdc37.
Examination of the time course of the response to GA revealed
that levels of full-length PINK | gradually declined by 90% over
the course of 4 h after the addition of GA to COS7 cells
(Fig. 3A). These findings were then confirmed using
novobiocin, another known Hsp90 inhibitor that is structurally
unrelated to GA and binds to the ATP-binding domain located
in the C-terminal part of Hsp90 (Marcu et al., 2000). As shown
in Fig. 3A, novobiocin treatment also significantly reduced
levels of PINK1 in COS7 cells, and similar results were
obtained with HEK293 cells (data not shown). The changes of
PINK1 level induced by Hsp90 inhibitors are likely to be
ascribable to its protein stability and degradation. First, PINK1
mRNA level was not affected by GA treatment as assessed by
RT-PCR analysis (data not shown). Moreover, GA-induced
PINK1 downregulation was suppressed by protease inhibitors
(Fig. 3B).

FL-PINK1
A-PINK1

Fig. 2. GA treatment diminishes the interaction of PINK1 with both HspS0 and
Cdc37. COS7 cells were transfected for 24 h with either PINK1-FLAG or Mock
expression vector and thea treated with indicated concentration of GA. After
incubating an additional 4 h, the cells were lysed and immunoprecipitated as
described in Section 2. Immunocomplexes and whole-cell lysates (WCLs) were
subjected to electrophoresis on polyzcrylamide gel and immunoblotted with the
indicated Abs; mm:km:ﬁcﬂaanon—spmﬁcbudd:wmdbymﬁﬂ\m
Ab, which served as an internal L. The indi IgG heavy
chain.
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Fig. 3. PINKI degradation is enhanced by Hsp90 inhibitors but inhibited by
proteasome inhibitors. (A) COS7 cells were transiently transfected with PINK1-
FLAG, after which the i were incubated for the indicated times in
the presence of 3 uM GA, 1 mM novobiocin (NV) or their vehicles (DMSO and
water, respectively). After the indicated times or before the addition of drug
(TO), the cells were lysed and their lysates were subjected to SDS-PAGE and
immunoblotted with anti-FLAG M2 Ab. (B) COS7 cells transiently transfected
with PINK1-FLAG were incubated for 4 h in the presence of GA or vehicle
{DMSO). The p yme inhibitors (ep yein or MG132) or lysosomal
protease inhibitors (pepstatin or leupeptin) were simultancously added in the
presence or absence of GA. (—) indicates no drug treatment; the asterisk
indicates a non-specific band detected by anti-FALG Ab, which served as an
internal control.

Several studies have shown that GA-induced degradation of
Hsp90 target proteins is preceded by their ubiquitination and
subsequent targeting by proteasome (Miyata et al., 2001; Nony
et al., 2003; Boudeau et al., 2003; An etal., 2000). To determine
whether GA-mediated decay of PINKI is also dependent on
proteasomal degradation, we blocked proteasome function
using two specific inhibitors, epoxomycin and MG132. We
found that when COS7 cells expressing PINK1-FLAG were
incubated with GA plus either epoxomycin or MG132, but not
with other protease inhibitors, degradation of full-length
PINKI was prevented (Fig. 3B). Apparently, upon dissociation
of the PINKI-Hsp90 complex, PINK1 is degraded by
proteasome.

3.3. Familial PD-associated L347P mutation impairs the
interaction between PINK1 and Hsp90/Cdc37

Beilina et al. (2005) recently reported the L347P PINKI1
mutant is much more rapidly degraded within cells than wild-
type PINKI1. To clarify the molecular mechanism underlying
the enhanced degradation of the PINK] mutant, we tested

FL-PINKI1
A-FINKI
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Fig. 4. Familial PD-associated L34 7P mutation impairs the interaction between
PINK1 and Hsp90/Cde37. (A) Wild-type PINK1 and PD-associated PINKI
mutants expressed in COS7 cells were immunoprecipitated with anti-FLAG Ab
and immunoblotted with anti-Hsp90, anti-Cde37 or anti-FLAG Ab. (B) COS7
cells were transfected for 24 h with either wild-type PINK1-FLAG or L347P
mutant PINK1-FLAG, after which they were incubated for the indi d times
in the presence of 100 pg/ml cycloheximide (CHX). After the indicated times
or before the addition of CHX, cells were resuspended in lysis buffer, and the
proleins were analyzed by immunoblotting using anti-FLAG M2 Ab. Similar
results were obtained in two independent experiments. The asterisk indicates a
non-specific band detected by anti-FALG Ab, which served as an internal
L The thead indi IgG heavy chain.

whether PINK1 missense mutants found in familial PD patients
(Valente et al., 2004; Hatano et al, 2004) show diminished
binding to Hsp90 and/or Cde37/p50. Immunoprecipitation of
PINK1 mutants using anti-FLAG Ab followed by immuno-
blotting with anti-Hsp90 or Cdc37/p50 Ab revealed that the
L347P substimtion mutant did not bind to either Hsp90 or
Cde37/p50, whereas the other PD-linked mutations we tested
here did not significantly affect the interaction of PINK1 with
Hsp90/Cdc37 (Fig. 4A). To confirm the effect of the L347P
mutation on protein stability, we also carried out a protein
degradation assay and found that the half-life of full-length
wild-type PINK1 was 1 h, whereas the half-life of the full-
length L347P PINK1 mutant was only 30 min (Fig. 4B). Thus
the inability to bind to Hsp90 appears to substantially reduce
the stability of the L347P PINK1 mutant.

4. Discussion
Our findings indicate that the molecular chaperone complex

Hsp90/Cdc37 bind to PINK1 and thus regulate its stability.
Hsp90 is an abundant cytoplasmic protein that functions as a
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chaperone and plays an essential role in numerous cellular
processes. With fewer target proteins than Hsp60 or Hsp70,
Hsp90 appears to primarily bind protein kinases and hormone
receptors (Young et al., 2001). To specifically interact with its
client proteins, Hsp90 also requires the presence of co-
chaperones. One of these, Cdc37/p50, appears to specifically
target Hsp90 to a variety of protein kinases, including the
mitogen-activated protein kinase (MAPK) family member
MAPK-overlapping kinase (MOK) (Miyata et al., 2001), LBK1
(Nony et al., 2003; Boudeau et al., 2003), IKK (Chen et al.,
2002) and LRRK2 (Gloeckner et al., 2006). One of the Hsp90/
Cdc37 binding proteins IKK was reported to independently
bind to both Cdc37 and Hsp90. However, treatment with Hsp90
inhibitors such as GA abolishes the binding ability of IKK to
bind both Hsp90 and Cdc37, leading to disruption of its activity.
These findings, along with several lines of evidence by the other
researchers, suggest that Hsp90 functions in concert with
Cdc37 and their interaction is important in their stabilization,
activation and/or translocation. Although there is a possibility
that Hsp90 and Cdc37 independently bind to PINK, treatment
with Hsp90 inhibitors markedly reduced levels of PINK1
indicate Hsp90/Cdc37 complex are key regulator for PINKI
stability.

Hsp90/Cdc37 interacts with the catalytic domains of several
kinases, thereby affecting their enzymatic activity. For example,
the interaction of the IKK complex with Hsp90/Cdc37 isrequired
for its activation by tumor necrosis factor (Chen et al., 2002), and
the interaction of CDK4 with Hsp90/Cdc37 is required for its
proper assembly with cyclin D (Dai et al., 1996). By contrast, the
kinase activity of the LKB1 is unaffected by its binding to Hsp90/
Cde37 (Nony et al., 2003). Some recent studies have shown that
recombinant PINK1 expressed in Escherichia coli has kinase
activity (Silvestri et al., 2005; Hatano et al., 2004), but it is not
clear whether PINK1 expressed in mammalian cells has similar
activity. In our hands, PINK1 exhibited no self-directed
phosphorylation activity (data not shown). Further investigation
will be required to clarify this issue.

Another function of Hsp90 is stabilization of its target
proteins through the prevention of their degradation by the
proteasome system. A number of oncogenes, including v-Src
(An et al., 2000) and MOK (Miyata et al., 2001), are rapidly
degraded in cells following treatment with GA. Consistent with
the idea that Hsp90 is a key regulator of PINK1 stability,
treatment with Hsp90 inhibitors markedly reduced PINKI
levels within cells (Figs. 2 and 3), while two proteasome
inhibitors, epoxomycin and MG132, each prevented Hsp90-
inhibitor-induced PINK1 degradation (Fig. 3).

In the present study, we found high concentration of GA
treatment conversely augmented PINK1 protein level. Hsp90
was known to form complex with heat shock transcription
factor Hsfl, and when this interaction was impaired by adding
Hsp90 inhibitor, Hsfl can form active trimers which enhance
the transcription of a subset of genes. According to this idea,
other factor(s) induced by Hsfl may also influence on PINK1
stability.

Beilina et al. (2005) showed that when expressed in either E.
coli or mammalian cells, steady-state level of the L347P PINK1

mutant is low. They suggested this was the result of enhanced
degradation caused by disruption of a-helix similar to that
observed in the L166P DJ-1 mutant (Miller et al., 2003).
However, we did not observe low steady-state level of L347P
PINK1 mutant protein expressed in E. coli (data not shown).
Instead, the present results suggest that the diminished stability
of the L347P PINK1 mutant reflects its inability to interact with
Hsp90/Cde37.

PINKI reportedly reduces basal neuronal pro-apoptotic
activity and protects neurons from staurosporine-induced
apoptosis (Silvestri et al., 2005). In addition, Deng et al.
(2005) showed that treating cells with PINK 1-specific siRNA
reduced their viability and significantly increased the cyto-
toxicity of MPP" and rotenone. We found that the L347P
mutation diminishes both the interaction of PINK1 with Hsp90
and its stability. These results indicate that L347P mutant
PINKI loses its cell protective function due to destabilization,
resulting in the development of PD. Moreover, the present
results suggest possible contribution of chaperon system,
especially Hsp90, to the pathogenesis of PARK6.

During the preparation of this manuscript, Weihofen et al.
(2007) reported that PINKI interact with Hsp90/Cdc37
complex. They showed GA treatment that affects Hsp90 and
client protein interaction preferentially reduced the level of
endogenous full-length PINKI. Our findings are consistent
with their observations (Figs. 2 and 3). In the present study, we,
for the first time, showed that L347P mutant PINK1 displayed
diminished interaction with HspS0/Cdc37, resulting in its
instability. Again, these results indicate that L347P mutant
PINK1 loses its cell protective function due to destabilization,
leading to the development of PD.
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Rines/RNF180, a novel RING finger gene-encoded product,
is a membrane-bound ubiquitin ligase
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We identified and characterized a novel RING finger gene, Rines/RNF180, which is well conserved
among vertebrates. Putative Rines gene product (Rines) contains a RING finger domain, a basic
coiled-coil domain, a novel conserved domain (DSPRC) and a C-terminal hydrophobic region
that is predicted to be a transmembrane domain. N-terminally epitope tagged-Rines (Nt-Rines)
was detected in the endoplasmic reticulum membrane/nuclear envelope in cultured mammalian
cells. Nt-Rines was not extracted by high salt or alkaline buffers and was degraded in intact endo-
plasmic reticulum treated with proteinase K, indicating that Nt-Rines is an integral membrane
protein with most of its N-terminal regions in the cytoplasm. Rines was expressed in brain, kidney,
testis, and uterus of adult mice, and in developing lens and brain, particularly in the ventricular
layer of the cerebral cortex at embryonic stages. In cultured cells, Nt-Rines can bind another
protein and promoted its degradation. The degradation was inhibited by proteasomal inhibitors.
In addition, Nt-Rines itself was heavily ubiquitinated and degraded by proteasome. The involve-
ment of Rines in the ubiquitin—proteasome pathway was further supported by its binding to the
UbcHS6 ubiquitin-conjugating enzyme and by its trans-ubiquitination enhancing activities. These
results suggest that Rines is a membrane-bound E3 ubiquitin ligase.

substrates and subsequent protein degradation. Many

Introduction

Protein degradation by the proteasome pathway plays a
vital role in controlling the level of proteins involved
in diverse cellular processes, including differentiation,
proliferation and apoptosis (Hershko & Ciechanover 1998;
Pickart 2001). In the ubiquitin—proteasome pathway,
substrates are marked by covalent linkage to ubiquitin
for degradation. The ubiquitinated proteins are then
recognized and degraded by the 265 proteasome. Ubig-
uitination, involves highly specific enzyme cascades
such as E1 ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzyme and E3 ubiquitin-protein ligase
(Hershko & Ciechanover 1998; Pickart 2001). Among
them, E3 ubiquitin ligase plays a key role in determining
the specificity and dming of the ubiquitination of
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E3 ubiquitin ligases contain a RING finger domain as a
binding domain for E2 enzymes (Joazeiro & Weissman
2000; Pickart 2001).

A novel RING finger motif-containing gene, Rines,
was found in a screening for binding partner of Zic2,
which belongs to the Zic family nuclear zinc finger
proteins (Aruga ef al. 1996; Nagai et al. 2000; Mizugishi
et al. 2004). Because a putative Rines gene product (Rines)
does not show any close similarities to previously known
proteins, its basic molecular properties were investigated
using Zic2 as a tool protein. We characterized the structure,
subcellular localization, topology and molecular func-
tions of Rines, together with the expression profiles of
Rines in developing and adult mice, We found that Rines
was expressed in developing and mature brain and in
other organs. Rines possessed 2 RING finger domain
that is necessary for ubiquitin ligase activity and a novel
domain, and was an integral membrane protein located
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mainly on the cytoplasmic side of the endoplasmic retic-
ulum. Molecular function analyses revealed proteasomnal
degradation-enhancing, degradation target-binding and
E2 enzyme-binding activities. Our results indicated Rines
to be a novel proteasomal degradation mediator.

Results

Structural features of the Rines

In ayeast-two hybrid screening of an E10.5 mouse embry-
onic cDNA library using an entire N-terminal half of the
mouse Zic2 protein (1-255) as a bait (Mizugishi ef al. 2004),
we isolated a clone that encodes part of a novel RING
finger motif, the gene of which we named Rines (An
abbreviation of RING finger protein in neural stem cells).

Nucleotide sequencing of the Rines cDNA revealed
that the putative open reading frame (ORF) contains
1773 nucleotides (591 amino acids, accession: AAH46775,
also named as RNF180 in a cDNA collection project
(Strausberg et al. 2002)). The predicted Rines gene product
(Rines) is a 65 kDa protein containing 2 RING finger
domain (Fig. 1A=C). The RING finger domain is a
cysteine/histidine rich (C3HC4), Zn** binding domain
that has been found in a number of eukaryotic proteins
and considered to be chemical catalysts and molecular
scaffolds that bring other proteins together (Borden 2000).
Emerging evidence indicates that RING finger motif
may have ubiquitin ligase activity and function in protein
ubiquitination (Joazeiro & Weissman 2000; Pickart
2001). In its C-terminal end, there is a hydrophobic region,
which is predicted to be a transmembrane segment by com-
puter programs (sosul, Hirokawa et al. 1998, pHDHTM,
Rost ef al. 1996). !

A homology search against LasT/NCBI database
revealed the presence of the mousé Rines homologues in
human, chick, and zebrafish (Fig. 1B).The RING finger
domain was strongly conserved among the Rines homo-
logues. In addition, there were three conserved domains
in an N-terminal region, an N-terminal flanking of the
RING finger domain and a C-terminal portion. A
homology search revealed that the N-terminally located
conserved domains had a significant homology to pro-
teins including dual specificity protein phosphatases,
rat GKAP (Munoz-Alonso et al. 2000) and yeast Yvh1
(Giaever et al. 2002) (Fig. 1D). This conserved domain
(named here as DSPR.C, dual specificity phosphatase—
Rines-conserved) is consisted of about 50 amino acids
residues where four cysteine residues are absolutely con-
served, and is also detected in insect and plant proteins.
However, functional significance of DSPRC is not clear
at this point. The second conserved region contained a

2 Genes to Cells (2008) 13, 000-000

cluster of basic residues. In addition, a2 computer program
(1srec-Coil server, <http://wwwisrec.isb-sib.ch/cgi-bin/
COILS-from~paser>) predicted the presence of a coiled-
coil structure, which is known to mediate protein-to-
protein interaction. The coiled-coil domain was also
predicted in all the vertebrate Rines homologues. In the
current protein database, we did not find any other pro-
teins with a domain organization similar to that of Rines
(Fig. 1A), suggesting that Rines is a unique protein.

Rines is a membrane-anchored protein

We first characterized Rines in terms of its subcellular
localization. When N-terminally Flag epitope-tagged
Rines (Flag-Rines) was produced in cells, it was detected
as reticular staining in the cytoplasmic region (Fig. 2A).
The staining greatly overlapped that of Calnexin, an
endoplasmic reticulum (ER)-anchored integral membrane
protein, suggesting ER. membrane/nuclear envelope
localization of Rines. Similarly to Calnexin, Flag-Rines
was extracted from membrane fractions only in buffers
containing detergents, but not in the presence of urea,
salt alone or an alkaline buffer (Fig. 2B). In contrast,
Calreticulin, a peripheral membrane protein of the ER,
was extracted from the membrane fractions in an alkaline
buffer (Fig. 2B). Peripheral membrane proteins can be
separated from integral membrane proteins by extraction
with 0.1 M Na,CO, (Fujiki et al. 1982). These results
indicate that Flag-Rines is an integral membrane protein,
in agreement with the presence of the predicted trans-
membrane region. When the crude membrane fraction
was treated with proteinase K in the absence of detergent,
N-terminally Myc-tagged Rines was digested similarly
to the ER. membrane protein TR APq, whereas BiP,
an intraluminal ER protein, was mostly not (Fig. 2C). This
result indicates that most of the N-terminus of Mye-
Rines is located in the cytoplasm.

Expression pattern of Rines

The expression profile of Rines in mice was first examined
by Northern blot analysis (Fig. 3A,B). In adult mice, the
Rines mRINA was most strongly detected in brain, mod-
erately in kidney, testis and uterus and weakly in lung and
thymus (Fig. 3A). In the course of development, significant
expression was detected from E10.5, the mRINA level
was gradually increased, peaked around E13.5 and then
gradually decreased (Fig. 3B). These results suggest that
Rines, in principle, could play a role in the later gesta-
tional development.

To determine the spatial expression pattern of Rines,
we performed a series of in situ hybridization histochemical

© 2008 The Authon
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Figure 1 Structure of the Rines, (A) The domain structure of mouse Rines. DSPRC, dual specificity protein phosphatase Rines
conserved domain; basic/coil, basic coiled-coil domain; RING, RING finger domain; TM, transmembrane domain. (B) Alignment of the
amino acid sequences of the human (accession: CAD89939), mouse (accession: AAH46775), chick (accession: XP_429137), and zebrafish
{accession: NP_956723) Rines. Dark green boxes indicate the conserved amino acids across the four specics, and light green boxes indicate
the conserved amino acids among the three species. Open box, transmembrane domain; thick underline, RING finger domain; thin underline,
basic coiled-coil domain; broken underline, DSPR.C domain. (C) Comparison of the RING finger domain amino acid sequences between
mouse Rines, human TRIM2, human SMARCAJZ and human BRCAT. (D) Comparison of DSPR.C domain sequences derived from
rat glucol iated phosphatase (T-DSP4, NP_071584), Saccharomyces cerevisiae Yvhip (Yvh1, NP_012292), Arabidopsis thaliana

dual specificity protein phosphatase-related protein (Arbi, NP_5678561), and an Apis mellifera protein (Apis, XP_396430).
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Figure 2 Localization of Rines in cultured cells. (A) Immuno-
fluorescence staining of COS7 cells expressing Flag-Rines.
Anti-Calnexin antibody was used to stain a typical ER. membrane
protein. Blue indicates DAPI-stained nucleus: Scale bar, 5 pm.
(B) Membrane preparations of 293T cells expressing Flag-Rines
were extracted with buffer containing the materials indicated.
TNE buffer (150 mm Tris-HC, pH 7.5; 500 mm NaCl; 1 mm EDTA;
1% Triton X-100; 0.1% SDS), P, pellet; S, supernatant. Each
fraction was subjected to immunoblotting with antibodies against
Flag-epitope, Calnexin (an integral membrane protein in ER)
and Calreticulin (a peripheral membrane protein in ER). (C)
N-termini of the Rines are oriented mostly toward the cytoplasm.
Protease protection assay of N-terminally Myc-tagged Rines, an
ER luminal control BiP (Grp78) and an integral ER. membrane
protein TRAPo The crude brane fraction prepared from
293T cells expressing Myc-Rines was treated with only proteinase
K or with protei K with detergent buffer (TNE) for the time
indicated. Samples were subjected to immunoblotting using the
antibodies indicated.
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staining using brains from E13.5 to E17.5 mouse embryos.
Throughout these stages, a high level of Rines expression
was detected in ventricular zone of the lateral ventricle
while a low level of expression could be observed
throughout other brain region (Fig. 3C-G). At E13.5,
the Rines expression was detected in a thick layer facing
the lateral ventricle, and the expression continued in the
ventricular zone at E15.5 through E17.5 (Fig. 3C-G),
but the stained layer was thinner at the later stages. In
addition, Rines was expressed strongly by lens-forming
cells (Fig. 3D). In the sagittal section of E17.5, the Rines
expression was detected in the olfactory bulb, the ven-
tricular layers facing both on the lateral ventricle and the
fourth ventricle and weakly in the thalamus (Fig. 3F). A
higher magnification of the cerebral cortex revealed that
the Rines expression was restricted to the ventricular
zone (Fig. 3G).

Rines has a protein-degradation activity dependent
on proteasomal function

Because Rines was first found as a Zic2 binding protein
in yeast, we performed GST pull-down experiments
with the total cell extract from cells transfected with
Flag-Rines and GST-fused Zic2 FL (full-length). The
precipitates were immunoblotted to detect Flag-Rines
(Fig. 4A). We obtained GST-fusion Zic2-bound Rines.
To test if the interaction occurs between the purified
proteins, we prepared a GST fusion protein containing
the Rines fragment obtained from two-hybrid screening
(two-hybrid binding region (TBR: 282—489), Fig, 4C)
and used this fusion protein for GST pull-down experi-
ments with purified Flag-2HA-Zic2 expressed in, and
purified from, 293T cells (Fig. 4B). As a result, we could
observe the interaction of GST-Rines-TBR with Flag-
2HA-Zic2 (Fig, 4B). This result confirmed that Rines
can directly interact with Zic2. Mapping of the Zic2
binding domain in TBR282-489 revealed that both the
basic coiled-coil domain and the RING finger domain
were involved in the binding (Fig. 4C,D).

To test whether Rines can affect the protein amount
of the interacting protein, 293T cells were co-transfected
with Flag-Rines and HA-Zic2. We found that the
amount of HA-Zic2 in the cell lysate was reduced only
when Flag-Rines was co-transfected (Fig.5A, Input
lane2). We then speculated that Rines may be involved
in proteasomal protein degradation, because a large
number of proteins with the RING finger motif partic-
ipated in proteasomal protein degradation.This idea led
us to examine the HA-Zic2 protein amount in the
cells treated with an inhibitor of proteasome function
(MG132) or an inhibitor of lysosomal cysteine protease

© 2008 The Authons
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Figure 3 Expression of the Rines. (A-B)
Northern blot analyses of a *P-labeled
DNA probe of Rines. Each lane contains
20 pg of woral RNA. (A) Tissue distribution
of the Rines mRNA in adult mice. RINA
derives from  indicated organs of ICR
mouse, age 610 weeks. (B) Developmental
changes in the Rines mRINA cxpression in
the mouse embryo from E4.5 to E18.5.
(C~G) in situ hybridization analysis. Rines
mRINA distribution s shown in brain
sections from E13.5 (C), E15.5 (D), E17.5
(E, E G) embryos. C-E show coronal
sections and F and G show sagittal sections.
(G) Higher magnification of the arca
indicated by asterisk in (F). CC, cerebral
cortex; CP, cortical plate; FV, fourth
ventricle; Le, lens; LV, lateral ventricle;
OB, olfactory bulb; SP, subplate; SV,
subventricular zone; Th, thalamus; VZ,
ventricular zone. Scale bar, 200 pm.

(E64). As shown in Fig, 5A, the HA-Zic2 in the input
lysate decreased in the cells transfected with Flag-Rines
was recovered in the cells with MG132 treatment.
Similarly, the level of Flag-Rines itself was also increased
by the treatment with MG132, but not with E64. In
addition, the interaction of Flag-Rines and HA-Zic2
was observed in cells only when the cells were treated
with MG132 but not with E64.These results suggest that
the apparent absence of the Flag-Rines-HA-Zic2 com-
plex in the cell lysate without MG132 may be due to the
rapid degradation of this complex in the proteasome.

To further investigate whether Flag-Rines pro-
motes the degradation of the interacting protein by the
proteasome pathway, we examined the Zic2 amount by
immunoblot analysis in cells using a series of protea-
somal inhibitors or a calpain inhibitor (Fig. 5B). HA-Zic2
was co-transfected into cells with either Flag-Rines
or Flag-tagged control vector. The result showed that the
Rines-induced degradation of Zic2 was blocked in the
presence of the all tested proteasome inhibitors including
MG132; Epoxomicin, clasto-Lactacystin-B-lactone,
Lactacystin and ALLN (Fig. 5B), but was not blocked
even in the presence of the high concentration (1 jim) of
the calpain inhibitor, Calpastatin peptide (IC50 = 20 nM,
Eto et al. 1995) (Fig. 5B). These results confirm that Rines
promotes the degradation of protein by the proteasome
pathway.

© 2008 The Authors
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To clarify whether or not the Flag-Rines-induced
decrement of HA-Zic2 is due to the enhanced Zic2
degradation, we performed a cycloheximide chase experi-
ment. HA-Zic2 was co-expressed in cells with either
Flag-Rines or Flag-vector control. Cycloheximide was
added 26 h after transfection to inhibit new protein
synthesis, and cells were harvested at the indicated time
points. The decay of HA-Zic2 was analyzed by immuno-
blotting. A clear effect on the stability of HA-Zic2
was observed in this cycloheximide chase experiment
(Fig. 5C,D). In the presence of the Flag-Rines, the level
of HA-Zic2 severely decreased at 4 and 6 h after cyclohex-
imide addition, whereas this effect was not seen in the
absence of Flag-Rines. These results indicate that Flag-
Rines indeed shortens the half-life of HA-Zic2. We also
observed a rapid decrement of Rines iself (Fig. 5C) in
accord with the proteasomal degradation of Flag-Rines
(Fig. 5A).

Rines can bind to a ubiquitin-conjugating E2
enzyme and shows ubiquitin-ligase activity

The RING finger motifs in RING-type E3s have been
shown to serve as recruiting motifs for specific E2
ubiquitin-conjugating enzymes. It was considered that
Rines is involved in the proteasomal machinery. To test
whether Rines could recruit an E2-ubiquitin conjugating

Genes to Cells (2008) 13, 000-000 5
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Figure 4 Zic2-binding activity of Rines. (A) Rines binds Zic2 in vitre. 293T cells were transfected with Flag-Rines, and the cell lysates

containing equal amount of proteins were incubated with the GST-Zic2.The ¢l
by immunoblotting with anti-Flag antlbody (upyerpmd} GST—Z.::Z was sh as

1e sepharose beads were amalyzed

from the glutathi
ining (lower panel). (B) Rines directy

ido black

interact with Zic2. Flag-2HA-Zic2 cxpmd and purified from 293T cells was incubated with the GST-Rines-TBR (282—489) fusion
protein or GST protein and GST pul!—dgwn aﬂy was pedformed. Bound mmrnl was detected by immunoblotting using anti-HA

antibody. GST-R.ines-TBR ftmon was as

ido black

g (lower left panel). The input purified Flag-2HA-Zic2

was shown as silver mmmg (Iub:r ngh! pu.nd} (C-D) Rines binds Zic2 in lh: basic coiled-coil domain and RING finger domain.

(G A) schematic rep

 of the Rinesits deletion mutants and the result of mapping of the Zic2-binding region in Rines. The

various regions of the Rines were prepared as GST fusion proteins, The numbers refer to amino acids. D, GST pull-down assays. Upper panel,
immunoblot using anti-Flag antibody; lewer panel, amido black staining indicating GST-Rines deletion proteins.

enzyme, wé performed a GST pull-down assay using
GST-Rines-TBR, which contains the RING finger
motif, and a set of the Myc-E2s (UbcH5a, H5b, H5 ¢,
H6, H7 and H8) expressed in cells (Fig. 6A). As a result,
GST-Rines-TBR. associated with Myc-UbcH6, but not
with Mye-UbcHS5a, H5b, H5¢, H7 or H8.

It is known that almost all known RING-type E3
ligases themselves are susceptible to be ubiquitinated (Fang
& Weissman 2004). Overexpression of Myc- or Flag-
Rines in 293T, NIH 3T3 and COS7 cells resulted in the
formation of higher molecular weight bands that were
recognized by immunoblot using antd-Myc or Flag

Genes to Cells (2008) 13, 000-000

antibodies (data not shown). We then examined whether
Rines could be covalently modified by ubiquitin (Fig. 6B).
An expression plasmid encoding a HA-ubiquitin was
transfected into NIH 3T3 cells with or without plasmid
for Flag-Rines, followed by immunoprecipitation with
anti-Flag antibody. An immunoblot analysis of immuno-
precipitates with anti-HA antibody showed a broad band
with high molecular weight only when HA-ubiquitin
and Flag-Rines were co-expressed. When the same
samples were immunoblotted with anti-Flag antibody,
the broad bands with high molecular weight appeared
regardless of the presence of HA-ubiquitin. These results

© 2008 The Authors
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proteasome inhibitors but not the calpain inhibitor. NIH 3T3 cells were co-transfected with indicated vectors, and were treated with the
proteasome inhibitor, MG132 (10 M), Epoxemicin (10 pum), dlasto-Lactacystin-B-lactone (10 pm), thxystm (20 pm), ALLIN (25 uM),
the calpain inhibitor, Calpastatine peptide (1 jtm) or vehicle (DMSO). The cell lysates were analy blotting. (C-D) Rines
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1.0.The plots indicate means of four independent analyses. Error bars represent standard error. Asterisk denotes statistical significance in
the Zic2 amount between the Flag-Rines-transfected and the control vector. fected cell ly ** P < 0.01,n = 4,by Student’s
t-test.

enhanced in the presence of Myc-Rines than in it

indicate that Flag-Rines is heavily ubiquitinated and
absence. Accordingly, the ubiquitination of endogenous

Flag-Rines can be modified with endogenous ubiquitin

as well as exogenous ubiquitin.

Next, we tested whether Rines has an ubiquitin ligase
activity (Fig. 7A). Flag-Zic2 was co-transfected into NIH
3T73 cells along with HA-tagged ubiquitin in the absence
or presence of a plasmid with Myc-tagged Rines, Cell
lysates were subjected to immunoprecipitation with an
anti-Flag antibody, followed by immunoblotting with an
anti-HA antibody to detect ubiquitin-conjugated Zic2.
A broad band with high molecular weight was more

© 2008 The Authors

Zic2 was enhanced by Myc-Rines in rat neural stem cell
line MNS70 cells (Fig. 7B). These results indicate that
Rines can promote the polyubiquitination of the inter-
acting protein. Furthermore, deletion of the RING finger
motif abolished the ability of Rines to promote the ubi-
quitination of endogenous Zic2 - the ability integral Rines
possesses (Fig. 7B). Because the RING finger motif is
suggested to be essential for the enzymatic actvity of
RING-type E3 ubiquitin ligase (Joazeiro & Weissman
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