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2001, 2003). Oyake et al. (2002) developed double RING ubiquitin
ligases containing the RING finger domains of both BRCA and
BARDI linked to a substrate recognition site PCNA. Recently,
Hatakeyama et al. developed a fusion protein composed of Max,
which forms a heterodimer with c-Myc, and the U-box of CHIP.
This fusion protein physically interacted with c-Myc and promoted
the ubiquitylation of c-Myec. It also reduced the stability of c-Myc,
resulting in the suppression of transcriptional activity dependent on
c-Myc and the inhibition of tumorogenesis (Hatakeyama et al,
2003). This indicated that the U-box portion of CHIP is able to add
an effective E3 function to a U-box-containing client protein.

We postulated that engineered forms of Dorfin could be stable
and still function as specific E3s for mutant SOD!s. Dorfin has a
RING/IBR domain in the N-terminal portion (amino acids 1-332),
but has no obvious motif in the rest of the C-terminus (amino acids
333-838). In this study, we have demonstrated that the
hydrophobic domain of Dorfin (amino acids 333-454) is both
necessary and sufficient for substrate recruiting (Fig. 2B). In our
engineered proteins, the RING/IBR motif of N-terminal Dorfin
was replaced by the UPR domain of CHIP, which had strong E3
activity (Murata et al.. 2001). Some of the engineered Dorfin-
chimeric proteins, such as Dorfin-CHIPP: ¢ J, and L, were
degraded in vivo far more slowly than was wild-type Dorfin,
indicating that they were capable of being stably presented in vivo
(Fig. 3). However, Dorfin-CHIP® failed to show strong ubiquityla-
tion activity against SOD19*® in HEK293 cells. Since Dorfin-
CHIPP-?, and " were able to bind to SOD1%® more strongly than
did Dorfin-CHIPY, the binding activity was more important for the
E3 activity than for the protein stability.

We next showed that although all of the Dorfin-CHIP chimeric
proteins bound to mutant SODI in vivo, some of them, such as
Dorfin-CHIP® €, and !, bound less than others (Fig. 4A). In
HEK293 cells, Dorfin-CHIP? B % % ¥ and L ubiquitylated
SOD1“®® more effectively than did Dorfin or CHIP; however, in
N2a cells only Dorfin-CHIP" had more effective E3 activity than
did Dorfin or CHIP. This discrepancy may be due to differences
between HEK 293 and N2a cells which could provide slight
different environment for the E3 machinery. Therefore, Dorfin-
CHIP" was the most potent of the candidate chimeric proteins in
degrading mutant SODI in the UPS in neuronal cells. We also
showed that Dorfin-CHIP" could specifically bind to and
ubiquitylate mutant SOD1s but not SODIYT in vive, as Dorfin
had done (Niwa et al.,, 2002; Ishigaki et al.. 2004) (Fig. 5). This
observation confirmed that the hydrophobic domain of Dorfin
(amino acids 333-454) is responsible for mutant SOD]1 recruiting,

Pulse-chase analysis using N2a cells showed that Dorfin-CHIP"
degraded SOD19%® and SOD19*** more effectively than did
Dorfin (Fig. 6). This is compatible with the finding that Dorfin-
CHIP" had a greater effect than Dorfin did on the ubiquitylation
against mutant SOD1. The cycloheximide assay verified that the
degradation ability of Dorfin-CHIP® against SOD19%R wag
stronger than that of Dorfin or CHIP in HEK293 cells (data not
shown).

Dorfin-CHIPY also reversed SOD19¥R_associated toxicity in
N2a cells more effectively than did Dorfin (Fig. 7). This
therapeutic effect of Dorfin-CHIP" was expected from its strong
E3 activity and degradation ability against SOD19*®, Visible
protein aggregations have been considered to be hallmarks of
neurodegeneration. Increased understanding of the pathway
involved in protein aggregation may demonstrate that visible
macroaggregates represent the end-stage of a molecular cascade of

steps rather than a direct toxic insult (Ross and Poirier. 2004). Two
facts that Dorfin-CHIP™ decreased aggregation formation of
SODI“*R and that this effect was inhibited by a proteasome
inhibitor should reflect the ability of Dorfin-CHIP" to degrade
mutant SOD1 in the UPS of cells.

Based on our present observations, Dorfin-CHIPY, an en-
gineered chimeric molecule with the hydrophobic substrate-
binding domain of Dorfin and the U-box domain of CHIP, had
stronger E3 activity against mutant SOD! than did Dorfin or CHIP.
Indeed, it not only degraded mutant SOD1 more effectively than
did Dorfin or CHIP but, as compared to Dorfin, produced marked
attenuation of mutant SOD-associated toxicity in N2a cells. This
protective effect of Dorfin-CHIP" against mutant SODI has
potential applications to gene therapy for mutant SOD1 transgenic
mice because this protein has a long enough life to allow the
constant removal of mutant SOD1 from neurons. Since Dorfin was
originally identified as a sporadic ALS-associated molecule
(Ishigaks et al., 2002b) and is located in the ubiquitin-positive
inclusions of various neurodegenerative diseases (Hishikawa et al.,
2003), this molecule is an appropriate candidate for future use in
gene therapy not only for familial ALS, but also for sporadic ALS
and other neurodegenerative disorders.

So far, most reports on engineered chimera E3s have targeted
cancer-promoting proteins. Dorfin-CHIP chimeric proteins are
the first chimera E3s to be intended for the treatment of
neurodegenerative diseases. Since the accumulation of ubiquity-
lated proteins in neurons is a pathological hallmark of various
neurodegenerative diseases, development of chimera E3s like
Dorfin-CHIPY, which can remove unnecessary proteins, is a new
therapeutic concept. Further analysis, including transgenic over-
expression and vector delivery of Dorfin-CHIP chimeric proteins
using ALS animal models will increase our understanding of the
potential utility of Dorfin-CHIP chimeric proteins as therapeutic
tools.
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Reversible Disruption of Dynactin 1-Mediated Retrograde
Axonal Transport in Polyglutamine-Induced Motor
Neuron Degeneration

Masahisa Katsuno, Hiroaki Adachi, Makoto Minamiyama, Masahiro Waza, Keisuke Tokui, Haruhiko Banno,
Keisuke Suzuki, Yu Onoda, Fumiaki Tanaka, Manabu Doyu, and Gen Sobue

Department of Neurology, Nagoya University Graduate School of Medicine, Showa-ku, Nagoya 466-8550, Japan

Spinal and bulbar muscular atrophy (SBMA) is a hereditary neurodegenerative disease caused by an expansion of a trinucleotide CAG
repeat encoding the polyglutamine tract in the androgen receptor (AR) gene. To elucidate the pathogenesis of polyglutamine-mediated
motor neuron dysfunction, we investigated histopathological and biological alterations in a transgenic mouse model of SBMA carrying
human pathogenic AR. In affected mice, neurofilaments and synaptophysin accumulated at the distal motor axon. A similar intramus-
cular accumulation of neurofilament was detected in the skeletal muscle of SBMA patients. Fluoro-gold labeling and sciatic nerve ligation
demonstrated an impaired retrograde axonal transport in the transgenic mice. The mRNA level of dynactin 1, an axon motor for
retrograde transport, was significantly reduced in the SBMA mice resulting from pathogenic AR-induced transcriptional dysregulation.
These pathological events were observed before the onset of neurological symptoms, but were reversed by castration, which prevents
nuclear accumulation of pathogenic AR. Overexpression of dynactin I mitigated neuronal toxicity of the pathogenic AR in a cell culture
model of SBMA. These observations indicate that polyglutamine-dependent transcriptional dysregulation of dynactin 1 plays a crucial

role in the reversible neuronal dysfunction in the early stage of SBMA.

Key words: polyglutamine; spinal and bulbar muscular atrophy; androgen; neurofilament; axonal transport; retrograde; dynactin

Introduction

Spinal and bulbar muscular atrophy (SBMA), or Kennedy’s dis-
ease, is a hereditary neurodegenerative disease resulting from a
loss of bulbar and spinal motor neurons (Kennedy et al., 1968;
Sobue et al., 1989). Patients present with muscle atrophy and
weakness of proximal limbs associated with bulbar palsy, tongue
atrophy and contraction fasciculation (Katsuno et al,, 2006). The
disease affects exclusively adult males, whereas females carrying
the mutant androgen receptor (AR) are seldom symptomatic
(Schmidt et al., 2002). The molecular basis of SBMA is an expan-
sion of a trinucleotide CAG repeat, which encodes the polyglu-
tamine tract in the first exon of the AR gene (La Spada et al,,
1991). This type of mutation has also been found to cause a
variety of neurodegenerative disorders, termed polyglutamine
diseases, such as Huntington’s disease (HD), several forms of
spinocerebellar ataxia, and dentatorubral pallidoluysian atrophy
(Gatchel and Zoghbi, 2005). Although expression of the causative
gene in each of these diseases is ubiquitous, selective neuronal cell
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death is observed in disease-specific areas of the CNS, suggesting
a common molecular basis for these polyglutamine diseases.

Nuclear accumulation of pathogenic protein containing elon-
gated polyglutamine is a crucial step in the pathophysiology of
these diseases, providing an important therapeutic target (Adachi
et al., 2005; Banno et al., 2006). The aberrant polyglutamine pro-
tein has a propensity to form aggregates in the nucleus and inhib-
its the function of transcriptional factors and coactivators, result-
ing in transcriptional perturbation (Cha, 2000; Gatchel and
Zoghbi, 2005). In support of this hypothesis, altered expression
of a variety of genes has been demonstrated in transgenic mouse
models of polyglutamine diseases (Sugars and Rubinsztein,
2003). Although polyglutamine-induced transcriptional dys-
regulation is likely to be central to the pathogenesis of polyglu-
tamine diseases, it has yet to be elucidated which genes are re-
sponsible for the selective neurodegeneration (Gatchel and
Zoghbi, 2005).

No treatments have been established for polyglutamine dis-
eases, but the androgen blockade therapy, surgical or medical
castration, has shown striking therapeutic effects in the SBMA
transgenic mouse model (Katsuno et al., 2002, 2003; Chevalier-
Larsen et al., 2004). Androgen deprivation strongly inhibits the
ligand-dependent nuclear accumulation of pathogenic AR pro-
tein, resulting in a striking improvement in neurological and
histopathological findings of male mice.

In the present study, we investigated the molecular patho-
physiology of motor neuron dysfunction in a transgenic mouse
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model of SBMA. Polyglutamine-induced transcriptional dys-
regulation of the dynactin p150 subunit (dynactin 1), an axonal
motor-associated protein, resulted in perturbation of retrograde
axonal transport in spinal motor neurons in the early stage of the
disease. These processes were reversed by castration, which in-
hibits nuclear accumulation of pathogenic AR. A defect in axonal
trafficking of neurofilaments and synaptic vesicles, the potential
molecular basis for the reversible pathogenesis, appears to con-
tribute to the initiation of symptoms, and may account for the
selective degeneration of motor neurons in SBMA.

Materials and Methods

Generation and maintenance of transgenic mouse. AR-24Q and AR-97Q
mice were generated as described previously (Katsuno et al., 2002).
Briefly, the full-length human AR fragment harboring 24 or 97 CAGs was
subcloned into the HindlIl site of the pCAGGS vector (Niwa et al., 1991)
and microinjected into BDF1-fertilized eggs. Five founders with AR-97Q
were obtained. These mouse lines were maintained by backcrossing them
to C57BL/6] mice. All symptomatic lines (2-6, 4—6, and 7-8) were ex-
amined in the present study. All animal experiments were approved by
the Animal Care Committee of the Nagoya University Graduate School
of Medicine. Mice were given sterile water ad libitum. In the experiments
where it was called for, sodium butyrate {a histone deacetylase (HDAC)
inhibitor] was administered at a concentration of 4 g/L in distilled water
from 5 weeks of age until the end of the analysis, as described previously
(Minamiyama et al., 2004).

Neurological testing and castration after onset. Mice were subjected to
the Rotarod task (Economex Rotarod; Colombus Instruments, Colum-
bus, OH), and cage activity was measured (AB system; Neuroscience,
Tokyo, Japan) as described previously (Katsuno et al.,, 2002). Gait stride
was measured in 50 cm of footsteps, and the maximum value was re-
corded for each mouse. The onset of motor impairment was determined
using weekly rotarod task analyses. Male AR-97Q mice were castrated or
sham-operated via the abdominal route under ketamine-xylazine anes-
thesia {50 mg/kg ketamine and 10 mg/kg xylazine, i.p.) within 1 week
after the onset of rotarod impairment.

Immunohistochemistry and immunofluorescent analysis. Ten-
micrometer-thick sections were prepared from paraffin-embedded tis-
sues, and immunohistochemistry was performed as described previously
(Katsuno et al., 2002). Formalin-fixed tail samples were washed with
70% ethanol and decalcified with 7% formic acid-70% ethanol for 7 d
before embedding in paraffin. Sections to be immunostained for dynac-
tin 1, dynein intermediate chain, dynein heavy chain, and dynamitin
were first microwaved for 20 min in 50 mu citrate buffer, pH 6.0. Sec-
tions to be immunostained for polyglutamine (1C2 antibody) were
treated with formic acid for 5 min at room temperature. The following
primary antibodies were used: anti-dynactin 1 (p1508¥ed, 1:250; BD
Transduction, San Diego, CA), anti-dynein intermediate chain (1:500;
Millipore, Temecula, CA), anti-dynein heavy chain (1:100; Sigma-
Aldrich, St. Louis, MO), anti-dynamitin (1:1000; BD Transduction), an-
ti-polyglutamine, 1C2 (1:10,000; Millipore), antiphosphorylated high
molecular weight neurofilament (NF-H) (SMI31, 1:1000; Sternberger
Monoclonals, Lutherville, MD), anti-nonphosphorylated NF-H (SMI32,
1:5000; Sternberger Monoclonals), and anti-synaptophysin (1:10,000;
Dako, Glostrup, Denmark).

For immunofluorescent analysis of skeletal muscle, mice were deeply
anesthetized with ketamine—xylazine and perfused with PBS followed by
4% paraformaldehyde fixative in phosphate buffer, pH 7.4. Gastrocne-
mius muscles were dissected free, frozen quickly by immersion in cooled
acetone and powdered CO,. Longitudinal, 30 wm, cryostat sections were
placed on a silane-coated slide in a drop of 3% disodium EDTA, air dried
at room temperature, and fixed in methanol/acetone (50:50 v/v). After
blocking with PBS containing 5% goat serum and 1% BSA for 30 min at
room temperature, sections were incubated with 5 p.g/ml Oregon green-
conjugated a-bungarotoxin (Invitrogen, Eugene, OR) for 60 min at
room temperature. Sections were incubated with antiphosphorylated
NE-H (SMI31, 1:3000; Sternberger Monoclonals), anti-synaptophysin
(1:50,000; Dako), or anti-Rab3A (1:5000; BD Transduction) antibodies
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at 4°C overnight, and then with Alexa-546-conjugated goat anti-mouse
1gG (1:1000; Invitrogen). Sections were examined with an IX71 inverted
microscope (Olympus, Tokyo, Japan). For double staining of the skeletal
muscle, paraffin-embedded sections were treated with TNB blocking
buffer (PerkinElmer, Boston, MA) and incubated with anti-AR antibody
(N-20, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA) together with
antiphospho-NF-H.

For immunostaining of human tissues, autopsy specimens of lumbar
spinal cord and intercostal muscle obtained from a genetically diagnosed
SBMA patient (78-year-old male) and those from a neurologically nor-
mal patient (75 years old) were used. The collection of tissues and their
use for this study were approved by the Ethics Committee of Nagoya
University Graduate School of Medicine. Spinal cord sections at 10 um
were incubated with anti-dynactin 1 antibody (p1508"<¢, 1:250; BD
Transduction). Thirty-micrometer-thick cryostat sections of intercostal
muscle were incubated with 150 pg/ml Alexa-488-conjugated
a-bungarotoxin (Invitrogen) and then with antiphosphorylated NF-H
(SMI31, 1:200; Sternberger Monoclonals).

Retrograde Fluoro-gold neurotracer labeling. For labeling neurons with
intramuscular injection of tracer, mice were anesthetized with ketamine—
xylazine, and a small incision was made in the skin of the left calf to
expose the gastrocnemius muscle. A total volume of 4.5 ul of 2.5%
Fluoro-gold solution (Biotium, Hayward, CA) in PBS was injected in
three different parts of the muscle (proximal, middle, and distal) using a
10 wl Hamilton syringe. For labeling by the nerve stump method, the
sciatic nerve was exposed and transected at mid-thigh level. A small
polyethylene tube containing 2.5% Fluoro-gold solution was applied to
the proximal stump of the cut sciatic nerve, and sealed with Vaseline to
prevent leakage. Mice were anesthetized 44 h after Fluoro-gold adminis-
tration with ketamine—xylazine and perfused with PBS followed by 4%
paraformaldehyde in phosphate buffer, pH 7.4. Spinal cords were re-
moved and postfixed with 4% paraformaldehyde in phosphate buffer for
2 h, floated in 10 and 15% sucrose for 4 h each and in 20% sucrose
overnight. The samples were sectioned longitudinally on a cryostat at 30
wm and mounted on silane-coated slides. The number of Fluoro-gold
labeled motor neurons was counted in serial spinal cord sections with an
[X71 inverted microscope (Olympus) using a wide-band UV filter. Some
specimens were immunostained for dynactin immediately after the
number of Fluoro-gold-labeled motor neurons was counted.

Western blot analysis. SH-SY5Y cells were lysed in CellLytic lysis buffer
(Sigma-Aldrich) containing a protease inhibitor mixture (Roche, Mann-
heim, Germany) 2 d after transfection. Mice were killed under ketamine—
xylazine anesthesia. Their tissues were snap-frozen with powdered CO,
in acetone and homogenized in 50 mm Tris, pH 8.0, 150 mm NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, and 1 mm 2-mercaptoethanol
containing 1 mm PMSF and 6 pug/ml aprotinine and then centrifuged at
2500 X g for 15 min at 4°C. The supernatant fractions were separated on
5-20% SDS-PAGE gels (10 g protein for the nerve roots or 40 pg for the
spinal cord, per lane) and then transferred to Hybond-P membranes
(Amersham Pharmacia Biotech, Buckinghamshire, UK), using 25 mm
Tris, 192 mMm glycine, 0.1% SDS, and 10% methanol as transfer buffer.
Immunoblotting was performed using the following primary antibodies:
anti-dynactin 1 (p150 gued 1.950; BD Transduction), anti-dynein inter-
mediate chain (1:1000; Millipore), anti-dynein heavy chain (1:200;
Sigma-Aldrich), anti-dynamitin (1:250; BD Transduction), anti-a-
tubulin (1:5000; Sigma-Aldrich), antiphosphorylated NF-H (SMI31,
1:100,000; Sternberger Monoclonals), and anti-nonphosphorylated
NF-H (SMI32, 1:1000; Sternberger Monoclonals). The immunoblots
were digitalized (LAS-3000 imaging system; Fujifilm, Tokyo, Japan), sig-
nal intensities of three independent blots were quantified with Image
Gauge software version 4.22 (Fujifilm), and the means * SD were ex-
pressed in arbitrary units.

Ligation of mouse sciatic nerve. Under anesthesia with ketamine—xyla-
zine, the skin of the right lower limb was incised. The right sciatic nerve
was exposed and ligated at mid-thigh level using surgical thread. For
immunofluorescent analysis, operated mice were decapitated under deep
anesthesia with ketamine—xylazine 8 h after ligation and perfused with
49% paraformaldehyde fixative in phosphate buffer, pH 7.4. The right
sciatic nerve segment, including at least 5 mm both proximal and distal to
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the ligated site, was removed. The nonligated, left sciatic nerve was also
taken out in the same manner as the right nerve. The removed nerves
were placed into fixative for 4 h, transferred consecutively to 10, 15, and
20% sucrose in 0.01 M PBS, pH 7.4, for 4 h each at 4°C, mounted in
Tissue-Tek OCT compound (Sakura, Tokyo, Japan), and frozen with
powdered CO, in acetone. Ten-micrometer-thick cryostat sections were
prepared from the frozen tissues, blocked with normal goat serum (1:20),
incubated with anti-synaptophysin (1:50,000; Dako) at 4°C overnight,
and then with Alexa-546-conjugated goat anti-mouse IgG (1:1000; In-
vitrogen). Immunofluorescent images were recorded with an IX71 in-
verted microscope (Olympus), and the signal intensities were quantified
using Image Gauge software, version 4.22 (Fujifilm) and expressed in
arbitrary units.

For immunoblotting of axonal proteins, the sciatic nerve segments 1
mm both proximal and distal to the ligated site were removed without
paraformaldehyde fixation, and frozen in with powdered CO, in acetone.
Protein extraction and Western blotting were performed as described
above.

In situ hybridization. Formalin-fixed, paraffin-embedded 6-um-thick
sections of the spinal cord were deparaffinized, treated with proteinase K,
and processed for in situ hybridization using an ISHR kit (Nippon Gene,
Tokyo, Japan) according to the manufacturer’s instructions. Dynactin 1
¢DNA was obtained from spinal cords of wild-type mice. The primers,
5-AGATGGTGGAGATGCTGACC-3" and 5'-GAGCCTTGGTCT-
CAGCAAAC-3', were phosphorylated with T4polynucleotide kinase
(Stratagene Cloning Systems, La Jolla, CA). The cDNA was inserted into
the pSPT 19 vector (Roche). Dioxigenin-labeled cRNA antisense and
sense probes, 380 bp long, were generated from this plasmid using T7 and
SP6 polymerase (Roche), respectively. Spinal cord sections were hybrid-
ized for 16 h at 42°C washed in formamide-4X SSC (50:50 v/v) at the
same temperature, treated with RNase A at 37°C, and washed again in
0.1X SSC at 42°C. The signals were detected immunologically with alka-
line phosphatase-conjugated anti-dioxigenin antibody and incubated
with NBT/BCIP (Roche) for 16 h at 42°C. Slices were counterstained with
methyl green. To quantify the intensity of the signals in the cell bodies of
spinal motor neurons, three nonconsecutive sections from a wild-type
littermate and those of a transgenic mouse from lines 7—8 or 4-6 were
analyzed using the NIH Image program (version 1.62). Sections adjacent
to those used for in situ hybridization were processed for immunohisto-
chemistry using anti-polyglutamine antibody as described above.

Quantitative real-time PCR. Dynactin 1 mRNA levels were determined
by real-time PCR as described before (Ishigaki et al., 2002; Ando et al.,
2003). Briefly, total RNA (5 pg each) from AR-97Q and wild-type spinal
cord were reverse transcribed into first-strand cDNA using SuperScript
11 reverse transcriptase (Invitrogen). Real-time PCR was performed in a
total volume of 50 pl, containing 25 pl of 2X QuantiTect SYBR Green
PCR Master Mix and 0.4 M of each primer (Qiagen, Valencia, CA), and
the product was detected by the iCycler system (Bio-Rad Laboratories,
Hercules, CA). The reaction conditions were 95°C for 15 min and then 45
cycles of 15 s at 95°C followed by 60 s at 55°C. For an internal standard
control, the expression level of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was simultaneously quantified. The following primers
used were 5'-CTCAGAGGAGCCCAGATGA-3' and 5'-GCTGGTCTTG-
CGGTACAGT-3' for dynactin 1, 5'-GAGAGCATGGAGCTGGTGTA-3'
and 5'-CCAACCACGAAGTTGTTGAC-3' for dynein intermediate chain,
5'-TACCAGGTGGGAGTGCATTA-3’ and 5'-CAGTCACTATGCCCA-
TGACC-3' for dynein heavy chain, 5'-ACAAGCGTGGAACACATCAT-3’
and 5'-TCTTTCCAATGCGATCTGAG-3' for dynamitin, and 5'-CCTG-
GAGAAACCTGCCAAGTAT-3" and 5'-TGAAGTCGCAGGAGACA-
ACCT-3’ for GAPDH. The threshold cycle of each gene was determined as
the number of PCR cycles at which the increase in reporter fluorescence was
10 times the baseline signal. The weight of the gene contained in each sample
was equal to the log of the starting quantity and the standardized expression
level in each mouse was equal to the weight ratio of each gene to that of
GAPDH.

For the real-time PCR with mRNA extracted from SH-SY5Y cells, the
following primers were used: 5'-CTTGGAAGCGATGAATGAGA-3’
and 5'-TAGTCTGCAACGTCTCCTG-3' for dynactin 1, and 5"-AGCCT-
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CAAGATCATCAGCAAT-3" and 5’ -GGACTGTGGTCATGAGTCCTT-3’
for GAPDH.

Plasniid vectors and cell culture. Human AR cDNAs containing 24 or 97
CAG repeats were subcloned into pcDNA3.1 (Invitrogen) as described
previously (Kobayashi et al., 2000). Human dynactin 1 cDNA was also
subcloned into pcDNA3.1 (Invitrogen). The human neuroblastoma cells
(SH-SY5Y, #CRL-2266; American Type Culture Collection, Manassas,
VA) were plated in 6-well dishes in 2 ml of DMEM/F12 containing 10%
fetal bovine serum with penicillin and streptomycin, and each dish was
transfected with 2 ug of the vector containing AR24, AR97, or mock and
with 2 pg of the vector containing dynactin 1 or mock using Opti-MEM
(Invitrogen) and Lipofectamine 2000 (Invitrogen) and then differenti-
ated in differentiation medium (DMEM/F12 supplemented with 5% fe-
tal calf serum and 10 pu retinoic acid) for 2 d. Two days after transfec-
tion, cells were stained with propidium iodide (Invitrogen, Eugene, OR)
and mounted in Gelvatol. Quantitative analyses were made from tripli-
cate determinations. Duplicate slides were graded blindly in two inde-
pendent trials as described previously (Katsuno et al.,, 2005).

Statistical analyses. We analyzed data using the Kaplan-Meier and log-
rank test for survival rate, ANOVA with post hoc test (Dunnett) for mul-
tiple comparisons, and an unpaired ¢ test from Statview software version
5 (Hulinks, Tokyo, Japan).

Results
Accumulation of axonal proteins in distal motor axons of
SBMA mouse
To clarify the molecular basis of neuronal dysfunction in SBMA,
we analyzed histopathological alterations in the spinal cords of
transgenic mice carrying full-length human AR with 97 CAGs
(AR-97Q mice) (Katsuno et al., 2002, 2003). We first focused on
the expression and phosphorylation level of NF-H because af-
fected mice demonstrate axonal atrophy in the ventral nerve root
(Katsuno et al., 2002). Although it has been widely accepted that
NF-H phosphorylation is a crucial factor determining axon cali-
ber, neither the amounts nor the phosphorylation levels of NF-H
in spinal cord or ventral root were decreased in male AR-97Q
mice compared with wild-type littermates (supplemental Fig.
1 A—C, available at www.jneurosci.org as supplemental material).
The distribution of NF-H in the anterior horn of AR-97Q mice
was also indistinguishable from that of wild-type or AR-24Q
mice bearing human AR with a normal polyglutamine length
(Fig. 1 A). However, AR-97Q mice demonstrated a striking accu-
mulation of both phosphorylated and nonphosphorylated NF-H
in skeletal muscle, a phenomenon not observed in AR-24Q or
wild-types (Fig. 1 A). Although motor neurons originating in the
anterior horn are always affected in SBMA, because the primary
motor neurons projecting their axons to the anterior horn are not
affected, no accumulation is seen in this region. The damage to
motor neurons originating within the anterior horn results in
accumulation of NFs in the skeletal muscle, instead of the spinal
cord. A similar accumulation of the middle molecular weight NF
was also observed (data not shown). To clarify whether this phe-
nomenon is specific to neurofilaments, we performed immuno-
histochemistry on both spinal cord and muscle with an antibody
against synaptophysin, a transmembrane glycoprotein of synap-
tic vesicles that is also retrogradely transported in axons (Li et al,,
1995). In AR-97Q mice, synaptophysin accumulated among the
muscle fibers in a pattern similar to that of NF-H, whereas no
such accumulation was observed in unaffected mice (Fig. 1 B).
We then investigated the time course of abnormally accumu-
lated NF in skeletal muscle. Because the onset of motor dysfunc-
tion occurs at 9—10 weeks in AR-97Q mice, NF pathology before
and after the onset was examined. Anti-NF immunostaining
demonstrated that intramuscular NF accumulation was detect-
able as early as 7 weeks before the onset of muscle weakness in this
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Accumulation of neurofilament and synaptophysin in the distal end of mator axons. 4, Immunchistochemistry of skeletal muscle and spinal cord from AR-97Q (4 - 6), AR-24Q, and

wild-type mice (12 weeks) using an antibody for phosphorylated or nonphosphorylated NF-H. B, Immunohistochemistry for synaptophysin shows findings parallel to those of neurofilament. €,
Age-dependent change in antiphosphorylated NF-H immunchistochemistry in skeletal muscle of SBMA mice. D, Immunofluorescence of mouse skeletal muscle using -bungarotoxin (green) in
combination with antiphospho-NF-H antibody (red). Phosphorylated NF-H accumulates in the distal end of motor axons in AR-97 mice (7 8, 12 weeks). £, Antiphospho-NF-H immunofluorescence
with a-bungarotoxin staining in skeletal muscle from a human SBMA patient showing similar neurofilament accumulation. F, Double-labeling of skeletal muscle from an AR-97Q mouse (4 -6, 12
weeks) using antiphospho-NF-H antibody (green) and anti-AR (red) shows that accumulated NF-H does not colocalize with AR. Scale bars, 100 um.

mouse model, and aggravated thereafter (Fig. 1C). These obser-
vations suggest that intramuscular accumulation of NF plays a
role in the motor neuron dysfunction in this mouse model of
SBMA.

To confirm the distribution of NF-H and synaptophysin in
skeletal muscle, we examined the localization of these proteins
in relation to the nmeuromuscular junction. Immunohisto-
chemistry using a-bungarotoxin to mark the junctions, and
fluorescent-labeled antibodies showed that both NF-H and
synaptophysin accumulated in the most distal motor axon
adjacent to neuromuscular junctions (Fig. 1D). A similar in-
tramuscular accumulation of neurofilament was detected in
the skeletal muscle of SBMA patients (Fig. 1E). Although

pathogenic AR accumulated in the nuclei of skeletal muscle in
the AR-97Q mice, the accumulation of NF-H did not colocal-
ize with AR (Fig. 1 F). Moreover, immunoprecipitation dem-
onstrated no interaction between AR and NF-H (data not
shown). These findings exclude the possibility that pathogenic
AR directly interrupts the axonal trafficking.

Retrograde axonal transport is disrupted in SBMA mouse

To elucidate the molecular basis of the abnormal distribution of
NF and synaptophysin, we studied axonal transport in this mouse
model of SBMA. Axonal components undergo anterograde
and/or retrograde axonal transport. Proteins including NF and
synaptophysin are bidirectionally transported, whereas some
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Figure 2.  Perturbation of retrograde axonal transport in SBMA mice. 4, Immunoflucrescence of mouse skeletal muscle using c-bungarotoxin (green) labeling the endplate together with

anti-synaptophysin antibody (red) or anti-Rab3A antibody (red). Accumulation of Rab3A is not detected in wild-type or AR-97Q mice (7— 8, 12 weeks). B, Inmunohistochemistry for synaptophysin
in the sciatic nerve 8 h after ligation and representative quantification of immunoreactivity. Accumulation of synaptophysin immunoreactivity is decreased on the distal side (arrows) of the ligation
site (arrowhead) in preonset (7 weeks) and advanced stage (13 weeks) AR-97Q mice. €, Immunoblots of the sciatic nerve segments on both proximal and distal sides of the ligation. The total amount
of proteins extracted from the contralateral nonligated sciatic nerve was analyzed as a control. D, E, Retrograde labeling of lumbar motor neurons of AR-97Q (7 8), AR-24Q, or wild-type mice (12
weeks) by Fluoro-gold injection into the gastrocnemius muscle (D) and the number of labeled neurons (£) (n = 5 for each group). F, The number of motor neurons labeled by Fluoro-gold using the

sciatic nerve stump method (n = 5 for each group). Scale bars: 4, B, D, 100 um. Error bars indicate SD.

components such as Rab3A, a small GTP binding protein, are
transported only anterogradely (Li et al., 1995; Roy et al., 2000).
The distribution of Rab3A in skeletal muscle of SBMA mice was
equivalent to that of wild-type mice, whereas synaptophysin and
neurofilaments accumulated in the most distal motor axons of
the SBMA mice only (Figs. 1D, 2A).

To further examine the nature of the axonal transport
anomaly in SBMA mice, the sciatic nerve was ligated at mid-
thigh level. Because the transport rate of NF is slower than
other axonal components, we analyzed the transport of syn-
aptophysin and Rab3A in this ligation study (Fig. 2B,C). In
wild-type mice, synaptophysin accumulated predominantly
on the proximal side of the ligation, but also on the distal side.
Although synaptophysin and Rab3A accumulations proximal
to the site of ligation were notable in both preonset and ad-
vanced stages of AR-97Q mice, their accumulation on the
distal side was decreased before the onset of symptoms and
was progressively inhibited. These findings suggest that dis-
rupted retrograde axonal transport gives rise to the accumu-
lation of axonal proteins in the distal motor axon terminals of
SBMA mice before the onset of motor impairment.

To confirm this hypothesis, we analyzed retrograde neuronal

labeling with the fluorescent tracer Fluoro-gold after its injection
into the mouse calf muscle. The number of Fluoro-gold-labeled
spinal motor neurons was significantly less in affected AR-97Q
mice compared with AR-24Q or wild-type mice (Fig. 2D,E). To
exclude the possibility that synaptic pathology contributed to
diminished uptake of the tracer, we also examined Fluoro-gold
labeling using direct application of the tracer into the sciatic
nerve stump (Sagot et al.,, 1998). Again, AR-97Q mice showed
fewer motor neurons labeled by Fluoro-gold applied directly to
the proximal stump of the sciatic nerve than did the AR-24Q mice
(Fig. 2 F), suggesting that neither synaptic retraction nor discon-
nection is the basis for disruption of axonal transport. Further-
more, it should be noted that the decrease in the number of
labeled neurons preceded the onset of motor symptoms in both
of these experiments. These observations suggest that the disrup-
tion of retrograde transport plays an early role in the pathogenesis
of motor neuron degeneration in SBMA.

Transcriptional dysregulation of dynactin 1 in SBMA

Retrograde axonal transport is microtubule-dependent and is
regulated by the axon motor protein dynein and its associated
protein complex, dynactin. To elucidate the molecular
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Decreased levels of dynactin 1in SBMA. 4, immunohistochemistry for motor proteins regulating retrograde axonal transport, dynactin 1, dynein intermediate chain (IC), dynein heavy

chain (HC), and dynamitin in the spinal cord from AR-97Q (4 ~ 6), AR-24Q, and wild-type mice (12 weeks). Dynactin 1 is markedly diminished in the motor neurons of AR-97Q mice. B, Western blot
analysis for motor proteins in the ventral spinal root from presymptomatic or advanced AR-97Q mice {4 6) compared with those from AR-24Q and wild-type mice. ¢, Dynactin 1 immunohisto-
chemistry in the anterior hom and the ventral root of an SBMA patient and a normal subject. D, Anti-dynactin 1 immunohistochemistry in various affected {spinal cord and brainstem) and
nonaffected (hippocampus and visual cortex) tissues from wild-type and AR-97Q mice. Data from AR-97Q mice are compared with immunohistochemistry using the anti-polygiutamine antibody,

102. Scale bars: 4, 100 m; €, D, 50 mm. Error bars indicate SD.

mechanism compromising retrograde axonal transport in
SBMA mice, we examined the levels of various dynein and
dynactin protein subunits. Immunohistochemistry of spinal
cord sections demonstrated that the spinal motor neurons
from AR-97Q mice had lower levels of dynactin 1, the largest
subunit of dynactin, than did those from either wild-type or
AR-24Q mice (Fig. 34). In the ventral root, significantly de-
creased levels of dynactin 1 were apparent before the onset of
motor symptoms (Fig. 3B). Although the level of dynein heavy
chain was diminished in the advanced disease stage in SBMA
mice, this phenomenon was not observed before the onset of
symptoms (Fig. 3B). No alterations were observed in the levels
of dynein intermediate chain or dynamitin, the p50 subunit of
dynactin, throughout the disease course (Fig. 3A,B). To con-
firm the role of dynactin 1 in the pathogenesis of human
SBMA, we also examined the protein level in autopsy speci-
mens. As observed in the mouse model, the protein level of
dynactin 1 was decreased in the anterior horn cells and in the
ventral roots of SBMA patients (Fig. 3C).

To examine the cell specificity of reduced dynactin 1 levels we
compared anti-dynactin 1 immunohistochemistry with that of
anti-polyglutamine using the 1C2 antibody in various tissues
from wild-type and AR-97Q mice (Fig, 3D). The immunoreac-
tivity of dynactin 1 was markedly diminished in 1C2-positive
tissues, but not in those lacking nuclear polyglutamine staining.
This observation suggests that the reduction in dynactin 1 is rel-
evant to the polyglutamine-mediated neuropathology. In addi-
tion, to investigate whether reduced levels of dynactin 1 were
correlated with defective retrograde axonal transport, we ana-
lyzed anti-dynactin 1 immunohistochemistry in spinal cord sec-
tions labeled by Fluoro-gold (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The levels of dyn-
actin 1 were decreased in the spinal motor neurons of AR-97Q
mice concomitantly with decreased intensities of Fluoro-gold la-
beling. Together, these data strongly suggest that depletion of
dynactin 1 is responsible for the disruption of retrograde axonal
transport in SBMA.

To clarify the pathological mechanism responsible for reduc-
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ing the levels of dynactin 1 protein in A
SBMA, mRNA levels were determined by
in situ hybridization in AR-97Q and wild-
type mice. Although dynactin 1 mRNA was
expressed in virtually all motor neurons in
the anterior horn, the expression was
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dynactin 1 alleviated cell death exerted by
pathogenic AR (Fig. 4E).

In SBMA mice, the level of dynactin 1
protein in spinal motor neurons was re-
stored by oral administration of sodium
butyrate, an HDAC inhibitor that in-
creases the level of histone acetylation
leading to promotion of gene transcription
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material)
{Minamiyama et al, 2004). Sodium
butyrate-mediated upregulation of dynac-
tin 1 also eventually alleviated the neuro-
filament accumulation in skeletal muscle (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material), al-
though this treatment had no influence on the subcellular distri-
bution of pathogenic AR protein (Minamiyama et al., 2004).
These observations indicate that nuclear accumulation of aber-
rant AR in the nuclei of motor neurons leads to a decrease at the
transcription level of dynactin 1, resulting in perturbation of ret-
rograde axonal transport and subsequent motor neuron
dysfunction.

Castration reverses symptoms and pathology of SBMA mouse
To examine the reversibility of the phenotypes resulting from
polyglutamine-induced neuronal dysfunction, we investi-
gated the effect of castration on early symptomatic SBMA
mice. Male AR-97Q mice (7-8 and 4—6) demonstrate a rapid

overexpression. 4, Insitu hybridization of dynactin 1 mRNAin the anterior horn of wild-type and AR-97 (4 - 6, 9 weeks) transgenic
mice. Note the marked decrease in dynactin T mRNA levels in the spinal motor neurons of AR-97Q compared with those in
wild-type mice. B, In situ hybridization of dynactin 1 in the anterior horn. The adjacent sections were processed for anti-
polyglutamine using the 1C2 antibody and the signals were quantified in representative AR-97Q mice (7-8, 9 weeks; 46,10
weeks). Dynactin 1 mRNA expression is markedly decreased in the motor neurons demonstrating nuclear accumulation of patho-
genic AR (arrows), but not in those lacking clear nuclear staining with anti-polyglutamine antibody (asterisks). The number above
each bar indicates cell count. €, The mRNA levels of dynactin 1 and other motor proteins in the spinal cords of wild-type and
AR-97Q mice (7- 8, 13 weeks) {n = 4 for each group) demonstrated by real-time, RT-PCR. Data shown are ratios of the various
mRNA levels to GAPDH mRNA levels. D, The mRNA levels of dynactin 1in SH-SY5Y cells expressing either AR-24Q or AR-97Q (n =
4). E, Immunoblots of SH-SY5Y cells expressing either AR-24Q or AR-97Q with or without overexpression of exogenous dynactin
1. F, Frequency of cell death detected by propidium iodide staining. Dynactin 1 overexpression significantly reduced cell death in
the cells bearing AR with elongated polyglutamine. Scale bars: A, 8, 100 pm. Error bars indicate SD (n = 6 for each group). IC,
Intermediate chain; HC, heavy chain.

aggravation of neuromuscular phenotypes and usually suc-
cumb 3—-4 weeks after the onset of motor impairment. The
motor-impaired phenotype of the SBMA mouse is dependent
on circulating testosterone levels, and we reported previously
that castration during the presymptomatic period (4 weeks),
to eliminate testosterone, drastically prevents the develop-
ment of neurological symptoms such as weakness, amyotro-
phy, and shortened life span (Katsuno et al., 2002). In the
present study, we castrated male AR-97Q mice within 1 week
after the onset of rotarod task impairment. Castration re-
versed motor dysfunction in AR-97Q mice, even though it was
performed after the onset of symptoms (Fig. 54). Most mice
showed a reduction in daily activity and body weight loss at the
onset of rotarod task defect; these symptoms were also re-
versed by castration. In accordance with these observations,
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Symptomatic and histopathological reversibility of the SBMA phenotype in AR-97Q mice. 4, Castration of early symptomatic AR-97Q mice within T week after symptomatic manifes-

tation resulted in significant improvement of the symptomatic phenotypes: rotarod task (7- 8), cage activity (4 - 6), body weight (4 - 6), and survival rate (4 - 6). There are significant differences
in all parameters between the sham-operated (n = 10) and castrated (n = 10) male AR-97Q mice ( p << 0.0001, p << 0.0001, p = 0.0001, and p = 0.0006, respectively). B, Representative
footprints of an individual AR-97Q mouse (2~ 6) at the early onset of motor symptoms and after he had been castrated within 1 week after the onset of rotarod impairment, compared with those
of awild-type mouse. Quantification of the gait stride data (n = 4). ¢, Nuclear accumulation of pathogenic AR with expanded polyglutamine in the tail muscle of one individual male AR-97Q mouse
(4~6). D, Castration after motor impairment onset significantly reduced the number of nuclei stained by an anti-polyglutamine antibody, 1€2 {n = 4). Scale bar: (, 100 pum. Error bars indicate SD.

postonset castration significantly prolonged the life span of
the male AR-97Q mice. We confirmed the reversal of motor
symptoms by analyzing gait strides in a series of mouse foot-
steps (Fig. 5B).

To confirm the rescue effects of castration on histopathol-
ogy, we investigated the nuclear accumulation of pathogenic
AR in the skeletal muscle of tail sections sampled over time
from the same mouse. Although the number of nuclei posi-
tively stained with 1C2 continued to increase for 2 weeks after
the castration, at 4 weeks there was a significant decrease in
expanded polyglutamine AR-positive nuclei (Fig. 5C,D). This
time course corresponds approximately to the that of the
symptomatic improvements, suggesting that nuclear accumu-
lation of pathologic AR contributes to neuronal dysfunction
and consequent symptomatic manifestation in SBMA mice.

Castration reverses dynactin 1 expression and restores
retrograde axonal transport

It is important to determine whether disrupted retrograde axonal
transport resulting from transcriptional dysregulation of dynac-
tin 1, contributes to the reversible motor neuronal dysfunction in
the early disease stage of SBMA mice. We therefore investigated
axonal transport and the level of dynactin 1 expression in trans-
genic mice within 1 week after the onset of rotarod task impair-
ment. In this early stage of the disease, the mice already demon-
strated a reduction in the number of spinal motor neurons

labeled by Fluoro-gold (Fig. 6 A). Castration of symptomatic AR-
97Q mice restored Fluoro-gold staining in the spinal motor neu-
rons to a similar level as seen in wild-types (compare Figs. 2D,
6A). Castration after the onset of muscle weakness reduced the
intramuscular accumulation of neurofilaments and synaptophy-
sin in AR-97Q mice (Fig. 6 B, C). Immunohistochemistry of spi-
nal cord showed that postsymptomatic castration also eliminated
nuclear accumulation of pathogenic AR as detected by the 1C2
antibody, and restored anti-dynactin 1 immunoreactivity in mo-
tor neurons (Fig. 6 D). Immunoblotting demonstrated that the
level of dynactin 1 protein, but not that of dynein heavy chain,
was decreased in the ventral root of AR-97Q mice in the early
symptomatic stage (Fig. 6 E). Castration after the onset of motor
impairment restored dynactin 1 to its normal levels in the ventral
root, whereas it had no effect on dynactin 1 expression in wild-
type mice (Fig. 6E). These observations indicate that the
castration-mediated restoration of dynactin 1 expression im-
proves retrograde axonal transport and contributes to the rever-
sal of neuromuscular phenotypes in SBMA mice at an early stage
of the disease process.

Discussion

Reversibility of neuronal dysfunction in SBMA

The fundamental pathological feature of polyglutamine diseases
is the loss of neurons in selected regions of the CNS. Neuronal cell
death, however, is often undetectable in mildly affected HD pa-
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tients despite the presence of definite clin-
ical features (Vonsattel et al., 1985). The
early HD symptoms may thus result from
functional alterations within neurons
rather than cell death (Walker et al., 1984).
In mouse models of polyglutamine dis-
eases, it has been postulated that neuronal
dysfunction, without cell loss, is sufficient
to cause neurological symptoms (Mangia-
rini et al., 1996; Clark et al., 1997). These
observations indicate that the pathogenesis
of polyglutamine diseases is potentially re-
versible at an early stage. This hypothesis is
supported by the observation that arrest of
gene expression after the onset of symp-
toms reverses behavioral and neuropatho-
logical abnormalities in conditional mouse
models  of polyglutamine  diseases
(Yamamoto et al., 2000; Zu et al., 2004).
The present study supports this hypothesis
in that castration after the onset of motor
deficit reverses behavioral and histopatho-
logical abnormalities by preventing nu-
clear accumulation of the pathogenic AR
protein. These findings imply that cellular
protective responses successfully abrogate
the toxicity of polyglutamine-containing
pathogenic protein, unless it perpetually
accumulates in the nucleus.

Protein quality control systems, includ-
ing molecular chaperones, the ubiquitin-
proteasome systemn, and autophagy have
been shown to reduce polyglutamine tox-
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icity in various animal models of polyglu-
tamine diseases (Adachi et al., 2003; Ravi-
kumar et al., 2004; Katsuno et al,, 2005;
Waza et al., 2005). It is thus logical that inhibition of AR translo-
cation into the nucleus restores the protein degradation machin-
ery, such as ubiquitin-proteasome system, leading to the reduc-
tion in the amount of aggregates as well as the improvement of
neuronal dysfunction in the SBMA mice (Waza et al., 2005).

Defective retrograde axonal transport in SBMA

The SBMA mice we examined demonstrated impairment of ret-
rograde axonal transport, resulting in the accumulation of neu-
rofilaments and synaptophysin in the distal motor axon. Many
proteins required for neuronal survival are synthesized within
neuronal perikarya and are transported along the axon toward
the synaptic terminals (Shea, 2000). A bidirectional delivery sys-
tem consisting of anterograde and retrograde transport enables
the recycling of cytoskeletons and synaptic vesicle-associated
proteins. A histopathological hallmark of amyotrophic lateral
sclerosis (ALS) is the accumulation of neurofilaments in cell bod-
ies and proximal axons of affected motor neurons, presumably
caused by compromised anterograde axonal transport; neverthe-
less, this finding has not been observed in SBMA (Sobue et al,,
1990; Julien 2001). Transgenic SBMA mice demonstrate marked
neurofilament storage in the distal motor axons, but not in the
proximal axons or cell bodies. Neurofilament accumulation at
motor endplates has also been reported in a transgenic mouse
model of spinal muscular atrophy, another lower motor neuron
disease (Cifuentes-Diaz et al., 2002). Axonal transport of NF de-
pends on the dynein/dynactin system, disruption of which results

chain (HC), and c-tubulin. Scale bars: A-D, 100 pm. Error bars indicate SD (n = 3 for each group).

in accumulation of neurofilaments at the distal axon in both
cultured cells and transgenic mice (LaMonte et al., 2002; He et al.,
2005). When combined, these findings indicate that the accumu-
lation of axonal components in distal motor axons appears to be
a substantial pathology associated with degeneration of lower
MOtOr Neurons.

In the present study, synaptophysin showed an accumula-
tion pattern similar to that of neurofilaments, whereas the
distribution of Rab3A, another synaptic vesicle-associated
protein, was not altered in this mouse model. Crush injury
experiments have shown that although both proteins are de-
livered from cell bodies into axons, of the two only synapto-
physin undergoes retrograde transport (Li et al., 1995, 2000).
In addition, Fluoro-gold labeling experiments clearly demon-
strated the disruption of retrograde, but not anterograde ax-
onal transport in the spinal motor neurons of SBMA mice
before the onset of muscle weakness. Together, the pathogen-
esis of motor neuronal dysfunction in SBMA is likely to be
based on the perturbation of retrograde axonal transport, and
not on an excessive transport of total axonal proteins.

Axonal transport impairment has been implicated in the
pathogenesis of HD and SBMA (Gunawardena et al., 2003; Sze-
benyi et al., 2003). Although axonal inclusion interferes with ax-
onal transport in a cell model of SBMA (Piccioni et al., 2002), AR
containing expanded polyglutamine may also inhibit antero-
grade and/or retrograde axonal transport without visible aggre-
gate formation (Szebenyi et al., 2003; Morfini et al., 2006). Accu-
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mulation of neurofilaments at nerve terminals has also been
documented in a mouse model of HD (Ribchester et al., 2004). In
our SBMA mice, pathogenic AR did not colocalize with accumu-
lated neurofilament, nor did it form axonal inclusions. More
intriguingly, sodium butyrate-mediated gene upregulation at-
tenuated the accumulation of neurofilaments, but did not alter
the intracellular distribution of AR. These observations suggest
that the defective retrograde axonal transport in SBMA mice does
not result from the direct interaction between aberrant AR and
axonal components, but rather from a secondary mechanism re-
sulting from expanded polyglutamine.

Dynactin in motor neuron disease

The present study indicates that a decrease in the level of dynactin
1, the p150 subunit of dynactin, in affected neurons is a funda-
mental early event in the pathogenesis of SBMA. Dynactin is a
multiprotein complex regulating dynein, a microtubule-
dependent molecular motor for retrograde axonal transport. A
mutation in DCTNI, the gene encoding dynactin 1, has been
identified in a family with an autosomal dominant form of lower
motor neuron disease and in another with ALS (Puls et al., 2003;
Miinch et al., 2005). A gene expression analysis of sporadic ALS
patients revealed a significant decrease in dynactin 1 mRNA
(Jiang et al., 2005). Overexpression of dynamitin dissociates the
dynactin complex, resulting in late-onset motor neuron degen-
eration in a transgenic mouse model of motor neuron disease
(LaMonte et al., 2002). These observations specifically link an
impaired dynactin function to the pathogenesis of motor neuron
diseases.

The pathological alteration in individual polyglutamine dis-
eases is limited to distinct subsets of neurons, suggesting that the
causative protein context influences the distribution of lesions.
Motor neurons are selectively affected in SBMA, although patho-
genic ARs are expressed in a wide range of neuronal and non-
neuronal tissues (Doyu et al., 1994). A decreased level of dynactin
1 may contribute to this pathological selectivity, because a muta-
tion in the DCTNI gene causes a lower motor neuron disease
resembling SBMA (Puls et al., 2003, 2005).

Link between altered transcription and neuronal dysfunction
Numerous studies have shown that nuclear accumulation of
pathogenic polyglutamine-proteins is essential for neurodegen-
eration, although cytoplasmic events may also contribute to the
pathogenesis (Gatchel and Zoghbi, 2005). Polyglutamine aggre-
gation sequesters a variety of fundamental cellular factors includ-
ing heat shock proteins and proteasomal components as well as
transcriptional factors and coactivators. cAMP response element-
binding protein-binding protein (CBP), a transcriptional coacti-
vator, colocalizes with intranuclear inclusions in SBMA patients
as well as in transgenic SBMA mice (McCampbell et al., 2000;
Nucifora et al., 2001). In addition to its sequestration in inclusion
bodies, the histone acetyltransferase activity of CBP is also inhib-
ited by soluble polyglutamine-protein (Steffan et al., 2001). This
theory suggests that HDAC inhibitors, which upregulate tran-
scription through acetylation of nuclear histone, may open new
avenues in the development of therapeutics. In a fly model of HD,
the HDAC inhibitors, sodium butyrate and suberoylanilide hy-
droxamic acid, increased histone acetylation, leading to the mit-
igation of neurodegeneration (Steffan et al., 2001). These com-
pounds also improve motor dysfunction in mouse models of HD
and SBMA (Hockly et al., 2003; Minamiyama et al., 2004).

In the present study, a reduction in the level of dynactin 1
protein is ascribed to polyglutamine-mediated transcriptional
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dysregulation, because the mRNA level of this protein is de-
creased in expanded polyglutamine AR-positive spinal motor
neurons. It should be noted that this diminution was signifi-
cant in the neurons demonstrating nuclear accumulation of
pathogenic AR, implying that polyglutamine-induced tran-
scriptional perturbation underlies this pathological process.
This hypothesis is confirmed by the observation that admin-
istration of sodium butyrate, an HDAC inhibitor, restores dy-
nactin 1 expression, resulting in elimination of neurofilament
accumulation at distal motor axons. Although, because of the
nonspecific nature of sodium butyrate, we cannot at this time
rule out the possibility that expression of some other protein
was also elevated, leading to the elimination of neurofilament
accumulation.

Given that the expression of other axon motor proteins
regulating retrograde axonal transport, such as dynein inter-
mediate chain, dynein heavy chain and dynamitin are not al-
tered before the onset of symptoms, the reduction in dynactin
1 appears to instigate the neurodegeneration in SBMA. In
addition to our study, the selective perturbation of certain
subsets of gene transcription has been demonstrated in other
animal models of polyglutamine diseases (Sugars and Rubin-
sztein 2003; Sopher et al., 2004), although the precise mecha-
nism has yet to be elucidated.

In summary, the present study demonstrates that the patho-
genesis of SBMA is a reversible dysfunction of motor neurons
that occurs in the early stages of the disease. Polyglutamine-
induced transcriptional alteration of dynactin 1 appears to dis-
rupt retrograde axonal transport, contributing to the early re-
versible neuronal dysfunction. These observations suggest that
transcriptional alteration and subsequent involvement of retro-
grade axonal transport are substantial therapeutic targets for
SBMA.
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Calcium-sensing receptors (CaR) contribute to regulation of sys-
temic calcium homeostasis by activation of G;- and G;-linked sig-
naling pathways in the parathyroids, kidney, and intestine. Little is
known about the mechanisms regulating CaR synthesis and degra-
dation. Screening of a human kidney yeast two-hybrid library iden-
tified the E3 ubiquitin ligase dorfin as a binding partner for the
intracellular carboxyl terminus of CaR. Interaction between CaR
and dorfin was confirmed by coimmunoprecipitation from HEK293
cells. Ubiquitination of CaR was observed in the presence of the
proteasomal inhibitor MG132; mutation of all putative intracellular
loop and carboxyl-terminal lysine residues abolished ubiquitina-
tion of CaR. Coexpression with dorfin decreased the amount of total
CaR protein and increased CaR ubiquitination, whereas a dominant
negative fragment of dorfin had opposite effects. The AAA-ATPase
p97/valosin-containing protein associates with both CaR and dorfin
in HEK293 cells. Treatment with tunicamycin, an inhibitor of N-linked
glycosylation, induced the appearance of the unglycosylated 115-kDa
CaR form, which was further increased by exposure to MG132, or
upon transfection with a dorfin dominant negative construct, sug-
gesting that dorfin-mediated proteasomal degradation of immature
CaR occurs from the endoplasmic reticulum. Because endogenous
CaR in Madin-Darby canine kidney cells is also subject to degrada-
tion from the endoplasmic reticulum, dorfin-mediated ubiquitina-
tion may contribute to a general mechanism for CaR quality control
during biosynthesis.

The calcium-sensing receptor (CaR)? contributes to maintenance of
systemic Ca’* homeostasis, regulating parathyroid hormone secretion
and absorption/resorption of Ca>” by the intestine and kidney and may
also have effects on bone (1). CaR belongs to family C of the GPCR
superfamily, having structural similarities to metabotropic glutamate
receptors, y-aminobutyric acid, type B receptors, and some putative
pheromone/taste receptors (1, 2). Common to all members of family C

* This work was supported by National Institutes of Health Grant GM58578 and funds
from the Weis Center for Research (to G.E.B.), and the graduate program of the
Department of Biology, Syracuse University (to Y. H.). The costs of publication of this
article were defrayed in part by the payment of page charges. This article must there-
fore be hereby marked "advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

" To whom correspondence should be addressed: Weis Center for Research, Geisinger
Clinic, 100 N. Academy Ave., Danville, PA 17822-2604. Tel.: 570-271-6675; Fax: 570-
271-5886; E-mail: gebreitwieser@geisinger.edu.

? The abbreviations used are: CaR, calcium-sensing receptor; CT, carboxyl terminus; DCT,
dorfin carboxyl-terminal dominant negative fragment; ER, endoplasmic reticulum;
ERAD, endoplasmic reticulum-associated degradation; GPCR, G protein-coupled
receptor; VCP, valosin-containing protein; HEK293, human embryonic kidney 293;
MDCK, Madin-Darby canine kidney; EGFP, enhanced green fluorescence protein;
PBS, phosphate-buffered saline; RING, really interesting new gene; Y2H assay,
yeast two-hybrid assay; X-a-gal, 5-bromo-4-chloro-3-indolyl-a-p-galactopyrano-
side; HA, hemagglutinin; ERK, extracellular signal-regulated kinase; E3, ubiquitin-
protein isopeptide ligase.
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is a large extracellular domain of more than 600 amino acids containing
the agonist binding site, a heptahelical transmembrane domain, and a
large intracellular carboxyl-terminal tail of more than 200 amino acids
(1, 2). Members of Family C, including CaR, function as dimers, stabi-
lized either by a disulfide bond or non-covalent interactions (3-5). The
CaR extracellular domain contains N-linked glycosylation sites (2, 6, 7)
and is stabilized by multiple intramolecular disulfide bonds, as well as
one intermolecular disulfide bond between monomers in the dimer
(8 -10). Upon agonist stimulation, CaR activates diverse signaling path-
ways leading to changes in hormone secretion, cell proliferation, differ-
entiation, and/or apoptosis {1). Although considerable progress has
been made in understanding the structure, activation, and signaling of
CaR, the biosynthesis, trafficking, targeting, and turnover mechanisms
regulating CaR remain largely unexplored.

To identify novel proteins that might regulate trafficking and/or tar-
geting of CaR, the intracellular carboxyl terminus of CaR was used as
bait in a yeast two-hybrid (Y2H) screen of a human kidney ¢cDNA
library. One of the proteins identified in the screen was the E3 ubiquitin
ligase dorfin (double-RING finger protein) (11). Dorfin was originally
cloned from human spinal cord and is expressed in many organs,
including kidney, liver, intestine, and the central nervous system (11).
Dorfin localizes to a region near the centrosome in an aggresome-like
structure in cultured cells {11). In the nervous system, dorfin ubiquiti-
nates superoxide dismutase-1 (12) and synphilin-1 (13) and is a compo-
nent of Lewy bodies observed in Parkinson’s and other neurodegenera-
tive diseases (12-14). Ubiquitination results in the attachment of
ubiquitin, a highly conserved 76-amino acid polypeptide, to the e-amino
group of lysine residues of target proteins, and requires the sequential
actions of three enzymes. Final transfer of activated ubiquitin to target
proteins is coordinated by the E3 ligase, which specifically interacts with
both E2-ubiquitin and the target protein (15). Dorfin contains two
RING domains at its amino terminus, which function as recruiting
motifs for specific E2s (11). The carboxyl terminus of dorfin has no
identifiable motifs but has been shown to confer specificity of binding to
synphilin-1 (13). Dorfin interacts directly with VCP (valosin-containing

" protein, also called p97 or Cdc48 homologue) (14}, an AAA-ATPase

proposed to have a role in endoplasmic reticulum-associated protein
degradation (ERAD). VCP assists in translocation of ubiquitinated pro-
teins from the ER and acts as a chaperone, targeting ubiquitinated pro-
teins to the proteasome for degradation (16 -19).

In this report, we characterize the functional interactions between
CaR and dorfin in HEK293 cells and demonstrate that dorfin mediates
CaR ubiquitination, leading to degradation by the proteasome. Both
dorfin and CaR interact with VCP in HEK293 cells, and a dominant
negative fragment of dorfin protects immature forms of CaR from deg-
radation. Finally, endogenous CaR in MDCK cells is also subject to
ER-associated degradation, suggesting a common mechanism may reg-
ulate quality control of both exogenously and endogenously expressed
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CaR. These results suggest that dorfin may recognize misfolded or non-
functional CaR at the endoplasmic reticulum, leading to ubiquitination
and proteasomal degradation.

EXPERIMENTAL PROCEDURES

Materials—Human kidney cDNA library and all the materials for the
Y2H screen were purchased from Clontech. HEK293 and MDCK cells
were from the American Tissue Culture Collection and used through
laboratory passage number 30. Restriction enzymes were from New
England Biolabs and Promega. The EGFP-dorfin plasmid (dorfin chi-
mera with EGFP at the amino terminus) and rabbit polyclonal antibody
against dorfin (D-30) were generated as described previously (11). The
HA-ubiquitin plasmid was generously provided by Dr. Richard J. H.
Wojcikiewicz (SUNY Upstate Medical University, Syracuse, NY).
Monoclonal antibodies were from various sources (anti-FLAG M2 and
anti-actin antibodies, Sigma; anti-HA antibody, Roche Diagnostics;
anti-VCP antibody, Research Diagnostics; and anti-GFP antibody,
Molecular Probes). Rabbit polyclonal antibody against CaR (LRG) was
generated as described (20). Anti-phospho-ERK1/2 (p42/44) polyclonal
antibody was from Cell Signaling Technology. ECL anti-mouse and
anti-rabbit, horseradish peroxidase-conjugated secondary antibodies
were purchased from Amersham Biosciences. MG132 and tunicamycin
were purchased from Sigma.

Plasmid Construction—CaR with an amino-terminal FLAG epitope
(FLAG-CaR) was generated as described (21). CaR carboxyl-terminal
(CaR-CT) fragments in the Y2H bait vector pGBKT7 were prepared by
PCR using primers containing Ndel and Sall sites, using FLAG-CaR as
template. PCR products were digested with Ndel/Sall and subcloned
into Ndel/Sall-digested pGBKT?7. Dorfin carboxyl-terminal fragments
in the Y2H prey vector pACT2 were prepared similarly, using Ncol and
Xhol sites. The dominant negative construct of dorfin was generated as
a chimera with EGFP at the carboxyl terminus (DCT-EGFP). The DCT
fragment containing dorfin residues 561- 838 was prepared by PCR using
primers containing Bglll and Sall sites. The PCR product was digested with
Bglll/Sall and subcloned into Bglll/Sall-digested PEGFP-N1 vector (Clon-
tech). Another version of dominant negative dorfin (DCT-c-myc) was
prepared similarly by PCR the DCT fragment using primers containing
Xbal and Hindlll sites. The PCR product was digested with Xbal/
HindlI and subcloned into Xbal/Hindlll-digested pcDNA3.1A(—)
vector {Clontech). Another construct of dorfin (DNT-EGFP) contain-
ing the N-terminal RING-finger domains of dorfin from residue 1-367
was prepared by PCR using primers containing Sacl and Kpnl sites. The
PCR product was digested with Sacl/Kpnl and subcloned into Sacl/
Kpnl-digested pEGFP-N1 vector (Clontech). Point mutations were gen-
erated by a modified inverse PCR mutagenesis method (22). All PCR
reactions used Pfu DNA polymerase (Stratagene). All constructs were
verified by dideoxy-DNA sequencing (DNA Sequencing Facility, Cor-
nell University, ithaca, NY). Sequences of primers will be provided upon
request.

Y2H Assay Screening—Gal4-based Y2H library screening was per-
formed by yeast mating as recommended in the manufacturer’s instruc-
tions (Clontech). Yeast Saccharomyces cerevisiae MATa strain AH109
was transformed with bait plasmid containing CaR-CT (amino acids
866 -1078) and incubated with yeast S. cerevisize MATa strain Y187
pretransformed with human kidney ¢DNA library (Clontech) in
2xYPDA/Kan at 30 °C for 24 h. The mixture was plated on SD/-Ade/
-His/-Leu/-Trp plates to screen for ADE2™ and HIS3" clones. Plates
were incubated at 30°C until colonies appeared. Colonies were
restreaked on SD/-Ade/-His/-Leu/-Trp plus X-a-gal plates to screen
for MELI™ clones. Clones that activated three reporter genes, ADE2,

APRIL 28, 2006-VOLUME 281-NUMBER 17 22828

HIS3, and MEL1, were considered positive and identified by purifying
plasmids and sequencing inserts.

Directed Y2H studies were performed by cotransformation using the
lithium acetate method (23). Bait plasmids containing CaR-CT frag-
ments and prey plasmids containing dorfin carboxyl-terminal frag-
ments were cotransformed into AH109 and plated on SD/-Ade/-His/
-Leu/-Trp plus X-a-gal plates. An interaction was considered positive
when three reporter genes (ADE2, HIS3, and MEL1) were activated.

Cell Culture and Transfection—HEK293 and MDCK cells were
grown in high glucose Dulbecco’s modified Eagle’s medium, supple-
mented with 10% heat-inactivated fetal calf serum, 50 units/ml penicil-
lin, and 50 pg/ml streptomycin (37 °C, 5% CO,). HEK293 cells were
transiently transfected with Novafector (Venn Nova LLC, Pompano,
FL) according to the manufacturer’s instructions; experiments were
done 72 h after transfection. For inhibitor studies, cells were treated
with MG132 and/or tunicamycin {solubilized in Me,SO) for 12 h prior
to lysis. Comparable levels of Me,SO had no effect on measured
parameters.

SDS-PAGE and Western Blotting—Transfected HEK293 cells or
MDCK cells were washed with PBS-EDTA and lysed on ice with PBS
containing 5 mm EDTA, 0.5% Triton X-100, 10 mM iodoacetamide, plus
protease inhibitor mixture (Roche Applied Science). Cell lysates were
agitated for 30 min at 4 °C and cleared by centrifugation. Supernatants
were mixed with loading buffer (12 m urea, 4% SDS, 0.01% bromphenol
blue, 100 mM B-mercaptoethanol in 200 mM Tris) and separated on
4-15% SDS-polyacrylamide gels (Bio-Rad) before transfer to nitrocel-
lulose membranes (Bio-Rad). Membranes were incubated with pri-
mary antibodies (GFP, 1:500; LRG, 1:1000; HA, 1:1000; actin, 1:1000;
D-30, 1:3000; or VCP, 1:1000) overnight at 4 °C. Membranes were
incubated with secondary antibody coupled to horseradish peroxi-
dase (1:5000) at room temperature for 1 h. Proteins were visualized
by enhanced chemiluminescence (Super West Pico Chemilumines-
cent Substrate, Pierce). Assay of ERK1/2 phosphorylation was as
previously described (21). When the same blot was probed for the
presence of coprecipitated proteins, nitrocellulose membranes were
stripped in Restore Western blot Stripping Buffer (Pierce) and probed
with a second primary antibody.

Immunoprecipitation—Transfected HEK293 cells were washed with
PBS and lysed as described. After sonication on ice, samples were agi-
tated for 30 min at 4 °C and incubated with 10 ul of protein G-agarose
(Invitrogen) to minimize nonspecific binding. Samples were centri-
fuged, and supernatants were incubated with antibody for3hat4 °C. 15
wul of protein G-agarose was then added, and samples were rotated over-
night {4 °C). Precipitates were incubated in loading buffer for 30 min at
25 °C and run on SDS-polyacrylamide gels as described. To detect spe-
cific ubiquitination, a two-step immunoprecipitation was performed.
After the first immunoprecipitation as described, pellets were washed
three times with lysis buffer and incubated with 1% SDS/PBS for 30
min (25 °C) to disrupt non-covalent interactions. Samples were cen-
trifuged, and supernatants were diluted with lysis buffer, followed by
a second immunoprecipitation. The resultant precipitates were
incubated in loading buffer and separated on SDS-polyacrylamide
gels as described.

Densitometry and Statistics—Blots were digitized using an Epson
Expression 800 Photo scanner and quantified by densitometry using
AlphaEaseFC StandAlone Software (San Leandro, CA). Results were
mean * S.D. of at least three independent experiments; graphs were
generated using Sigma Plot 2000. Student's ¢ test (two comparisons) was
performed, and p < 0.05 was considered significant.
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FIGURE 1. Analysis of interaction sites on calcium-sensing receptor (CaR) and the E3 ubiquitin ligase dorfin by directed Y2H assay. A, schematic representation of CaR and
localization of the interaction site for dorfin carboxyl-terminal fragment (residues 561-838). The cytoplasmic carboxyl terminus of CaR (residues 866 ~1078) was truncated from both
the amino and carboxy! termini as indicated and screened by cotransformation of the AH109 yeast strain with the CaR fragment plus the carboxy! terminus of dorfin (residues
561-838). TM, transmembrane heptahelical domain; ECD, extracellular domain. B, schematic representation of dorfin and focalization of the interaction site for CaR carboxyl-terminal
fragment (residues 866 -1078). Truncations were generated from both the amino- and carboxyl-terminal ends of the dorfin fragment (residues 561-838) and screened by cotrans-
formation of the AH109 yeast strain with the dorfin fragment plus the carboxyl terminus of CaR (residues 866 -1078). R1, R2, RING finger domains; IBR, in between RING-finger domain.
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For A and B, positive interactions, resulting in activation of three reporter genes (HIS3, ADE2, and MEL1) are indicated as “~+."

RESULTS

Y2H Screen Identifies the E3 Ubiquitin Ligase Dorfin as a CaR-binding
Protein—The cytoplasmic carboxyl terminus of CaR (CT, residues
866 —1078) was used as bait to screen a human kidney ¢cDNA library
(Fig. 1A). Positive clones were selected by activation of three reporter
genes, ADE2, HIS3, and MELI. Blast searches of the NCBI data base
with positive clones identified in the screen yielded a fragment corre-
sponding to the carboxyl terminus (residues 561-838) of the E3 ubig-
uitin ligase dorfin, an 838-amino acid protein (Fig. 1B) (11).

To localize the dorfin interaction site on the CaR carboxyl terminus,
various truncations of the CaR carboxyl terminus (in pGBKT7), illus-
trated in Fig. 14, were screened against the carboxyl terminus of dorfin
(residues 561-838, in pACT?2) after cotransformation in the AH109
strain. The full CaR-CT (residues 866 —1078) interacted with dorfin,
confirming the results of the initial screen. Truncations of the carboxyl
end of CaR-CT were well tolerated, displaying positive interactions with
dorfin. Only the smallest fragment, containing residues 866 — 886, did
not interact with dorfin. Truncations from the amino terminus of the
CaR-CT narrowed the region for interaction with dorfin to residues
880-900 (Fig. 1A).

Complementary directed Y2H screens were performed to localize the
CaR-CT interaction site on the carboxyl terminus of dorfin (residues
561-838). Any truncations from the carboxyl terminus of dorfin inhib-
ited interactions with CaR-CT, whereas interaction with CaR-CT was
retained upon removal of up to 100 residues from the amino terminus of
the dorfin fragment (residues 561-660). The minimal fragment of the
dorfin carboxyl terminus required for interaction with CaR-CT con-
tains residues from 660838 (Fig. 15).

Coimmunoprecipitation of CaR and Dorfin from HEK293 Cells Con-
firms Their Interaction—Human CaR having an amino-terminal FLAG
epitope (FLAG-CaR) was transfected into HEK293 cells, and FLAG-
CaR was immunoprecipitated with anti-FLAG antibody. The immuno-
precipitate was separated on a 4—15% SDS-PAGE reducing gel, blotted
to nitrocellulose, and probed with anti-dorfin antibody D-30. Endoge-
nous dorfin was observed as a doublet with molecular mass of ~100kDa
in the presence (lane 1) but not in the absence (lane 2) of transfected
FLAG-CaR (Fig. 24, top panel). The two lower panels in Fig. 2 illustrate
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FIGURE 2. Interaction of full-length CaR and dorfin in HEK293 cells. A, HEK293 cells were
transfected with {lane T) or without {lane 2) FLAG-CaR cDNA. Cells were harvested 72 h after
transfection. Anti-FLAG antibody was used to immunoprecipitate (/P) samples, and biots
were probed with anti-dorfin antibody D-30 {fop panel). Lysates were probed with anti-dorfin
D-30 antibody (middle panel) or anti-CaR LRG antibody (bottom panel) to assess protein
expression. B, FLAG-CaR ¢DNA-transfected HEK293 cells were cotransfected with EGFP-
dorfin (fane 1), DNT-EGFP (fane 2), or DCT-EGFP (lane 3), respectively. Anti-FLAG antibody
was used to immunoprecipitate samples, and blots were probed with anti-GFP antibody
(top panel). Lysates were probed with anti-GFP antibody (middle panel} or anti-CaR LRG
antibody (lower panel) to assess protein expression. /8, immunoblot.
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FIGURE 3. Ubiquitination of CaR in HEK293 celis. A, FLAG-CaR or FLAG-CaR(0K) cDNA
was transfected into HEK293 cells with HA-Ub cDNA. Cells were incubated without (fanes
1 and 3) or with {lanes 2 and 4} 10 uwm proteasomal inhibitor MG132 for 12 h prior to lysis.
Celllysates were immunoprecipitated {{P) with anti-FLAG antibody, and the precipitated
pellets were treated with 1% SDS/PBS to disrupt non-covalent interactions. Superna-
tants were diluted with lysis buffer, followed by a second immunoprecipitation using
anti-FLAG antibody. The blot was probed with anti-HA antibody (upper panel). The same
blot was then stripped and probed with anti-CaR antibody LRG (lower panel). B, FLAG-
CaR cDNA or FLAG-CaR(0K) cDNA was transfected into HEK293 celis. Cells were preincu-
bated with 0.5 mu Ca?™* overnight prior to exposure to either 0.5 or S mw Ca?™* for 10 min
(37 °C), followed by immunaoblotting (iB) of lysates with anti-phospho-ERK1/2 antibody.
C, FLAG-CaR cDNA or FLAG-CaR(0K) cDNA was transfected into HEK293 cells. Anti-FLAG
antibody was used to immunoprecipitate samples, and blots were probed with anti-
dorfin D-30 antibody (top blot). Lysates were probed with anti-dorfin D-30 antibody
(middle blot) or anti-CaR LRG antibody (bottom blot).

the expression of endogenous dorfin (probed with anti-dorfin antibody
D-30) or FLAG-CaR (probed with anti-CaR LRG antibody) in cell
lysates. These results confirm the interaction of full-length CaR and
dorfin in HEK293 cells.

To confirm that the dorfin fragment identified in the Y2H studies is
required for the interaction of dorfin and CaR in mammalian cells,
FLAG-CaR and full-length dorfin (EGFP-dorfin) or dorfin truncations
(DNT-EGFP or DCT-EGFP) were tested for coimmunoprecipitation
from HEK293 cells. DNT-EGFP contains the amino-terminal RING-
finger domains of dorfin from residues 1-367; DCT-EGFP contains the
carboxyl-terminal domain of dorfin from residues 561-838. Anti-
FLAG antibody was used to immunoprecipitate FLAG-CaR, and blots
were probed with anti-GFP antibody to detect the dorfin species. EGFP-
dorfin (130 kDa) and DCT-EGFP (60 kDa) coprecipitated with FLAG-
CaR (Fig. 2B, top panel), but DNT-EGFP (68 kDa) did not. The middle
and bottom panels of Fig. 2B illustrate expression of the indicated con-
structs in cell lysates when probed with anti-GFP (n1iddle) or anti-CaR
LRG (bottom) antibodies. These results confirm that the domain of
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FIGURE 4. Regulation of CaR ubiquitination by dorfin. 4, dorfin mediates ubiquiti-
nation of CaR. FLAG-CaR (3 ug) and HA-Ub (2 pg) cDNAs were cotransfected into
HEK293 cells, without {—) or with () EGFP-dorfin cDNA {6 png). Cells were incubated
with 10 um MG132 for 12 h prior to lysis. Cell lysates were immunoprecipitated (IP)
with anti-FLAG antibody, and biots were probed with anti-HA antibody. CaR ubig-
uitination was quantified and normalized to basal ubiquitination in the absence of
exogenous dorfin; significance at p <2 0.05 (*). B, dominant negative dorfin fragment
DCT inhibits ubiquitination of CaR. FLAG-CaR ¢DNA (3 ug) and HA-ubiquitin ¢cDNA
(2 ug) were cotransfected into HEK293 cells, without {~) or with {+) DCT-EGFP cDNA
(6 1g). Methods were as described in A. 1B, immunoblot.
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dorfin mediating the interaction with CaR in yeast, i.e. the carboxyl
terminus, is also required for the interaction of dorfin with CaR in mam-
malian cells.

CaR Is Ubiquitinated—Interaction between CaR and dorfin suggests
that CaR may be ubiquitinated. To test this possibility, FLAG-CaR and
amino-terminal HA-tagged ubiquitin (HA-Ub) were cotransfected into
HEK?293 cells, and a two-step, denaturing protocol was used to immu-
noprecipitate FLAG-CaR. Briefly, anti-FLAG antibody was used to
immunoprecipitate CaR, followed by treatment of the pellet with 1%
SDS/PBS to disrupt non-covalent interactions between CaR and its
associated proteins. The supernatant was diluted with lysis buffer and
subjected to a second round of immunoprecipitation with anti-FLAG
antibody. The Western blot was probed with anti-HA antibody to
detect ubiquitinated species. Ubiquitination of CaR was observed in the
presence of the proteasomal inhibitor MG132, appearing in the range
from 150 to >250 kDa, while ubiquitination was barely detectable in the
absence of MG132 (Fig. 34, upper panel, lanes 1 and 2). MG132
increased the amount of CaR protein (Fig. 34, lower panel, lanes 1 and
2), suggesting that ubiquitination followed by proteasomal degradation
contributes to regulation of CaR.

Ubiquitin ligases covalently conjugate ubiquitin to lysine residues of
target proteins. To confirm that CaR is ubiquitinated, we mutated intra-
cellular lysine residues to arginine. There are nine lysine residues within
the CaR carboxyl terminus (residues 863, 882, 897, 917, 931, 963, 965,
984, and 1002) and seven lysine residues within the three intracellular
loops (residues 636, 644, 709, 717, 793, 796, and 805). When each lysine
residue was mutated to arginine individually, the resulting mutants
were still heavily ubiquitinated (data not shown). Because single point
mutations did not abolish ubiquitination, CaR must be ubiquitinated at
more than one lysine residue. All 16 lysine residues were therefore
mutated to arginine simultaneously, and ubiquitination of the mutant,
termed FLAG-CaR(0K), determined in the absence or presence of
MG132 (Fig. 3A, upper panel, lanes 3 and 4). FLAG-CaR(0K) was not
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FIGURE 5. Regulation of steady-state protein level of CaR by dorfin, A, wild-type dorfin enhances degradation of CaR. FLAG-CaR cDNA (1 ug) was transfected into HEK293 cells
with increasing amounts of EGFP-dorfin ¢cDNA (0, 2, 4, or 6 pg). Cell lysates were probed for FLAG-CaR, endogenous actin, and EGFP-dorfin by immunoblotting (B) with anti-CaR (LRG),
anti-actin, or anti-GFP antibodies. Graph (average of three independent experiments) indicates normalized CaR protein or EGFP-dorfin as a function of transfected EGFP-dorfin <DNA.
CaR protein was normalized to amount in the absence of exogenous EGFP-dorfin; EGFP-dorfin normalized to that observed at 6 p.g of EGFP-dorfin cDNA. Filled circles, FLAG-CaR; open
circles, EGFP-dorfin. B, dominant negative construct of dorfin (DCT-EGFP) stabilizes CaR. FLAG-CaR cDNA (1 ug) was transfected into HEK293 cells with increasing amounts of
DCT-EGFP cDNA (0,2, 4, or 6 ng). The remaining procedures were as described in A. Graph (average of three independent experiments) indicates normalized CaR protein or DCT-EGFP,
normalized as described in A. Filfed circles, FLAG-CaR; open circles, DCT-EGFP. For both A and 8, significance was at p < 0.05 (*). C, FLAG-CaR ¢DNA (1 1.g) was transfected into HEK293
cells without {fane 1) or with EGFP-dorfin (6 ug) (lanes 2 and 3). Cells were treated without (lanes 7 and 2) or with (lane 3) MG132 for 12 h before lysis. Cell lysates were probed for

FLAG-CaR by immunoblotting with anti-CaR LRG antibody. /P, immunoprecipitate.

ubiquitinated to a significant extent even in the presence of MG132. In
addition, the amount of FLAG-CaR(0K) was not significantly changed
upon addition of MG132 (100% in the absence versus 107.6 = 10.7% in
the presence of MG132) (Fig. 34, lower panel, lanes 3 and 4), whereas
wild-type FLAG-CaR was sensitive to MG132 treatment (100% in the
absence versus 148.4 = 4.7% in the presence of MG132) (Fig. 34, lower
panel, lanes 1 and 2). Both FLAG-CaR and FLAG-CaR(0K) achieved
mature glycosylation consistent with plasma membrane localization
(Fig. 3A, lower panel) (6, 7) and had a comparable ability to stimulate
ERK1/2 phosphorylation upon exposure of cells to 5 mm Ca** (Fig. 3B).
The absence of FLAG-CaR(0K) ubiquitination is not the result of an
inability to associate with dorfin, because immunoprecipitation with
anti-FLAG antibody of either FLAG-CaR or FLAG-CaR(0K) results in
coprecipitation of comparable levels of endogenous dorfin (Fig. 3C, top
panel). Also illustrated in Fig. 3C is the presence of endogenous dorfin
(middle panel) or transfected FLAG-CaR (bottom panel) in cell lysates.
These results confirm that CaR is ubiquitinated at multiple lysine resi-
dues and degraded by the proteasome.

Dorfin Mediates CaR Ubiquitination—Dorfin is an E3 ubiquitin
ligase and interacts with CaR and, therefore, likely mediates CaR ubig-
uitination. To test this possibility, FLAG-CaR and HA-Ub ¢cDNAs were
cotransfected into HEK293 cells, without or with EGFP-dorfin cDNA.
Anti-FLAG antibody was used to immunoprecipitate CaR; Western
blots were probed with anti-HA antibedy to detect ubiquitinated spe-
cies. In the absence of dorfin, a low level of CaR ubiquitination was
detected; cotransfection with dorfin dramatically increased CaR ubig-
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uitination (Fig. 44). HEK293 cells express endogenous dorfin (data not
shown, but see, e.g. Figs. 24 or 3C), and thus basal CaR ubiquitination (in
the absence of cotransfected dorfin) might be catalyzed by endogenous
dorfin. To test this possibility, we used DCT-EGFP as a dominant neg-
ative to interfere with ubiquitination mediated by endogenous dorfin.
This construct cannot catalyze ubiquitination of substrates, because it
does not contain the amino-terminal RING domains, which are essen-
tial for interaction with ubiquitin-conjugating enzymes (11). Cotrans-
fection of HEK293 cells with FLAG-CaR, HA-Ub, and DCT-EGFP
resulted in a reduction in CaR ubiquitination, compared with ubiquiti-
nation mediated by endogenous dorfin (-DCT) (Fig. 4B). These
results suggest that the E3 ubiquitin ligase dorfin mediates ubiquiti-
nation of CaR.

Dorfin Regulates the Amount of CaR Protein in HEK293 Cells—DBe-
cause dorfin mediates CaR ubiquitination, it must contribute to regula-
tion of total cellular CaR protein. FLAG-CaR cDNA was transfected
into HEK293 cells with increasing amounts of EGFP-dorfin cDNA (Fig.
5A). Total cDNA was kept constant with pcDNA3.1. The expression of
CaR and dorfin were characterized by immunoblotting lysates from
HEK293 cells with either anti-CaR LRG antibody (Fig. 54, top blot) or
anti-GFP antibody (Fig. 54, bottom blot). Actin was used as a loading
control (Fig. 54, middle blot). When dorfin was increased, the amount
of CaR decreased in a dose-dependent manner (Fig. 54). The graph in
Fig. 5A shows averaged results for three independent experiments and
demonstrates a significant decrease in CaR protein as dorfin protein is
increased.
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FIGURE 6. VCP/CaR/dorfin coimmunoprecipitation in HEK293 cells. HEK293 cells
were transfected without (—) or with {+) FLAG-CaR cDNA. Cell lysates were immunopre-
cipitated (/P) with anti-VCP antibody, and Western blots were probed with anti-CaR anti-
body LRG (first blot). The same blot was stripped and reprobed with anti-dorfin antibody
D-30 (second biot). The expression of endogenous VCP, transfected CaR, and endoge-
nous dorfin were confirmed by immunoblotting (/B) cell lysates with anti-VCP antibody
(third blot), anti-CaR LRG antibody (fourth blot), or anti-dorfin D-30 antibody (fifth biot).

When CaR cDNA was transfected into HEK293 cells with increasing
amounts of the dominant negative DCT-EGFP cDNA, CaR protein in
cell lysates increased as a function of DCT protein (Fig. 5B, top biot). The
graph illustrates averaged results from three independent experiments (Fig.
5B). To confirm that EGFP made no contributions to the observed
responses, a DCT construct containing a carboxyl-terminal ¢c-mzyc epitope
was also generated. DCT-c-myc protected CaR against dorfin-mediated
degradation ina manner comparable to DCT-EGFP (data not shown), indi-
cating that the dorfin fragment specifically competed with endogenous
dorfin to protect against CaR degradation. These results suggest that
endogenous dorfin regulates CaR degradation.

To test if dorfin mediates degradation of CaR in a proteasome-de-
pendent manner, the effect of the proteasomal inhibitor MG132 on
dorfin-mediated CaR degradation was examined. When cells cotrans-
fected with FLAG-CaR and EGFP-dorfin were treated with MG132, the
dorfin-dependent decrease of CaR protein level was abrogated (Fig. 5C),
suggesting that a proteasome-dependent mechanism underlies dorfin-
mediated degradation of CaR.

VCP Interacts with Both CaR and Dorfin—Dorfin interacts directly
with VCP,an AAA-ATPase proposed to have a role in ERAD of proteins
(14). In HEK293 cells transiently transfected with FLAG-CaR, an anti-
body against endogenous VCP immunoprecipitated both FLAG-CaR
and endogenous dorfin (Fig. 6, lane I). In the absence of FLAG-CaR, the
anti-VCP antibody pulled down endogenous dorfin (Fig. 6, lane 2), as
has previously been shown (14). Lower blots of Fig. 6 indicate endoge-
nous expression of VCP and dorfin, as well as FLAG-CaR in lysates of
transfected cells. Because both dorfin and CaR can interact with VCP, it
is likely that dorfin-mediated ubiquitination and degradation of CaR is
occurring at the ER via a VCP-facilitated ERAD pathway.

All Forms of CaR Are Degraded via the Proteasome—If CaR interacts
with dorfin and VCP at the ER, it is possible that misfolded or unfolded,
immature CaR is targeted for proteasomal degradation by dorfin. To
test this possibility, we examined the effects of tunicamycin, an inhibitor
of glucosaminyl 1-phosphate transferase, for the amounts and molecu-
lar weights of CaR in the absence or presence of MG132. Treatment
with tunicamycin induced the appearance of unglycosylated CaR, with a
molecular mass of 115 kDa (Fig. 7A). Two differentially glycosylated
forms of CaR were also observed, i.e. bands at molecular masses of 130
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FIGURE 7. Sensitivity of immature forms of CaR to proteasomal degradation. A,
tunicamycin stabilizes an immature form of CaR. HEK293 cells transfected with FLAG-
CaR cDNA were treated without or with tunicamycin (5 pg/mi) for 12 h prior to lysis.
Lysates were immunoprecipitated (/P) with anti-FLAG antibody and probed with anti-
CaR LRG antibody. 8B, MG132 increases the amounts of immature forms of CaR. HEK293
cells were transfected with FLAG-CaR and HA-Ub cDNAs, and incubated with tunicamy-
cin (5 pg/ml) without or with MG132 (10 um), for 12 h prior to lysis. Lysates were immu-
noprecipitated with anti-FLAG antibody and probed with anti-CaR LRG antibody. Three
forms of CaR are evident in tunicamycin: 1, fully glycosylated CaR (150 kDa); 2, ER-resi-
dent high mannose CaR (130 kDa); and 3, unglycosylated CaR (115 kDa). The amount of
CaR protein in each form was quantified in the absence or presence of MG132, and
average results for three independent experiments are illustrated (each band normal-
ized to the amount observed in the absence of MG132), significance was at p << 0.05 {*).
C, DCT increases the amounts of immature forms of CaR. HEK293 cells were transfected
with FLAG-CaR without or with DCT-EGFP. Cells were incubated with tunicamycin (5
mg/ml) for 12 h prior to lysis. Experiments were as in A. Graph indicates amounts of three
forms of CaR protein in the absence or presence of DCT-EGFP, normalized to the amount
in the absence of DCT-EGFP. Significance was at p << 0.05 (¥). D, MG132 increases the
amounts of immature CaR in MDCK cells. MDCK cells were treated with tunicamycin (5
pg/ml) without or with MG132 (10 um) for 12 h prior to lysis. Lysates were immuno-
biotted (/B) with anti-CaR LRG antibody.

Cell lysate
IB: LRG
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