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Figure 1. Pedigrees of Six Multiplex Families with Multiple-System Atrophy.

The affected siblings in Family 1 were born to consanguineous parents (first cousins).*® In this family, the two pa-
tients with multiple-system atrophy (Participants 11-4 and 11-8) also had retinitis pigmentosa, which was not present
in the other siblings. The diagnosis of definite multiple-system atrophy in three patients (Participants 11-4 and 11-8
in Family 1 and 11-6 in Family 8) was confirmed at autopsy. In Family 8, two siblings (Participants [1-3 and 1i-4) of
the affected family members had Parkinson’s disease (PD). In Family 1, in which homozygous M78V-V343A muta-
tions in COQ2 were identified, the parents (Participants I-1 and 1-2), who were obligate carriers of the mutation,
showed no overt signs of parkinsonism, cerebellar ataxia, or autonomic dysfunction, according to family report. In
Family 12, in whom compound heterozygous R337X/V343A mutations were identified, Participants I-1 and 1-2 (obli-
gate carriers of the mutations) and the heterozygous carrier (Participant 11-2) showed no overt signs of parkinson-
ism, cerebellar ataxia, or autonomic dysfunction on examination by a neurologist. Squares represent male family
members, circles female family members, black symbols family members with multiple-system atrophy, gray sym-
bols family members with Parkinson’s disease, open symbols unaffected family members, slashes deceased family
members, and small circles family members for whom genomic DNA samples were available. MSA-C denotes mul-
tiple-system atrophy of the cerebellar type, MSA-P multiple-system atrophy with predominant parkinsonism, and
unclassified MSA-P+C similarly predominant parkinsonian and cerebellar signs.

ANALYSIS OF COQ2 AND OTHER GENES ASSOCIATED
WITH COENZYME Q,,

On the basis of linkage analysis and whole-genome
sequencing, we sequenced COQ2 and the other 11
genes involved in the biosynthetic pathway for
coenzyme Q,, (PDSS1, PDSS2, COQ3, COQ4, COQS,

€0Q6, COQ7, ADCK3, COQ9, COQ10A, and COQIOB),
using the Sanger method (Table S3 in the Supple-
mentary Appendix).

We prepared samples of mutant human COQ2
complementary DNA (cDNA) by means of site-
directed mutagenesis (Table S4 in the Supple-
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mentary Appendix). A yeast cog2-null mutant, the
BY4741Ac0q2 strain, was transformed with
pAUR123 (Takara Bio) containing the nonmu-
tated or mutated human COQ2 cDNA. We mea-
sured the growth rate in a medium with a non-
fermentable carbon source by monitoring the
optical density of a sample measured at a wave-
length of 600 nm (ODy,,). We used mitochondrial
fractions prepared from lymphoblastoid cell lines
with the QProteome Mitochondria Isolation Kit
(Qiagen) as the enzyme source. COQ2 activity
(Enzyme Commission number, 2.5.1.39) was as-
sayed as described previously.?°

COENZYME Q,, LEVEL IN TISSUES
Using high-performance liquid chromatography,
we measured levels of coenzyme Q,, (ubiqui-
none-10 and ubiquinol-10) and free (unesterified)
cholesterol in lymphoblastoid cell lines estab-
lished from 152 patients with multiple-system
atrophy and 76 controls and in cerebellum sam-
ples obtained on autopsy from 3 patients with
multiple-system atrophy and 3 controls.?*

STATISTICAL ANALYSIS
All results are presented as means and standard
deviations. We used Student’s t-test to evaluate
the significance of differences in the mean age at
disease onset between carriers and noncarriers
of the COQ2 mutation. We used Fisher’s exact test
to calculate the significance of the difference in
allele frequencies between carriers and noncarri-
ers, with contingency tables and standard meth-
ods used to compute odds ratios and correspond-
ing 95% confidence intervals. We used the
Kruskal-Wallis test, followed by the Steel test, to
perform an analysis of variance. All statistical
tests were two-sided, and a P value of less than
0.05 was considered to indicate statistical sig-
nificance.

RESULTS

LINKAGE ANALYSIS OF FAMILIAL DISEASE
Parametric linkage analysis of the six family ped-
igrees revealed no single locus showing a linkage
compatible with autosomal recessive inheritance.
However, in the parametric linkage analysis al-
lowing for heterogeneity, we detected several loci
showing positive scores for heterogeneity loga-
rithm of the odds (HLOD), indicating that more
than one locus was involved in the different mul-

tiplex families (Fig. S1B in the Supplementary
Appendix). In particular, two regions on chro-
mosome 4 showed the highest HLOD scores, ex-
ceeding 2.0. Results of nonparametric linkage
analysis (Fig. S1C in the Supplementary Appen-
dix) were consistent with those of parametric
linkage analysis allowing for heterogeneity. Para-
metric linkage analysis of chromosome 4 in indi-
vidual pedigrees revealed positive LOD scores in
an overlapping region in four families (Family 1,
Family 2, Family 4, and Family 12), with Family 1
having the highest LOD score of 1.93 (72.795 to
89.616 Mb) (Fig. S1A and S2A in the Supplemen-
tary Appendix). Thus, we selected Family 1 to
undergo whole-genome sequencing.

SUSCEPTIBILITY GENE IN FAMILIAL DISEASE
Whole-genome sequencing of a sample obtained
from Participant II-4, one of two affected mem-
bers of Family 1, generated 187.5 Gb of short reads,
with an average coverage of 58x and 3,492,429
single-nucleotide variants (SNVs) or insertions or
deletions. We winnowed the 3,492,429 variants
down to 4 by selecting SNVs that were located in
the candidate regions defined on linkage analysis
in Family 1 (regions with the highest LOD score
spanning approximately 80 Mb in total), that
were located in exons or splice sites, that were
predicted to cause amino acid changes or chang-
es in pre-messenger RNA splicing, and that were
not registered in the database of single-nucleo-
tide polymorphisms, build 130 (dbSNP130), indi-
cating that the variants are extremely rare in the
general population (Fig. S2B in the Supplemen-
tary Appendix). Each of these 4 SNVs is predicted
to result in an amino acid substitution: K707R in
SHROOMS3 (Universal Protein Resource [UniProt]
accession number, Q8TF72), M78V and V343A in
COQ2 (UniProt accession number, Q96H96), and
R231G in SCEL (UniProt accession number,
095171).

In the 180 Japanese control samples, we did not
observe the SNV encoding the M78V variant but
did observe SNVs encoding K706R in SHROOM3,
V343A in COQ2, and R231G in SCEL, which were
present on 3, 5, and 98 of 360 alleles, respectively.
We therefore considered the SNP encoding M78V
in COQ2, which encodes parahydroxybenzoate-
polyprenyl transferase, an enzyme involved in
the biosynthesis of coenzyme Q,,, as a candidate
variant in conferring susceptibility to familial
multiple-system atrophy.

N ENGLJ MED 369;3 NEJM.ORG JuLY 18, 2013

-118 -



MUTATIONS IN C0OQ2 IN MULTIPLE-SYSTEM ATROPHY

Cosegregation analysis of samples from Fam-
ily 1 revealed that the two affected family mem-
bers, Participants II-4 and II-8, carried the homo-
zygous M78V-V343A variant in COQ2, and the
unaffected sibling who was tested (Participant I1-7)
did not carry this variant (Fig. S2C in the Supple-
mentary Appendix). Mutational analysis of COQ2
in Family 12 revealed heterozygous mutations
consisting of nonsense (R337X) and missense
(V343A) variants in both affected siblings (Par-
ticipants II-3 and II-4). Their mother (Participant
1-2) was heterozygous for V343A, one unaffected
sibling (Participant 1I-1) lacked this variant, and
the other unaffected sibling (Participant II-2) was
heterozygous for R337X. R337X was not ob-
served in the 180 Japanese controls.

We did not detect variants of COQ2 in the
other four families (Families 2, 3, 4, and 8).
Because COQ2 encodes an enzyme essential for
the biosynthesis of coenzyme Q,,, we further
sequenced the other 11 genes in the biosynthetic
pathway for coenzyme Q,, (PDSS1, PDSS2, COQ3,
€0Q4, COQS, COQ6, COQ7, ADCK3, COQ9, COQI0A,
and COQIO0B) in the remaining four families and
in a previously described multiplex family*+ but

did not observe variants that cosegregated with
disease.

COQ2 VARIANTS AND SPORADIC DISEASE
To investigate the involvement of COQ2 variants
in sporadic multiple-system atrophy, we extended
the mutational analysis of COQ2 to a Japanese se-
ries consisting of 363 patients with multiple-sys-
tem atrophy and 520 controls. A common COQ2
variant (rs6818847, predicted to result in an ami-
no acid substitution, L16V) with allele frequen-
cies of 0.90 and 0.88 in the Japanese patients
with multiple-system atrophy and controls, re-
spectively, was not included in further analysis.
Four patients with multiple-system atrophy car-
ried two variants simultaneously (one carried an
197T and a nonmutated [NM] allele at codon 97
and V343A/NM at codon 343, one had R337Q/NM
at codon 337 and V343A/NM at codon 343, and
two had V343A/V343A), whereas none of the con-
trols had two variants of COQ2 (Table 1). Sequenc-
ing of the subcloned mutated alleles confirmed
that R337Q/V343A was present in a compound
heterozygous state. We were unable to determine
the phase of 197T/V343A, because the distance

Table 1. COQ2 Variants Found in Patients with Sporadic Multiple-System Atrophy in Japanese, European, and North
American Series, as Compared with Controls.*
Genotype Japanese Series European Series North American Series
Patients Controls Patients Controls Patients Controls
(N=363)  (N=520) (N=223) (N=315 (N=172) (N=294)
P22L/NM 0 1 0 0 0 0
F29L/NM 0 0 1 0 0 0
P49HT/NM 0 0 0 0 1 0
S57T§/NM 0 0 1 0 0 0
R69HT/NM 0 0 0 0 0 1
197T1/V343A§ 1 0 0 0 0 0
P107S{/NM 1 0 0 0 0 0
S113F{/NM 1 0 0 0 0 0
T267A5/NM 0 0 1 0 0 0
$297C/NM 0 0 1 0 0 0
N336H/NM 0 1 0 0 0 0
R337Q7/V343A§ 1 0 0 0 0 0
V343A(/NM 29 17 0 0 0 0
V343A§/V343A§ 2 0 0 0 0 0

* NM denotes nonmutated.

7 This variant was deemed to be severely deleterious on yeast complementation assay.
1 This variant was deemed to be mildly deleterious on yeast complementation assay.

§ This variant had decreased COQ2 activity on enzyme assay.

N ENGLJ MED 369;3 NEJM.ORG JULY 18, 2013

-119-

237



238

The NEW ENGLAND JOURNAL of MEDICINE

Table 2. Association between the COQ2 V343A Variant and Sporadic Multiple-System Atrophy in the Japanese Series.*

Patients with Other Neurologic Diseases

Patients with Multiple-System Atrophy
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between 197T and V343A was too large to be am-
plified by means of polymerase-chain-reaction
(PCR) assay in a single fragment, and samples of
genomic DNA from the parents were unavailable.
We found that 29 patients with multiple-system
atrophy and 17 controls were heterozygous for
the V343A variant. In addition, we detected four
novel heterozygous variants: two in patients with
multiple-system atrophy (P107S and S113F) and
two in controls (P22L and N33GH).

Of the COQ2 variants, the V343A variant is rela-
tively common in the Japanese population. As
shown in Table 2, we found that the V343A allele
occurred in 35 of 726 alleles (4.8%) from Japa-
nese patients with multiple-system atrophy and
in 17 of 1040 alleles (1.6%) from Japanese con-
trols (odds ratio for patients with multiple-sys-
tem atrophy, 3.05; 95% confidence interval [CI],
1.65 to 5.85; P=1.5x10"%. Genotyping in the
second series of 2383 Japanese controls showed
that the V343A variant had an allele frequency of
2.2% (106 of 4766 alleles; odds ratio, 2.23; 95%
Cl, 1.46 to 3.32; P=6.0x1075). Genotyping Japa-
nese persons with other neurodegenerative dis-
eases revealed that the V343A allele frequencies
were 2.0% (109 of 5456 alleles) among patients
with Alzheimer’s disease, 2.5% (33 of 1318 alleles)
among those with Parkinson’s disease, and 2.4%
(31 of 1268 alleles) among those with ALS.
These allele frequencies did not differ signifi-
cantly from those in the first or second set of
controls, confirming the specificity of the V343A
variant in patients with multiple-system atrophy.
Two patients with Alzheimer’s disease who were
found to carry homozygous V343A mutations
did not show any signs of parkinsonism, cere-
bellar ataxia, or autonomic dysfunction.

We then performed genotyping in the Euro-
pean and North American series of patients with
multiple-system atrophy. In the European series,
we found four singleton COQ2 variants (encoding
amino acid substitutions F29L, S57T, T267A, and
$297C) among the patients, whereas none of the
controls had any variants in COQ2. In the North
American series, we found one variant (P49H) in
a patient with multiple-system atrophy and one
variant (R69H) in a control (Table 1). At the time
of recruitment for the study, the carrier of R69H,
who was 60 years old, had no signs of parkin-
sonism, cerebellar ataxia, or autonomic dysfunc-
tion, but this participant was unavailable for
follow-up assessment. Intriguingly, the V343A
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variant, a relatively common variant in the Japa- FUNCTIONAL ANALYSIS OF MUTANT COQ2

nese population, was not observed in patients To determine the functional effect of each vari-
with multiple-system atrophy or controls in ei- ant on the mitochondrial aerobic energy produc-
ther the European or the North American series. tion in which coenzyme Q,, plays an essential

A Yeast Complementation Assay
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Figure 2. Functional Analysis of COQ2 Variants.

Panel A shows the results of a yeast complementation assay, including the growth curves of the yeast cog2-null mutants transformed
with the pAUR123 vector containing the nonmutated (NM) human COQ2 complementary DNA (cDNA) or mock vector (subpanel a)
and those transformed with the AUR123 vector containing different versions of human COQ2 cDNA (encoding the substitutions L16V,
P22L, F29L, N336H, V343A, 197T, T257A, and $297C) (subpanel b). Transformants carrying a COQ?2 allele encoding the 197T, T267A, or
$297C substitution show considerably lower growth rates than nonmutated COQ2, which still shows a higher growth rate than the cog2-
null strain (mildly deleterious). Transformants carrying a COQ2 allele encoding the L16V, P22L, F29L, N336H, or V343A substitution
show growth rates similar to that of nonmutated COQ2. The cog2-null mutants transformed with the pAUR123 vector containing differ-
ent versions of human COQ2 cDNA (P49H, S57T, R69H, M78V, M78V-V343A, P107S, S113F, R337X, or R337Q) show severely decreased
respiration-dependent growth rates, as does the cog2-riull strain (severely deleterious) (subpanel c). Each yeast strain was pregrown in
yeast extract peptone dextrose (YPD) medium, diluted to an optical density of a sample measured at a wavelength of 600 nm (ODg,0)
of 0.1, and then incubated in yeast extract peptone glycerol (YPG) medium at 23°C with shaking at a rate of 200 rotations per minute for
4 days. ODgo, was measured every 10 minutes. The experiments were conducted in quadruplicate, and the mean ODgq was plotted
against the incubation time. Panel B shows COQ?2 activity in lymphoblastoid cell lines, as determined by measuring the incorporation of
radioactive parahydroxybenzoate (PHBY) into decaprenyl-PHB. COQ2 activity was measured in lymphoblastoid cell lines from each pa-
tient with multiple-system atrophy carrying COQ2 variants (encoding R337Q/V343A, R337X/V343A, V343A/V343A, or V343A/NM) and
from a control without variants. The mean values from nine independent experiments are shown. T bars indicate standard deviations.
Group comparisons were performed with the use of the Kruskal-Wallis test, followed by the Steel test. Asterisks indicate P<0.05 for the
comparison with a control sample (nonmutated COQ2 genotype). Panel C shows intracellular levels of coenzyme Q,, in frozen cerebel-
lum samples obtained from three patients with multiple-system atrophy (one who was homozygous for M78V-V343A and two who were
heterozygous for V343A) and from three controls. Brain-tissue samples weighing approximately 100 mg were homogenized in 10 vol-
umes (volume to weight) of 10 mM TRIS-hydrochloric acid (with a pH of 7.4) containing 0.32 M sucrose, 1 mM ethylenediaminetet-
raacetic acid (EDTA), and 20% sodium dodecyl sulfate (SDS). Coenzyme Q,, was then extracted with hexane and ethanol (in a 5:2 ratio
according to volume), and the extract was subjected to high-performance liquid chromatography to measure the level of coenzyme Q,,,
after adjustment for the free (unesterified) cholesterol level.?*
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role in the electron transfer, we carried out func-
tional complementation analysis by transform-
ing the yeast cog2-null strain with nonmutated or
mutated human COQ2 cDNA (Fig. 2A). Transfor-
mants of the BY4741 Acoq2 yeast strain with the mu-
tated COQ2, including transformants separately
carrying the P49H, S57T, R69H, M78V, M78V-
V343A, P107S, S113F, R337Q, and R337X alleles,
showed severely decreased growth rates, similar
to those observed in the cog2-null strain. In addi-
tion, transformants with mutated COQ2, includ-
ing those with the variants encoding the 1977,
T267A, and S297C substitutions, showed sub-
stantially lower growth rates than those express-
ing nonmutated COQ2, which had a higher growth
rate than the cog2-null strain (mildly deleterious).
The transformants with mutated COQ2, including
transformants separately carrying the L16V, P22L,
F29L, N33GH, and V343A alleles, showed growth
rates similar to those of the transformants ex-
pressing nonmutated COQ2. As described above,
the yeast strain with M78V-V343A identified in
Family 1 showed a severely decreased growth rate,
whereas the strain with V343A had a growth rate
similar to that of nonmutated COQ2, indicating
that of the two variants, M78V primarily contrib-
uted to the impairment in COQ2 function.

Focusing on the rare variants that were iden-
tified in the case—control series (Table 1), we found
that nine variants (P49H, S57T, RG9H, 197T, P107S,
S113F, T267A, S297C, and R337Q) were mildly or
severely deleterious. On combining all three se-
ries, eight variants (P49H, S57T, 19771, P107S,
S113F, T267A, S297C, and R337Q) were identified
in 758 patients with multiple-system atrophy,
whereas only one variant (R69H) was found in
1129 controls (odds ratio, 11.97; 95% CI, 1.60 to
531.52; P=0.004) (Table 2 footnote). Yeast com-
plementation analysis showed that the F29L vari-
ant, identified in a European patient with multi-
ple-system atrophy, did not impair the growth
rate. Lymphoblastoid cell lines from this patient
were unavailable for further measurement of the
activity of mutant COQ2, thus making it difficult
to interpret the pathogenicity of this variant.

COQ2 ACTIVITIES IN LYMPHOBLASTOID CELL LINES
We measured COQ2 activities in lymphoblastoid
cell lines from patients carrying COQ2 mutations,
when available. We focused on the V343A variant
because it is commonly associated with multiple-
system atrophy and showed an apparently nor-
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mal growth rate in the yeast complementation
assay. We determined COQ2 activities in lympho-
blastoid cell lines with COQ2 variants R337Q/V343A,
R337X/V343A, V343A/V343A, or V343A/NM and
in a control without variants. The COQ2 activities
in the lymphoblastoid cell lines (V343A/NM) ob-
tained from patients with multiple-system atrophy
were significantly lower than those in the control
cell lines. The COQ2 activities in the cell lines
from patients with multiple-system atrophy car-
rying two mutated COQ2 alleles were further de-
creased (Fig. 2B).

CORRELATIONS BETWEEN GENOTYPE
AND PHENOTYPE

The clinical features of patients with sporadic
multiple-system atrophy carrying deleterious
COQ2 variants (as determined on yeast comple-
mentation assay and COQ2-activity measure-
ment) and those of noncarriers are summarized
in Table S5 in the Supplementary Appendix. The
mean age at the onset of multiple-system atrophy
among carriers was older than that among non-
carriers (P=0.002). Among carriers, 34 had sub-
type C and 5 had subtype P. Among noncarriers,
468 had subtype C and 209 had subtype P. The
subtype was unclassified in 42 noncarriers. The
ratio of the number of patients with subtype C to
the number with subtype P was significantly
higher among carriers of COQ2 variants than
among noncarriers (P=0.02).

INTRACELLULAR COENZYME Q,

IN LYMPHOBLASTOID CELL LINES

We measured intracellular coenzyme Q,, levels
in lymphoblastoid cell lines from patients with
multiple-system atrophy and controls. The par-
ticipants were grouped as follows: 3 patients
with multiple-system atrophy carrying two vari-
ants (R337Q/V343A, R337X/V343A, and V3434/
V343A), 16 patients carrying heterozygous V3434,
133 patients without variants, and 76 controls
without COQ2 variants (Table 3). Intracellular lev-
els of coenzyme Q,, in lymphoblastoid cell lines
from patients with multiple-system atrophy who
carried two variant alleles were substantially
lower than levels in cell lines from controls with-
out variants. Intracellular coenzyme Q,, levels in
patients who were heterozygous for V343A and in
those without COQ2 variants were not signifi-
cantly lower than levels in controls without COQ2
variants.

NEJM.ORG JULY 18, 2013
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Table 3. Intracellular Levels of Coenzyme Q,, in Lymphoblastoid Cell Lines, According to COQ2 Variant.*

No. of participants with variant 1
(unesterified) cholesteroly

age of mean value in controls
— %

Variable Patients with Multiple-System Atrophy Controls

R337Q/V343A R337X/V343A V343A/V343A V343A/NM  NM/NM NM/NM

Ratio of coenzyme Q, to free 2.19 2.58 1.86

Coenzyme Q,, level as a percent- 62.9 74.1 53.4 97.1 98.0 100.0

1 16 133 76
3.38+0.53  3.41+0.74 3.48x0.75

* Plus—minus values are means +SD. NM denotes nonmutated.

T The ratio of coenzyme Q,, to free (unesterified) cholesterol reflects the intracellular level of coenzyme Q,,. Lower val-
ues indicate decreased levels of intracellular coenzyme Q,,, presumably reflecting decreased biosynthesis of coenzyme
Q.o To calculate the ratio, coenzyme Q,, was measured in nanomoles per liter and free cholesterol in micromoles per

liter.

I Lower values indicate decreased levels of intracellular coenzyme Q,,, as compared with the mean value in controls,
presumably reflecting decreased biosynthesis of coenzyme Q..

COENZYME Q,, IN BRAIN TISSUE

Only a limited number of brain-tissue samples
from patients with multiple-system atrophy car-
rying COQ2 variants were available. Nevertheless,
we measured coenzyme Q,, in frozen brain tis-
sues from three patients with COQ2 variants (one
patient who was homozygous for M78V-V343A
and two patients with V343A/NM) and from three
controls without COQ2 variants (Fig. 2C). The lev-
els of coenzyme Q,, in patients who were homo-
zygous for M78V-V343A were substantially lower
than the levels in controls.

DISCUSSION

We identified homozygous or compound hetero-
zygous COQ2 mutations in two of the six multi-
plex families with multiple-system atrophy, a find-
ing that suggests a role of these mutations in the
pathogenesis of familial disease. We further found
that functionally impaired variants in COQ2 were
associated with an increased risk of sporadic dis-
ease. In familial cases of multiple-system atrophy,
linkage analysis strongly indicated locus hetero-
geneity in these families, and the identification
of the causal variants in the remaining four fam-
ilies will require analyses such as whole-genome
sequencing.

We found that a common variant (V343A) and
multiple rare variants in COQ2 were associated
with sporadic multiple-system atrophy. The V343A
variant was found exclusively in the Japanese
participants, with an allele frequency of 1.6 to
2.2%. The allele frequency of V343A in patients

with multiple-system atrophy (4.8%) was signifi-
cantly higher than that in controls (1.6 to 2.2%)
with odds ratios of 2.23 to 3.05. The modest risk
of multiple-system atrophy that was associated
with the common variant V343A suggests that
V343A is a susceptibility factor rather than a
causal factor for this disease. The odds ratio for
the presence of deleterious rare variants was
11.97, which is much larger than that for V343A.
Nonetheless, we should consider that these het-
erozygous variants in COQ2 are not necessarily
causal but rather confer a strong susceptibility to
sporadic multiple-system atrophy. Members of
Family 1 and Family 12 who carried deleterious
variants in the heterozygous state did not have
clinical signs of multiple-system atrophy.

The ratio of patients with subtype C multiple-
system atrophy to those with subtype P was higher
among carriers of deleterious COQ2 variants than
among noncarriers, which suggests that the cer-
ebellum is more vulnerable to compromised COQ2
function than other regions of the central ner-
vous system. Of the COQ2 variants that we detected,
the V343A variant was the most prevalent and
was exclusively found in Japanese participants.
These findings may in part explain the clinical
observations that subtype C is more prevalent
than subtype P in the Japanese population® but
not in the European population®* or the North
American population.?> However, there were only
35 carriers of deleterious COQ2 variants among
363 patients with multiple-system atrophy in the
Japanese case series. In addition, the clinical
presentations of the two patients with familial
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disease who had the highest mutational load
were different: subtype P in the patients in Fam-
ily 1 and subtype C in the patients in Family 12.
Thus, the genotypes of COQ2 do not fully explain
the clinical phenotypes.

Previous studies have shown evidence of mito-
chondrial respiratory-chain dysfunction or oxida-
tive injury in patients with multiple-system atro-
phy.2%24 The combination of oxidative stress and
overexpression of oligodendroglial a-synuclein
has been reported to replicate the characteristics
of this disease.252® Qur findings suggest that im-
paired COQ2 activity, which would be predicted
to impair the mitochondrial respiratory chain and
increase vulnerability to oxidative stress, causes
susceptibility to multiple-system atrophy. A pri-
mary deficiency of coenzyme Q,, that is caused
by COQ2 mutations has been described as an
infantile-onset multisystem disorder and a ne-

identification of rare COQ2 variants was accom-
plished by starting with multiplex families and
then extending the analysis to patients with spo-
radic multiple-system atrophy, reflecting an alter-
native approach to the elucidation of genetic vari-
ants with strong effect sizes in an apparently
nongenetic disorder.>*

From the therapeutic viewpoint, oral supple-
mentation with coenzyme Q,, may be helpful in
treating multiple-system atrophy, particularly for
patients with susceptibility-conferring COQ2 vari-
ants. The safety and side-effect profile of high-
dose supplementation with coenzyme Q,, have
been well established.?s:3¢
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p62/SQSTM1 Differentially Removes the Toxic Mutant
Androgen Receptor via Autophagy and Inclusion Formation
in a Spinal and Bulbar Muscular Atrophy Mouse Model
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Yu Miyazaki,! Madoka Iida,' Genki Tohnai,' Qiang Qiang,' Fumiaki Tanaka,' Toru Yanagawa,? Eiji Warabi,

Tetsuro Ishii,2 and Gen Sobue!

Department of Neurology, Nagoya University Graduate School of Medicine, Showa-ku, Nagoya 466-8550, Japan, and 2Faculty of Medicine, University of
Tsukuba, Tennoudai, Tsukuba 305-8575, Japan

Polyglutamine (polyQ) diseases are inherited neurodegenerative disorders that are caused by the expansion of trinucleotide CAG repeats
in the causative genes. Spinal and bulbar muscular atrophy (SBMA) is an inherited motor neuron disease that is caused by the expansion
of a polyQ tract within the androgen receptor (AR). p62 is a ubiquitin- and light-chain 3-binding protein that is known to regulate the
degradation of targeted proteins via autophagy and inclusion formation. In this study, we examined the effects of p62 depletion and
overexpression on cultured cells and in a transgenic mouse model that overexpressed the mutant AR. Here, we demonstrate that
depletion of p62 significantly exacerbated motor phenotypes and the neuropathological outcome, whereas overexpression of p62 pro-
tected against mutant AR toxicity in SBMA mice. Depletion of p62 significantly increased the levels of monomeric mutant AR and mutant
AR protein complexes in an SBMA mouse model via the impairment of autophagic degradation. In addition, p62 overexpression im-
proved SBMA mouse phenotypes by inducing cytoprotective inclusion formation. Our results demonstrate that p62 provides two differ-
ent therapeutic targets in SBMA pathogenesis: (1) autophagy-dependent degradation and (2) benevolent inclusion formation of the

mutant AR.

Introduction

Polyglutamine (polyQ) diseases are inherited neurodegenerative
disorders that are caused by the expansion of trinucleotide CAG
repeats in specific genes (Di Prospero and Fischbeck, 2005). Spi-
nal and bulbar muscular atrophy (SBMA) is a motor neuron
disease that is caused by the expansion of a polyQ tract within the
androgen receptor (AR) (Adachi et al., 2007). SBMA is charac-
terized by motor neuron loss in the spinal cord and brainstem,
along with diffuse nuclear accumulation and nuclear inclusions
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(NIs) of the mutant AR in residual motor neurons and specific
visceral organs (Sobue et al., 1989; Li et al., 1998; Adachi et al,,
2005). Nuclear and cytoplasmic inclusions are common patho-
logical features in polyQ diseases and colocalize with many compo-
nents of the ubiquitin-proteasome system (UPS) and autophagy,
which raises the possibility that UPS and autophagy might actively
degrade components of these inclusions (Buchberger et al., 2010).
Furthermore, molecular chaperones also facilitate the refolding
or proteolysis of toxic misfolded proteins and could play a role in
protecting neuronal cells against the toxic properties of expanded
polyQ (Adachi et al., 2009; Labbadia et al., 2011).
Macroautophagy is a process in which cells form double-
membrane vesicles called autophagosomes around a portion
of the cytoplasm. The protein p62, which is also known as
sequestosome-1 (SQSTM1), is an adaptor protein that binds
to ubiquitin and the autophagosome membrane light-chain 3
(LC3) in the autophagic degradation pathway (Ichimura et al,,
2008). These autophagosomes ultimately fuse with lysosomes,
which results in the degradation of their substrates. Specific
phosphorylation of p62 at serine 403 in its ubiquitin-
associated (UBA) domain increases the affinity between UBA
and the polyubiquitin chain, which results in efficiently tar-
geted polyubiquitinated proteins and stabilization of the se-
questosome structure (Matsumoto et al., 2011). Although p62
plays a pivotal role in nuclear and cytoplasmic inclusion for-
mation for disease-causative proteins in neurodegenerative
disorders (Kuusisto et al., 2001, 2008; Al-Sarraj et al., 2011;
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King et al,, 2011; Troakes et al,, 2012), the role of p62 in the
pathogenesis of neurodegenerative disorders, including
SBMA, has not yet been fully resolved.

In this study, we examined the effect of p62 depletion and
overexpression in cultured cells and a transgenic mouse model
that overexpresses mutant AR to explore a potential strategy for
SBMA therapy. In the SBMA mouse model, depletion of p62
significantly exacerbated physical, behavioral, and neuropatho-
logical outcomes, and overexpression of p62 protected against
the toxicity of mutant AR. Depletion of p62 significantly in-
creased the accumulation of monomeric mutant ARs and mutant
AR protein complexes in SBMA mice via the impairment of au-
tophagic degradation, whereas overexpression of p62 promoted
inclusion body formation that was less toxic in the spinal cord
and muscle of SBMA mice. Our results demonstrate that p62
exhibits two different therapeutic aspects that are critical compo-
nents in the autophagy-dependent degradation of the mutant AR
and provides harmless inclusion body formation in SBMA
pathogenesis.

Materials and Methods

Plasmid constructs and siRNA. pIRESpuro3, which encodes 3xFLAG-
tagged mouse p62, and the PB1 p62 mutant (K7A and D69A, MO) plas-
mids were kindly provided by Dr. Masaaki Komatsu (Laboratory of
Frontier Science, Tokyo Metropolitan Institute of Medical Science, To-
kyo, Japan). The PBI p62 mutant (D69A) plasmid with an HA-tag (see
Fig. 2D), deletion mutant plasmids for p62 (M1-M7; see Fig. 2E), and a
plasmid with ubiquitin-binding-disrupting mutation (M406V) of p62
with a FLAG tag (see Fig. 2G) were generated using a KOD Plus Mutagen-
esis Kit (Toyobo). The plasmids pCR3.1-AR-24Q and pCR3.1-AR-97Q
(Waza et al., 2005) were also used. All of the constructs were verified by
DNA sequencing. siRNAs that target p62 were used at a concentration of 10
nMm and had the following sequences: 5’ -GAAAGTGCATGAGAAGAGAT
T-3' (sense) and 5’ -TCTCTTCTCATGCACTTTCTT-3' (antisense) for the
PC12 cells and 5’ -CTTGTAGTTGCATCACGTATT-3’ (sense) and 5'-TA
CGTGATGCAACTACAAGTT-3' (antisense) for the Neuro2A cells.

Cell culture and DNA transfection. PC12 Tet-On cells that express hu-
man wild-type AR (AR-10Q) or mutant AR (AR-112Q) were kindly
provided by Dr. Diane E. Merry (Departments of Biochemistry and Mo-
lecular Biology, Thomas Jefferson University, Philadelphia, PA)
(Walcott and Merry, 2002). Plasmid DNA and siRNA were transfected
into Neuro2A cells, NSC34 cells, or PC12 Tet-On cells using Lipo-
fectamine 2000 (Invitrogen) according to the instructions of the manu-
facturer. Cells were plated in 6-cm dishes in 5 ml of DMEM/10% FCS
with penicillin and streptomycin, and each dish was transfected with 4 ug
of plasmid DNA and p62 or control (mock) siRNA. The PC12 cells were
cultured in DMEM that contained 10 ng/ml nerve growth factor (NGF)
(Alomone Labs), 1 ug/ml doxycycline, and 1 nm dihydrotestosterone
(DHT) for the indicated days, as described previously (Walcott and
Merry, 2002). Neuro2A cells were cultured in differentiation medium
(DMEM/2% FCS; DMEM supplemented with 2% fetal calf serum) that
contained retinoic acid (20 um) and DHT (1 nm) after transfection. The
transfection efficiency was 60-70%. The NSC34 cells were cultured in
DMEM/10% ECS for 48 h at 37°C under 5% CO,.

Generation of AR transgenic/p62 knock-out mice and genotyping. p62
knock-out mice in the C57BL/6] (B6) background were kindly provided
by Tetsuro Ishii (Graduate School of Comprehensive Human Sciences,
University of Tsukuba, Tsukuba, Japan) (Komatsu et al., 2007). Ho-
mozygous p62 knock-out females (p62~/~ mice) of the B6 strain were
mated with male mice of the BDF1/B6 strain that expressed full-length
human AR with 24-polyQ tracts (AR-24Q mice, 5-5 line) or 97-polyQ
tracts (AR-97Q mice, 7- 8 line) to produce a mixed BDF1 and B6 genetic
background. First-generation AR-24Q/p62""~ or AR-97Q/p62™~ mice
were mated with p62™/~ or p62™'" mice to produce all of the combina-
tions and numbers for each analysis. We screened tail DNA by PCR to detect
the deletion of the p62 gene using two primer pairs: 5'-CTGCATGTCTTC
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TCCCATGAC-3'/5"-TAGATACCTAGGTGAGCTCTG-3" and 5'-CT
TACGGGTCCTTTTCCCAAC-3'/5"-TCCTCCTTGCCCAGAAGATAG-3'.

Transgene construction. Full-length human p62 cDNA was generated
from total RNA that was extracted from SH-SY5Y cells by reverse tran-
scription (RT)-PCR. Full-length human p62 was constructed by sub-
cloning p62 inserts that were derived from the full-length human p62
cDNA into the pCAGGS vector (Niwa et al., 1991) using PCR. The HA-
tagged p62 fragments were then subcloned by mutagenesis methods, and
the DNA sequence was confirmed. The final plasmids were digested to
remove the transgene (see Fig. 6A).

Generation and maintenance of p62 transgenic mice and genotyping. We
generated mice that overexpressed p62 by microinjection of the trans-
gene into B6 fertilized eggs; we obtained four founders. Heterozygous
p62 transgenic females of the B6 strain were mated with male mice of the
BDF1/B6 strain that overexpressed AR-24Q mice (5-5 line) or AR-97Q
mice (7-8 line) to produce a mixed BDF1 and B6 genetic background.
First-generation AR-24Q/p627¢ " or AR-97Q/p62"¢'* mice were used
for each analysis. We screened tail DNA by PCR for the presence of the
transgene using the following primers: 5'-AGCTGCCTTGTACCCACA
TC-3" and 5'-AGCGTAATCTGGAACATCGT-3".

Neurological and behavioral assessments of SBMA model mice. AR-24Q
and AR-97Q mice were generated and maintained as described previ-
ously (Katsuno et al.,, 2002). All of the animal experiments were per-
formed in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and under the approval of the Na-
goya University Animal Experiment Committee. The AR-97Q male mice
exhibited progressive muscular atrophy and weakness in addition to dif-
fuse nuclear staining (DNS) and NIs of the mutant AR. Similar to SBMA
patients, these phenotypes were pronounced in male transgenic mice.
The mouse rotarod task (Ugo Basile) was performed on a weekly basis,
and cage activity was measured weekly using the AB system (Neurosci-
ence), as described previously (Katsuno et al., 2002). Spontaneous motor
activity was monitored in 24 h periods; all vertical and horizontal spon-
taneous movements, including locomotion, rearing, and head move-
ments, were counted and automatically totaled. Grip strength analysis
was performed using an MK380M Grip Strength Meter (Muromachi
Kikai).

Immunocytochemistry. PC12 Tet-On cells were plated in a collagen-
coated four-chamber slide (BD Biosciences) and were cultured in
DMEM that contained 10 ng/ml NGF, 1 ug/ml doxycycline, and 1 nm
DHT for the indicated days, as described previously (Walcott and Merry,
2002). The cells were also treated with bafilomycin Al (11707; Sigma) for
16 hand 10 ng/ml leptomycin B (Enzo Diagnostics) for 2 h before harvest
and were fixed with 4% paraformaldehyde for 15 min at room tempera-
ture. The cells were then treated in formic acid for 5 min at room tem-
perature and were sequentially incubated with anti-p62 antibody (I:
1000; PROGEN Biotechnik), anti-LC3 (1:1000; PM046; Medical and
Biological Laboratories), and anti-AR (1:1000; Perseus Proteomics) at
4°C overnight. Next, the sections were incubated with Alexa Fluor 647-
conjugated goat anti-guinea pig IgG, Alexa Fluor 546-conjugated goat
anti-rabbit IgG, and Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:1000; Invitrogen) for 1 h at room temperature. The stained sections
were imaged using a confocal laser-scanning microscope (LSM 710; Carl
Zeiss).

Patients. Tissue was obtained from three patients with clinicopatho-
logically and genetically confirmed SBMA (51-77 years of age; mean age,
65.7 years) and three controls without neurological disease (51-78 years
of age; mean age, 64.0 years). These patients were hospitalized and eval-
uated at Nagoya University Hospital and its affiliated hospitals. The col-
lection of human tissues and their use for this study were approved by the
Ethics Committee of Nagoya University Graduate School of Medicine.
Informed consent was obtained to use these tissues for research purposes.
Paraffin-embedded sections of the spinal cord were processed and exam-
ined in the same manner as was used for the transgenic mice.

Immunohistochemistry and histopathology. Mice were deeply anesthe-
tized with pentobarbital sodium and were transcardially perfused with 20
ml of 4% paraformaldehyde fixative in phosphate buffer, pH 7.4. The
spinal cord and skeletal muscle tissues were removed, postfixed over-
night in 10% phosphate-buffered Formalin, and processed for paraffin
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embedding. Sections (6 wm thickness) of the tissue samples were depar-
affinized, dehydrated with alcohol, and treated in formic acid for 5 min at
room temperature. For the immunohistochemical studies, the paraffin
sections were preheated in a microwave oven for 10 min and were
blocked with normal animal serum (1:20). The sections were then incu-
bated with anti-expanded polyQ antibody (1:10,000; 1C2; Millipore) and
anti-p62 antibody (1:1000; PROGEN Biotechnik) for all of the human
tissues and anti-p62 antibody (1:1000; PM045; Medical and Biological
Laboratories), anti-glial fibrillary acidic protein (GFAP) antibody (1:
1000; Roche Diagnostics), anti-HA antibody (1:500; C29F4; Cell Signal-
ing Technology), and anti-ubiquitin antibody (1:1000; catalog #3936;
Cell Signaling Technology) for the mouse tissues. Primary antibodies
were probed using a biotinylated anti-species-specific IgG (Vector Lab-
oratories), and the immune complexes were visualized using strepta-
vidin—horseradish peroxidase (Dako) and 3,3-diaminobenzidine
(Dojindo) as a substrate. Anti-ubiquitin antibody binding was probed
with a labeled polymer of the secondary antibody as part of the Envision
system, which contained horseradish peroxidase (Dako). The sections
were counterstained with Mayer’s hematoxylin. Paraffin-embedded sec-
tions (6 um thickness) of the gastrocnemius muscle were air dried and
stained with hematoxylin and eosin. For double-immunofluorescence
staining, the sections were blocked with TSA Blocking Reagent
(PerkinElmer Life and Analytical Sciences) and were then sequentially
incubated with anti-p62 antibody (1:1000; PM045; Medical and Biolog-
ical Laboratories) and 1C2 antibody (1:10,000; Millipore) at 4°C over-
night. The sections were then incubated with Alexa Fluor 488-conjugated
goat anti-rabbit IgG (1:1000; Invitrogen) and Alexa Fluor 546-
conjugated goat anti-mouse IgG (1:1300; Invitrogen) for 8 h at 4°C. The
stained sections were imaged using a confocal laser-scanning microscope
(LSM 710; Carl Zeiss).

Quantification of 1C2-positive cells and ubiquitin-positive NIs. To assess
1C2-positive cells and ubiquitin-positive NIs in the ventral horn of the
spinal cord, 50 consecutive transverse sections of the thoracic spinal cord
were prepared from each individual mouse. Cells positive for 1C2 within
the ventral horn of every fifth section were counted as described previ-
ously (Adachi et al, 2001). Populations of 1C2-positive cells and
ubiquitin-positive NIs were expressed in units of number per square
millimeters (see Fig. 5G). To examine 1C2-positive cells and ubiquitin-
positive NIs in muscle, the number was calculated from counts of 500
fibers in randomly selected areas of individual mice and was expressed as
the number per 100 muscle fibers (see Fig. 5H ). The ratio of the number
of cells with NIs or DNS to that of the total number of 1C2-positive cells
was calculated (see Fig. 7 B,C). The 1C2 signal intensity of the DNS was
analyzed using Image Gauge software version 4.22 (GE Healthcare). The
mean signal intensity of DNS was calculated by correcting the signal
intensity of all of the 1C2-positive neurons in the spinal cord and all of
the 1C2-positive nuclei in the muscle. The relative signal intensity
(R.S.1.) of the DNS was computed as the signal intensity of each cell
divided by the mean signal intensity of cells without inclusions (see Fig.
7D). The quantitative data for six individual mice are expressed as the
mean = SEM.

Protein expression analyses. Forty-eight hours after transfection, the
cells were lysed in TNE buffer (10 mm Tris-HCI, pH 7.5, 1% Nonidet
P-40, 150 mm NaCl, and 1 mm EDTA), supplemented with 1 mm PMSF
and 6 pug/ml aprotinin and centrifuged at 15,000 X g for 15 min at 4°C.
Thirteen- and 25-week-old mice were exsanguinated under pentobarbi-
tal sodium anesthesia, and tissues were snap frozen with powdered CO,
in acetone. The tissues were homogenized in CelLytic-M Mammalian
Cell Lysis/Extraction Reagent (Sigma) with 1 mm PMSF and 6 pg/ml
aprotinin and were centrifuged at 2,500 X g for 15 min at 4°C. Superna-
tant protein concentrations were determined using the DC protein assay
(Bio-Rad). Aliquots of the supernatant fractions were loaded on 5-20%
SDS-PAGE gels, in which each lane contained 7 g of cell proteins and 80
pg of neural and muscle tissue. To prevent carryover, the pellets were
washed with CelLytic-M Mammalian Cell Lysis/Extraction Reagent, fol-
lowed by sonication and centrifugation. The insoluble pellets were lysed
in 300 pl of 8 M urea solution (30 mwm Tris, pH 8.5, 2 M Thiourea, 4%
CHAPS, and 8 m urea), sonicated, and centrifuged at 25,000 Xg for 15
min at 4°C. Aliquots of the supernatant fractions were loaded on 5-20%
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SDS-PAGE gels. The gels were then transferred to Hybond-P membranes
(GE Healthcare) using 25 mm Tris, 192 mwm glycine, 0.1% SDS, and 10%
methanol as the transfer buffer. Primary antibodies were used at the
following concentrations: rabbit anti-AR, 1:1000 (N20; Santa Cruz Bio-
technology); rabbit anti-AR, 1:1000 (H280; Santa Cruz Biotechnology);
rabbit anti-p62, 1:1000 (PM045; Medical and Biological Laboratories);
rabbit anti-LC3 for cells, 1:1000 (PM036; Medical and Biological Labo-
ratories); rabbit anti-LC3 for mouse tissues, 1:2000 (NB600-1384; Novus
Biologicals); mouse anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 1:10000 (MAB374; Millipore); rabbit anti-HA, 1:1000 (Y-11;
Santa Cruz Biotechnology); and mouse anti-ubiquitin, 1:1000 (catalog
#3936; Cell Signaling Technology). Primary antibodies were probed us-
ing HRP-conjugated anti-rabbit Ig F(ab’), and anti-mouse Ig F(ab’),
(1:5000; GE Healthcare) secondary antibodies and were detected using
the ECL Plus kit (GE Healthcare). An LAS-3000 imaging system was used
to produce digital images and to quantify band intensities, which were
then analyzed using Image Gauge software version 4.22 (GE Healthcare).
Densitometric values of ARs were normalized to those of endogenous
GAPDH. The R.S.I. was computed as the signal intensity of each sample
divided by that of the nontreated cells and control siRNA-transfected
cells (see Figs. 1, 3) or the signal intensities of AR-24Q/p62™/" or AR-
97Q/p62™"F mice (see Fig. 5) and AR-24Q/p62™"*) or AR-97QY/
627/ mice (see Fig. 9).

Immunoprecipitation assay. We constructed p62 deletion mutant plas-
mids using a mutagenesis method with the appropriate primers. Each
construct was designed against the functional domains and exons of the
corresponding mouse p62 gene to assess which domain of p62 was re-
quired for the interaction with the AR (see Fig. 2E). Neuro2A cells trans-
fected with AR-24Q and/or AR-97Q and the mutant p62 vectors were
lysed. The sample, which contained 0.5 mg of total protein in 500 ul of
TNE buffer, was rotated with 40 ul of anti-FLAG M2 agarose beads
(Sigma) for 8 h at 4°C. The protein was eluted from the beads using
3xFLAG peptide (Sigma) under native conditions. Anti-HA tag mono-
clonal antibody magnetic beads (M132-9; Medical and Biological Labo-
ratories), rabbit anti-AR (N20; Santa Cruz Biotechnology), and rabbit
anti-p62 (PM045; Medical and Biological Laboratories) with 50 ul of
protein G Dynabeads (Invitrogen) was also used in an immunoprecipi-
tation assay. The supernatants were then boiled for 5 min in SDS sample
buffer supplemented with 2-mercaptoethanol and loaded on to SDS-
polyacrylamide gels. The blots were probed as described for Western
blots with anti-AR (1:1000; N20; Santa Cruz Biotechnology), anti-
DYKDDDK (1:1000; 018-22381; Wako Pure Chemicals), anti-HA tag
HRP-DirecT (1:1000; 561-7; Medical and Biological Laboratories), anti-
ubiquitin (1:1000; catalog #3936; Cell Signaling Technology), and anti-
GAPDH (1:10,000; Millipore).

Pulse-chase labeling assay. Cells were transfected as described above;
they were starved for 1 h in methionine- and cysteine-free DMEM con-
taining 10 ng/ml NGF, 1 pg/ml doxycycline, and I nm DHT and were
then labeled for 1 h with 150 Ci of Redivue Pro-Mix L- [*°S] in vitro
cell-labeling mix (GE Healthcare) per milliliter of the culture medium.
After being washed in PBS, the cells were chased for the indicated time
intervals in complete medium. Immunoprecipitation was performed us-
ing equivalent amounts of protein lysates, 50 ul of protein G Dynabeads
(Invitrogen), and 5 ul of anti-AR antibody (H280; Santa Cruz Biotech-
nology) for 10 min at room temperature. Each sample was separated by
5-20% SDS-PAGE and was analyzed by phosphorimaging (Typhoon
LEA 9000 PhosphorImager; GE Healthcare) using Image Gauge software
version 4.22 (GE Healthcare).

Quantitative real-time RT-PCR. Total RNA was isolated from the
PC12 cells and Neuro2A cells using the RNeasy Mini kit (Qiagen) and
from mouse tissues using the PureLink RNA Mini kit (Invitrogen), ac-
cording to the instructions of the manufacturer. The total RNA from the
cells (3 pg) and mouse tissues (2.5 ug) was reverse transcribed using
SuperScript III reverse transcriptase (Invitrogen). Real-time RT-PCR
was performed in a total volume of 25 ul containing 12.5 ul of 2X
QuantiFast SYBR Green PCR Master Mix (Qiagen) and each primer at a
concentration of 1 um. The PCR products were detected using the iCycler
system (Bio-Rad). The reaction conditions were 95°C for 5 min and then
40 cycles of 10 sat 95°C and 30 s at 60°C. As an internal standard control,
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the expression of GAPDH was simultaneously quantified using the fol-
lowing primers: 5'-CCTGGAGAAACCTGCCAAGTAT-3"and5'-TGAA
GTCGCAGGAGACAACCT-3". The primers used to detect the AR were
designed as described previously (Waza et al., 2005). The primers used
for p62 detection were 5 -ATGCTGTCCATGGGTTTCTC-3" and 5'-GG
TGGAGGGTGCTTTGAATA-3’ for PCI2 cells and 5'-CCAGTGATGA
GGAGCTGACA-3" and 5'-CATCACAGATCACATTGGGG-3" for
Neuro2A cells. The R.S.I. was computed as the signal intensity of each
sample divided by the signal intensity of the control siRNA-transfected
cells (see Fig. 3) and AR-24Q/p62*"*) or AR-97Q/p62(*"* mice (see
Fig. 9).

Statistical analyses. The data were analyzed using unpaired ¢ tests and
post hoc tests (Tukey—Kramer tests) for multiple comparisons, along with
the Kaplan—Meier and log-rank tests to assess the survival rate, as calcu-
lated using Statview software version 5 (Hulinks).

Results

AR is degraded via the p62-dependent autophagic pathway in
cultured cells

p62 is degraded in the autophagic—lysosomal pathway through its
interaction with LC3 (Komatsu et al., 2007; Ichimura et al., 2008).
In addition, the AR can also be degraded by autophagy (Montie et
al.,, 2009). To determine whether normal and mutant ARs are
degraded by autophagy in cells in which the protein forms inclu-
sions in the nucleus, as in motor neurons in SBMA, we treated an
inducible PC12 cell model of SBMA that expresses full-length
human AR with wild-type (AR-10Q) or mutant (AR-112Q) AR
with bafilomycin A1, which is a potent inhibitor of autophagy. In
this model, AR-112Q forms NIs in response to DHT, and treat-
ment with DHT for 7 d increased the frequency of inclusions
nearly threefold compared with treatment for 3 d (Walcott and
Merry, 2002). Immunoblot analysis revealed a significant accu-
mulation of monomeric wild-type (AR-10Q) and mutant (AR-
112Q) AR in the PC12 cells that were treated with bafilomycin A1
after DHT treatment for 3 and 7 d; p62 also accumulated in the
bafilomycin Al-treated cells (Fig. 1A4). Bafilomycin Al treatment
also significantly increased the amount of the high-molecular-
weight complex of mutant AR in the AR-112Q cells after DHT
treatment for 7 d (Fig. 1A). Similar accumulations of AR-24Q,
AR-97Q, and p62 were observed when we transiently transfected
wild-type (AR-24Q) or mutant (AR-97Q) AR into Neuro2A
cells and treated the cells with bafilomycin A1 (Fig. 1B). Accumu-
lation of wild-type and mutant AR was similarly observed in
treatment with lactacystin, which is a potent inhibitor of the
ubiquitin—proteasome pathway (Fig. 1A, B). These findings sug-
gest that the AR is degraded not only via the UPS but also via the
autophagic-lysosomal pathway, and this effect occurs indepen-
dently of inclusion formation in the nuclei. To examine whether
AR was localized in LC3-positive cytoplasmic puncta, we cul-
tured the PC12 cells with doxycycline, NGF, and DHT for 7 d.
Immunofluorescence staining revealed that bafilomycin Al
treatment increased p62- and LC3-positive cytoplasmic puncta,
which colocalized with both wild-type and mutant ARs (Fig. 1C).
This result suggests that both wild-type and mutant ARs are de-
graded in the p62-dependent autophagic pathway. These find-
ings are consistent with a previous study that reported that p62
interacted with mutant huntingtin and was degraded by au-
tophagy (Bjerkay et al., 2005). Nevertheless, p62 colocalized with
AR-112Q in the NIs (Fig. 1C).

p62 interacts with the AR

p62 interacts with LC3 via a short domain of its C-terminal por-
tion and is selectively degraded by autophagy (Ichimura et al,,
2008; Ichimura and Komatsu, 2010). However, it is unclear
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whether p62 can interact with the AR protein. Because wild-type
p62 was difficult to use in immunoprecipitation assay experi-
ments given its propensity for aggregation, we used p62 with a
PBI1 (Phox and Bem1p) domain mutation (Fig. 2B—F). The self-
oligomerization of p62 has been shown to be severely attenuated
by this mutation (Lamark et al., 2003; Ichimura et al., 2008). In
immunoprecipitation experiments, AR-24Q and AR-97Q coim-
munoprecipitated with both endogenous and transfected p62,
which suggests that p62 could either directly or indirectly recog-
nize the AR (Fig. 2A-G). To determine the region of p62 that is
required for the interaction with AR, we performed immunopre-
cipitation assay experiments using a series of p62 deletion mu-
tants. The functional domains and exons of the corresponding
mouse p62 gene were preserved in each construct (Fig. 2E). De-
letion mutants of p62 (M6 and M7) failed to interact with the AR,
whereas other mutants (M0-M5) interacted with the AR, which
suggests that amino acid sequences from exon 4 (amino acids
180-225) of p62 are essential for its interaction with the AR (Fig.
2F). This AR-p62 interaction did not change when ubiquitin
binding was disrupted using the M406V mutation in the p62
expression vector (Fig. 2G) (Falchetti et al., 2004). These results
indicate that p62 can either directly or indirectly recognize the
AR without ubiquitination and that the AR is degraded via
autophagy.

Depletion of p62 promotes the accumulation of AR in a cell
culture model

To determine whether depletion of p62 influences the turnover
of AR, we treated the inducible PC12 cells that expressed AR-10Q
and AR-112Q with either control siRNA or p62 siRNA. Immu-
noblot analysis revealed the accumulation of both monomeric
wild-type (AR-10Q) and mutant (AR-112Q) AR after DHT
treatment for 3 and 7 d and the accumulation of a high-
molecular-weight complex of the mutant AR in the AR-112Q
cells after DHT treatment for 7 d in the PC12 cells that were
depleted of p62 (p < 0.01), which suggests that both wild-type
and mutant ARs were degraded via p62-dependent autophagic
degradation (Fig. 3A). Similar accumulations of AR-24Q, AR-
97Q, and p62 were observed when we transiently transfected
wild-type (AR-24Q) or mutant (AR-97Q) AR into Neuro2A
cells and treated the cells with p62 siRNA (Fig. 3B). The turnover
of wild-type (AR-10Q) and mutant (AR112Q) ARs was then
assessed using a pulse-chase labeling assay in PC12 cells to deter-
mine whether the enhanced degradation of AR was attributable
to protein degradation or to a change in RNA expression. Wild-
type and mutant ARs were degraded almost equally in the ab-
sence of p62 siRNA, as reported previously (Bailey et al., 2002;
Lieberman et al., 2002). In the absence of p62, wild-type and
mutant ARs exhibited markedly diminished degradation (Fig.
3C,D), whereas the mRNA levels for both AR-10Q and AR-112Q
were quite similar when treated with control or p62 siRNA con-
structs (Fig. 3E). Similarly, the mRNA levels for both AR-24Q
and AR-97Q in Neuro2A cells were approximately equal when
treated with mock or p62 siRNA constructs (Fig. 3F). These data
indicate that deprivation of p62 influenced the autophagic deg-
radation of both wild-type and mutant proteins without altering
the mRNA levels, even in cells with Nls.

Depletion of p62 impairs the phenotypes of male

AR-97Q mice

The aforementioned results suggest that endogenous p62 plays
an important role in the degradation of misfolded polyQ protein
in cells. We hypothesized that, if p62 contributes to the cellular
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Figure1. ARisdegradedin a p62-dependent autophagic pathway. 4, PC12 cells that express wild-type (10Q) and mutant (112Q) AR were treated with bafilomycin A1 (20 nu) and/or
lactacystin (2.5 pum) for 16 h after DHT treatment for 3 or 7 d. Immunoblot analysis was performed. B, Neuro2A cells that were transfected with wild-type (24Q) and mutant (97Q) ARs
were treated with bafilomycin A1 (20 nw) and lactacystin (2.5 ) for 16 h. €, Immunofluorescence for AR10Q and 112Q (green), p62 (blue), LC3 (red), and an overlay (white) of the three
signals in PC12 cells for no treatment (control) and a treatment of bafilomycin A1 (20 nu). Scale bars, 10 pm. These experiments were repeated in five sets of cells, and equivalent results were
obtained. All of the values are expressed as the means = SEM (n = 5).*p < 0.05; **p < 0.01.

-131-



Doi, Adachi et al. e p62 Removes the Toxic Mutant Androgen Receptor

J. Neurosci., May 1,2013 - 33(18):7710-7727 - 7715

A IPs {(p62) input Whole lysate B 1Ps (FLAG) Input Whole lysate C tPs (FLAG)
AR-24Q AR-G7Q AR-24Q AR-97Q AR-24Q AR-97Q AR-97Q
NN NN AG o2 AR-24Q AB-97Q AR-24Q AR-97Q AR-240 AR-97Q

XFKAG ph2-
» L KIADBSA(MD) — + — + — + — + — 4+ — + Vector C MO Wt
AR !
AR

p62 p62 (FLAG)

LC3 GAPDH

GAPDH - - - -

IPs (HA) input E
D AR ARO7Q  AR-24Q  AR-S7Q Amino
-24Q & - -97 acids
C WtDBIA C Wt D69A C WIDBIA C Wi DESA MO K7AD(39A| [z7] JLrs] usaf 443
" o w1 B o] [27] [ ] a0
M2 B k7aDson| |Z7] Jtrs] 348
D62 (HA) LN oxFLac (R WER| | 308
M4 Bk DesA| [Z2] ; 253
GAPDH vs B k7AoeeA [zz] ] 225
M6 WK?A DBYA }zzg 180
v7 NI K7A DesA] 116
F IPs (FLAG) Whole lysate G IPs (FLAG) Input Whole lysate
M1 M2 M M7 C MO M1 M2 M3 M4 M5 MB M7 AR-97Q AR-97Q AR-970
0 2 7 0 3 M4 M5
| C Mo Mt M2 M5 M4 WS M M7 © vz 1 b . Vector C Wi M4OBY C Wi M40BY C Wi M40V
62(FLAG)
Ub
GAPDH
AR
p62 (FLAG)
GAPDH

Figure 2.

p62 interacts with AR. A, Neuro2A cells transfected with wild-type (24Q) and mutant (97Q) AR were treated with bafilomycin A1 (20 nw) for 16 h. Immunoprecipitation was then

performed with non-immune rabbit 1gG (NI) or an antibody for endogenous p62 (1). B, PB1 mutant p62 (M0) or wild-type p62 (Wt) and AR were cotransfected in Neuro2A cells, followed by
immunoprecipitation with FLAG M2 agarose beads. Mutant p62 coprecipitated with AR, whereas the control did not show an interaction. ¢, PB1 mutant p62 (M0) and AR were cotransfected in
Neuro2A cells. Immunoprecipitation was then performed using FLAG M2 agarose beads. D, p62 with an HA tag and ARs were cotransfected in Neuro2A cells. Immunoprecipitation was then
performed using an HA antibody. £, A schematic representation of p62 deletion mutants fused with an N-terminal 3xFLAG generated by mutagenesis. F, AR-97Q and p62 mutants (M0 ~M7) were
cotransfected, and immunoprecipitation was performed. G, Mutant p62 (M406V) or wild-type p62 (Wt) and AR-97Q were cotransfected in Neuro2A cells, followed by immunoprecipitation using
FLAG M2 agarose beads. IPs, iImmunoprecipitations; C, control; K7A D69A, Phox and Bem1p (PB1) domain with mutations for each amino acid; ZZ, ZZ-type zinc finger; LRS, LC3 recognition sequence;

Ub, ubiquitin.

quality control of the mutant polyQ protein, then reducing the
expression of p62 should exacerbate polyQ disease. To test this
hypothesis in vivo, we crossed an SBMA transgenic mouse that
overexpressed the full-length human AR with either 24Q or 97Q
mice (AR-24Q or AR-97Q mice) with p62 knock-outs (—/—)
(Komatsu et al., 2007). Because SBMA mice (AR-97Q mice) have
a small body size, a shorter lifespan, progressive muscle atrophy
and weakness, reduced cage activity, and a male preponderance
similar to that of human SBMA patients (Katsuno et al., 2002), we
used male transgenic mice in this study. The disease progression
in the AR-97Q mice that had a homozygous depletion of p62

(AR-97Q/p627'") was significantly exacerbated compared with
the disease progression in SBMA transgenic mice with normal
p62 activity (AR-97Q/p627"*) and in AR-97Q/p62™/~ mice
with a heterozygous depletion of p62. Immunohistochemical
studies of the spinal anterior horn and muscle using the p62-
specific antibody in AR-97Q/p62"* and AR-97Q/p62™"" mice
confirmed the absence of p62 staining in the nuclei and cyto-
plasms of knock-out animals (Fig. 4A-D). Western blotting anal-
ysis confirmed the decline of p62 expression in the spinal cord
and muscle of p62™/~ mice and p62~/" mice (Fig. 4E). Mice of all
three genotypes appeared to be normal until 69 weeks of age.
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Figure3.  Depletion of p62 promotes the accumulation of AR. 4, PC12 cells expressing wild-type (10Q) and mutant (112Q) AR were transfected with either control or p62 siRNA. The cells were
treated with DHT for 3 or 7 d. B, Neuro2A cells transfected with wild-type (24Q) and mutant (97Q) AR were cotransfected with control or p62 SiRNA. €, Pulse-chase analysis of two forms of AR in P(12
cells. Data from one representative experiment for wild-type and mutant AR. D, Pulse-chase assessment of half-life of the wild-type (left) and mutant AR (right). The percentages (Figure legend continues.)
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However, by 1015 weeks, the AR-97Q/p62" "~ mice displayed
prominent kyphosis, muscle weakness and atrophy, and a foot-
dragging walk with foot inversion (Fig. 4F-K). After onset, the
phenotype of the AR-97Q/p62~'~ mice progressed rapidly to
death over a 10-20 week period. By 20 weeks, only 10% of the
AR-97Q/p62~" mice remained alive, in contrast to ~40% of the
AR97Q/p62+/ * mice (Fig. 4]). Furthermore, up to 25 weeks of
age, none of the AR-24Q/p62~"~ mice showed any neurological
phenotypes (data not shown).

To further characterize the motor phenotype of these mice, we
performed rotarod testing for 15-week-old AR-97Q/p62*/* and
AR-97Q/p62™"" mice. AR-97Q/p62™"" mice exhibited signifi-
cant motor impairment as assessed by the rotarod task when
compared with AR-97Q/p62™" mice (p < 0.05; Fig. 4F). Loco-
motor cage activity for AR-97Q/p62™'" and AR97Q/p62™"~
mice was also significantly decreased when compared with that of
the AR-97Q/p62™"* mice (p < 0.01 and 0.05, respectively; Fig.
4G). AR-97Q/p62~"" mice consistently performed more poorly
than the other genotypes in tasks for testing grip strength (p <
0.01; Fig. 4H). In addition, none of the genotypes were distin-
guishable in terms of body weight at birth. However, AR-97Q/
627" mice lost weight significantly earlier and more profoundly
when compared with AR-97Q/p62™"" mice (p < 0.01; Fig. 4I).
Depletion of p62 also significantly decreased the survival rate of
SBMA mice when compared with AR-97Q/p62" " mice (AR-97Q/
62" vs AR-97Q/p62™"", p = 0.247 vs AR-97Q/p62™"", p =
0.007; Fig. 4] ). Moreover, AR-97Q/p62™"" mice exhibited early on-
set of motor weakness, with dragging legs and shorter steps when
compared with AR-97Q/p62™"" mice (Fig. 4K). Although the AR—
97Q/p62*/~ and AR-97Q/p62~"~ mice both showed phenotypic
expression, the AR-97Q/p62™"™ mice had better performance than
the AR-97Q/p62~" mice for most of these parameters, which sug-
gests that the affected motor phenotype depended on the expression
level of p62 rather than the genetic background.

Depletion of p62 induces the accumulation of ARs in an
SBMA mouse model

We immunohistochemically examined mouse tissue samples for
mutant ARs using the 1C2 antibody, which specifically recog-
nizes expanded polyQs, and we noted a marked increase in DNS
in the spinal cord (Fig. 5A-C) and muscles (Fig. 5D—F) in AR~
97Q/p62~"" mice at 13 weeks when compared with the AR-97Q/
p62*" and AR-97Q/p62*"" mice. Quantitative assessments
showed significantly more 1C2-positive cells in the spinal cord
(Fig. 5G) and muscles (Fig. 5H) of AR-97Q/p62"/ ~ mice when
compared with AR-97Q/ p62™/" mice. Because wild-type and
mutant ARs similarly accumulate in the absence of p62 in vitro,
we also examined the expression of ARs in SBMA mice. Western
blotting analysis of lysates from the spinal cord and muscle of
AR-97Q mice revealed a high-molecular-weight mutant AR pro-
tein complex that was retained in the stacking gel as smear-
shaped bands in addition to a band that could represent the
monomeric mutant AR. Moreover, only the band for the wild-
type monomeric AR was visible in the tissue from the AR-24Q
mice (Fig. 51,]J). Depletion of p62 significantly increased the

«—

(Figure legend continued.)  of wild-type (10Q) and mutant (112Q) remaining in the presence
(@) and absence (O) of p62 siRNA are indicated. £, Real-time RT-PCR for wild-type (10Q) and
mutant (112Q) AR mRNA normalized to GAPDH levels in PC12 cells. £, Real-time RT-PCR for
wild-type (24Q) and mutant (97Q) AR mRNA normalized to GAPDH levels in Neuro2A cells.
These experiments were repeated in five sets of cells, and equivalent results were obtained. All
of the values are expressed as the means = SEM {n = 5). *p < 0.05; **p < 0.01.
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amount of the high-molecular-weight complex, the monomeric
form of the mutant AR in the spinal cord and muscle of AR-97Q
mice, and the amount of wild-type monomeric AR in AR-24Q
mice (Fig. 51,]). These observations indicate that p62 affects p62-
dependent degradation of wild-type and mutant AR proteins via
autophagy. Anti-GFAP antibody staining showed an apparent
increase in reactive astrogliosis in AR-97Q/p62”’~ mice when
compared with AR-97Q/p62*/" mice in the spinal anterior horn
(Fig. 5K, L). Western blotting analyses using an antibody against
GFAP revealed that depletion of p62 upregulated GFAP, which
indicates that the depletion of p62 exacerbated the neurodegen-
erative changes (Fig. 5M ). Muscle histology and weight measure-
ment also revealed significant exacerbation of muscle atrophy in
AR-97Q/p62""" mice compared with AR-97Q/p62""" mice
(Fig. 5N-P). Depletion of p62 did not influence the expression of
total ubiquitinated proteins in the spinal cord and muscle of
AR-24Q and AR-97Q mice, as determined by ubiquitin staining
of Western blots (Fig. 5Q) and histology (data not shown).

P62 overexpression ameliorates phenotypes in male

AR-97Q mice

To test whether increased expression of p62 provides protective
effects in AR-97Q mice, we generated transgenic mice that over-
expressed full-length human p62 with a C-terminal HA tag under
the control of a cytomegalovirus enhancer and a chicken -actin
promoter (Fig. 6A). The promoter used for this transgenic mouse
was the same as that used in the SBMA model mice. Among 10
available mouse lines, we established four that expressed p62 in
the spinal cord and skeletal muscle, and we examined the effects
of the overexpressed p62 on mouse phenotypes. Western blotting
analysis revealed that p62 expression in the spinal cords of
62" *) mice was fourfold higher than the expression of endog-
enous p62 in wild-type mice. In muscle, p62 expression was 12-
fold higher in p62/¥*/ mice compared with wild-type mice (Fig.
6B). Immunohistochemical studies performed on p62(¥*
mouse tissue using an anti-HA tag antibody confirmed that spi-
nal anterior horn neurons and muscle cells expressed p62. More-
over, p62 protein was distributed in the cytoplasms and nuclei of
the spinal anterior horn neurons, glial cells, and muscles (Fig.
6C,D). Up to 35 weeks of age, none of the hemizygous transgenic
mice that overexpressed p62 presented any neurological pheno-
types, as assessed by the rotarod task, cage activity, grip strength,
and body weight (data not shown). Histological examination
at 35 weeks did not reveal any detectable effects on neuronal
cell morphology, neuronal cell number, or muscle structure
(data not shown). These studies indicate that overexpression
of human p62 alone does not impair neuronal development or
motor function.

We crossed the AR-24Q and AR-97Q mice with mice that
overexpress human p62 (p62 1-1 line) to generate hemizygotic
AR-24Q/p62¥*) and AR-97Q/p627¢") mice and AR-24Q/
p62"*) and AR-97Q/p62™*/ mice for use as controls. The
AR-97Q mice that overexpressed p62 (AR-97Q/p627¢*/) dem-
onstrated amelioration of the disease course after 18 weeks of age
(Fig. 6E-I). In addition, AR-97Q/ p62(‘g/ *) mice showed im-
provements in their motor impairment, as assessed by the ro-
tarod task at 25 weeks (p < 0.05; Fig. 6E). Locomotor cage
activity of the AR-97Q/p62"¥"’ mice was also significantly in-
creased at 25 weeks when compared with that of the AR-97Q/
p62C"" mice (p < 0.05; Fig. 6F ). Furthermore, grip strength was
stronger in the AR-97Q/p62“*/ mice than in the control mice
(p < 0.05; Fig. 6G), and AR-97Q/p62""*/ mice lost weight sig-
nificantly earlier and more profoundly than the AR-97Q/
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Figure4. Depletion of p62 impairs behavioral and visible phenotypes in male AR—97Q mice. A-D, p62 immunohistochemistry in the spinal anterior horn (4, B) and skeletal muscle (C,
D) of 25-week-old AR-970Q/p62™/* (A, €) and 13-week-old AR-97Q/p62 "~ (B, D) mice counterstained with Mayer's hematoxylin. p62 immunoreactivity was localized to the nuclei
and cytoplasm, with Nis (arrow) in the anterior horn cells and skeletal muscle. Scale bars, 20 m. E, Western blotting analysis of p62 expression in the total spinal cord and muscle protein
lysates from the indicated mice immunolabeled with antibodies against p62. F—J, Rotarod task (F), cage activity (G), grip strength (H), body weight (1), and survival rate (J) of the
AR-970Q/p62™ /™ (@; n = 20), AR-97Q/p62™/~(¥; n = 28), and AR-97Q/p62™ /" (H; n = 20) mice. Although none of the parameters tested at 15 weeks revealed significant
differences between AR-97Q/p62*/~ and AR-97Q/p62™*/* mice, the AR-97Q/p62 "/~ mice performed more poorly than the AR-97Q/p62 /" mice in all of the parameters. K,
Footprints of representative 13-week-old AR-97Q/p62 "/ and AR-97Q/p62 /™ mice. The front paws are indicated in blue, and the hindpaws are indicated in red. Values are expressed
as the means = SEM. *p <C 0.05.
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Figure5.  Depletion of p62 induces the accumulation of AR in an SBMA mouse model. A-F, PolyQ immunohistochemistry (1C2) in the spinal anterior horn (4~C) and muscle (D—F) of 13-week-old
AR-97Q/p627/*, AR-97Q/p62 /™, and AR-97Q/p62 /™ mice. Scale bars, 50 wum. G, H, Quantitative assessment of 1C2 staining in the spinal ventral hom (G) and musdle {H). (Figure legend continues.)
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