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p627¥*) mice (p < 0.05; Fig. 6H). An increase in p62 also
significantly increased the survival rate of AR-97Q/p62"¥'*’ mice
compared with AR-97Q/p62"**) mice (p = 0.008; Fig. 61). Al-
though the AR-97Q/p62"¥*) mice took relatively shorter steps
than the wild-type mice, they walked with significantly longer
steps than the AR-97Q/p62/*/*) mice (p < 0.01; Fig. 6]).

p62 overexpression promotes NI body formation and reduces

DNS of mutant AR in an SBMA mouse model

We performed immunohistochemical staining for mutant AR
using the 1C2 antibody in the spinal cord and skeletal muscle of
25-week-old mice. Intriguingly, numerous Nls of the mutant AR
were observed in AR-97Q/p627¢*’ mice but not in AR-97Q/
p62C""*) mice (Fig. 7A). The intensity of the DNS was reduced in
cells with NIs (Fig. 7A, arrow) compared with cells without NIs
(Fig. 7A, arrowhead). The ratio of the number of cells with NIs to
the number of total 1C2-positive cells significantly increased in
AR-97Q/p62¢*) mice (Fig. 7B), and the number of cells with
DNS was significantly decreased in AR-97Q/p62™* mice (Fig.
7C). The R.S.IL. of the DNS was significantly reduced in cells with
NIs compared with those without NIs in the spinal anterior horn
and skeletal muscle (Fig. 7D). We evaluated the colocalization of
overexpressed human p62 and mutant AR in AR-97Q/p62(¢'*/
mice. Intriguingly, double-immunofluorescence staining with
anti-HA and 1C2 antibodies and immunohistochemistry with an
anti-HA antibody demonstrated that p62-HA and mutant AR
colocalized in all of the NIs but not in the DNS in the spinal
anterior horn cells and skeletal muscles of AR-97Q mice (Fig.
7E-H ). In addition, p62 localized in the core of NIs of mutant AR
(Fig. 7I). Double-immunofluorescence staining with anti-p62
and 1C2 antibodies also revealed that endogenous p62 and mu-
tant AR colocalized in the Nls in the spinal anterior horn cells and
skeletal muscles of AR-97Q mice (Fig. 8A,B) and in the spinal
anterior horn neurons of human SBMA patients (Fig. 8C,D),
which suggests that endogenous p62 coexists with mutant AR
and can exert a cell-protective function in both AR-97Q mice
and SBMA patients. There were no Nls in the spinal cord and
skeletal muscle of the AR-24Q/p62"¥*) mice (data not shown).

p62 overexpression reduces the monomeric and oligomeric

protein expression of mutant AR in an SBMA mouse model

Overexpression of p62 significantly decreased the amount of the
high-molecular-weight mutant AR protein complex and the mo-
nomeric form of the mutant AR (AR-97Q) in the spinal cord and
skeletal muscle of AR-97Q mice, whereas it did not decrease the
expression of wild-type monomeric AR (AR-24Q) (Fig. 94, B).
To address whether nuclear ARs shift from a more soluble oli-
gomer to a less soluble and aggregated state in AR-97Q/p627¢*’
mice, we lysed the pellet in 8 M urea solution and performed
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(Figure legend continued.) ~ Bars represent the density of 1C2-positive cells in AR-97Q/
p62™/*, AR-97Q/p62™/~, and AR-97Q/p62™/~ mice. The results are expressed as the
means = SEM (n = 6).1,J, Western blotting analysis of the total tissue homogenates from the
spinal cord (/) and musdle (J) of AR-24Q and AR—97Q mice (13 weeks of age, n = 6), probed
with anti-AR. Values are expressed as the means = SEM (n = 6). K, L, Inmunohistochemical
staining with anti-GFAP antibody in the spinal anterior horn. Scale bars, 30 wm. M, Western
blotting analysis of the total tissue homogenates from the spinal cord of AR—97Q mice (13
weeks of age, n = 6) probed with anti-GFAP. N, 0, Hematoxylin and eosin staining of the
muscles. P, The gastrocnemius muscles from AR-97Q/p62™/* and AR-97Q/p62 ™"~ mice
were dissected and weighed. @, Western blotting analysis of the total tissue homogenates from
the spinal cord and muscle of AR~24Q and AR-97Q mice (13 weeks of age) probed with anti-
ubiquitin (Ub). Scale bars, 50 wm. *p << 0.05; **p < 0.01; ***p < 0.001.
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Western blotting. Overexpression of p62 significantly increased
AR protein in the pellet of the spinal cord and skeletal muscle of
AR-97Q/p62"¢") mice, suggesting that increasing p62 shifts
from soluble oligomeric AR to insoluble AR (Fig. 9C,D). The
respective levels of wild-type and mutant AR mRNA were similar
in AR-24Q and AR-97Q mice overexpressing p62 (Fig. 9E).
Anti-GFAP staining showed an apparent decrease in reactive as-
trogliosis in AR-97Q/p62"¢*) mice when compared with AR—
97Q/p62(+/ *) mice in the spinal anterior horn (Fig. 9F,G).
Western blotting analyses with an antibody against GFAP re-
vealed that overexpression of p62 downregulated GFAP, which
indicates that the overexpression of p62 mitigated the neurode-
generative changes (Fig. 9H ). Muscle histology and weight mea-
surements also demonstrated a significant amelioration of
muscle atrophy in AR-97Q/p62"*’ mice compared with AR—
97Q/p62*"*) mice (Fig. 91,]). The AR-97Q/p62"¢ "’ muscles
were 2.2 times heavier than the AR—97Q/p62(*/ *) muscles (Fig.
9K). Overexpression of p62 did not influence the expression of
the total amount of ubiquitinated proteins in the spinal cord and
muscle of AR-24Q and AR-97Q mice, as determined by Western
blots (Fig. 9L), whereas more ubiquitin-positive NIs were identi-
fied in the AR-97Q/p62¢"*’ mice than in the AR-97Q/p62(*/+/
mice (Fig. 9M,N). The expression of the autophagic marker LC3
(Mizushima et al., 2010) was slightly elevated in the spinal cord
and muscle of AR-24Q/p62/¢*) and AR-97Q/p62¢*’ mice
compared with AR-24Q/p62"*’ and AR-97Q/p62*/*) mice
(Fig. 10A, B), which suggests that high expression of p62 induced
autophagosome formation to some extent. However, the induc-
tion of autophagosome formation could be insufficient to affect
the degradation of the AR protein because p62 overexpression
did not decrease the expression of wild-type AR in the spinal cord

.and skeletal muscle of AR-24Q mice (Fig. 9 A, B). Overexpression

of p62 did not influence the expression of wild-type and mutant
AR in two SBMA cellular models (Fig. 11 A,B). In this culture
system, we detected a band that represented a monomeric mu-
tant AR in the separating gel. However, it was difficult to detect
the high-molecular-weight mutant AR protein complex and NIs.
Thus, this cell culture model is more appropriate for estimating
changes in monomeric mutant AR expression. These observa-
tions suggest that an increase in p62 promotes the downregula-
tion of soluble-toxic mutant AR species via harmless inclusion
body formation rather than by autophagic degradation and ex-
erts therapeutic effects in AR-97Q mice. Our results were consis-
tent with those of a previous study that showed that NI formation
exhibits protective effects in a cellular model of Huntington’s
disease (Arrasate et al., 2004).

Discussion

The protein p62 is a ubiquitously expressed cellular protein, and
it has been shown recently to be a selective substrate for au-
tophagy (Bjerkey et al., 2005; Pankiv et al., 2007; Ichimura et al.,
2008). This protein is localized at the autophagosome formation
site (Itakura and Mizushima, 2011) and directly interacts with
LC3, which is an autophagosome-localizing protein (Pankiv et
al., 2007; Ichimura et al., 2008). Subsequently, p62 incorporates
into the autophagosome and is then degraded (Pankiv et al,,
2007; Ichimura et al,, 2008). Thus, impaired autophagy is accom-
panied by the accumulation of p62, followed by the formation of
p62- and ubiquitin-positive aggregates because of the nature of
self-oligomerization and ubiquitin binding by p62 (Mizushima
and Komatsu, 2011). In contrast, inclusion bodies that are
positive for both ubiquitin and p62 have been identified in
various neurodegenerative disorders (Kuusisto et al,, 2001,
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Figure 6.  p62 overexpression ameliorates behavioral and visible phenotypes in male AR-97Q mice. 4, A schematic view of the transgene construct. The microinjected fragment was composed
of a cytomegalovirus enhancer (E), a chicken B-actin promoter (Pro}, full-length human p62 with an HA tag, and a rabbit 3-globin polyadenylation signal sequence (polyA). B, Western blotting
analysis of total spinal cord and muscle protein lysates from wild-type (Wt) and p62%*/ mice immunolabeled with antibodies against p62 and HA. €, D, HA immunohistochemistry in the spinal
anterior hom (€) and skeletal musdle (D) of 13-week-old wild-type (Wt) and p62™*” mice counterstained with Mayer's hematoxylin. p62 immunoreactivity localized to the nuclei and cytoplasms
of anterior horn cells (€) and skeletal muscle (D). HA staining was absent in the wild-type mice. Scale bars, 50 pm. E-1, Rotarod task (E), cage activity (F), grip strength (G), body weight (), and
survival rate (1) of AR-97Q/p62"+/* (@; n = 25) and AR-97Q/p62"+)(W'; n = 21) mice..J, Footprints of representative 25-week-old AR-97Q/p62"*/* and AR-970/p627 */ mice. The front
paws are indicated in blue, and the hindpaws are indicated in red. Values are expressed as the means == SEM. *p < 0.01.
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Figure 7.  p62 promotes inclusion body formation of ARs in male AR-97Q mice. A, Immunohistochemical staining with 1€2 antibody revealed DNS (arrowhead) in AR=97Q/p627*/*’ mice and
many Nis (arrow) in the AR-97Q/p62%* mice in the spinal anterior horn and skeletal muscle at 25 weeks of age. The region of interest for the DNS is defined as the RO! {inset; open square). Scale
bars, 30 wm. B, The ratio of the number of cells with Nis to the total number of IC2-positive cells. €, The ratio of the number of cells with DNS to the total number of IC2-positive cells. D, The R.S.1.
of the DNS was significantly reduced in cells with NIs compared with those without Nis in spinal anterior horn neurons and skeletal muscle. £, F, Double-immunofluorescence staining with 102 (red)
and anti-HA (green) antibodies in the spinal anterior horn {E) and skeletal muscle (F) of AR-970/p62"®*/ mice revealed the complete colocalization of HA-tagged p62 and (Figure legend continues.)
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Figure 8.

2008), which suggests that p62 contributes to inclusion forma-
tion. Furthermore, p62-positive aggregates observed in hepato-
cytes and neurons of liver- and brain-specific Atg7-deficient mice
are completely dispersed by the additional loss of p62 (Komatsu et
al, 2007).

We generated an SBMA transgenic mouse model (AR-97Q)
that displayed progressive muscular atrophy, weakness, and DNS
and NIs of the mutant AR in neuronal and non-neuronal tissues
(Katsuno et al., 2002). Because AR has a specific ligand (i.e.,

—

(Figure legend continued.)  mutant AR in Nis (arrow), but no colocalization was observed in
the DNS (arrowhead). Scale bars, 20 um. G, H, p62immunchistochemistry in the spinal anterior
horn neurons (G) and skeletal muscle (H) of AR-97Q/p62"% ™ mice. Arrows indicate Nis. Scale
bars: G, 30 um; H, 50 pm. Values are expressed as the means == SEM (n = 6).J, 12 (red) and
anti-HA (green) double immunofluorescence in the spinal cord of 25-week-old AR-970/
p6219"™ mice. *p << 0.01; **p < 0.007.

Colocalization of nuclear-localized p62 with mutant AR.A—C, 1C2 (red) and anti-HA (green) double immunofluores-
cence in the spinal cord (4) and skeletal musdle (B) of 16-week-old AR-97Q mice and in the spinal anterior hom cells (€) of SBMA
patients. Double-immunofluorescence staining revealed p62 and mutant AR colocalization in Nis (shown in yellow, arrow), but no
colocalization was observed in the DNS (arrowhead) in AR-97Q mice and SBMA patients. Scale bars, 20 pm. D, Immunohisto-
chemistry for the anti-p62 antibody in SBMA patients. p62 was localized in the Nis. Scale bar, 10 m.
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testosterone), the pathogenesis of SBMA
is unique among the polyQ diseases (Katsuno
et al., 2003). The success of androgen de-
privation therapy in SBMA mouse models
has been translated into clinical trials
(Katsuno et al., 2010; Ferndndez-Rhodes
et al., 2011). In addition, the elucidation
of SBMA pathophysiology using animal
models has led to the development of
other therapeutics, including chaperone-
related disease-modifying therapy (Waza
et al., 2005; Tokui et al., 2009), posttrans-
lational modification of the AR (Palazzolo
et al., 2009; Montie et al., 2011), AR
mRNA stability (Miyazaki et al., 2012),
and modulation of the NH, /carboxyl-
terminal interaction of the AR (Orr et al.,
2010), which inhibit the pathogenic pro-
cess of neuronal degeneration. Thus,
there is increasing evidence that AR li-
gands, molecular chaperones—UPS, and
autophagy play crucial roles in the patho-
genesis of SBMA. Furthermore, mutant
AR that bears an expanded polyQ repeat
adopts an altered conformation that re-
sults in protein aggregation and inclusion
formation; however, recent studies have
suggested that soluble causative protein
species that include protein aggregates,
rather than protein inclusions, could be
toxic; thus, they represent targets in the
treatment of neurodegenerative disorders
(Bauer and Nukina, 2009; Naiki and Na-
gai, 2009; Hands and Wyttenbach, 2010).
In this study, we addressed the questions
of whether depletion of p62 exacerbates
neuropathological outcomes and whether
overexpression of p62 can protect against
mutant AR toxicity and exert therapeutic
effects on the SBMA phenotype. Deple-
tion of p62 significantly increased the ac-
cumulation of monomeric mutant AR
and mutant AR protein complexes in AR~
97Q mice via an impairment of au-
tophagic degradation, whereas helpful
inclusion body formation was promoted
in the spinal cord and muscle of the AR-97Q/p62 double trans-
genic mice.

In a neuronal cell culture model of SBMA, we demonstrated
that decreasing levels of p62 inhibited the degradation of mono-
meric wild-type and mutant ARs even in cells with Nls, which
suggests that p62 plays a pivotal role in AR protein turnover.
Growing evidence indicates that p62, together with ubiquitinated
proteins, is transported into autophagosomes, which suggests
that p62 is a receptor for ubiquitinated proteins that is necessary
for their degradation in lysosomes (Johansen and Lamark, 2011).
As a receptor, p62 would also contribute to autophagic degrada-
tion of Parkin-mediated ubiquitinated mitochondria (Geisler et
al., 2010). Furthermore, p62 is localized at the autophagosome
formation site and directly interacts with LC3, which facilitates
the delivery of its polyubiquitinated protein for lysosomal degra-
dation (Ichimura et al., 2008). Subsequently, p62 is also incorpo-
rated into the autophagosome and is then degraded. In addition,

- 140 -



7724 - }. Neurosci., May 1,2013 « 33(18):7710-7727 Doi, Adachi et al. e p62 Removes the Toxic Mutant Androgen Receptor

A Spinal cord Spinal cord B Skeletal muscle Skeletal muscle
AR-24Q AR-97Q AR-24Q AR-97Q AR-24Q  AR-97Q AR-24Q AR-97Q

pB2 (+/+) (1g/+) (+14) (tgH) RS.L PE2 (+4) (tgh) (+F) Cgh) R.S.I

T 1o <
T Iy
Oligomeric % o w0 Oligomeric 5 *
AR £ Zos AR 5
.%Q o
o) o
R.S.L © ~ RS.L -
Monomeric Z 10 T 10
AR spee ez oL
/ g5 : E Zos
pB2(HA) 5% pB2(HA) §3 -
GAPDH : y = | GAPDH i “ g i
p62 (+4) (lghy) (+4) (tg/v) p62 () (gl (+4) (lgh)
C Spinal cord Spinal cord D Skeletal muscle Skeletal muscle
AR-24Q  AR-97Q AR-97Q AR-24Q AR-97Q AR-97Q
P2 (+4) {tght)  (eh) {tghh) R84 s P2 (+4) (tgh) (x4 (igh) RS N
& BT Zg o2 :
Lo L6
g8 2 g g
g 8 1 g 8 1
AR 29 _ AR £Q
6=, Oy
5 * b
E ég; 4 I E_’ % 2 I
2 L
Coomassie 8 g 3 Coomassie S ) g
s 2 g 2 1
s St =
¢ mm <,
pe2 (+H+)  (taM) pe2 (+4) (o)
E RS} F —— G , H
g 1 Spinal cord AR-97Q
| X RSL™TT
o n<" AR-97Q T
82 P2 (44) () g ™0
TI o) GFAP " 5 =
Q. ~ 0.
@ % J GAPDH %
i i w
< 90 ; G o
Sm—— 2 (+ /)
pe2 (ﬁﬁf@% (wf) %m AR-87QipB2(+H) AR-97Q/p62(1g/+) P2 ) ()
RS.L I K
gé ] _ _AR97Q
Q j=2
@ < ES3
g0 T E 50
SE = 50
5o ] o
< 4 2 0
2
AR-24Q ARGIG & ' ' P2 (+h+) (tgh)
DB2 (+4) (tghy)  (+4) (tgi) AR-97Q/pB2(+4) AR-97Qfp62(1g/)
L ) M N Spinal card
Spinal cord Skeletal muscle No. /mm?)
AR-24Q AR-970 AR-24Q AR-97Q yx

poy

pB2 (+4+){tgh) (+4)(lght)  PB2 (+/+)(tgh) (+/+) (tght)

Spinal cord

Population of
Ub-pesitive Inclusions
w

(=}

pe2 (+4)  (tgh)

Skeletal muscle
(No. / 100 muscle fibers)

&%
I

ny
(=3

itive Inclusions

oy
=

Population of
Ub-pos

<

AR-@7Q/pB2(+/+) AR-97QfpB2(tgH)

GAPDH EisSsne

po2 (++)  (gh)

Figure 9. Anincrease in p62 reduces mutant AR expression. 4, B, Western blotting analysis of total tissue homogenates from the spinal cord (4) and muscle (B) of AR-24Q and AR—97Q mice (25
weeks of age) probed with anti-AR. Values are expressed as the means = SEM (n = 5). ¢, D, Western blotting analysis of the pellet lysed in 8 m urea solution from the spinal {Figure legend continues.)
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capacity to sequester aggregate-prone
proteins that might otherwise undergo
proteasomal degradation (Korolchuk et
al., 2009). In our study, both wild-type
and mutant ARs colocalized with endoge-
nous p62- and LC3-positive puncta (Fig.
1C). In addition, ARs were recognized di-
rectly by p62 (Fig. 2), which suggests that
mutant AR is degraded in a p62-
dependent autophagic pathway. Further-
more, our Western blotting analysis
revealed that monomeric mutant AR and
the high-molecular-weight form of mu-
tant AR protein complexes retained in the
stacking gel were upregulated in the spinal
cord and muscle of AR-97Q transgenic/
p62 knock-out mice, which suggests that
degradation of mutant AR was inhibited
by the deletion of p62.

In addition, the overexpression of p62
did not influence the expression of wild-
type and mutant AR in a cellular model of
SBMA or the expression of wild-type AR

A Neuro2A B NSC34
AR-24Q AR-97Q AR-24Q AR-97Q
pB2-HA - + - + 3BxFLAG-p62 -+ - +
AR AR
HA(p62) B8 B rcoe
GAPDH GAPDH
Figure 11.  p62 overexpression does not affect AR expression. 4, Full-length wild-type (24Q)

or mutant (97Q) AR and HA-tagged p62 (pCAGGS—p62—HA) were cotransfected into Neuro2A
cells for 48 h. B, Full-length wild-type (24Q) or mutant (97Q) AR and FLAG-tagged p62 (pIRES-
puro3-3XFLAG—p62) were cotransfected into NSC34 cells for 48 h. All of the cells were cultured
in DMEM/10% FCS at 37°Cand with 5% CO,. Immunablots revealed that the expression of AR
was similar in the presence or absence of HA—p62 or FLAG-p62.

p62 has been shown to directly interact with mutant copper—zinc
superoxide dismutase (SOD1) protein (Gal et al., 2007), which
indicates that p62 directly or indirectly recognizes the mutant
SOD1 protein and is degraded via autophagy. p62 also has the

<

(Figure legend continued.)  cord (€) and muscle (D) of AR~24Q and AR-97Q mice (25 weeks of
age) probed with anti-AR. Values are expressed as the means = SEM (n = 5). E, Real-time
RT-PCR of wild-type and mutant AR mRNA normalized to GAPDH levels. F, G, Immunohisto-
chemical staining with anti-GFAP antibody in the spinal anterior horn. Scale bars, 30 um. H,
Western blotting analysis of the total tissue homogenates from the spinal cord of AR-97Q mice
(25 weeks of age, n = 5) probed with anti-GFAP. /, J, Hematoxylin and eosin staining of the
muscle. Scale bars, 50 wm. K, The gastrocnemius muscles from AR-97Q/p62'*/*/ and AR-
97Q/p62%*+) mice were dissected and weighed. L, Western blotting analysis of the total tissue
homogenates from the spinal cord and muscie of AR-24Q and AR-97Q mice (25 weeks of age)
probed with anti-ubiquitin (Ub). M, Ubiquitin immunohistochemistry revealed Nls (arrow) in
the spinal anterior horn and muscle of 25-week-old AR-97Q/p62+/* and AR-97Q/p629/+
mice. The inset shows a magnified image in the square box. Scale bars, 50 pm. N, Quantitative
assessment of ubiquitin-positive Nls in the spinal ventral horn and muscle. Bars represent the
density of ubiquitin-positive Nisin AR-97Q/p62(/* and AR-97Q/p62%/*/ mice. The resuits
are expressed as the means = SEM (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.

in a transgenic mouse model, which sug-
gests that p62 overexpression was not sufficient to promote the
degradation of both wild-type and mutant AR (Figs. 94,B,
11A,B). However, p62 overexpression enhanced the inclusion
body formation of mutant ARs, which resulted in a reduction of
expression in a transgenic mouse model (Figs. 7, 9), and this
effect can occur independently of the degradation in lysosomes.
More importantly, overexpressed p62 existed in all of the mutant
AR Nis in the spinal cord and skeletal muscle of AR-97Q/p62
double transgenic mice. Furthermore, p62 also colocalized with
mutant AR NIs that were present in the anterior horn cells of
postmortem tissues obtained from SBMA patients. Inclusion
bodies that were positive for both ubiquitin and p62 have been
identified in various neurodegenerative diseases, which suggests
that p62 is involved in the formation of disease-related inclusion
bodies (Kuusisto et al., 2001, 2008; Labbadia et al., 2012). Intrigu-
ingly, the overexpressed p62 and mutant AR colocalized in all of
the NIs but not in the DNS, and p62 was localized in the core of
NIs of mutant AR (Fig. 7I). p62 can either directly or indirectly
interact with the AR without its ubiquitination (Fig. 2G) and can
also function with the misfolded AR, as indicated by the fact that
we did not observe NI formation in the AR-24Q/ p62"¥"/ mice.
These results suggest that p62 is capable of self-oligomerization
and could provide an opportunity for inclusion formation to
generate the seeds of Nls.

However, the extent of diffuse nuclear accumulation of mu-
tant AR in motor and sensory neurons of the spinal cord of au-
topsied SBMA patients was strongly correlated with the CAG
repeat length but not with the number of Nls (Adachi et al.,
2005). Accumulating evidence suggests that NIs are not harmful
polyQ species (Arrasate et al., 2004) and instead that an oligo-
meric form of the mutant protein could be the major pathogenic
species (Nagali et al., 2007; Sathasivam et al., 2010). Several stud-
ies have suggested that inclusion formation could be a cellular
response against the toxicity of abnormal polyQ proteins
(Arrasate et al., 2004; Bowman et al., 2005), whereas the nuclear
localization or accumulation of abnormal proteins can be deci-
sive in inducing neuronal cell dysfunction and degeneration in
polyQ diseases, including SBMA (Klement et al., 1998; Saudou et
al., 1998; Adachi et al., 2005). In view of the time course of SBMA,
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diffuse nuclear accumulation of mutant proteins with an ex-
panded polyQ tract might be an early event that occurs before NI
formation, which is closely related to the manifestation of neuro-
nal dysfunction (Watase et al., 2002; Yoo et al., 2003). The mo-
lecular pathogenetic process by which diffuse nuclear mutant AR
accumulation induces neuronal dysfunction and death remains
unclear; however, it is notable that overexpression of p62 can
promote NI formation and the packaging of accumulated soluble
and toxic nuclear mutant AR.

Accumulation of misfolded proteins is causally related to
many age-related neurodegenerative diseases (Bates, 2006).
Prompt removal and/or refolding could be required more in aged
or damaged cells than in young healthy cells, in which protein
quality control systems function appropriately. In SBMA pa-
tients, diffuse nuclear accumulation of mutant AR is frequent and
extensive, and it occurs in a wide array of CNS nuclei and visceral
organs. The precise mechanism used by the mutant protein must
be determined in future studies; however, we have used cellular
and mouse models of SBMA and demonstrated that p62 plays a
beneficial role in autophagic degradation and NI formation of the
mutant AR protein. These findings provide new insights into the
cytoprotective functions of p62; thus, they could have important
implications for the development of therapeutic strategies for the
treatment of SBMA and other polyQ diseases.
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Abstract

Amyotrophic lateral sderosxs (ALS) is a fatal neurodegenerative disease characterized by the progressxve loss of motor
neurons. We prewous[y showed that the expression of dynactin 1, an axon motor protein regulating retrograde transport, is
markedly reduced in spinal motor neurons of sporadic ALS patients, although the mechanisms by which decreased dynactin
1 levels cause neurodegeneration have yet to be elucidated. The accumulation of autophagosomes in degenerated motor
neurons is- another key. pathological feature of sporadic ALS. Since autophagosomes are cargo .of dynein/dynactin
complexes and play a crucial role in the turnover of several organelles and proteins, we hypothesized that the quantitative
loss of dynactin 1 disrupts the transport of autophagosomes and induces the degeneration of motor neuron. Inthe present
study, we generated a Caenorhabditis elegans model in which the expression of DNC-1, the homolog of dynactin 1, is
specifically knocked down in motor neurons. This model exhibited severe motor. defects together with axonal and neuronal
degeneration. We also observed impaired movement and increased number of autophagosomes’in the degenerated
neurons. Furthermore, the combination of rapamycin, an activator of autophagy, and trichostatin which facilitates axonal
transport dramatically ameliorated the motor phenotype and axonal degeneration of this model. Thus, our results suggest
that decreased expressionof dynactin'1 induces motor neuron degeneration and that the transport of autophagosomes isa
novel and substantlal therapeutic target for motor neuron degeneration.
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organelles, it is also possible that the accumulation of autophago-
somes due to dysregulated autophagy leads to neurodegeneration.

One possible mechanism for the accumulation of autophago-
somes in degenerated neurons is the disruption of the cellular
transport system, given that autophagosomes are cargo that moves
bidirectionally along microtubules, which is powered by the
kinesin family of motor proteins and dynein/dynactin complexes
[11,12]. We previously investigated the motor neuron-specific
gene expression profile of sporadic ALS (SALS), which accounts
for more than 90% of ALS, and found that the expression of
dynactin 1, which is a key member of the dynactin family, is
markedly decreased in the spinal motor neurons of SALS patients
[9]. The decreased expression of dynactin 1 was also verified
quantitatively using i situ hybridization analysis of tissues from

Introduction

Autophagy is one of the major cellular systems that regulate
protein degradation and organelle turnover in physiological and
pathological conditions [1], and it is an essential quality control
system for proteins in post-mitotic neurons that need to eliminate
abnormal proteins and organelles for their proper function and
survival [2,3]. It is well known that the dysregulation of autophagy
causes neurodegeneration [4,5] and that the abnormal accumu-
lation of autophagosomes is observed in several neurodegenerative
diseases [6-9]. Particularly, intensified immunoreactivity for
microtubule-associated protein 1 light chain 3 (LC3), which is a
marker of autophagosome, is often observed in the spinal motor
neurons of amyotrophic lateral sclerosis (ALS) patients [8,10].

Electron microscopy of the motor neurons of ALS patients shows
an increased number of autophagosomes surrounded by a double-
membrane that contain sequestered cytoplasmic organelles, e.g.,
mitochondria [8]. Although these observations suggest the
possibility that autophagy is upregulated to protect neurons from
increased amounts of aggregated proteins and/or damaged

PLOS ONE | www.plosone.org

SALS patients [13]. By contrast, the expression of other motor
proteins including the kinesin family, which are responsible for
anterograde transport and dyneins, which are responsible for
retrograde transport was not significantly changed. Thus, we
hypothesized that the decreased expression of dynactin 1 results in
the disrupted transport of autophagosomes and thus attenuates the
protective effects of autophagy against neurodegeneration.
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Figure 1. Dysregulated expression of dynactin 1 and the accumulation of autophagosomes in SALS patients. (4) Representative in situ
hybridization for DCTNT in the spinal cords of control and ALS patients. (B, C) Representative immunohistochemistry for dynactin 1 and microtubule-
associated protein 1 light chain 3 alpha (LC3) on consecutive spinal cord (B) and cerebellar (C) sections from control and ALS patients. (D)
Quantification of the signal intensity of LC3 in anterior horn neurons of the spinal cord (n =20 sections from 4 patients for each group). (F) Correlation
between LC3 intensity and the expression of DCTNT in individual motor neurons from SALS patients (n=12 consecutive sections from 3 SALS
patients). (F) Correlation between the intensity of LC3 immunoreactivity and the size of motor neurons in SALS patients (n =20 sections from 4
patients). (G-L) Electron microscopy images of spinal motor neurons. Representative lower magnification image of a motor neuron from a control
patient (G) and lower (H) and higher magnification images (/-L) from SALS patients. The open arrowheads indicate lipofuscin. There were abundant
autophagic vacuoles, e.g., multi-lamellar bodies (arrowheads in /, K), autophagosome-like double membrane vesicles (arrows in K, J), and
autolysosomes (asterisks in L) in the motor neurons of SALS patients, but not of the control. Scale bar=50 pm (A-C), 2 um (G, H), or Tum (I-L).
Statistical analyses were performed using Student’s t test (*p<<0.0001) and Pearson’s correlation coefficient in £ and F. The error bars are S.E.M.

doi:10.1371/journal.pone.0054511.g001

Moreover, mutations of DCTNI, the gene encoding dynactin 1,
are linked to familial lower motor neuron disease [14]. Several
mutant DCTNI models exhibited motor dysfunction and patho-
logical changes related to motor neuron disease [15,16]. As seen in
the motor neurons of SALS patients, mutant DCTNI mice
exhibited a massive accumulation of membrane vesicles, including
autophagosomes, In spinal motor neurons [16]. Although these
findings suggest that impaired vesicular trafficking might cause the

PLOS ONE | www.plosone.org

accumulation of vesicles, it remains unclear whether the transport
of autophagosomes is actually impaired in the mutant DCTNI
mice or whether the accumulation of autophagosomes plays a
causative role in the pathogenesis of motor neuron degeneration.

The aim of the present study was to clarify the biological link
between the quantitative loss of dynactin | and the disruption of
autophagy. In particular, we examined whether the decreased
levels of dynactin 1 induce motor neuron degeneration by
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Figure 2. Creation of the motor neuron-specific dnc-7KD C elegans model. (A) Fluorescent visualization of ventral cholinergic motor
neurons and their neurites in transgenic C. elegans worms expressing acr2p:shRNA:gfp. (B) Representative immunohistochemical staining of GFP and
in situ hybridization against dnc-1 in ventral cholinergic motor neurons and their neurites in the control(RNAi) and dnc-1(RNAJ) worms. (C) The number
of GFP-positive motor neurons (white arrows in B) was not significantly different between the control(RNAI) and dnc-1(RNAI) worms (n =20 animals for
each strain). (D) Conversely, the number of dnc-1 mRNA-positive neurons (black arrows in B) was remarkably decreased in the dnc-1(RNA/) worms
(n=20 animals for each strain). (E) Representative images of in situ hybridization for dnc-1 in the head neurons. Scale bars =100 um (4), 10 um (B),
and 20 pm (E). Statistical analyses were performed using Student’s t test (*p<<0.0001). The error bars are S.EM.
doi:10.1371/journal.pone.0054511.g002

hindering the transport of autophagosomes. To this end, we first

homolog of human DCTNI, using small hairpin RNA (shRNA),
examined the relationship between the decreased levels of

and investigated whether the depletion of dynactin 1 impairs the

dynactin 1, the accumulation of autophagosomes, and motor
neuron degeneration in post-mortem tissues from SALS patients.
Next, we created a Caenorhabditis elegans (C. elegans) model of the
motor neuron-specific knockdown (KD) of dnc-1, the C. elegans

PLOS ONE | www.plosone.org

transport of autophagosomes and thereby induces motor neuron
degeneration. Using this model, we also explored therapeutic
strategies targeting the transport of autophagosomes.
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Figure 3. Motor dysfunction in the motor neuron-specific dnc-7-KD C. elegans model. (A) Stereoscopic microscopy showing the
phenotypes of the control(RNAI) and dnc-1(RNAI) worms. (B, C) Survival curves of the transgenic worms (dnc-1(RNAI-1), n=90; dnc-1(RNAI-2), n=90;
control(RNAi) n=90; and wild-type n=30). The same survival data of the contro/(RNAi)and wild-type worms were used in both graphs. Both dnc-
1(RNAi) worms with different shRNA sequences (101, 2888) had significantly reduced life spans compared with the control(RNAi) worms (101:
p =0.005; 2888: p<<0.0001; log-rank test). (D) The number of body bends associated with forward movement in 3 min. (E) The number of thrashing
movements in liquid medium in 30 s. (F, G) The tracks (F) and average speed of the worms (G) analyzed by video capture at day 4. Scale bars in
F=100 pum. The error bars are S.EM. (n =30, 30, 40, and 40 for dnc-1(RNAI-1), dnc-1(RNAi-2), control(RNAI), and wild-type, respectively, in D, E; and
n=6, 6, and 6 for dnc-1(RNAI-1), control(RNAI), and wild-type, respectively, in G). The statistical analyses in C, D, and F were performed by one-way
ANOVA followed by the Bonferroni/Dunn post hoc test (*p<<0.001 and **p<t0.0001).

doi:10.1371/journal.pone.0054511.g003
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Materials and Methods

Protocols for the human samples’

Ethics Statement. The collection of autopsied human tissues
and their use for this study were approved by the Ethics
Committee of Nagoya University Graduate School of Medicine,
and written informed consent was obtained from the patients’
next-of-kin. Experimental procedures involving human subjects
were conducted in conformance with the principles expressed in

Dynactin 1 and Disrupted Autophagy in Sporadic ALS

Immunohistochemisiry. Six micrometer-thick sections
from paraffin-embedded spinal cord sections from autopsied
patients were prepared as described previously [17]: four patients
with sporadic ALS (64.5%£9.3 vears-old; M:F=2:2) and four
disease controls (73.5%£5.4 years-old; M:}F = 1:3). The four control
patients were diagnosed with progressive supranuclear palsy,
multiple system atrophy, diffuse lewy body disease, and Parkinon’s
disease, respectively. The sections were first microwaved for
20 min in 50 mM citrate buffer, pH 6.0, then blocked with TNB

the Declaration of Helsinki. blocking buffer (PerkinElmer, Hvidovre, Denmark) in Tris-
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Figure 4. Morphological changes in ventral motor neurons. (A4) Representative view of fluorescent GFP microscopic images of the ventral
nerve cord in a control(RNAI) C. elegans. All of the motor neurons (white asterisks) were located in the ventral side of the worm. Axons from the motor
neurons project within the ventral nerve cord or toward the dorsal side. (B-E) Representative view of the ventral nerve cord in the control(RNAI)
worms (B, C) and dnc-1(RNAI) worms (D, E). The degenerated axons were defasciculated (arrows in D, E) and formed spheroids (arrowheads in D, E) in
the dnc-1(RNAI) worms. Mild defasciculation was observed occasionally in the control(RNAi) worms (arrow in C). While the cell bodies of the motor
neurons were regular and round in control(RNAi) and young adult dnc-1(RNAi) worms (white asterisks in B-D), abnormally shaped cell bodies (yellow
asterisks in E) were observed only in the worms with severe axonal changes. (F) Semi-quantification of the abnormal morphological changes in the
control(RNAI) and dnc-1(RNAi) worms. The percentage of worms with axonal defasciculation, axonal spheroids, or cell body degeneration on days 4, 7,
and 10. (G) Population of dnc-1(RNAi) worms with and without cell body degeneration (black and gray boxes, respectively) on day 4. (H) Correlation
between the axonal defasciculation index and locomotor function in the dnc-1(RNAi) worms. The axonal defasciculation index represents the degree
of axonal defasciculation (its details are described in the Materials and Methods). Scale bars =20 pm. The statistical analysis in F was performed using
Fisher's exact probability test (*p<0.05, **p<<0.001, and ***p<t0.0001) and Pearson’s correlation coefficient in H.
doi:10.1371/journal.pone.0054511.g004
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buffered saline (pH 7.5) at room temperature for 30 min and
incubated with a monoclonal antibody against LC3 (anti-LC3,
1:40000; Medical & Biological Laboratories, Co., Nagoya, Japan)
or dynactin 1 (anti-dynactin 1 H300; 1:2000; Santa Cruz, Santa
Cruz, CA, USA) overnight at 4°C. The subsequent procedures
were carried out using the EnVision+Kit/HRP (DAB) (DAKO,
Glostrup, Denmark) according to the manufacturer’s protocol.

Quantitative assessment of immunohistochemistry. To
assess LC3 immunoreactivity in spinal motor neurons, we included
4 ALS patients and 4 disease controls, and prepared 5
independent specimens from each subject. We counted about
200 motor neurons in ALS patients and about 400 neurons in
control patients. The intensity of immunohistochemistry signals
was quantified using a BZ-8000 fluorescent microscope and its
software (BZ-Analyzer; Keyence, Osaka, Japan). Signal intensity
was expressed as the individual intracellular cytoplasmic signal
level (arbitrary absorbance units/me) per motor neuron by
subtracting the mean background levels of 3 regions of interest in
each section. The ventral spinal horn was defined as the gray
matter ventral to the line through the central spinal canal
perpendicular to the ventral spinal sulcus. To investigate the
correlation between dynactin 1 and LC3 in individual motor
neurons we used consecutive transverse spinal cord sections.

In situ hybridization. In situ hybridization for human tissue
was performed as described previously [13]. We provide the
detailed information in Materials and Methods S1.

Electron microscopy. Electron microscopy was performed
on samples from 2 sporadic ALS patients (71 years-old male and
62 years-old female) and 2 disease control patients (68 years old
male with multiple system atrophy and 60 years-old male with
multiple system atrophy). Epoxy resin-embedded specimens of
spinal anterior horn were cut into 70-nm ultrathin sections.
Ultrathin sections were contrasted by staining with uranyl acetate

dnc-1(RNAi)
early degeneration

control(RNAJ)

cytoplasm
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and lead citrate. Sections were viewed with a JEM-1400EX
clectron microscope (JEOL, Tokyo, Japan) at 80 kV.

Protocols for C. elegans

Ethics statement. All animal experiments were performed in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals and were approved by the
Nagoya University Animal Experiment Committee.

Culture of C. elegans. Standard methods were used to
culture C. elegans on nematode growth medium (NGM) agar [18].
The animals were maintained at 20°C unless otherwise indicated.
We provide the detailed information in Materials and Methods S1.

Constructs and C. elegans Strains. To generate transgenic
C. elegans, plasmid DNA encoding acr2promotor::shRNA:gfp was
injected into the gonads of young adult hermaphrodite N2 worms.
We provide the detailed information for the shRNA vector and
other co-injected proteins, i.e., SNB-1 and Lggl, in Materials and
Methods S1.

Whole Mount in situ Hybridization. Whole mount i situ
hybridization of worms was performed as described previously
[13,19]. We provide the detailed information in Materials and
Methods S1.

Phenotypic analysis of C. elegans. A lifespan assay was
performed as described preciously [20], with some modifications.
The Worms were allowed to lay eggs on a dish for 3-6 h to obtain
synchronous progeny for the experiment. L4 worms were collected
and transferred every 3 days to a fresh plate until the end of their
reproductive life. The animals were scored as dead if they did not
move when prodded with a platinum pick and did not show
pharyngeal pumping.

A body bend assay, liquid thrashing assay, and video capture
analysis were performed as locomotion assays. To examine the
body bend frequency, exposed worms were transferred onto a
fresh NGM plate and scored for the number of body bends

dne-1(RNAJ)
severe degeneration

axon

Nu: nucleus, M: muscle, W: whorl-like inclusion, V: vacuole

Figure 5. Ultrastructure of degenerating motor neurons. Electron microscopy of transverse sections of ventral motor neurons from the
control(RNAI) (A, B) and dnc-1(RNAi) (C-F) worms. The dashed lines in B, D, and F denote the boundaries of the main bundle of axons. Each round-
shaped component inside the dashed line is an axon. In the dnc-1(RNAI) worms, whori-like inclusions (W) and vacuoles (V) were observed (D-F). In the
worms with mild axonal degeneration (D), few morphological changes were observed in the cytoplasm (C); however, in the later stage with severe
axonal degeneration (F), the cell bodies were also affected (£). Scale bars=20 pm.

doi:10.1371/journal.pone.0054511.g005
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nerve cord from the control(RNAI) (F) and dnc-1(RNAi) (F) worms derived from time-lapse imaging. Vertical lines represent stationary/docked SNB-1
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A total of 20 time laps images were analyzed from each strains in G-J. Scale bar (black) =10 um (B). Statistical analyses were performed using
Student’s t test (*p<<0.05, **p<<0.001, ***p<C0.0001). Error bars are S.EM.

doi:10.1371/journal.pone.0054511.g006

performed in 3 min. A body bend was defined as a change in the individually to agar plates with no food. The movement of each

direction of the part of the worm corresponding to the posterior
bulb of the pharynx along the y-axis, assuming that the worm was
traveling along the x-axis. We also performed a liquid thrashing
assay as described previously [21], with some modifications.
Briefly, the worms were put on a 6-cm NGM-coated plate with
3 ml of M9 media. The worms were allowed to settle for 30 s,
their movements were captured by video for 30 s, and the number
of thrashing movements was counted. We also analyzed the speed
of movement using a video capture system as described previously
[22]. Briefly, fully matured, adult worms were transferred

PLOS ONE | www.plosone.org

worm was observed for 5 min and recorded using video
equipment (Olympus, Tokyo, Japan) with a sampling rate of
30 frames/s. A computer-controlled microscope stage was auto-
matically moved to center the worms in the visual field using a
custom Image analysis algorithm within the microscope’s software
package (MetaMorph; Universal Imaging Corp., West Chester,
PA, USA). The midlines of the recorded worms were extracted
from each image. All strains were randomized and scored on the
same day.

February 2013 | Volume 8 | Issue 2 | 54511

- 151 -



Dynactin 1 and Disrupted Autophagy in Sporadic ALS

@& anterograde 1 retrograde

C )
control{RNAI) dnc-1(RNAI)
?25 T " —~.25 i |
. (=

& 20] 34.3%| ,23,3% 20 11.1%: L 77%
g5 ! g5 <
g £ 10
. I ’

0 " } o ot

-6 -4 -2 0 2 4 8 -6 -4 -2 0 2 &

Velocity {(um/s) Velocity (um/s)

D controifRNAJ) dnc-1(RNAJ)
> n : 25 . .
K201 2229 [250% [ 2291 g0 i | 11.4%
3 15] < i P | | PR
2 104 2 40 :
= 5 I
Q 5 a5 r{

0 0 RN

2418126 0 6 12 18 24 2418 12 8 0 6 12 18 24

Distance (um) Distance (um)
E F
(am) *

@
0
0(\‘

SR
\@‘“ & ¢
& 0\@

o\@‘\l «\?SX O\\QS\ '\\?Sx
& g &%
o o

Figure 7. Impaired transport and abnormal accumulation of autophagosomes in the axons of dnc-7(RNAj) motor neurons. (A, B)
Representative time-lapse images of autophagosome (DsRed-tagged Lgg1) transport in an axon (GFP-tagged shRNA; green) of a primary cultured

motor neuron from the control(RNAI) (A)

and dnc-1(RNAi) (B) worms. The autophagosomes were transported smoothly along the axon (arrows) of the

control(RNAI) motor neuron (A). The autophagosome (arrows) was transported anterogradely, but was trapped where the axon was slightly narrowed
(arrowhead) (B). There were also autophagosomes that accumulated in the distal part of the axon (B, bar). (C) Histograms of Lgg1:DsRed velocity in
the retrograde (white bars) and anterograde (black bars) directions in neurons from the control(RNAi) and dnc-1(RNAi) worms. (D) Histograms of
Lgg1:DsRed run-length in the control(RNAI) and dnc-1(RNAi) neurons. (E, F) Mean velocity (F) and run-length (F) of autophagosomes (n =70 vesicles
for each strain) in control(RNAi) and dnc-1(RNAi) neurons. Scale bar=5 pm (A and B). The statistical analyses in E and F were performed using the

Mann-Whitney U test (*p<<0.05 and **p<t0.0001). The error bars are S.EM.

doi:10.1371/journal.pone.0054511.g007

Preparation of starved worms for the dietary restriction
assay. All worms were synchronized by egg preparation [23].
The eggs were incubated at 20°C for 48 h in liquid medium. After
48 h, newly hatched worms were washed 3 times with distilled
water, transferred to S basal medium without OP50, and
incubated for 24 h. Worms were then picked randomly and used
for the liquid thrashing assay.

Drug treatment. The worms were synchronized by egg
preparation and incubated at 20°C for 24 h in liquid medium.
They were then treated with rapamycin (LC Laboratories,
Woburn, MA, USA) dissolved in ethanol at a final concentration
of 10 or 100 pM, 3-methyladenine (3-MA) (SIGMA) dissolved in
DMSO at a final concentration of 1 or 10 mM, or trichostatin A
(TSA) (Tokyo Chemical Industry, Co., Tokyo, Japan) dissolved in
DMSO at a final concentration of 1, 10, or 100 pM and incubated
in liquid medium for 48 h. For controls (0 pM), ethanol or DMSO
was added. Worms were then picked randomly and used for the
liquid thrashing assay or microscopic analysis.

Primary neuronal cell cultures of nematodes. Primary
neuronal cell cultures were prepared as described previously [24],
with some modifications. In the present study, in order to obtain
larger number of gravid animals, we cultured the worms in liquid
medium (S basal medium with concentrated OP50) as described
previously [25]. After incubation in liquid medium for 3 days, we
performed egg isolation using lysis buffer (0.5 M NaOH/1%

PLOS ONE | www.plosone.org

NaClO). Then we removed eggshell by enzymatic digestion using
chitinase (SIGMA) and isolated embryonic cells were plated onto
peanut lectin-coated glass bottom dishes IWAKI, Tokyo, Japan).

Microscopic analysis. The worms were anesthetized by
placing them in an 8-pl drop of levamisole (2 mM) on solidified
pads of 2% agarose laid on slides. After coverslipping, the worms
were examined under an LSM710 confocal microscope (Carl Zeiss
Inc., Thornwood, NJ, USA). The regularity of SNB-1::DsRed
localization/spacing was evaluated by measuring the distance
between two neighboring fluorescent puncta of SNB-1:DsRed
using Image] 1.43 software (National Institutes of Health). The
axonal defasciculation index was measured as follows. The ventral
nerve cord was divided into compartments consisting of two
neighboring motor neurons. We counted the number of compart-
ments with axonal defasciculation and divided it by the total
number of compartments.

In vivo analysis of autophagosome mobility was performed as
follows. Lggl:DsRed worms were plated on an agar pad and
observed using confocal microscopy. The red puncta, which
represent autophagosomes, were observed for 1 min. The number
of autophagosomes that moved within 1 min was divided by the
total number of autophagosomes observed.

In vitro transport assay and image analysis. Time-lapse
images were acquired at room temperature using a 63x oil-
immersion objective (N.A 1.4) for live-cultured neuron analysis at
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Figure 8. Accumulation of autophagosomes and motor neuron degeneration in the dnc-7(RNA) worms. (A, B) Representative
kymographs of Lgg1:DsRed in the ventral nerve cord from the control(RNAi (A) and dnc-1(RNAI) (B) worms derived from time-lapse images. Vertical
lines represent stationary/docked Lgg1 puncta, while the oblique lines (labeled with arrowheads) represent the tracks of moving Lgg1 puncta. The
slope of this track is an indicator of velocity. (C) The number of Lgg1 puncta within a single kymograph image. (D, E) Quantitative analyses of the
mobility of puncta. The number of puncta that moved more than 2 pm was counted (D). The ratio of moving puncta was calculated by dividing the
number of moving puncta by the total number of puncta (). (F) The mean velocities of Lgg1 puncta. A total of 20 time-lapse images were analyzed
for each strain in C-F. (G) The number of Lgg1 puncta was increased in the dnc-1(RNAi) worms compared with the control(RNAI) worms (n=15 for
each group). (H, /) Accumulation of autophagosomes in the dnc-1(RNAi) worms was correlated with the severity of axonal defasciculation (H) and
locomoator function (/) (n=20 for each analysis). (J-L) Ultrastructural images of ventral motor neurons from the dnc-1(RNAi) worms. Aberrant
membranous vesicles including degenerated mitochondria were observed in the cytoplasm (J) and axons (K) (arrows). Autophagosome-like, double
membrane vesicles (asterisk in L) were also found in the axons of the dnc-1(RNAi) worms (L). Scale bar=500 nm (A-C) or 10 um (D). Statistical
analyses were performed using Student’s t test (*p<<0.05 and **p<C0.0001) and Pearson’s correlation coefficient in H and /. The error bars are S.E.M.
doi:10.1371/journal.pone.0054511.g008
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Figure 9. Dysfunction of autophagy causes axonal degeneration. (A) Treatment with 3-MA decreased the number of autophagosomes in the
ventral nerve cord in a dose dependent manner (n=15 for each group). (B-£) The effects of 3-MA on the locomotor function (C) and axonal
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axonal morphology (G, H) of the dnc-T(RNAi) worms (n=15 for each group). Scale bar= 10 um. Statistical analyses were performed using Dunnett’s
post hoc test (A) and Student’s t test (B, D, and F) (*p<<0.05, **p<0.001, and ***p<0.0001). The error bars are S.E.M.
doi:10.1371/journal.pone.0054511.g009
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Figure 10. Starvation stimulates the retrograde transport of autophagosomes and attenuates axonal degeneration in the dnc-
1(RNAJ) worms. (A) Effect of rapamycin and starvation on locomotor function in the control(RNAi) and-dnc-1(RNAI) worms (n =50 for each group). (B)
Fluorescent microscopy showing the morphological changes in axons after starvation in the dnc-1(RNAi) worms. (C) The number of axonal spheroids
per transverse axon section in the dnc-1(RNAI) worms with or without starvation. (n =15 animals for each treatment). (D) Effect of rapamycin (100 uM)
and starvation on autophagosome mobility in the dnc-1(RNAi) worms. (n=15 animals for each treatment). (£, F) Effect of rapamycin (100 pM) and
starvation on the mean velocity (£) and run-length (F) of autophagosomes (black bars: anterograde transport; white bars: retrograde transport) (n =70
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vesicles for each treatment). (G, H) Histograms of Lgg1:DsRed velocity (F) and run-length {G) in the anterograde (black bars) and retrograde (white
bars) direction in primary motor neurons from the dnc-1(RNAi) worms cultured with normal (control) and serum-free (starvation) medium. Scale
bars =5 um. Statistical analyses were performed by one-way ANOVA followed by the Bonferroni/Dunn post hoc test (A) and Dunnett’s post hoc test
(D). Student’s t test (C) and Mann-Whitney test (E, F) were used for two-group comparison (*p<<0.05, **p<0.001, and ***p<<0.0001). The error bars are

S.EM.
doi:10.1371/journal.pone.0054511.g010

1-2 frames/s. The images were analyzed using Zen2008 (Zeiss)
software. The run-length of Lgg-1 in primary motor neurons was
measured by drawing a line over moving fluorescent puncta using
Zen2008. Motile puncta were counted only if they moved
continuously in the same direction for more than 2 frames and
if their displacement was at least 2 pm. Some runs were
terminated by a pause or reversal. To ensure the accuracy of
the run-length measurements, we excluded moving puncta at the
beginning and end of the movie. The velocity of Lgg-1 movements
was obtained from the total distance traveled divided by the
duration of the run.

In vivo transport assay and image analysis. Time-lapse
images were acquired at room temperature using a 63 x objective
(N.A. 1.4) for live-worm analysis at 1 frame/s. The images were
analyzed using Image J 1.43 software (National Institutes of
Health). First, individual tracks of SNB-1 or Lggl movement were
analyzed using the Multiple Kymograph plug-in, as described
previously [26]. The velocity of the moving vesicles was tracked
manually and their instantaneous velocity was extracted. To
calculate the ratio of moving versus total vesicles, the number of
vesicles that moved more than 2 pm during each time lapse period
was divided with the total number of particles in each acquisition.

Electron microscopy of C. elegans. A conventional two-
step fixation method was performed as described previously [27].
We provide the detail information in Materials and Methods SI.

Western Blot Analysis and Quantitative real-time
PCR. Western blot analyses and quantitative real-time PCR
were performed as described previously [28,29]. We provide a
detail description in Materials and Methods S1.

Statistical analysis. Statistical analyses were performed
using StatView software version 5 (Hulinks, Tokyo, Japan). We
used the Kaplan-Meier and log-rank test, Student’s t-test, Mann-
Whitney U test, and one-way analysis of the variance (ANOVA)
with the Bonferroni or Dunnett’s post-hoc test. Pearson’s
correlation coefficient was used to assess the correlation of
variables.

Results

Dysregulated dynactin 1 expression and autophagy in
degenerated spinal motor neurons in SALS patients

The expression of the DCTNI gene was markedly reduced in
the spinal motor neurons of SALS patients, as reported previously
[9,13] (Fig. 14). Recent studies indicate that the dysregulation of
autophagy in motor neurons is a pivotal event in ALS [8,10]; thus,
we investigated the relationship between decreased dynactin 1
expression and autophagy in SALS. Immunohistochemistry using
consecutive sections of autopsied human spinal cords revealed that
LC3 immunoreactivity, a histological marker of autophagy, was
increased in the motor neurons of SALS patients in which
dynactin 1 expression was decreased (Fig. 15). Conversely, there
was no change in the immunoreactivity for dynactin 1 and LC3 in
cerebellar Purkinje cells, which showed no degeneration (Fig. 1C).
Quantitative analysis revealed that anti-LC3 immunoreactivity
was significantly increased in the spinal motor neurons of SALS
patients (p<<0.0001) (Fig. 1D), and was inversely correlated with
the decreased mRNA levels of DCTNI (Fig. 1E) and cell size
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(Fig. 1F) in the motor ncurons of SALS patients, indicating that the
dysregulation of autophagy is associated with the decreased
expression of dynactin 1 in SALS. Electron microscopy of sections
from the SALS and control patients (Fig. 1G, H) also revealed that
there was an abundance of autophagic vacuoles, e.g., mult-
lamellar bodies (arrowheads in Fig. 17, £}, autophagosome-like
double membrane vesicles (arrows in Fig. 14 J), and autolyso-
somes (asterisks in Fig. 1[) in the motor neurons of the SALS
patients, which were scarcely observed in the control patients.

Generation of the dnc-1-depleted C. elegans model

To examine the relationship between the loss of dynactin 1, the
accumulation of autophagosomes, and motor neuron degenera-
tion, we created a dne-1-KD C. elegans model by transfecting C.
elegans with a plasmid expressing an shRNA and GFP under the
control of the motor neuron-specific acr? promoter (dnc-1(RNAi)).
In the transgenic worms, GFP was expressed diffusely in ventral
motor neurons (Fig. 24). We confirmed the effect of RNA
interference on the level of endogenous dne-I mRNA using whole
mount i stu hybridization. In the control(RNAy) worms, dnc-1
expression was not altered by sARNA:GFP expression (Fig. 2B).
Conversely, in the dne-1(RNA7) worms, motor neurons expressing
ShRNA::GIFP exhibited reduced or no expression of dnc-1 (Fig. 2B).
As shown in Fig. 2C, approximately 22 neurons were GFP-positive
both in the control(RNAy) and dnc-1(RNA7) worms. The number of
dnc-1-positive motor neurons was decreased by approximately 20
(condrol(RNA7) worms, 35.3%3.8; dne-1(RNAy worms, 15.9%9.8),
suggesting that dnec-1 was successfully knocked down in almost all
the GFP-positive cells (Fig. 2C, D). Moreover, dnc-1 expression was
not affected in the head sensory neurons of the dne-1(RNAi) worms,
confirming the specificity of the promoter (Fig. 2£). Taking these
results into account, in the following experiments, we selected the
dne-1(RNAL) and control(RNAz) worms expressing GFP in more than
30 motor neurons to avoid the influence of knockdown efficiency
on the experimental results.

Motor dysfunction in motor neuron-specific dnc-1-KD C.
elegans

The dne-1(RNA7) worms demonstrated uncoordinated locomo-
tion (Fig. 34), which is a phenotype observed in C. elggans mutant
models of motor neuronal defects [30,31]. Maturation of the
worms resulted in the progressive aggravation of their uncoordi-
nated locomotion, characterized by partial paralysis, slowed
movement, and coiling. The feeding plate of the dne-1(RNA7)
worms appeared to be stagnated, as they only ate the food around
themselves due to their decreased motility (Fig. 34). As described
in the Materials and Methods, we generated six lines of dne-
I1(RNA7) worms: SBG7, 8, and 15 using shRNAI(101), and
SBG20, 24, and 25 using shRNA2(2888). Survival analysis and
body bend assays were performed using these six lines. Since these
animals exhibited almost the same phenotype, SBG8 was
employed for further analysis. Compared with the control(RNA7)
worms, the dne-1(RNAy) worms had a decreased life span (Fig. 3B,
C) (114*x4.4, 11.2%+3.0, 13.4%4.0, and 14.3%£3.3 days for dnc-
I1(RNAi-1), dnc-1(RNAi-2), control(RNA7), and wild-type worms,
respectively).  dnc-1(RNA7) worms also exhibited significantly
reduced bending and thrashing rates that declined with age
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