4 Human Molecular Genetics, 2013

16-week-old MCK-fukutin-cKO mice was significantly higher
than that in controls (Fig. 1D). These pathological features
were not observed in 8-week-old mice (Fig. 1C and D); a pos-
sible reason may be the presence of residual a-DG with proper
glycosylation (Supplementary Material, Fig. S2B). The popu-
lation of myofibers with centrally located nuclei, an indication
of repeated cycles of myofiber degeneration/regeneration,
increased with age (Fig. 1E); however, more advanced path-
ology, such as infiltration of fat and connective tissues, was
rarely observed even in 48-week-old MCK-fukutin-cKO
mice (Fig. 1C).

It has been widely believed that functional and/or substantial
loss of DG-containing protein complexes (i.e. the dystrophin—
glycoprotein complex) leads to disease-causing membrane
fragility. This concept is based on results of forced exercise
experiments in animals with muscular dystrophy, which led to
increases in the serum CK levels and uptake of membrane-
impermeable Evans blue dye by myofibers (26,27). However,
these experiments were conducted in diseased animals;
therefore, it remains unclear whether membrane fragility
triggers disease-causing phenotype. Therefore, we subjected
10-week-old MCK-fukutin-cKO mice, which showed abnormal
o-DG modification but no pathology (Supplementary Material,
Fig. S2C), to forced exercise. After forced exercise, serum CK
levels were dramatically increased in the MCK-fukutin-cKO
mice but not in the control mice (Fig. 1F). Myofibers with
membrane-impermeable Evans blue dye uptake were also
observed only in the exercise-administered MCK-fukutin-cKO
mice (Fig. 1G). These data indicate that the plasma membrane of
the muscle cells becomes weak before disease onset, providing
proof-of-principle that membrane fragility triggers disease
manifestation.

Characterization of MPC-selective fukutin ¢KO mice

Loss of fukutin in differentiated myofibers results in only mild
and slow-progressing disease-causing phenotypes. We
hypothesized that fukutin-dependent modification also plays
a role in MPCs that are not targeted by MCK-Cre-mediated
recombination. Therefore, we generated cKO mice lacking
fukutin in MPCs by crossing flox fukutin mice with
Myf5-Cre knock-in mice (23) ‘expressing Cre recombinase
under the control of the endogenous Myf5 promoter
(Myf5-fukutin-cKO mice; Supplementary Material, Fig. S1).
It has been reported that the Myf5-Cre allele recapitulates
the expression pattern of the endogenous Myf5 gene and is
uniformly expressed in all proliferating myoblasts (23). The
Myf5-fukutin-cKO mice grossly show little difference com-
pared with the litter controls until ~2 weeks of age; thereafter,
increase in body weight was significantly retarded (Fig. 2A).
Most Myf5-fukutin-cKO mice died by 6 months (Fig. 2B). Re-
duction in fukutin protein expression and abnormal modifica-
tion were confirmed by immunofluorescence, western blotting,
HF treatment and IMAC-bead assay (Fig. 2C and D). As is the
case of MCK-fukutin-cKO, «-DG in Myf5-fukutin-cKO loca-
lizes to the sarcolemma (Supplementary Material, Fig. S2D).
H&E staining revealed progressive pathological changes in
Myf5-fukutin-cKO skeletal muscles (Fig. 2E). At 2 weeks,
myonecrotic fibers were sparse (Supplementary Material,
Fig. S2E), and at 4 weeks, in addition to myonecrotic fibers,

myofibers with centrally located nuclei were observed
(Fig. 2E). Serum CK levels and the proportion of the myofi-
bers with centrally located nuclei were significantly higher
in MyfS-fukutin-cKO mice than in the controls at 4, 8 and
16 weeks (Fig. 2F and G). Sixteen-week-old Myf5-fukutin-
cKO mice showed more advanced pathological changes,
such as fiber size variation and fibrosis (Fig. 2E). A few speci-
mens showed milder phenotypic changes accompanied by
increases in the normally glycosylated o-DG population
(Supplementary Material, Fig. S2F). Overall, different pheno-
types of the MCK-fukutin-cKO and Myf5-fukutin-cKO mice
suggested a pathophysiological role of fukutin-dependent
modification in MPCs.

Impaired viability of MPCs in Myf5-fukutin-cKO mice

To determine the impact of fukutin deficiency on MPC activity,
we isolated SM/C-2.6(+) satellite cells from young (slightly
affected) and adult (diseased) Myf5-fukutin-cKO muscles and
then cultured them as MPCs (i.e. myoblasts) (28). The number
of isolated SM/C-2.6(+) cells tended to be less in young
fukutin-deficient muscles and was significantly reduced in
adults compared with the litter controls (Fig. 3A). The prolifer-
ation activity of the isolated MPCs was slightly but significantly
decreased in young and severely reduced in adult Myf5-
fukutin-cKO muscles (Fig. 3B). The differentiation activity of
fukutin-deficient myoblasts was significantly lower than that
of the control mice (Fig. 3C). Quantification of the Pax7 im-
munofluorescence signal, a satellite cell marker, on skeletal
muscle sections also suggested decreases in the number of
satellite cells in adult Myf5-fukutin-cKO mice compared with
control mice (Supplementary Material, Fig. S3A). We also
examined the population of activated satellite cells by Pax7/
MyoD double staining on the skeletal muscle sections from
MyfsS-fukutin-cKO mice. The results suggested that the
number of active satellite cells was reduced in 16-week-old
Myf5-fukutin-cKO mice compared with that in 8-week-old
Myf5-fukutin-cKO mice (Supplementary Material, Fig. S3B).
These data suggest that in addition to decreases in the number
of satellite cells, the activation state of satellite cells is impaired
in Myf5-cKO mice as the disease progresses.

We next examined in vivo regeneration capability of the
Myf5-fuktuin-cKO muscles after cardiotoxin (CTX)-induced
muscle degeneration. After 14 days of the CTX challenge in
adult mice (~3 months old), we observed that the proportion
of small myofibers was strikingly higher in Myf5-fukutin-cKO
mice than in the controls (Fig. 3D and E). In some cases, the
CTZX-injected Myf5-fukutin-cKO muscles showed severe atro-
phic changes compared with the contralateral saline-injected
ones (Supplementary Material, Fig. S3C). In younger (~4

weeks old) Myf5-fukutin-cKO mice, after 14 days of the CTX

challenge, no obvious histological difference was noted com-
pared with the controls (Supplementary Material, Fig. S3D);
however, after 5 days of the CTX challenge, the proportion of
smaller regenerating fibers (that are embryonic myosin~
positive) was higher in Myf5-fukutin-cKO muscles than in the
controls (Supplementary Material, Fig. S3E and F). These
minor impairments in the regeneration of younger Myf5-
fukutin-cKO skeletal muscles are consistent with the in vitro
results. Overall, our data showed that fukutin-dependent
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Figure 2. Pathological characterization of Myf5-fukutin-cKO mice. (A) Temporal changes in body weight. Data shown are mean + SEM for each group (n is
indicated in the graph). (B) Survival curve of MyfS-fukutin cKO mice. (C) Immunofluorescence and western blot analyses of fukutin expression and o-DG
modification. Skeletal muscles of new born and 1-week-old Myf5-fukutin-cKO and control WT mice were used for immunofluorescence and western blotting,
respectively. B-DG was used as a control. Laminin-binding activity of «-DG was examined by the laminin overlay assay. (D) Post-phosphoryl modification of
a-DG from Myf5-fukutin-cKO and control WT skeletal muscles. The absence of post-phosphoryl modification was tested by HF treatment and
IMAC-bead-binding assay. The void (v) and bound (b) fractions of the IMAC beads were analyzed by western blotting. (E) H&E staining of tibialis anterior
muscles. Bar = 50 pm. (F) Serum creatin kinase activity and (G) proportion of myofibers with centrally located nuclei. Data shown are mean + SEM for each
group (» is indicated in the graph). *P < 0.05 for both cKO versus WT and cKO versus HET (F) and cKO versus WT (G) (Mann—Whitney U test; P-values are

indicated in the graph).

modification plays important roles in maintaining MPC viabil-
ity, and consequently, muscle regeneration capability, suggest-
ing that these defects may contribute to the severe phenotype of
dystroglycanopathy.

Amelioration of the severe pathology by limited fukutin
rescue in myofibers

Our pathological analysis of the two distinct fukutin-cKO
mice suggested that membrane fragility triggers disease mani-
festation and that impaired MPC viability is related to disease
progression and severity of dystroglycanopathy. These find-
ings indicate that a therapeutic strategy must involve preven-
tion of myofiber membrane weakness and/or rescue of
substantial loss and dysfunction of MPCs. In addition, dystro-
glycanopathy is usually diagnosed after disease manifestation,
and thus, treatments should be effective even after disease pro-
gression. Since our data suggested that frequent cycles of
myofiber degeneration/regeneration accelerate substantial
and/or functional loss of MPC, we expected that protection
from disease-triggering myofiber degeneration provides thera-
peutic effects even in mouse models with MPC defects. In this

study, to prevent disease-causing myofiber degeneration, we
examined whether rescue of fukutin expression that is
limited in myofibers is therapeutically beneficial in Myf5-
fukutin-cKO mice. Therefore, we constructed recombinant
AAV9 (AAV, adeno-associated virus) vectors containing the
mouse fukutin cDNA under the MCK promoter (AAV9-
MCK-fukutin).

We first administered intramuscular injections of
AAV9-MCK-fukutin to 1-week-old (i.e. before disease mani-
festation) or 8-week-old (i.e. after disease manifestation)
Myf5-fukutin-cKO mice; then, we examined the therapeutic
effects after 2 months. In both cases, fukutin protein expres-
sion was higher in the AAV-injected Myf5-fukutin-cKO
muscles than in the control WT muscles (endogenous
fukutin protein in muscle lysates is below detectable levels)
(Fig. 4A and E). IIH6-positive a-DG was restored, indicating
functional rescue of fukutin gene expression even in adult
cases (Fig. 4A, B, E and F). Histological and quantitative ana-
lyses showed that gene transfer at 1 week prevented disease
manifestation (Fig. 4C and D). When gene transfer was chal-
lenged in 8-week-old mice, H&E staining showed milder
phenotype in AAV-treated Myf5-fukutin-cKO muscles than
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Figure 3. Impaired MPC activities and muscle regeneration in Myf5-fukutin-cKO mice. (A) The number of isolated satellite cells from young (2 weeks old) and
adult (4 months old) Myf5-fukutin-cKO mice. P = 0.117 for young, and P = 0.005 for adult (Mann—Whitney U test). (B) Proliferation activity of the isolated
MPCs. MPCs from young or adult Myf5-fukutin-cKO muscles were cultured for 2 days, and S-ethynyl-2’-deoxyuridine-positive (EdU+) cells were counted.
P =0.014 for young, and P = 0.002 for adult (Mann—Whitney U test). (C) Differentiation activity of the isolated MPCs. MPCs from young Myf5-fukutin-cKO
muscles were cultured in growth media for 2 days and then in differentiation media for 2 days. The cells were fixed, and multinucleated myotubes were counted.
P =0.05 (Mann—Whitney U test). For (A)—(C), data shown are mean + SEM for each group (n is indicated in the graph). *P < 0.05 compared with litter con-
trols (Mann—Whitney U test). (D) Regeneration after CTX-induced muscle degeneration. CTX was injected into the tibialis anterior muscles of 3-month-old
Myf5-fukutin-cKO and control mice (WT and HET). After 14 days, the muscle sections were analyzed by H&E staining and immunofluorescence staining
with laminin. (E) Quantitative analysis for myofiber size variation after the CTX challenge. Data shown are mean + SEM for each group (n is indicated in
the graph). *P < 0.05 for both cKO versus WT and ¢KO versus HET (Mann—Whitney U test).

in non-treated ones (Fig. 4G). Quantitatively, connective tissue
infiltration and prevalence of small fibers were significantly
reduced (Fig. 4H and I), whereas a substantial number of myo-
fibers with central nucleation was still present after the gene
transfer (Fig. 47).

Next, we examined systemic delivery of the fukutin gene via
tail vein injection into 4-week-old Myf5-fukutin-cKO mice
with early-stage muscular dystrophy, primarily because diag-
nosis occurs during this stage in humans. After 2 months of
the injection, we confirmed fukutin protein expression and re-
covery of a-DG modification in the treated Myf5-fukutin-cKO
mice (Fig. 5A and B). After gene transfer, body and muscle
weight were restored (Fig. 5C and D), and grip strength was
dramatically improved, indicating recovery of muscle physio-
logical function (Fig. 5E). H&E staining (Fig. 5F) and quanti-
tative analyses of connective tissue infiltration (Fig. 5G) and
fiber size variation (Fig. 5H) showed amelioration of muscle
pathology; however, there were still a few necrotic fibers

and a substantial proportion of myofibers with centrally
located nuclei (Fig. 5I). Similar therapeutic effects were also
obtained in other muscles (Supplementary Material, Fig. S4).
Our results show that limited recovery of fukutin expression
in myofibers, even after disease progression, can successfully
ameliorate the severe phenotype of Myf5-fukutin-cKO mice.

We also constructed recombinant AAV9 vectors containing
the mouse fukutin cDNA under the CMV promoter (AAV9-
CMV-fukutin), which is commonly used for driving the ex-
pression of transgenes in a wide range of cell types. Two
months after tail-vein injection in 4-week-old Myf5-fukutin-
c¢KO mice, we observed therapeutic effects similar to those
observed in AAV9-MCK-fukutin-treated Myf5-fukutin-cKO
mice (Supplementary Material, Fig. S5). There was no
obvious difference in the efficiency for the recovery of ITH6
immunoreactivity (the proportion of ITH6-positive to laminin-
positive fibers) between the cases of AAV9-MCK-fukutin
(774 £ 3.8%, n=175) and AAV9-CMV-fukutin (74.8 + 3.6%,
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Figure 4. Gene transfer of fikutin via AAV9 intramuscular injection into MyfS-fukutin-cKO mice. AAV9-MCK-fukutin was administered to 1-week-old (A-D)
and 8-week-old (E—J) Myf5-fukutin-cKO mice via intramuscular injection. Two months after the gene transfer, recovery of fukutin protein and «-DG glycosyla-
tion was confirmed by western blotting (A and E) and ITH6-immunofluorescence staining (B and F) (bar = 50 um). For fukutin protein expression and a-DG
modification, total lysate and wheat germ agglutinin-enriched fractions, respectively, were subjected to western blotting. In both cases, -DG was used as a
loading control. Western blotting results for two AAV-treated mice are shown. Therapeutic effects were quantitatively evaluated in terms of the proportion
of myofibers with centrally located nuclei (D; P = 0.001, J; P = 0.023), connective tissue infiltration (H; P = 0.016) and fiber size variation (I; *P < 0.05).
Data shown are mean + SEM for each group (» is indicated in the graph). *P < 0.05 compared with non-treated cKO mice (Mann—Whitney U test).

“n = 5). In addition, the population of myofibers with centrally
located nuclei was significantly improved (Supplementary
Material, Fig. S5I). We also examined the effects of intraper-

itoneal injections of AAV9-CMV-fukutin in 1-week-old

Myf5-fukutin-cKO mice. Two months after the injections,
we observed partial recovery of o-DG glycosylation and
amelioration of the pathology compared with that observed
in non-treated Myf5-fukutin-cKO mice (Supplementary
Material, Fig. S6A-D).

The predominant mutation in FCMD is a retrotransposon
insertion (4). We previously generated a transgenic knock-in
mouse model carrying this insertion (29). The knock-in
Hp/~ mice represent compound heterozygotes for the inser-
tion and a nonsense fukutin mutation. Although Hp/— mice
show abnormal glycosylation of a-DG, a small amount of
intact «-DG is also present; this prevents muscular dystrophy
(29). We administered intraperitoneal injections of
AAVI-CMV-fukutin to 1-week-old Hp/— mice and examined
a-DG glycosylation status after 16 and 48 weeks. We detected
increased levels of fukutin expression and IIH6-positive a-DG
in the AAV-treated Hp/— skeletal muscles even 48 weeks
after the gene transfer (Supplementary Material, Fig. S6E).
These data suggest that the transferred fukutin gene persists

in correcting abnormal glycosylation of a-DG for a consider-
able length of time.

DISCUSSION

In this study, we developed and analyzed two distinct fidkutin
cKO mice to understand the pathogenesis and to establish a
therapeutic strategy for dystroglycanopathy. Our data showed
that MPC-selective Myf5-fukutin-cKO mice exhibited more
severe phenotypes of muscular dystrophy than myofiber-
selective MCK-fukutin-cKO mice. Very recently, Campbell
and colleagues also generated fukutin cKO mice, using
Myf5-Cre and MCK-Cre mice (30). Pathological analysis of
our Myf5-fukutin-cKO and MCK-fukutin-cKO mice showed
results that were mostly consistent with those reported by
Campbell and colleagues: increased serum CK levels in both
cKO lines; milder phenotypes of MCK-fukutin-cKO than
Myf5-fukutin-cKO; and decreases in grip strength, body mass
and longevity of Myf5-fukutin-cKO mice. Our study includes
further detailed histopathological characterization of the
disease onset and progression in both lines. More importantly,
our present study clarifies features of dystroglycanopathy that
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Figure 5. Systemic gene transfer of firkutin into Myf5-fukutin-cKO mice. AAV9I-MCK-fukutin was administered to 4-week-old Myf5-fukutin-cKO mice via tail
vein injection. Two months after the gene transfer, the skeletal muscles were analyzed and compared with non-treated Myf5-fukutin-cKO muscles. Recovery of

fukutin protein and a-DG modification was confirmed by western blotting (A) and immunofluorescence (B) (bar = 50 wm). For fukutin protein expression and -

«-DG modification, total lysate and wheat germ agglutinin-enriched fractions, respectively, were subjected to western blotting. In both cases, B-DG was used as a

loading control. Therapeutic effects were evaluated by body weight change (C; P

=10.016 and 0.01 for 10 and 12 weeks, respectively) and muscle weight change

(D; P =0.047 for tibialis anterior, and 0.014 for other muscles), grip strength (E; P = 0.007 and 0.003 for 8 and 12 weeks, respectively), H&E staining (F)
(bar = 50 pm), connective tissue infiltration estimated by quantification of collagen I immunoreactive areas (G; P = 0.028), fiber size variation (H; *P <
0.05) and central nucleation (I). Data from the tibialis anterior muscle are shown (F—I). Histopathology (F) and quantitative analyses (G and H) indicate ameli-
oration of disease severity after the gene transfer. Data shown are mean + SEM for each group (» is indicated in the graph). *P < 0.05 compared with the non-
treated cKO mice (Mann—Whitney U test). TA, tibialis anterior; Quad., quadricep.

enhance our understanding of its pathogenesis—specifically,
the trigger initiating disease pathogenesis and the biological
mechanism underlying the severe phenotype.

Our study provides direct evidence using presymptomatic
fukutin-deficient mice that myofiber membrane fragility trig-
gers disease manifestation. Although histological data in
both studies suggested regeneration delay or impairment in
Myf5-fukutin-cKO skeletal muscles, our study provides the
first direct evidence for impaired MPC activity and viability

using the isolated myoblast culture system. We observed
that the proliferation and differentiation activities of the iso-
lated MPCs from little-affected young Myf5-fukutin-cKO
muscles were decreased, which may suggest that fukutin-
dependent modification of a-DG plays a role in MPCs. Fur-
thermore, our data showed that MPC proliferation and
muscle regeneration deteriorate more severely as the disease
progresses. The mechanisms underlying the decreases in the
number of isolated satellite cells and MPC proliferation are
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currently unknown. It has been suggested that satellite cells
express properly glycosylated a-DG (31) and that myoblasts/
MPCs also express properly glycosylated o-DG although its
signals are relatively weak compared with those of myotubes
(32,33). The basement membrane of skeletal muscle contains
DG ligands, laminins and perlecan. It is well established that
interactions between the extracellular matrix and cell-surface
receptors are involved in cell survival signaling (34). Since
it has been proposed that DG-ligand interactions are also
involved in cellular signaling mechanisms such as survival
and apoptosis pathways (35,36), it is possible that loss of
a-DG glycosylation may affect survival signaling regulated
by a-DG-basement membrane interaction. In addition, since
the Myf5-fukutin-cKO myofibers showed an earlier reduction
of fukutin compared with those of MCK-fukutin-cKO, there is
a possibility that earlier loss of a-DG glycosylation in myofi-
bers affects disease progression and severity. For example, the
absence of «-DG glycosylation during postnatal/juvenile
muscle growth and development may have a high impact on
muscle degeneration and/or dystrophic pathology in later
stages.

As for other muscular dystrophy models with defects in the
dystrophin—glycoprotein complex, impaired muscle regener-
ation has also been reported in MORE-DG null mice, in
which the DG gene (Dagl) is ablated in all cells in the
embryo (31), and in older (>1 year) dystrophin-deficient
mdx and sarcoglycan-deficient mice (31). The regeneration
defects in our Myf5-fukutin-cKO mice appeared at a relatively
young age (~3 months), but at this age, Myf5-fukutin-cKO
mice already show severe dystrophic pathology. The patho-
logical environment may interfere with efficient muscle regen-
eration, resulting in decreased regeneration activity as the
disease progresses (37). A very recent study also suggested
that alterations to the basal lamina microenvironment perturb
regeneration potential in dystroglycanopathy (38). Moreover,
our data suggest that multiple cycles of degeneration/regener-
ation may also affect MPC viability, which is consistent with a
previous study showing that the progressive exhaustion of
functional muscle satellite cells is associated with severe dys-
trophic phenotype (39). It appears that these disease environ-
ments and impaired MPC viability caused by loss of
fukutin-dependent modification additively deteriorate regener-
ation activity, eventually leading to severe and rapid progres-
sive pathology. Together, we conclude that defects in MPC
activity contribute to the severe pathology of dystroglycanopa-
thy and propose that dystroglycanopathy is a regeneration-
defective disorder. ;

We observed that some muscle specimens from
16-week-old Myf5-fukutin-cKO mice showed mild pheno-
type, which was consequently supported by the presence of
functionally glycosylated o-DG. Beedle et al. (30) also
reported that fukutin deletion resulted in moderate to severe
muscular dystrophy using Myf5-Cre mice. Because phenotyp-
ic variation in our Myf5-fukutin-cKO colony was rarely seen
before 12 weeks of age, the variation may be secondary to
disease progression. The less phenotypic variation in our col-
onies could also be due to the number of backcross on C57BL/
6 (backcross: more than seven). We speculate that during
frequent cycles of muscle degeneration/regeneration, Myf5-
independent or less-expressed myogenic cells (40) may be
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activated and differentiated into myofibers in which the
fukutin gene escaped Cre-mediated recombination.

Many cases of dystroglycanopathy show the most severe
skeletal muscle phenotype, and the severe/typical dystroglyca-
nopathy patients end their short lives without ever standing or
walking. Although an increasing number of patients are being
diagnosed with dystroglycanopathy worldwide, there have
been no therapeutic studies on dystroglycanopathy models
after the disease progresses. In this study, for the first time,
we succeeded in ameliorating the disease severity in dystro-
glycanopathy mouse models based on the pathomechanism.
It is of importarice that limited rescue of fukutin protein in
myofibers of Myf5-fukutin-cKO muscles, which have MPC
defects, ameliorated the severe phenotype. These data
suggest that even after functional and/or substantial loss of
MPC occurs, prevention of disease-causing defects in myofi-
bers is a probable therapeutic strategy for muscular dystrophy.
Moreover, it is noteworthy that therapeutic effects of the ex-
ogenous fukutin gene were achieved with relatively lower
AAV titers than those used in other gene therapies for struc-
tural proteins such as dystrophin and sarcoglycans (41-43).
Our results showed that titers that were ~2 orders of magni-
tude less than those required in previous studies were suffi-
cient to produce a therapeutic effect in Myf5-fukutin-cKO
mice. This is consistent with our previous study, which sug-
gested that only a little amount of fukutin is necessary to
prevent muscular dystrophy (29). Most dystroglycanopathy
genes are identified as glycosyltransferases (11,12,15) or
hypothesized to have enzyme-like properties, suggesting that
a small amount of exogenous gene would be sufficient for pro-
ducing therapeutic effects. A small dose of AAV vectors could
lower the chances of adverse effects such as immune
responses in human (44). In addition, the cDNA sizes of
fukutin as well as other dystroglycanopathy genes are suitable
for AAV vectors. Taken together, we propose that gene trans-
fer is a promising therapeutic strategy for the amelioration of
the severe skeletal muscle pathology of dystroglycanopathy.
Human dystroglycanopathy is frequently accompanied by
brain and, often, cardiac disorders (1,45). The efficacy of
AAYV delivery to these affected tissues, timing of administra-
tion and therapeutic effects in other fukutin-cKO models
should be examined in the future. Although therapeutic inter-
ventions that rescue the developmental defects of dystroglyca-
nopathy (such as anomalies in brain structure) are difficult at
present, amelioration of the muscle phenotype would be
highly beneficial to patients and their families. For example,
such treatment might improve patients’ physical abilities and
postpone the need for respiratory interventions until much
later in the course of the disease. Increased physical activity
could positively influence both mental development and
social interactions. Overall, this study may facilitate future
clinical translational research in the field of dystroglycanopa-
thy treatment.

MATERIALS AND METHODS
Generation of fukutin ¢KO mice

Construction of the targeted allele, establishment of targeted
embryonic stem (ES) cells and generation of the chimera
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and F1 mice were carried out by Unitech Co. (Kashiwa,
Japan). Briefly, exon 2 of mouse fikutin was flanked by two
loxP sequences (Supplementary Material, Fig. S1A). An Flp
recognition target-flanked neo-cassette was inserted upstream
of exon 2. The targeting vector was electroporated into
C57BL/6 mouse ES cells. Positive clones were selected, and
homologous recombination was confirmed by Southern blot-
ting (Supplementary Material, Fig. SI1B). The targeted ES
cells were injected into blastocysts (BALB/c), and then,
chimera mice were bred with C57BL/6 mice to generate
founder mice. The founder mice were crossed with the FLPe
transgenic mice, producing heterozygous flox mice without
the neo-cassette (fukutin’®*"). The heterozygous flox mice
yvxe/{e)intercrossed to obtain homozygous flox mice (fukutin-
OX/t0X).

MCK-Cre mice (22) [MCK-Cre™(+), backcrossed for at
least 10 generations to C57BL/6] and Myf5-Cre knock-in
mice (23) [Myf5-Cre*/(+)] were obtained from The Jackson
Laboratory. Myf5-Cre mice were backcrossed for more than
six generations to C57BL/6 before crossing with fiskutin'*""*
mice. The heterozygous fikutin”" carrying MCK-Cre
[fikutin'*:MCK-Cre™8(+)] or Myf5-Cre [fikutin™*:Myfs-
Cre®(+)] were then bred with fikutin®'** mice to obtain
¢KO mice. Using this breeding strategy, we obtained the fol-
lowing four genotypes (Supplementary Material, Fig. S1C):
for MCK-fukutin-cKO line—[fitkutin'™"**: MCK-Cre"8(—)]
(used as WT control), [fukutin'™""*:MCK-Cre™8(+)] (used as
cKO), [fikutin™*:MCK-Cre™(+)] (used as heterozygous
control, HET) and [fukutin'®":MCK-Cre™(—)]; and for the
- Myf5-fukutin-cKO line—[fukutin'®*: Myf5-Cre’{(—)] (used
as WT), [fukutin®*Myf5-Cre®(+)] (used as cKO),
[fickutin™*: Myf5-Cre®(+)] (used as HET) and [fukutin™™":
Myf5-CreXl(=)]. Alternatively, we crossed cKO mice with
fukutin™*"°* mice to obtain two genotypes: WT and cKO (Sup-
plementary Material, Fig. S1C). Genotyping was performed
using PCR (Supplementary Material, Fig. S1D). Primer
sequences and PCR conditions are available on request.
Mice were maintained in accordance with the animal care
guidelines of Unitech Co. Ltd., Osaka University and Kobe
University.

Antibodies

Antibodies used in western blots and immunofluorescence
were as follows: mouse monoclonal antibody 8DS5 against
B-DG (Novacastra); mouse monoclonal antibody IIH6
against glycosylated a-DG (Millipore); goat polyclonal anti-
body against the C-terminal domain of the a-DG polypeptide
(AP-074G-C) (29); goat polyclonal anti-fukutin antibody
(106G2) and rabbit polyclonal anti-fukutin antibody
(RY213) (5); rat anti-laminin antibody 4H8-2 (Alexis Bio-
chemicals); rabbit polyclonal anti-collagen I antibody (AbD
Serotec); and mouse monoclonal anti-embryonic myosin anti-
body (The Developmental Studies Hybridoma Bank, Univer-
sity of Iowa). A rat monoclonal antibody against the o-DG
core protein (3D7-7) was generated using the recombinant
a-DG-Fc fusion protein (46); hybridoma clones were selected
for reactivity to the C-terminal domain of the «-DG polypep-
tide. To reduce high background staining of IIH6 in severely
affected skeletal muscle sections, commercial IIH6 was

labeled with biotin. The ITH6-IgM fractions were prepared
from ascites, using protein L-beads (Pierce) and then biotiny-
lated (EZ-Link Micro Sulfo-NHS-Biotinylation Kit; Pierce)
according to the manufacturer’s instructions.

Preparation of fukutin and DG

Endogenous fukutin was enriched by immunoprecipitation
using polyclonal goat anti-fukutin antibody (106G2) from
the skeletal muscle lysates. The immunoprecipitated materials
were subjected to western blotting using polyclonal rabbit
anti-fukutin antibody (RY213). DG from solubilized skeletal
muscle was enriched with wheat germ agglutinin-agarose
beads (Vector Laboratories) as previously described (29).

Histological and immunofluorescence analyses

For histological and immunofluorescence staining, cryosections
(7 wm thick) were prepared. For H&E staining, sections were
stained for 2 min in hematoxylin, 1 min in eosin, and then dehy-
drated with ethanol and xylene. The slides are washed with 0.5%
glacial acetic acid, dehydrated and then mounted. For immuno-
fluorescence analysis, sections were treated with cold ethanol/
acetic acid (1:1) for 1 min, blocked with 5% goat serum in
MOM mouse Ig blocking reagent (Vector Laboratories) at
room temperature for 1h, and then incubated overnight with
primary antibodies diluted in MOM diluent (Vector Laborator-
ies) at 4°C. The slides were washed with phosphate-buffered
saline (PBS) and incubated with Alexa Fluor 488-conjugated
or Alexa Fluor 555-conjugated secondary antibodies (Molecu-
lar Probes) at room temperature for 30 min. Sections were
observed by fluorescence microscopy (Leica DMR, Leica
Microsystems and BZ9000, Keyence). Quantification of the

number of Pax7-positive cells and the population of Pax7/ |

MyoD-double-positive cells was performed as previously
described (47).

Quantitative and statistical analysis

For quantitative evaluation of muscle pathology, the propor-
tion of myofibers with centrally located nuclei in at least
1000 fibers for each individual was counted. For the evalu-
ation of connective tissue infiltration, the immunofluorescence
signal of collagen I was quantitatively measured using the
ImageJ software. For the assessment of myofiber size vari-
ation, areas of individual myofibers on transverse sections
were measured using the Image] software. Data represent
means with SEM, and P-values <0.05 were considered statis-
tically significant (Mann—Whitney U test).

Preparation and culture of MPCs

Mononuclear cells from uninjured limb muscles were prepared
using 0.2% collagenase type II (Worthington Biochemical) as
previously described (28,48). Approximately 3—5 x 10° or
3-9 x 10° mononuclear cells from young mice (2-week-old)
or adult mice (4-month-old), respectively, were subjected to
MPC isolation experiments. Mononuclear cells derived from
the skeletal muscles were stained with FITC-conjugated anti-
CD31 (Pecaml, Mouse Genome Informatics), anti-CD45
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(Ptprc, Mouse Genome Informatics), phycoerythrin-conjugated
anti-Scal (Ly6a, Mouse Genome Informatics) and biotinylated
SM/C-2.6 antibodies (28). Cells were then incubated with 1:400
streptavidin—allophycocyanin (BD Biosciences) on ice for
30 min and resuspended in PBS containing 2% fetal calf
serum (FCS) and 2 pg/ml propidium iodide (PI). Cell sorting
was performed using an FACS Aria II flow cytometer (BD
Immunocytometry Systems). Debris and dead cells were
excluded by forward scatter, side scatter and PI gating. Data
were collected using the FACSDiva software (BD Biosciences).
Myogenic cells from the regenerating muscles were also highly
enriched in the SM/C-2.6(4-) CD31(—) CD45(—) Scal(—)cell
fraction.

Freshly isolated myogenic cells were cultured in a growth
medium of high-glucose Dulbecco’s modified Eagle’s
medium (DMEM-HG; Sigma-Aldrich) containing 20% FCS,
2.5 ng/ml basic fibroblast growth factor (FGF2; PeproTech)
and penicillin (100 U/ml)—streptomycin (100 pg/ml) (Gibco
BRL) on culture dishes coated with Matrigel (BD Bios-
ciences). Differentiation was induced in a differentiation
medium containing DMEM-HG, 5% horse serum and penicil-
lin—streptomycin for 3—4 days. Quantitative analysis for cell
proliferation was performed as described previously (47).
Fusion index was estimated as the ratio of nuclei in the
myotubes to all the nuclei in more than four independent
microscopy fields.

CTX experiments

CTX (30 p; purified from the venom of the snake Naja nigri-
collis; Latoxan) was injected intramuscularly (for young mice,
30 ul to the tibialis anterior and 70 wl to the calf; for adult
mice, 50 wl to the tibialis anterior and 100 wl to the calf).
Mock injections used only saline solution. The injected
muscles were examined 5 or 14 days after the injection.
Five days after the injection, areas of individual embryonic
myosin-positive fibers were measured (=300 fibers randomly
chosen from 5-10 regions per toxin-challenged muscle) in
each genotype. Fourteen days after the injection, fiber size
variation was quantitatively evaluated by measuring individual
laminin-positive fibers (>300 fibers) in each genotype.

AAV gene transfer

To generate fukutin-encoding AAV9 vector, the complete open
reading frame of mouse fukutin gene was cloned into the
pAAV-IRES-hrGFP vector (49). The recombinant fukutin-
encoding AAV9 vector was produced as described previously
(49). AAV vectors were injected intramuscularly into the calf
and tibialis anterior (at 1 week to the tibialis anterior, 0.8—
1.6 x 10° vector genome in saline solution; at 1 week to the
calf or at 8 weeks to the tibialis anterior, 2—4 x 10% vector
genome; and at 8§ weeks to the calf, 4-8 x 10° vector
genome). For tail vein injections and intraperitoneal injections,
~2 x 10"and ~1 x 10" vector genome was used, respectively.

Miscellaneous

For western blotting, the proteins were separated using 4—15%
linear gradient SDS—PAGE (Bio-Rad). Gels were transferred

Human Molecular Genetics, 2013 11

to polyvinylidene fluoride membrane (Millipore). Blots were
developed by horseradish peroxidase-enhanced chemilumines-
cence (Supersignal West Pico, Pierce; or ECL Plus, GE
Healthcare). Laminin-binding activity was determined by the
laminin overlay assay as described previously (29). Serum
CK activity was measured using the CPK kit (WAKO). For
Evans blue dye uptake, Evans blue dye (10 mg/ml in saline)
was intraperitoneally injected (100 pl/10 g of body weight).
After 5h, the mice were made to exercise on a downhill
(15°) treadmill for 60 min (MK-680S, Muromachi Kikai).
Twenty-four hours after the exercise, frozen tissue samples
were prepared. Serum was prepared before 24 h and after
2 h of the exercise. Grip strength was measured for 10 con-
secutive trials for each mouse, using a strength meter (Ohara
Ika Sangyo Co. Ltd, Tokyo), and 20% of the top and the
bottom values were excluded to obtain the mean value.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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ABSTRACT

Background: Mutations in the microtubule associated protein tau (MAPT) and progranulin (PGRN) have
been identified in several neurodegenerative disorders, such as frontotemporal lobar degeneration
(FTLD), progressive supranuclear palsy (PSP), and corticobasal syndrome (CBS). Recently, C9orf72 repeat
expansion was reported to cause FTLD and amyotrophic lateral sclerosis (ALS). To date, no comprehensive
analyses of mutations in these three genes have been performed in Asian populations. The aim of this
study was to investigate the genetic and clinical features of Japanese patients with MAPT, PGRN, or
C901f72 mutations.
Methods: MAPT and PGRN were analyzed by direct sequencing and gene dosage assays, and C9o01f72
repeat expansion was analyzed by repeat-primed PCR in 75 (48 familial, 27 sporadic) Japanese patients
with FTLD, PSP, or CBS.
Results: We found four MAPT mutations in six families, one novel PGRN deletion/insertion, and no repeat
expansion in C9orf72. Intriguingly, we identified a de novo MAPT p.S285R mutation. All six patients with
early-onset PSP and the abnormal eye movements that are not typical of sporadic PSP had MAPT
mutations. The gene dosages of MAPT and PGRN were normal.
Discussion: MAPT p.S285R is the first reported de novo mutation in a sporadic adult-onset patient. MAPT
mutation analysis is recommended in both familial and sporadic patients, especially in early-onset PSP
patients with these abnormal eye movements. Although PGRN and C90rf72 mutations were rare in this
study, the PGRN mutation was found in this Asian FTLD. These genes should be studied further to
improve the clinicogenetic diagnoses of FTLD, PSP, and CBS.

© 2012 Published by Elsevier Ltd.

1. Introduction

Mutations in the microtubule-associated protein tau (MAPT) and
the progranulin (PGRN) genes have been identified in families with
frontotemporal dementia and parkinsonism linked to chromosome
17 [1-3]. Recently, two studies reported that the expansion of
a noncoding GGGGCC hexanucleotide repeat in the C901f72 gene is

1353-8020/$ — see front matter © 2012 Published by Elsevier Ltd.

http://dx.doi.org/10.1016/j.parkreldis.2012.06.019
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a major cause of both frontotemporal lobar degeneration (FTLD)
and amyotrophic lateral sclerosis (ALS) [4,5].

Each of these genes can be associated with multiple clinical
entities. Patients with MAPT mutations may receive diagnoses
of frontotemporal dementia (FTD), primary progressive aphasia
(PPA), or progressive supranuclear palsy (PSP). Rarely, corticobasal
syndrome (CBS) or FTD with ALS (FTD-ALS) may be manifested
in these patients [6]. The clinical diagnoses of patients with PGRN
mutations include FID, PPA, and CBS [6]. C901f72 repeat expansion
causes FTD, ALS, FTD-ALS [4,5], PPA [5,7], and CBS [8] phenotypes.
Thus, due to the complicated and often overlapping genetic
and phenotypic variability in these patients, an accurate diagnosis
of these clinical entities before autopsy is often difficult for
clinicians.

To date, few comprehensive screening studies of these three
genes have been performed in Asian populations. The aims of this
study are to characterize the roles of known and, more importantly,
novel disease-causing genes and to investigate the genetic and
clinical features of FTLD, PSP, and CBS patients with MAPT, PGRN,
and C9orf72 mutations. In this study, we also describe the abnormal
eye movements that are generally not observed in sporadic PSP but
occur in early-onset PSP patients bearing MAPT mutations.

2. Methods
2.1. Subjects

We studied 75 Japanese patients who were diagnosed with FTLD, PSP, and CBS
with or without a family history of disease. FTLD was divided into three subclasses:
behavioral variant FTD (bvFID), FTD-ALS, and PPA. The clinical diagnoses were
established according to the consensus criteria for FID [9], PPA [10], PSP {11}, and
CBS [12]. The characteristics of the 75 analyzed patients (69 index patients) are
shown in Table 1. This study was approved by the ethics committee of the Juntendo
University School of Medicine. Each subject provided written informed consent. All
of the subjects in the control cohort were Japanese individuals and were evaluated
by neurologists to ensure that no subjects exhibited any clinical manifestations of
neurodegenerative diseases.

2.2. Genetic analyses

For direct sequence analysis, each exon was amplified by polymerase chain
reaction (PCR) using published primers for MAPT [13] and PGRN [2] in a standard
protocol. Dideoxy cycle sequencing was performed using Big Dye Terminator
chemistry (Applied Biosystems, Foster City, CA). These products were loaded into
ABI310 and 3130 automated DNA sequence analyzers and analyzed with DNA
Sequence Analysis software (Applied Biosystems). To provide a qualitative
assessment of the presence of an expanded (GGGGCC), hexanucleotide repeat in the
C9orf72 gene, we performed repeat-primed PCR as previously described [4]. The
normal repeat number of the GGGGCC hexanucleotide was determined in all of the
patients using genotyping primers, as previously described [4]. The PCR products

Table 1
The clinical diagnoses and characteristics of 75 patients (69 index patients).

Clinical No. %of % of Mean (SD) Familial Sporadic

phenotype total Male AAO (range, years)

FTLD 38 50.7 395 57.1(%12.4),36-78 21 17
bvFTD 29 387 345 545 (+12.6),36-78 18 11
FTD-ALS 2 2.7 100 67.5 (+1.5), 66—69 1 1
PPA 7 93 429 650 (£74), 5877 2 5

PSP 25 333 680 598(£13.0),40-76 18 7

CBS 12 16.0 333 58.4(+9.52),40-71 9 3

Total 75 100 48.0 582 (£12.3),36—78 48 27
Index 69 92.0 464 589 (+124),36-78 42 27
patients
Relatives 6 8 66.7 503 (£6.6), 44—61 6 0

FTLD = frontotemporal lobar degeneration.

bVFTD = behavioral variant frontotemporal dementia.

FTD-ALS = frontotemporal dementia with amyotrophic lateral sclerosis.

PPA = primary progressive aphasia; PSP = progressive supranuclear palsy.
CBS = corticobasal syndrome; SD = standard deviation; AAO = age at onset.

were analyzed on an ABI3130 DNA Analyzer and visualized using Gene Mapper
software (Applied Biosystems).

2.3. Multiplex ligation-dependent probe amplification (MLPA)

To confirm the gene dosages of MAPT and PGRN, we performed MLPA using the
SALSA MLPA P275-B1 MAPT-PGRN kit (MRC-Holland, Amsterdam, The Netherlands).
The DNA detection/quantification protocol was provided by the manufacturer. The
products were quantified using the ABI3130 Genetic Analyzer and Gene Mapper
v3.7 (Applied Biosystems). The kit contains 32 probes, including 13 MAPT probes
(located in exons 1—13) and 5 PGRN probes (located in exons 1, 3, 6, 10, and 12)
located within other genes on chromosome 17q21. The MLPA data were analyzed as
described previously [14].

2.4. Exon-trapping analysis

To determine whether a novel MAPT mutation was pathogenic, we performed an
exon-trapping analysis. We used a wild-type construct and constructs containing
the novel MAPT p.S285R or the IVS10+3 intronic mutation [15]. The MAPT sequences
included exon 10, 34 nucleotides of the upstream intronic sequence and 85
nucleotides of the downstream intronic sequence. The PCR products were subcloned
into the splicing vector pSPL3 (Invitrogen, Carlsbad, CA), and exon trapping was
performed as described previously [15].

2.5. Paternity testing

Microsatellite analysis with 10 markers (D25293, D3S3521, D452971, D55495,
DG6S16171, D752459, D8S1705, D165430, D185450, and D20S842) was performed in
Patient 1 and his parents to confirm paternity.

2.6. TA cloning

The novel PGRN heterozygous deletion/insertion found in this study, PGRN
p.G338RfsX23 (¢.1012_1013delGGinsC), was confirmed by cloning the PCR products
into the pCR4-TOPO Vector using the TOPO TA Cloning kit (Invitrogen) and
sequencing the two haplotypes of the heterozygote.

3. Results
3.1. Results of MAPT analysis

3.1.1. Genetic and molecular analyses of MAPT

In this study, we identified nine patients with MAPT mutations
from six families. Four heterozygous missense mutations in MAPT,
p.l266V, pN279K, pN296N, and the novel p.S285R
(Supplementary Fig. 1), were identified by direct sequencing. None
of the 182 normal Japanese controls included in this study had the
MAPT p.S285R. In addition, we examined the amino acid sequences
of the MAPT protein in other species and found that the site of the
p.S285R mutation was highly conserved (see Supplementary Fig. 2).
The novel p.S285R mutation in MAPT was detected in Patient 1 but
not in his parents (Fig. 1A and Supplementary Fig. 1). The parentage
of this patient and the DNA authenticity were confirmed using
a microsatellite panel (see Supplementary Table 1). These results
suggest that p.S285R is a de novo mutation. To investigate whether
the p.S285R mutation is pathogenic, we performed an exon-
trapping analysis. The p.S285R mutation produced a marked
increase in the splicing of exon 10 (Fig. 1B) and resulted in the
overproduction of tau isoforms that contain 4-repeat tau, such as
IVS10+3 [15]. These results indicate that the p.S285R mutation is
a novel, de novo pathogenic mutation. Previously, p.L266V,
p.N279K, and p.N296N had been reported as pathogenic mutations
[16—18].

Table 2 lists the clinical features of all of the MAPT- and PGRN-
positive patients in this study, and Supplementary Fig. 3 shows
Pedigrees C, D, E, F, and G. The average age at disease onset
of patients with a single heterozygous MAPT mutation was
423 =+ 2.9 (range: 37—46) years. MLPA analysis showed no gene
dosage abnormalities (multiplications or deletions) in MAPT in this
cohort.
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Fig. 1. (A) The pedigrees of families A and B. (B) Exon-trapping analysis for the effects of the MAPT p.S285R mutation on exon 10 splicing. (C) Horizontal electro-oculogram

recordings in Patient 2.

3.1.2. (linical presentations of MAPT-positive patients with the
abnormal eye movements that are generally not observed in
patients with sporadic PSP

3.1.2.1. Patient 1 (MAPT p.S285R). This patient was a 46-year-old
man who presented with difficulty speaking and breathing. The
patient had no family history of dementia or movement disorders
(Fig. 1A). A physical examination revealed gait disturbance, limb
bradykinesia, and frequent falling. At age 47, the patient exhibited
palilalia and a mild obsession with eating. The patient’s Mini-
Mental State Examination (MMSE) score was 28/30, but his
Frontal Assessment Battery score was 12/18. The patient exhibited
a slowing of saccadic eye movements with a relative preservation of
smooth pursuit, vertical supranuclear gaze palsy, and tonic upward
ocular fixation (see Video Supplement); when the patient's eyes
opened after closing, they remained fixated upward and could not
be moved voluntarily to the primary position (ie., Bell’s phenom-
enon remained). To overcome this disability, the patient extended
his neck, which resulted in a reflex downward movement of the
eyes (the vestibulo-ocular reflex), and next he slightly flexed his
neck to a neutral position with his eyes in the primary position.
Later, the patient developed bradykinesia and postural instability
with frequent falling. .-dopa/benserazide (up to 900 mg/day) was
ineffective. The patient’s condition gradually deteriorated, and he
developed dementia, retrocollis, vertical and horizontal supra-
nuclear palsy, and bradykinesia. At age 49, the patient died of
suffocation from the aspiration of food material. No autopsy was
performed. The clinical diagnosis was probable PSP.

3.1.2.2. Patient 2 (MAPT p.N279K). This patient was the older
brother of Patient 3 (Fig. 1A). Patient 2 was a 42-year-old man who
exhibited oscillopsia, micrographia, and a shuffling gait. This
patient reported having had nystagmus without oscillopsia since
childhood. A neurological examination revealed marked horizontal
nystagmus. The patient’s pupils were isocoric, and his visual acuity
was normal. The patient presented with rigidity, bradykinesia, and
postural tremor in the upper limbs. Electro-oculography revealed
horizontal pendular nystagmus in the primary position and in all
gaze directions (Fig. 1C). 1-dopa/benserazide at 200 mg/day mildly
alleviated his parkinsonism. Two years later, the patient developed
prominent postural instability and became prone to falling. Upward
and downward gaze palsy and apraxia of eyelid opening were also
noted. At that time, the clinical diagnosis was possible PSP with

a family history of dementia and parkinsonism. The patient’s
cognitive function deteriorated gradually. At age 52, he was
bedridden and required a gastrostomy. The patient died of pneu-
monia at age 54. A postmortem pathological examination of the
brain revealed mild atrophy of the frontal lobe and the tegmentum
of the midbrain and. pons. Microscopic analysis showed severe
degenerative changes in the substantia nigra and the subcortical
nuclei. Immunohistochemistry using anti-phosphorylated tau (p-
tau) antibodies revealed numerous tau-positive neuronal and glial
inclusions in the frontotemporal cortex, white matter, and the
subcortical nuclei (see Supplementary Fig. 4). These p-tau deposits
reacted with anti-4-repeat tau antibodies but not with anti-3-
repeat tau antibodies.

3.1.2.3. Patient 3 (MAPT p.N279K). This patient was the younger
brother of Patient 2 (Fig. 1A). At age 44, Patient 3 noticed clumsiness
in his right hand and oscillopsia. The patient reported having
nystagmus since childhood. A neurological examination revealed
large, horizontal pendular nystagmus in the primary position and
in all gaze directions. The patient’s visual acuity, pupils, and light
reflexes were all normal. Mild bradykinesia and rigidity in the neck
and the right upper limb were noted. Postural tremor in both hands
and the tongue and postural instability were observed. Treatment
with 600 mg/day of r-dopa/carbidopa was not effective. The
patient’s oscillopsia gradually worsened, and eventually he was
unable to read printed materials. At age 47, the patient developed
upward and downward gaze palsy, slowing of saccades, and apraxia
of eyelid opening. The patient had prominent postural instability
and was prone to falling. The patient’s first clinical diagnosis was
possible PSP with a family history of dementia and parkinsonism.
The patient died at age 56. An autopsy was not performed.

3.1.2.4. Patients 5, 6, and 7 (MAPT p.N279K). The clinical presen-
tations of these three patients have been described previously [19].
All three patients had clinical diagnoses of possible PSP (Table 2)
and visual grasping [19,20].

3.2. Results of PGRN analysis
3.2.1. Genetic Analyses of PGRN

We identified one patient with a PGRN mutation (Table 2,
Supplementary Fig. 3). One novel heterozygous deletion/insertion
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Table 2
Clinical features of patients with MAPT and PGRN mutations.
Family A B D E F G
Patient 1 2 3 4 5 6 7 8 9 10
Gene MAPT PGRN
Genotyping Heterozygous
Nucleotide change c853A>C ¢837T>G ¢837T>G ¢837T>G c837T>G ¢837T>G ¢837T>G ¢796C>G ¢888T > C ¢1012_1013delGGinsC
Amino acid change p.S285R p-N278K p.N279K p.N279K p.N279K p.N279K p.-N279K p.L266V p.N296N  p.G338RfsX23
Exon 10 10 10 10 10 10 10 9 10 9
Mode of inheritance de novo AD AD AD NA AD AD AD AD AD
Age at onset, years 46 42 44 46 41 42 43 37 44 59
Age at evaluation, years 47 47 45 50 44 44 45 38 49 61
Age at death, years 49 54 56 alive 51 54 51 alive alive alive
Sex M M M M F F F F M F
Clinical syndromes PSP PSP PSP PSP PSP PSP PSP bvFTD PSP PPA
Clinical features
Initial symptoms P P P P P P P dementia P aphasia
Personality/behavior ~ — + - - - - + + -
changes
Mini mental state 2830 NA NA 28/30 NA NA NA 0 24/30 29/30
examination score
Hasegawa dementia NA 18/30 NA NA 21/30 2830 30/30 0 21/30 29/30
scale-revised?®
Nonfluent - - - - - - - - - +
spontaneous speech
Apraxia of - + + + + + + - - -
eyelid opening
Abnormal
eye movements
Supranuclear + —+ + + + + + - + -
gaze palsy
Tonic upward ocular + - - - - — - - - -
fixation
Oscillopsia with (N~ — + - - - - - - -
Visual grasping - - - - + + + - - -
Parkinsonism
Bradykinesia + + + + + + + = + -
Rigidity - + + + + + + - + -
Tremor - + + - - - - - — -
Postural instability — + + + + + + + - + -
Response to i-dopa  — partial® - partial® partial® partial® partial® NA + NA
Pyramidal sign + - NA - -+ - + + —+ -
Features of mator — - - - - — - - — -
neuron disease
Reference [19] [19] [19]

AD = autosomal dominant.
P = parkinsonism; NA = not available.
CN = congenital nystagmus; PSP = progressive supranuclear palsy.

bVFTD = behavioral variant frontotemnporal dementia; PPA = primary progressive aphasia.

2 The Hasegawa dementia scale-revised is a brief dementia screening scale. The maximum score of the Hasegawa dementia scale-revised is 30 points. There was a significant
difference in the mean score between the demented and non-demented subjects when the cut-off point was set at 20/21 [31].

b A partial response to L-dopa indicates that 1-dopa was-effective only in the early stages.

mutation in PGRN, p.G338RfsX23 (c.1012_1013delGGinsC), was
detected by direct sequencing and TOPO TA cloning sequencing
(Supplementary Fig. 1). None of the 182 normal Japanese controls
included in this study had the PGRN p.G338RfsX23
(€1012_1013delGGinsC) mutations. The age at disease onset of the
patient with the heterozygous PGRN deletion/insertion was 59
years. Novel PGRN variants with unknown significance, p.R18Q and

Table 3
Novel variants with unknown significance.

p.N118del, are listed in Table 3. MLPA analysis showed no gene
dosage abnormalities in PGRN.

3.2.2. A clinical presentation of a novel PGRN mutation

3.2.2.1. Patient 10 (PGRN p.G338RfsX23, ¢.1012_1013delGGinsC). This
patient, a 59-year-old woman, developed word-finding difficulties
and underwent surgical clipping at age 54 for an unruptured

Gene Nucleotidechange Amino acid Exon Amino acid Mean Frequency P value Clinical diagnosis
change conservation AAOQ (years) Patients N (%) Controls N (%)

PGRN c56G > A p.R19Q 1 not conserved 66 1/69 (1.4) 0/186 (0) 0.605 PSP (n=1)

PGRN  ¢.352_354delAAC p.N118del 4 not conserved 53 3/69 (4.3) 3/272 (1.1) 0.187 bvFTD (n = 3)

AAO = age at onset.
PSP = progressive supranuclear palsy.
bVFTD = behavioral variant frontotemporal dementia.
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aneurysm of the left middle cerebral artery. The patient’s mother
suffered from dementia, but the details of her disease were
unknown. The patient substituted words for names of people and
objects. Two years after the onset of symptoms, the patient became
severely disfluent. However, she did not show any violent behavior,
personality changes, or other behavioral abnormalities. The patient
scored 29/30 on the MMSE. On the frontal assessment battery, she
scored 13/18. The patient’s time to complete the Trail Making Test
(TMT) A was 70 s, and she could not finish the TMT B within five
minutes. Her spontaneous speech production was characterized by
slow and hesitant speech, frequently interrupted by long word-
finding pauses. Her motor speech abilities were within the
normal limits, and no apraxia of speech was noted. No parkin-
sonism was observed. The patient’s clinical diagnosis was PPA with
a family history of dementia.

3.3. Results of C901f72 analysis

We identified no patients with expanded hexanucleotide
repeats in C901f72 in this study. In 75 patients, the average repeat
number based on fluorescent fragment-length analysis was
3.77 £ 2.56 (range 2—11 repeats). We have previously reported that
an analysis of 197 Japanese healthy controls did not find any
C9orf72 mutation. The average repeat number was 3.69 + 2.46
(range 2—14 repeats) in the 197 controls [21].

4. Discussion

We identified five MAPT mutations, including a novel de novo
mutation and a novel PGRN mutation, and we found no C9orf72
mutations in our 75 patients. More mutations were found in MAPT
than in the other two genes evaluated in this study. The infrequent
observation of PGRN and C9orf72 mutations might be partly due to
the small number of FTLD patients included (n = 38) because the
majority of PGRN and C9orf72 mutations have been described in
patients with FTLD. In contrast to most other mutation screening
studies, we performed MLPA analysis to ensure that exonic or larger
deletions or multiplications of MAPT and PGRN would be identified.
Therefore, our data also show that multiplications of MAPT and
exonic or genomic deletions in PGRN are rare in Asian populations.
Although mutations were detected in FTLD and PSP patients, we
did not find any mutations in our CBS patients. A further larger
study and investigation of the other genes are needed to clarify the
genetic background of Japanese patients with CBS.

The MAPT p.S285R mutation, which we found in this study, is
a novel de novo mutation. To the best of our knowledge, this report
is the first description of an adult sporadic case of a de novo MAPT
mutation associated with dementia and parkinsonism. All six
patients (Patients 1, 2, 3, 5, 6, and 7) with PSP and the distinct eye
movements described in the present study (such as tonic upward
ocular fixation, oscillopsia with congenital nystagmus, and visual
grasping) harbored MAPT mutations. Below, we discuss these
abnormal eye movements, which are generally not observed in
patients with sporadic PSP.

In Patient 1 (MAPT p.S285R), we observed tonic upward ocular
fixation, which is a loss of downward saccades resembling an
acquired ocular motor apraxia [22]. This condition is characterized
by a loss of voluntary control of saccades and pursuit, whereas
reflex movements—in particular, the vestibulo-ocular reflex—were
preserved. Acquired ocular motor apraxia is usually the result of
bilateral frontal or frontoparietal infarcts. Therefore, tonic upward
ocular fixation due to a MAPT mutation might share “supranuclear”
cerebral lesions in common with ocular motor apraxia. Brainstem
functions, including the vestibulo-ocular reflex and Bell's
phenomenon, were preserved in Patient 1.

In Patients 2 and 3 (MAPT p.N279K), pendular nystagmus was
present since childhood and was suppressed with eyelid closure.
These features are consistent with congenital nystagmus [23]. Most
patients with congenital nystagmus do not complain of oscillopsia,
despite having nearly continuous eye movement [23). Notably,
Patients 2 and 3 noticed oscillopsia when they developed parkin-
sonism. In these siblings, cerebral lesions caused solely by a MAPT
mutation were unlikely to be the cause of their nystagmus; however,
the co-existence of congenital nystagmus and the MAPT mutation
might have caused the oscillopsia. This notion is supported in part
because the patients had a sister who remained healthy — even in
her late 60s — and did not complain of oscillopsia, despite having
obvious pendular nystagmus (Fig. 1A). Thus, MAPT mutations might
impair the visual-motion processing pathways that would normally
suppress oscillopsia in patients with common congenital
nystagmus. Visual grasping, which was first described by Ghika et al.
[20], was observed in Patients 5, 6, and 7 (MAPT p.N279K) [19].

Although PSP is a rare manifestation of MAPT mutation [24], and
the routine screening of sporadic PSP for mutations in MAPT is not
recommended because of low yield [25], it is recommended that
screening be considered for families in which there is an autosomal
dominant history of a PSP syndrome, particularly when there are
accompanying features suggestive of bvFTD [24]. The clinical
difference from sporadic PSP might sometimes be difficult to
detect, especially in patients without a family history [26—28];
however, an important case report indicated that an age at disease
onset under 50 years combined with the absence of early falling
may indicate a possible MAPT mutation in clinically diagnosed PSP,
even in the absence of a positive family history [26]. Consistent
with this observation, our eight MAPT-positive patients with PSP
phenotype were younger than 50 years at disease onset (Table 2).
We further suggest that it may be useful to test for MAPT mutations
in early-onset PSP patients with the abnormal eye movements that
are not typical of sporadic PSP. In fact, we identified the novel de
novo mutation p.S285R in Patient 1 and p.N279K in Patient 5, who
had no family history, after focusing on these clinical phenotypes.

To the best of our knowledge, the PGRN mutation has not been
previously described in Asian populations {29]. We detected a novel
PGRN mutation, p.G338RfsX23 (c.1012_1013delGGinsC), and thus
showed that PGRN mutations may exist in Asian populations. This
mutation introduces a premature termination codon at the same
site as the p.G333V{sX28 (c.998delG) mutation, which was re-
ported previously, and produced a PPA phenotype in all of the
affected individuals [30]. The PPA phenotype of p.G338RfsX23
(€1012_1013delGGinsC) in our study is remarkably similar to that
of p.G333VfsX28 (c.998delG), especially in the manifestation of
word-finding and object-naming difficulties and the lack of
memory or personality changes during the first few years after
symptom onset. We believe that the mutant RNA in both cases is
most likely subjected to nonsense-mediated decay, similar to other
PGRN mutations [2].

In summary, based on these findings, we recommend genetic
testing for MAPT mutations not only in familial patients but also in
sporadic patients, especially early-onset PSP patients with the
abnormal eye movements that are generally not observed in
sporadic PSP. Although PGRN and C9orf72 mutations were rare in
this study, we determined that the PGRN mutation does exist in
Asian patients with FTLD (PPA). Based on the clinical information,
screening for MAPT, PGRN, and C90rf72 mutations should be further
undertaken to improve the diagnosis of specific clinical entities of
neurodegenerative disorders.
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Parkinson’s disease genes PINK1 and parkin encode kinase and ubiquitin ligase, respectively. The gene
products PINK1 and Parkin are implicated in mitochiondrial autophagy, or mitophagy. Upon the loss of
mitochondrial membrane potential (A¥m), cytosolic Parkin is recruited to the mitochondria by PINK1
through an uncharacterised mechanism - an initial step triggering sequential events in mitophagy. This
study reports that Ser65 in the ubiquitin-like domain (Ubl) of Parkin is phosphorylated in a
PINK1-dependent manner upon depolarisation of A¥m. The introduction of mutations at Ser65 suggests
that phosphorylation of Ser65 is required not only for the efficient translocation of Parkin, but also for the
degradation of mitochondrial proteins in mitophagy. Phosphorylation analysis of Parkin pathogenic
mutants also suggests Ser65 phosphorylation is not sufficient for Parkin translocation. Our study partly
uncovers the molecular mechanism underlying the PINK1-dependent mitochondrial translocation and
activation of Parkin as an initial step of mitophagy.

/ utations of the PINKI gene cause selective degeneration of the midbrain dopaminergic neurons in
% autosomal recessive juvenile Parkinson’s disease (PD)'. The PINKI gene encodes a serine/threonine
iV W kinase with a predicted mitochondrial target sequence and a putative transmembrane domain at the N-
terminus®®. Loss of the PINK1 gene in Drosophila results in the degeneration of mitochondria in cells with high
energy demands, such as muscle and sperm cells, which is suppressed by the introduction of the parkin gene,
another gene responsible for autosomal recessive juvenile PD*®, The gene product Parkin encodes a RING-finger
type ubiquitin ligase (E3) with a Ubl domain at the N-terminus®2.

A series of cell biological studies have provided strong evidence that there are important roles for PINK1 and
Parkin in regulating mitochondrial homeostasis. PINK1 is constitutively proteolysed by the mitochondrial
rhomboid protease, PARL, at the mitochondrial membrane of healthy mitochondria, resulting in processed
forms of PINK1%-'¢. The processed PINK1 is rapidly degraded by the proteasome*"”. The reduction of A¥m
leads to the accumulation and activation of PINK1 in the mitochondria’* through a currently unresolved
mechanism®, The accumulation of PINK1 recruits Parkin from the cytosol to the mitochondria with decreased
membrane potential, which stimulates Parkin E3 activity, promoting mitochondrial degradation via an autop-
hagic event known as mitophagy'”**-*%, The recruitment of cytosolic Parkin to the mitochondria upon disruption
of A¥m is believed to be the first step of mitophagy for the removal of damaged mitochondria. This recruitment is
required for the kinase activity of PINK1*>5, Although two separate studies have proposed that Parkin is
directly phosphorylated by PINK125%, others have failed to detect Parkin phosphorylation by PINK1*, suggest-
ing that the kinase activity of PINK1 itself is relatively low. One reason biochemical analysis has been unable to
obtain direct evidence is that recombinant human PINK1 purified from mammalian cultured cells or bacteria
easily loses kinase activity, while insect PINK1 has significant autophosphorylation activity?**.
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Very recently, Kondapalli, C. et al. reported that PINK1 directly
phosphorylates Parkin at Ser65 in the Ubl domain’®. However, the
extent and consequences of Parkin phosphorylation by PINK1 in
mitochondrial regulation are still not fully understood.

To address this issue, we attempted to independently monitor and
compare the phosphorylation status of Parkin in wild-type and
PINK1I-deficient cells, thereby excluding the possibility of phosphor-
ylations by uncharacterised kinases other than PINK1*. Here, we
also report that Parkin is demonstrably phosphorylated at Ser65 ina
PINK1-dependent manner. Furthermore, we show that this phos-
phorylation event is implicated in the regulation of mitochondrial
translocation of Parkin and the subsequent degradation of mito-
chondrial surface proteins during mitophagy.

Results

Parkin is phosphorylated upon depolarisation in A¥m. We used
[*2P] orthophosphate to metabolically label mouse embryonic
fibroblasts (MEFs) derived from PINKI deficient mice, in which
HA-tagged Parkin together with FLAG-tagged wild-type or kinase-
dead forms (triple mutant with K219A, D362A and D384A) of
PINK1 were virally introduced (hereafter referred to as “PINK1-
FLAG WT” or “KD/HA-Parkin/PINKI™"~ MEFs) and then induced
Parkin-mediated mitophagy via treatment with the protonophore
carbonyl cyanide m-chlorophenyl hydrazone (CCCP). As shown in
Figure la, Parkin was specifically phosphorylated in CCCP-treated
PINK1-FLAG WT/HA-Parkin/PINKI™~ MEFs, but not in PINK1-
FLAG KD/HA-Parkin/PINK1™/~ MEFs. Phos-tag Western blotting,
in which phosphorylated proteins appear as slower migrating bands®,
revealed that Parkin was phosphorylated within 10 min following
CCCP treatment (Fig. 1b). Phosphorylation of Parkin reached its
maximum level approximately 40 min after CCCP treatment and
was sustained at least until 6 hr (Supplementary Fig. S1). Under
these conditions, slower migrating bands of PINK1 also appeared,
which very likely reflects the autophosphorylation of PINK1 when
activated (Fig. 1b)*®. The suppression of PINKI accumulation by
RNA interference suggested thatA¥m depolarisation-dependent
activation of PINK1 along with PINK1 accumulation is a key ele-
ment for Parkin phosphorylation (Fig. 1c). Every PINK1 deletion
and pathogenic mutant we tested failed to stimulate Parkin phospho-
rylation effectively, strongly suggesting that intact PINK1 is required
for this action (Fig. 1d and e). Importantly, human fibroblasts from a
patient with PINKI-linked parkinsonism also lacked the activity to
phosphorylate Parkin (Fig. 1f). The phosphorylated Parkin disap-
peared within 30 min during the recovery of A¥m depolarisation by
the removal of CCCP from the culture medium (Fig. 1g). Further
analysis using phosphatase and proteasome inhibitors suggested that
phosphorylated Parkin is at least partly degraded by proteasomal
activity in the mitochondria (Supplementary Fig. 52).

Phosphorylation of Ser65 in the Parkin Ubl domain primes the
mitochondrial translocation of Parkin. To determine which resi-
due(s) of Parkin are phosphorylated, we immunopurified HA-tagged
Parkin from PINK1-FLAG WT or KD/HA-Parkin/PINK1™~ MEFs
treated with or without CCCP and performed mass spectrometric
analysis for phospho-peptides (Supplementary Fig. S3). Although
Phos-tag Western blotting of Parkin mainly detected a single band
shift, which represents a single phospho-modification, the mass
spectrometric analysis identified Ser9 or Serl0 and Ser65, Serl01
and Ser198 as phosphorylated residues of Parkin. Among these
residues, only Ser65 phosphorylation increased (33-fold) in CCCP-
treated PINK1-FLAG WT/HA-Parkin/PINKI™"~ MEFs (Supple-
mentary Fig. $3). Phos-tag Western blotting with mutant forms of
Parkin, in which the identified phospho-serine residues are replaced
with alanine, revealed that the band shift represents Ser65 phospho-
rylation (Fig. 2a). An in vitro kinase assay with recombinant insect
PINK]1, which has marked kinase activity, strongly suggested that

PINKI1 directly phosphorylates Parkin at Ser65 (Supplementary Fig.
S54). The Ser65 residue lies in the Ubl domain and is highly conserved
from human to Drosophila (Fig. 2b). We next examined whether
phosphorylation of Ser65 is required for Parkin-mediated mito-
phagy. GFP-tagged Parkin WT, which was localised both in the
cytoplasm and in the nuclei of mock (DMSO)-treated cells (0 hr,
Fig. 2c and d), was translocated to the mitochondria and induced
the perinuclear aggregation of mitochondria 2 hr after CCCP treat-
ment, as previously reported (2 hr, Fig. 2c and d)'7*. Replacement of
Ser65 with alanine (S65A) did not affect the subcellular localisation
of Parkin in mock-treated cells when compared with that of GFP-
Parkin WT (0 hr, Fig. 2c and d). However, GFP-Parkin S65A almost
completely inhibited the mitochondrial translocation of Parkin and
the perinuclear rearrangement of mitochondria 0.5 hr after CCCP
treatment (0.5 hr, Fig. 2c and d) and showed delayed translocation in
2 hr (2 hr, Fig. 2c and d). The expression of a putative phospho-
mimetic Parkin S65E also showed a subcellular localisation similar to
that of GFP-Parkin WT in both DMSO- and CCCP-treated cells
(Fig. 2¢). However, GFP-Parkin S65E exhibited a mild transloca-
tion defect, suggesting that S65E does not fully mimic the phospho-
rylated Ser65 (Fig. 2d).

Parkin Ser65 phosphorylation is not sufficient for mitochondrial
translocation upon depolarisation of A¥m. As PINK1-mediated
Ser65 phosphorylation appeared to be required for efficient translo-
cation of Parkin, we next examined whether well-characterised pa-
thogenic Parkin mutants were subjected to phosphorylation upon
CCCP treatment. In this experiment, we used three kinds of Parkin
mutants based on the previous and current studies (Supplementary
Fig. 85)'7%*%, The first group, V15M, P37L, R42P and A46P, had
intact or weakly impaired mitochondrial translocation activity. The
second group, T415N and G430D, had mildly impaired translocation
activity. The third group, K161N, K221N and T240R, almost com-
pletely lacked translocation activity (Fig. 3a). Surprisingly, all of the
mutants possessed comparable phosphorylation efficiencies to those
of WT (Fig. 3b). This result suggests that Ser65 phosphorylation is
not sufficient for the mitochondrial translocation of Parkin.
Biochemical fractionation of endogenous Parkin from SH-SY5Y
cells detected only the phosphorylated form of Parkin in the mito-
chondrial fraction upon CCCP treatment (Fig. 3¢), which strongly
suggests that phosphorylation of Parkin is required for mitochon-
drial translocation. There was a slight difference in the gel mobility of
phosphorylated Parkin between the cytosolic and the mitochondrial
fractions and between CCCP-treated periods of time. These differ-
ences very likely reflect differences in the complexity of the contents
of each fraction rather than in the phosphorylation status of Parkin
because a single shifted band appears in the mixed fractions (Mito +
Cyto in Fig. 3¢; CCCP 30 min + 60 min in Supplementary Fig. S6).

Effect of Parkin Ser65 phosphorylation on the autophagic reac-
tion. We next examined whether Ser65 phosphorylation is required
for the subsequent autophagic reaction, in which various ubiquitin-
proteasome- and autophagy-related proteins are involved, including
the 26S proteasome, p97/VCP, p62/SQSTMI1, LC3, ATG5 and
ATG7%2>31735, Parkin has been reported to be involved in the
ubiquitin-proteasome-dependent degradation of a variety of mito-
chondrial outer membrane proteins, including Mitofusinl (Mfn1)®,
Min2%, Miro1%*%, Miro2%, VDAC1* and Tom20*. Degradation of
Minl, VDAC! and Tom?20 at the mitochondrial outer membrane
was observed in PINK1 WT/GFP-Parkin/PINKI~~ MEFs 1 to 4 hr
after CCCP treatment (Fig. 4a). While GFP-Parkin harbouring S65A
or S65E mutations was also capable of inducing Mfnl, VDACI and
Tom20 degradation, the efficiency was impaired, especially in Mfnl
and VDAC] (Fig. 4a). Long-term time course analysis revealed that
in cells expressing Parkin with S65A or S65E mutations, Mfn1 and
VDACI cannot be degraded effectively, and the mitochondrial outer
membrane was likely more intact as indicated by the sustained
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Figure 1| PINKI-dependent phosphorylation of Parkin in vivo. (a) PINK1-FLAG WT or KD/HA-Parkin/PINKI™"~ MEFs were labelled with [**P]
orthophosphate and treated with 30 uM. CCCP for 1.5 hr. Phosphorylated Parkin was detected by autoradiography (**P). Immunoprecipitated HA-
Parkin was detected by Western blotting (WB) with anti-Parkin. (b) PINK1-FLAG WT or KD/HA-Parkin/PINK1~/~ MEFs were treated with or without
30 pM CCCP for the indicated periods of time. Cell lysate was subsequently separated on a Phos-tag gel, followed by WB with anti-PINK1 or anti-Parkin
antibodies (Phos-tag WB). Phosphorylated bands of Parkin and PINK1 were confirmed by their disappearance with lambda protein phosphatase (APP)
treatment. Mitochondrial Hsp60 was used as a loading control. (¢) Suppression of endogenous PINK1 expression inhibits Parkin phosphorylation. HeLa
cells stably expressing non-tagged Parkin were treated with the indicated concentrations of stealth siRNA duplex against PINK1 (Invitrogen) with or
without 10 uM CCCP for 1 hr. Long- (LE) and short-exposure (SE) blot signals for PINK1 were shown. Actin was used as aloading control. (d) Truncated
PINK1 mutants used in this study. Putative mitochondria-targeting sequence, 1-34 aa; transmembrane domain, 94~110 aa; kinase domain, 156-509 aa.
(e) Full-length PINK1 is required for Parkin phosphorylation. PINKI1™/~ MEFs stably expressing non-tagged Parkin were transfected with various PINK1
constructs with C-terminal FLAG-tags. PINK1 expression was confirmed with anti-FLAG-HRP. (f) Human fibroblasts from a normal control and a
PARKG case with a homozygous C388R mutation* were transfected with Parkin and were treated with or without 30 pM CCCP for 1 hr. (g) Cells treated
with CCCP up to 60 min as in (b) were further incubated with fresh culture medium without CCCP for the indicated perjods of time (Washout).

Phos-tag WB

SCIENTIFIC REPORTS | 2: 1002 | DOI: 10.1038/srep01002 3

— 116 —




a

CCCP: — 4+ —+ =+ -+ —+ — + H. sapiens 55[T]v[aln
R. norvegicus 55
M. musculus 55 |1

G. gallus

D. rerio

D. melanogaster

Parkin-P >

Parkin =

*

WT S65A S65E

Ohr

0.5 hr

hr

2hr

d 2)
Complete Partial é_
% . WT % 8

100
80
60
40
20

i SB65E
30

Partial

20

10

-

2 hr Ohr 05hr

—y T i e | 0 . S - % i R

Ohr 05hr 2hr ohr 0. GFP-Parkin Tom20
Figure 2 | Sex65 in the Ubl domain of Parkin is phosphorylated upon depolarisation of A¥m. (a) Phos-tag Western blotting detected phosphorylation
of Ser65. HeLa cells were transiently transfected with Parkin WT and a serjes of alanine mutants for the candidate phospho-residues followed by treatment
with or without 20 pM CCCP for 1 hr. Cell lysates were analysed by Phos-tag Western blotting. An asterisk indicates degraded Parkin. (b) Alignment of
the amino acid sequences surrounding Ser65 (marked by a black dot) from a variety of animal species. The numbers on the left correspond to the residue
numbers of Parkin proteins. (c) Introduction of the S65A mutation delayed Parkin translocation to the depolarised mitochondria in PINK1 WT/GFP-
Parkin/PINKI~/~ MEFs. Cells retrovirally introduced with GFP-Parkin WT or its phospho-mutants (S65A and S65E) were treated with or without 30 pM
CCCP for the indicated periods of time. GFP-Parkin and mitochondria were visualised with anti-GFP (green) and anti-Tom20 (red), respectively. Parkin
signals are also shown as monochrome images. Scale bar = 10 pm. (d) Mitochondrial translocation efficiency of Parkin mutants. PINK1 WT/PINK1™~
MEFs stably expressing GFP-Parkin WT, S65A or S65E were treated as in (c). Cells expressing GFP-Parkin perfectly overlapped (Complete, examples are
shown on the right), partially overlapped (Partial) or non-averlapped (No) with the Tom20 signal were counted. The data represent means = SE from
three experiments (n = 99-143 cells in each). ** p < 0.01, * p < 0.05 vs. WT at each time point.
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