( Figure 3 Brain MRI of patients with TUBB4A mutations

Axial T2-weighted (A, D, G, J), sagittal T1-weighted (B, E, H, K), and coronal T2-weighted (C, F, |, L} images. Patient 1. at 14
years of age (A); patient 1 at 16 years (B, C); patient 2 at 38 years (D-F); patient 3 at 13 years (G-I}; and patient 8 at 7
months of age {J-L). All patients show diffuse cerebral white matter hypomyelination with normal {J), mildly reduced (A), or
considerably reduced (D, G) white matter volumes. In patient 1, cerebral white matter hypomyelination is unchanged, com-
paring at 14 (A} and 16 (B, C) years of age. In patient 1, the putamen and the head of the caudate nucleus are normal in size
(A). In patient 2, minimal putamen atrophy cannot be excluded (D). The putamen and the head of the caudate nucleus are
small or hardly recognizable in patient 3 (G). In patient 8, the putamen is slightly small compared with a healthy control at the
same age (J). The globus pallidus and thalamus are normal in size (A, D, G, J). Atrophy of the cerebellar vermis and hemi-
sphere, and corpus callosum was variably observed in 4 patients, but not patient 8 (B, C, E, F, H, |, K, L).

with this phenotype have been reported worldwide.'®
The symptoms typically emerge in the third decade,
following a highly penetrant, autosomal dominant
mode of inheritance.?' Brain MRI demonstrates nor-
mal structural findings. Arg2 resides within the autor-
egulatory MREI domain of B-tubulin 4A, which is
necessary for autoregulation of the B-tubulin messen-
ger RNA transcript. Site-directed mutagenesis shows
that any Arg2 substitution leads to loss of

autoregulated instability and increased mutant tubu-
lin subunit levels.? Thus, mutations in the MREI
domain have been assumed to cause DYT4 rather
than H-ABC, because of the different impact on
TUBB4A."” However, our study shows that muta-
tions in the MREI domain can also cause the
H-ABC phenotype. The phenotypic difference
between the p.Arg2Gly and p.Arg2GIn mutations
remains unsolved. Because DYT4 is an extremely rare




2236

syndrome that has only been described in one large
pedigree so far, patients of the family may have
another modifying factor(s) to spare cerebral white
matter abnormalities.

Diffuse hypomyelination syndromes are a hetero-
geneous group of disorders with overlapping clinical
features, Currently, they are categorized based on
brain MRI findings, which is very useful in clinical
practice. Basal ganglia atrophy specifically distin-
guishes H-ABC from other hypomyelinadon disor-
ders. Our study shows thac TUBB4A mutations
associate not only with the typical FI-ABC cases but
also with some hypomyelinating patients with re-
tained basal ganglia, although notably all patients with
TUBB4A mutations have extrapyramidal features in
common. Our study implies that 7UBB4A may cause
hypomyelinating leukoencephalopathies with either a
morphologically or a functionally impaired basal gan-
glia. Extrapyramidal features may be a key for clini-
cians to examine TUBB4A murtations in genetically
unsolved hypomyelinating leukoencephalopathies.

AUTHOR CONTRIBUTIONS

Satoko Miyatake: genedic and clinical data analysis, data interpretation,
and drafting/revising of the manuscript, Hitoshi Osaka: clinical data anal-
ysis and sample collection, Masaaki Shiina: structural daca analysis.
Masayuki Sasaki, Jun-ichi Takanashi, Kazuhiro Haginoya, Takahito
Wada, Masafumi Morimoto, Naoki Ando, and Yoji Ikuta: clinical dawa
analysis and sample collection. Mitsuko Nakashima, Yoshinori Tsurusaki,
and Noriko Miyake: genetic data analysis. Kazuhiro Ogata: steuceural
data analysis. Naomichi Masumoto: study concept and design, daca
interpretation, and drafting/revising of the manuscript. Hirotomo Saitsu:
study concept and design, genetic data analysis, dat interprecation, and
drafting/revising of the manuscript,

ACKNOWLEDGMENT

The authors thank all of the participants for their cooperation in this
research, and Dr. K. Nishiyama, Ms. K. Takabe, Mr. T, Miyama,
Ms. A. Narita, Ms. N. Watanabe, and Ms, S. Sugimoto, from the Depart-
ment of Human Genetics, Yokohama City University Graduate School of

Medicine, for their technical assistance,

STUDY FUNDING

Supported by the Ministry of Healdh, Labour and Welfare of Japan; the
Japan Socicty for the Promotion of Science (a Grane-in-Aid for Scientific
Research [B} {25293085, 25293235]; and a Grant-in-Aid for Sciendific
Research [A] [13313587)); the Takeda Science Foundadon; the fund
for Creation of Innovation Centers for Advanced Interdisciplinary
Research Areas Program in the Project for Developing Innovation Sys-
tems; the Surategic Research Program for Brain Sciences (11105137);
and a Grant-in-Aid for Scientific Research on Innovative Areas (Tran-
scription Cycle) from the Ministry of Education, Culture, Sports, Science
and Technology of Japan (12024421).

DISCLOSURE

S. Miyatake is funded by research grants from the Yokohama Foundation
for Advancement of Medical Science. H. Osaka is funded by research grants
from the Ministry of Health, Labour and Welfare of Japan (Research on
Rare and Intractable Diseases [H24-Nanchitou-lppan-072]). M. Shiina
and M. Sasaki report no disclosures relevant to the manuscript. J. Takanashi
is funded by research grants from the Ministry of Health, Labour and Wel-
fare of Japan (Research on Rare and Intractable Diseases [H24-Nanchirou-
Ippan-072]). K. Haginoya, T. Wada, M. Morimoto, N. Ando, Y. Tkuta,
M. Nakashima, and Y. Tsurusaki report no disclosures relevant to the

Neurology 82 June 17, 2014

mansseripe, N. Miyake is funded by rescarch grants from the Ministry of
Health, Labour and Welfare of Japan, a Grant-in-Aid for Scientific Research
(B) from the Japan Society for the Promotion of Science, and a research
grant from the Takeda Science Foundadon, K. Oga is supported by a
Granin-Aid for Scientific Research on Innovative Areas (Transcription
Cyele) from the Minisay of Educaion, Culuure, Sports, Science and Tech-
nology of Japan. N, Matsumo is supported by grants fror the Ministry of
Health, Labour and Welfare of Japan, a Grant-in-Aid for Scientific Rescarch
(A) from the Japan Society for the Promotion of Science, the Takeda Sci-
ence Foundation, the fund for Creation of Innovaton Centers for
Advanced Inerdisciplinary Rescarch Arcas Program in the Project for
Dieveloping Innovation Systems, the Strategic Research Program for Brain
Sciences, and 1 Granein-Aid for Scientific Research on Tnnovative Aseas
(Transeription Cycle) from the Ministry of Education, Culture, Spors, Sci-
ence and Technology of Japan. M. Saisu is funded by research grants from
a Granein-Aid for Scientific Rescarch (B) from the Japan Society for the
Promotion of Science, and a research grant from the Takeda Science Foun-
dation, Go 1o Newrology.otg for full disclosures.

Received October 10, 2013. Aceepted in final form March 20, 2014.

REFERENCES

1. Schiffmann R, van der Knaap MS. Invited article: an MRI-
based approach to the diagnosis of white macter disorders.
Neurology 2009;72:750-759.

2. Steenweg ME, Vanderver A, Blaser S, er al. Magneric res-
onance imaging pattern recognition in hypomyelinating
disorders, Brain 2010;133:2971-2982.

3. Wolf NI, Harting I, Boltshauser E, er al, Leukoencepha-
lopathy with ataxia, hypodonta, and hypomyelination.
Neurology 2005;64:1461-1464.

4. Timmons M, Tsokos M, Asab MA, et al. Peripheral and
central hypormyelination with hypogonadotropic hypogo-
nadism and hypodontia. Neurology 2006;67:2066-2069.

5. Vazquez-Lopez M, Ruiz-Martin Y, de Castro-Castro P,
Garzo-Fernandez C, Martin-del Valle F, Marquez-de la
Plara L. Central hypomyelination, hypogonadotrophic
hypogonadism and hypodontia: a new leukodystrophy
{in Spanish]. Rev Neurol 2008;47:204-208.

6. Bernard G, Thiffault I, Tetreault M, et al. Tremor-araxia
with central hypomyelination (TACH) leukodystrophy
maps to chromosome 10q22.3-10923.31. Neurogenetics
2010;11:457-464.

7. Awouni S, Daraze A, Tamraz ], Cassia A, Caillaud C,
Megarbane A. Leukodystrophy associated with oligodontia
in a large inbred family: fortitous association or new
entity? Am | Med Gener A 2003;118A:76-81.

8. Chouery E, Delague V, Jalkh N, et al. A whole-genome
scan in a large family with leukodystrophy and oligodontia
reveals linkage to 10q22. Neurogenetics 2011;12:73-78.

9. Sasaki M, Takanashi J, Tada H, Sakuma H,
Furushima W, Sato N. Diffuse cerebral hypomyelination
with cerebellar atrophy and hypoplasia of the corpus
callosum, Brain Dev 2009;31:582-587.

10.  Bernard G, Chouery E, Putorti ML, et al. Murations of
POLR3A encoding a catalytic subunit of RNA polymerase
Pol III cause a recessive hypomyelinating leukodystrophy.
Am ] Hum Genet 2011;89:415-423.

11, Saitsu H, Osaka H, Sasaki M, et al. Murations in POLR3A
and POLR3B encoding RNA polymerase III subunits cause
an autosomal-recessive hypomyelinating leukoencephalopa-
thy. Am J Hum Genet 2011;89:644-651.

12, Terreault M, Choquet K, Orcesi S, et al. Recessive muta-
tions in POLR3B, encoding the second largest subunit of
Pol 11, cause a rare hypomyelinating leukodystrophy. Am
J Hum Genet 2011;89:652-655.




13.

16.

20.

21.

22.

Potic A, Brais B, Choquet K, Schiffmann R, Bernard G.
4H syndrome with late-onset growth hormone deficiency
caused by POLR3A mutations. Arch Neurol 2012;69:
920-923.

Daoud H, Tetreault M, Gibson W, et al. Mutations in
POLR3A and POLR3B are a major cause of hypomyeli-
nating leukodystrophies with or without dental abnormal-
ities and/or hypogonadotropic hypogonadism. ] Med
Gener 2013;50:194-197.

van der Knaap MS, Naidu S, Pouwels PJ, et al. New
syndrome characterized by hypomyelination with atrophy
of the basal ganglia and cerebellum. AJNR Am ] Neuro-
radiol 2002;23:1466-1474.

van der Knaap MS, Linnankivi T, Pactau A, et al. Hypo-
myelination with atrophy of the basal ganglia and cerebel-
lum: follow-up and pathology. Neurology 2007;69:
166-171.

Simons C, Wolf NI, McNeil N, er al. A de novo mutation
in the beta-tubulin gene TUBB4A results in the leukoen-
cephalopathy hypomyelination with atrophy of the basal
ganglia and cerebellum. Am ] Hum Genet 2013;92:
767-773.

Hersheson ], Mencacci NE, Davis M, et al. Mutations in
the autoregulatory domain of beta-tubulin 4a cause hered-
itary dystonia. Ann Neurol 2013;73:546-553.

Lohmann K, Wilcox RA, Winkler S, et al. Whispering
dysphonia (DYT4 dystonia) is caused by a mutation in
the TUBB4 gene. Ann Neurol 2013;73:537-545.

Lowe J, Li H, Downing KH, Nogales E. Refined structure
of alpha beta-tubulin at 3.5 A resolution. ] Mol Biol 2001;
313:1045-1057.

Uchimura S, Oguchi Y, Katsuki M, et al. Identification of
a strong binding site for kinesin on the microtubule using
mutant analysis of wbulin. EMBO J 2006;25:5932-5941.
Al-Bassam J, Ozer RS, Safer D, Halpain S, Milligan RA.
MAP?2 and tau bind longitudinally along the outer ridges

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

of microtubule protofilaments. J Cell Biol 2002;157:
1187-1196.

Nawrotek A, Knossow M, Gigant B. The determinants
that govern microtubule assembly from the atomic struc-
ture of GTP-tubulin. ] Mol Biol 2011;412:35-42.
Nogales E, Whittaker M, Milligan RA, Downing KH.
High-resolution model of the microtubule. Cell 1999;
96:79-88.

Tischfield MA, Cederquist GY, Gupta ML Jr, Engle EC.
Phenotypic spectrum of the tubulin-related disorders and
functional implications of disease-causing mutations. Curr
Opin Genet Dev 2011;21:286-294.

Wakusawa K, Haginoya K, Kitamura T, et al. Effective
treatment with levodopa and carbidopa for hypomyelina-
tion with atrophy of the basal ganglia and cerebellum.
Tohoku J Exp Med 2006;209:163-167.

Hattori A, Ando N, Fujimoto S, Kobayashi S, Ishikawa T,
Togari H. A boy with hypomyelination wich atrophy of
the basal ganglia and cerebellum [in Japanese]. No To
Hattatsu 2010;42:42-44,

Leandro-Garcia L], Leskela S, Landa I, et al. Tumoral and
tissue-specific expression of the major human beta-tubulin
isotypes. Cytoskeleton 2010;67:214-223.

Sullivan KF, Cleveland DW. Sequence of a highly diver-
gent beta tubulin gene reveals regional heterogeneity in the
beta tubulin polypeptide. J Cell Biol 1984;99:1754-1760.
Chew S, Balasubramanian R, Chan WM, et al. A novel
syndrome caused by the E410K amino acid substitution
in the neuronal beta-tubulin isotype 3. Brain 2013;136:
522-535.

Parker N. Hereditary whispering dysphonia. ] Neurol
Neurosurg Psychiatry 1985;48:218-224.

Yen T7, Machlin PS, Cleveland DW. Autoregulated insta-
bility of bera-tubulin mRNAs by recognition of the nas-
cent amino terminus of beta-tubulin. Nature 1988;334:
580-585.

Enjoy Big Savings on NEW 2014 AAN Practice
Management Webinars Subscriptions

The American Academy of Neurology offers 14 cost-effective Practice Management Webinars you
can attend live or listen to recordings posted online. AAN members can purchase one webinar for
$149 or subscribe to the entire series for only $199. This is new pricing for 2014 and significantly less
than 2013—and big savings from the new 2014 nonmember price of $199 per webinar or $649 for
the subscription. Register today for these and other 2014 webinars at AAN. com/view/pmw14:

April 8 — How PQRS Quality Measures Will Inform Future Medicare Value-based Payments
May 13 — Measuring and Improving Your Patients’ Experience

June 18 — Using Practice Benchmarking Analytics to Improve Your Bottom Line

Neurology 82 June 17, 2014




RESEARCH | REPORTS

29, A Timmes, R. 1. Hilsden, J. Cole, D, Halley, L. R. Sutherland,
BMC Med, Res, Mathordol, 2.7 (2002},
30, K P Les, £ A Bopd ¥

2
£012008).
1.8 Sacks, H. Smith Jr.,

M, Bhandari, . Bons
32. K, Dickersin, 5, Chan, T
Confrol. Chin. Tripls B, 343-353 (19873
33, K. Dickersin, Y. 1. Win, C, L. Mainorl, JAMA 267, 374-378 (1992),
34. K. Dickersin, ¥, 1. Min, Cnding 4 Curr. Clin Trials 1993, 50
(1993).
5, RM. DL Syt of o, BMJ 342 (lan06 13, ¢7153 (2011}
6. H. Coopar, K. DeNeva, K. Charlton, Peyehol Methods 2.
447-452 (1957}
37. G. VLB, Glass, & McGaw, ML Smith, Mela Analysts in Social
Research (Sage, Beverly Hills, CA, 1981

3
!
3

38, The rate at which research-initiated proposals are approved by
the poor reviewers engaged by TESS is provided in the
supplementary mate

3%, TESS archive: www.lessexpe

40 isls and is ang
materials on Science Online.

41 K Casey. R Glennerster, E. Miguel, 0. 4 foon, 127, 1755-1812
{2012y,

riments.org.
ailable 25

ACKNOWLEDGMENTS

Data and replication code are available on GitHub (DOL 105281/
zenndo 113000, All authors contributed equally to all aspects of
the research, No funding was required for this article. The
authors declare no conflicts of inferest, We thank seminar
participants at the 2014 Annual Meeting of the Midwest Political
Seisnce Association, the 2014 Annual Meeting of the Sociely for

Political Methodelogy, the 2014 West Coast Experiments
Conference, Stanford University, and University of California,
San Diego. We thank C. McConnell and 5, Liu for valuable
research assistance.

SUPPLEMENTARY MATERIALS
weawsclencemag.org/content/345/6203/1502/suppl/DCL
Materials and Methods

Supplementary Text

Fig. 51

Tables S1 to 87

Reference (42)

1 May 2014; accepled 14 Avgust 2014
Published online 28 August 2014;
10.1126/science. 1255484

NEUROMUSCULAR DISEASE

DOK7 gene therapy benefits mouse
models of diseases characterized by
defects in the neuromuscular junction

Sumimasa Arimura,’ Takashi Okada,” Tohru Tezuka,' Tomoko Chiyo,” Yuko Kasahara,”
Toshiro Yoshimura,® Masakatsu Motomura,* Nobuaki Yoshida,® David Beeson,®

Shin’ichi Takeda,” Yuji Yamanashi'”

The neuromuscular junction (NMJ) is the synapse between a motor neuron and
skeletal muscle. Defects in NMJ transmission cause muscle weakness, termed myasthenia.
The muscle protein Dok-7 is essential for activation of the receptor kinase MuSK, which
governs NMJ formation, and DOK7 mutations underlie familial limb-girdie myasthenia
(DOK7 myasthenia), a neuromuscular disease characterized by smali NMJs. Here, we
show in a mouse model of DOK7 myasthenia that therapeutic administration of an
adeno-associated virus (AAV) vector encoding the human DOK7 gene resulted in an
enlargement of NMJs and substantial increases in muscle strength and life span. When
applied to model mice of another neuromuscular disorder, autosomal dominant
Emery-Dreifuss muscular dystrophy, DOK7 gene therapy likewise resulted in enlargement
of NMJs as well as positive effects on motor activity and life span. These results
suggest that therapies aimed at enlarging the NMJ may be useful for a range of

neuromuscular disorders.

he neurotransmitter acetylcholine (ACh) is
released from the presynaptic motor nerve
terminal and binds to ACh receptors (AChRs)
on the postsynaptic muscle membrane of
the neuromuscular junction (NMJ), which
forms in the central region of each myotube (7, 2).
To achieve efficient neuromuscular transmission,
AChRs must be densely clustered on the postsyn-
aptic membrane (7, 2). Impaired AChR clustering
is associated with disorders of neuromuscular
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transmission, including subtypes of congenital
myasthenic syndromes and myasthenia gravis
(2-4). The muscle-specific receptor tyrosine ki-
nase MuSK is required for the formation and
maintenance of NMJs (I, 2).

The cytoplasmic protein Dok-7 (downstream
of tyrosine kinases 7) is an essential activator of
the receptor kinase MuSK, and mice lacking Dok-7
form no NMJs (5-8). Recessive loss- or reduction-
of-function mutations in the human DOK7 gene
underlie a limb-girdle type of congenital myas-
thenic syndrome, DOK7 myasthenia, a disorder
characterized by NMJs that are about half the
normal size (7, 9, 10). In contrast to many NMJ
channelopathies (11), DOK7 myasthenia is not
associated with abnormalities in the function
and local density of AChRs or the quantal re-
lease per unit size of the endplates (the region of
synaptic specialization on the myotube). These
observations suggest that DOK7 myasthenia
should be classified as a synaptopathy rather than
a channelopathy (2, 7). Interestingly, there is ac-

cumulating evidence that NMJ structural defects
may be a common feature of other neuromus-
cular disorders (72-18), including muscular dys-
trophy (MD), amyotrophic lateral sclerosis (ALS),
spinal muscular atrophy (SMA), and age-related
muscle weakness or sarcopenia. Indeed, studies
of patients with autosomal dominant Emery-
Dreifuss muscular dystrophy (AD-EDMD) and
a mouse model of this disease have produced
data suggestive of inefficient neuromuscular
transmission (12). Because the size of NMJs is
an important determinant of NMJ function (2),
these observations raise the possibility that en-
largement of the synaptic area may mitigate
muscle weakness associated with defective NMJ
structure.

‘We previously generated Dok-7 transgenic (T'g)
mice that overexpress Dok-7 uniformly through-
out the skeletal muscle under the control of the
human skeletal g-actin (HSA) promoter (6). Using
these mice, we found that forced expression of
Dok-7 in vivo enhanced the activation of muscle-
specific kinase MuSK and subsequent NMJ for-
mation at the correct, central region of muscle
fibers in embryos (6). Consistent with this, Dok-7
Tg mice showed greatly enlarged NMJs at 12
weeks of age (fig. S1A). Because exogenous Dok-7
was expressed only in the skeletal muscle (6), these
data indicate that forced expression of Dok-7 in
muscle triggers not only intramuscular signaling
but also retrograde signaling that enlarges motor
axon terminals. Interestingly, although these mice
have enlarged NMJs, they did not exhibit ob-
vious defects in motor activity, as determined by
wire-hang and rotarod tests (fig. S1, B and C). To-
gether, these findings suggest that Dok-7-mediated
enhancement of NMJ formation merits inves-
tigation as a possible therapeutic approach for
neuromuscular disorders associated with an NMJ
synaptopathy.

To facilitate Dok-7-mediated NMJ formation
in the muscle, we generated AAV-D7, a recom-
binant adeno-associated virus (AAV) serotype 9
(AAV9) vector carrying the human DOK7 gene
tagged with enhanced green fluorescent protein
(EGFP) under the control of the cytomegalovirus
(CMV) promoter. This promoter shows higher ac-
tivity in skeletal muscle than the HSA promoter
(19). The AAV vector is a powerful tool for deliver-
ing therapeutic genes to skeletal muscle and other
tissues (20, 27). We first treated C2C12 myotubes

19 SEPTEMBER 2014 » VOL 345 ISSUE 6203 1505
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with AAV-D7 and observed an increase in the num-
ber of AChR clusters (fig. 52), as expected from
previous work (5, 7, 9). We next treated 8-week-old
wild-type (WT) mice with 4.0 x 10™ viral genomes
(vg) of AAV-D7, delivered by a single intravenous
injection, and compared them with control, un-
treated mice. One week after the injection, NMJs
were clearly enlarged in the central region of the
diaphragm muscle of AAV-D7-treated mice, with
exogenous expression of Dok-7 throughout the
myotubes (fig. S3 and Fig. 1, A and B). MuSK ac-
tivation was augmented in the muscle as judged
by elevated phosphorylation of MuSK and AChR,
the latter known to be dependent on MuSK ac-
tivation (Fig. 1, C and D). These results demon-
strate that forced expression of Dok-7 in adult
mice promotes MuSK-mediated formation of
NMJs, leading to their enlargement within a week
of AAV-D7 treatment. WT mice treated with AAV-
D7 did not show any abnormalities in motor ac-
tivity, as determined by grip strength, wire-hang,
and rotarod tests (fig. $4), or in histology of the
skeletal muscle, heart, and liver, which are the
major target tissues of this AAV9 vector in mice
(fig. S5) (22). We confirmed exogenous expression
of Dok-7 in the heart (fig. S6) and in skeletal mus-
cle (fig. S3 and Fig. 1A) after AAV-D7 treatment.

To investigate whether forced expression of
Dok-7 and subsequent enlargement of NMJs
in vivo mitigates disease progression after onset
of DOK7 myasthenia, we generated Dok-7 knock-
in (KI) mice homozygous for the frameshift mu-
tation (c.1124 1127dupTGCC), which corresponds
to the most prevalent mutation in patients (fig.
S7) (7, 10, 23-25). Dok‘7" and littermate WT mice
displayed no obvious abnormal phenotype. By
contrast, Dok-7<¥ mice (Dok-7 KI mice) ex-
hibited characteristic features of severe muscle
weakness: These mice died between postnatal
day 13 (P13) and P20, exhibited about 25% of
the body weight of WT mice at P12, and devel-
oped apparent disturbance in gait by P9 (fig. S8).
Unlike Dok-7"%" and littermate WT mice, Dok-7
K1 mice were too weak for the measurement of
muscle strength. Furthermore, they showed ab-
normally small NMJs lacking postsynaptic fold-
ing (figs. S9 and S10), a pathological feature seen
in patients with DOK7 myasthenia (26). The
¢.1124_1127dupTGCC mutation is a reduction-of-
function mutation in terms of MuSK activation
in C2C12 myotubes (7, 9). Consistent with this,
Dok-7 K1 mice exhibited decreased MuSK activity
in skeletal muscle, as judged by attenuated phos-
phorylation of AChR and MuSK (fig. SI1) (see
below). Thus, the Dok-7 KI mice develop defects
similar to those found in patients with DOK7 my-
asthenia, although the mice (hereafter referred
to as “DOK7 myasthenia mice”) exhibit a more
severe phenotype.

To determine whether DOK7 gene therapy pro-
vides beneficial effects to DOK7 myasthenia mice,
we administered 2.0 x 10" vg of AAV-D7 by in-
traperitoneal injection to the animals at P9 to
P12. At P9, these mice required at least 10 s to
right themselves after being placed on their side,
confirming disease onset. A single-dose treatment
with AAV-D7 led to marked recovery of the DOK7
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Fig. 1. AAV-D7 treatment promotes MuSK-mediated NMJ formation. WT mice were treated or un-
treated with 4.0 x 10" vg of AAV-D7 at P56 and subjected to the following assays at P63. (A) Whole-
mount staining of NMJs on the diaphragm muscle. Axons and nerve terminals (green) were stained
with antibodies to neurofilament and synaptophysin, and AChRs (red) were labeled with o-bungarotoxin
(BTX). Expression of Dok-7 tagged with EGFP (gray) was monitored by EGFP. NT, not treated. (B) Quan-
tified data for the size of each AChR cluster in the diaphragm muscle (n = 30 microscopic fields in 6 mice;
male = 3, female = 3). (C) Immunoblotting for tyrosine phosphorylation of MuSK or AChR and for B-actin in
the hind-limb muscle. MuSK immunoprecipitates (IP) from whole-tissue lysates (WTL) of the hind-limb
muscle were subjected to immunoblotting for phosphotyrosine (pY) and MuSK. AChRs pulled down
with BTX-Sepharose (PD) from WTL were subjected to immunoblotting for pY or the Bl subunit of
AChR. (D) Quantified data for tyrosine phosphorylation of MuSK and AChR in the hind-limb
muscle (n = 3 mice; male = 1to 2, female = 1 to 2). Values in (B) and (D) are means + SD. *P < 0.05
by Student's t test.
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WT littermates and Dok-7 Kl mice (DOK7 myasthenia mice) (n = 10 to 20 mice; male = 4 to 10,
female = 6 to 10). NT, not treated. (B) Body weight at P56 (n = 4 to 6 mice; male = 5, female = 4 to 6).
(C to E) Motor activity at P56 determined by (C) grip strength, (D) wire-hang, and (E) rotarod tests
(n =10 mice; male = 4 to 5, female = 5 to 6). P value (A) was calculated by log-rank test (Dok-7 KI = NT
versus Dok-7 Kl — AAV-D7). Values in (B) to (E) are means + SD.
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myasthenia mice. All AAV-D7-treated mice swrvived
for at Jeast 1 year with no apparent abnormality,
whereas all untreated and AAV-EGFP-treated

Fig. 3. Dok-7 therapy promotes MuSK-mediated
NMJ formation in DOK7 myasthenia mice. Mice
were treated or untreated with 2.0 = 10" vg of AAV-
D7 at P9 and subjected to the following assays at
P14, (A) Immunobilotting for tyrosine phosphoryl
ation of MuSK or ACHhR and for fractin in the hind-
limb muscle. Experiments were performed as in Fig.
1C. (B) Quantified data for tyrosine phosphorylation
of MuSK and AChR in the hind-limb muscle (n = 3
mice; male = 1 to 2, female = 1 1o 2). (C) Whole-
mount staining of NMJs on the diaphragm muscle,
Axons and nerve terminals (green), AChRs (red),
and Dok-7 tagged with EGFP (gray) were visualized
as in Fig. 1A, (D) Quantified data for the size of each
AChR cluster in the diaphragm muscle {(n = 30
microscopic fields in 6 mice; male = 3, female = 3).
Values in (B) and (D) are means & SD. *P < 0,05 by
analysis of variance (ANOVA) and Dunneit's test,

Fig. 4. The effect of Dok-7 therapy in a mouse
model of AD-EDMD. Mice were treated or untreated
with 4.0 x 10" vg of AAV-D7 at P16 and subjected
to the following assays. (A) Kaplan-Meier survival
curves of WT littermates and Lmna KO mice (AD-
EDMD mice) (n = 19 to 20 mice; male = 9 to 12,
female = 8 to 11). NT, not treated. (B and C) Mo-
tor activity at P35, determined by (B) wire-hang
and (C) rotarod tests (n = 8 to 10 mice; male = 4
o 6, fermale = 4 to 5). (D) Whole-mount staining
of NMJs on the diaphragm muscle at P42. Axons
and nerve terminals (green), AChRs (red), and Dok-7
tagged with EGFP (gray) were visualized as in Fig. 1A.
(E) Quantified data for the size of each AChR clus-
ter in the diaphragm muscle at P42 (n = 30 mi-
croscopic fields in 6 mice; male = 3 to 4, female =
2 to 3). (F) Immunoblotting for tyrosine phospho-
rylation of MuSK or AChR and for g-actin in the
hind-imb muscle at P42. Experiments were
performed as in Fig. 1C. (G) Quantified data for
tyrosine phosphorylation of MuSK and AChR in
the hind-limb muscle at P42 (n = 3 mice; male =
1to 2, female = 1 to 2). P value (A) was calculated
by log-rank test (Lmna KO -~ NT versus Lmna KO -
AAV-D7). Values in (B), (C), (E), and (G) are means *
SD. *P < 0.05 by analysis of variance (ANOVA) and
Dunnett's test.
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{ control mice died by P20 (Fig. 2A and fig, S12).

tests—of AAV-D7-treated mice approximated those
of age-matched WT controls by P56 (Fig. 2, B to E),
Similarly, foreed expression of a DOK7 transgene

Indeed, body weight and motor activity—as deter-
mined by grip strength, wire-hang, and rotarod
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specifically in skeletal muscle restored survival
and motor activity of DOK7 myasthenia mice as
determined by wire-hang and rotarod tests, indi-
cating that muscle-specific expression of Dok-7 is
sufficient to rescue these mice (fig. S13, A to C).

We next investigated whether AAV-D7 treat-
ment promotes activation of MuSK and subse-
quent enlargement of NMJs in DOK7 myasthenia
mice. We found that MuSK and AChR phosphor-
ylation was strongly elevated in DOK7 myasthe-
nia mice just 5 days after treatment with AAV-D7
(Fig. 3, A and B). Consistent with this, NMJs
were greatly enlarged in DOK7 myasthenia mice
within 5 days of treatment (Fig. 3, C and D, and
fig. S14) and remained enlarged at 8 weeks of
age (fig. S15). Together, these data demonstrate
that treatment with AAV-D7 (hereafter referred
to as “Dok-7 therapy”) facilitates MuSK-mediated
NMJ formation, resulting in stable enlargement of
NMJs, restoration of motor activity, and enhanced
survival of DOK7 myasthenia mice.

Because AAV-D7 enlarges NMJs not only in
DOK?7 myasthenia mice but also in WT mice, we
hypothesized that Dok-7 therapy might be ap-
plicable to other types of neuromuscular disor-
ders that are associated with abnormalities of
NMJ structure but not caused by DOK7 mutations.
As noted above, AD-EDMD is one such candi-
date. AD-EDMD is caused by mutations in the
LMNA gene, which encodes lamin A/C, an im-
portant determinant of interphase nuclear ar-
chitecture (27). Patients with AD-EDMD develop
cardiac defects and skeletal muscle weakness (28).
Although pacemaker and implantable cardioverter
defibrillator (ICD) insertion helps address the
cardiac defects (29), there is no effective treatment
for skeletal muscle weakness. Histology and gene
expression profiles of muscle biopsies from pa-
tients with AD-EDMD are suggestive of alterations
in NMJ structure (12, 30, 31).

We studied a mouse model of AD-EDMD (here-
after referred to as “AD-EDMD mice”) that is
genetically deficient in lamin A/C and that has
structurally abnormal and functionally ineffi-
cient NMJs (12, 30). At P16, we administered 4.0 x
10" vg of AAV-D7 into the AD-EDMD mice by a
single intraperitoneal injection. Disease onset
was confirmed in each AD-EDMD mouse at P16,
when the animals showed hind-limb paralysis
and required at least 10 s to right themselves after
being placed on their sides. We found that Dok-7
therapy prolonged survival of AD-EDMD mice
(Fig. 4A). Mice receiving Dok-7 therapy, but not
those receiving AAV-EGFP treatment, lived an av-
erage of 29 days longer than untreated mice (P <
0.0001, log-rank test) (Fig. 4A and fig. S16). In
addition, Dok-7 therapy increased latency to fall
of AD-EDMD mice, as determined by wire-hang
and rotarod tests by 49 s and 44 s, respectively,
over untreated mice (P < 0.05, Dunnett’s test)
(Fig. 4, B and C), indicating enhanced motor ac-
tivity. Forced expression of Dok-7 specifically in
skeletal muscle via a transgene also enhanced
AD-EDMD mouse survival and motor activity, as
determined by wire-hang and rotarod tests, indicat-
ing that muscle-specific expression of Dok-7 is
sufficient to benefit these mice (fig. S13, D to F).

1508 19 SEPTEMBER 2014 - VOL 345 ISSUE 6203

Dok-7 therapy enhanced MuSK activation and en-
larged NMJs in the skeletal muscle within 26 days
of treatment (Fig. 4, D to G), and the NMJs in con-
trol, untreated AD-EDMD mice were significantly
smaller than those in WT mice (Fig. 4, D and E).
Electrocardiographic and histological analyses
showed that Dok-7 therapy did not benefit heart
function in AD-EDMD mice (fig. S17). It is pos-
sible that the beneficial effects of Dok-7 therapy
on muscle weakness are partially masked in these
mice by heart failure, which, as noted above, would
be treatable in patients with AD-EDMD by pace-
maker and ICD insertion (29). These findings sug-
gest that Dok-7 therapy might be beneficial for
patients with AD-EDMD.

The mechanisms through which Dok-7 ther-
apy alleviates muscle weakness in mouse models
of DOK7 myasthenia and AD-EDMD remain to
be determined. We speculate that, in addition to
an effect on the postsynaptic region of muscle, the
mechanism likely involves retrograde signaling
from the muscle to the nerve. This idea is con-
sistent with the observation that enlargement of
the nerve terminals at NMJs is seen in the Dok-7
Tg mice that overexpress Dok-7 only in the skel-
etal muscle, as well as in AAV-D7-treated mice.

Recent studies of mouse models of ALS and
SMA revealed that peripheral motor nerve degen-
eration first manifests as reduction of the nerve
terminal area with subsequent denervation at
NMJs, and then proceeds proximally, a pattern
known as “dying-back” pathology (32, 33). Con-
sistent with this, autopsies of patients with ALS
or SMA suggest that motor neuron pathology be-
gins at the distal axon and proceeds proximally
(32, 34). Because AAV-D7 has the potential to
enlarge the nerve terminals at NMJs, it is tempt-
ing to speculate that Dok-7 therapy may counter-
act the “dying-back” pathology at NMJs and be
beneficial in these multifactorial disorders of
mostly unknown etiology. Interestingly, in a re-
cent study of the SOD1 (superoxide dismutase 1)
G93A Tg mouse model of ALS, it was reported
that a modest, muscle-specific increase in MuSK
expression via a transgene delayed denervation
at NMJs and improved motor activity, but not
survival, of the mice (35). However, a previous
study had shown that higher-level expression of
MusSK in the muscle induces scattered NMJ for-
mation throughout myotubes, leading to severe
muscle weakness and ultimately to death (36).
Dok-7 gene therapy may be a safer approach be-
cause it greatly facilitates correct, centrally local-
ized NMJ enlargement without lethal effects for
more than 1 year in DOK7 myasthenia mice (Figs.
2A and 3C and figs. S14 and S15).

AAV-mediated gene transfer to skeletal muscle
can result in long-term expression of the ther-
apeutic gene. For instance, in a patient with he-
mophilia B, AAV-mediated expression of factor IX
was detected even 10 years after a single intra-
muscular injection (37). In addition, although AAV
capsid, rather than transgene, is the antigen that
is targeted by the host immune responses in hu-
mans, this process can be controlled by a short
course of treatment with immunosuppressant
without loss of transgene expression (38), raising

prospects for long-term use of these vectors in
therapies.

Our findings demonstrate that elevated Dok-7
expression, or any equivalent method that stably
and safely enlarges the NMJ, has potential as a
therapy for a variety of neuromuscular disorders
that feature defects in NMJ structure, including
those of unknown etiology. Such NMJ-targeted
therapies could be administered alone or in com-
bination with other therapies.
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SLCI16A2 mutations in two Japanese patients with
Allan—Herndon—Dudley syndrome

Toshiyuki Yamamoto', Keiko Shimojima®, Ayako Umemura?, Mitsugu Uematsu®, Tojo Nakayama® and Ken Inoue*

Allan-Herndon-Dudley syndrome (AHDS) is a neurodevelopmental disorder that manifests as intellectual disability and motor
developmental delay. Thyroid hormone transporter dysfunction due to SLC16A2 mutation is the underlying cause of this disorder.
We identified a novel (P537del) and a recurrent (A150V) SLCT6A2 mutation in Japanese AHDS patients from two different families.
A150V co-segregated with $33P. Both patients showed similar clinical features including severe neurological features and delayed
myelination. Thyroid function showed a common finding of elevated T3 levels. No clear genotype-phenotype correlation was

observed in patients with SLCT16A2 alterations.

Human Genome Variation (2014) 1, 14010; doi:10.1038/hgv.2014.10; published online 9 October 2014

Allan-Herndon-Dudley syndrome (AHDS; MIM #300523) is
recognized as a neurodevelopmental disorder that manifests in
intellectual disability and motor developmental delay and is
associated with infantile hypotonia. In 2004, the solute carrier
family 16 member 2 gene (SLC16A2) was identified as the gene
responsible for this disorder.! SLC16A2 encodes a T3- and
T4-transporter that is expressed in neuronal cells (monocarbox-
ylate transporter 8; MCT8). MCT8 plays a decisive role in the
transport of T3 into neurons.” Therefore, the abnormal thyroid
function observed in AHDS patients is the consequence of
transporter dysfunction in neuronal cells.

In 2009, SLC16A2 mutations were identified in a number of
patients initially presenting with mimicking phenotypes of
Pelizaeus-Merzbacher disease (PMD) during the infantile period,
in association with delayed myelination.># Similar to PMD, AHDS is
inherited as an X-linked recessive trait because SLC16A2 is located
on Xg13.2. Many SLC16A2 mutations have been reported.” In the
present study, we identified SLC16A2 mutations in two different
patients who initially presented with phenotypes mimicking those
of PMD.

Patient 1 is a 7-month-old Japanese boy, who was born at
41 weeks of gestation with a birth weight of 3,040 g (mean). He
was the only child of non-consanguineous parents. The family had
no history of neuromuscular disorders. The pregnancy was not
remarkable, and no asphyxic events occurred during birth.
Although he showed social smiling, he did not show age-
appropriate head control at the 5-month health checkup and
was referred to our hospital. He showed hypertonus of his
extremities and often displayed an asymmetrical tonic neck reflex
posture with opisthotonus. He could neither turn over nor sit.
Laboratory examinations revealed abnormal thyroid function with
a normal TSH level of 3.647 pg/ml (normal range: 0.46-3.73), a
high free T3 level of 7.73 pg/ml (normal range: 2.51-4.12) and a
low free T4 level of 0.52ng/dl (normal range: 0.88-1.5). Brain
magnetic resonance imaging (MRI) of the patient at the age of

7 months showed markedly delayed myelination and mildly
reduced brain volume (Figure 1a, b).

Patient 2 is a 21-month-old Japanese boy who was born as the
first child of healthy and non-consanguineous parents at 42 weeks
of gestation with a birth weight of 3,686 g (90-97th percentile). At
the age of 8 months, he was referred to our hospital because of a
motor developmental delay. At that time, he had no head control
and could not turn over. Physical examinations showed no
abnormalities. The neurological examination showed conflicting
findings with mild axial hypotonia and mild spasticity in his
extremities, as indicated by accelerated deep tendon reflexes. The
auditory brainstem response clearly showed all five response
peaks, but a mild deafness pattern was indicated by the fact that
the response could be recorded over 50 dB. Almost all laboratory
examinations showed no abnormalities, but thyroid functions
showed abnormal thyroid function with a high TSH level of
593 pg/ml (normal range: 0.49-4.94), a high free T3 level of
6.37 pg/ml (normal range: 1.71-3.71) and a normal free T4 level
of 0.75 ng/dl (normal range: 0.7-1.48). A brain MRI examined at
the age of 8 months showed no marked abnormality, but
subsequent analysis at 17 months showed a delayed myelination
pattern and mild dilatation of the extra-cerebrum space
(Figure 1¢, d). Chromosomal examination showed a normal male
karyotype of 46XY. At present, the patient shows severe
developmental delay with no head control and no turning over.
He is declared bedridden.

We suspected that SLCT6A2 mutations would be related in
these two patients because of the combined presentation of
delayed myelination and thyroid dysfunction with an elevated T3
pattern. After obtaining written informed consent, blood samples
were obtained from both families for the purpose of molecular
diagnosis. This study was approved by the ethical committee in
Tokyo Women's Medical University. Genomic DNA extracted using
a QlAamp DNA extraction kit (Qiagen, Hilden, Germany) was used
for PCR-based direct Sanger sequencing of SLCT6A2.

"Tokyo Women's Medical University Institute for Integrated Medical Sciences, Tokyo, Japan; 2Department of Pediatrics, Central Hospital, Aichi Human Service Center, Kasugai,
Japan; *Department of Pediatrics, Tohoku University School of Medicine, Sendai, Japan and “National Institute of Neuroscience, National Center for Neurology and Psychiatry,
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Figure 1. Brain magnetic resonance imaging of two patients.T1- and
T2-weighted axial images of patient 1 examined at 7 months of age
(a and b, respectively). Dilatation of the extra-cerebrum space and
lateral ventricles is indicative of reduced brain volume. The genu of
the corpus callosum is thin. Myelination is noted only in the
posterior limb of the internal capsule and in the optic radiations,
as shown in both of the T1- and T2-weighted images. T1- and
T2-weighted axial images of patient 2 examined at 17 months of age
(c and d, respectively). The extra-cerebrum space is remarkable, The
T1-weighted image shows a normal myelination pattern with high
intensity in the white matter (c); however, the T2-weighted image
shows a delayed myelination pattern with low intensity only in the
genu of the corpus callosum, anterior and posterior limbs of the
internal capsule, and optic radiations (d).

In patient 1, a 3-bp deletion (c.1390_1392delCCC), leading
to an in-frame amino-acid deletion (P464del), was identified
in exon 5 (Figure 2a). This deletion has never been
previously reported. Because his mother declined to be
genotyped, we do not know whether this mutation is de novo
or familial.

In patient 2, we identified two single-nucleotide variants (SNVs)
that lead to amino-acid changes: ¢.97T>C in exon 1 (S33P) and
Cc.449C>T in exon 2 (A150V) (Figure 2b,c). The SNVs were listed in
dbSNP build 138 as rs6647476 and rs104894936, respectively. The
damaging effect scores of the SNVs were calculated using
PolyPhen-2 and SIFT; however, no difference was observed
between the SNVs. The PolyPhen-2 scores were 0.898 (S33P)
and 0.673 (A150V), indicating that they were benign. SIFT scores
were 047 (S33P) and 0.25 (A150V), indicating that the SNVs were
TOLERATED. The minor allele frequency (MAF) of S33P was
36.632%, indicating that it is a common SNP with > 1% MAF. In
comparison, the MAF of A150V is low, at < 1%, indicating that it is
a flagged SNP. Based on these data, S33P was considered benign,
whereas A150V was considered pathogenic. The mother of patient
2 was homozygous and heterozygous for S33P and A150V,
respectively, showing that these variants co-segregated in the
maternally derived allele.

In the present study, we diagnosed two patients with AHDS
who showed severe developmental delay, especially with
respect to motor development. Neither patient acquired head
control. The results of the thyroid function examination
showed elevated T3 levels in both patients despite variable
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Figure 2, Electrophoregrams of the mutations identified in this

study. (a) ¢.1390_1392delCCC is shown in SLC16A2 exon 5 in
patient 1. (b) Patient 2 and his mother are hemizygous and
homozygous for c.97T>C in SLCT6A2 exon 1 (S33P), respectively.
(c) Patient 2 and his mother are hemizygous and heterozygous for
Cc.449C>T in SLC16A2 exon 2 (A150V).

TSH and T4 levels. This is the typical pattern for AHDS. Brain
MRl showed severely delayed myelination in both patients.
Additionally, the total brain volume was mildly reduced in both
patients.

Molecular analysis identified a novel single-amino-acid dele-

tion arising from a 3-bp nucleotide deletion in patient 1
(P464del).
A missense mutation, P464L, affecting this residue had been
previously reported.® A150V identified in patient 2 has been
recurrently reported,”™ and functional analysis of this mutation
confirmed that it results in a complete loss of specific T3 uptake®
and damaged T3 metabolism.’”® To our knowledge, co-
segregation of S33P and A150V was reported for the first time
in the present study. Although we had no evidence of whether
A150V was inherited in this family or occurred de novo, the
relatively frequent occurrence of A150V in AHDS patients
suggests that this region containing a “CGCG" repeat sequence
may be a mutation hot spot.

In conclusion, we identified an in-frame/single-amino-acid
deletion as well as a recurrent missense mutation in AHDS
patients. Because both patients showed similar clinical manifesta-
tions, no clear genotype-phenotype correlation was observed for
SLC16A2 alterations.

© 2014 The Japan Society of Human Genetics
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Abstract To determine the epidemiological, clinical, and
genetic characteristics of congenital hypomyelinating leu-
kodystrophies, including Pelizacus—Merzbacher disease
(PMD), we conducted a nationwide epidemiological survey
in Japan. A two-step survey targeting all medical institu-
tions specializing in pediatric neurology and childhood
disability (919 institutes) in Japan was performed. Detailed
information was collected for 101 patients (86 males and
15 females) with congenital hypomyelinating leukodys-
trophies. The prevalence of congenital hypomyelinating
disorders was 0.78 per 100,000 people (0-19 years old),
and the incidence was 1.40 per 100,000 live births.
Molecular testing was performed in 75 % of patients, and
PLP] gene abnormalities were observed .in 62 %. The
incidence of PMD with PLPI mutations was estimated to
be 1.45 per 100,000 male live births and that for congenital
hypomyelinating disorders with unknown cause to be 0.41
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per 100,000 live births. Patients with PLPI mutations
showed a higher proportion of nystagmus and hypotonia,
both of which tend to disappear over time. Our results
constitute the first nationwide survey of congenital hyp-
omyelinating disorders, and provide the epidemiological,
clinical, and genetic landscapes of these disorders.

Keywords Hypomyelinating leukodystrophy -
Epidemiology - Pelizacus—Merzbacher disease

Introduction

Congenital hypomyelinating leukodystrophies are a heter-
ogeneous group of inherited diseases characterized by a
substantial deficit in myelin deposition in the brain. These
disorders are distinguished from classic demyelinating
leukodystrophies characterized by myelin degeneration.
Therefore, clinical manifestations, pathogenesis, and
potential treatment approaches can be distinct for these two
groups of disorders. Recently, at least 11 congenital
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Objective: Pelizaeus-Merzbacher-like disease is a rare hypomyelinating leukodystrophy caused by autosomal
recessive mutations in GJC2, encoding a gap junction protein essential for production of a mature myelin sheath.
A previously identified GJC2 mutation {c.-167G > A) in the promoter region is hypothesized to disrupt a putative
S0OX10 binding site; however, the lack of additional mutations in this region and contradictory functional data
have limited the interpretation of this variant.

Methods: We describe two independent Pelizaeus-Merzbacher-like disease families with a novel promoter region

gﬁ:ﬁxﬁimpm mutation and updated in vitro functional assays.

Glia Results: A novel GJC2 mutation (c~170G = A) in the promoter region was identified in Pelizacus-Merzbacher-like
Myelin disease patients. In vitro functional assays using human GJC2 promoter constructs demonstrated that this mutation
Gjc2 and the previously described ¢.-167G > A mutation similarly diminished the transcriptional activity driven by

Pelizacus-Merzbacher SOX10 and the binding affinity for SOX10.
Interpretation: These findings support the role of GJC2 promoter mutations in Pelizaeus-Merzbacher-like disease.

GJC2 promoter region mutation screening should be included in the evaluation of patients with unexplained

hypomyelinating leukodystrophies.

© 2013 Published by Elsevier Inc.

1. Introduction

Hypomyelinating leukodystrophies are a rare cause of disease of the
central nervous system (CNS) characterized by abnormal myelin forma-
tion [1]. The prototype condition for hypomyelinating leukodystrophies
is Pelizaeus-Merzbacher disease (PMD) (OMIM 312080), an X-linked
condition 2] that is due to a mutation in the proteolipid protein 1 gene
(PLPT) (OMIM 300401). Pelizaecus-Merzbacher-like disease (PMLD)
(OMIM 608804)is a clinically similar disease without detectable abnor-
malities within the PLPT gene. PMLD is instead an autosomal recessive
hypomyelinating leukodystrophy that was shown to be caused by muta-
tions in the gap junction protein gamma-2 gene (GJ(2) (OMIM 608803)
that encodes the connexin 47 protein (Cx47), a connexin family member
and gap junction protein important in astrocytes and oligodendrocytes

* Corresponding author at: Children's National Medical Center, Center for Genetic
Medicine Research (CGMRY), 111 Michigan Avenue, NW, Washington, DC 20010-2970, USA.
E-mail address: avanderv@childrensnational.org (A. Vanderver).
' Dr Inoue and Leo Gotoh share the role of first author in this publication.
2 Dr Hobson and Dr Vanderver share the role of senior author in this publication.

1096-7192/$ - see front matter © 2013 Published by Elsevier Inc.
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[3,4]. Mutation of GJC2 does not allow Cx47 to reach the membrane,
resulting in loss of function |5]. Additionally, the GJC2 promoter region
contains SOX10 transcriptional factor binding sites, which allow for
SOX10 to play a role in myelin formation [5].

More than twenty different coding mutations have so far been
identified in the GJC2 coding region [2,4,6-11]. An additional mutation,
c-167A > G, was identified in the putative promoter region in individuals
with the phenotype of PMLD {3,5,12,13]. This promoter mutation was
first identified in the homozygous state, has now been reported in 15
individuals from 5 families {3,5,12,13], and has additionally been found
in two patients [12] in the heterozygous state with another previously
published mutation [7] within the coding sequence of GJC2. There
is evidence suggesting that some c.-167A > G cases arose from a single
founder [3,13] and this mutation is thought to account for nearly a third
of GJC2-PMLD phenotypes [13]. G/C2 mutations account overall for only
10% of unsolved cases of hypomyelination, suggesting that mutations in
GJC2 and its promoter region at the SOX10 binding site are a rare cause
of this phenotype [6]. Mutation c.~167A > G was demonstrated to result
in decreased SOX10 dependent transcription of the luciferase reporter
gene in constructs containing mouse Gjc2 promoter region [5). However,



Hum Genet (2014) 133:225-234
DOI 10.1007/s00439-013-1372-6

A hemizygous GYG2 mutation and Leigh syndrome:

a possible link?

Eri Imagawa - Hitoshi Osaka - Akio Yamashita - Masaaki Shiina -
Eihiko Takahashi - Hideo Sugie - Mitsuko Nakashima - Yoshinori Tsurusaki -
Hirotomo Saitsu - Kazuhiro Ogata - Naomichi Matsumoto - Noriko Miyake

Received: 17 April 2013 / Accepted: 29 September 2013 / Published online: 8 October 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Leigh syndrome (LS) is an early-onset progres-
sive neurodegenerative disorder characterized by unique,
bilateral neuropathological findings in brainstem, basal
ganglia, cerebellum and spinal cord. LS is genetically
heterogeneous, with the majority of the causative genes
affecting mitochondrial malfunction, and many cases still
remain unsolved. Here, we report male sibs affected with
LS showing ketonemia, but no marked elevation of lactate
and pyruvate. To identify their genetic cause, we performed
whole exome sequencing. Candidate variants were nar-
rowed down based on autosomal recessive and X-linked
recessive models. Only one hemizygous missense mutation
(c.665G>C, p.W222S) in glycogenin-2 (GYG2) (isoform
a: NM_001079855) in both affected sibs and a heterozy-
gous change in their mother were identified, being consist-
ent with the X-linked recessive trait. GYG2 encodes glyco-
genin-2 (GYG2) protein, which plays an important role in
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the initiation of glycogen synthesis. Based on the structural
modeling, the mutation can destabilize the structure and
result in protein malfunctioning. Furthermore, in vitro exper-
iments showed mutant GYG2 was unable to undergo the
self-glucosylation, which is observed in wild-type GYG2.
This is the first report of GYG2 mutation in human, implying
a possible link between GYG2 abnormality and LS.

Introduction

Glycogen is a large branched polysaccharide contain-
ing linear chains of glucose residues. Glycogen deposits
in skeletal muscle and liver serve as shorter-term energy
storage in mammals, while fat provides long-term storage.
Glycogen biosynthesis begins with self-glucosylation of
glycogenins by covalent binding of UDP-glucose to tyros-
ine residues of the glycogenins and the subsequent exten-
sion of approximately ten glucose residues (Pitcher et al.
1988; Smythe et al. 1988). Glycogen particles are formed
by the continued addition of UDP-glucose to the growing
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ARTICLE INFO ABSTRACT
Article history: Large numbers of genes are responsible for Leigh syndrome (LS), making
Received 12 February 2014 genetic confirmation of LS difficult. We screened our patients with LS

Accepted 12 February 2014

c using a limited set of 21 primers encompassing the frequently reported
Available online xxxx

gene for the respiratory chain complexes I (ND1-ND6, and ND4L),
IV(SURF1), and V(ATPG) and the pyruvate dehydrogenase E1a-subunit.
Of 18 LS patients, we identified mutations in 11 patients, including 7 in
Complex | deficiency mDN{\ (two with ATP6), 4 in nuclear ‘( three with SURFl.). Overfall, we
Heteroplasmy identified mutations in 61% of LS patients (11/18 individuals) in this
mDNA mutation cohort. Sanger sequencing with our limited set of primers allowed us a
rapid genetic confirmation of more than half of the LS patients and it
appears to be efficient as a primary genetic screening in this cohort.
© 2014 The Authors. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

Keywords:
Leigh syndrome

1. Introduction

Leigh syndrome (LS) (OMIM 256000) is an early onset, devastating neurodegenerative disease of the
central nervous system (CNS) characterized by symmetrical necrotic lesions in the brainstem, basal
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Abstract Guanidinoacetate methyltransferase (GAMT)
deficiency is a rare disorder of creatine synthesis resulting
in cerebral creatine depletion. We present a 38-year-old
patient, the first Japanese case of GAMT deficiency.
Developmental delay started after a few months of age
with a marked delay in language, which resulted in severe
intellectual deficit. She showed hyperactivity and trichotil-
lomania from childhood. Epileptic seizures appeared at
18 months and she had multiple types of seizures including
epileptic spasms, brief tonic seizures, atypical absences,
complex partial seizures with secondary generalization, and
“drop” seizures. They have been refractory to multiple
antiepileptic drugs. Although there have been no involun-
tary movements, magnetic resonance imaging revealed T2
hyperintense lesions in bilateral globus pallidi. Motor
regression started around 30 years of age and the patient
is now able to walk for only short periods. Very low serum
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creatinine levels measured by enzymatic method raised a
suspicion of GAMT deficiency, which was confirmed by
proton magnetic resonance spectroscopy and urinary
guanidinoacetate assay. GAMT gene analysis revealed that
the patient is a compound heterozygote of c.578A>G,
p-GIn193Arg and splice site mutation, ¢.391G>C,
p.Glyl31Arg, neither of which have been reported in
the literature. We also identified two aberrant splice
products from the patient’s cDNA analysis. The patient
was recently started on supplementation of high-dose
creatine and omithine, the effects of which are currently
under evaluation. Although rare, patients with develop-
mental delay, epilepsy, behavioral problems, and movement
disorders should be vigorously screened for GAMT
deficiency, as it is a treatable disorder.

Introduction

Guanidinoacetate methyltransferase (GAMT; OMIM
601240) deficiency is a rare autosomal recessive disorder
of creatine synthesis resulting in cerebral creatine depletion
(Stockler et al. 1994, 1996b). Guanidinoacetate (GAA)
accumulates in body fluids. Symptoms of GAMT defi-
ciency usually emerge after a few months of life, such as
intellectual disability, speech delay, autistic behaviors,
epileptic seizures, and involuntary movements (Mercimek-
Mahmutoglu et al. 2006). Making a diagnosis of GAMT
deficiency is challenging; nonetheless, early diagnosis is
crucial because this disorder is treatable (Stockler et al.
1996a). Only approximately 80 cases have been reported
to date, mostly from Europe and the Middle East. Here we
report on the first Japanese patient with GAMT deficiency
with two novel gene mutations.

@ Springer
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Genotype—phenotype correlation of
contiguous gene deletions of SLC6AS,

BCAP31 and ABCDI

van de Kamp J.M., Errami A., Howidi M., Anselm 1., Winter S.,
Phalin-Roque I., Osaka H., van Dooren S.J.M., Mancini G.M., Steinberg
S.J., Salomons G.S. Genotype—phenotype correlation

of contiguous gene deletions of SLC6AS, BCAP31 and ABCDI .

Clin Genet 2015: 87: 141-147. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2014

The BCAP3] gene is located between SLC6AS, associated with X-linked
creatine transporter deficiency, and ABCD/ , associated with X-linked

- adrenoleukodystrophy. Recently, loss-of-function mutations in BCAP3/
were reported in association with severe developmental delay, deafness and
dystonia. We characterized the break points in eight patients with deletions
of SLC6AS, BCAP3] and/or ABCD1 and studied the genotype—phenotype
correlations. The phenotype in patients with contiguous gene deletions
involving BCAP31 overlaps with the phenotype of isolated BCAP31/
deficiency. Only deletions involving both BCAP3! and ABCDI were
associated with hepatic cholestasis and death before 1 year, which might
be explained by a synergistic effect. Remarkably, a patient with an isolated
deletion at the 3’-end of SLC6AS had a similar severe phenotype as seen

in BCAP3] deficiency but without deafness. This might be caused by the
disturbance of a regulatory element between SLC6AS and BCAP3].
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PIGO mutations in intractable epilepsy and severe
developmental delay with mild elevation of alkaline
phosphatase levels
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SUMMARY

Aberrations in the glycosylphosphatidylinositol (GPl)-anchor biosynthesis pathway
constitute a subclass of congenital disorders of glycosylation, and mutations in seven
genes involved in this pathway have been identified. Among them, mutations in PIGY
and PIGO, which are involved in the late stages of GPl-anchor synthesis, and PGAP2,
which is involved in fatty-acid GPl-anchor remodeling, are all causative for hyperphos-
phatasia with mental retardation syndrome (HPMRS). Using whole exome sequenc-
ing, we identified novel compound heterozygous PIGO mutations (c.389C>A
[p.Thr130Asn] and c.1288C>T [p.GIn430*]) in two siblings, one of them having epilep-
tic encephalopathy. GPl-anchored proteins (CD16 and CD24) on blood granulocytes
were slightly decreased compared with a control and his mother. Our patients lacked
the characteristic features of HPMRS, such as facial dysmorphology (showing only a
tented mouth) and hypoplasia of distal phalanges, and had only a mild elevation
of serum alkaline phosphatase (ALP). Our findings therefore expand the clinical
spectrum of GPl-anchor deficiencies involving PIGO mutations to include epileptic
encephalopathy with mild elevation of ALP.

KEY WORDS: Congenital disorders of glycosylation, Epileptic encephalopathy, Glyco-
sylphosphatidylinositol anchors, PIGO.
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More than 100 mammalian cell-surface proteins are
anchored to the plasma membrane by the addition of gly-
cosylphosphatidylinositol (GPI) to their C-termini. More
than 20 genes are involved in the GPI-anchor biosynthesis
pathway'? of which 7 are mutated in GPl-anchor defi-
ciencies, a subclass of congenital glycosylation disorders,
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in association with neurologic impairments.>’ Among
them, mutations in PIGV, PIGO (both are involved in the
last step of GPI-anchor synthesis), and PGAP2 (involved
in fatty-acid GPI-anchor remodeling) have been identi-
fied in patients with hyperphosphatasia with mental retar-
dation syndrome (HPMRS), also known as Mabry
syndrome.3°8

PIGO encodes GPI ethanolamine phosphate transferase
3, which is also known as phosphatidylinositol-glycan bio-
synthesis class O. To date, only three HPMRS families
with compound heterozygous mutations in PIGO have
been reported. In this study, we performed whole exome
sequencing of a Japanese family containing two affected
siblings, one of them having epileptic encephalopathy, and
identified novel PIGO mutations that expand the clinical
spectrum of PIGO abnormalities to include epileptic
encephalopathy.
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Case Report

A Japanese girl with an early-infantile onset vanishing white
matter disease resembling Cree leukoencephalopathy

Kyoko Takano™"”, Yu Tsuyusaki”, Mutsumi Sato *, Mariko Takagi®, Rie Anzai®,
Mitsuko Okuda®, Mizue Tai®, Sumimasa Yamashita®, Tetsuhiko Okabe“, Noriko Aida®,
Yoshinori Tsurusaki?, Hirotomo Saitsu“, Naomichi Matsumoto ¢, Hitoshi Osaka **

* Division of Neurology, Kanagawa Children’s Medical Center, Yokohama, Japan
Y Department of Medical Genetics, Shinshu University School of Medicine, Matsumoto, Japan
€ Department of Radiology, Kanagawa Children's Medical Center, Yokohama, Japan

4 Human Geneties, Yokohama City University Graduate School of Medicine, Yokohama, Japan
¢ Depariment of Pediatrics, Jichi Medical School, Shimotsuke, Japan

Received 14 August 2014 received in revised form 17 September 2014; accepted 1 October 2014

Abstract

Vanishing white matter disease (VWM)/childhood ataxia with central hypomyelination (CACH) is an autosomal recessive leu-
koencephalopathy caused by mutations in one of five genes, E[F2B1-5, encoding the 5 subunits of eukaryotic translation initiation
factor 2B (elFF2B). The classical phenotype is characterized by early childhood onset and chronic progressive neurological deterio-
ration with cerebellar ataxia, spasticity, optic atrophy and epilepsy. However, the onset of disease varies from antenatal period to
adulthood. Cree leukoencephalopathy (CLE) is a severe variant of VWM and caused by a homozygous mutation (R195H) in the
EIF2B5 gene.

The patient reported in this study developed lethargy, vomiting and seizure 3 days after an oral poliovirus vaccination at the age
of 4 months. She presented with rapid neurological deterioration within a month of onset. Brain MRI showed abnormal white mat-
ter intensity. Whole-exome sequencing identified two heterozygous mutations in the £7F2B5 gene: a known mutation, ¢.584G>A
(R195H, which is homozygous in CLE), and a novel mutation, ¢.1223T>C (1408T, which resides in the “I-patch”). Mutations in
the “I-patch” encoded region of eIF2Be may be related to an early-infantile onset phenotype. This patient exhibits an early-infantile
onset and progressive disease course resembling CLE, suggesting a severe functional disruption of elF2Be caused by R195H as well
as by I408T mutations.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Vanishing white matter disease (VWM); Cree leukoencephalopathy; Eukaryotic translation initiation factor 2B; eIF2Bg; EIF2BS

1. Introduction (CACH) is an autosomal recessive brain disorder show-
ing white matter rarefaction and cystic degeneration.
Vanishing white matter disease (VWM, OMIM# Neurological signs are dominated by progressive cere-

603896)/childhood ataxia with central hypomyelination bellar ataxia, spasticity, optic atrophy and epilepsy.
Febrile infections and minor head trauma may provoke

* Corresponding author at: Department of Medical Genetics, Shin- rapid neur OlOgIC?I deterioration folloyvmg normal devel-
shu University School of Medicine, 3-1-1 Asahi, Matsumoto, Nagano opment [1]. Typical onset of VWM is at age 2-6 years,

3908621, Japan. Tel.: +81 263 37 2618; fax: +81 263 37 2619. but varies from prenatal to adulthood. Patients with
E-mail address: k_takano@shinshu-u.ac.jp (K. Takano).

http://dx.doi.org/10.1016/j.braindev.2014.10.002
0387-7604/© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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Neurochemistry in Shiverer Mouse Depicted

on MR Spectroscopy

Jun-ichi Takanashi, MD, PhD,"** Nobuhiro Nitta, ME," Nobuaki lwasaki, MD, PhD,*
Shigeyoshi Saito, PhD,® Ryuta Tanaka, MD, PhD,® A. James Barkovich, MD, PhD,” and

Ichio Aoki, PhD’

Pu:pose. . To evaluate the neuroehemlcal changes assocr
ated with hypomyehnatmn espemally to clarify whether
increased total N-acetylaspartate (tNAA) with decreased
choline (Cho) observed in the thalamus of msd mice with
the plpl mutation is'a common ﬁndmg for hypomyehnat—
ing dlsorders : :

Matenals and Methods' We performed magnetxc reso-
nance imaging (MR) and proton MR spectmscopy (*H-MRS)

of the thalamus and cortex of postnata.l '12-week. shiverer

mice deVOld of myelin basic protein (rnbp) heterozygous and-
wild-type mice with a 7.0T magnet LuXol Fast Blue stammg

and immunohistochemical ana1y51s with anti- M‘bp. Gfap, g
Olig2, and NeuN ant[bodles were also performed

Results. In the thalamus decreased Cho and normal
tNAA were observed in shiverer mice. In the cortex, tNAA,
Cho, and glutamate were decreased in shiverer mice. His-
tological and m]munohastochenncal ana1y51s of shlverer
mice brains revealed hypomyehnatlon in the thalamus,
white matter, and cortex; astrogh031s and an increased
number of total oligodendrocytes in the white ‘matter; and )
a decreased number of neurons in the cortex.
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Conclusion:  The reduction of Cho on ‘H- MRS might be
a common marker for hypomyelmatmg disorders. A nor-
mal tNAA level in the thalamus of shiverer mice might be
explained by the presence of mature oligodendrocytes,
which enable neuron-to-oligodendrocyte NAA transport or
NAA catabolism. '

Key ‘Words: magnetlc resonance spectroscopy, N-acety-
laspa.rtate choline; hy-pomyelmatxon myehn basu: pro-
tein; shiverer mouse

J. Magn. Reson. Imagmg 2014 39:1550-1557.
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THE TERM HYPOMYELINATION describes a perma-
nent, substantial deficit of myelin deposition in the
brain. The protein composition of myelin in the cen-
tral nervous system (CNS) is simpler than that of
other membranes; the two major components are pro-
teolipid protein (PLP) and myelin basic protein (MBP),
which account for 50% and 30% of the total myelin
protein, respectively. MBP, the second major struc-
tural protein of the myelin sheath of the mammalian
CNS, is associated with the major dense line (1). Shiv-
erer (shi/shi) is an autosomal recessive mouse muta-
tion of the mbp gene, which deletes a 20-kb region
including exons 3~7, resulting in the absence of mbp
(1-3). Oligodendrocytes of shiverer mice fail to assem-
ble compacted myelin (1,2), which causes an almost
total lack of myelin (hypomyelination) in the CNS.
Despite progress in understanding the molecular
basis and neuroimaging characteristics of Pelizaeus-
Merzbacher disease (PMD) (4.,5), a representative
hypomyelination disease due to derangement of the
PLP1 gene, the neurochemical changes associated
with hypomyelination remains unknown. We per-
formed proton magnetic resonance spectroscopy (*H-
MRS) with a 7.0T magnet on the brains of myelin syn-
thesis-deficient (msd) mice, a model of connatal PMD,
one of the most severely affected murine mutants as
to the plpl gene. 'H-MRS of msd mice showed
increased total N-acetylaspartate (tNAA; NAA, 2.01
ppm, and N-acetylaspartylglutamate [NAAG]
2.04 ppm, which are difficult to distinguish on 'H-
MRS) and decreased choline (Cho) (6), as observed in
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