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at —80°C. The embryos were rehydrated in PBS, and hy-
bridization of a DIG-labeled RNA probe was carried out
in a hybridization buffer containing 50% formamide, 25%
20xSSC, 1% Tween20, 9 mM citric acid and 1 mg/ml heparin
at 65°C for 16 h. Embryos hybridized with a DIG-labeled
RNA were incubated with anti-DIG antibody conjugated to
alkaline phosphatase (Roche Diagnostics) (1:2000) at 4°C
for 12 h, stained with BM purple (Roche Diagnostics) at
room temperature for 2 h and fixed with 4% PFA-PBS. The
embryos were observed using ECLIPSE E600 (Nikon Corp.,
Tokyo, Japan).

Localization of 3'UTRs in zPOMTI and zPOMT2 genes

The EGFP gene was cloned into pSP72 vector (Promega, Ma-
dison, WI). The3'UTRs of zPOMTI and zPOMT2 were fused
separately downstream of EGFP gene. The 3'UTR of zebrafish
NUDT?2 was used as a control. Capped mRNAs of EGFP-
zPOMTs-3'UTR were synthesized using mMESSAGE mMA-
CHINE High Yield Capped RNA Transcription Kit (SP6,
Ambion Inc., Austin, TX). Capped mRNAs at a concentration
of 0.05 pg/pL were injected into fertilized eggs from one to
two cells. The embryos were observed until 24 hpf using
ECLIPSE E600 and a mercury lamp (Nikon).

Knockdown analysis of zPOMTI and zPOMT?2

Antisense MOs targeted to interfere with zPOMT1 and zPOMT2
translation were purchased from Gene Tools LLC (Philomath,
OR). The antisense sequences of zPOMT! and zPOMT2 genes
were designed using the 50 sequence around the putative start of
translation of zPOMTI and zPOMT2 mRNA (accession nos.
AB281275 and AB281276). The morpholino sequences were
zPOMTI-MO: 5'-gacgggcagtttaacacactgcatg-3’ and zPOMT2-
MO: 5'-gtccattcttgaagatgaagaggac-3'. The sequence of control
MO was 5'-gtacgtcacacaatttgacgggeag-3'. MOs at a concentra-
tion of 0.25, 0.5 or 1.0 mM were injected into embryos at the
one- to two-cell stage.

Immunohistochemistry

For immunohistochemistry, embryos were fixed overnight in
4% paraformaldehyde solution, embedded in paraffin and sec-
tioned at 10 pm and mounted on slides. Sections were left to
dry for 2 h. After being dewaxed and rehydrated, some sec-
tions were stained with hematoxylin and eosin, while others
were subjected to immunohistostaining as described in (Mu-
lero et al. 2007). Anti-glycosylated o-DG IIH6 (Upstate,
Millipore, Billerica, MA) was used at a dilution of 1:100 with
PBS. Slides were washed 3x 10 min with PBS containing
0.1% Tween (PBSTw) and incubated with secondary antibody
for 1 h. The secondary antibody used was Alexa Fluor 488
Goat Anti-Mouse IgM (Molecular Probes Invitrogen Life
Technologoies Corp., Tokyo, Japan) at a dilution of 1:500 with
PBS. Embryos were fixed in 4% PFA-PBS and transferred into
100% methanol. The embryos were rehydrated in PBS contain-
ing 0.1% Tween-20 (PBT) and incubated in PBT containing
anti-glycosylated a-DG antibody (IIH6) overnight at 4°C fol-
lowed by several washes with PBT and incubation with
secondary antibody (goat anti-mouse IgM AlexaFluor-488,).
The embryos were observed using ECLIPSE E600 and a mer-
cury lamp (Nikon).
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Assay for protein O-mannosyliransferase activity

Expression plasmids of zPOMT]1 and zPOMT2 were construc-
ted using pcDNA3.1 Hygro (+) vector (Life Technologoies
Corp., Tokyo, Japan) and confirmed by the sequencing. The ex-
pression plasmids were transfected into HEK293T cells, and the
cells were cultured for 3 days in complete medium, harvested,
and homogenized. Protein O-mannosyltransferase activity was
based on the amount of [*H]-mannose transferred from [*H]-
mannosylphosphoryldolichol to a glutathione-S-transferase fu-
sion a-DG (GST-a-DG) as described previously (Manya et al.
2004). Approximately 80 ug of microsomal membrane fractions
were collected from HEK293T cells coexpressing combinations
of POMT1 and/or POMT2 genes from either human or zebra-
fish, suspended in a 20-pL reaction buffer containing 10 ug of
GST-o-DG. The reaction mixture was incubated at 22°C for 1 h,
and GST-a-DG was purified using glutathione-Sepharose 4B
beads (GE Healthcare Bio-Sciences Corp., Piscataway, NJ).
The radioactivity adsorbed to the beads was measured by using
liquid scintillation counter.

Acknowledgement

We would like to thank Dr. Roy H. Doi, Distinguished
Professor Emeritus of Molecular Biology at the University
of California, Davis, for his English corrections and
discussion.

Funding

This work was supported by grants from the Wakayama
Prefecture Collaboration of Regional Entities for the
Advancement of Technological Excellence and SENTAN,
Japan Science and the Technology Agency and the New
Energy and Industrial Technology Development Organization
(02A09003d), and Grant-in-Aid for Scientific Research
(20370053) from the Japan Society for the Promotion of
Science, a Research Grant for Nervous and Mental Disorders
(20B-13) and Research on Psychiatric and Neurological
Diseases and Mental Health from the Ministry of Health,
Labor, and Welfare of Japan, and a grant from The Takeda
Science Foundation.

The nucleotide sequences in this paper have been submitted
to the Genbank/EMBL/DDBJ Nucleotide Sequence Database.
The accession numbers AB281275 and AB281276 have been
assigned to the cDNA sequences of zebrafish POMTI and
POMT?2, respectively.

Abbreviations

a-DG, a-dystroglycan; DGC, dystrophin-glycoprotein com-
plex; DIG, Digoxigenin; EGFP, enhanced green fluorescent
protein; FKRP, fukutin-related protein; HEK293T cells, human
embryonic kidney 293 T cells; MO, morpholino oligonucleotide;
ORF, open reading frame; PBS phosphate-buffered saline; PBT
PBS containing 0.1% Tween-20; PFA paraformaldehyde;
POMGnT]I, protein O-mannose p1,2-N-acetylglucosaminyl-
transferasel; POMT, PMT, protein O-mannosyltransferase;
RT-PCR, reverse transcriptase-polymease chain reaction; SD,
standard deviation; WWS, Walker—Warburg syndrome.

0L0Z ‘9 1snbny uo opug oewe] Aq Bio’sjeulnolpioyxo qoodA|by/:diy wolj pepeojumoq



References

Akasaka-Manya K, Manya H, Endo T. 2004. Mutations of the POMT1 gene
found in patients with Walker—Warburg syndrome lead to a defect of protein
O-mannosylation. Biochem Biophys Res Commun. 325:75-79.

Akasaka-Manya K, Manya H, Nakajima A, Kawakita M, Endo T. 2006. Phys-
ical and functional association of human protein O-mannosyltransferases 1
and 2. J Biol Chem. 281:19339-19345.

Bassett DI, Currie PD. 2003. The zebrafish as a model for muscular dystrophy
and congenital myopathy. Hum Mol Genet. 12(Suppl.2): R265-R270.

Bassett DI, Bryson-Richardson RJ, Daggett DF, Gautier P, Keenan DG, Currie
PD. 2003. Dystrophin is required for the formation of stable muscle attach-
ments in the zebrafish embryo. Development. 130:5851-5860.

Beedle AM, Nienaber PM, Campbell KP. 2007. Fukutin-related protein associ-
ates with the sarcolemmal dystrophin—glycoprotein complex. J Biol Chem.
282:16713-16717.

Beltran-Valero de Bernabe D, Currier S, Steinbrecher A, Celli J, van Beusekom
E, van der Zwaag B, Kayserili H, Merlini L, Chitayat D, Dobyns WB, et al.
2002. Mutations in the O-mannosyltransferase gene POMT] give rise to the
severe neuronal migration disorder Walker—Warburg syndrome. Am J Hum
Genet. 71:1033-1043.

Burton EA, Davies KE. 2002. Muscular dystrophy—reason for optimism?
Cell. 108:5-8.

Chiba A, Matsumura K, Yamada H, Inazu T, Shimizu T, Kusunoki S,
Kanazawa I, Kobata A, Endo T. 1997. Structures of sialylated O-linked oli-
gosaccharides of bovine peripheral nerve a-dystroglycan. The role of a novel
O-mannosyl-type oligosaccharide in the binding of a-dystroglycan with
laminin. J Biol Chem. 272:2156-2162.

Devoto SH, Melancon E, Eisen JS, Westerfield M. 1996. Identification of sep-
arate slow and fast muscle precursor cells in vivo, prior to somite formation.
Development. 122:3371-3380.

Dolatshad NF, Brockington M, Torelli S, Skordis L, Wever U, Wells DJ, Muntoni
F, Brown SC. 2005. Mutated fukutin-related protein (FKRP) localises as wild
type in differentiated muscle cells. Exp Cell Res. 309:370-378.

Endo T. 1999. O-mannosyl glycans in mammals. Biochim Biophys Acta.
1473:237-246.

Endo T, Toda T. 2003. Glycosylation in congenital muscular dystrophies. Biol
Pharm Bull. 26:1641-1647.

Esapa CT, Benson MA, Schroder JE, Martin-Rendon E, Brockington M,
Brown SC, Muntoni F, Kréger S, Blake DJ. 2002. Functional requirements
for fukutin-related protein in the Golgi apparatus. Hum Mol Genet.
11:3319-3331.

Esapa CT, McIlhinney RA, Blake DJ. 2005. Fukutin-related protein mutations
that cause congenital muscular dystrophy result in ER-retention of the mu-
tant protein in cultured cells. Hum Mol Genet. 14:295-305.

Guyon JR, Mosley AN, Zhou Y, O’Brien KF, Sheng X, Chiang K, Davidson
AlJ, Volinski JM, Zon LI, Kunkel LM. 2003. The dystrophin associated pro-
tein complex in zebrafish. Hum Mol Genet. 12:601-615.

Haltiwanger RS, Lowe JB. 2004. Role of glycosylation in development. 4nnu
Rev Biochem. 73:491-537.

Hashimoto H, Kawaguchi S, Hara K, Nakamura K, Shimizu T, Tamaru Y, Sato
M. 2009. Purification, crystallization and initial X-ray diffraction study of
the zinc-finger domain of zebrafish Nanos. Acta Crystallogr Sect F Struct
Biol Cryst Commun. 65:959-961.

Ichimiya T, Manya H, Ohmae Y, Yoshida H, Takahashi K, Ueda R, Endo T,
Nishihara S. 2004. The twisted abdomen phenotype of Drosophila POMT1
and POMT2 mutants coincides with their heterophilic protein O-mannosyl-
transferase activity. J Biol Chem. 279:42638-42647.

Jurado LA, Coloma A, Cruces J. 1999. Identification of a human homolog of
the Drosophila rotated abdomen gene (POMT1) encoding a putative protein
O-mannosyltransferase, and assignment to human chromosome 9q34.1.
Genomics. 58:171-180.

Krusius T, Finne J, Margolis RK, Margolis RU. 1986. Identification of an O-
glycosidic mannose-linked sialylated tetrasaccharide and keratan sulfate oli-
gosaccharides in the chondroitin sulfate proteoglycan of brain. J Biol Chem.
261:8237-8242.

Liu J, Ball SL, Yang Y, Mei P, Zhang L, Shi H, Kaminski HJ, Lemmon VP, Hu
H. 2006. A genetic model for muscle—eye—brain disease in mice lacking
protein O-mannose 1, 2-N-acetylglucosaminyltransferase (POMGnT1).
Mech Dev. 123:228-240.

Lommel M, Willer T, Strahl S. 2008. POMT2, a key enzyme in Walker-War-
burg syndrome: somatic sPOMT?2, but not testis-specific tPOMT2, is crucial
for mannosyltransferase activity in vivo. Glycobiology. 18:615-625.

Zebrafish protein O-mannosylation

Lyalin D, Koles K, Roosendaal SD, Repnikova E, Van Wechel L, Panin VM.
2006. The twisted gene encodes Drosophila protein O-mannosyltransferase
2 and genetically interacts with the rotated abdomen gene encoding Dro-
sophila protein O-mannosyltransferase 1. Genetics. 172:343-353.

Manya H, Chiba A, Margolis RU, Endo T. 2006. Molecular cloning and char-
acterization of rat Pomtl and Pomt2. Glycobiology. 16:863-873.

Manya H, Chiba A, Yoshida A, Wang X, Chiba Y, Jigami Y, Margolis RU,
Endo T. 2004. Demonstration of mammalian protein O-mannosyltransferase
activity: coexpression of POMT1 and POMT2 required for enzymatic activ-
ity. Proc Natl Acad Sci USA. 101:500-505.

Manya H, Sakai K, Kobayashi K, Taniguchi K, Kawakita M, Toda T, Endo T.
2003. Loss-of-function of an N-acetylglucosaminyltransferase, POMGnT1,
in muscle-eye- brain disease. Biochem Biophys Res Commun. 306:93-97.

Martin-Blanco E, Garcia-Bellido A. 1996. Mutations in the rotated abdomen
locus affect muscle development and reveal an intrinsic asymmetry in Dro-
sophila. Proc Natl Acad Sci USA. 93:6048-6052.

Matsumoto H, Noguchi S, Sugie K, Ogawa M, Murayama K, Hayashi YK,
Nishino 1. 2004. Subcellular localization of fukutin and fukutin-related pro-
tein in muscle cells. J Biochem (Tokyo). 135:709-712.

Michele DE, Campbell KP. 2003. Dystrophin-glycoprotein complex: post-
translational processing and dystroglycan function. J Biol Chem. 278:
15457-15460.

Miyagoe-Suzuki Y, Masubuchi N, Miyamoto K, Wada M, Yuasa S, Saito F,
Matsumura K, Kanesaki H, Kudo A, Manya H, et al. 2009. Reduced pro-
liferative activity of primary POMGnT1-null myoblasts in vitro. Mech Dev.
126:107-116.

Montanaro F, Carbonetto S. 2003. Targeting dystroglycan in the brain. Neuron.
37:193-196.

Moore CJ, Goh HT, Hewitt J. 2008. Genes required for functional glycosyla-
tion of dystroglycan are conserved in zebrafish. Genomics. 92:159-167.
Mulero I, Sepulcre MP, Meseguer J, Garcia-Ayala A, Mulero V. 2007. Histamine
is stored in mast cells of most evolutionarily advanced fish and regulates the

fish inflammatory response. Proc Natl Acad Sci USA. 104:19434-19439.

Ohtsubo K, Marth JD. 2006. Glycosylation in cellular mechanisms of health
and disease. Cell. 126:855-867.

Page RD. 1996. TreeView: an application to display phylogenetic trees on per-
sonal computers. Comput Appl Biosci. 12:357-358.

Parsons MJ, Campos I, Hirst EM, Stemple DL. 2002. Removal of dystroglycan
causes severe muscular dystrophy in zebrafish embryos. Development.
129:3505-3512.

Sasaki T, Yamada H, Matsumura K, Shimizu T, Kobata A, Endo T. 1998. De-
tection of O-mannosyl glycans in rabbit skeletal muscle a-dystroglycan.
Biochim Biophys Acta. 1425:599-606.

Steffen LS, Guyon JR, Vogel ED, Beltre R, Pusack TJ, Zhou Y, Zon LI, Kun-
kel LM. 2007. Zebrafish orthologs of human muscular dystrophy genes.
BMC Genomics. 8:79.

Strahl-Bolsinger S, Tanner W. 1991. Protein O-glycosylation in Saccharo-
myces cerevisiae. Purification and characterization of the dolichyl-
phosphate-D-mannose- protein O-D-mannosyltransferase. Eur J Biochem.
196:185-190.

Takeda S, Kondo M, Sasaki J, Kurahashi H, Kano H, Arai K, Misaki K,
Fukui T, Kobayashi K, Tachikawa M, et al. 2003. Fukutin is required
for maintenance of muscle integrity, cortical histiogenesis and normal
eye development. Hum Mol Genet. 12:1449-1459.

Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22:4673-4680.

Thornhill P, Bassett D, Lochmiiller H, Bushby K, Straub V. 2008. Devel-
opmental defects in a zebrafish model for muscular dystorophies
associated with the loss of fukutin-related protein (FKRP). Brain.
131:1551-1561.

Torelli S, Brown SC, Brockington M, Dolatshad NF, Jimenez C, Skordis L,
Feng LH, Merlini L, Jones DH, Romero N, et al. 2005. Sub-cellular local-
ization of fukutin related protein in different cell lines and in the muscle of
patients with MDC1C and LGMD21. Neuromuscul Disord. 15:836—843.

van Reeuwijk J, Janssen M, van den Elzen C, Beltran-Valero de Bernabe D,
Sabatelli P, Merlini L, Boon M, Scheffer H, Brockington M, Muntoni F, et
al. 2005. POMT2 mutations cause a-dystroglycan hypoglycosylation and
Walker—Warburg syndrome. J Med Genet. 42:907-912.

Willer T, Amselgruber W, Deutzmann R, Strahl S. 2002. Characterization of
POMT?2, a novel member of the PMT protein O-mannosyltransferase family
specifically localized to the acrosome of mammalian spermatids. Glycobiol-
ogy. 12:771-783.

1101

010Z ‘9 1snbny uo opug oewe| Aq B0’ s|eunolpiojxoqoaA|B//:dpy wouy papeojumo(



E Avsar-Ban et al.

Willer T, Prados B, Falcon-Peres JM, Renner-Muller I, Przemech GK, Lommel
M, Coloma A, Valero MC, de Angelis MH, Tanner W, et al. 2004. Targeted
disruption of the Walker—Warburg syndrome gene Pomt! in mouse result in
embryonic lethality. Proc Natl Acad Sci USA. 101:14126-14131.

1102

Yoshida A, Kobayashi K, Manya H, Taniguchi K, Kano H, Mizuno M, Inazu T,
Mitsuhashi H, Takahashi S, Takeuchi M, et al. 2001. Muscular dystrophy
and neuronal migration disorder caused by mutations in a glycosyltransfer-
ase, POMGnT1. Dev Cell. 1:717-724.

0102 ‘9 1snbny uo opuj oewe] Aq 610 sjeulnofplojxo qooA|B)/.diy wolj pepeojumoq



CHAPTER NINETEEN

POMGNT1, POMT1, AND POMT2
MUTATIONS IN CONGENITAL MUSCULAR
DYSTROPHIES

Tamao Endo,* Hiroshi Manya,* Nathalie Seta," and
Pascale Guicheney*

Contents
1. Overview 344
2. Methods 345
2.1. Cell Culture and Preparation of Microsomal Membrane
Fraction 345
2.2. Assay for glycosyltransferase activity 346
2.3. GnT1 activity 346
2.4, POMGnT1 activity 347
2.5. POMT activity 347
2.6. Mutation analysis 348
3. Procedures for Enzymatic Activity and Mutation Search 348
Acknowledgment 350
References 350
Abstract

«-Dystroglycanopathies are a group of rare inherited neuromuscular disorders
characterized by reduced glycosylation of a-dystroglycan («-DG). Mutations in
six genes (POMT1, POMT2, POMGNT1, FKTN, FKRP, and LARGE) have been
identified in patients with a-dystroglycanopathies. Due to an extremely broad
clinical spectrum and relatively poor phenotype-genotype correlation, diagno-
sis of a-dystroglycanopathies is difficult and requires searching for mutations
gene by gene. At present, of the six proteins involved on a-dystroglycanopa-
thies, the function of the gene products is only known for POMT1, POMT2, and
POMGNT1, all responsible for the O-mannosylglycan biosynthesis. This chapter
describes the assay protocols to diagnose patients with a-dystroglycanopathy
by measuring glycosyltransferase activity.
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1. OVERVIEW

Recent studies indicate that O-mannosylation of a-dystroglycan
(a-DG), a highly glycosylated surface membrane protein, plays an important
role in muscle and brain development. Defects in glycosylation of a-DG
cause several forms of autosomal recessive muscular dystrophy, also called o-
dystroglycanopathies, that share common features such as high serum creatine
kinase and muscle hypertrophy. Six genes (POMT1, POMT2, POMGNT1,
FKTN, FKRP, and LARGE) are responsible for these diseases with over-
lapping phenotypes (Michele and Campbell, 2003; Muntoni et al., 2008).

Muscle—eye-brain disease (MEB) is an autosomal recessive disorder char-
acterized by congenital muscular dystrophy (CMD), ocular abnormalities, and
brain malformation (type II or cobblestone lissencephaly). Mutations in the
POMGNT1 gene were first identified in patients with MEB (Y oshida et al.,
2001). A selective deficiency of glycosylated a-DG in MEB patient muscle
biopsies was found, suggesting that hypoglycosylation of a-DG may be the
pathomechanism of MEB. Walker—Warburg syndrome (WWS) is the most
severe form characterized by CMD, major structural brain defects and eye
malformations. The first mutations in POMT1 and POMT2 were reported in
patients with WWS (Beltran-Valero De Bernabe et al., 2002; van Reeuwijk
et al., 2005). The gene POMGNT1 encodes the protein O-linked
mannose f1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) which forms
GIcNAcf1-2Man linkage of O-mannosyl glycans (Yoshida et al., 2001), and
the protein products of POMT1 and POMT2, protein O-mannosyltransferase
1 and 2, are responsible for the catalysis of the first step in O-mannosyl glycan
synthesis on a-DG (Manya et al., 2004). POMT1 and POMT2 are both
required for protein O-mannosyltransferase activity (Akasaka-Manya et al.,
2006; Manya et al., 2004). In WWS patients, as in MEB patients, the highly
glycosylated a-DG was selectively deficient in skeletal muscle and brain.
WWS and MEB are similar disorders, but the clinical spectrum associated
with both diseases is broad (Biancheri et al., 2006; D’Amico et al., 2006).

Other forms of muscular dystrophies have been suggested to be caused
by abnormal glycosylation of -DG, for example, Fukuyama-type congen-
ital muscular dystrophy (FCMD), CMD type 1C (MDC1C), limb-girdle
muscular dystrophy 2I (LGMD2I), and CMD type 1D (MDCI1D), since
highly glycosylated a-DG was also found to be selectively deficient in the
skeletal muscle of these patients. These gene products are thus thought to
have glycosyltransferase activity or be involved in glycan stability.

FCMD is the second most common form of muscular dystrophy in Japan,
and characterized by central nervous system involvement. Severe mental retar-
dation and epilepsy are characteristic clinical features of FCMD, with brain
showing polymicrogyria/pachygyria caused by altered neuronal migration.
Kobayashi et al. (1998) identified the gene responsible for FCMD, which



Mutations in Muscular Dystrophy 345

encodes a protein named fukutin. Sequence analysis of fukutin predicts it to be
an enzyme that could modify glycoconjugates. In addition, mutations in a
homologue of fukutin, the fukutin-related protein (FKRP), were found in
MDCI1C patients (Brockington et al., 2001a). MDCI1C is characterized by a
rapidly progressive muscle disease leading to a complete loss of muscle function
and lethal respiratory insufficiency during the second decade (Quijano-Roy
et al., 2002). Mental retardation and cerebellar cysts have been observed in some
patients. In contrast, allelic mutations in the FKRP gene cause a milder and more
common form of myopathy, named LGMD?2I, with a variable onset ranging
from adolescence to adulthood (Brockington et al., 2001b). Patients with FKRP
mutations have reduced expression of glycosylated «-DG, broadly correlating
with disease severity (Brown et al., 2004). Finally, the gene LARGE encodes a
putative glycosyltransferase (Grewal et al., 2001). However, its biochemical
activity has not yet been confirmed. Mutations in the LARGE gene cause
MDC1D, a novel form of CMD also with a variable degree of mental retarda-
tion and brain abnormalities (Longman et al., 2003; van Reeuwijk et al., 2007).

Since multiple genes are known to cause a-dystroglycanopathies, with an
extremely broad clinical spectrum and relatively poor phenotype—genotype
correlation (Mercuri et al., 2009), at present molecular diagnosis of a-dystro-
glycanopathy patients is difficult and often requires the analysis of several
genes, which is expensive and time consuming. At present, of the six known
a-dystroglycanopathy genes, the functions of the protein products are clear
only for POMT1, POMT2, and POMGnTT1. To assess the pathogenicity of
several mutations, we demonstrated by a specific enzymatic assay that muta-
tions in POMGNT1 and POMT1 lead to defects in respective enzymatic
activities using mutant constructs transfected into cell lines (Akasaka-Manya
et al., 2004; Manya et al., 2003). Another group reported POMGnT1 enzy-
matic assay in lymphoblasts and muscle biopsies (Vajsar et al., 2006; Zhang
et al., 2003). Recent established mouse models for a-dystroglycanopathy will
help our understanding between glycosylation and pathophysiology of these
diseases (Kanagawa et al., 2009; Liu et al., 2006; Miyagoe-Suzuki et al., 2009).

This chapter describes the assay protocols to diagnose patients with
a-dystroglycanopathy by measuring glycosyltransferase activity in lympho-
blast microsomal preparations (Manya et al., 2008).

2. METHODS

2.1. Cell Culture and Preparation of Microsomal Membrane
Fraction

Blood from five healthy subjects and seven patients with CMD, with mental
retardation, or hypoglycosylation of a-DG, or both, was collected for B
lymphoblasts immortalization and DNA extraction after informed consent
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Table 19.1 Summary of patients examined in the present study

Clinical
Patient diagnosis Molecular diagnosis
1 MEB POMGNT1 IVS17+1G>A homozygous
2 MEB POMGNT1 p-Arg442His homozygous
3 CMD-MR  POMT1 p.Gly65Arg + Trp582Cys
heterozygous
4 LGMD-MR  POMT1 p-Ala200Pro homozygous
& MEB Uncharacterized
6 CMD-MR Uncharacterized
7 MEB Uncharacterized

CMD, congenital muscular dystrophy; LGMD, limb-girdle muscular dystrophy; MR, mental
retardation.

from the parents. Four patients had already been genetically characterized
(patients 1 and 2 for POMGNT1 and patients 3 and 4 for POMT1; Table
19.1). Three other patients (patients 5-7) were genetically uncharacterized.

B lymphoblasts were obtained after immortalization by Epstein—Barr virus
and cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) according to standard
protocols to obtain 100 x 10° cells. After centrifugation at 800 x¢ for 5 min,
the pellets were rinsed twice with 50 ml then with 12 ml of PBS buffer. The
final pellets were frozen at —80 °C. The cells (~7.5 X 10 cells) were homo-
genized in 10 mM Tris—=HC], pH 7.4, 1 mM EDTA, 250 mM sucrose, 1 mM
dithiothreitol, with a protease inhibitor cocktail (3 ug/ml pepstatin A, 1 pg/ml
leupeptin, 1 mM benzamidine-HC], and 1 mM PMSF). After centrifugation
at 900X g for 10 min, the supernatant was subjected to ultracentrifugation at
100,000 xg for 1 h. The precipitate was used as the microsomal membrane
fraction (enzyme source). Protein concentration was determined by BCA
assay (PIERCE, Rockford, IL). About 40 ug proteins of microsomal mem-
branes were obtained from 1 x 10° cells.

2.2. Assay for glycosyltransferase activity

Since GnT1 (UDP-GlcNAc: a-3-D-mannoside f1,2-N-acetylglucosami-
nyltransferase 1, EC 2.4.1.101) is not involved in O-mannosylglycan bio-
synthesis, it is not affected in a-dystroglycanopathies and represents a
suitable control to normalize samples for baseline microsomal activity.

2.3. GnT1 activity

The GnT1 activity was performed in a total volume of 20 pl reaction mixture
containing 100 mM MES buffer, 10 uM pyridylaminated MansGlcNAc,
(M5-PA, Takara Bio, Inc., Otsu, Japan), 2 mM UDP-GIcNAc, 5 mM
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AMP, 0.5% Triton X-100, 0.2% BSA, 20 mM MnCl,, and enzyme source
(100 pg of microsomal membrane fraction) at 37 °C for 2 h. The samples
were then analyzed by reversed phase HPLC with a COSMOSIL 5C13-
AR-II column (4.6 x 250 mm, Nacalai Tesque, Kyoto, Japan). The solvent
used was a 100 mM, pH 6.0, ammonium acetate buffer containing 0.15%
1-butanol, and the substrate and the product were isocratically separated.
Fluorescence was detected with a fluorescence detector (RF-10AXL, Shi-
madzu Corp., Kyoto, Japan) at excitation and emission wavelengths of 320
and 400 nm, respectively. The GnT1 activity mean (+standard deviation) of
all samples was 0.53 (£0.06) nmol/h/mg total proteins with high constancy.

2.4. POMGnNT1 activity

The POMGnTT1 activity was based on the amount of [PH]GlcNAc trans-
ferred to a mannosylpeptide (Ac-Ala-Ala-Pro-Thr(Man)-Pro-Val-Ala-Ala-
Pro-NH,) as described in a previous chapter of this series (Endo and Manya,
2006). The mannosylpeptide is not commercially available but it is possible
to use Benzyl-Man, which is commercially available, as a substitute as
described previously (Endo and Manya, 2006). Therefore, the procedures
are described briefly here. The reaction buffer containing 140 mM MES
buffer (pH 7.0), 1 mM UDP- [PH]GIcNAc (225,000 dpm/nmol) (Perki-
nElmer, Inc., Waltham, MA), 1 mM mannosyl nanopeptide, 10 mM
MnCl,, 2% Triton X-100, 5 mM AMP, 200 mM GlcNAc, 10% glycerol,
and enzyme source (100 pg of microsomal membrane fraction) in 20 ul total
volume was incubated at 37 °C for 4 h. After boiling for 3 min, the mixture
was analyzed by reversed phase HPLC with a Wakopak 5C18-200 column
(4.6 x 250 mm, Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Solvent A was 0.1% trifluoroacetic acid in distilled water and solvent B
was 0.1% trifluoroacetic acid in acetonitrile. The peptide was eluted at a
flow rate of 1 ml/min using a linear gradient of 1-25% solvent B. The
peptide separation was monitored continuously at 214 nm, and the radio-
activity of each fraction was measured using a liquid scintillation counter.
The average POMGnT1 activity measured in lymphoblasts of control
patients was 0.163 (£0.042) nmol/h/mg total proteins.

2.5. POMT activity

The POMT activity was based on the amount of [’H]-mannose transferred
to a glutathione-S-transferase fusion «-DG (GST-aDG) as described also in
a previous chapter of this series (Endo and Manya, 2006). Therefore, the
procedures are described briefly here. The reaction mixture contained
20 mM Tris=HCI (pH 8.0), 100 nM of [’H]-mannosylphosphoryldolichol
(Dol-P-Man, 125,000 dpm/pmol) (American Radiolabeled Chemical,
Inc., St. Louis, MO), 2 mM 2-mercaptoethanol, 10 mM EDTA, 0.5% n-
octyl-f-D-thioglucoside (Dojindo Laboratories, Kumamoto, Japan), 10 ug
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GST-a-DG, and enzyme source (80 ug of microsomal membrane fraction)
in 20 ul total volume. After 1 h incubation at 22 °C, the reaction was
stopped by adding 150 ul PBS containing 1% Triton X-100, and the
reaction mixture was centrifuged at 10,000 xg for 10 min. The supernatant
was removed, mixed with 400 ul of PBS containing 1% Triton X-100 and
10 pl of Glutathione Sepharose 4B beads (GE Healthcare Bio-Sciences
Corp., NJ), rotated at 4 °C for 1 h, and washed three times with 20 mM
Tris-sHCIl (pH 7.4) containing 0.5% Triton X-100. The radioactivity
adsorbed to the beads was measured using a liquid scintillation counter.
The average POMT activity in lymphoblasts of control subjects was 0.041
(£0.013) pmol/h/mg proteins.

2.6. Mutation analysis

Genomic DNA was extracted from lymphoblasts using standard methods.
Primer pairs were designed to amplify all coding exons and flanking intronic
sequences of POMT1 (9q34.1), POMT2 (14q24), and POMGNT1
(1p34.1). The primer sequences and PCR conditions are available upon
request. The generated amplicons were purified and directly sequenced
with the BigDye terminator kit (PerkinElmer Applied Biosystems, Well-
esley, MA). Sequences were analyzed on an ABI PRISM 31130 capillary
sequencer (Applera, CA). For patient 7, to find the second mutation, total
RNA extracts from lymphoblasts were reversed transcribed and POMT2
cDNA was amplified by nested PCR as previously reported (Yanagisawa
et al., 2009).

3. PROCEDURES FOR ENZYMATIC ACTIVITY AND
MUTATION SEARCH

When we assessed the POMGnT1 activity in lymphoblasts from
patients 1 and 2, enzymatic activity in these lymphoblasts was much lower
than in the control subjects (Fig. 19.1). Those had previously been genetically
confirmed with mutations in the POMGNT1 gene (Table 19.1). Patient 1
carried the mutation ¢.1539+1 G>A in the homozygous state, and patient
2 harbored the mutation p.Arg442His, also in homozygous state.

When we assessed POMT activity in lymphoblasts from the patients
who were been previously genetically confirmed with mutations in the
POMT1 gene (Table 19.1). Patient 3 was a compound heterozygous carrier
of two missense mutations, p.Gly65Arg and p.Trp582Cys (van Reeuwijk
et al., 2006). Patient 4 was homozygous for the missense mutation
p.Ala200Pro (Balci et al., 2005). The enzyme activity in these patient
lymphoblasts was extremely low.
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Figure 19.1 Schematic illustration of procedures for enzymatic activity and mutation
search. Enzymatic activities in lymphoblasts from uncharacterized patients with
a-dystroglycanopathies were measured. If a patient showed low enzymatic activity,
the potential responsible gene was screened. Patient 5 showed low POMGnT1 activity,
and POMGNT1 was thus screened. Patients 6 and 7 showed low POMT activity, and
thus patients 6 and 7 were screened for POMT1 at first. However, since no mutations
were found in the POMT1 gene of patient 7, then the POMT2 gene was further studied.

Among the uncharacterized patients, patient 5 showed low POMGnT1
activity and was thus secondarily screened for POMGNT1. The DNA study
of this patient revealed two heterozygous mutations: a nonsense mutation,
p-Ser153X (c.458C>G), and .a deletion of three nucleotides c¢.805-
807delTGC, which is expected to delete one amino acid, cysteine at
position 269 (p.Cys269del), localized in the stem domain of the protein
(Leu59-Leu300) (Manya et al., 2008).
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When we assessed POMT activity in the uncharacterized patients, we
observed a markedly reduced activity in patient 6 and patient 7 (Fig. 19.1).
Then patient 6 and patient 7 were secondarily screened for POMT1 at first.
We found two heterozygous mutations, in POMT1 for patient 6:
p-Ala669Thr (c.2005G>A), associated with ¢.2167insG which leads to a
premature stop codon in amino acid 730 (Manya et al., 2008). However, no
mutation was found in the POMT1 gene of patient 7. Then we screened
POMT?2 for mutations and finally found two heterozygous mutations: a
missense mutation, p.Tyr666Cys, and a large deletion 763del6602insCCTG
leading to a premature stop codon (Yanagisawa et al., 2009).

In conclusion, the lymphoblast-based enzymatic assay is an accurate and
extremely useful method to select the patients harboring POMT1, POMT?2,
and POMGNT1 mutations among those with suspected a-dystroglycano-
pathies. In other words, the enzymatic assay can be used as a first screening
tool for narrowing the responsible gene in a-dystroglycanopathies. Inter-
estingly, the same POMT assay was successfully used in skin fibroblasts from
patients (Lommel et al., 2010). The combinatory study of enzyme activity
and gene mutation screening will help surveying patients with a-dystrogly-
canopathies and better understanding the clinical spectrum of theses
pathologies.
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Congenital muscular dystrophy type 1D (MDC1D)
due to a large intragenic insertion/deletion, involving
intron 10 of the LARGE gene

Nigel F Clarkel?!1 Svetlana Maugenrel’z’“, Aurélie Vandebrouck!?, J Andoni Urtizberea®, Tobias Willer?,
Rachel A Peat!2, Francoise Gray>, Céline Bouchet®, Hiroshi Manya’, Sandrine Vuillaumier-BarrotS,
Tamao Endo’, Eliane Chouery3, Kevin P Campbell%, André Mégarbané®®1? and Pascale Guicheney*1
Mutation of the LARGE gene is the rarest of the six known genetic causes of «-dystroglycanopathy. We report further a family
with MDC1D due to a complex genomic rearrangement that was not apparent on standard sequencing of LARGE. Two sisters
in a consanguineous family had moderate mental retardation and cerebellar malformations, together with dystrophic changes
and markedly reduced «-dystroglycan glycosylation staining on muscle biopsy. There was homozygous linkage to the LARGE
locus but sequencing of LARGE coding regions was normal. Analysis of LARGE cDNA showed an abnormal sequence inserted
between exons 10 and 11, in most of the transcripts, predicted to introduce a premature stop codon. The abnormal sequence
mapped to a spliced EST (DA935254) of unknown function, normally located at 100 kb centromeric of LARGE on chromosome

22q12.3. Quantitative PCR analysis of the EST and adjacent regions showed twice the normal copy number in patients’ genomic

DNA samples, consistent with a large intra-chromosomal duplication inserted into intron 10 of LARGE in a homozygous state.
This insertion was associated with deletion of a central region of intron 10, but the exact break points of the deletion/
duplication were not found, suggesting that an even more complex rearrangement may have occurred. The exact function of
LARGE, a golgi protein, remains uncertain. POMT and POMGnT enzyme activities were normal in patients’ lymphoblast cells,
suggesting that defects in LARGE do not affect the initiation of O-mannosyl glycans.
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INTRODUCTION

Alpha-dystroglycan (aDG) is a highly glycosylated cell surface protein
that has important roles in neuronal cell migration and cell-to-
extracellular matrix interactions in muscle. Abnormality in the
glycosylation of «DG is the hallmark histological abnormality and
the likely pathogenic mechanism for a group of congenital muscular
dystrophies (CMD), collectively called the ‘a-dystroglycanopathies’!
At present, six genes have been linked to this common clinicopatho-
logical presentation (POMTI, POMT2, POMGNTI, FKTN, FKRP and
LARGE). All of these encode confirmed or putative enzymes that are
thought to function in the O-mannosyl glycosylation pathway. Abnor-
mal aDG glycosylation correlates with an increasingly severe pattern of
tissue effects that extend from an adult-onset limb-girdle muscular
dystrophy with normal intelligence (LGMD type 2I) to severe con-
genital brain and eye malformations (Walker-Warburg syndrome,
WWS).! The LARGE gene became a candidate for human CMD after
the discovery of the myodystrophic (myd) mouse that has a sponta-

neous null mutation in Large because of a genomic deletion involving
exons 5 to 7.2 Another spontaneous murine mutant, named veils
(vls) also results from an intragenic deletion leading to loss of exons
3 to 5 and premature protein termination.’ The two strains share
typical cerebral, ocular and muscular changes of an a-dystroglycano-
pathy. MDCID due to mutations in LARGE is the rarest of the a-
dystroglycanopathies identified to date, with only three confirmed
families previously described.®® Affected children have had typical
neurological and muscle abnormalities associated with the x-dystro-
glycanopathies, but with very different severities; one family had mild
muscle-eye-brain disease (MEB) and the other two had typical WWS.
Another WWS patient has been reported with a single heterozygous
nonsense mutation in LARGE.® Confirmation that this patient has
CMD due to LARGE awaits the discovery of a second mutation. In this
paper, we describe the fourth confirmed family with MDC1D due to a
homozygous LARGE mutation, in which two sisters from consangui-
neous parents have moderate mental retardation, cerebellar and
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pontine hypoplasia, and persistent white matter abnormalities on
brain magnetic resonance imaging (MRI), features consistent with
mild MEB. We identified an unusual genetic mechanism for LARGE
gene disruption, namely the splicing of an abnormal sequence into the
LARGE mRNA transcript likely due to a duplication/deletion event
involving intron 10. This report extends our knowledge of the clinical
phenotype associated with LARGE, and is the second family in which
disease results from a large-scale gene rearrangement.

The POMTI, POMT2 and POMGNT]I genes encode enzymes that
together mediate the first two steps in the O-mannosyl glycosylation
pathway. A recent study suggests that LARGE participates in post-
phosphoryl glycosylation of a mnovel phosphorylated O-mannosyl
glycan on the mucin-like domain of recombinant aDG, which is
required for laminin binding.!” Evidence from cell culture and a
fukutin transgenic mouse suggests that fukutin physically interacts
with POMGnT1 and can cause reduced POMGnT1 activity when
abnormal.!! To investigate whether LARGE may also function by
influencing the first steps of the O-mannosyl pathway, we assessed the
activity levels of POMT and POMGnT!1 in cultured lymphoblasts
from one of our patients.

MATERIALS AND METHODS

Case reports

The two affected girls are the only children of first-cousin parents from
Lebanon. There is no other family history of neuromuscular disease. Both
children were born full-term after uneventful pregnancies with normal foetal
movements and deliveries. Birth weights, lengths and head circumferences were
within normal limits.

Patient 1: The older sibling first presented to medical attention at an age
of 2.5 months with hypotonia and regurgitation. Acquisition of all motor skills
was delayed. She sat at an age of 9 months, stood unsupported at an age of
2.5 years and at an age of 8 years, she could climb stairs with difficulty but
could not run. Her full-scale IQ was 61. On examination at an age of 8 years,
she weighed 24 kg (50th centile), her height was 122.5 cm (35th centile) and the
occipitofrontal circumference (OFC) was 53 cm (75th centile). Her speech was
restricted to dysarthric simple words, and she followed simple commands. She
had a myopathic face with an open-mouth posture and mild tongue hyper-
trophy. There was generalised muscle hypertrophy, most prominent in the
calves, thighs and the shoulder girdle. This contrasted with moderate proximal
lower limb weakness that manifested as a waddling gait and a positive Gowers’
manoeuvre. Upper limb strength was within normal limits. There were no joint
contractures, except for mild tightness of the Achilles’ tendons, associated with
toe walking. The only abnormalities found on eye assessment were mild
myopia and strabismus. There was no history of seizures. Cardiac and
respiratory examinations were normal. Brain MRI performed at ages 3% and
6 years showed marked cerebellar atrophy (particularly affecting the vermis)
and cerebellar cysts (Figure 1). There was mild generalised cerebral and pontine
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atrophy, dilatation of all ventricular spaces and pachygyria of the frontal lobes
(Figure 1). Diffuse symmetrical high signal abnormalities were seen within the
periventricular and deep white matter of both cerebral hemispheres, with
sparing of the subcortical U fibres. These hyperintensities were unchanged at
the age of 6 years. A generalised skeletal X-ray survey, abdominal ultrasound,
echocardiogram, electroencephalogram and auditory-evoked potentials with
brainstem responses were all normal. Creatine kinase (CK) levels were 30 times
higher than the upper limit of normal.

Patient 2: The younger sister followed a clinical course similar to her sister,
but was less delayed in her motor and cognitive skills. She stood unsupported at
an age of 16 months and walked independently at an age of 2 years. On
examination at an age of 4 ¥4 years, her weight was 15kg (25th centile), height
was 106 cm (75th centile) and OFC was 51cm (50th centile). There was
generalised hypotonia, firm hypertrophic calves and a mild equinovarus foot
position. Mild myopia was the only abnormality observed on eye examination.
Myopathic features were noted on EMG analysis, whereas nerve conduction
studies were normal. Brain MRI performed at 2 years showed diffuse high
signal white matter abnormalities, mainly in the frontal and parieto-occipital
regions, dilated ventricular spaces and marked cerebellar hypoplasia. CK levels
were 60 times above the upper limit of normal.

Muscle biopsy findings

Muscle and skin biopsy samples were taken from Patient 1 from the right
gastrocnemius muscle. Standard histochemical analysis revealed a dystrophic
pattern characterised by fibre size variation, markedly increased connective
tissue, internalised nuclei and scattered necrotic fibres. Immunohistochemistry
(IHC) for «DG showed markedly reduced staining using VIA4-1 (Millipore,
Billerica, MA, USA), an antibody that recognises a glycosylated epitope.
Laminin-o2 expression was mildly reduced by IHC using antibodies that
recognize both the 80kDa (clone 5H2; Millipore) and the 300kDa (NCL-
merosin; Novocastra Labs, Newcastle, UK) fragments. Staining for f-dystro-
glycan (BDG), dystrophin, collagen VI and sarcoglycans (o and y) was normal.

WESTERN BLOT ANALYSIS

Western blotting was used to investigate the degree of abnormal «DG
glycosylation using a skin fibroblast cell line obtained from Patient 1,
as frozen muscle was not available. Fibroblasts were maintained at
37°C and 5% CO, in DMEM medium plus 20% foetal bovine serum
and 0.5% penicillin-streptomycin (Gibco, Invitrogen Corp., Carlsbad,
CA, USA). Cultured cells were lysed, and glycoproteins from cell
homogenates were enriched with WGA lectin as previously described.!!
We performed immunoblots (for «DG and fDG) and laminin ligand
overlay assays using polyvinylidene difluoride membranes, and blots
were developed by horseradish peroxidase-enhanced chemiluminescence
(Pierce, Thermo Fisher Scientific, Rockford, IL, USA).!2 The monoclonal
antibodies ITH-6 and VIA4-1, which are specific for functionally
glycosylated aDG,'> showed no detectable binding affinity to

Figure 1 Brain MRI images obtained from Patient 1 performed at an age of 3.5 years. (a) Coronal T1-weighted image showing cerebellar and vermis
hypoplasia (white arrows), cerebellar cysts (black arrow), generalised white matter atrophy and increased CSF spaces. (b) Transverse T2-weighted image
showing abnormal high white matter signal and dilated lateral ventricles. (c) Sagittal T1l-weighted image showing cerebellar (white arrow) and pontine

hypoplasia.
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Figure 2 Western blot analysis of a-dystroglycan. Immunoblot analysis of
WGA-enriched homogenates from fibroblasts obtained from Patient 1 and a
healthy individual (control). Absent staining of antibodies |IH6 and VIA4
that bind to glycosyl epitopes on «-dystroglycan («-DG) and a laminin-1
(Lam) overlay assay show abnormalities in «DG glycosylation in patient
fibroblasts that is associated with loss of laminin-1 protein binding. Beta-
dystroglycan (8-DG) is used as a loading control.

aDG obtained from patient fibroblast cells, even though DG (mono-
clonal antibody 7D11) was normally present, consistent with a
glycosylation defect in DG (Figure 2). This defect in DG glycosyla-
tion also resulted in loss of laminin-1 ligand binding (Figure 2).

GENETIC ANALYSIS

We performed linkage analysis using microsatellite markers to the five
a-dystroglycanopathy loci known at the time (POMGNTI, FKRP,
POMTI1, POMT2 and FKTN) and the DAGI gene that encodes DG,
but we identified no homozygous linkage. A genome-wide linkage study
using 400 microsatellite markers showed potential linkage to the newly
identified LARGE locus and analysis of further markers supported
homozygous linkage (Figure 3). We sequenced the coding regions of
LARGE bi-directionally by standard techniques. Oligonucleotide primers,
at least 80 base pairs (bp) outside the exons, were chosen for PCR ampli-
fication and sequencing on ABI 3730 capillary electrophoresis system
(Applied Biosystems, Life Technologies Corp., Carlsbad, CA, USA),
but no abnormalities were found. Subsequently, mRNA was extracted
from cultured EBV-transformed lymphoblasts obtained from Patient 1
(Trizol method), cDNA was generated using oligodT Superscript II
First-Strand Synthesis (Invitrogen, Carlsbad, CA, USA) and the LARGE
gene transcript was sequenced using 14 overlapping primer pairs. Two
abnormally large PCR products, together with a faint product of the
expected size, were obtained for primers that spanned between exons 9
and 12 (Figure 4a). Sequencing revealed that most mRNA transcripts
contained an abnormal 197bp sequence inserted between exons
10 and 11. Low levels of a 171 bp insertion (identical to the 197 bp
sequence except lacking 26 bases from the 3’ end) and a normally
spliced transcript were also obtained. Identical splicing abnormalities
were also seen in mRNA from cultured patient fibroblast cells, except
a greater proportion of transcripts showed normal splicing
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Figure 3 Genotyping for the LARGE locus. Family tree showing analysis of
microsatellite markers in close proximity to the LARGE locus (22q12.3).
Both of the affected children are homozygous for four contiguous markers,
consistent with homozygosity by descent for this chromosomal region.

(Figure 4a). The abnormal sequences mapped to a part of a spliced
EST (GenBank accession no: DA935254) of unknown function,
originally identified in a human splenic cDNA library,'* normally
located at 100kb centromeric to the LARGE gene on chromosome
22q12.3 (Figure 5). The presence of the two most abundant abnor-
mally inserted sequences are predicted to immediately introduce a
premature stop codon in the LARGE mRNA transcript, resulting in
truncation of the LARGE protein mid-way through translation
(Figure 4b). Analysis of the inserted EST sequence identified potential
splice acceptor and donor sites for both the larger and smaller
insertions that likely mediate the abnormal splicing (Supplementary
E, Figure 1). Archived frozen muscle was no longer available to verify
the abnormalities in LARGE splicing in muscle.

To investigate whether the abnormal LARGE splicing arose because
of a chromosomal duplication, we performed quantitative PCR
(qPCR) analysis of the EST sequence obtained from patients’ genomic
DNA (gDNA) using the LightCycler 480 (Roche Diagnostics, Basel,
Switzerland) and the SYBR Green I detection system (Roche Applied
Science, Indianapolis, IN, USA). We normalised gDNA concentrations
between individual samples using PCR primers for a distant gene
(PTPLA on chromosome 10). Supplementary E, Table 1 lists the key
primer pairs used. The EST (DA935254) was present in double the
expected copy number in both the patients compared with two
healthy unrelated individuals (Figure 4c), consistent with a homo-
zygous duplication of the EST sequence in both patients (ie, they have
four copies instead of two). To investigate the size of the putative
duplication, we repeated qPCR analysis for genomic regions at
variable distances up- and downstream of the EST sequence (Supple-
mentary E, Table 1). These studies indicate that between 40825 and
42937bp of gDNA, surrounding the EST sequence, is present at twice
the normal copy number in gDNA in both patients (Figure 4c).
Both parents had 1.5 times the normal copy number, consistent with
each having one copy of the chromosome-22 duplication and a
normal allele. The break point at the 3’-end is likely located in a
1313 bp region located between regions 3b and 3¢ (Chr 22:33548218—
33549530; GRCh37/hg19 assembly) and the 5-break point in a 799 bp
region located between regions 5b and 5c (Chr 22:33590356-
33591154).
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Figure 4 Analysis of the LARGE gene insertion in genomic and cDNA. (a) Agarose gel showing the PCR products from patient (P) and control (C) cDNA
generated from cultured lymphoblasts (Lymph) and fibroblasts (Fib) using primers that span from exons 9 to 12 of LARGE (Supplementary E, Table 1).
In patient cDNA sample, two abnormally high bands predominate that correspond to insertions of abnormal DNA sequences between exons 10 and 11.
A faint band of the normal size is also seen (arrow). (b) Diagram showing the amino acid sequence that is coded by normal and patient cDNA around the
exon 10/11 boundary. The abnormal insertion found in patient cDNA results in the introduction of a premature STOP codon, predicted to cause protein
termination mid-way through the translation of the LARGE protein. (c) Results from qPCR analysis of genomic DNA (gDNA) for EST DA935254 and the
surrounding chromosomal region. gDNA concentrations between samples were adjusted using qPCR results from a distant gene (PTPLA) and results were
scaled so that control samples had a mean copy number of 2 at each point (data not shown). In patients' gDNA sample, gPCR analysis of the EST sequence
and for five regions, located at variable distances upstream and downstream, shows twice the expected copy number consistent with homozygous duplication
of this region. Genomic copy number returns to normal for markers 5b and 3b in the patient gDNA samples, and therefore these markers define the
maximum size of the duplication. Analysis of gDNA from both parents shows that both had three copies of the duplicated region, consistent with each having
the duplication in a heterozygous state. All results are shown relative to the reverse gDNA strand.
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Together, these results indicate that the patients are homozygous for
a duplication of gDNA around EST (DA935254), and the most likely
site of insertion for the duplicated DNA is intron 10 of LARGE,
leading to the abnormal splicing of the EST into the LARGE mRNA
transcript between exons 10 and 11.

To identify the site of the insertion in intron 10 of LARGE, we
designed twelve pairs of overlapping primers (Supplementary E,
Figure 2) to cover the whole length of the intron (44117 bp). With
two primer pairs (5aF-5aR and 6aF-6aR), we amplified the expected
bands in controls and parents but not in the two patients, indicating
that the insertion should be in this region (Supplementary E,
Figure 2). We repeated the same strategy with several other primer
pairs chosen inside this region and in the bordering regions to finally
determine a region from 3012 to 4175bp that could never be
amplified in the patients, which likely corresponds to a deleted region
associated with the insertion. By qPCR analysis using primer pairs
L5F-L6R and L6F-L7R (Supplementary E, Table 1), both parents
had reduced amplification compared with controls, consistent with
them being heterozygous for a deletion in this region. We were not
able to amplify any product with primers chosen on the borders
of the insertion and on the non-deleted sides of the intron, and thus
did not identify the exact break points for the insertion/deletion
rearrangement.

As repetitive sequences are implicated in the pathogenesis of
recurrent chromosomal deletion or duplication syndromes (eg,
CMTI1A),"> we analysed intron 10 and the duplicated region around
EST DA935254 for homologous sequences. Both regions shared
multiple SINE, LINE and LTR repeats that may have had roles in
the genesis of the mutation, but no extended regions of homology
were found.

POMT AND POMGNT1 ACTIVITY IN PATIENTS' LYMPHOBLAST
CELLS

The POMT and POMGnT1 enzymes mediate the first and second
steps, respectively, of the O-mannosyl glycosylation of aDG. To
investigate whether LARGE mutations may disrupt the glycosylation
of «DG by influencing the activity of either POMTs or POMGnT1, we
assessed the enzymatic activity of these enzymes in cultured patients’
lymphoblast cells using previously validated assays.'® The POMT
activity was based on the amount of [*H]mannose transferred from
[*H]mannosylphosphoryldolichol to a glutathione-S-transferase
fusion «DG, and the POMGnT! activity was based on the amount
of [*H]GlcNAc transferred from UDP-[*H]GIcNAc to a mannosyl-
peptide. In brief, we incubated microsomal membrane fractions
prepared from patients’ and control EBV-immortalised B lympho-
cytes, with an acceptor substrate and radiolabelled sugar donor
substrate. We then assessed the incorporation of radioactivity into
each acceptor substrate. We normalised control and patient samples
using the activity level of GnT1, a golgi enzyme involved in the
N-glycosylation pathway, which functions independently of O-glyco-
sylation. Results showed no difference between the patient and eight
control samples for POMT/GnT1 activity (patient 0.283 vs control
0.287 + 0.067 SD) or for POMGnT1/GnT1 activity (patient 0.068 vs
control 0.071 £ 0.019 SD).

DISCUSSION

In this paper, we report the fourth confirmed family with MDC1D
due to mutations in LARGE. The clinical abnormalities are typical for
the a-dystroglycanopathy group of disorders. Both sisters have typical
features of an a-dystroglycanopathy, such as raised CK levels, dys-
trophic changes on muscle histology associated with reduced glyco-
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sylated o-dystroglycan staining, intellectual disability and brain
malformations. In terms of severity of neurological involvement, the
two sisters are best classified as having mild MEB disease, even though
there were only minor ocular abnormalities. The findings were similar
to the first family identified with mutations in LARGE with mild/
moderate developmental abnormalities of the cerebellum, pons, brain
stem and cerebrum, although our patients are the first ones to be
reported with cerebellar cysts.®

Even though standard sequencing of the coding regions of LARGE
was normal in the proband of this family, we persisted with analysis of
LARGE because there was homozygous linkage to the gene locus in the
context of consanguinity. Analysis of cDNA, generated from mRNA
derived from patients’ lymphoblast cells, showed an abnormally large
product for a PCR reaction that spanned from exons 9 to 12.
Sequencing of this product showed that an abnormal sequence of
either 197 or 171 bases was spliced between exons 10 and 11 in almost
all transcripts. The abnormal sequence is normally situated on
chromosome 22 centromeric to the 3" end of LARGE. In this position,
it would not usually be incorporated into the LARGE transcript, even
though the sequence contains the necessary splice donor and acceptor
sites. To explain its incorporation into the LARGE mRNA, we
hypothesised that the EST sequence was translocated into intron 10
of LARGE in our family, possibly through duplication of this genomic
region. We assessed the copy number of the EST sequence by qgPCR
relative to other genes in patients’ gDNA samples and showed twice
the expected levels, consistent with a genomic duplication in a
homozygous state. Both parents had a 1.5-fold increase in copy
number (an increase from two to three copies of the sequence) that
was consistent with both of them being asymptomatic heterozygous
carriers of the duplication. To map the approximate size of
the duplication, we repeated qPCR analysis up- and downstream of
the EST sequence and showed the duplication spans between 40 and
43 kb of gDNA. Even though we identified the likely site of insertion in
the central part of intron 10 and delimited a large intronic region that
cannot be amplified in the patients, mapping the precise break points
of the proposed duplication/insertion was not feasible, possibly
because of the presence of a more complex rearrangement than
anticipated.

Analysis of LARGE mRNA transcripts from patients’ lymphoblast
and fibroblast cells suggest that most LARGE mRNA transcripts
contain an abnormal sequence. Both versions of the abnormal inser-
tion are predicted to immediately introduce a premature stop codon
mid-way through protein translation, just before the second catalytic
domain, and result in a non-functional protein (Figure 4b). Small
amounts of normally spliced transcript were also seen and the
levels appeared slightly higher in fibroblasts than in lymphoblasts,
suggesting this may vary in different tissues. Unfortunately, it was
not possible to assess levels of normally spliced LARGE mRNA or
protein function either in muscle or in brain, the two main tissues
that show pathology in the o-dystroglycanopathies. We observed
no functionally glycosylated DG by western blot analysis in
patient fibroblast cells, but it is likely that low levels of functional
aDG are present in patient tissues at levels below the threshold of
detection by western blot for several reasons. Residual glycosylated
eDG staining was present in the muscle biopsy, and both sisters
have less severe cognitive deficits and brain malformations than
a patient with homozygous null mutations in LARGE who had a
WWS phenotype.” We also detected low levels of a normally spliced
LARGE gene mRNA transcript in both lymphoblasts and fibroblasts,
which should allow normal LARGE protein to be produced at low
levels.



We also investigated whether LARGE may exert some of its effects
on aDG glycosylation through interactions with either the POMT or
the POMGnT1 enzymes. Both POMT and POMGnT! activities were
normal in patients’ lymphoblast cells, strongly suggesting that the two
initial steps of aDG glycosylation occur independently of LARGE.

At present, it appears that LARGE is a rare causative of CMD, as the
coding regions of the gene have been screened in large cohorts of
patients with a-dystroglycanopathy of unknown cause.5® Although
experience is very limited at present, it is notable that two of the
four confirmed families with CMD, caused by LARGE mutation,
have had large gene rearrangements, either a deletion involving several
exons’ or a likely intragenic insertion/deletion (our family). In
another family, 2 heterozygous nonsense mutation (p.Trp516X) was
identified on standard gene sequencing, leaving open the possibility
that a large deletion/duplication or rearrangement on the other allele
was overlooked.? In addition, consanguineous families are described
that link to the LARGE locus but no mutation has been found by exon
sequencing.”!” LARGE was so named for the enormous genomic
region it occupies on chromosome 22q12.3 (647 kb) because of the
presence of very large introns enriched in low-copy repeats (LCRs).
The structure of the LARGE gene may predispose to mutations that
involve duplication or. deletion of large regions of DNA because of
non-allelic homologous recombination between LCRs, the proposed
mechanism for many genomic disorders.'® Sequencing of coding
regions from gDNA will not identify many large gene rearrangements.
Therefore, sequencing LARGE from cDNA and the application of
CGH, qPCR, and other methods for detecting rearrangement muta-
tions should be considered routinely.
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Nakatani M, Kokubo M, Ohsawa Y, Sunada Y, Tsuchida K.
Follistatin-derived peptide expression in muscle decreases adipose
tissue mass and prevents hepatic steatosis. Am J Physiol Endocrinol
Metab 300: E543-E553, 2011. First published January 4, 2011;
doi:10.1152/ajpendo.00430.2010.—Myostatin, a member of the trans-
forming growth factor (TGF)-B superfamily, plays a potent inhibitory
role in regulating skeletal muscle mass. Inhibition of myostatin by
gene disruption, transgenic (Tg) expression of myostatin propeptide,
or injection of propeptide or myostatin antibodies causes a widespread
increase in skeletal muscle mass. Several peptides, in addition to
myostatin propeptide and myostatin antibodies, can bind directly to
and neutralize the activity of myostatin. These include follistatin and
follistatin-related gene. Overexpression of follistatin or follistatin-
related gene in mice increased the muscle mass as in myostatin
knockout mice. Follistatin binds to myostatin but also binds to and
inhibits other members of the TGF-B superfamily, notably activins.
Therefore, follistatin regulates both myostatin and activins in vivo.
We previously reported the development and characterization of
several follistatin-derived peptides, including FS I-I (Nakatani M,
Takehara Y, Sugino H, Matsumoto M, Hashimoto O, Hasegawa Y,
Murakami T, Uezumi A, Takeda S, Noji S, Sunada Y, Tsuchida K.
FASEB J 22: 477-487, 2008). FS I-I retained myostatin-inhibitory
activity without affecting the bioactivity of activins. Here, we found
that inhibition of myostatin increases skeletal muscle mass and de-
creases fat accumulation in FS I-I Tg mice. FS I-I Tg mice also
showed decreased fat accumulation even on a control diet. Interest-
ingly, the adipocytes in FS I-I Tg mice were much smaller than those
of wild-type mice. Furthermore, FS I-I Tg mice were resistant to
high-fat diet-induced obesity and hepatic steatosis and had lower
hepatic fatty acid levels and altered fatty acid composition compared
with control mice. FS I-I Tg mice have improved glucose tolerance
when placed on a high-fat diet. These data indicate that inhibiting
myostatin with a follistatin-derived peptide provides a novel thera-
peutic option to decrease adipocyte size, prevent obesity and hepatic
steatosis, and improve glucose tolerance.

myostatin; adipocyte; fatty liver; glucose tolerance

THE TRANSFORMING GROWTH FACTOR (TGF)-f3 superfamily is one
of the largest families of secreted growth and differentiation
factors and plays important roles in regulating tissue develop-
ment and homeostasis (37). Myostatin, a member of the TGF-3
superfamily, acts as a negative regulator of muscle growth (19,
22). Mutations in the myostatin gene in cattle, sheep, dogs, and
humans cause an increase in skeletal muscle mass, indicating
conservation of its function in mammals (5, 8, 23, 26, 32, 33).
Myostatin is expressed predominantly in skeletal muscle and at
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significantly lower levels in adipose tissue (22). Inhibition of
myostatin causes an increase in skeletal muscle mass and
ameliorates several models of muscular dystrophies. Therefore,
myostatin inhibitors are a promising therapeutic target to treat
muscular atrophy and muscular dystrophy (19, 29, 37).

The loss of myostatin by gene disruption prevents an age-
related increase in adipose tissue mass and partially attenuates
the obese and diabetic phenotypes (14, 24). The serum leptin
concentration and adipose tissue leptin mRNA expression were
lower in myostatin null mice than in wild-type mice (24).
Inhibition of myostatin by transgenic (Tg) expression of myo-
statin propeptide was also reported to prevent diet-induced
obesity (41, 42). Even when fed a high-fat diet (HFD), these
mice exhibited normal insulin sensitivity, unlike wild-type
mice (42). Furthermore, AACVR2B, a soluble extracellular
form of the activin type IIB receptor, effectively decreased the
adipose tissue mass (1). These results suggest that inhibition of
myostatin signaling could be useful to prevent and/or treat
obesity and diabetes.

There are several strategies to block the functions of myo-
statin, including myostatin propeptide, follistatin, follistatin-
related gene (FLRG), follistatin domain-containing growth and
differentiation factor-associated serum protein-1 (GASP-1),
the potent myostatin inhibitor AACVR2B, neutralizing anti-
bodies, and small chemical compounds that block receptor
serine kinases (2, 15, 37, 38).

Follistatin was shown to bind to myostatin and inhibit its
activity. However, follistatin inhibits other members of the
TGF-B superfamily, including GDF11 and activin (11, 37, 38).
Although GDF11 and myostatin show a high degree of se-
quence similarity at the amino acid level, GDF11 is unlikely to
regulate skeletal muscle mass, because GDF11 controls skel-
eton and kidney development rather than regulating muscle
mass (21). Like myostatin, activin regulates skeletal muscle
mass (12). However, unlike myostatin, activin has many pleio-
tropic roles including ovarian and neuronal functions (30, 36).
In our previous study, we reported the development and char-
acterization of a myostatin inhibitor derived from follistatin,
designated FS I-L FS I-1 is unable to neutralize activin but still
binds to and inhibits myostatin (27). Tg expression of FS I-1
using a skeletal muscle-specific promoter caused a widespread
increase in skeletal muscle mass and ameliorated muscular
dystrophy. In addition, muscle strength was recovered when
the FS I-I Tg mice were crossed with mdx mice (27). In this
study, we explored whether FS I-I Tg mice are resistant to
diet-induced obesity and hepatic steatosis. We found that FS I-1
Tg mice exhibited reduced fat accumulation even when fed a
normal diet (NFD). Adipocytes were also much smaller than
those of wild-type littermates. Furthermore, the FS I-I Tg mice
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