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Glycosylation defects: a new mechanism for
muscular dystrophy?
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Recently, post-transiational modification of proteins has been defined as a new area of focus for muscular
dystrophy research by the identification of a group of disease genes that encode known or putative
glycosylation enzymes. Walker—Warburg Syndrome (WWS) and muscle—eye—brain disease (MEB) are caused
by mutations in two genes involved in O-mannosylation, POMT? and POMGnT1, respectively. Fukuyama
muscular dystrophy (FCMD) is due 1o mutations in fukutin, a putative phospholigand transferase. Congenital
muscular dystrophy type 1C and limb girdle muscular dystrophy type 21 are allelic, both being due to mutations
in the gene-encoding fukutin-related protein (FKRP). Finally, the causative gene in the myodystrophy (myd)
mouse is a putative bifunctional glycosyltransferase (Large). WWS, MEB, FCMD and the myd mouse are also

associated with neuronal migration abnormalities (often type ll lissencephaly) and ocular or retinal defects.
A deficiency in post-transiational modification of e-dystroglycan is a common feature of all these muscular
dystrophies and is thought to involve O-glycosylation pathways. This abnormally modified o-dystroglycan
is deficient in binding 1o extracellular matrix ligands, including laminin and agrin. Selective deletion of dystro-
glycan in the central nervous system (CNS) produces brain abnormalities with striking similarities to WWS,

MEB, FCMD and the myd mouse. Thus, impaired dystroglycan function is strongly implicalted in these
diseases. However, it is unlikely that these five glycosylation enzymes only have a role in glycosylation of

a-dystroglycan and it is important that other protein targets are identified.

INTRODUCTION

The 1zolation of dystrophm and subscquent advanccs n
ulentificabion  of the intcracting protoms  that form  the
dystrophin-associated glycoprotein complex (D7) led to an
cxplosion in charactenzation of the muscular dystrophics (1-5).
Bccently, the focus has shificd to post-translabional modifica-
tons of protcins as genes cncoding protoms  volved o
ghycogylabwon have dehined a new area of attention 1In muscular
dystrophy rescarch. As well as giving  further insights into
mechanisms underlymg muscular dystrophy, study of these
discascs may ncrcase our understanding of the funchons of
protein glycosylahon, Although the funchon of most glycosy-
labion 1 poorly understood, many vertchrate proteins arc post-
translationally moditicd by carbohydrates and it has been
catimated that 1% of human pencs encode cneymes mvolved in
ohposacchande synthesis and functon (6G).

These types of muscular dystrophy appear to be distinct from
the congenital disorders of ghycosylation (CDOs), a gproup of

discascs causcd by defects in the well-charactcriacd and haghly
conscrved A-glycosylation pathways (7). Many CIMis arc
multizysicmic duc to defects i the modrfication of a wade
range of protcins. In contrast, the ghycosylabon-deficient
muscular dystrophics appear to mvolve the less well-defined
(-plycosylation pathways and defoctive post-translation miod-
thcation scems (o be confined to a small number of profcms (of
which only onc has so far been sdentrficd; dysiroghycan). In this
review, we focus on those pencs whose mutation appears to
dizrupt the function of the DO,

GLYCOSYLATION GENES ASSOCIATED WITH
INHERITED MUSCULAR DYSTROPHIES

POMTI

POMTT 15 the human homolopue of the Drosophila rotated
abdomen (rf) pene (B The human genc 15 wadcely expressed
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and cneodes a predicted transmembranc protcin wath hagh
homology o the ycast mannosyliransferascs, suepesting a
function 1n the first sicp m O-mannosylation of protcms.
C-mannosylation 18 rare i omammals and has only been
identrficd in a imited number of ghycoproicms in bram, nerve
and skcletal muscle (9). Homozyoous o Deosophila  have
abnormal embryonic muscle development (10}, and Jurado ef
al. were the first o suppest that glycosylation maght be
mmportant n the formabton or mammtcnance of muscle (3).
Mutattons 1n POMTT canse Walker—Warburg  Syndromc
(WWS, MIM236670), a wvery scvere, recessive form of
congenital muscular dystrophy (CMD) (11} Walker—Warburg
sSyndrome paticnts also have ocular and retinal abnormalitics
and brain defects includimg type 11 hssencephaly (12,13).

WW5S 15 penctically heterogencous as only about 200 of
paticnts have pomt mutatons o AOMTT (14} Another
candidate penc 18 POMTZ2, which cncodes a closcly related
protein {15 However, POMTY 15 expressed at very low levels
m skeletal muscle (15) Two WWS paticnts have recontly been
descnbed with mutatons in fukutin (sce below), highhghiing
the chmical overlap of some of these discases.

Although it 1 hkely that both POMTT and POMTZ encode
mannosyltranstferases, this catalytic activity has not yet been
proven. Epitope-tagped POMTZ localizes to the endoplasmic
reticulum membrane (153). Althourh in vitre assays failed to
demonstrate an (-mannosy] transter reaction for cither POMT
or POMTZ, thas 15 hkely to be duc to tochmical difhicultics (15).

POMGaTI
POMGaT! encodes the protcin C-linkecd mannose [§1,2-N-
acctylglucosaminyltransterase 1 (16,17}  Mutabons 1n

POMGaT! have been descnbed in muscle—cye—bhrain discase
(MEB, MIM:253280)), an autosomal recessive disorder char-
acterzed by congenital muscular dystrophy, brain maliorma-
tions and ocular abnormalitics (16,18). POMOGnT] catalyzes
the transfor of N-acctylelucosamine from UDP-(lcMNAc to O-
mannosyl ghycoproteins (16,17,19). Mutatons in MEB pro-
duce protcins that arc nonfunctional when assayed in vitro (16).
Thiz 1= the strongest cvidence n support of (-mannosylation
defocts i these muscular dystrophics and the simalanity
betacen the phenotypes of WWS and MER 1= consistent wath
POMT] acting as an {~manno=syl transfcrase.

Fukutin

Fukuhin mutations arc associated with Fukuyama congenital
muscular dystrophy (FOCMD, MIM:2538000) (200,21} In addi-
tion to scvere muscle woeakness, thore 15 also abways scverc
mcntal retardation, with scizures occurning o about half the
cascs (21 The discase 12 most prevalent in Japan, where
paticnts carry at keast one copy of an ancestral founder
muiation {(mteerabion of a 3 kb retrofransposon clement into the
3’ UTR) that results in a reduction in fiskutin mENA levels (21).
Indrviduals who are homozypous for the founder mutation arc
less severcly affectcd than compound heteroeyeotcs with a
point mutation on the other allele, presumably because they
hawve a hipher residual actrvity of fukutm (21). Recently, two
non-Japancse indnraduals homozyeous for truncating mutations
have boen reported with a3 WWh-type phenotype rathoer than
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FUCMD (14,22). Clmically, it can be difficult to ddferentiate
between scvere FOMIDY and muld WWS cases (23) and thas
penchic overlap mphcaics a function for fukubn n the samc
pathway as POMTI.

Mull mousc mutanis of fukufin are embryomc  lethal.
However, fukubin-dehcient chimenc mace pencrated usmg
embryonic stem (ES) cells tarpeted for both fubeitin alleles
have a phenotype that resembles WWS (24). The mice have a
sovere muscular dystrophy and neurcnal migrabion defocts,
including disorganmzed laminar structures and fusion of mcdial
surfaces of the cercbral coriex. Sinkmg ocular abnormalihcs
include abnormal lens development and loss of laminar
structure n the retina

The pnmary scquence of fukwtn shows smmilanty o
microbial protcms nvolved in polysacchande/phosphorylcho-
line modification and manno=syl phosphorylation (25). The
protcin contamns an N-termanal hydrophic signal sequence but
lacks a transmembranc domam and was miteally supgested to
be an cxtmaccllular protcin (20). Howewer, cpitopc-tapped
protcin has rocently been reported to locahize to the medeal
Gl (20,26). Mo biochemical activity has yet been reported.

Fukutin-related protein (FKRP)

The gene tor FERP was cloned on the basis of homolooy to the
putative catalybic domam of fukubtn (27). Mutations m this
penc wore identificd moa subproup of CMD paticnts (MDOC1C,
MIM:60G612), with severe muscle weakness and inabihty to
stand unsupportcd, but no evidence of bram Imvolvement (27).
Mutations in FKRF also account for the milder limb girdlc
muscular dystrophy type 21 (LOMD2L, MIMGOT155), theretfore
this discase 15 allche with MDCIC (28). The spectrum of
LOGMIDZ] phenotypes 18 quitc wade; a laroe proportion of
paticnis share a common mutabon (CE20A; Leu276llcu) and
phenotypic scventy 1s oficn correlated with the second allehe
mutation (29). Although mitally FERP mutatons were not
asspCiatcd wath bram abnommaliies (27-30), mutations
FKRFP have rccently been descnibed m two patients with a
paticrn of muoscle inwwolvement wdentical to MDCIC  but
incloding mental retardation and cerchellar cysts (31).

FERP 15 predicted to be a type 11 membrane protein and 15
targeted to the medial Golg apparatus throogh its N-fcrmmnal
and transmembrane domams (26). Overcxpression of FERP
containmg a misscnse mutation dentihicd in MDCLC (P448L)
causcd the protein to be mefhciently trathicked to the Golm
apparatus (26). Although the functon of the protcin s
unknown, hke fukutin it = predicted to be a phosphohgand
transfcrase (27).

Large

Large cncodes a putattve, bifunctional  glycosyltranstorase
(32,33} A loss of function mutaton 15 responsible for the
myodystrophy (enad) mouse (34). Although mitial mvestipa-
tions of the myd phonotype highhighted the skeletal muscle
aspect of the discase (35,36), we and others have shown that the
heart, retinal, penpheral and contral nervous systems are also
imvolved (37-3%9). Homozypous myd mice display a scvere,

pregeressve muscular dystrophy and a mild cardiormmyopathy.
MNeuronal migration abnormalitses are present o the brain,



particularly the cortex and cerchellum (38,39). These resemblc
the bramn abnormalitics obscrved m fukutin-deficient mice (24).
Although morphologically the cyecs and retima appear normal,
clectrorctineprams showed a normal a-wave but mcrcased
implecit oimes and decreascd ampliedes of the bowave,
sugpesting alicred sipnal processing in the downstream retimal
circuiry {38).

Larpe has an N-tcrmonal transmembrane anchor, typecal of
ohycosyliransfoerases. It also has a colled cml mobt and e
putative catalytic repions (32,34). The two catalytic domains
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arc not closchy related to cach other, cach showing homology
to a different fammly of glhycosyltransferases. The prosomal
domam 15 related to bactenal a-glycosyltransterases mvolved
in synthesis of lipopolysacchandes or lhipoolhigosacchandes
(40). The distal domain 15 most closcly related to 10nT,
requircd for synthesis of the poly-NV-acctyllactosamine back-
bonc ((Galfil -4GkcNAcf1—3), found on N- and (-glycans
and pghycolipids (41).

ABNORMAL GLYCOSYLATION OF
DYSTROGLYCAN

The overlapping phenotypes of these muscular dystrophocs
suggeest that the glycosylation prodeins might act m a common
pathway. Lsing immunoblot assays of total protein exiracts, we
obscrved a sclective deficicncy of e-dystroghycan (x-1M3) m the
myd mousc, which we speculatcd might reflect  altered
glycosylabwon of the protein (34). A deficiency m o-IMi 15
noww known to be a common foature of all these glycosylation-
dehicient muscular dystrophics; i most cases this has been
obscrved as a loss of immuncrcactivity with onc or both of the
two commercally avallable monoclonal antibodics, VIA4-1 and
IHG (11,27,28,34.42 43).

More rccently, an antibody to hypoglycosylated o-IM

pencrated by Kevin Campbells group m lowa was shown o
wdentity a reduced molecular weaght form of a-1X3 in skeletal
muscle from FOCMD and WWY5S paticnts and from mpd mice
(39 Apam, the was intcrpreted as hypoglycosylahon a-11,
although it 15 unclecar why muoiabons n threc diffcrent
glycosylabon enzymes should result in the same sized form
of a-IMi. It 1 possible that aberrantly modihicd oD 15
susceptible to proteolysis and the fragment 13 & commeon
breakdown product

Dvstroglycan function

Dwstroglycan 18 a central component of the DGE m the
sarcolcmmal muscle membrane (Fig. 1), s mam function 15 1in
maintanng sarcolemmal mtegnty by hinking cytoskeletal actin
(w12 dystrophin} to componcnts of the extracellular matnx (via
a-IMs). Ligands for o-10 include the lamommn-x]l and -o2
chamns, apnn, perlecan and ncurexin (44.45) Mutahons n
almost all of the genes encoding componcnts of the DMGC or
proteins that interact with the complex have been implicated in
mhented forms of human muoscular dystrophy or 1n anmmal
models (1-5), although penchie forms of muoscular dystrophy
arce not exclusmvely associated wiath the DOGC (46). The complex
1= not confined to skeletal muscle, as some DOGE components
are associated with dystroglycan and dystrophin isoforms in
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Fipure 1. Schematic diagram of the skeletal muscle dystrophin-associaied
proéein complex (THCEC) {mol draren do scale). In skeletal muoscle the DG is com

posod of dystrophin, the dystmglycan complex of & and - subumils, the sarco
ghycams and sarcospan, © and il synirophins and dystrobrevin. &-glycosylatson
i indicated by purple circles, (3 glycosylation by yellow circles. Lip o ome-half
of the molecular mass of a-dystroghycan s accoamed for by carbohydrae.
Mutaisons im gemes encoding most of these components resulis in muscular
dystrophy phenotypes im buman and'or animal models. Laminins consist of
heterotrimers of e, i and y chairs. o Diystrogiycan binds to the lamimin e? chain,
the predomenant e chain im skeletal muscle, linking the DG o the extrace] lular
matrix. This binding requires carbobydrate stnctures om ce-dysiroghycan,
presumed o he part of the - ghyoosylation.

other tssucs incloding bramn, penpheral nerve, retina and
kudncy (47-50).

Drstrogelycan (Dagl) noll mice are embryonic lethal doe to
voery carly defects in basement membranc assembly (51)
Chimeric mice gencrated from Dag! ' ES cells developed a
progrcssve muscular dystrophy as the skeletal muscles lacked
dystroghycan (52). Cre-LoxP fechnology has been uwscd to
produce condonal knockouts of dystroghycan. Loss of Dagl
in ditfcrenibiated skcletal muscle produced a relatvely mld
dystrophic phenotype as the satelhte cells in this model arc able
o cxpress dystrophycan successtully and repencrate musche
hbres  (533). Elimmabion of dystroglycan from the NS
produced a phenotype with sinking smmlantes to WWS,
MEB, FCMD and the mpd moouse with disroption of cortical
layerng, fuswon of cercbral hemispheres and aberrant migration
of prranule cells (34). In combmaton wath the evidence of
altered ghycosylaton of o-Di, thes impheates an important role
for dystrophycan n the muscle and bramm phenotypes of the
ohycosylaton-deficient muscular dystrophics.

Dystroglycan glycosylation

Dystroghycan 15 post-translationally  cleaved mto o- and
f-subunits  (55,56). The 43kDa B-subumit, which 15 N-
ohycogylated, migrates at the cxpocted mass m all the
ohycosylathon-dehcient muscular dystrophics, indicating  that
the procursor protcin 18 syntheseed and cleaved normally. In



