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Essentially all secreted and cell surface proteins are glycosylated. The functions
of the sugar chains are as varied as their complex structures, and include cell-cell
communication, intracellular signaling, protein folding, targeting of proteins
within cells and control of hormone levels, among many others. There are
literally thousands of sugar chain structures. Unlike DNA and protein, which are
linear molecules, the sugar chains are branched. Many sugars carry
modifications....and then additional modifications are heaped onto them. Each
one can significantly alter molecular shape and the ability to form higher ordered
structures. The complexity makes their precise analysis difficult and
initimidating. Studying sugar chain function and glycosylation is challenging. It
has rarely been part of atypical biomedical graduate program, and essentially non-
existent in medical education. Practicing physicians are seldom aware of it, and
because there are few practicing Glycobiologists, physicians in training are not
exposed to the field either. Thisis changing because we now know that altering
glycosylation causes human disease.

| nsufficient Glycosylation Causes Disease

Overview of N-Linked Glycosylation

All N-linked chains are derived from a common dolichol pyrophosphate (Dol-PP)-
linked 14-sugar oligosaccharide (LLO). It is composed of 3 glucose (Glc), 9
mannose (Man) and 2 N-acetylglucosamine (GICNAC) residues,
GlczMangGIcNAC,, and then transferred en bloc from the lipid carrier to proteins.

Each sugar is added to the growing LLO in a specific order using at least 13
glycosyltransferases. The oligosaccharide is then transferred to the nascent
polypeptide chain by the oligosaccharyl transferase complex located in the ER
membrane. After the transfer, the sugar chain is processed. Specific glycosidases
trim the GlcsMangGIcNAC, chain, removing al Glc and some Man in the ER.
Additional Man is often trimmed in the Golgi followed by the addition of 2-4
branches composed of GIcNAc, Gal and aterminal siaic acid (Sia) to form
complex-type sugar chains.

Congenital Disorders of Glycosylation (CDG) 12

Congenital Disorders of Glycosylation (CDGS) result from defects in N-linked
oligosaccharides that are added to Asn residues on nascent proteinsin the lumen
of the endoplasmic reticulum (ER) (Some of these are shown in Fig. 1).
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Fig. 1 A part of N-linked oligosaccharide biosynthetic pathway and location of the known defects.

During subsequent oligosaccharide processing many of these chains are trimmed
and then extended once again with other sugarsin various branching patterns.
Since thisis new frontier, few physicians think of glycosylation in diagnosing
children with inherited diseases. Not surprising. Just five years ago we knew only
two causes of CDG; now we know of 14 in just the N-linked pathway. Fig. 2
shows the dramatic explosion of new defectsin the last few years.

GLYCOSYLATION DEFECTS IDENTIFIED

(and on the way)

—N-linked
154 —=0ther 15
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Fig.2 Glycosylation defects identified

It is estimated that defectsin any of the well over 50 genes needed for N-
glycosylation will cause CDG, and many of these will likely be detectable by a
simple blood test. Although there are currently about 300-400 cases of CDG
world-wide, reliable estimates indicate this number accounts for only afew
percent of the patients. It is safe to say that the entire group of CDGs is severely
under-diagnosed, and that we are now only seeing the “tip of the iceberg”.

Table 1 shows the diseases, their causes, OMIM links, and number of known
patients. Many of the patients wereinitially misdiagnosed. This situation is
steadily improving, and that isimportant because two of the disorders (CDG-1b

and CDG-lIc) can be treated with simple monosaccharide therapy.

Table 1 Congenital disorder of glycosylation (CDG)

CDG
Type

Ic

If

lic
(LAD-II)

Enzymatic or protein defect

Phosphomannnomutase 2 (PMM)

Phosphomannnose isomerase (PMI)

Dolichyl-P-Glc:MansGlcNAcz-PP-dolichyl

a-1,3-glucosyltransferase

Dolichyl-P-Glc:MansGlcNAcz-PP-dolichyl
a-1,3-mannnosyltransferase

Dolichyl-P-Man synthase 1

Dolichyl-P-Man utilization defect 1
(Suppressor of Lec35)

Dolichyl-P-Man:ManrGlcMNacz- PP-dolichyl
a-1,6-mannnosyltransferase

Multiple Defects: causes unknown

UDP-GlcNAc: a-6-D-Mannoside 5-1,2-N-
acetylglucosaminyltransferase Il (GnT Il)

a-1,2-glucosidase |

GDP-fucose transporter (cytosol—Golgi)

UDP-Galactose: N-acetylglucosamine
B 1,4Galactosyltransferase |

Gene

PMM2

MPI

ALG6

ALG3

NOTS6L

DPM1

MPDU1

ALG12

MGAT2

GCS1

B4GALT

oMim*

212065
601785

602579
154550

603147
604566

601110

603503

604041

603585
212067

212066

602616

601336

266265

Patients

~300

~20

~30
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lid UDP-Galactose: N-acetylglucosamine B4GALT — 1
B 1,4Galactosyltransferase |

*OMIM= online Mendelian inheritance in Man (http://www.ncbi.nih.gov/)

Biochemical Overview of CDG

The CDGs are autosomal recessive disorders. By far the most common type,
CDG-la(OMIM 212066), is caused by mutations in the PMM2 gene. The gene
encodes the phosphomannomutase used to convert Man-6-P to Man-1-P.
Mutations reduce the size of GDP-Man pool and produce insufficient LLO for
full glycosylation. Some of these patients have been mistaken for having
mitochondrial disorders. CDG-1b (OMIM 602579) results from mutations in the
MPI gene encoding phosphomannose isomerase (PMI) (fructose-6-P—Man-6-P).
Theclinical pictures of CDG-1b and CDG-la patients are quite different. CDG-Ic
(OMIM 603147) is caused by mutations in ALG6, which encodes an ¢-
1,3glucosyltransferase used to add the first Glc to the immature LLO precursor.
Group Il CDGs are defined as those that affect the processing of the protein-
bound sugar chains, not LLO synthesis or its transfer to protein.

Laboratory Diagnosis of CDG

Glycosylation of serum transferrin (Tf) is used to biochemically diagnose CDG.
Abnormal Tf is detected by isoelectric focusing, or by electrospray ionization-
mass spectrometry. These analyses provide cluesto the defect but neither one can
pinpoint the gene.

Common Clinical Features of CDG

The most common clinical featuresin various types of CDG are shown in Table
2. Thereis considerable clinical heterogeneity. Psychomotor retardation ranging
from mild to severe and hypotonia are consistent featuresin all patients except
Type-1b. Other neurological findings include ataxia (laand Ic), seizures and
stroke-like episodes. Cerebellar hypoplasia(la, Ic), delayed myelination (le, 11a,
I1b), microcephaly and atrophy of the cerebrum (la, Ic, 1d, l€) are seen.
Sometimes the cognitive deficiency can be mild. Nearly all patients have feeding
problems and fail to thrive. Strabismus, abnormal fat distribution, and retracted
nipples are common.

Mortality in CDG-lachildren is about 20% during the first few years, but they
stabilize after childhood. Substantial survival means that many adult CDG
patients remain undiagnosed.
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Table Z Clinical features seen in different types of CDG

Type
la

le
id
le
if

lle

Features
Hypotonia, variable psychomotor retardation, seizures, peripheral neuropathy,
stroke-like episodes, strabismus, cardiomyopathy
Normal development, hypoglycemia, coagulopathy, protein-losing enteropathy,
hepatic fibrosis, cyclicvomiting
Hypotonia, psychomotor retardation, seizures, strabismus, feeding problem, coagulopathy
Hypotonia, severe psychomotor retardation, seizures, microcephaly, optic atrophy
Hypotonia, severe psychomotor retardation, seizures, delayed myelination, Blindness
Hypotonia, severe psychomotor retardation, seizures, blindness, dry skin,
low food intake, vomiting
Hypotonia, severe psychomotor retardation, seizures, feeding difficulties,
facial dysmorphy, coagulopathy
Hypotonia, severe psychomotor retardation, frequent infections, widely spaced nipples
Hypotonia, generalized edema, hypoventilation, apnea, hepatomegaly,
demyelinating polyneuropathy
Hypotonia, psychomotor retardation, elevated peripheral leukocytes, failure to thrives,
short arms and legs
Hypotonia, hydrocephalus, myopathy, coagulation abnormalities

Limited Therapy Optionsfor CDG

The effective therapy for CDG-Ib is oral mannose.®> Mannose by passes the
fructose-6-P—Man-6-P block to replenish the depleted GDP-Man pools.
Mannose reverses hypoglycemia and deficient anti-thrombin 111 within afew
weeks, and within 1-2 months plasma protein levels are normal and protein-
losing enteropathy disappears. None of the adult patients with proven CDG-lbis
currently taking mannose, suggesting that it will not be alifelong requirement.
One CDG-lIc patient was treated with fucose supplements that corrected his
elevated circulating neutrophil counts by providing for Sialyl Lewis X synthesis.#

m Congenital Muscular Dystrophies. the Newest
Glycosylation Deficienciess
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A key molecule on the surface of muscle cellsis a-dystroglycan, which is part of
the dystrophin complex that bridges the extracellular matrix and cytoskel eton.ct-
Dystroglycan contains a special type of mannose-based sugar chain, whose study
was long neglected (except in Japan!). These sugar chains are not part of the N-
linked pathway, but the chains are clustered together in small region of -
dystroglycan where they mediate many of the critical stabilizing interactions with
the matrix. In hindsight now, it is not so surprising that several kinds of muscular
dystrophies result from mutations in the genes needed for the biosynthesis of
these sugar chains. Muscle-eye-brain disease, Fukuyama-type congenital
muscular dystrophy (FCMD), and Walker-Warburg Syndrome involve mutations
in these genes. Studying the glycosylation of ce-dystroglycanin al itsformsin
many tissues and cell types will be important to understand how these conditions
differ from each other. Even more surprising is the discovery that one form of
adult onset muscular dystrophy, hereditary inclusion body myopathy-Typelll, is
due to mutations in an enzyme in the biosynthesis of CMP-Siaic acid, the
universal activated donor for one of the sugars in the t¢-dystroglycan sugar chain.

The Next Generation of Glycosylation
Disorders

The very complexity of sugar chains and their assembly practically guarantee that
more disorders will be discovered. The most likely new areas are O-GalNAc-
linked sugar chains, glycosaminoglycans, and Golgi assembly and organization
proteins. These causes may be much more difficult to identify because many of
these pathways are composed of redundant, sometimes overlapping enzymes with
tissue specific distributions. Good examples are the multiple hereditary exostoses
(MHE) in heparan sulfate synthesis, and the selective expression of the multiple
fucosyl transferases that synthesize Lewis-X and Lewis-Y sugar chains. In
comparison, finding defects in the early portion of the N-linked pathway has been
easy becauseit ismostly alinear sequence with only a single enzyme at each
step. Moreover, transferrin provides an unusually robust assay for defective N-
glycosylation. The other pathways lack a similar diagnostic champion.

Summary and Perspective

Glycobiology was called a Cinderella Science in 2001. Now, with the explosion
of inherited glyco-pathologies, the pumpkin coach may become an ambulance,
especidly if we continue to find glycosylation-based therapies. Understanding the
role of sugar chainsin building cell-surface signaling complexes and finding how
to boost sugar donorsin cells may help usto understand and treat these
pathologies. Many more defects will be found in the future.
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