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Glycosylation
Multicellular organisms consist of millions of cells with different fates and function,
established in intricate complexes and networks to ensure survival. Correct cellular
function requires a high level of complexity. Our DNA provides the first level of
complexity, harboring a unique genetic code in each individual. DNA is transcribed
into different messenger RNAs (mRNA), and in turn, mRNA is translated into various
protein isoforms. However, the addition of levels of complexity does not end here:
most proteins are post-translationally modified when they mature through the
Endoplasmic Reticulum (ER) and Golgi apparatus. Glycosylation, the covalent
attachment of carbohydrate chains, is the most complex and common post- and
co-translational modification [1]. Glycosylation is important for many aspects of
protein function including protein folding, enzyme activity, cell-to-cell and
cell-to-extracellular matrix (ECM) interactions.
The glycosylation machinery is initiated by the cytosolic synthesis of activated
sugars. An exception is CMP-N-acetylneuraminic acid, which is synthesised in the
nucleus. Subsequently, these nucleotide sugars or dolichol-linked sugars are transported
to the ER and Golgi apparatus, where glycans are assembled and modified on
proteins by glycosyltransferases (Figure 1.1). There are different types of glycosylation,
known as N-glycosylation, O-glycosylation, C-mannosylation and glycosylphosphatidylinositol (GPI) anchor synthesis. N-glycosylation and O-glycosylation are
the most studied forms of glycosylation.
N-glycosylation is initiated by the synthesis of a lipid-linked oligosaccharide (LLO)
glucose3mannose9N-acetylglucosamine2-PP-dolichol (Glc3Man9GlcNAc2-PP-Dol).
Subsequently, Glc3Man9GlcNAc2 is covalently attached by the oligosaccharyltransferase (OST) complex to an asparagine residue of a protein at a consensus
peptide sequence Asn-X-Ser/Thr, where X can be any amino acid. The glycan is
then further processed in the ER and in the Golgi apparatus by removing the three
Glc and up to six Man moieties. In the Golgi, GlcNAc, galactose, N-acetylneuraminic
acid (Neu5Ac, sialic acid) and sometimes fucose are added to form different
N-glycan structures [2].
O-glycans are carbohydrate chains attached to the hydroxyl group of Ser/Thr
of proteins. O-glycans can be initiated by seven different monosaccharides. The most
common form is mucin glycosylation, with O-linked N-acetylgalactosamine
(O-GalNAc). For mucin glycosylation alone, over 20 polypeptide ppGalNAc transferases
are known with tissue and substrate-specific activities, illustrating that the O-glycosylation machinery is more complex than the mechanisms of N-glycosylation [3,4].
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Figure 1.1. Schematic overview of the glycosylation machinery. Nucleotide sugars and
dolichol- linked sugars are synthesized in the cytosol or nucleus (box 1) and transported into
the ER and Golgi apparatus by nucleotide sugar transporters or flippases (box 2). The posttranslational addition of carbohydrates to proteins by glycosyltransferases is initiated in the
ER (box 3). Glycans are further assembled and modified in the Golgi apparatus (box 4).
Glycoproteins can be N-glycosylated (yellow protein) or O-glycosylated (red protein) with a
broad spectrum of different glycostructures. Completed glycoproteins on the cell surface
can interact and bind to many ligands, including but not limited to cell receptors, hormones,
extracellular matrix components, antibodies, viruses, bacteria and lectins, making glycosylation
essential for living organisms (box 5). Golgi, ER and cellular membrane images modified from
Smart Servier Medical Art, https://smart.servier.com.
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Congenital Disorders of Glycosylation
More than half of the human proteome is glycosylated, and 80 % of secreted and
membrane-bound proteins are glycoproteins [1]. Therefore, it is not surprising that
deficiencies in the glycosylation machinery can lead to a very broad range of
clinical phenotypes, most of which have a severe impact on the daily life of patients
and their families. So far, over 100 different Congenital Disorders of Glycosylation
(CDG) have been described [5,6]. In CDG with defective N-glycosylation, the highly
ordered synthesis of the lipid-linked oligosaccharide (LLO) in the ER or glycan
processing in the Golgi apparatus is affected. As a consequence, the majority of
N-glycan and in some cases O-glycan structures are aberrant, presenting as a
multisystem disorder. Typical features of CDG include but are not limited to a failure
to thrive, neurological disorders including epilepsy and hypotonia, liver disease,
immunologic deficiencies, and abnormalities of the heart, eyes, skin and bones
[7,8]. The identification of N-glycosylation disorders rapidly increased since the
invention of an adequate and easy screening assay, the iso-electric focusing of
transferrin (TIEF) from blood serum.
In contrast to N-glycosylation defects, the identification of O-glycosylation
disorders is much more challenging. As discussed above, O-glycans can be initiated
by seven different monosaccharides that can be further extended to complex
O-glycan structures. O-glycans play tissue-specific roles in protein structure,
folding, stability, recognition, expression, processing and in modulating enzyme
activity [9-15]. So far, the complexity of O-glycan structures and the tissue-specificity
of the defects renders it impossible to design a single screening test for diagnostics
of O-glycosylation disorders, and as a consequence, most have been identified
via next generation sequencing (NGS). However, a histological functional test is
available for one group of O-glycosylation disorders, the dystroglycanopathies.

Dystroglycanopathies and the O-mannosylation
of α-dystroglycan
The protein alpha-dystroglycan (αDG) is heavily glycosylated and plays an important
role in skeletal muscle function, and in brain and eye development. The DAG1 gene
encodes the dystroglycan protein, which is cleaved into αDG and β-dystroglycan
(βDG). Alpha-DG is located extracellular and links the ECM to the cellular membrane
via the transmembrane protein βDG (Figure 1.2A). In turn, βDG binds to the intracellulary
located dystrophin and utrophin that are connected to the actin cytoskeleton
[16,17]. Alpha-DG contains a heavily glycosylated O-mucin domain with sialylated
core M1: Neu5Acα2-3Galβ1-4GlcNAcβ1-2Man-Ser/Thr, core M2: Galβ1-4GlcNAcβ1-

1
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Figure 1.2. The dystroglycan complex connects the cytoskeleton to the extracellular matrix
via unique O-mannosyl glycans. (A) F-actin and dystrophin are cytoskeleton components in
the skeletal muscle cell, which link the myofibrils to the transmembrane protein β-dystroglycan
(βDG). The extracellular part of βDG is bound to α-dystroglycan (αDG) that has a heavily
glycosylated O-mucin domain. Alpha-dystroglycan contains N- and O-glycans, and specialized
core M3 O-mannosyl glycans are responsible for the binding to extracellular matrix (ECM)
components such as laminin-2. Cellular membrane image modified from Smart Servier
Medical Art, https://smart.servier.com. (B) The core M3 O-mannosyl glycan structure on αDG
as suggested when this PhD project was initiated in 2014. The xylose and glucuronic acid
moieties, which form the ECM-binding epitope, were believed to be attached to the core M3
structure via the phosphorylated O-mannose moiety.
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6 (GlcNAcβ1-2)Man-Ser/Thr and core M3: GalNAcβ1-3GlcNAcβ1-4Man-Ser/Thr
O-mannosyl glycans [18-22]. The core M3 glycan contains a phosphorylated
O-mannose and a long chain of xylose and glucuronic acid residues (Figure 1.2B)
[22-24]. These unique core M3 O-mannosyl glycans are located on Thr317, Thr319
and Thr379 of αDG and bind to ECM components such as laminin in skeletal muscle,
agrin and perlecan at the neuromuscular junction, and neurexin and slit in the
central nervous system [22,25-30].
Defects in αDG or in the synthesis of the functional O-mannosyl glycans
disturbs the connection of cells to the extracellular matrix, causing muscular
dystrophy- dystroglycanopathy (MDDG) syndromes. Dystroglycanopathies are a
group of congenital muscular dystrophies with a broad clinical spectrum, varying
from limb-girdle muscular dystrophy, with or without intellectual disability (e.g.
LGMD2K, OMIM 609308), to severe muscular dystrophy with brain and eye
abnormalities in muscle-eye-brain disease (MEB, OMIM 253280) or Walker-Warburg
syndrome (WWS, OMIM 236670). Patients with muscular dystrophy and cobblestone
lissencephaly can be diagnosed with Fukuyama congenital muscular dystrophy
(FCMD). Dystroglycanopathy patients are mostly diagnosed based on the clinical
characteristics, followed by genetic testing. When required, functional confirmation
is performed using immunohistochemistry of glycosylated αDG on a muscle biopsy of
the patient. So far, 18 causative genes have been identified for dystroglycanopathy
(Table 1.1). Based on the function of the affected gene, we discern primary, secondary
and tertiary dystroglycanopathies. Primary dystroglycanopathy is caused by mutations
in DAG1, and secondary dystroglycanopathies by mutations in any of the involved
glycosyltransferases. Tertiary dystroglycanopathies are caused by mutations in genes
encoding proteins involved in the synthesis of sugar donors that are required for
the glycosylation of αDG.

Sugar supply for the O-mannosylation of αDG
The precursors for protein glycosylation, nucleotide-sugars, are synthesized in the
cytoplasm (except CMP-Neu5Ac) in a complex metabolic network involving numerous
metabolic intermediates and >40 currently known enzymes. Although nucleotidesugars are obviously essential for glycosylation, the effect of disruptions in their
biosynthetic pathways are poorly understood. Sugar metabolism can be influenced
by many different factors and likely adapts to cellular needs. Here, we focus on two
biosynthesis pathways that are essential for the O-mannosylation of αDG.
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Primary
Secondary
Secondary
Secondary
Secondary

Secondary

Secondary

Secondary

Secondary
Secondary

Secondary

Secondary

Tertiary
Tertiary
Tertiary
Tertiary
Tertiary
Tertiary

DAG1
POMT1
POMT2
POMK
POMGNT1

POMGNT2

B3GALNT2

FKTN

FKRP
B4GAT1

RXYLT1 (TMEM5)

LARGE

ISPD (CRPPA)
GMPPB
DPM1
DPM2
DPM3
DOLK

607440

603590

α-xylose β-1,3-GlcA transferase
β-GlcA α1,3-Xyl transferase
CDP-ribitol synthase
GDP-mannose pyrophosphorylase
Catalytic subunit of DPM synthase complex
DPM3-stabilizing subunit of DPM synthase complex
ER-membrane-anchoring subunit of DPM synthase complex
Dolichol kinase

614631
615320
603503
603564
605951
610746

605862

Rbo5P β-1,4-Xyl transferase

β-1,4- GlcA transferase

610194

β-GalNAc-3 Rbo5P transferase
Rbo5P-1 Rbo5P transferase

606596
605517

614828

β-GlcNAc β-1,3-GalNAc transferase

128239
607423
607439
615247
606822

OMIM

O-mannose β-1,4-GlcNAc transferase

O-mannose β-1,2-GlcNAc transferase

Encodes dystroglycan protein
Protein O-mannosyltransferase
Protein O-mannosyltransferase
Protein-O-mannose kinase

Function

WWS, MEB, LGMD
WWS, MEB, LGMD, CMS
CDG-I, LGMD
CDG-I, LGMD
CDG-I, DCM, LGMD
CDG-I, DCM

WWS, MEB, LGMD

WWS, MEB

WWS, MEB, LGMD
WWS

WWS, MEB, LGMD, FCMD

WWS, MEB, ID

WWS, MEB, LGMD
WWS, MEB, LGMD
WWS, MEB, LGMD
WWS, LGMD
WWS, MEB, LGMD,
nonsyndromic retinitis
pigmentosa
WWS

Disease

GlcNAc: N-acetylglucosamine, GalNAc: N-acetylgalactosamine, Rbo5P: Ribitol 5-phosphate, GlcA: Glucuronic Acid, Xyl: xylose, WWS: Walker-Warburg syndrome,
MEB :Muscle-eye-brain disease, LGMD: Limb-girdle muscular dystrophy, ID: Intellectual Disability, FCMD: Fukuyama congenital muscular dystrophy, CMS:
Congenital myasthenic syndrome. CDG-I: Congenital Disorder of Glycosylation type I, DCM: Dilated cardiomyopathy

Dystroglycanopathy type

Gene

Table 1.1. Overview of dystroglycanopathy genes
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CDP-ribitol synthesis
In 2012, the first WWS patients were described with mutations in the isoprenoid
synthase domain-containing protein (ISPD, CRPPA). The function of ISPD remained
obscure, since it was homologous to 4-diphosphocytidyl-2-C-methylerythritol
(CDP-ME) transferases in bacteria and plants that play a role in the non-mevalonate/
MEP pathway, which is absent in mammals [31]. Human ISPD can synthesize
CDP-ribitol in vitro [32]. However, whether CDP-ribitol was also the in vivo product
remained unclear, since CDP-ribitol was not a known mammalian nucleotide sugar,
but a bacterial component of wall teichoic acids in gram-positive bacteria [33,34].
After the synthesis of nucleotide sugars or dolichol-linked sugars, they are
transported into the ER or Golgi for the covalent attachment of glycans to proteins
by glycosyltransferases. Transportation of the negatively charged nucleotide sugars
is accommodated by the solute carriers (SLCs). The transporter of CDP-ribitol
remains to be identified.
Interestingly, in 2013, a knock-out screen by Jae et al. utilizing the ability of
Lassa Virus to bind to the functional O-mannosyl glycan of αDG identified SLC35A1,
the CMP-Sialic acid transporter as a dystroglycanopathy gene candidate [35].
SLC35A1 is one of the best characterized solute carriers, and is known to transport
CMP-sialic acid to the Golgi apparatus [36]. A patient with SLC35A1 deficiency
(Q101H mutation) showed hyposialylated N-glycans in plasma and reduced
sialylation of mucin type O-glycans [37]. This SLC35A1 patient had psychomotor
developmental delay, microcephaly, hypotonia and generalized tonic-clonic seizures.
In time, the disease further progressed and caused cardiac problems, renal failure,
and eventually death because of respiratory failure. At the time, the symptoms and
disease progression were accounted to a 50 % reduced CMP-Sialic acid transport
activity and the hyposialylation. Further investigations from our group led to the
discovery that SLC35A1 deficiency indeed caused a hypo-O-mannosylation of
αDG, but that this was independent of sialic acid [38]. Other studies have shown
that transporters of the SLC35 family can have dual functions, transporting different
nucleotide sugars containing the same nucleoside. For example, SLC35B4 is able to
transport UDP-xylose and UDP-GlcNAc [39]. Hence, SLC35A1 has been suggested
as a candidate for CDP-ribitol transport [32].

Dolichol-phosphate-mannose synthesis
Defects in the synthesis of sugar donors can affect multiple glycosylation pathways
simultaneously. The synthesis of dolichol-phosphate-mannose (DPM) from cytosolic
activated GDP-mannose and ER-embedded dolichol-phosphate is indispensible
for N-glycosylation, O-mannosylation, C-mannosylation and GPI-anchor synthesis
[40-43]. Interestingly, CDG patients with enzyme deficiencies in this metabolic
pathway present with very different clinical phenotypes. For example, patients with
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PMM2 deficiency, the most common form of CDG, show a classical CDG-type I
phenotype with aberrant N-glycosylation, but without apparent O-glycosylation
deficiencies [44]. In contrast, GMPPB deficiency leads to a dystroglycanopathy
phenotype with muscular dystrophy caused by aberrant O-glycosylation of αDG
[45], but can also cause myasthenic syndrome [46].
SRD5A3-CDG presents with mental retardation, eye and cerebellar defects [47].
DPM1 (OMIM 603503), DPM2 (OMIM 603564) and DPM3 (OMIM 605951) patients
show a combined CDG-I and dystroglycanopathy phenotype [48-51] Deficiency of
dolichol kinase (DOLK) (OMIM 610746) results in a cardiomyopathy without obvious
skeletal muscle abnormalities or neurological abnormalities in mildly affected
patients. The symptoms of DOLK-CDG have been related to deficient O-mannosylation in the heart [52-55]. Taken together, defects in DPM biosynthesis lead to
different phenotypic presentations, but the regulatory mechanisms remain poorly
understood and tissue-specific pathways remain to be discovered.

Treatment of dystroglycanopathies
Unfortunately, no causative treatments exist for patients with dystroglycanopathy.
Currently, treatment of dystroglycanopathy is focused on relieving symptoms and
delaying muscle wasting with physiotherapy [56,57]. These management strategies
are only applicable for relatively mild LGMD patients, and treating the more severely
affected WWS and MEB patients with structural brain abnormalities is currently out
of reach.
Recently, multiple animal studies have been published evaluating gene
therapies for FKRP LGMD (MDDGC5, OMIM 607155) [58-62], LARGE and POMGNT1
deficiencies [63]. These studies have shown that systemic expression of human
FKRP or LARGE using Adeno-associated virus (AAV) in mice restored the biochemical
defects and ameliorated disease progression. However, the efficacy of AAV therapies
is highly dependent on the dosage and status of the disease progression [59,60].
In addition, some adverse side effects were observed when a high dose of AAV9-FKRP
was directly injected into skeletal muscle [58].
Besides gene therapy studies, different chemicals have been investigated as
potential therapeutic compounds [64,65]. Steroids and the calcium channel
regulators tamoxifen and raloxifene have been shown to improve muscle function
in mouse models and/or dystroglycanopathy patients [66-71]. Steroid treatments
in patients did not completely recover muscle fibers or prevent additional clinical
manifestations such as cardiomyopathy [69,70]. However, corticosteroids are readily
available in the clinic, and in the future, a combinatorial approach of gene and compound
therapies might be an effective treatment strategy for dystroglycanopathy.

General introduction | 19

Finally, dietary sugar therapies are not available for the dystroglycanopathies, but
have been developed for some other CDG. For example, galactose is used to treat
PGM1-CDG patients, and mannose and fucose are used to treat MPI-CDG and
SLC35C1-CDG patients, respectively [72-74]. Dietary interventions are often cheaper
and readily available for patients, making these attractive to study, also in the case
of dystroglycanopathies (this thesis).

Scope and outline of this thesis
So far, there are no causative treatments for the dystroglycanopathies and the lack
of knowledge of (alternative) metabolic pathways for the synthesis of nucleotide
sugars and their precursors is hampering treatment development. In this PhD project,
I aimed to investigate the sugar supply pathways and find ways to modulate these,
with the goal to explore treatment opportunities for the dystroglycanopathies.
In summary, the aims of my PhD thesis are:
1.
2.
3.
4.

To identify the mammalian biosynthesis route of CDP-ribitol and its precursor
ribitol 5-phosphate.
Investigate potential therapies for ISPD dystroglycanopathy.
Unravel the function of SLC35A1 in relation to the O-mannosylation of αDG.
Provide a better understanding of tissue-specific glycosylation abnormalities in
the Dol-P-Man biosynthesis defects.

In Chapter 2, we discuss the biochemical lessons that we can learn on 1) novel
glycosyltransferases and metabolic pathways, 2) tissue-specific O-glycosylation
mechanisms, 3) O-glycosylation targets and 4) structure-function relationships
illustrated by the most recent discoveries in the field of O-glycosylation disorders.
Finally, we provide an outlook on how genetic disorders, O-glycoproteomics and
biochemical methods can be combined to answer fundamental questions regarding
O-glycan synthesis, structure and function.
Part I – Discovery of the CDP-ribitol biosynthesis pathway of this thesis unravels the
cytosolic biosynthesis pathway of CDP-ribitol, with direct implications for the
treatment of ISPD patients. In Chapter 3, we show that CDP-ribitol is a mammalian
nucleotide sugar with a ubiquitous expression in different human and mouse
tissues. Moreover, our efforts resulted in the identification of ribose as a potential
dietary treatment of ISPD myopathy, with possible applications for FKTN and FKRP
myopathy. Chapter 4 addresses the endogenous cytosolic biosynthesis pathway of

1
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ribitol 5-phosphate, demonstrating an important role of the pentose phosphate
pathway and for the aldose reductase AKR1B1. Chapter 5 reports our findings about
the role of SLC35A1 in the O-mannosylation of αDG.
Part II – Tissue-specific effects of dolichol-phosphate-mannose synthesis disorders
comprises of two chapters, where tissue-specific glycosylation abnormalities of
DPM sythesis and utilization disorders are investigated. In Chapter 6 we demonstrate
that the O-mannosylation of αDG and the N-glycosylation of βDG is reduced in
skeletal muscle of DPM3-CDG patients, whereas N-glycosylation of serum
transferrin is not always affected, providing new tissue-specific insights for all the
DPM synthesis disorders. In Chapter 7, we present two patients with MPDU1-CDG,
and show for the first time that the O-mannosylation of αDG is reduced in MPDU1CDG. Furthermore, they show phenotypic overlap with the dystroglycanopathies,
thus adding MPDU1-CDG to the list of DPM disorders affecting N-glycosylation and
O-glycosylation simultaneously.
All findings presented in this thesis are evaluated and discussed in Chapter 8,
providing future perspectives for the muscular dystrophy-dystroglycanopathies.
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Highlights
- Availability of next generation sequencing technology has increased the discovery
rate of human O-glycosylation disorders.
- The vast phenotypic variability of O-glycosylation disorders reflects the large diversity
of O-glycan structures.
- Studies of O-glycosylation disorders have revealed tissue-specific O-glycosylation
pathways and protein targets.
- Modeling patient mutations in structural models of O-glycan enzymes facilitates
characterization of structure-function relationships.
- Advances in O-glycoproteomics are key to unravel the human O-glycosylation
machinery.

Abstract
Over 100 human Congenital Disorders of Glycosylation (CDG) have been described.
Of these, about 30 % reside in the O-glycosylation pathway. O-glycosylation disorders
are characterized by a high phenotypic variability, reflecting the large diversity of
O-glycan structures. In contrast to N-glycosylation disorders, a generic biochemical
screening test is lacking, which limits the identification of novel O-glycosylation
disorders. The emergence of next generation sequencing (NGS) and O-glycoproteomics technologies have changed this situation, resulting in significant
progress to link disease phenotypes with underlying biochemical mechanisms.
Here, we review the current knowledge on O-glycosylation disorders, and discuss
the biochemical lessons that we can learn on 1) novel glycosyltransferases and
metabolic pathways, 2) tissue-specific O-glycosylation mechanisms, 3) O-glycosylation targets and 4) structure-function relationships. Additionally, we provide an
outlook on how genetic disorders, O-glycoproteomics and biochemical methods
can be combined to answer fundamental questions regarding O-glycan synthesis,
structure and function.
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Introduction
Glycosylation, the addition of carbohydrate chains to proteins, is the most common
post-translational and co-translational modification. It is initiated by the cytosolic
synthesis of activated sugars (with the exception of CMP-N-acetylneuraminic acid)
that are subsequently transported to the endoplasmic reticulum (ER) and Golgi
apparatus, where glycans are assembled and modified on proteins. Glycosylation
affects many aspects of protein function, including protein folding, enzyme activity
and cell-to-cell and cell-to-extracellular matrix (ECM) interactions. Therefore, it is
not surprising that glycosylation disorders present with a broad range of clinical
phenotypes.
Currently, over 100 different Congenital Disorders of Glycosylation (CDG) have
been described [1,2], the majority affecting the N-glycosylation pathway. Broad
availability of an adequate screening assay for abnormal N-glycosylation, isofocusing
of serum transferrin (TIEF), has resulted in the identification of defects in glycosyltransferases, nucleotide sugar transporters and enzymes involved in sugar metabolism,
which are all directly linked to glycosylation. In recent years, more complex mechanisms
have been identified underlying abnormal N-glycosylation related to Golgi trafficking,
homeostasis and vesicular transport [3•,4,5].
In contrast to N-glycosylation defects, the identification of O-glycosylation
disorders is much more challenging. In humans, O-glycans are initiated by seven
different monosaccharides that can be further extended to complex O-glycan
structures. For mucin O-glycosylation (O-linked N-acetylgalactosamine, O-GalNAc),
the most common form of O-glycosylation, over 20 polypeptide GalNAc
transferases are known with tissue and substrate-specific activities [6,7]. Isofocusing
of ApoC-III was developed to detect defects in mucin type O-glycosylation [8].
Although many of the Golgi homeostasis disorders showed abnormal mucin type
O-glycosylation of ApoC-III, only mutations in polypeptide GalNAc transferase 2
(GALNT2) could be detected with this test. So far, the complexity of O-glycan
structures renders it impossible to design a single screening test for diagnostics of
O-glycosylation disorders.
O-glycans are important for protein structure, folding, stability, recognition,
expression, processing, and are known to modulate enzyme activity [9,10,11•,12-15].
Furthermore, highly negatively charged O-mucin glycans can bind water, forming
protective layers and preventing bacterial adhesion [16]. The function of an O-glycan
can be tissue, protein and site-specific, alongside mediating different functions
throughout development [17]. That O-glycans play not only important, but also
complex roles, is illustrated by the vast amount of O-glycan enzymes that upon
knockout, caused embryonic lethality or tissue-specific phenotypes in mice
[18,19•]. Mice knockout systems have provided invaluable lessons about O-glycan
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function, for example, the role of O-fucosylation of thrombospondin type 1 repeats
(TSRs) by POFUT2 in epithelial organization and expression of signaling factors
during gastrulation [20].
In humans, a more complete understanding of the human O-glycosylation
machinery can be accomplished by studying genetic defects in O-glycosylation.
Identification of an increasing number of genetic O-glycosylation disorders has
been facilitated by the emergence of next generation sequencing (NGS) [2].
Furthermore, recent developments in glycopeptide analysis revealed previously
unidentified O-glycosylation enzymes and their targets, which can be linked to
disease. 3D structural models of human glycosyltransferases are rare, especially
since these types of proteins are embedded in the membrane of the ER and Golgi
apparatus making crystallization extremely daunting. However, in recent years, some
structures have been resolved and modeled. Taken together, new opportunities
arise to link findings from genetic disease with fundamental research to increase
our understanding of the mechanisms of O-glycosylation. In this review, we illustrate
the importance of inherited O-glycosylation disorders to elucidate the structural
aspects of the O-glycosylation machinery (Figure 2.1). Glycosaminoglycan bio synthesis disorders are not discussed and have been described in great detail
by others [21]. For elaborate descriptions of O-glycosylation disorder phenotypes,
we recommend the reviews of Wopereis et al. (2006) [22], Hennet (2012) [21] and
Jaecken and Péanne (2017) [3•].

O-glycosylation disorders: current status and screening methods
Most of the currently known O-glycosylation disorders have been identified through
genetic techniques. The clinical phenotypes are highly variable, which is linked to
the large number of different O-glycan types. O-glycosylation defects have now
been identified for each type of O-glycan, and an overview of the known O-glycosylation disorders is provided in Figure 2.1 and Table 2.1. Thus far, assays for functional
validation of mutations are largely lacking, except for the dystroglycanopathies.
This is a group of disorders affecting the O-mannosyl glycan on the α-dystroglycan
(αDG) protein that is essential for binding to extracellular matrix components (Table 2.1;
O-mannose). Functional confirmation of O-mannosylation defects is possible by
histochemical detection of the O-mannosyl glycan of αDG in muscle biopsies [23].
Together with NGS of patients, this has resulted in the identification of novel Golgi
glycosyltransferases, while mass spectrometry of recombinant αDG has recently
resolved the complete O-mannose glycan structure [24,25•,26•].
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Figure 2.1. Characterization of O-glycosylation disorders is indispensible to accomplish a
better understanding of the human O-glycosylation mechanisms. Phenotypic heterogeneity
of the O-glycosylation disorders reflects the high diversity of O-glycan structures with a high
tissue-specificity. Phenotypic characterization and modern omics techniques like genomics,
glycomics and glycoproteomics complement each other in the discovery of (tissue-specific)
O-glycosylation transferases, pathways, targets and O-glycan function. Enzymes causing
known O-glycan disorders are in black. Enzymes in grey have not been associated with an
O-glycosylation disorder. *Hypothesized enzyme or multiple possible glycosyltransferases.
GalNAc=N-acetylgalactosamine; GlcNAc=N-acetylglucosamine; Rbo=ribitol; P=phosphate.
A legend for the glycan symbols is presented in Table 2.1.
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Table 2.1. List of reported congenital O-glycosylation disorders with their associated OMIM numbers, phenotypes
and method of diagnostics.
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2) Muscular dystrophy

Disease

TSR domain
fucosylation

β1,3

Function

α

615618

OMIM

Gene

EGF-like domain
fucosylation

α2,3/α2,6 β1,4

O-glucosyltransferase

S/T

Function

S/T

POGLUT1

β

Gene

EGF-like domain
glucosylation

α1,3

Table 2.1. Continued.

Genetics, ELISA of
properdin serum levels

Genetics, enzyme
activity assay

Genetics

Current diagnostics

Genetics

Current diagnostics
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615247
614828
610194

Protein O-mannosyl kinase

O-mannose β-1,4-GlcNAc
transferase

β-GlcNAc β-1,3-GalNAc
transferase

POMK
(SGK196)

POMGNT2
(GTDC2)

B3GALNT2

607439

607423

614631

Protein
O-mannosyltransferase

3

OMIM

P

Rbo

POMT2

1

Protein
O-mannosyltransferase

P

Rbo

POMT1

β1,4

Function

β1,4

CDP-ribitol synthase

α1,3

PP

CDP - Rbo

Gene

β1,3

CTP

ISPD

ISPD (CRPPA)

n

LARGE

P

Rbo

P

α

POMK
core M3

β1,4

WWS, MEB, ID

WWS

WWS, MEB, LGMD

WWS, MEB, LGMD

WWS, MEB,LGMD

WWS, MEB, LGMD

Disease

β1,3

O-Mannose

S/T
α

Tissue

Muscle, brain,
eye, heart

Muscle, brain,
eye, heart

Muscle, brain,
eye, heart

Muscle, brain,
eye, heart

Muscle, brain,
eye, heart

Muscle, brain,
eye, heart

S/T

Cadherin/protocadherinspecific O-mannosylation

α

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy,
O-mannosyltransferase
activity assay

Genetics, IIH6/VIA4-I
on muscle biopsy,
O-mannosyltransferase
activity assay

Genetics, IIH6/VIA4-I
on muscle biopsy

Current diagnostics

S/T

core M1
extendable to core M2

β1,2
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2

WWS, MEB, LGMD

Xylose β-1,4-GlcA transferase 605517
603590

606822

α-xylose β-1,3-GlcA
transferase β-GlcA α1,3-Xyl
transferase

O-mannose β-1,2-GlcNAc
transferase

Putative
O-mannosyltransferase

Putative
O-mannosyltransferase

B4GAT1

LARGE

POMGNT1

TMTC3**

TMTC2**
Sensorineural
hearing loss

Cobblestone
lissencephaly
Periventricular nodular
heterotopia

WWS, MEB, LGMD,
nonsyndromic retinitis
pigmentosa

Cochlea or
auditory nerve

Brain, minimal
muscle and eye
involvement

Muscle, brain, eye,
heart

Muscle, brain, eye,
heart

Muscle, brain, eye,
heart

Muscle, brain, eye,
heart

Muscle, brain, eye,
heart

Muscle, brain, eye,
heart

Tissue

Genetics

Genetics

Genetics, IIH6/VIA4-I
on muscle biopsy, O-Man β-1,2
GlcNAc-transferase activity assay

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy

Genetics, IIH6/VIA4-I
on muscle biopsy

Current diagnostics

Affected glycan structures on serine or threonine (S/T) residues are given for each enzyme deficiency. Enzymes in black: reported O-glycan defects. Enzymes in
grey: no reported patients. *Hypothesized enzyme or multiple possible glycosyltransferases. ** Putative O-glycosylation disorders. LGMD=Limb-girdle muscular
dystrophy; MEB=Muscle-eye-brain disease; WWS=Walker-Warburg syndrome; ID=Intellectual Disability. This table does not include the glycosaminoglycan
biosynthesis disorders, or disorders known to affect multiple glycosylation pathways, including O-glycosylation.

615856

617218

WWS

605862

Rbo5P β-1,4-xylose
transferase

TMEM5
(RXYLT1)

WWS, MEB

WWS, MEB, LGMD

606596

Rbo5P-1 Rbo5P transferase

FKRP

Disease
WWS, MEB, LGMD,
FCMD

OMIM
607440

Function

β-GalNAc-3 Rbo5P
transferase

Gene

O-Mannose

FKTN

Table 2.1. Continued.
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Thus, together with NGS, functional tests are highly warranted for a more rapid
identification of inherited O-glycosylation disorders, and to increase our understanding of O-glycosylation mechanisms. O-glycomics, the profiling of the complete
set of glycans produced by specific cell types, offers potential as a generic functional
test. Methods have been developed for the comparative analysis of O-glycans from
complex samples [27-30]. Unfortunately, O-glycomics has thus far not contributed
to the functional confirmation of O-glycosylation disorders. This can be explained
by the fact that O-glycosylation is highly dependent on the specific attachment
site, and O-glycans do not have a general consensus sequence with the exception
of O-fucose glycans (C2X3-5S/TC3 and WX5CX2/3S/TCX2G; C=conserved cysteines
of epidermal growth factor (EGF)-like or TSRs, S/T=serine or threonine, X=any
residue) and O-glucose glycans (C1 XSXPC2). Therefore, it is essential to study
O-glycan structures in their protein context. Identification of aberrant O-glycopeptides by direct LC-MS/MS analysis of intact O-glycopeptides in patient samples
or model systems would be preferred, thus providing a complete overview of the
affected O-glycans and O-glycosylation sites. Despite the challenges in the field of
O-glycoproteomics (reviewed in Ref. [31]), first studies have demonstrated the
potential of LC-MS/MS for holistic O-glycopeptide profiling. In 2016, Hoffmann et
al. [32••] analyzed intact O-glycopeptides in human blood plasma in an untargeted
fashion by analyzing HILIC-enriched and fractionated glycopeptides by reversed
phase LC-MS/MS using multistage collision induced dissociation (CID) and electron
transfer dissociation (ETD) fragmentation experiments. In total, 31 O-GalNAc sites
and regions from 22 proteins were identified, which included 11 novel O-glycosylation
sites and regions. More recently, King et al. [33••] performed high collision energy
dissociation (HCD) and ETD LC-MS/MS analysis of de-sialylated glycopeptides
purified by lectin chromatography from AB RhD-positive platelets and blood
plasma. Their analysis detected 1123 O-GalNAc sites from 649 glycoproteins, which
not only provided novel biological insights but above all demonstrated the feasibility
of holistic O-glycoproteomics.
Although functional tests still need to be developed, the O-glycosylation
disorders that have been identified have aided structural biology in a number of
ways. Despite the fact that O-glycan disorders are very heterogeneous, patients
generally show tissue-specific phenotypes, hinting toward tissue-specific O-glycan
targets and function. Studying O-glycosylation disorders has 1) led to the discovery
of new glycosyltransferases and metabolic pathways, 2) provided insight in tissuespecific glycosylation pathways, 3) aided in the discovery of O-glycosylation targets
and 4) elucidated structure-function relations of O-glycosyltransferases and
nucleotidyltransferases (Figure 2.1). Below, we will provide recent examples of each
type of discovery in the O-glycosylation field, covering the majority of the O-glycosylation disorder core types.

2

38 | Chapter 2

Discovery of new glycosyltransferases and metabolic pathways
Firstly, genetic defects in O-glycosylation with a characteristic phenotype have
aided the discovery of new O-glycosylation gene candidates. For example, NGS
has resulted in the identification of new genes causing dystroglycanopathy that is
characterized by muscular dystrophy and, in severely affected individuals, eye and
brain abnormalities. Dystroglycanopathies are caused by defective O-mannosylation of αDG, leading to aberrant cell-to-ECM connections. Genetic analysis of
patients with dystroglycanopathy features has revealed mutations in ISPD (CRPPA),
FKTN and TMEM5 (RXYLT1) [34-37] (Table 2.1; O-mannose). The function of these
proteins has been elucidated the last three years [24,26•,38,39•,40]. Identification
of ISPD as a cytosolic cytidyltransferase even led to the discovery of a new
mammalian nucleotide sugar: CDP-ribitol [38]. Soon after, FKTN and FKRP were
identified as ribitol 5-phosphate (Rbo5P) glycosyltransferases, and Rbo5P moieties
were detected on the functional O-mannosyl glycan of αDG [24,26•,39•]. TMEM5
was identified as a β1,4-xylosyltransferase, adding xylose onto the second Rbo5P of
unique O-mannosyl glycans on αDG [24,40]. Subsequently, mass spectrometry of
genetically engineered αDG led to the discovery of glycerol 3-phosphate (Gro3P)
on the glycan, indicating the existence of a CDP-glycerol biosynthesis pathway
[25•]. This was further supported by the finding that FKRP and FKTN can use
CDP-glycerol as substrates for glycosylation [41•]. If CDP-glycerol and Gro3P have
a regulatory role in O-mannosyl glycan extension remains to be investigated [25•].
An interesting observation is that these findings on αDG show high overlap with the
wall teichoic acids in gram-positive bacteria that contain repeating units of Rbo5P
and Gro3P [42]. The O-mannosylation disorders are a classical example of how we
learn about novel mechanisms and even completely new human metabolic
pathways, initiated by genetic screening of patients with distinct O-glycosylation
disorder phenotypes.

O-glycosylation disorders can provide insight in tissue-specific pathways
Secondly, the phenotypes associated with O-glycosylation disorders can provide
important insights about tissue-specific glycosylation mechanisms. This is nicely
illustrated by POFUT1 (Table 2.1; O-fucose) and POGLUT1 (Table 2.1: O-glucose)
deficiency, both resulting in Dowling-Degos disease. The shared phenotype,
characterized by reticular pigmentation of the skin [43,44], indicates a similar
underlying pathomechanism. Indeed, both enzymes are involved in the regulation
of Notch signaling, however, by the addition of different glycan types. POFUT1
stabilizes EGF-like repeats by the addition of O-fucose glycans, and POGLUT1
through the addition of O-glucose glycans [11•]. Interestingly, POGLUT1 also shows
O-xylosyltransferase activity, but the function of O-xylose on EGF-like domains
remains to be investigated [45,46•]. The O-fucose glycan initiated by POFUT1 is
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extended with N-acetylglucosamine (GlcNAc) by LFNG (reviewed in Ref. [47]).
Interestingly, LFNG patients present with a completely different phenotype of vertebral
malsegmentation, spondylocostal dysostosis (SDO) [48,49]. This phenotype is also
associated with defects in Notch signaling, and other types of SDO are all caused
by defects in proteins involved in Notch1 signaling [50]. Another recent article
reports that the POGLUT1 D233E mutation causes muscular dystrophy [51].
Investigating other POGLUT1 targets could shed light on the mechanisms
underlying the different phenotypes. The different phenotypes for POFUT1 and
POGLUT1 deficiency provide opportunities to investigate tissue-specific targets
and O-glycosylation mechanisms.

Patient phenotypes aid in the identification of O-glycosylation targets
The phenotype of some O-glycosylation deficiencies resembles the phenotype of
genetic defects in potential target proteins. Hence, phenotypic characterizations
can point to potential glycosylation targets. For instance, mutations in FGF23 cause
familial tumoral calcinosis paired with increased re-adsorption of phosphate by the
renal proximal tubule. Interestingly, patients carrying mutations in the polypeptide
GalNAc transferase GALNT3 present with exactly the same phenotype [52-57]
(Table 2.1: O-GalNAc), suggesting a shared mechanism of disease. Indeed, Kato et
al. (2006) demonstrated that the phosphatonin FGF23 is O-glycosylated at Thr178
by GALNT3, preventing the furin protease cleavage of FGF23 and regulating
phosphate re-absorption [13]. There are over 20 polypeptide GalNAc transferases.
Some share substrate specificities and have overlapping expression in different
tissues [6,7]. Nevertheless, O-GalNAc glycosylation of FGF23 seems a non-redundant
function of GALNT3 [13]. Despite the large number of GALNTs, only GALNT3 and
GALNT2 deficiency have been reported. Khetarpal et al. (2016) showed that loss of
function of GALNT2 lowered high-density lipoprotein cholesterol (HDL-C) levels in
human, mice, rats and cynomolgus monkeys. GALNT2 exhibited species-specific
glycosylation targets, including PLTP, a regulator of HDL metabolism in plasma
[58•]. PLTP activity was altered by absence of GALNT2 O-GalNAc modifications,
explaining the findings in GALNT2 patients. The involvement of additional GALNT2
targets in the disease phenotype remains to be investigated.
Likewise, mutations in OGT (O-GlcNAc-transferase) and HCF1 (host cell factor
1, a transcriptional regulator of the cell cycle) cause similar intellectual disability (ID)
phenotypes [59•,60•,61,62•] (Table 2.1: O-GlcNAc). OGT is a unique O-GlcNAc
transferase that modifies nucleocytoplasmic proteins, a process that can be
reversed by OGA (O-GlcNAcase) [63-65]. All five patient mutations that have been
described so far reside in the N-terminal tetratricopeptide (TPR) repeats of OGT,
which are involved in the substrate recognition and specificity of OGT [66]. OGT
patient-derived cells and model cell lines with patient mutations showed normal
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O-GlcNAcylation [59•,60•,62•]. This homeostasis was suggested to be maintained
by a reduced expression of OGA [59•,60•] or by temporal dynamics in O-GlcNAcylation kinetics [62•]. In addition, OGT is involved in proteolytic maturation of HCF1
[14,67] and it has been suggested that the X-linked ID in some OGT patients is linked
to insufficient activated HCF1 [60•]. Taken together, it is plausible that ID genes are
regulated or glycosylated by OGT, and this should be addressed in further studies
for a better understanding of the disease mechanisms.
For a long time, POMT1 and POMT2 were believed to be the only human
O-mannosyltransferases. In 2017, glycoproteomics in HEK293 knock-out cells
revealed that the O-mannosylation of cadherins and protocadherins is independent
of these two enzymes [68]. Using a similar approach, four new O-mannosyltransferases were identified. TMTC1-4, which specifically glycosylate cadherins and
protocadherins, and thus have different targets than the POMT1/POMT2 glycosyltransferases (Table 2.1: O-mannose) [68,69••]. Interestingly, patients with TMTC2
and TMTC3 mutations have very different phenotypes. TMTC3 mutations are
associated with lissencephaly (6 families, 9 patients) and periventricular nodular
heterotopia with ID and epilepsy (three siblings) [70,71]. Both phenotypes are
associated with deficient neuronal migration. TMTC2 deficiency is associated with
sensorineural hearing loss [72,73], suggesting that the TMTCs have different, tissue-specific targets. Mutations in Cadherin-23 and Protocadherin-15 cause Usher
syndrome, which is characterized by deafness and blindness, and can cause
non-syndromic recessive hearing loss [74-76]. Hence, it is tempting to speculate
that TMTC2 is involved in the O-mannosylation of these proteins. However, direct
demonstration of enzyme activity of the TMTCs is still lacking and whether the
TMTC3 and TMTC2 disease phenotypes are directly related to hypomannosylation
of cadherins, protocadherins or other proteins remains to be investigated.
Finally, B3GLCT deficiency leads to Peter’s Plus syndrome, a severe disorder
characterized by anterior eye chamber defects (Table 2.1: O-fucose). B3GLCT
attaches glucose via a β-1,3 linkage to O-fucose (synthesized by POFUT2) on TSRs
of proteins. In search for B3GLCT targets linked to the eye defects, Dubail et al. [77•]
found that ADAMTS9 haploinsufficient mice showed a similar eye phenotype.
Glycosylation with glucose-β-1,3-fucose by POFUT2 and B3GLCT ensures proper
secretion of ADAMTS9 during development. Taken together, the identification of
new genetic O-glycosylation disorders can provide important insights about the
targets and functions of specific O-glycans.
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Modeling mutations to study structure-function relations of
O-glycosylation proteins
In the last few years, crystal structures have been solved of enzymes related to
O-glycosylation disorders, for example of OGT [78], POMK [79], POMGNT1 [80]
and ISPD [38]. Known disease-causing mutations can be modeled in 3D structures,
helping to understand the function of specific enzymatic domains and with it,
underlying disease mechanisms. For example, the crystal structure of ISPD revealed
a N-terminal cytidyltransferase domain and a C-terminal domain connected via a
linker helix [38]. Surprisingly, the C-terminal domain did not share homology with
any known enzyme domains. No missense mutations have been reported in the
C-terminal domain, but the c.1114_1116del (p.Val372del) mutation is reported for
five patients. The absence of the Val residue leads to relatively mild phenotype
(Limb-girdle muscular dystrophy) compared to larger deletions like a deletion of
exon 6-8 or 9-10 (Walker-Warburg syndrome). Taken together, this demonstrates
that the C-terminal domain is important for ISPD function, either contributing to
the stability of the enzyme, or having a enzymatic function on its own [38],
a question that so far remains unanswered. For POMGNT1, one study has reported
a correlation between mutations closer to the 5’ end of the gene with more severe
hydrocephalus than mutations near the 3’ end. However, correlations with enzymatic
activity or structure have not been established yet [81]. Taken together, much work
remains to elucidate the 3D structure of many O-glycosylation enzymes. However,
if such models are accomplished, structure-function relationships can be studied
utilizing described O-glycosylation patient mutations. Additionally, this will lead to
a better understanding of disease mechanisms, and will hopefully be accompanied
by the emergence of new treatment opportunities.

Conclusions
We illustrated that studying the complex phenotypes of O-glycosylation disorders
has enabled the elucidation of O-glycosylation proteins, targets, and O-glycan
structure and function. Nevertheless, many questions remain to be answered
about the O-glycosylation machinery. Although we know in many diseases which
O-glycan core structure is affected, for most, their exact attachment site and tissue-specific protein targets remain to be elucidated. In the future, the development
of more advanced O-glycopeptide profiling methods is essential to facilitate these
discoveries. Ideally, untargeted O-glycoproteomics LC-MS/MS technology will
evolve to enable robust high-throughput analysis for the in-depth characterization
of intact O-glycopeptides in biological samples. The screening of patient groups
with similar clinical presentations or with different genetic O-glycosylation defects
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(e.g. in different GALNTs) with genomics and O-glycoproteomics will lead to the
discovery of glycosylation genes and tissue-specific targets, respectively. As illustrated in
this review, comparing the phenotypes of other known disorders to the phenotype
of O-glycosylation disorders can hint to the respective targets.
So far, most O-glycosylation defects that have been identified affect the core
sugar of O-glycans. In the last few years, NGS has been applied more frequently,
and probably will lead to the identification of additional disorders that affect more
distal monosaccharides on O-glycan structures. Functional validation of these
disorders will require developments in the glycoproteomics field, since large scale
in-depth characterization of the exact glycan structure of intact glycopeptides is still
challenging. Furthermore, it is important to develop in-silico approaches to identify
differential O-glycopeptides and interpret complex glycobiology by novel bio informatic approaches. Combined analysis of O-glycopeptide data and patient
meta data by machine learning is of particular interest to associate protein specific
O-glycosylation changes to the physiopathology of O-glycosylation disorders.
Taken together, understanding the disease mechanisms of the O-glycosylation
disorders will contribute to our understanding of O-glycosylation mechanisms,
while vice versa, new mechanistic insights are highly warranted to develop new
therapeutic strategies.
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Part I
The CDP-ribitol biosynthesis pathway
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Abstract
Background: Many muscular dystrophies remain untreatable. Recently, dietary ribitol
has been suggested as a treatment for ISPD, FKTN and FKRP myopathy, by raising
CDP-ribitol levels. Thus, to facilitate fast diagnosis and treatment development and
monitoring, sensitive detection of CDP-ribitol is required.
Methods: A liquid chromatography mass spectrometry (LC-MS) method was
optimized for detection of CDP-ribitol in human and mouse cells and tissues.
Results: CDP-ribitol, the product of ISPD, was detected in all major human and
mouse tissues. Moreover, CDP-ribitol levels were strongly reduced in fibroblasts
and skeletal muscle biopsies from ISPD patients. Hence, CDP-ribitol can serve as a
diagnostic marker to identify novel ISPD patients with severe Walker-Warburg
syndrome and mild limb-girdle muscular dystrophy (LGMD) phenotypes. A screen
for potentially therapeutic monosaccharides revealed that ribose, in addition to
ribitol, restored CDP-ribitol levels and the associated O-glycosylation defect of
α-dystroglycan. As the effect occurred in a mutation-dependent manner, we
established a CDP-ribitol blood test to facilitate diagnosis and predict individualized
treatment response. Ex vivo incubation of blood cells with ribose or ribitol restored
CDP-ribitol levels in an ISPD patient with LGMD.
Conclusions: Sensitive detection of CDP-ribitol with LC-MS allows fast diagnosis of
severe and mild ISPD patients. Ribose offers a readily testable dietary therapy for
ISPD myopathy with possible applicability for patients with FKRP and FKTN
myopathy. Evaluation of CDP-ribitol concentrations in blood is a promising tool for
the evaluation and monitoring of dietary therapies for ISPD myopathy in a patient-specific manner.
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Introduction
Muscular dystrophies (MDs) are a heterogeneous group of genetic disorders
characterized by progressive muscle weakness and atrophy, potentially accompanied
with functional or structural brain involvement such as mental retardation or cobblestone lissencephaly [1]. The high genetic, clinical and biochemical heterogeneity
complicates identification of treatment strategies. A subgroup involves the musculardystrophy dystroglycanopathy syndromes (MDDG). MDDG patients have limb-girdle
muscular dystrophy (LGMD) with or without mental retardation, muscle-eye brain
disease (MEB, OMIM 253280), or Walker-Warburg syndrome (WWS, OMIM 236670).
MEB and WWS are characterized by severe congenital muscular dystrophy with
brain and eye abnormalities. The pathophysiological hallmark is hypoglycosylation
of O-mannosyl glycans on α-dystroglycan (αDG), resulting in aberrant binding to
extracellular matrix (ECM) components [2]. Mutations in isoprenoid synthase
domain- containing protein (ISPD, CRPPA, CDP-L-ribitol pyrophosphorylase A) have
been suggested as the second most common cause of MDDG [3,4]. ISPD synthesizes
CDP-ribitol, which is used by the glycosyltransferases FKRP and FKTN to add ribitol
5-phosphate (Rbo5P) moieties on αDG [5-8]. Recent studies have shown that ribitol
can restore deficient αDG O-mannosylation in ISPD patient fibroblasts [6]. In addition,
dietary ribitol restored the O-mannosylation of αDG in P448L FKRP-mutant mice [9].
Whether ribitol is effective for all mutations and can be safely administered to
patients remains to be investigated. These advances illustrate the need for sensitive
detection of CDP-ribitol in patient materials to facilitate diagnosis and treatment
monitoring, paving the way for future clinical trials. Here, we applied liquid chromatography mass spectrometry (LC-MS) for sensitive detection of CDP-ribitol in
patient blood cells, fibroblasts and muscle tissue.

Material and Methods
Materials
D-ribose, D-ribulose, and D-ribitol were purchased from Carbosynth. D-galactose
was from Merck Millipore. CTP, D-xylulose, D-xylose, L-arabinose, doxycycline and
1 M triethylammonium acetate (TEAA) were from Sigma. CMP-N-acetylneuraminic
acid, UDP-galactose, UDP-glucose, UDP-N-acetylgalatosamine, UDP-N-acetylglucosamine, GDP-mannose, GDP-fucose, ADP-ribose, UDP-xylose, UDP-glucuronic
acid were from Sigma or Carbosynth.
Rbo5P was produced as previously described [5]. CDP-ribitol was synthesized
in vitro from Rbo5P and CTP with recombinantly expressed human ISPD enzyme
from E. coli (kind gift of Dr. W. Yue, Oxford) [5]. The internal standard, a 13C-yeast
extract containing [U-13C]-UDP-glucose, was a kind gift of Dr. G. Hermann, Vienna.
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Genetic analysis of ISPD patients
Whole exome sequencing, Sanger sequencing and copy-number variant (CNV)
analysis of ISPD (NM_001101426.3) were performed as described [4]. RT-PCR was
performed using fibroblast cDNA using standard procedures.

Mapping ISPD mutations on the 3D model of ISPD
Mutations were mapped using structure 4CVH from the RCSB Protein Data Bank [5]
in YASARA software [10] and the effect of missense mutations was predicted using
HOPE [11].

Immunohistochemistry, SDS-PAGE and western blotting
Immunohistochemistry, SDS-PAGE, western blotting and laminin overlay of muscle
biopsies and HAP1 or fibroblast glycoproteins enriched with wheat germ agglutinin
(WGA) agarose were performed as described [12,13]. Primary antibodies: Desmin
(1:100, ab8470, Abcam), βDG (1:250, NCL-b-DG, Novacastra). Secondary antibodies:
HRP conjugated polyclonal goat anti-rabbit or goat anti-mouse (1:5000, Pierce).

Polar metabolite extractions
A detailed description of metabolite extractions is presented in the Supplementary
Methods. In short, samples were incubated for 5 minutes with ice-cold (-20°C) 2:2:1
(v:v:v) methanol:acetonitrile:water and centrifuged at 16000 x g for 3 minutes at
4°C. Supernatants were dried using a centrifugal vacuum concentrator (SpeedVac,
Thermo Fisher Scientific) and stored at -80°C before LC-MS.

LC-MS of nucleotide sugars
Nucleotide sugars were analyzed by reversed-phase ion pairing chromatography
(Agilent Technologies 1290 Infinity LC) with a HSS T3 column (Waters, 2.1 x 150 mm
i.d., 1.8 µm particle size) coupled to a triple quadrupole mass spectrometer
operating in negative ion mode (Agilent Technologies 6490 Triple Quad MS) (see
Supplementary Methods).

Patient materials
Informed consent was obtained from patients or their legal representatives for use
of diagnostic samples. Materials were obtained and used in accordance with the
Declaration of Helsinki.
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Results
Sensitive analysis of CDP-ribitol
For high-throughput and sensitive analysis of CDP-ribitol, we applied a targeted
mass spectrometry method based on ion-pair reverse phase separation of polar
metabolites, coupled with a triple quadrupole MS system (LC-MS). A CDP-ribitol
standard was synthesized from Rbo5P using recombinant ISPD enzyme [5] and
used to generate standard curves for quantification of CDP-ribitol concentrations
in patient materials (Supplementary Methods and Figure S3.1). For validation, we
evaluated CDP-ribitol levels in two cellular models: 1) HEK293 cells with doxycycline-induced overexpression of ISPD and 2) two HAP1 ISPD knockout clones with
defective O-mannosylation of αDG, as demonstrated by defective laminin-binding
of αDG (Figure 3.1A) [5]. CDP-ribitol levels were nine-fold increased in HEK293 cells
after 48 hours of doxycycline induction, whereas CDP-ribitol was undetectable in
both HAP1 ISPD knockout clones (Figure 3.1B). This demonstrates that CDP-ribitol
levels are dependent on ISPD and that ISPD is a non-redundant cytidyltransferase
for CDP-ribitol biosynthesis in HAP1 cells.

CDP-ribitol is found predominantly in brain, skeletal muscle and liver
So far, CDP-ribitol has been identified in mouse skeletal muscle and brain [6,9].
However, it remains unknown if CDP-ribitol occurs ubiquitously in human tissues.
Nucleotide sugar LC-MS analysis of different mouse or human tissues revealed that
CDP-ribitol was present ubiquitously in most of the tissues assessed (Figure 3.1C).
In line with dystroglycanopathy phenotypes, we found relatively high concentrations
of CDP-ribitol in mouse brain and skeletal muscle (>1 pmol/mg). Considerable
levels of CDP-ribitol were found in mouse liver (2.36±0.17 pmol/mg) although the
role of CDP-ribitol in this tissue is currently unknown. We did not detect CDP-ribitol
in mouse and human kidneys, although hypoglycosylated αDG in kidney of
chimeric FKTN (a Rbo5P transferase) mice has been observed [14]. Relative
abundance of the nucleotide sugars in the investigated tissues is presented in
Figure 3.1D. However, post-mortem time or time before freezing might affect
nucleotide sugar concentrations. Further analyses revealed that CDP-ribitol
concentrations were stable in skeletal muscle, but decreased in heart and liver over
time (Figure 3.1E). Hence, the levels of CDP-ribitol might be underestimated in
tissues that are not immediately frozen after biopsy. Taken together, CDP-ribitol is
present in most tissues, but predominantly in the tissues that are primarily affected
in dystroglycanopathy patients, and in liver.
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Figure 3.1. CDP-ribitol detection and quantification. (A) Laminin overlay (LO) of αDG from
HAP1 wild-type (WT) and ISPD knockout (KO) cells with βDG as loading control. (B) Relative
CDP-ribitol levels of HEK293 with doxycycline (dox)-induced ISPD overexpression and HAP1
ISPD KOs. (C) Quantification of CDP-ribitol in polar metabolite extracts of C57 mouse and
human tissues per mg wet weight. Bars represent means ± SD of n=3. ND=Not detectable.
(D) Relative peak area of nucleotide sugars in tissues. GlcA=glucuronic acid, HexNAc=
N-acetylhexosamine. Bars represent means ± SD of n=3. (E) CDP-ribitol levels in human
tissues left at 4 °C for different time-points.

Clinical descriptions of three new ISPD patients
Patients 1 (P1) (homozygous, p.Arg205His) and 2 (P2) (homozygous, p.His312_
Ser373del/Thr344_Ser373del) (Figure 3.2A,B) were nonconsanguineous and
presented with abnormalities compatible with WWS. Magnetic resonance imaging
(MRI) revealed hydrocephalus, cobblestone lissencephaly and abnormal anatomy
of the brainstem and cerebellum (Figure 3.2C). Serum creatine kinase (CK) levels
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were strongly increased at 10.754 and 86.390 U/L (normal <175 U/L) for P1 and P2,
respectively. Muscle biopsy investigations of P1 revealed muscular dystrophy and
defective O-mannosylation of αDG, as shown by reduced IIH6 labeling and laminin-binding on western blot (Figure 3.2D,E). P2 carried a splice site mutation
resulting in transcripts lacking exon 7 or exon 7 and 8 (Figure 3.2B) that are part of
the ISPD C-terminal domain suggested to be essential for proper cytidyltransferase
activity [4]. At one month of age, both patients received a ventriculoperitoneal
shunt. They developed epileptic seizures and hardly showed any psychomotor
development. P1 died at 4 years of age due to respiratory insufficiency, P2 died at
one year because of pneumonia.
Patient P3 (homozygous, p.Arg184Gly, Figure 3.2A) is a 64 year old patient,
the oldest and mildest patient with ISPD myopathy reported thus far, who developed
proximal weakness in his legs in late fifties and showed normal CK of 437 U/L
(normal for adult Asian men: 47-641 U/L [15]). Motor function in his arms was
normal, and he had never experienced myoglobinuria. Furthermore, he had a large
muscle mass, in spite of the absence of training. He had seven sibs, three of which
had died due to an unknown reason and his four children are healthy. A muscle
biopsy showed a myopathy with myofibrillar changes including increased fiber size
diameter and number of internal nuclei. Immunohistochemistry with IIH6 demonstrated
a signal reduction compared to laminin (Figure 3.2F). Laminin overlay analysis showed
reduced laminin-binding of muscle αDG (Figure 3.2E). Mutations in P1-P3 were all
predicted to be disease-causing by Mutation Taster [16] and Polyphen [17], and to
alter cytidyltransferase activity or protein structure by HOPE [11] (Figure 3.3A,B).

CDP-ribitol levels are reduced in ISPD patients
To study if the analysis of CDP-ribitol potentially facilitates functional confirmation
of ISPD mutations, we analyzed the polar metabolites from fibroblasts and muscle
biopsies from nine ISPD patients, including P1, P2, and P3, and six previously
described ISPD patients (P4, siblings P5.1 and P5.2, siblings P6.1 and P6.2, P7) [4,18]
(Table 3.1). Patients carried mutations in different domains of the ISPD enzyme
(Figure 3.3A,B), and covered the full range of phenotypes from severe WWS and
MEB to adult onset LGMD phenotypes. Skeletal muscle samples were immediately
frozen after biopsy and 3-10 mg was used for metabolite extractions. CDP-ribitol
was absent in biopsies from P4 (WWS), siblings P6.1 and P6.2 (LGMD), and P7
(LGMD) (Figure 3.3C). Relative CDP-ribitol levels in P3 were slightly reduced in line
with the mild LGMD phenotype observed in this patient. CDP-ribitol was clearly
detected in six different control fibroblast lines (Figure 3.3D) but was reduced in
fibroblasts from P3 and was undetectable in fibroblasts of ISPD patients with a WWS
or MEB phenotype (Figure 3.3E). Furthermore, we evaluated if reduced CDP-ribitol
levels are specific for ISPD deficiency and assessed relative CDP-ribitol levels in
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Figure 3.2. Clinical and biochemical analysis of ISPD myopathy patients. (A) Nucleotide and
amino acid conservation in ISPD exon 3. Mutations of P1 (p.Arg205His) and 3 (p.Arg184Gly)
are indicated with red and green boxes, respectively. (B) cDNA sequencing analysis of patient
P2 reveals that c.1027-3T>G leads to skipping of exon 8 (left panel) and of exon 7 and 8 (right
panel). C=control. (C) MRI patient P1 at three weeks. Left: Sagittal T2W image showing dilated
lateral ventricles, minimal parenchyma of the brain, hypoplastic cerebellum and kinked brainstem.
Right: Axial FLAIR image showing severe hydrocephalus and lissencephaly. (D) IIH6 immunohistochemistry of patient P1 skeletal muscle. Spectrin was used as control staining to show
integrity of the sarcolemma. (E) Laminin overlay (LO) assays using patient (P) and control (C)
skeletal muscle homogenates. Desmin staining was used as loading control. (F) Immunohistochemistry of skeletal muscle biopsy of patient P3 with IIH6, spectrin and laminin.
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62 | Chapter 3

Table 3.1. Clinical data summary ISPD patients
Case

P1

P2

P3

P4

Gender

Female

Male

Male

Male

Zygosity

Homozygous

Homozygous

Homozygous

Compound
heterozygous

g.16258485A>G
c.1027-3T>C

g.16376226G>C
c.550C>G

g.16406231C>G
c.364G>C
g.16301454G>A
c.802C>T

Nucleotide change
Chr7[GRCh38]
g.16376162C>T
NM_001101426.3 c.614G>A

Protein change

p.Arg205His

p.His312_
Ser373del/Thr344_
Ser373del

p.Arg184Gly

p.Ala122Pro
p.Arg268X

Affected exon(s)

3

2 and 5

7 and 8

3

Diagnostic category WWS

WWS

LGMD

MEB

Brain MRI

Lissencephaly
Hydrocephalus
Pontocerebellar
atrophy
Kinking of the
brainstem

Lissencephaly
Hydrocephalus
Pontocerebellar
atrophy
Kinking of the
brainstem

No brain MR

Pachyria and
polymicrogyria

Ophthalmologic
abnormalities

Yes

Not available

Not available

Yes, retinal
detachment, optic
atrophy, glaucoma

Muscle biopsy

Dystrophic, reduced Not available
laminin and IIH6
staining

Dystrophic,
mildly reduced IIH6
staining.

Not available

437

9366

Creatine kinase (CK) 10754
(U/L)

86390

Epileptic seizures

Yes

Yes

No

Unknown

Survival

No, age of death:
4 years

No, age of death:
1 year

Yes >63 years

Yes, at least 5.5 years

Reference

This article

This article

This article

WWS-163 [4]
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P5.1

P5.2

P6.1

P6.2

P7

Female

Female

Male

Female

Female

Homozygous

Homozygous

Homozygous

Homozygous

Homozygous

g.16376129G>T
c.647C>A

g.16376129G>T
c.647C>A

g.16421162C>G
c.161G>C

g.16421162C>G
c.161G>C

g.16258393_16258395del
c.1114_1116del

p.Ala216Asp

p.Ala216Asp

p.Gly54Ala

p.Gly54Ala

p.Val372del

3

3

1

1

8

WWS/MEB

WWS/MEB

LGMD no MR

LGMD no MR

LGMD no MR

Cobblestone
Lissencephaly
Hydrocephalus

Cobblestone
Lissencephaly
Hydrocephalus
Kinking of the
brainstem

Gliotic
ischemic
lesions

Gliotic
ischemic
lesions

Normal

Yes, bilateral
congenital cataract,
buphthalmos,
Peter’s anomaly

Yes, bilateral
None
congenital cataract,
shallow anterior
chamber

None

None

Not available

Dystrophic,
reduced IIH6
staining

Dystrophic,
reduced IIH6
staining

Dystrophic,
reduced IIH6
staining

Dystrophic, reduced IIH6
staining

6543

104769

960-1445

1004

975-1504

Unknown

Unknown

None

None

None

No, age of death:
13 months

No, age of death
neonatal period

Yes >56 years

Yes >54 years

Yes >40 years

WWS-25.22 [4]

WWS-25.19 [4]

A-V:5 [18]

A-V:6 [18]

B-II:2 [18]
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fibroblasts from dystroglycanopathy patients with mutations in POMT1 (homozygous,
p.Asn144Lys), POMGNT1 (homozygous, p.Arg488*) and LARGE1 (compound
heterozygous: p.Val378_Asn429del, p.Leu405Pro) (Table S3.1). CDP-ribitol levels in
fibroblasts from these patients were normal. Thus, a decrease in CDP-ribitol levels
can be used for diagnostics of ISPD deficiency.

Ribose as a potential dietary therapy for ISPD myopathy
The biosynthesis route of Rbo5P, the substrate of ISPD, remains unknown so far.
Previously, ribitol was shown to increase CDP-ribitol levels in mouse myoblasts,
ISPD overexpressing HEK293, and in mouse brain, heart and muscle [6,9]. In grampositive bacteria, CDP-ribitol is formed by TarJ after reduction of ribulose
5-phosphate to Rbo5P [19]. We therefore hypothesized that pentoses could also
restore the levels of CDP-ribitol. Thus, we performed a monosaccharide screen of
potentially therapeutic monosaccharides and incubated fibroblasts of LGMD patient
P3 and WWS patient P4 in medium containing 10 mM of ribose, ribitol, ribulose,
arabinose, xylulose, xylose or galactose for 24 hours. Over 1 mM of xylulose was
toxic for fibroblasts (data not shown), and this compound was excluded for further
analysis. Relative CDP-ribitol levels were clearly increased after ribitol treatment
(Figure 3.4A). Ribulose supplementation increased CDP-ribitol levels slightly in
control fibroblasts, but not in patient cells. Interestingly, ribose increased CDP-ribitol
levels in control fibroblasts and in fibroblasts from the LGMD and the WWS patient.
To investigate the effect of ribitol and ribose on the levels of CDP-ribitol in
more detail, we supplemented fibroblasts from controls and ISPD P1 and P4 with
different concentrations of ribitol or ribose for 24 hours. Nucleotide sugar analysis
confirmed that CDP-ribitol levels increased in a dosage-dependent manner (Figure
3.4B,C). Incubation with 200 µM ribitol doubled the amount of CDP-ribitol
produced, whereas 1 mM of ribose accomplished the same effect. Furthermore,
we found a marked increase of CDP-ribitol after incubation with 10 mM and 50 mM
of ribose. Ribitol or ribose treatment induced the formation of CDP-ribitol in cells
from ISPD P4 and P1, suggesting that there is residual cytidyltransferase activity in
these cells. CDP-ribitol content was maximized after 24 hours (ribose: fold
change=0.77 and ribitol: fold change=0.76) and longer incubation times did not
increase levels further (Figure 3.4D).
We hypothesized that residual ISPD activity is required for efficient ribitol and
ribose treatment. Indeed, CDP-ribitol was not synthesized in HAP1 ISPD knockouts
supplemented with 10 mM ribitol or ribose (Figure 3.4E). Therefore, we developed
an assay to address the potential response of individual ISPD patients to dietary
therapy. Furthermore, we wondered if the recovery of CDP-ribitol levels in patient
fibroblasts after ribose treatment was sufficient to rescue the laminin-binding
capacity of αDG. Therefore, we incubated all available ISPD patient fibroblast lines
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with 10 mM ribose or ribitol, evaluated relative CDP-ribitol levels and assessed the
laminin-binding capacity of αDG of ribose-treated cells. Consistent with our earlier
findings, CDP-ribitol levels increased in ribose-treated fibroblasts of P1, P3 and P4
(Figure 3.4F). In line with this recovery, laminin-binding in P1 and P4 was restored
and laminin-binding in P3 fibroblasts was slightly increased after ribose treatment
(Figure 3.4G). CDP-ribitol levels and αDG laminin-binding were not restored in P2
fibroblasts, which carried a mutation resulting in transcripts lacking exon 7 or exon
7 and 8. Similarly, CDP-ribitol levels in fibroblasts of the siblings P5.1 and P5.2 were
not restored. They carried a missense mutation in exon 3 (p.Ala216Asp), probably
affecting stability and folding of the protein (Figure 3.3B) [5]. Ribose or ribitol
treatment did not restore deficient O-mannosylation in LARGE-deficient fibroblasts,
because these lack the xyloglucuronan polysaccharide responsible for lamininbinding [20]. Supplementation with ribose or ribitol did not affect the levels of other
analyzed nucleotide sugars, although ADP-ribose was increased in some (Figure S3.2).

Personalized prediction of dietary treatment response
of ISPD myopathy patients
For future clinical trials, there is a need for sensitive detection of CDP-ribitol in
patient materials to monitor treatment at the biochemical level. In addition, such
method would allow assessment of the therapeutic potential in a patient-specific
manner. Thus, we developed a quick and easy polar metabolite extraction
procedure from whole blood that can be used for diagnostics, prediction of
treatment response and for treatment monitoring. We confirmed that CDP-ribitol is
detectable in whole blood samples, red blood cells and peripheral mononuclear
blood cells of two healthy donors (data not shown). Metabolic assays require a
rapid sample preparation, and we therefore proceeded using whole blood samples.
CDP-ribitol concentrations were analyzed from whole blood of P3 and four healthy
donors. CDP-ribitol was reduced in the blood of P3 (0.15 pmol/µL) compared to
healthy donors (0.24 to 0.31 pmol/µL blood) (Figure 3.4H). Therefore, CDP-ribitol
concentrations in blood could potentially serve as diagnostic marker, but further
confirmation with more ISPD patient blood samples is required.
Subsequently, we developed an assay to mimic the effect of dietary ribose or
ribitol ex vivo. Whole blood aliquots (100 µL) were incubated for 24 hours with
either 1 mM or 10 mM of ribose or ribitol. Incubations with 10 mM ribose, or 1 mM
or 10 mM of ribitol increased relative CDP-ribitol levels considerably in both healthy
donor and patient blood samples (Figure 3.4I). Collectively, our findings support the
hypothesis that besides ribitol, dietary supplementation of ribose is an potential
therapy for ISPD patients. Furthermore, we showed that blood polar metabolite
analysis is a promising tool for diagnostics, personalized assessment of potential
treatment response and treatment monitoring (Figure 3.4J).
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Figure. 3.4. Ribitol and ribose increase CDP-ribitol levels and restore O-mannosylation of αDG. Relative CDP-ribitol levels of (A) fibroblasts cultured
in the presence of 10 mM of ribitol or different monosaccharides for 24 hours, (B-C) fibroblasts cultured in the presence of different ribitol or ribose
concentrations for 24 hours, (D) fibroblasts after 24, 48 or 72 hours incubation in medium supplemented with ribose or ribitol and (E) HAP1 and (F)
ISPD patient fibroblasts cultured for 24 hours in the presence of 10 mM ribose or ribitol. WT=wild type, KO=knockout. ND=not detectable. Fold
changes were calculated to the mean of controls (dashed line). Grey shading depicts SD of this value. Bars represent means ± SD of n=3. (G) Laminin
overlay (LO) assay and βDG immunolabeling of WGA-enriched lysates of fibroblasts cultured in medium supplemented with 10 mM ribose for 72
hours. (H) CDP-ribitol concentrations in healthy donor and ISPD patient P3 blood cells. Values were normalized using [U-13C]-UDP-glucose as
internal standard and absolute levels were calculated using the standard curve of CDP-ribitol (Figure S3.1). The dashed line and grey shading present
the mean and SD of controls (N=3), respectively. Bars represent means ± SD of n=2 for C1 and P3 and means ± SD of n=3 for C2, C3 and C4. (I) P3
and healthy donor blood was incubated with ribose, ribitol or 0.9 % NaCl (negative control) for 24 hours. The fold change of relative levels of
CDP-ribitol was calculated relatively to the negative control in healthy donor blood for each time-point. Bars represent means ± SD of n=3. (J)
Visualization of how CDP-ribitol LC-MS can potentially be used for diagnostics and personalized ribose or ribitol treatment for ISPD patients.
WES=Whole Exome Sequencing.

J

J

CDP-ribitol analysis for diagnostics and treatment of ISPD MD | 67

3

68 | Chapter 3

Discussion
To date, no causative treatments exist for the (congenital) muscular dystrophies
(MDs). Treatment development is hindered by the high genetic and phenotypic
heterogeneity, and the limited availability of tools to study biomechanisms and
potential treatments. Using highly sensitive LC-MS, we demonstrated that CDPribitol, a nucleotide sugar, is a biomarker for ISPD myopathy, the second most
common form of dystroglycanopathy [4]. Furthermore, we investigated treatment
options for ISPD patients and found that, besides ribitol, ribose restored CDP-ribitol
levels and the glycosylation defect of αDG.
Traditionally, functional confirmation of dystroglycanopathy gene mutations is
performed using IIH6 labeling on skeletal muscle. Unfortunately, this methodology
is not gene-specific, and a muscle biopsy is an invasive procedure. Using our LC-MS
technology, we found that CDP-ribitol, the enzymatic product of ISPD, was reduced
in extracts from ISPD fibroblasts, blood cells and skeletal muscle. Relative CDP-ribitol
levels were undetectable in WWS/MEB patients and were less severely affected in
samples from LGMD patients, demonstrating a potential relation between clinical
severity and biochemical status. Taken together, the assessment of CDP-ribitol
levels in blood or fibroblasts facilitates functional confirmation when ISPD myopathy
is suspected (Figure 3.4J).
In dystroglycanopathy, skeletal muscle and brain are predominantly affected.
Interestingly, we found relatively high concentrations of CDP-ribitol in these tissues,
confirming an important role for this compound in these tissues. In liver, we found
a relatively high amount of CDP-ribitol, but liver αDG is expressed at low levels and
is unable to bind laminin [21,22]. Thus, the role of CDP-ribitol in this tissue remains
unclear, but might be involved in the glycosylation of other proteins. Surprisingly,
we did not detect CDP-ribitol in human or mouse kidney. However, Kojima et al.
[14] demonstrated hypoglycosylated αDG in kidney of chimeric FKTN (Rbo5P
transferase) mice, implying that CDP-ribitol and thus Rbo5P moieties on αDG are
present in kidney. Our samples consisted of a pool of kidney cells, not only
podocytes, potentially explaining why CDP-ribitol was not detected in our extracts.
Further studies in different kidney cells are required to understand the role of
dystroglycan and FKTN in kidney function and development. In all other tissues,
cell lines and blood samples of healthy donors that we have analyzed, CDP-ribitol
was present, in concordance with the finding that ISPD is expressed in most tissues [3].
The biosynthesis pathway of the ISPD substrate, Rbo5P, remains to be elucidated.
In a study to pentose-phosphate pathway defects, fibroblasts excreted ribitol after
ribose supplementation [23], suggesting the presence of a ribose reductase.
Recently, it was shown that a sorbinil-sensitive reductase affects CDP-ribitol
synthesis, but the responsible enzyme has not been identified [6]. Possibly, Rbo5P
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is formed by a reduction of ribulose 5-phosphate, as observed in gram-positive
bacteria that have phosphodiester-linked polyol repeats in their cell walls [19].
Furthermore, the transporter responsible for CDP-ribitol transfer into the Golgi
lumen remains to be identified. Novel technologies like sensitive LC-MS can be
used to unravel the mammalian biosynthesis pathway of Rbo5P and CDP-ribitol,
potentially revealing new targets for therapy.
Besides exploring new diagnostic tools, we investigated potential therapies for
ISPD myopathy. In other MDs, a range of therapeutic approaches has been
explored, including gene-therapy, cell therapy and many different therapeutic
compounds. In Duchenne MD (DMD), antisense oligonucleotides inducing exon
skipping and restoration of the open reading frame of dystrophin have received
most attention. This therapy partially rescues the dystrophin expression [24,25], and
a recent clinical trial in DMD patients demonstrated that eteplirsen, which induces
skipping of exon 51, caused a less severe disease progression [26]. In the dystroglycanopathies, recent studies focused on Adeno associated virus (AAV)-mediated
gene therapy for Fukuyama congenital muscular dystrophy [27,28]. The beneficial
effect of the therapy in mice was shown to be dependent on the dosage and the
disease progression, and further studies are required in this field. Dietary sugar
therapies are available for other congenital disorders of glycosylation (CDG) such
as PGM1-CDG, MPI-CDG and SLC35C1-CDG [29-31]. Dietary interventions are
cheaper and readily available for patients, and ribitol supplementation has recently
gained much attention [6,9]. In agreement with the findings of Gerin et al. [6] and
Cataldi et al. [9], our monosaccharide screen demonstrated that ribitol supplementation restored CDP-ribitol levels in fibroblasts. However, clinical trials are required
to assess the long-term safety of ribitol administration in humans. Accumulation of
polyols, such as sorbitol and galactitol, is associated with diabetic cataract [32,33].
We found that ribulose was unable to enter cells efficiently, consistent with the
findings of Huck et al. [23]. However, ribose treatment successfully increased
CDP-ribitol levels and restored the functional O-mannosylation of αDG. Ribose has
been administered safely to humans including DMD and Type V glycogen storage
disease patients with the hypothesis of increasing ATP pools [34,35]. We postulate
that the proposed effect of ribose is due to the increase in CDP-ribitol. High levels
of ribose administration have been reported to lead to hypoglycemia, while the
formation of advanced glycation end products (AGEs) has been reported in mice,
but not in a study with ribose-treated horses [36-38]. In addition, we found that
ribose or ribitol-treatment resulted in increased levels of ADP-ribose in some
fibroblast lines, although the biological relevance remains elusive. Taken together,
future studies are warranted to assess the safety, dosage and efficacy of ribitol and
ribose supplementation in ISPD patients.
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The rapid development of metabolomics technologies allows the development of
personalized treatment. Our study showed that ribitol or ribose did not increase
CDP-ribitol levels in all patient fibroblasts. This suggests that dietary treatment only
aids patients with residual ISPD activity. For example, ribose treatment increased
CDP-ribitol levels in fibroblasts with missense mutations in the cytidyltransferase
domain from P1, P3 and P4, but not in P5.1 and P5.2. The siblings P5.1 and P5.2 are
homozygous for the p.Ala216Asp mutation in the core of the cytidyltransferase
domain, and the mutation was predicted to alter the structure and stability of ISPD.
All other missense mutations were predicted to affect cytidyltransferase activity,
but the presence of residual activity is plausible. P2 carried an intronic mutation that
induces exon skipping in the C-terminus, which is essential for ISPD activity [4].
Indeed, ribose treatment was ineffective in P2 fibroblasts. Subsequently, we developed
an assay to predict the individual response to dietary treatment in whole blood
samples. Thus, LC-MS of polar metabolites in blood cells is a promising technique
to monitor patients during clinical trials and future treatment (Figure 3.4J).
In conclusion, we showed that besides ribitol, ribose therapy is a potential
treatment for ISPD myopathy. Interestingly, dietary galactose therapy, which is effective
for PGM1-CDG, is also applicable in other galactosylation disorders like TMEM165CDG, SLC35A2-CDG and SLC39A8-CDG [39]. Although our study focused on
treatment opportunities for ISPD deficiency, patients with residual activity of FKTN
or FKRP, the two Rbo5P Golgi glycosyltransferases, could also benefit from ribose
treatment. This hypothesis is supported by the positive effect of ribitol in FKRPdeficient mice [9]. Dietary sugar therapies are cheaper, safer and faster available for
patients, facilitating a faster route towards clinical trials than other therapies.
Furthermore, we expect that modern MS technologies in combination with a
growing interest in personalized therapies will lead to the discovery of treatment
opportunities for other neuromuscular disorders.
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Supplementary information
Supplementary methods
Cell culture
HEK293 cells stably expressing C-terminally Myc-His-tagged human ISPD under a
doxycycline (dox) inducible promoter [5] were cultured in DMEM (Lonza) supplemented
with 10 % Fetal Bovine Serum (FBS) and 1 % Penicillin/streptomycin (PS) (Gibco).
Cells were cultured in the presence or absence of 1 µg/mL dox for 48 hours.
Fibroblasts were cultured in DMEM (Lonza) supplemented with 10 % FBS and
1 % PS. HAP1 control and ISPD knockout cells [5] were cultured in IMDM (Gibco)
with 10 % FBS and 1 % PS. All cells were cultured at 37 °C under 5 % CO2 atmosphere.
Polar metabolite extractions
Cells were cultured in 6-well plates. Conditions were cultured in triplicates. Fibro blasts and HAP1: Upon 70-80 % confluence, cells were rinsed twice with 75 mM
ammonium carbonate (pH=7.4) and plates were immediately frozen in liquid nitrogen.
HEK293: After 48 hours incubation in medium with or without doxycycline,
medium was carefully aspirated from the wells and plates immediately placed on
ice. Pellets were collected in 75 mM ammonium carbonate (pH=7.4) and frozen in
liquid nitrogen.
Polar metabolites were extracted from cells by incubation for 5 minutes with
ice-cold (-20 °C) 2:2:1 (v:v:v) methanol:acetonitrile:water (MeOH:ACN:H2O). Extracts
were centrifuged at 16000 x g for 3 minutes at 4 °C. Supernatants were collected
and dried using a centrifugal vacuum concentrator (SpeedVac, Thermo Fisher
Scientific) and samples were stored at -80 °C.
Snap-frozen mouse tissues were collected from two 10-12 weeks old female
C57BL/6J mice that were obtained from Charles River. Mice were housed in the Central
Animal Laboratory, Radboud University Nijmegen, the Netherlands, under specific
pathogen-free conditions with ad libitum access to food and water. All experiments
were authorized by the local animal ethics committee, and carried out in accordance
with their guidelines.
Frozen human or mouse tissue samples were homogenized in ice-cold 75 mM
ammonium carbonate (pH=7.4) using a glass potter and an equivalent of 2 mg
tissue sample was mixed with ice-cold methanol and acetonitrile to a final ratio of
2:2:1 (v:v:v) MeOH:ACN:H2O and incubated for 5 minutes on -20 °C ice. If samples
were used for quantification of CDP-ribitol, the internal standard with [U-13C]-UDPglucose was added to each sample before polar metabolite extraction. Samples
were centrifuged at 16000 x g for 3 minutes at 4 °C and supernatants were collected
and dried with the SpeedVac and samples were stored at -80 °C.
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Blood was drawn in heparin tubes and immediately placed on ice. 100 µL aliquots were
frozen in liquid nitrogen. All polar metabolite extractions were performed in triplicate,
except for quantifications in blood sample C1 and P3, which were in duplicate due
to availability of materials.
For ex vivo incubations, ribose, ribitol or 0.9 % NaCl was added and samples
were immediately frozen or incubated for 24 hours on a shaker at 37°C, 5 % CO2.
Polar metabolite extractions were performed as described for tissues homogenates
above.

LC-MS of nucleotide sugars
Extracts were reconstituted in 100 µL MilliQ water and nucleotide sugars were
analyzed by reversed-phase ion pairing chromatography (Agilent Technologies
1290 Infinity LC) with a HSS T3 column (Waters, 2.1 x 150 mm i.d., 1.8 µm particle
size) coupled to a triple quadrupole mass spectrometer operating in negative ion
mode (Agilent Technologies 6490 Triple Quad MS). For separation of polar metabolites,
we used a flow rate of 350 µL/min of 20 mM triethylammonium acetate (Sigma)
with a gradient of 0–10 % of 50 % ACN:H2O. Agilent Optimizer software was used
to find the optimal collision energies and fragment ions for each compound.
Quantifier responses were processed using Agilent MassHunter Quantitative Analysis
software (B.07.00) and exported to Microsoft Excel.
Peak areas of each nucleotide sugar were normalized on the total metabolite
peak area and fold changes to controls were calculated. For CDP-ribitol concentrations,
calculations were made based on the CDP-ribitol standard curve (Figure S3.3) and
normalization was performed in two steps: 1) normalization to the internal standard
[U-13C]-UDP-glucose, and 2) normalization to mg tissue (wet weight) or µL blood.
Table S3.2 lists the precursor and product ions of quantifiers and qualifiers.
Inter-run variation and intra-run variation of our LC-MS method was analyzed
using pooled control fibroblast cell extracts. The intra-run coefficient of variation
(CV) of CDP-ribitol was calculated based on the total peak area of the compound
in 10 different injections of the extract, and was 3.9 % (<10 % limit). The inter-run CV
of CDP-ribitol was determined by injecting the same extract three times in 10
different runs, and was calculated based on the relative peak area of the compound.
Inter-run CV for CDP-ribitol was 6.2 % (<10 % limit).

3

POMT1

Homozygous

Chr9[GRCh38]:g.131508915T>A
NM_001353193.1[POMT1]:
c.432T>A

Asn144Lys

6

WWS

Gene defect

Zygosity

Nucleotide
change

Protein change

Affected exon

Diagnostic
category
MEB/WWS

18

p.Arg488*

Chr1[GRCh38]:g.46192175G>A
NM_017739.3[POMGNT1]:c.1462C>T

Homozygous

POMGNT1

WWS

11

p.Val378_Asn429del
p.Leu405Pro

Chr22[GRCh38]g.(33700493_ 33733632)_
(33733787_33777905)del
NM004737.4[LARGE]:c.(1131+1_1132-1)_
(1287+1_1288-1)del and
Chr22[GRCh38]:g.33337719A>G;
NM004737.4[LARGE]:c.1214T>C

Compound heterozygous

LARGE

Table S3.1. Mutations in fibroblasts of POMT1, POMGNT1 and LARGE dystroglycanopathy patients.
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Table S3.2. Precursor ions, product ions and retention times (RT) of polar
metabolites detected with targeted LC-MS
Compound

Precursor ion
(amu)

Product ions
Quantifier
(amu)

Qualifier
(amu)

RT (min.)
Qualifier
(amu)

CDP-ribitol

536.1

322.0

79.0

5.0

CMP-Neu5Ac

613.1

321.9

79.0

6.3

GDP-mannose

604.1

424.0

79.0

GDP-fucose

588.1

442.0

424.0

UDP-GlcA

579.0

403.0

158.9

15.4

UDP-xylose

535.0

323.2

79.0

9.6

UDP-galactose

565.1

323.1

79.0

7.4

UDP-glucose

565.1

323.2

79.0

8.3

UDP-HexNAc

606.1

385.1

282.1

10.6

ADP-ribose

558.1

346.2

79.0

20.0

[U-13C]-UDP-glucose

580.1

332.2

79.0

8.3

17.1

CDP-ribitol

5
x10
- TIC MRM (** -> **) 7.d (7 ribi+)
x 10
9
88
77
66
55
44
33
22
11
5

Counts

Counts

13.6
78.9

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

10

11

12
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14
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16

17
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19

20

21

Qualifier

536.1 > 322.0

Quantifier

536.1 > 78.8

22

23

24

25

26

27

28

29

30

31

32

33
34
Ac quisition Time (min)
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Figure S3.1. LC-MS chromatogram of CDP-ribitol. CDP-ribitol was synthesized using
recombinantly expressed ISPD with CTP and ribitol 5-phosphate (Rbo5P) as described
previously [5]. LC-MS demonstrated a distinct peak of CDP-ribitol with m/z 536.07 at a
retention time of 5 minutes.

3

78 | Chapter 3

C1
C1
C1
C2
C2
C2
P1
P1
P1
P2
P2
P2
P3
P3
P3
P4
P4
P4
P5.1
P5.1
P5.1
P5.2
P5.2
P5.2

Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol
Negative control
+ ribose
+ ribitol

-2

-0.15
3.29
3.13
0.14
3.34
3.25
ND
-1.26
-1.23
ND
ND
ND
-0.74
3.01
3.24
ND
-0.35
-0.76
ND
ND
ND
ND
ND
ND

-0.08
-0.31
-0.19
0.08
-0.09
-0.10
-0.51
-0.64
-0.66
0.09
0.03
0.11
-0.11
-0.40
-0.26
0.15
0.08
0.11
0.17
0.24
0.27
0.14
0.16
0.07
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0.32
0.30
-0.18
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-0.06
0.20
0.23
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-0.09
-0.05
0.05
0.09
0.00
0.25
0.06
-0.20
-0.02
0.17
0.27
0.35
0.06
-0.14
0.05
0.42
0.44
0.48
-0.58
-0.65
-0.49
-0.14
-0.08
-0.14

-0.16
-0.34
-0.29
0.14
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0
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0.15
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0.11
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-0.37
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0.14
0.20
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Figure S3.2. Changes in relative nucleotide sugar levels in ribose or ribitol-treated control
and ISPD patient fibroblasts. Control and ISPD patient fibroblasts were cultured for 24 hours
in the presence of 10 mM ribose or ribitol and nucleotide sugars analyzed with LC-MS. Fold
changes (log2[Fold Change]) for each compound were calculated relative to the average of
the untreated control fibroblasts (C1 and C2). Fig. 4F also shows the CDP-ribitol levels from
this dataset.
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Abstract
Recent studies on the function of congenital muscular dystrophy genes ISPD, FKTN
and FKRP suggested the existence of a novel metabolic pathway for synthesis of
CDP-ribitol in human (muscle and brain). Since ribitol 5-phosphate (Rbo5P) is the
preferred substrate for CDP-ribitol synthesis, we hypothesized that Rbo5P derives
from pentose phosphates, which are synthesized in the pentose phosphate pathway
(PPP). Here, we applied liquid chromatography mass spectrometry (LC-MS) for the
detection of Rbo5P, CDP-ribitol and PPP, glycolysis and polyol pathway metabolites
in patient fibroblasts and HAP1 cells. Pentose phosphates, ribitol and Rbo5P
accumulated in ribose 5-phosphate isomerase, transaldolase and transketolase-deficient patient fibroblasts. Metabolic labeling with 13C-glucose confirmed that
Rbo5P is synthesized from pentose phosphates from the non-oxidative PPP. Based
on earlier findings that the reductase inhibitor sorbinil reduced Rbo5P and
CDP-ribitol levels, we identified AKR1B1, and not AKR1B10, as the reductase involved
in Rbo5P synthesis. AKR1B1 knockout cells revealed a strong reduction of Rbo5P,
CDP-ribitol and were deficient in O-mannosylation of α-dystroglycan (αDG). Finally,
we found that exogenously supplemented ribose was directly metabolized to ribitol
in HAP1 cells by AKR1B1, and was not phosphorylated to ribose 5P under the
conditions tested. In summary, mammalian Rbo5P is endogenously synthesized
by a reduction of PPP intermediates ribulose 5P or ribose 5P, or via the phosphorylation of ribitol that is formed from pentoses by AKR1B1. Thus, we identified a new
branch of the PPP, linking this pathway to Rbo5P synthesis and the O-glycosylation
of αDG.
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Introduction
Muscular dystrophy-dystroglycanopathy (MDDG) syndromes are characterized
by severe muscle weakness, brain anomalies, and eye abnormalities [1,2]. MDDG
or dystroglycanopathy is caused by a defective synthesis or glycosylation of
α-dystroglycan (αDG), which plays and important role in muscle membrane
integrity, neuronal migration and synaptic transmission [3]. DAG1 encodes the
dystroglycan protein, which is cleaved into αDG and β-dystroglycan (βDG). αDG is
located extracellularly and links the extracellular matrix (ECM) to the cellular
membrane via the transmembrane protein βDG. In turn, βDG binds to intracellular
dystrophin and utrophin that are connected to the actin cytoskeleton [4,5]. ECM
ligands are, amongst others, laminin in muscle, and agrin, perlecan and neurexin in
brain [6-9]. Furthermore, this binding moiety serves as a docking station for
pathogens such as Lassa virus [10,11] and Mycobacterium leprae [12].
The connection of αDG with its ligands is established via unique O-mannose
linked glycans. Alpha-DG contains a heavily glycosylated O-mucin domain that
contains few N-glycans, and three different O-mannosyl glycans. These include
the core M1 (Neu5Acα2-3Galβ1-4GlcNAcβ1-2Man-Ser/Thr), core M2 (Galβ1-4GlcNAcβ1-6(GlcNAcβ1-2)Man-Ser/Thr), and core M3 (GalNAcβ1-3GlcNAcβ1-4Man-Ser/
Thr) O-mannosyl glycan structures [13-17]. The core M3 glycan is essential for
binding to ECM ligands. Its unique structural features are a 6-O-phosphorylated
mannose and a polysaccharide of xylose and glucuronic acid that is connected to
the O-mannose via a ribitol-phosphate linker, which has thus far only been identified
on αDG [18,19].
The ribitol-phosphate linker is introduced by the glycosyltransferases FKTN and
FKRP, while ISPD (CDP-ribitol pyrophosphorylase A, CRPPA) provides the required
nucleotide sugar CDP-ribitol from ribitol 5P (Rbo5P) [18-21]. However, the
biosynthetic pathway of Rbo5P and its link with intracellular metabolism has not yet
been elucidated. In bacteria such as Streptococcus pneumonia, the pentose
phosphate pathway intermediate ribulose 5P is reduced to Rbo5P by the alcohol
dehydrogenase TarJ [22,23]. Therefore, we postulated that mammalian Rbo5P is
formed by a reduction step from related pentose phosphates such as ribulose 5P.
In human, pentose phosphates are metabolized in the pentose phosphate
pathway (PPP), which consists of two distinct phases. Glucose 6P enters the
oxidative PPP and is converted to ribulose 5P by glucose 6P dehydrogenase (G6PD),
6-phosphogluconolactonase (PGLS) and 6-phosphogluconate dehydrogenase
(PGD). This oxidation of glucose yields two NADPH molecules that are utilized for
reduction steps in many different biosynthetic pathways. In the non-oxidative PPP,
ribulose 5P is further metabolized to glycolytic intermediates (e.g. glyceraldehyde
3P, fructose 6P) and other sugar phosphates such as ribose 5P, an important source
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for purine and pyrimidine synthesis. Here, we used steady state and dynamic
metabolic studies in HAP1 model cells and patient fibroblasts to demonstrate that
Rbo5P synthesis is linked to the pentose phosphate pathway (PPP) and that the
enzyme AKR1B1 plays a major role in Rbo5P synthesis.

Materials and methods
Materials
D-glucose, D-ribose, D-ribulose, D-sorbitol, D-ribitol, D-ribose 5P, D-ribulose 5P,
D-xylulose 5P, D-glucose 6P, D-galactose 6P, D-mannose 6P, D-fructose 6P, D-sedoheptulose 7P, D-glucose 1P, D-galactose 1P, D-mannose 1P, D-fructose 1P,
pyruvate, CTP and 1 M triethylammonium acetate (TEAA) were all from Carbosynth
or Sigma. [UL-13C5]-D-ribitol, [UL-13C5]-D-ribose and [UL-13C6]-D-glucose were
purchased from Omicron Biochemicals.
Rbo5P was produced as previously described from D-ribose 5P [20]. CDP-ribitol,
CDP-ribulose and CDP-ribose were synthesized in vitro from Rbo5P, ribulose 5P or
ribose 5P, respectively, and CTP using recombinantly expressed human ISPD from
E. coli (kind gift of Dr. W. Yue, Oxford) as previously described [20]. ISPD was
removed from the reaction mixture with a Amicon-Ultra 30K filter (Millipore).
Mixtures were lyophilized overnight and stored at -80°C before LC-MS analysis.

Cell culture
Patient fibroblasts were obtained during the diagnostic process with parental
informed consent and used in accordance with the Declaration of Helsinki.
Fibroblasts were cultured in HAM F10 medium (Gibco) with 10 % Fetal Bovine Serum
(FBS, Bodinco BV) and 1 % Penicillin/streptomycin (PS, Gibco).
HAP1 AKR1B1 knockout (KO) clones c001 and c009, AKR1B10 clone c003 and
SORD clone c001 were generated by genome editing with CRISPR/Cas9 technology
and were, together with the corresponding parental wild-type strain, obtained from
Horizon Discovery. HAP1 cells were cultured in Iscove’s modified Dulbecco’s medium
(IMDM, Gibco) supplemented with 10 % FBS (Gibco) and 1 % PS (Gibco) at 37 °C
under 5 % CO2 atmosphere. For incubations with sorbinil, medium was replaced 24
hours after seeding with medium containing 100 µM of sorbinil or with DMSO
(negative control) and cells were cultured for 24 hours before sample collection.

Metabolic tracing of CDP-ribitol synthesis
Before initiation of the labeling experiment, fibroblasts were seeded at 50 % density
in DMEM (glucose and pyruvate-free, Gibco) supplemented with 5.5 mM
12C-D-glucose, 1 mM pyruvate (Gibco), 10 % FBS and 1 % PS. HAP1 cells were seeded
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at 20 % density in IMDM with 10 % FBS and 1 % PS. Medium was quickly replaced 24
hours later with DMEM (glucose and pyruvate-free, Gibco), supplemented with 5.5
mM [UL-13C6]-D-glucose, 1 mM pyruvate, 10 % dialyzed serum (Gibco) and 1 % PS
(Gibco). [UL-13C5]-D-ribitol and [UL-13C5]-D-ribitol experiments were all performed
in IMDM with 10 % dialyzed serum and 1 % PS.

Polar metabolite extractions
For polar metabolite extractions, cells were cultured in 6-well plates (Corning) and
each condition was cultured in triplicate. At 70-80 % confluence or after incubation
times as described in the results section, cells were rinsed twice with 75 mM
ammonium carbonate (pH=7.4, room temperature) and plates were immediately
frozen by immersion in liquid nitrogen. After freezing, ice-cold (-20 °C) 2:2:1 (v:v:v)
methanol:acetonitrile:water was added to each well for 5 minutes to extract polar
metabolites. After centrifugation (3 minutes, 16000 x g, 4 °C), supernatants were
dried using a centrifugal vacuum concentrator (SpeedVac, Thermo Fisher Scientific).
Samples were reconstituted in MilliQ water and stored at -20 °C before LC-MS
analysis.

Analysis of CDP-ribitol, CDP-ribose and CDP-ribulose by LC-MS
Polar metabolite extracts were redissolved in 100 µL MilliQ water and analyzed by
reversed-phase ion pairing chromatography (Agilent Technologies 1290 Infinity LC)
with a HSS T3 column (Waters, 2.1 x 150 mm i.d., 1.8 µm particle size) coupled to a
triple quadrupole mass spectrometer operating in negative ion mode (Agilent
Technologies 6490 Triple Quad MS). Compounds were separated using 20 mM
triethylammonium acetate (Sigma) (buffer A) with a gradient of 50 % ACN:H2O
(buffer B) with a flow rate of 0.35 mL/min. The following gradient was used (time: %
B): 10.0 min.: 0 % B; 15 min.: 4 % B; 25 min.: 4 % B; 26 min.: 10 % B; 27 min.: 10 % B;
28 min.: 0 % B. the column temperature was 25 °C. Agilent Optimizer software was
used to find the optimal collision energies and fragment ions for each compound.
Quantifier areas were analyzed using Agilent MassHunter Quantitative Analysis
software (B.07.00). Table S4.1 lists the precursor and product ions of quantifiers and
qualifiers and retention times for the analyzed compounds.

Analysis of phosphate sugars and polyols by LC-MS
LC-MS analysis of polar metabolites was performed according to the Agilent
Metabolomics Dynamic MRM Method with minor adaptations [24]. The LC-MS
system as described above was used, with a column temperature of 35 °C. Buffer A
consisted of 3 % methanol, 10 mM tributylamine (TBA) and 15 mM glacial acetic
acid in water. Buffer B consisted of 10 mM TBA and 15 mM glacial acetic acid in
methanol. The following gradient was used (time, % B): 9.5 min., 0 % B; 14.5 min.,
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20 % B; 20 min. 45 % B; 27 min. 99 % B; 34 min. 99 % B; 34.5 min. 0 % B. A flow rate
of 0.15 mL/min was used between 34.5-35 min. whereas a flow rate of 0.25 mL/
min was used throughout the remainder of the run. Table S4.1 lists the precursor
and product ions of quantifiers and qualifiers and retention times for all compounds
analyzed. The abundance of each compound was expressed as a percentage of
the sum of all peak areas within a sample. Additionally, fold changes for each
compound were calculated as compared to control levels, and log2(Fold Change)
(log2[FC]) was visualized in a heatmap in excel. For analysis of 13C metabolic tracing
experiments, responses of 13C-compounds were expressed as a fraction of the total
area of that compound (Area13C-compound/[Area13C-compound+Area12C-compound]).

SDS-PAGE, western blot and laminin overlay assay
SDS-PAGE, western blot and laminin overlay assay of glycoproteins enriched with
wheat germ agglutinin (WGA) agarose were performed as described previously
[25,26]. Total cell lysates were prepared by homogenization of cell pellets in 50 mM
Tris-HCl, pH=8.0, 150 mM NaCl, 1 % Triton X-100 with Protease Inhibitor Complete
(Roche). Primary antibodies: IIH6 (1:2500, Merck Millipore), βDG (1:250, NCL-b-DG,
Novacastra), AKR1B1 (1:2000, clone 2D12, Abnova), β-Tubulin (1:500, E7, Developmental
Studies Hybridoma Bank). Secondary antibodies: HRP conjugated polyclonal goat
anti-rabbit or HRP polyclonal goat anti-mouse (1:5000, DAKO, Agilent).

Results
Ribitol 5-phosphate accumulates in pentose phosphate pathwaydeficient fibroblasts
The identification of CDP-ribitol as novel human nucleotide sugar has raised novel
questions on its possible biosynthetic pathways. In vitro, ISPD forms CDP-ribitol
from Rbo5P, but also CDP-ribulose and CDP-ribose from ribose 5P or ribulose 5P,
respectively [20]. Thus, in vivo, ISPD might form a CDP-pentose, which is thereafter
reduced to CDP-ribitol. Alternatively, CDP-ribitol is formed by ISPD from Rbo5P,
with two potential pathways for Rbo5P synthesis. Firstly, Rbo5P could be formed by
a reduction of pentose phosphates, as observed in Gram-positive bacteria [23].
Secondly, Rbo5P could be synthesized by a direct phosphorylation of ribitol, which
is formed by a reduction of pentoses by a sorbinil sensitive reductase [21].
Although less likely, we adressed the first possibility by analysis of nucleotide
sugars in HAP1 wild-type cells and human skin fibroblasts. Confirming our earlier
study (Chapter 3), CDP-ribitol could be readily detected. However, we were unable
to detect any trace of CDP-ribose or CDP-ribulose (data not shown) and concluded
that CDP-ribitol is not formed by a reduction of CDP-ribose or CDP-ribulose.
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In Gram-positive bacteria, Rbo5P is formed from ribulose 5P. In mammalian cells,
ribulose 5P is synthesized through two non-reversible reactions in the oxidative
PPP from glucose 6P, and can be interconverted in the non-oxidative pathway to
many different phosphate sugars, including ribose 5P (Figure 4.1A). As a first step to
obtain insight in the link between the PPP and CDP-ribitol synthesis, we analyzed
sugar phosphates, polyols and CDP-ribitol levels in fibroblasts of patients with
different defects in the PPP. We included patients with genetically confirmed ribose
5-phosphate isomerase (RPI) [27,28], transaldolase (TALDO) [29] or transketolase
(TKT) deficiency [30] (Figure 4.1B,C). Polar metabolite analysis revealed reduced
levels of sedoheptulose 7P and all hexose phosphates (log2[FC]<-0.94) except
fructose 1P in the TKT-deficient fibroblasts. In contrast, pentitols (log2[FC]=1.28)
and the pentose phosphates ribulose 5P, ribose 5P and xylulose 5P (log2[FC]>3.30)
strongly accumulated in the TKT patient fibroblasts, as has previously been shown
in patient urine [30]. In addition, Rbo5P and CDP-ribitol were elevated (log2[FC]=2.37
and log2[FC]=0.47, respectively), in concordance with our hypothesis that Rbo5P is
formed from pentose phosphates. In contrast to the TKT-deficient cells,
RPI-deficient fibroblasts had strongly elevated levels of sedoheptulose 7P, and
slightly decreased levels of Rbo5P and CDP-ribitol. In the TALDO patients, no
consistent changes in the pentose phosphates were observed, which could be
related to the severity of the mutations and residual enzyme activity [29,31]. In
patients with defects in RPI and TALDO, pentose phosphates can still be metabolized
via RPE and TKT, whereas a defect in TKT blocks the flux from ribulose 5P, ribose 5P
and xylulose 5P further into the PPP. Taken together, this analysis indicates that
CDP-ribitol levels are correlated with the levels of pentose phosphates in the PPP.

Ribitol 5-phosphate is derived from the pentose phosphate pathway
To further confirm that Rbo5P is formed directly from PPP intermediates, we
cultured human primary fibroblasts in the presence of uniformly 13C-labeled
glucose ([UL-13C6]-glucose) for different time points and traced the 13C atoms into
different metabolites including polyols, CDP-ribitol and PPP and glycolytic
intermediates. Similar to the findings from Lemons, et al. [32], universally labeled
pentose phosphates were detected within 1 minute (Figure 4.2). Thus, [UL-13C6]glucose is quickly phosphorylated to glucose 6P, and enters the oxidative PPP
where the first carbon from [UL-13C6]-glucose is metabolized to CO2 and ribulose
5P is formed. Labeled Rbo5P was observed after a considerably longer period of 30
minutes, and CDP-ribitol after 60 minutes, demonstrating that these compounds
are derived from the PPP and suggesting that pentose-phosphate intermediates are
reduced to Rbo5P.
However, there are two possible pathways leading to Rbo5P formation, 1)
through a reduction of pentose phosphates, or 2) via the formation of free pentoses
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from the pentose phosphates, which in turn can be reduced to ribitol and
subsequently phosphorylated to Rbo5P. However, we detected labeled Rbo5P
before a strong elevation of labeled pentitols was observed, demonstrating that
Rbo5P can be formed by a reduction of ribulose 5P or ribose 5P directly. Taken
together, Rbo5P is derived from the PPP, and can be formed by reduction of
pentose phosphates, or via pentose and ribitol intermediates.
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Figure 4.2. Rbo5P and CDP-ribitol are formed from glucose through the PPP. Labeling
ratios of m+5 mass isotopomers of polar metabolites in fibroblasts cultured in medium
supplemented with [UL-13C6]-glucose. Data points with error bars show mean ± SD of n=3.

Aldose reductase AKR1B1 is involved in ribitol 5-phosphate
and CDP-ribitol synthesis
As a next step, we aimed to identify potential reductases involved in Rbo5P
synthesis. PSI-BAST and SMARTBLAST of the bacterial ribulose 5P reductase TarJ of
Bacillales (NCBI WP_003219623.1) indicated Sorbitol dehydrogenase (SORD) with
22 % identity as the best candidate. However, reciprocal Blast of human SORD did
not identify bacterial Rbo5P dehydrogenase. SORD is a dehydrogenase in the
polyol pathway, a two-step pathway converting glucose to fructose via sorbitol
(Figure S4.1A). In the second step of this pathway, SORD dehydrogenates sorbitol to
fructose and is therefore not expected to contain any reductase activity. Western
blots of HAP1 SORD knockout (KO) cell lysates did not indicate SORD to be essential
for the functional O-mannosylation of αDG (Figure S4.1B). Metabolite analysis

4

90 | Chapter 4

revealed strongly elevated hexitol levels (log2[FC]=3.96), but indicated that SORD is
not involved in the biosynthesis of CDP-ribitol or Rbo5P (Figure S4.1C,D).
Previously, Gerin, et al. [21] reported reduced CDP-ribitol levels in sorbinil-treated
HEK293 cells with overexpressed ISPD, and skeletal muscle of sorbinil-treated mice
[21]. Sorbinil is a known inhibitor of the aldose reductases AKR1B1 and AKR1B10.
AKR1B1 converts glucose to sorbitol in the first step of the polyol pathway (Figure
S4.1A) and has been associated with secondary diabetic complications via the
accumulation of galactitol and sorbitol [33,34]. We cultured HAP1 cells for 24 hours
in the presence of 100 µM sorbinil and observed that hexitol levels were strongly
reduced (log2[FC]=-1.03) (Figure 4.3A,B). Moreover, we found a marked reduction
of CDP-ribitol and Rbo5P levels (log2[FC]=-2.31 and -2.23, respectively) and of the
O-mannosylation of αDG (Figure 4.3C).
Besides the inhibitory effect of sorbinil on AKR1B1, sorbinil is known to inhibit
all-trans-retinaldehyde reductase (AKR1B10) activity [35]. Hence, we hypothesized
that sorbinil affects Rbo5P synthesis through inhibition of AKR1B1, AKR1B10, or
both. Using a laminin overlay assay, we assessed the functional O-mannosylation
of HAP1 AKR1B1 and AKR1B10 KOs. We found that αDG from AKR1B10 KOs was able
to bind to laminin, but αDG from AKR1B1 KOs was not (Figure S4.2). Taken together,
this shows that AKR1B1 function is essential for the functional O-mannosylation of
αDG.
Using a second independent AKR1B1 KO clone, we confirmed the hypoglycosylation of αDG with IIH6 immunolabeling (Figure 4.4A). Polar metabolite analysis
revealed a reduction of hexitols, reflecting the inability of AKR1B1 KOs to convert
glucose to sorbitol (Figure 4.4B,C). Moreover, Rbo5P and CDP-ribitol were severely
reduced (log2[FC]≤-1.98). Thus, AKR1B1 plays an important role in the synthesis of
Rbo5P and CDP-ribitol. The levels of pentose phosphates were also reduced upon
knockout of AKR1B1, whereas the level of sedoheptulose 7P was much higher than in
controls (log2[FC]≥1.47) suggestive of a higher flux towards sedoheptulose 7P via TKT.

Ribitol supplementation increases ribitol 5-phosphate and
CDP-ribitol levels and bypasses the AKR1B1 defect
So far, it remains unclear if AKR1B1 plays a role in Rbo5P synthesis by a reduction of
free pentoses or a reduction of pentose phosphates. Pentoses have been shown to
be better substrates for AKR1B1 than glucose [36-39]. Thus, we hypothesized that
AKR1B1 is able to reduce ribose to ribitol, and as such, we postulated that ribitol
supplementation could bypass the defect in AKR1B1 KOs, restoring Rbo5P and
CDP-ribitol levels and the functional O-mannosylation of αDG. We therefore
cultured HAP1 AKR1B1 KOs for 24 hours in medium containing 1 mM or 10 mM
ribitol or ribose, and assessed the presence of functional O-mannosyl glycans on
αDG by IIH6 immunolabeling. We found that supplementation of 1 mM of ribitol to
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the cell culture medium was sufficient to restore the O-mannosylation of αDG in
AKR1B1 KOs (Figure 4.5A), whereas ribose was less efficient and only partly restored
the signal in AKR1B1 KOs.
To investigate the metabolic routes of supplemented ribose and ribitol in more
detail, we cultured cells in the presence of 1 mM [UL-13C5]-ribose or [UL-13C5]-ribitol and
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analyzed the production of 13C labeled metabolites in time. Ribose supplementation in
HAP1 wild-type cells increased Rbo5P and CDP-ribitol levels (Figure 4.5B and Table 4.1,
log2[FC]=0.92, log2[FC]=0.34, respectively). Ribose treatment was not efficient in
AKR1B1 KOs, and Rbo5P and CDP-ribitol levels even decreased in time. In contrast,
ribitol supplementation successfully increased Rbo5P and CDP-ribitol levels in
AKR1B1 KOs (Figure 4.5C and Table 4.1). After 4 hours of ribitol treatment, Rbo5P
levels in the KOs were restored or even higher than the Rbo5P levels in the wild-type
cells at t=1 minute(log2[FC]=0.59 and 0.06 for AKR1B1 KO1 and KO2, respectively).
After 4 hours of incubation with labeled ribose, 15 % of CDP-ribitol in wild-type cells
was labeled, whereas only 5 % and 4 % of CDP-ribitol was labeled in AKR1B1 KO1

Table 4.1. Ribitol treatment ameliorates Rbo5P and CDP-ribitol levels
in AKR1B1 knockout cells

4
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Fold changes are calculated from average peak areas of n=3.
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Figure. 4.5. Ribitol supplementation bypasses the AKR1B1 defect. (A) Analysis of the functional O-mannosylation of αDG from HAP1 wild-type (WT)
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and KO2 cells, respectively (Figure 4.5D). Furthermore, labeled Rbo5P was detected
after 1 hour and labeled CDP-ribitol after 2 hours of incubation in the wild-type
cells, whereas in the AKR1B1 KOs these labeled compounds were only detected
after 4 hours of incubation. Only minor amounts were detected of 13C5 -pentose
phosphates (<8 %). Thus, under the conditions tested, extracellular supplemented
ribose is metabolized to ribitol before phosphorylation to Rbo5P, and ribose-5P
does not play a role in the CDP-ribitol synthesis pathway.
Interestingly, 13C5 -ribitol was much more quickly metabolized to Rbo5P (10
minutes) and CDP-ribitol (1 hour) in the AKR1B1 KOs (Figure 4.5E). Hence, ribitol
supplementation bypasses the metabolic defect in the AKR1B1 KOs, and ribitol can
be directly phosphorylated under these conditions. In summary, our western blots
and metabolic labeling experiments showed that AKR1B1 reduced supplemented
ribose to ribitol and therewith directly contributed to the Rbo5P and CDP-ribitol
pool, and the O-mannosylation of αDG.

Discussion
Recently, studies have shown that CDP-ribitol synthesis by ISPD is essential for the
addition of a tandem Rbo5P moiety on the unique functional O-mannosyl glycans
of αDG [18,19,21,40]. ISPD is the mammalian homolog of bacterial TarI, a cytosolic
Rbo5P cytidyltransferase [20]. Although it is known that ribitol supplementation increases
levels of the ISPD substrate Rbo5P in human and mice [41], the endogenous pathway
of Rbo5P biosynthesis is not fully clear. Firstly, we demonstrated that Rbo5P is
formed by a reduction of the PPP metabolites ribulose 5P or ribose 5P. Secondly,
we found that Rbo5P can be formed by a direct phosphorylation of ribitol. Finally,
we showed that AKR1B1 plays an important role in Rbo5P synthesis, and can reduce
supplemented ribose to form ribitol (Figure 4.6).
This study was initiated with the analysis of polar metabolites in fibroblasts from
patients with mutations in different PPP genes. Patients with inborn errors in the
PPP generally present with elevated pentitols in urine, plasma and cerebral spinal
fluid (CSF) [29-31,42]. We did not detect elevated polyols in the fibroblasts of RPI
and TALDO patients under the conditions that we have tested. Ribitol can cross the
cell membrane, and possibly, excess pentitols were excreted into the culture
medium, as has also been reported by Huck, et al. [28]. We found an accumulation
of pentose phosphates, pentitols, Rbo5P and CDP-ribitol in TKT-deficient fibroblasts,
whereas sedoheptulose 7P levels were reduced, reflecting reduced TKT activity.
Our findings are in line with those of Boyle, et al. [30], who demonstrated that TKT
activity in fibroblasts was decreased. Interestingly, the RPI patient fibroblasts
showed an opposite profile with reduced pentitols, Rbo5P, CDP-ribitol, ribulose 5P
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and ribose 5P, but elevated xylulose 5P and elevated sedoheptulose 7P levels.
Fibroblasts from the patient with late onset TALDO-deficiency showed a profile
with elevated pentose phosphates and sedoheptulose 7P, in line with reports in
TALDO-deficient mice [43].
Under physiological concentrations of glucose, we observed that fibroblasts
quickly metabolized [UL-13C6]-glucose into pentose phosphates via the PPP, and
labeled Rbo5P was formed subsequently. After 24 hours, 80 % of CDP-ribitol in the
fibroblasts was labeled, and we therefore propose the PPP as the major supply
pathway for mammalian Rbo5P. We detected labeled Rbo5P before the levels of
labeled pentitols strongly rose, demonstrating that Rbo5P can be formed by a
reduction of ribulose 5P or ribose 5P directly, and Rbo5P is not solely formed from
ribitol.
Knockout of AKR1B1 in the human cell model HAP1 reduced Rbo5P and
CDP-ribitol levels by 20 % and 19 %, respectively, with detrimental effects on the
synthesis of functional O-mannosyl glycans on αDG. We recognize, however, that
HAP1 cells were cultured in 25 mM of glucose, and high glucose concentrations
have been associated with increased AKR1B1 expression [44,45]. Thus, the fraction
of Rbo5P and CDP-ribitol to which AKR1B1 contributes might be higher in HAP1
cells than in vivo. Under physiological conditions, AKR1B1 probably regulates Rbo5P
and CDP-ribitol levels in different ways. Firstly, AKR1B1 could contribute to part of
the Rbo5P pool by the reduction of free pentoses to ribitol. Secondly, AKR1B1 could
play a role in the reduction of pentose phosphates to Rbo5P. In line with the first
hypothesis, in vitro assays have shown reductase activity of AKR1B1 to pentoses
[37,38,46]. In our study, we have shown that AKR1B1 knockout resulted in a less
efficient reduction of supplemented ribose to ribitol . Furthermore, free ribulose and
ribose have been detected in human urine, rat urine, rat skeletal muscle [31,47,48]
and free ribose has also been reported in human blood, CSF and fibroblasts
[e.g. 28,31,49,50]. Singh, et al. [51] have suggested that pentose phosphates are
dephosphorylated to pentoses by aspecific phosphatases, a theory supported by
their finding that ribulose accumulated in ribitol-supplemented HEK293 cells in
combination with knockdown of the ribulokinase FGGY. Our data in combination with
existing evidence for free cellular pentoses suggest the existence of an endogenous
pathway for Rbo5P synthesis via the reduction of pentoses to ribitol by AKR1B1.
The synthesis of Rbo5P from ribitol requires the existence of a human ribitol
kinase. Singh, et al. [51] have shown that FGGY was able to phosphorylate ribitol, but
with a 35 times lower affinity than ribulose. Additionally, FGGY knockdown without
ribose or ribitol supplementation did not affect CDP-ribitol levels [21]. Maybe FGGY
knockdown was not sufficient to affect CDP-ribitol levels, there is another ribitol
kinase to be identified, or Rbo5P synthesis in FGGY knockdown is compensated via
a different pathway.
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Besides the reduction of pentoses, it is possible that AKR1B1 also contains
reductase activity for pentose phosphates. AKR1B1 from the thermophilic red algae
Galdieria sulphuraria showed less than 10 % activity towards pentose phosphates
compared to pentoses [39], but no studies have adressed the reductase activity of
human AKR1B1 or other mammalian orthologs towards pentose phosphates. Our
HAP1 AKR1B1 knockout cells showed strongly reduced levels of Rbo5P, but no
accumulation of ribose 5P or ribulose 5P was observed. Therefore, our data do not
indicate if AKR1B1 harbors any reductase activity towards pentose phosphates.
Human AKR1B1 and the mice ortholog Akr1b3 have broad substrate binding abilities
[34,35], and future studies are warranted to investigate the pentose phosphates as
substrates..
Our finding that AKR1B1 plays an important role in Rbo5P and CDP-ribitol
synthesis is relevant for the further assessment of AKR1B1 inhibitors, which have
been developed for the treatment of diabetic complications and inflammatory
diseases [52]. The effects of these drugs in respect to O-mannosylation of αDG
should be investigated in more detail to exclude any long-term harmful effects of
AKR1B1 inhibition. Patients treated with Epalrestat, the only inhibitor now commercially
available, so far do not show any negative side-effects that might be related to
aberrant O-mannosylation [53]. The absence of any negative effects in this study in
combination with our finding that AKR1B1 knockout does not completely ablate
Rbo5P and CDP-ribitol levels, suggests that other (tissue-specific) pathways exist
that do not require AKR1B1 function. In addition, this renders it unlikely that AKR1B1
mutations will lead to dystroglycanopathy, and so far, no patients with AKR1B1
mutations have been reported. However, it is possible that AKR1B1-deficiency could
lead to some clinical phenotypes observed in dystroglycanopathy patients tissuespecifically, dependent on the expression of other reductases.
Recently, dietary therapy of ribitol and ribose has been suggested for patients
with mutations in ISPD and FKRP [21,41, Chapter 3]. Here, we have elucidated how
these compounds are converted to CDP-ribitol, demonstrating that supplemented
ribose is metabolized through the same pathway as supplemented ribitol. In
accordance to other studies, we have confirmed that ribose is able to enter cells
efficiently. Previously, a protein from the GLUT family of transporters has been
suggested to transport ribose into the cell [54,55]. Studies to the tissue and
cell-specific expression patterns of these transporters and the kinases RBKS and
FGGY can provide important insights if specific tissues depend more on ribose
salvage for Rbo5P synthesis.

Mammalian Rbo5P and CDP-ribitol synthesis: a novel branch of the PPP | 99

4

Figure 4.6. The human Rbo5P synthesis pathway is linked to the PPP. Firstly, glucose is be
metabolized to the pentose phosphates ribulose 5P and ribose 5P, which can reduced to
Rbo5P (potentially by AKR1B1). Secondly, supplemented or endogenous ribose and ribulose
is reduced by AKR1B1 to ribitol, which in turn is phosphorylated by FGGY or an alternative
kinase to Rbo5P. Rbo5P is the endogenous substrate for ISPD to form CDP-ribitol, and is
essential for the O-mannosylation of αDG playing an important role in membrane integrity in
skeletal and heart muscle, brain and eye tissues.

In conclusion, we mapped the biosynthesis pathway of Rbo5P as a side-pathway of
the PPP and found an important role for AKR1B1 in both endogenous biosynthesis
and ribose and ribitol rescue. Rbo5P is required for the synthesis of CDP-ribitol,
which is in turn essential for the completion of the functional O-mannosyl glycans
on αDG.
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Figure S4.1. SORD is not essential for CDP-ribitol synthesis and the O-mannosylation of αDG.
(A) SORD is known to convert sorbitol to fructose in the polyol pathway (B) αDG is
O-mannosylated and able to bind to the IIH6 antibody in HAP1 SORD knockout (KO) cells.
βDG is used as a loading control. (C) Polar metabolite fold changes of HAP1 SORD KO
compared to control cells. All values are calculated from n=3. (D) Relative levels of polar
metabolites. Bars present means ±SD of n=3.
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LO

βDG

Figure S4.2. Laminin-binding assay of αDG in AKR1B1 and AKR1B10 knockout cells. Laminin
overlay (LO) demonstrates that wild-type (WT) and AKR1B10 knockout (KO) cells are able to
bind to laminin, whereas AKR1B1 KO cells are not.

Table S4.1. List of polar metabolites and their precursor ions, product ions
and retention time for LC-MS analysis.
TEAA
Product ions
Precursor ion Quantifier
(amu)
(amu)

Compound

Qualifier
(amu)

RT (min.)

CDP-ribitol
CDP-ribose

536.1
534.1

322.0
322.0

79.0
79.0

5.0
4.9

CDP-ribulose

534.1

322.0

79.0

5.8

TBA
Product ions
Compound
D-sorbitol*
D-sorbitol-13C6*
D-ribitol*
D-ribitol-13C5*
D-galactose 6-phosphate
D-galactose 6-phosphate-13C5
D-galactose 6-phosphate-13C6
D-glucose 6-phosphate
D-glucose 6-phosphate-13C5
D-glucose 6-phosphate-13C6
D-mannose 6-phosphate
D-mannose 6-phosphate-13C5
D-mannose 6-phosphate-13C6

Precursor ion Quantifier
(amu)
(amu)
181.07
187.07
151.1
156.1
259
264
265
259
264
265
259
264
265

101
105
89.2
92.2
97
97
97
97
97
97
97
97
97

Qualifier
(amu)

RT (min.)

59
59
71,1
74,1
79
79
79
79
79
79
79
79
79

1.4
1.4
1.6
1.6
12.6
12.6
12.6
12.7
12.7
12.7
13.1
13.1
13.1
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Table S4.1. Continued
TBA
Product ions
Compound
D-galactose 1-phosphate
D-galactose 1-phosphate-13C5
D-galactose 1-phosphate-13C6
D-ribose 5-phosphate
D-ribose 5-phosphate-13C5
D-sedoheptulose 7-phosphate
D-sedoheptulose 7-phosphate-13C7
D-fructose 6-phosphate
D-fructose 6-phosphate-13C5
D-fructose 6-phosphate-13C6
D-mannose 1-phosphate
D-mannose 1-phosphate-13C5
D-mannose 1-phosphate-13C6
D-ribitol 5-phosphate
D-ribitol 5-phosphate-13C5
D-glucose 1-phosphate
D-glucose 1-phosphate-13C5
D-glucose 1-phosphate-13C6
D-xylulose 5-phosphate
D-xylulose 5-phosphate-13C5
D-ribulose 5-phosphate
D-ribulose 5-phosphate-13C5
D-fructose 1-phosphate
D-fructose 1-phosphate-13C5
D-fructose 1-phosphate-13C6
D-ribose 1-phosphate
D-ribose 1-phosphate-13C5
Pyruvate
Pyruvate-13C3
CDP-ribitol
CDP-ribitol-13C5
Phosphoenolpyruvate
Phosphoenolpyruvate-13C3

Precursor ion Quantifier
(amu)
(amu)

Qualifier
(amu)

RT (min.)

259

97

79

13.3

264
265
229
234
289
296
259
264
265
259
264
265
231
236
259
264
265
229
234
229
234
259
264
265
229
234
87
90
536.1
541.1
167

97
97
79
79
97
97
97
97
97
97
97
97
79
79
79
79
79
79
79
79
79
97
97
97
79
79
43.2
45.2
322
322
79

79
79
97
97
79
79
79
79
79
79
79
79
97
97
97
97
97
97
97
97
97
79
79
79
97
97

13.3
13.3
13.3
13.3
13.4
13.4
13.5
13.5
13.5
13.6
13.6
13.6
13.6
13.6
13.7
13.7
13.7
14.3
14.3
14.5
14.5
15
15
15
15.4
15.4
15.5
15.5
20.5
20.5
21.8

170

79

78
78

21.8

* Sorbitol and ribitol are not separated sufficiently from other hexitols and pentitols using this LC-MS method,
respectively. As a consequence, all hexitols and all pentitols are integrated together in our analysis.
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Abstract
Nucleotide sugars are the building blocks of glycosylation that are transported to
the Endoplasmic reticulum and the Golgi apparatus for glycosylation reactions
via substrate-specific transporters. Recent studies have shown that SLC35A1,
the transporter of CMP-N-acetylneuraminic acid (CMP-Neu5Ac, CMP-sialic acid),
is also essential for the functional O-mannosylation of α-dystroglycan. Since this
process is independent of Neu5Ac, we hypothesised a second function for SLC35A1
by transporting CDP-ribitol. This cytidine nucleotide sugar has recently been found
as novel building block for the O-mannosyl glycans of αDG. Here, we used liquid
chromatography mass spectrometry (LC-MS), immunolabeling and flow cytometry
of HAP1 SLC35A1 mutant cells to investigate SLC35A1 in the transport of CDPribitol. Firstly, we demonstrated a strong accumulation of CMP-Neu5Ac in total cell
homogenates of HAP1 SLC35A1 knockout cells, without accumulation of other
nucleotide sugars including CDP-ribitol. Remarkably, supplementation with ribitol
increased CDP-ribitol levels and restored the O-mannosylation defect in SLC35A1deficient cells. Taken together, our data showed that SLC35A1 plays a role in
CDP-ribitol transport. Future studies should investigate whether SLC35A1 transports
CDP-ribitol directly, affects CDP-ribitol transport through a CMP-related mechanism,
or forms heterologous complexes in the Golgi membrane with a second, CDPribitol-specific transporter, or with any of the Rbo5P glycosyltransferases.
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Introduction
Glycosylation, the addition of glycan chains to proteins, is a highly complex and
common post- and co-translational modification [1]. Nucleotide sugars are the
building blocks for glycosylation, and are synthesized in the cytoplasm, except
CMP-N-acetylneuraminic acid (CMP-Neu5Ac, CMP-sialic acid), which is synthesized
in the nucleus. Subsequently, the nucleotide sugars are transported to the
endoplasmic reticulum (ER) or Golgi apparatus, where complex glycan chains are
assembled and modified on proteins by glycosyltransferases. More than 100
different Congenital Disorders of Glycosylation have been described [2,3], of which
five are caused by mutations in nucleotide sugar transporters. So far, five patients
have been described with mutations in SLC35A1, the CMP-Neu5Ac transporter
[4-7]. SLC35A1 mutations caused hyposialylation of N- and O-glycans in plasma,
fitting with the well-studied function of this transporter in sialylation [5,6]. Jae, et al.
[8] identified SLC35A1 as an essential factor for Lassa virus entry and O-mannosylation of α-dystroglycan (αDG) [8]. Further studies confirmed that SLC35A1 mutations
cause a defective O-mannosylation of αDG, however, in a process that is
independent of sialic acid [9]. Hence, the role of SLC35A1 in the O-mannosylation
of αDG has remained unresolved.
Recently, CDP-ribitol was discovered as a novel human nucleotide sugar [10],
which is essential for the O-mannosylation of αDG [11-13, Chapter 3]. Many
transporters of the SLC35 family transport multiple nucleotide sugar substrates
containing the same nucleotide [14]. SLC35A1 is the only known transporter of a
cytidine nucleotide sugar. Thus, we postulated that CDP-ribitol is transported by
SLC35A1. Here, we used HAP1 SLC35A1 knockout cells to investigate the link
between SLC35A1 and the O-mannosylation of αDG.

Materials and methods
Cell culture
HAP1 cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM, Gibco)
supplemented with 10 % Fetal Bovine Serum (FBS, Gibco) and 1 % Penicillin/
streptomycin (PS, Gibco) at 37 °C under 5 % CO2 atmosphere. HAP1 SLC35A1 knockout
clones (TALEN technology) were establised previously [8]. Cells were complemented
using FLAG-tagged wild-type or mutant p.Q101H SLC35A1 pcDNA3.1 vectors using
lipofectamine LTX and PLUS reagent. Complemented cell lines were obtained by
selection with 1mg/mL G418 for two weeks, and maintained by culturing in the
presence of 200 µg/mL G418.
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SDS-PAGE, western blotting and laminin overlay
SDS-PAGE, laminin overlay, immunoblotting and wheat germ agglutinin (WGA)
enrichment (for IIH6, βDG) were performed as described previously [15,16]. HEK293
crude membrane fraction were prepared according to [17]. Primary antibodies IIH6
(1: 2500, Merck Millipore), βDG (1:250, NCL-b-DG, Novacastra), Calnexin (1:1000,
Novus biologicals), ATP5A (1:1000, Abcam) and TGOLN2 (1:250, Sigma) were
applied overnight and immunoblotting was finished using HRP-conjugated goatanti-mouse or goat-anti-rabbit secondary antibodies (1:5000, DAKO).

Flow cytometry
Cells for flow cytometry were cultured in 6-wells plates to 70-80 % density in 48
hours. Cells were detached in 5 mM EDTA in PBS accommodated with scraping
and blocked in 5 % BSA-PBS. Samples were incubated for with IIH6 (1:50, Merck
Millipore) for 30 minutes and secondary antibody Alexa Fluor 488 (1:500, Invitrogen)
for 30 minutes. Samples were measured on a Beckman Coulter Gallios flow
cytometer and data were analyzed using Kaluza 1.5 software.

Isolation of Golgi vesicles
Per sample, three 150 mm plates of HAP1 cells were cultured to 70-80 % density in
48 hours. Medium was refreshed 24 hours before sample collection. To collect
samples, cells were washed with PBS and detached using 2 mM of EDTA in PBS on
ice. From here onwards, procedure was performed at 4 °C and samples were kept
on ice as much as possible. PBS was aspirated and samples transferred in 4 mL of
cold Golgi lysis buffer (10 mM HEPES-Tris, pH=7.4, 0.8 M sorbitol, 1 mM EDTA and
EDTA-free protease inhibitor [Roche]) to a 7 mL Dounce Tissue Grinder (tight-type,
Sigma). Cells were disrupted using the grinder, and intact cells and debris were spin
down in 5 minutes, 1500 g, 4 °C. Supernatant was homogenized again with the
tissue grinder and spun down to eliminate remaining cells and debris. After one
more centrifuge step at 1500 g, supernatants were collected and centrifuged for 10
minutes at 10000 g at 4 °C. The ER pellet was separated and supernatant centrifuged
at 100000 g at 4 °C in an Ultra Centrifuge (rotor MLS50) to pellet Golgi vesicles.
Supernatant was discarded and Golgi resuspended in 100 µL of lysis buffer. Samples
were then snap-frozen in liquid nitrogen and stored at -80 °C before continuing.

Extraction of polar metabolites from Golgi vesicles
A pre-wetted nitrocellulose membrane filter (0.45 µm pore size, Merck Millipore)
was placed in a microanalysis filter holder (25 mm, Merck Millipore) connected to a
vacuum pump. 45 µL of Golgi vesicles was suspended in 1 mL of lysis buffer and
applied to the membrane. Sample was then quickly washed 4 times with 2 mL of
lysis buffer. The membrane with washed Golgi vesicles was placed in 2 mL of MilliQ

Dietary ribitol restores O-mannosylation of αDG in SLC35A1 deficiency | 111

water in a tube and incubated for 10 minutes of a shaker (500 rpm) to lyse Golgi and
extract polar metabolites. Cold 1:1 (v:v) acetonitrile:methanol (ACN:MeOH) was
added to the sample to obtain a 2:2:1 (v:v:v) ACN:MeOH:H2O solution and samples
were spun down for 3 minutes at 10000 g at 4 °C to remove residual proteins.
Golgi-enriched polar metabolite samples were dried using a centrifugal vacuum
concentrator (SpeedVac, Thermo Fisher Scientific). Samples were reconstituted in
100 µL MilliQ water and stored at -20 °C before LC-MS.

Extraction of polar metabolites from whole cells
Cells were cultured in 6-well plates in triplicates. Upon 70-80 % confluence, cells
were washed twice with 75 mM ammonium carbonate (pH=7.4) and frozen in liquid
nitrogen. Polar metabolites were extracted by incubation for 5 minutes with icecold (-20°C) 2:2:1 (v:v:v) ACN:MeOH:H2O. Samples were centrifuged at 16000 g
for 3 minutes at 4 °C and supernatants dried using the SpeedVac. Samples were
reconstituted in 100 µL MilliQ water and stored at -20 °C before LC-MS.

Liquid Chromatography Mass Spectrometry of nucleotide sugars
LC-MS was performed as described before (Chapter 3). In short, samples were
analyzed by reversed-phase ion pairing chromatography (Agilent Technologies
1290 Infinity LC) with a HSS T3 column (Waters, 2.1 x 150 mm i.d., 1.8 µm particle
size) coupled to a triple quadrupole mass spectrometer operating in negative ion
mode (Agilent Technologies 6490 Triple Quad MS). Flow rate was 350 µL/min of 20
mM triethylammonium acetate (Sigma) with a gradient of 0–10 % of 50 % ACN:H2O
and data were analyzed using Agilent MassHunter Quantitative Analysis software
(Agilent B.07.00) and Microsoft Excel. Nucleotide sugar levels were normalized on
total metabolite peak area and fold changes to controls were calculated. The
precursor and product ions of quantifiers and qualifiers and the corresponding
retention times of analyzed compound is presented in table S5.1.
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Results
CMP-Neu5Ac accumulates in SLC35A1-deficient HAP1 cells
First, we set out to investigate if CDP-ribitol could be a potential substrate of
SLC35A1. We hypothesized that nucleotide-sugar substrates of SLC35A1 accumulate
in knockout cells. Previously, two SLC35A1 HAP1 knockout clones were established
using TALEN technology [8,9]. These knockout clones have aberrant O-mannosylation of αDG, resulting in defective laminin-binding (Figure 5.1A). We used
sensitive liquid chromatography mass spectrometry (LC-MS) methodology for the
detection of nucleotide sugars, including CMP-Neu5Ac and CDP-ribitol (Chapter 3).
Polar metabolite analysis revealed a strong accumulation of CMP-Neu5Ac (Figure
5.1B,C, logarithm of the fold change [FC] 1.91 and 1.87). CDP-ribitol levels were
slightly increased, supporting our hypothesis (log2[FC]=0.19 and 0.22). Next, we
complemented the SLC35A1 knockout cells with a FLAG-tagged wild-type (WT)
SLC35A1 or mutant p.Q101H SLC35A1 construct using lipofectamine. The Q101H
mutation is known to result in aberrant O-mannosylation of αDG [9] (Figure 5.1A)
and has been shown to have about 50 % in vitro transport activity for CMP-Neu5Ac
compared to the WT protein [5]. Polar metabolite analysis revealed the restoration of
CMP-Neu5Ac levels after complementation with the WT construct (Figure 5.1B,C).
Complementation with p.Q101H SLC35A1 partially restored the CMP-Neu5Ac
levels. Thus, CMP-Neu5Ac levels are strongly dependent on SLC35A1 activity.
ADP-ribose levels were markedly increased in knockout cells, but also in all
complemented cell lines, and so far the reason for this remains unclear. CDP-ribitol
levels show a similar pattern as CMP-Neu5Ac, supporting our hypothesis. However,
changes in the relative levels were very small, and we performed additional
experiments to investigate if CDP-ribitol is a substrate of SLC35A1.
If SLC35A1 is the CDP-ribitol transporter, the pool of CDP-ribitol might be
lowered within the Golgi apparatus. We therefore isolated Golgi vesicles using
differential centrifugation for the analysis of nucleotide sugars. After isolation, the
samples still contained cytosolic contaminants (data not shown) and vesicles were
washed four times over a nitrocellulose membrane. Subsequently, Golgi vesicles
were lysed using milliQ water, and nucleotide sugars were analyzed. Our analysis
showed that extensive washing of the vesicles did not completely avoid cytosolic
contaminations, since GDP-mannose was still detectable in our fractions. The
levels of CMP-Neu5Ac were clearly reduced in the Golgi-enriched fractions of
SLC35A1 knockout clone 1, especially in comparison with the strong increase of
CMP-Neu5Ac in total cell homogenates. However, no changes were observed for
the levels of CDP-ribitol (Figure 5.2).

Dietary ribitol restores O-mannosylation of αDG in SLC35A1 deficiency | 113

A

WT

KO1

KO2

KO1

+Q101H

KO1
+WT

KO2

+Q101H

KO2
+WT

kDa
150

LO

100

50

βDG

37

B
KO1
KO2
KO1+WT
KO1+Q101H
KO2+WT
KO2+Q101H

0.19
0.22
0.23
23
‐0
0.04
‐0.16
‐0.01

1.91
1.87
‐0
0.12
12
0.78
0.47
0.57

‐0.35
‐0.47
‐0
0.08
08
‐0.10
‐0.18
‐0.39

‐2

‐0.17
‐0.16
0 06
0.06
‐0.02
‐0.10
‐0.07
‐1

‐0.13
‐0.07
‐0
0.03
03
‐0.07
0.09
0.12

0.15
0.21
0 18
0.18
0.07
0.12
0.22

‐0.16
‐0.13
‐0
0.03
03
‐0.06
0.13
0.15

0

1

‐0.46
‐0.50
‐0
0.38
38
‐0.33
‐0.33
‐0.47

‐0.24
‐0.21
0 13
0.13
0.25
0.05
0.03

0.41
1.67
0 88
0.88
0.72
0.69
1.28

2

log2(Fold Change)
CDP-ribitol

5
0

04
0.4
0.3
0.2
0.1
0.0
W
T
K
O
1
K KO
K O1 2
O
1+ +W
Q T
1
K 01
K O2 H
O
2+ +W
Q T
10
1H

10

Relative area (%
R
%)

15

W
T
K
O
1
K KO
K O1 2
O
1+ +W
Q T
1
K 01
O
H
K
O 2+
2+ W
Q T
10
1H

Relative area (%
R
%)

CMP-Neu5Ac
20

Figure 5.1. Laminin-binding and nucleotide sugar levels in SLC35A1-deficient cells. (A) Lysates
from HAP1 wild-type (WT) cells, SLC35A1 knockout (KO) cells, and cells complemented with
WT or SLC35A1 p.Q101H constructs were enriched for glycoproteins using wheat-germagglutin (WGA) beads. The laminin-binding capacity of αDG was assessed with a laminin
overlay (LO) on western blots, using βDG as a loading control. (B) Nucleotide sugar fold
changes of HAP1 SLC35A1 KO and complemented cells compare to HAP1 WT cells. All values
are calculated from n=2 or n=3. Bar plots show the mean relative area of CMP-Neu5Ac and
CDP-ribitol with SD of n=3.
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Figure 5.2. Nucleotide sugar levels in Golgi-enriched fractions. Golgi fractions were isolated
and washed over a nitrocellulose membrane to reduce cytosolic contaminants. Polar
metabolites were isolated and nucleotide sugars analyzed using QqQ-LC-MS. Fold changes
of HAP1 SLC35A1 KO Golgi-enriched samples (N=3) were calculated to the levels in HAP1 WT
Golgi-enriched samples (N=4). Bar plots show the mean relative area of CMP-Neu5Ac and
CDP-ribitol with SD of N=4 and N=3 for HAP1 WT and SLC35A1 KO1 Golgi-enriched samples,
respectively.

Ribitol supplementation restores the O-mannosylation defect in
SLC35A1 knockout cells
Previously, ribitol supplementation has been shown to increase CDP-ribitol pools
[11,18, Chapter 3]. We hypothesized that ribitol supplementation would result in a
more readily detectable CDP-ribitol accumulation in SLC35A1-deficient cells. We
cultured cells in the presence of 10 mM of ribitol or Neu5Ac, and analyzed their
nucleotide sugar levels. Confirming our earlier findings, we observed a strong
accumulation of CMP-Neu5Ac, which was restored in cell complemented with the
WT construct and partly restored in cells complemented with the p.Q101H SLC35A1
construct (Figure 5.3A). Culturing in the presence of 10 mM of ribitol strongly
increased CDP-ribitol levels, but levels were not higher in SLC35A1-deficient cells
compared to wild-type cells or complemented cells. Thus, total cell CDP-ribitol
levels are independent of SLC35A1 expression. However, ribitol supplementation
caused a increase of CMP-Neu5Ac in all cell lines, suggesting that higher CDP-ribitol
levels induce an increase of CMP-Neu5Ac levels via an unknown mechanism.
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Complementation with the p.Q101H SLC35A1 partially restored the O-mannosylation
defect (Figure 5.1A) and mutant p.Q101H SLC35A1 is known to have about 50 %
activity for CMP-Neu5Ac transport [5]. Some patients with mutations in the GDPfucose transporter SLC35C1 benefit from dietary fucose, and patients with mutations
in SLC35A2 have been shown to benefit from dietary galactose [19,20]. If SLC35A1
is involved in CDP-ribitol transport, SLC35A1-deficient cells complemented with
the p.Q101H construct could potentially benefit from dietary ribitol, increasing
the intracellular CDP-ribitol pool and restoring the O-mannosylation of αDG. Thus,
we cultured cells in the presence of different concentrations of ribitol, and assessed
the O-mannosylation of αDG on western blot. We found that high concentrations
of ribitol restored the O-mannosylation of αDG in cells complemented with the
p.Q101H mutation (Figure 5.3B). However, we also found that ribitol treatment
restored the O-mannosylation of αDG in SLC35A1 knockout cells upon ribitol
treatment. To validate our findings, we assessed the effect of 10 mM of ribitol or
10 mM Neu5Ac on the O-mannosylation of αDG in an independent experiment.
Similar to our earlier findings, ribitol supplementation restored the O-mannosylation
signal. Addition of 10 mM of Neu5Ac did not have any effect on O-mannosylation
(Figure 5.3C,D). High concentrations (10 mM) of xylitol, galactitol, galactose or
Neu5Ac did not restore the IIH6 signal (Figure 5.3E). In conclusion, these data show
that the O-mannosylation of αDG is defective in SLC35A1-deficient cells due to
limited availability of CDP-ribitol for glycosylation. Moreover, the restoration of the
O-mannosylation in SLC35A1 knockout cells cultured in the presence of ribitol
indicates that there is another mechanism for CDP-ribitol transport into the Golgi
apparatus.
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Figure 5.3. Ribitol supplementation restores the O-mannosylation of αDG. (A) LC-MS of
nucleotide sugars in HAP1 wild-type (WT), SLC35A1 knockout (KO) and complemented (+WT
or +p.Q101H) cells cultured in medium supplemented with 10 mM of ribitol or Neu5Ac for
24 hours. Fold changes are calculated to values of HAP1 WT, negative control. (B-C) Cells
were cultured in the presence of 10 mM of ribitol of Neu5Ac for 48 hours (B) Analysis of
O-mannosylation of αDG using the IIH6 antibody, which binds to the laminin-binding epitope
of αDG if present. βDG was used as a loading control. (C) Flow cytometry with IIH6 antibody
of HAP1 WT and SLC35A1 KO cells. (D) Analysis of αDG O-mannosylation using the IIH6
antibody. Cells were cultured in the presence of 10 mM ribitol, xylitol, galactitol, galactose or
Neu5Ac for 48 hours.
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Discussion
Here, we have investigated the role of the CMP-Neu5Ac transporter SLC35A1 in the
transport of CDP-ribitol. Firstly, we have demonstrated that an accumulation of
CMP-Neu5Ac is a hallmark of SLC35A1 deficiency in human cells, while CDP-ribitol
levels remained unaltered. By increasing the intracellular pool of CDP-ribitol via
ribitol supplementation, the O-mannosylation defect was restored, hinting to a
second, unsolved nucleotide sugar transporter of CDP-ribitol.
CDP-ribitol is a recently discovered cytidine nucleotide sugar essential for the
O-mannosylation of αDG, but its Golgi transporter has not yet been identified. The
identification of this transporter is challenging, especially because there are many
SLC family members with unsolved function [14]. So far, SLC35A1 is the only
transporter known to transport a cytidine nucleotide sugar, CMP-Neu5Ac.
Moreover, SLC35A1-deficient cells were shown to have defective O-mannosylation
of αDG independent of sialic acid [8]. In 2013, Maggioni, et al. [21] addressed the
interaction of SLC35A1 and its substrate CMP-Neu5Ac via STD NMR spectroscopy.
They found that mutations causing loss of saturation of the Neu5Ac part did not
affect CMP-Neu5Ac recognition, whereas loss of saturation of the nucleotide CMP
did. Thus, recognition of the CMP nucleotide is essential for CMP-Neu5Ac transport
Therefore, after discovery of the cytidine nucleotide sugar CDP-ribitol, we
hypothesized that SLC35A1 could potentially transport CDP-ribitol, and is likewise
involved in the synthesis of the laminin-binding core M3 O-mannosyl glycans of αDG.
We found that ribitol supplementation increased the intracellular pools of CDPribitol and recovered the O-mannosylation of αDG in cells with SLC35A1 mutations.
As this recovery was also observed in SLC35A1 knockout cells, this suggests that a
second, unidentified transporter is able to transport CDP-ribitol. However, it should
be noted that these findings do not exclude the possibility that SLC35A1 is able
to directly transport CDP-ribitol. Unfortunately, radiolabeled CDP-ribitol is not
commercially available for a classic transporter assay in yeast vesicles, as has been
performed before with radiolabeled CMP-Neu5Ac [5]. However, radiolabeled
CDP-ribitol could be synthesized from ribose 5-phosphate and [3H]NaBH4, forming
ribitol 5-phosphate (Rbo5P). In turn, this can be enzymatically converted to
radiolabeled CDP-ribitol using purified ISPD enzyme [as performed in 10,13].
Although direct transport of CDP-ribitol by SLC35A1 cannot be excluded
completely, our findings suggest a more indirect role for SLC35A1, also because
SLC35A1 knockout cells showed some residual IIH6 staining and laminin-binding of
αDG (Figure 5.1 and Figure 5.3). Firstly, nucleotide sugar transporters work via an
antiporter mechanism, where nucleotide sugars are transported into the Golgi
apparatus in equimolar exchange for their corresponding nucleotide monophosphate. Thus, CMP-Neu5Ac and CDP-ribitol are antiported with CMP over the
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Golgi membrane. As such, SLC35A1 deficiency could limit CMP levels within the
Golgi lumen, thereby limiting CDP-ribitol transport. However, if CMP shortage
within the Golgi lumen limits transport, one would not expect CDP-ribitol transport
after induction of supraphysiological CDP-ribitol levels. Nevertheless, studies have
shown that the SLC35A1 transport system is ‘leaky’, meaning that SLC35A1 can
transport CMP-Neu5Ac working as an uniporter [22,23]. To study this, Golgi vesicles
from SLC35A1-deficient cells can be preloaded with CMP and transport of
CDP-ribitol can be assessed, similar to the assay described in yeast vesicles [24].
Although our steady state measurements in the HAP1 Golgi vesicles did not show a
significant difference between WT and SLC35A1 knockouts, this system might work
sufficiently with CMP-preloaded vesicles.
Secondly, SLC35A1 could form a heterologous complex with the CDP-ribitol
transporter, thereby affecting CDP-ribitol transport. Such heterologous complexes
have been described for the UDP-galactose and UDP-GlcNAc transporter SLC35A2
and SLC35A3 [25,26]. SLC35A2 and SLC35A3 were shown to also interact on the
luminal side of the Golgi with Mgat glycosyltransferases in an overexpression
system [25]. Thirdly, it is possible that SLC35A1 interacts on the luminal side of the
Golgi with the Golgi Rbo5P glycosyltransferases FKTN and/or FKRP, thereby
affecting the O-mannosylation of αDG. Previously, it has been shown that ribitol
supplementation restored the O-mannosylation of αDG in mice with the P448L
hypomorphic mutation in FKRP [18].
These three hypotheses suggest another, unidentified NST for CDP-ribitol transport.
Therefore, further research is required to identify this potential CDP-ribitol NST.
Unfortunately, we cannot rely on sequence similarities to predict if any of the other
SLC35 proteins transports CDP-ribitol. For example, SLC35A2 shows a relative high
similarity of 43 % with SLC35A1, but transports UDP-galactose, a completely different
nucleotide sugar [27]. New candidates can be identified by a Lassa virus HAP1
knockout screen [8] using HAP1 SLC35A1 knockout cells cultured in the presence of
high concentrations of ribitol. Candidate genes can subsequently be confirmed
using knockout studies and FLIM-FRET or immunoprecipitation studies [25,26].
So far, SLC35A1-CDG has been described in five patients. Four patients showed
thrombocytopenia linked to hyposialylation, and one patient showed neurological
involvement with seizures and muscular hypotonia without any evidence of thrombocytopenia [4-7]. Unfortunately, the glycosylation of αDG has not been assessed in
SLC35A1 patient material. Ribitol supplementation has been shown to benefit
ISPD-deficient cells and FKRP-deficient mice [11,18, Chapter 3] and it is tempting to
speculate that treatment of SLC35A1-CDG patients could decrease neurological or
muscular symptoms not related to the hyposialylation. Elucidation of the exact
mechanism of SLC35A1 in the O-mannosylation of αDG could enhance our
understanding of the differential phenotypes, enabling the development of therapies.
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Supplementary information
Table S5.1 Precursor ions, product ions and retention times (RT) of polar
metabolites analyzed with targeted LC-MS
Product ions
Compound

Precursor ion
(amu)

Quantifier
(amu)

Qualifier
(amu)

CDP-ribitol

536.1

322.0

79.0

Qualifier
(amu)

RT
(min.)
5.0

CMP-Neu5Ac

613.1

321.9

79.0

6.3

GDP-mannose

604.1

424.0

79.0

13.6

GDP-fucose

588.1

442.0

424.0

UDP-GlcA

579.0

403.0

158.9

15.4

UDP-xylose

535.0

323.2

79.0

9.6

UDP-galactose

565.1

323.1

79.0

7.4

UDP-glucose

565.1

323.2

79.0

8.3

UDP-HexNAc

606.1

385.1

282.1

10.6

ADP-ribose

558.1

346.2

79.0

20.0

78.9

17.1
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Abstract
The Congenital Disorders of Glycosylation (CDG) are inborn errors of metabolism
with a great genetic heterogeneity. Most CDG are caused by defects in the N-glycan
biosynthesis, leading to multisystem phenotypes. However, the occurrence of
tissuerestricted clinical symptoms in the various defects in dolichol-phosphatemannose (DPM) synthesis remains unexplained. To deepen our understanding
of the tissue-specific characteristics of defects in the DPM synthesis pathway,
we investigated N-glycosylation and O-mannosylation in skeletal muscle of three
DPM3-CDG patients presenting with muscle dystrophy and hypo-N-glycosylation
of serum transferrin in only two of them. In the three patients, O-mannosylation of
alpha-dystroglycan (αDG) was strongly reduced and western blot analysis of betadystroglycan (βDG) N-glycosylation revealed a consistent lack of one N-glycan in
skeletal muscle. Recently, defective N-glycosylation of βDG has been reported in
patients with mutations in guanosine-diphosphate-mannose pyrophosphorylase B
(GMPPB). Thus, we suggest that aberrant O-glycosylation of αDG and N-glycosylation
of βDG in skeletal muscle is indicative of a defect in the DPM synthesis pathway.
Further studies should address to what extent hypo-N-glycosylation of βDG or
other skeletal muscle proteins contribute to the phenotype of patients with defects
in DPM synthesis. Our findings contribute to our understanding of the tissue-restricted
phenotype of DPM3-CDG and other defects in the DPM synthesis pathway.
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Introduction
The Congenital Disorders of Glycosylation (CDG) are inborn errors of metabolism
characterized by aberrant glycoprotein and glycolipid glycan synthesis. CDG-I
phenotypes are due to defects in the assembly of the lipid-linked oligosaccharide
(LLO) in the ER, leading to a lack of complete N-glycans. Since LLO synthesis is
essential for protein N-glycosylation in all tissues, patients with CDG-I present with
multisystem phenotypes comprising developmental disability, hypotonia, skin and
skeletal abnormalities, hepatopathy and neurologic involvement [5,6]. Defects in
the synthesis of the sugar donor dolichol-phosphate-mannose (DPM) results in
CDG-I with tissue-specific disease (Figure 6.1). Phosphomannomutase 2 (PMM2)CDG (MIM 601785) patients show a very broad phenotype with involvement of
nearly all organs. Steroid 5alpha-reductase type 3 (SRD5A3)-CDG (MIM 611715)
patients mainly present with eye, skin and central nervous system involvement
[7-10], while dolichol kinase (DOLK) deficiency (MIM 610746) results in dilated
cardiomyopathy without obvious skeletal muscle abnormalities [11-13]. DPM3-CDG
(MIM 605951) and patients with mutations in guanosine-diphosphate-mannose
(GDP-mannose) pyrophosphorylase B (GMPPB, MIM 615320) can present with muscular
dystrophy, a symptom of the dystroglycanopathies [14-16] These congenital muscular
dystrophies present with deficient O-mannosylation of alpha- dystroglycan (αDG),
which also requires DPM. Indeed, reduced O-mannosylation of αDG has been found
in skeletal muscle of DPM3-CDG and GMPPB-CDG patients, and in heart muscle of
DOLK-CDG patients [11,12,17,18]. However, it is unclear whether O-mannosylation
is specifically affected in DPM synthesis disorders, or if N-glycosylation and
O-mannosylation are both similarly affected, but involve tissue-specific metabolic
pathways. To increase our understanding of the pathophysiology of the tissuespecific phenotypes of the DPM synthesis disorders, we studied protein N- and
O-glycosylation in muscle tissue of all three known DPM3-CDG patients [17,18].

Materials and methods
Subjects
Plasma and fibroblasts were obtained for diagnostics of CDG in the Radboudumc
Expertise Center for Disorders of Glycosylation. Muscle biopsies were obtained at
the University of Athens. All materials were used in accordance with the Declaration of
Helsinki. Informed consent was obtained from patients or their legal representatives.
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Figure 6.1. Defects in the dolichol-phosphate-mannose biosynthesis pathway lead to N- and O-glycosylation disorders. Dolichol-phosphate-mannose (Dol-P-Man) is the mannose donor for N-glycosylation, O-mannosylation, C-mannosylation and GPI-anchor biosynthesis.
SRD5A3-CDG patients present with structural and functional eye abnormalities, cerebellar defects, intellectual disability (ID) and muscle hypotonia
[7-10]. PMM2-CDG patients have characteristic multivisceral symptoms that are associated with generalized N-glycosylation abnormalities.
Patients with mutations in GMPPB have dystroglycanopathy due to reduced O-mannosylation of αDG [14,16], congenital myasthenic syndrome
(CMS) [19] or pseudo-metabolic myopathy [20,21]. Mutations in DOLK lead to abnormal serum transferrin N-glycosylation and heart αDG O-glycosylation with dilated cardiomyopathy, muscular hypotonia, neurological involvement, and/or ichthyosis [11-13,22,23]. The clinical phenotypes
associated with mutations in the DPM synthase subunits DPM1, DPM2 or DPM3 are different: DPM1-CDG patients show multivisceral presentations
characteristic for CDG-I and muscular dystrophy [24-28], DPM2-CDG patients have microcephaly, seizures, developmental delay and hypotonia
[29], and two DPM3-CDG patients have been reported with muscular dystrophy, of which one patient also presented with cardiomyopathy [17,18].
Blue boxes: abnormal serum transferrin N-glycosylation. Red box: Abnormal O-mannosylation of αDG. Purple boxes: combined serum transferrin
N-glycosylation and muscle αDG O-glycosylation abnormalities. Dashed arrow: alternative pathway suggested by Cantagrel, et al. [7].
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CDG diagnostics
Isoelectric focusing of serum transferrin and electrospray ionization mass spectrometry (ESI-MS) of immunopurified serum transferrin were performed as described
[30,31].

Immunohistochemistry on muscle biopsies
Immunohistochemistry on muscle biopsies was performed according to standard
procedures. The VIA41 antibody (Santa Cruz Biotechnology) was used to assess the
presence of functional O-mannosyl glycans on αDG.

DPM synthase assay
Skin fibroblasts were cultured in M199 medium (Lonza) supplemented with 10 %
Fetal Bovine Serum (Gibco) and 1 % Penicillin Streptomycin (Gibco) at 37 °C and
5 % CO2. Pellets were collected and sonicated in 7mM Tris-HCl (pH 7.2), and 7mM
MgCl2. 0.1 % Nonidet P-40 was added. Protein concentrations were determined
using BCA assay (Pierce). The DPM synthase activity assay was performed as
described previously [29].

SDS-PAGE and immunoblotting
Skeletal muscle homogenates were used for SDS-PAGE on 10 % polyacrylamide
gels and proteins were transferred to nitrocellulose membranes. Immunoblotting
was performed using primary antibodies against glycosylated αDG (IIH6C4, 1:2500,
Merck 05-593), βDG (1:250, Novacastra), Desmin (Y66, 1:20000, Abcam ab32362),
GAPDH (1:10000, Abcam ab8245) and with secondary antibodies HRP-conjugated
polyclonal goat anti-rabbit or HRP-conjugated polyclonal goat anti-mouse (1:5000,
DAKO).

Enzymatic deglycosylation with PNGase F
Muscle homogenates were incubated with PNGase F (New England Biolabs) or
MilliQ water (negative control) for 4 hours at 37 °C to the manufacturer’s protocol.
PNGase F was inactivated by heating the samples for 15 minutes at 95 °C and
glycosylation of βDG was assessed with immunoblotting.
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Results
Clinical description of a newly identified DPM3-CDG patient
Patient 1 is a Greek female born following an uneventful pregnancy to healthy,
consanguineous parents. At 24 months, she was able to walk independently. Her
medical history is unremarkable except for subclinical hypothyroidism (serum TSH:
7.95 µΙU/mL; normal range 0.5-5 µΙU/mL) and elevated transaminases (serum SGOT:
146 U/L, normal range 8-42 U/L; SGPT: 150 U/L, normal range 8-41 U/L) at the age
of 9 years, found during a laboratory investigation for maternal hypothyroidism.
One week later, TSH was 8.6 µIU/mL and FT4 was 16.7 pg/mL (normal range 8-20
pg/mL), and she received replacement therapy with thyroxine (T4). Transaminases
remained elevated (SGOT: 76 U/L, SGPT: 80 U/L) and markedly increased creatine
kinase levels (2680 U/L, normal 140 U/L) were found without obvious muscle
symptoms. There was no family history of a neuromuscular disorder.
On admission at the age of 9.5 years, physical examination revealed a mild
bilateral gastrocnemius pseudohypertrophy without any dysmorphic features or
hepatosplenomegaly. The values of serum TSH, FT4, anti- thyroglobulin, antithyroperoxidase (under treatment with T4), vitamin D, PTH, plasma and urine amino
acids and urinary organic acids were within normal ranges. Gowers test was
negative and neurological examinations, Doppler echocardiography, ECG, brain
MRI, ophthalmoscopy and X rays of chest and hips did not show any abnormalities.
CK levels were further monitored and ranged from 1800 to 2600 U/L with a
concomitant raise of aminotransferases (SGOT 68 U/L, SGPT 65 U/L), lactate
dehydrogenase (324 U/L, normal range 120-300 U/L) and lactic acid (30 mg/dL
normal range 5.7-22 mg/dL). A quadriceps muscle biopsy showed a myopathic
pattern with a considerable number of regenerating fibers and a significantly
increased number of internal nuclei, and a loss of functional O-mannosyl glycans
on αDG (Figure 6.2A). One year after the initial diagnosis the patient developed
dilated cardiomyopathy with decreased contractility of the left ventricle. Her
impaired systolic function (ejection fraction 57 %; normal >60 %) was treated with
captoprile and furosemide. Due to episodes of hypotension, the treatment of
furosemide was discontinued. The patient now only receives captoprile and her
cardiac function has remained stable.
An alpha-glucosidase activity assay excluded Pompe disease, and further
molecular studies excluded limb-girdle muscular dystrophy 2A (CAPN3 gene) and
dystrophinopathy (DMD gene). Further metabolic testing included serum transferrin
isoelectric focusing (TIEF), which showed a type 1 pattern. In view of the clinical
symptoms, DPM3 was sequenced, and a homozygous missense mutation Chr1GRCh38:g.155139987A>G; NM_153741.1(DPM3):c.254T>C; p.Leu85Ser was found.
The same mutation has been reported in a patient originating from the same island
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Figure 6.2. Molecular and genetic characterization of DPM3-CDG patients. (A) Immunohistochemistry of skeletal muscle biopsies. Hematoxylin and eosin (HE) staining of control
(10x) and patient (20x). Patient skeletal muscle HE staining shows atrophic muscle fibers,
increased central nuclei and a regenerating muscle fiber. VIA41 staining showing loss of
functional O-mannosyl glycans of αDG in patient skeletal muscle (10x). (B) Schematic outline
of the 92 amino acid DPM3 protein with two transmembrane domains and the C-terminal
coiled-coil domain [32]. The mutations in DPM3 of the patients are indicated [17,18].
(C) Nucleotide and amino acid conservation analysis of Leu85 (red box). (D) Dolicholphosphate-mannose (DPM) synthase activity in fibroblast lysates of DPM3-CDG patients.
Relative production of dolichol-phosphate-[14C]-mannose is expressed as a percentage of
control. Error bars present standard deviation of duplicates.

[17]. The mutation affects the C-terminal coiled-coil domain of DPM3 (Figure 6.2B),
which is essential for DPM synthase activity via interaction with the catalytic subunit
DPM1 [32]. This domain of DPM3 is strongly conserved from Homo sapiens to
Drosophila melanogaster (Figure 6.2C). A summary of the clinical and genetic data
of patient 1 and the two previously described patients is presented in Table 6.1.

Homozygous
g.155139987A>G
c.254T>C
p.Leu85Ser
10
9
Normal
Negative
1800-2680
Yes
Myopathy, multiple internal
nuclei. αDG hypoglycosylation

Increased disialotransferrin
Increased disialotransferrin
This paper

Zygosity

Nucleotide change
Chr1GRCh38
NM_153741.1

Protein change

Age at presentation (years)

Age at onset (years)

Brain imaging

Gower’s sign

Serum creatine kinase (U/L,
normal <140 U/L)

Dilated cardiomyopathy

Muscle biopsy findings

Serum transferrin IEF

Serum transferrin ESI-MS

Described in

Patient 3*
Female
Homozygous
g.155140200A>G
c41T>C
p.Leu14Pro
60
30
Normal
Positive
2732-4310
No
Mild myopathy, dystrophic
pattern, αDG hypoglycosylation.

Normal
Normal
Van den Bergh, et al. [18]

Patient 2
Female
Homozygous
g.155139987A>G
c.254T>C
p.Leu85Ser
36
11
Normal
Negative
1500-3000
Yes
Myopathy, fiber-size variation,
multiple internal nuclei, rimmed
vacuoles, fiber splitting, interstitial
fibrosis. αDG hypoglycosylation
Increased disialotransferrin
Increased disialotransferrin
Lefeber, et al. [17]

*In Van den Bergh, et al. [18] the mutation is reported as c.131T>C p.Leu44Pro, this is the position on transcript variant 1 (NM018973.3).

Female

Gender

Patient 1

Table 6.1. Clinical data summary of DPM3-CDG patients
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To confirm that the DPM3 mutation in patient 1 is pathogenic, DPM synthase activity
was assessed in patient fibroblasts and compared with control and previously
published DPM3-CDG patients. We incubated fibroblast lysates of all three patients
with isotopically labeled GDP-[14C]-mannose and measured the incorporation in
dolichol-P-[14C]-mannose. DMP synthase activity in all patient cells was reduced by
more than 70 % (Figure 6.2D). Reduction was more severe in patients 1 (12.7 %) and
2 (2.8 %) that harbor the Leu85Ser mutation in the coiled-coil domain of DPM3.

Serum transferrin is hypoglycosylated in two of the three
DPM3-CDG patients
Serum TIEF analysis of the three DPM3-CDG patients showed a type 1 pattern in
patient 1 and 2 (Figure 6.3A). Subsequent analysis of immunopurified serum transferrin
with ESI-MS confirmed a significant increase of disialotransferrin in patients 1
and 2 (respectively 30 % and 16 %, normal 4 %) (Figure 6.3B). The serum transferrin
glycosylation profile of patient P3 (disialotransferrin 3 %) was normal. Taken together,
serum transferrin is not hypoglycosylated in all three DPM3-CDG patients.

Alpha-dystroglycan and β-dystroglycan are hypoglycosylated
in DPM3 skeletal muscle
To investigate both O-glycosylation and N-glycosylation in skeletal muscle,
we performed immunoblotting of glycosylated αDG and βDG from skeletal muscle
homogenates of all three DPM3-CDG patients. IIH6 labeling was strongly reduced,
in agreement with dystroglycanopathy (Figure 6.3C). In addition, we observed that
the mobility of skeletal muscle βDG was altered in all three patients compared to
controls. We hypothesized that patient βDG is not properly N-glycosylated due to
limited availability of DPM, thereby affecting the mobility of the protein. To investigate
this, we incubated muscle lysates with PNGase F, an enzyme that cleaves the
linkages between N-Acetylglucosamine moieties of N-glycans and asparagine
residues. After PNGase F treatment, the mobility of βDG in control and patient
material was similar, showing that the difference in mobility of skeletal muscle
βDG in DPM3-CDG was due to a N-glycosylation defect (Figure 6.3D). However,
PNGase F treatment lowered the molecular weight of βDG in skeletal muscle of
patients with mutations in DPM3 even further, demonstrating that βDG is partly
N-glycosylated in DPM3-CDG. Previously, a N-glycosylation defect of βDG was
consistently found in skeletal muscle from patients carrying mutations in GMPPB
[14,33]. The findings presented above suggest the presence of more than one
N-glycan on processed βDG. Using the dystroglycan preprotein sequence, we
used the NetNGlyc tool to predict potential N-glycosylation sites in Asn-Xaa-Ser/
Thr sequons [1]. Asparagines at positions 661 and 833 on βDG were predicted to be
glycosylated (Figure 6.3E), in agreement with our findings.
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Discussion
Here, we show that patients with DPM3 deficiency have deficient O-mannosylation
of alpha-dystroglycan and reduced N-glycosylation of beta-dystroglycan in skeletal
muscle. These findings contribute to our understanding of the tissue-restricted
phenotype of DPM3-CDG and facilitate subtyping of the dystroglycanopathies.
Dolichol-phosphate-mannose (DPM) is required for both N- and O-glycosylation.
The DPM biosynthesis pathway consists of seven genes and mutations in any of
these genes have been associated with a genetic glycosylation disorder (Figure 6.1
and Table 6.2). However, the phenotypic presentations are remarkably different.
Firstly, SRD5A3-CDG patients have specific structural and functional eye defects
[7-10]. Cantagrel, et al. [7] suggested the existence of an alternative pathway for
dolichol synthesis, because residual dolichol was found in SRD5A3-deficient cells
with early truncating mutations. Thus, tissue-specific dolichol synthesis (or
polyprenol accumulations) could explain the eye phenotype of SRD5A3-CDG
patients. DOLK-CDG results in a CDG-I profile and abnormal O-mannosylation of
αDG in the heart, explaining the dilated cardiomyopathy [12]. The two DPM3-CDG

Tissue-specific symptoms in DPM disorders: insight from DPM3-CDG | 139

patients carrying the p.Leu85Ser mutation also developed dilated cardiomyopathy.
Thus, patients presenting with dilated cardiomyopathy should be screened for
DOLK and DPM3 deficiency, and vice versa. Whereas DPM3-CDG patients show
aberrant O-mannosylation of αDG in skeletal muscle and have muscular dystrophy,
there are no indications that αDG in skeletal muscle is abnormal in DOLK-CDG.
This suggests that there are alternative routes in skeletal muscle for dolichol-phosphate synthesis.
Recently, more progress has been made to understand the molecular
pathogenesis of these disorders. For PMM2-CDG, it has been proposed that LLO
degradation due to the accumulation of mannose 6-phosphate causes the N-glycosylation defect, rather than a limited synthesis of DPM [34,35], potentially
explaining the different phenotypes between PMM2-CDG and GMPPB deficiency.
Of the DPM synthesis disorders, GMPPB deficiency, DPM1-CDG, DPM2-CDG and
DPM3-CDG are all associated with muscular dystrophy caused by aberrant O-mannosylation of skeletal muscle αDG [16,17,27,29]. One of the three DPM3-CDG
patients had normal serum transferrin glycosylation and a relatively mild phenotype
without cardiomyopathy, with the first myopathic changes detected at 30 years of
age [18]. The p.Leu14Pro mutation of this patient is located in the first transmembrane
domain on the N-terminal side, which has been considered not to be essential for
DPM synthase activity and is not responsible for the interaction with the catalytic
subunit DPM1 [32]. In line with the late-onset of the disease, the mild clinical
phenotype and the location of the mutation, we found there was high residual
activity of DPM synthase (30 %), showing that relatively mild mutations in DPM3 can
eventually lead to disease.

Table 6.2. Summary of tissue-specific N-glycosylation and O-glycosylation
defects in DPM synthesis disorders
N-glycosylation
CDG

O-glycosylation

Liver

Skeletal muscle

Skeletal muscle

Heart

SRD5A3-CDG

+

NA

NA

NA

DOLK-CDG

+

NA

NA

+

DPM1-CDG

+

NA

+

NA

DPM2-CDG

+

NA

+

NA

DPM3-CDG

+/-

+

+

NA

PMM2-CDG

+

NA

NA

NA

GMPPB-CDG

-

+

+

NA

+ Affected, - Not affected, +/- Affected in some patients, NA: Not assessed.
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As in DPM3-CDG patient P3, patients with GMPPB-related dystroglycanopathy have
normal N-glycosylation of transferrin, and share the muscular dystrophy phenotype
due to abnormal O-mannosylation of skeletal muscle αDG. This suggests that αDG
glycosylation is more sensitive to mutations in DPM synthesis, and only more severe
mutations affect the N-glycosylation of serum transferrin, or lead to structural brain
abnormalities as reported in DPM1-CDG and DPM2-CDG patients [24,25,27-29]. As
the availability of DPM is very important for the O-mannosylation of αDG, it is highly
likely that more severe mutations in DPM3 will also cause brain abnormalities as
have been reported in DPM1-CDG, DPM2-CDG and other dystroglycanopathies.
Recently, defective N-glycosylation of skeletal muscle βDG was reported as a
specific marker for GMPPB deficiency, but the N-glycosylation of βDG in other
DPM synthesis defects has remained unassessed [14,33]. Here, we found the same
shift of βDG in all three DPM3-CDG patients. Sarkozy, et al. [33] did not observe this
shift in dystroglycanopathy patients with mutations in POMT1, POMT2, POMGNT1,
B3GALNT2 and FKTN, which encode glycosyltransferases. These glycosyltransferases synthesize the O-mannosyl glycans on αDG, and are thus not expected to
affect N-glycosylation. Taken together, we suggest that hypoglycosylated βDG in
combination with hypoglycosylated αDG is indicative for a defect in the DPM
biosynthesis pathway. We expect that the mobility of skeletal muscle βDG is also
affected in patients carrying mutations in other DPM biosynthesis genes.
Experiments in Chinese Hamster Ovary (CHO) cells treated with the N-glycosylation inhibitor tunicamycin suggested that N-glycosylation is required for a correct
localization of αDG and βDG [36] and further investigations are required to explore
the clinical implications of the N-glycosylation defect of βDG.
In our study, we found an additional mobility shift of βDG after we treated
DPM3-CDG muscle samples with PNGase F, suggesting more than one N-glycosylation site on βDG. Ibraghimov-Beskrovnaya, et al. [37] predicted that βDG has
three potential N-glycosylation sites. However, two of these sites reside before
residues 653/654 where the preprotein is autolytically cleaved into αDG and βDG
[2,3]. Using the NetNGlyc tool, we found position 661 and 833 as potential N-glycosylation sites. However, position 833 resides in the C-terminus of βDG predicted
to be oriented towards the cytosol, and is therefore not expected to be
N-glycosylated. Further glycoproteomic studies can shed light on why only a single
N-glycan is lost when DPM pools are limited, thus providing new insights into the
N-glycosylation machinery.
In conclusion, DPM3-CDG and GMPPB deficiency are characterized by both
N-glycosylation and O-glycosylation defects of skeletal muscle dystroglycan,
whereas serum transferrin N-glycosylation is not necessarily affected. Deficient
O-mannosylation of αDG mostly determines the patients’ phenotype, but N-glycosylation defects of other skeletal muscle glycoproteins could contribute to the
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clinical outcome. Future studies are required to complete our understanding of the
pathophysiology of DPM synthesis disorders.
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Abstract
Congenital Disorders of Glycosylation type I (CDG-I) are inborn errors of
metabolism, generally characterized by multisystem clinical manifestations,
including developmental delay, hepatopathy, hypotonia, and skin, skeletal and
neurological abnormalities. Among others, dolichol-phosphate-mannose (DPM) is
the mannose donor for N-glycosylation as well as O-mannosylation. DOLK-CDG,
DPM1-CDG, DPM2-CDG, and DPM3-CDG are defects in the DPM synthesis
showing both CDG-I abnormalities and reduced O-mannosylation of alpha-dystroglycan (αDG), which leads to muscular dystrophy-dystroglycanopathy. MPDU1
plays a role in the utilization of DPM. Here, we report two MPDU1-CDG patients
without skin involvement, but with massive dilatation of the biliary duct system and
dystroglycanopathy characteristics including hypotonia, elevated creatine kinase,
dilated cardiomyopathy, buphthalmos and congenital glaucoma. Biochemical
analyses revealed elevated disialotransferrin in serum, and analyses in fibroblasts
showed shortened LLOs and DPM, and reduced O-mannosylation of αDG. Thus,
MPDU1-CDG can be added to the list of disorders with overlapping biochemical
and clinical abnormalities of CDG-I and dystroglycanopathy.
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Introduction
The Congenital Disorders of Glycosylation (CDG) are inborn errors of metabolism
with a great genetic heterogeneity. CDG-I defects are located in the assembly of
the lipid linked oligosaccharide (LLO) glucose3mannose9N-acetylglucosamine2PP-dolichol (Glc3Man9GlcNAc2-PP-Dol) or the transfer of its oligosaccharide to
proteins in the Endoplasmic Reticulum (ER). CDG-I leads to multiorgan phenotypes,
including disorders of the brain and neuromuscular system, hepatopathy, skin, and
skeletal abnormalities [1].
Genetic defects in the biosynthesis of dolichol-phosphate-mannose (DPM)
(NUS1-CDG, DHDDS-CDG, PMM2-CDG, SRD5A3-CDG, DOLK-CDG, DPM1-CDG,
DPM2-CDG, DPM3-CDG) lead to CDG-I profiles of transferrin. However, the clinical
phenotypes associated with these defects are very different, which is partly
explained by that DPM is required for N-glycosylation, O-mannosylation, C-mannosylation and GPI-anchor synthesis. In DOLK-CDG, DPM1-CDG, DPM2-CDG, and
DPM3-CDG, biochemical and phenotypic abnormalities overlap with CDG-I and
muscular dystrophy-dystroglycanopathy, which is caused by reduced O-mannosylation of alpha-dystroglycan (αDG) [2-5].
MPDU1 (mannose-phosphate-dolichol utilization defect 1) is involved in the
flipping of DPM and dolichol-phosphate-glucose (DPG) across the ER membrane
and for efficient use of DPM and DPG within the ER lumen [6,7]. MPDU1-CDG
patients have CDG-I with epilepsy, psychomotor retardation and skin abnormalities
[7-9]. Here, we describe two siblings with a G73E substitution in MPDU1 without
skin involvement, but with dilatation of the biliary ducts and dystroglycanopathy
symptoms including elevated creatine kinase (CK), dilated cardiomyopathy (DCM),
buphthalmos and glaucoma.

Materials and methods
Subjects
Plasma and fibroblasts were obtained for CDG diagnostics in the Radboudumc
Expertise Center for Disorders of Glycosylation in accordance with the Declaration
of Helsinki. Informed consent was obtained from patients or their legal representatives. Written informed consent was obtained for inclusion of facial images.

CDG diagnostics
Serum transferrin isoelectric focusing (TIEF) and electrospray ionization mass
spectrometry (ESI-MS) were performed as described [10-12]. Whole exome
sequencing (WES), High-performance liquid chromatography (HPLC) and thin-layer
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chromatography (TLC) of LLOs and DPM were performed as described elsewhere
[13,14].

Immunoblotting and laminin overlay assay
Fibroblasts were cultured in DMEM (Lonza) with 10 % Fetal Bovine Serum (FBS,
Gibco) and 1 % Penicillin-Streptomycin (PS, Gibco). Fibroblast lysates were enriched
for glycoproteins using agarose-conjugated wheat germ agglutinin (WGA, Sigma).
Proteins were loaded on 10 % polyacrylamide gels and transferred to nitrocellulose
membranes by western blotting. Membranes were used for laminin overlay (LO)
[4,15] or incubated with primary antibodies against glycosylated αDG (IIH6C4,
1:2500, Merck 05-593), the dystroglycan core-protein (DAG1, 1:333, Genetex) or
βDG (1:250, Novacastra) and with HRP-conjugated polyclonal goat anti-rabbit or
goat anti-mouse antibodies (1:5000, DAKO).

Results
Clinical description
The two patients are brother and sister from Iraqi origin. They were the third and
fourth child of consanguineous parents (first cousins), and had two healthy sisters
(Figure 7.1A). Table 7.1 summarizes the clinical features of these two patients and
four previously reported MPDU1-CDG patients [7-9].

Patient 1
Patient P1, a girl, was born spontaneously in the 37th gestational week after an
uneventful pregnancy. At birth, her length was 43 cm (SDS -2.08), weight 2390 g
(SDS -0.81) and head circumference 32 cm. Because of postnatal apneas and
bradycardias with deep desaturations, followed by respiratory failure, she was
resuscitated and referred to the neonatal intensive care unit. Slight dysmorphic
features were noted including a smooth philtrum, retrognathia, low-set, posteriorrotated ears and hypertelorism with megalocorneae (Figure 7.1B).
At the age of two months, P1 showed tonic-clonic seizures with multi-focal
sharp waves on electro-encephalography (EEG). Brain magnetic resonance imaging
(MRI) revealed enlarged outer fronto-temporo-parietal cerebrospinal fluid spaces.
Abdominal sonography as well as magnetic resonance cholangiopancreatography
showed a vast dilatation of the intrahepatic biliary ducts, especially within the left
lobe of the liver (Figure 7.1C). There were no further signs of biliary duct obstruction
or liver enlargement. Initially, kidney sonography showed enhanced echogenicity
of the marrow pyramids without corresponding MRI abnormalities. However, at the
age of seven weeks, small renal cysts were suspected in an ultrasound scan.
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Initially, electrocardiography and echocardiography were normal, except for a mild
temporary pulmonary hypertension. At the age of three months, the patient evolved
DCM with low output and a shortening fraction of at least 9 %.
The megalocorneae possessed a diameter of 13 mm (normal in newborn = 9.5
mm). Further ophthalmologic examination revealed a buphthalmos with congenital
glaucoma. The eye lenses were slightly cloudy and pupillary iris showed pigment
epithelial cysts. A sensorineural hearing loss was identified with brainstem evoked
response audiometry (BERA) evaluation. There were no abnormalities of the skin.
Blood creatine kinase (CK) levels were elevated up to 3090 U/L without substantial
elevation of aspartate amino transferases (ASAT, maximal 175 U/L) and alanine
amino transferases (ALAT, maximal 163 U/L), biochemical signs of cholestasis or
icterus. There was a marked congenital thrombocytopenia (minimal 45,000
platelets per µL), a slightly decreased fibrinogen (minimal 96 mg/dL) and a
non-measurable antithrombin III (ATIII, <20 %).
Prometaphase karyotype analysis showed a normal female karyotype (46,XX)
and a normal array-comparative genomic hybridization (array-CGH) without any
microdeletion or duplication. Congenital Toxoplasmosis, Other (syphilis, varicellazoster, parvovirus B19), Rubella, Cytomegalovirus (CMV), and Herpes (TORCH)
infections, peroxisomal diseases as well as mucopolysaccharidoses were ruled out
by serology and metabolic screening. The serum amino acids, acylcarnitine profile,
very long chain fatty acids, 7-dehydrocholesterol and urine organic acids were
normal. In view of the clinical symptoms of multiorgan involvement with seizures,
cardiomyopathy, eye and liver abnormalities as well as thrombocytopenia and ATIII
deficiency, a CDG was suspected and TIEF and ESI-MS of serum transferrin were
performed. These revealed reduced tetrasialotransferrin, with increased asialo- and
disialotransferrin indicative of a CDG-I (Figure 7.1D,E).
In her short life, the patient did not exhibit any psychomotor development, and
had to be fed parenterally or by a gastric tube. The clinical course was complicated
by an increasing frequency and severity of seizures with epileptic apneas followed
by respiratory insufficiency. Congestive heart failure as a consequence of the DCM
led to the termination of therapeutic interventions, and she died at the age of nearly
four months.

Patient 2
This patient exhibited nearly the same clinical features and course as his affected
sister (P1). He was born premature per cesarean section in the 31st gestational week
because of a rupture of the placental membrane and uterine bleeding. His birth
length was 38 cm (SDS -0,38), his weight was 1420 g (SDS -0.09) and he had a head
circumference of 28 cm. He showed a smooth philtrum, retrognathia, and low-set,
posterior-rotated ears. He had hypertelorism with prominent appearing eyes with
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enlarged and cloudy corneae (Figure 7.1F). Musculature was slightly hypotonic, but
otherwise the child appeared to be normal and without skin-abnormalities, except
a micropenis. After birth, he was cyanotic, breathless and without muscular tonus,
requiring immediate cardiopulmonary resuscitation and controlled ventilation.
Echocardiography detected a dilated aorta ascendens, a transient pulmonary
hypertension and a hypertrophic cardiomyopathy (HCM) at the age of three weeks,
which developed in combination with an arterial hypertension.
At the age of six months, he had generalized seizures accompanied by desaturations,
whereas EEG showed parieto-temporo-occipital and multiregional spikes over both
hemispheres. Sonography of the brain showed no gross abnormalities. Abdominal
sonography revealed dilatation of the intrahepatic biliary duct system (Figure 7.1G).
Kidney sonography exhibited enhanced echogenicity of the marrow pyramids.
At the age of four months, he developed multiple small cysts subcapsular within
the renal parenchyma.
The ophthalmological examination revealed a buphthalmos with slightly opaque
corneae with a diameter of 11 mm and severe congenital glaucoma, requiring prompt
trabeculectomy intervention. The BERA showed a sensorineural hearing loss.
Chromosomal analysis showed a normal karyotype (46,XY) and an array-CGH as
well as TORCH serology were normal. He also exhibited thrombocytopenia (minimal
13,000 platelets per µL), elevated CK levels (up to 905 U/L), and low ATIII (maximal 40 %),
but transaminases, fibrinogen, thyroxin-binding globulin and bilirubin were normal.
Like his sister, P2 hardly presented any psychomotor development, and had to
be fed parenterally or by a gastric tube. He showed severe apneas and bradycardias
which were not treatable, and he died at the age of eleven months from respiratory
failure.

Genetic analysis revealed a homozygous missense mutation
in MPDU1
WES revealed a homozygous missense mutation Chr17(GRCh38): g.7585994G>A;
NM_004870.3(MPDU1): c.218G>A; p.(G73E) in both patients. This mutation has been
reported in two other MPDU1-CDG patients [7,9]. WES was also performed of the
patients’ healthy sisters and parents and confirmed parental segregation of the
mutation (Figure 7.1A).

Biochemical analysis revealed elevated LLO intermediates, dolicholphosphate-mannose, and reduced O-mannosylation of αDG
Next, we analyzed the LLO composition in fibroblasts from patient 1. Cells were
incubated with [2-3H]mannose and [3H]oligosaccharides were extracted and analyzed
using HPLC. Increased levels of dolichol-linked Man5GlcNAc2 and Man9GlcNAc2
accompanied by reduced amounts of Glc3Man9GlcNAc2 were detected (Figure 7.2A)
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Figure 7.1. Family pedigree and clinical images of affected patients. (A) Family pedigree of
MPDU1 patients (P1=patient 1, P2=patient 2). (B) Front and side facial view of patient 1.
(C) Abdominal sonography (left), magnetic resonance imaging (middle) and 3D image from
magnetic resonance cholangiopancreatography (right) of patient 1 showing a vast dilatation
of the complete intrahepatic biliary duct system. (D) Serum transferrin isoelectric focusing
(TIEF) analysis of P1, her parents and two healthy sisters. (E) ESI-MS of serum transferrin.
Disialotransferrin levels are expressed as a percentage of tetrasialotransferrin. (F) Front and
side facial view of patient 2 at 4 months of age. (G) Abdominal sonography of patient 2,
showing dilatation of the intrahepatic biliary duct.
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Table 7.1. Clinical and laboratory data of the two presented patients
and the patients from the literature
Patient

Patient 1

Patient 2

Patient Girl

Described in
Sex
Zygosity

This paper
Female
Homozygous

This paper
Male
Homozygous

Thiel, et al. [9]
Female
Homozygous

Nucleotide change
Chr17[GRCh38]
NM_004870.3

g.7585994G>A
c.218G>A

g.7585994G>A
c.218G>A

g.7585994G>A
c.218G>A

Protein change

p.G73E

p.G73E

p.G73E

Affected exon(s)
Parental consanguinity
Family

3
+
Two healthy older
sisters

3
+
Brother of patient
1, two healthy older
sisters

Pregnancy (weeks)

36+2 weeks

3
+
Healthy older sister
and twin brother,
older brother
showed similar
disease and died in
the neonatal period
30+5 weeks

Birth weight (g)
Perinatal problems

2,390
Apneas and
bradycardias,
respiratory failure
Smooth philtrum,
retrognathia, low-set,
posterior-rotated ears,
hypertelorism

Psychomotor
development

Absent

30+4 weeks
placental hypertrophy
1,420
Cyanotic, breathless,
hypotonia, respiratory
failure
Smooth philtrum,
retrognathia, lowset, posterior-rotated
ears, hypertelorism,
micropenis
Absent

Feeding problems

Dysphagia

Dysphagia

Dysphagia

Hypotonia
Seizures

+
Seizures with apneas

+
No

Electroencephalogram

Multi-focal sharp
waves

+
Seizures with apneas,
hypertonic attacks
Parieto-temporooccipital and
multiregional spikes

Dysmorphology

2,370
Hypotonia,
insufficient
breathing,
Hypertelorism,
broad-based nose,
thin lips.

Absent

Generalized
background slowing
in the theta and
delta frequency
ranges but no
epileptiform activity.
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Patient S

Patient L

Patient A

Patient Boy

Schenk, et al. [7]
Male
Homozygous

Schenk, et al. [7]
Female
Compound
heterozygous

Schenk, et al. [7]
Male
Homozygous

Kranz, et al. [8]
Male
Homozygous

g.7585994G>A
c.218G>A

g.7583864T>C
c.2T>C
g.7587164del
c.511delC
p.M1T (loss of start
codon)
p.L171Sfs*42
1 and 6
no
Brother died at 2
months with similar
disease

g.7586745T>C
c.356T>C

g.7585997T>C
c.221T>C

p.L119P

p.L74S

4
+
Normal

3
no
n.a

37 weeks

40 weeks

40 weeks

39 weeks

2,485
Hypotonia, seizures

3,200
Hypertonia

3,200
No

2,770
Hypotonia

Large anterior fontanel, No
bilateral parietal
bossing, thin lips

No

Contractures

Absent

Severe retardation

Severe retardation

From 4 months

No

No

+++
Severe, with apnea

No
Hypertonic attacks in
infancy

Hypsarrhythmia

Abnormal β-activity

+
Generalized febrile
seizures at 15 months
Generalized
dysrhythmia

Ataxia, profound
psychomotor
retardation, unable to
communicate
Deceased food intake,
abdominal pain, and
frequent vomiting
+
Seizures at 5 months

p.G73E

3
+
Normal

Hypersynchronic
activity
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Table 7.1. Continued
Patient

Patient 1

Patient 2

Patient Girl

Magnetic resonance
imaging
of the head

Enlarged
subarachnoid space

n.a.

No abnormalities

Tendon reflexes
Nerve conduction velocity
Ophthalmoscopy

Normal
n.a.
Buphthalmos with
congenital glaucoma,
pupillary iris pigment
epithelial cysts
BERA: pathological

Normal
n.a.
Buphthalmos with
severe congenital
glaucoma

n.a.
n.a.
n.a.

BERA: pathological

n.a.

No

No

Somatic development

At 4 months
W: 4 kg

At 9 months
W: 5.6 kg

Small hands with
scleroderma-like
consistency and loss
of dermatoglyphic
patterns, ichthyosis
n.a.

Other clinical features

Apneas with
desaturations,
respiratory
insufficiency,
death at 4 months
Enhanced
echogenicity of the
marrow pyramids,
small renal cysts
Massive dilatation of
the biliary duct system
Postpartual
pulmonary
hypertension,
later dilated
cardiomyopathy
Normal
ThrombocytopeniaCK
elevated, fibrinogen
low, ATIII not
measurable

Apneas with
desaturations,
respiratory
insufficiency,
death at 11 months
Enhanced
echogenicity of the
marrow pyramids, small
renal cysts
Massive dilatation of
the biliary duct system
Dilated aorta
ascendens,
hypertrophic
cardiomyopathy,
arterial hypertension
Normal
Thrombocytopenia CK
elevated, ATIII low

Visual and acoustic
responses
Skin disorder

Other organ features

Serum transaminases
Other laboratory
abnormalities

n.a. = not available. BERA: brainstem evoked response audiometry, CK=creatine kinase.
ATIII: antithrombin III, IGF-I: insulin-like growth factor

>1.5 months:
microcephaly.
Apneas, cyanosis,
oxygen dependency,
death at 6 months
Initial ECG:
Moderate focal
hypertrophy of
the basal interventricular septum
but no cardiac
malformations.
ECG at 3 months:
severe noncompaction
cardiomyopathy
n.a.
CK elevated
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Patient S

Patient L

Patient A

Patient Boy

Normal myelination,
enlarged subarachnoid
space, enlarged
ventricles
Normal
Normal
Optic atrophy

Normal myelination

Normal myelination,
enlarged frontal spaces

General cerebral
atrophy

Normal
Normal
Pale papillae

Normal
Normal
Normal

Absent

Normal

Normal

Deneralized patchy
desquamation

Ichthyosis

Transient eczema

Normal
n.a.
Nystagmus,
amaurosis, strabismus
morphology of the
retina normal
Amaurosis, BERA
normal
Dry, transient
hyperkeratotic
and scaling with
erythroderma

At 4 months
W: P3–1.1 kg
HC: P3–2 cm

At 16 years
W: P3
H: P3–16 cm
HC: P3
normal pubertal
development
n.a.

At 10 years
W: P97
H: P10–25
HC: P75–97

Dystrophy with W, H
and HC below P3

n.a.

n.a.

No weight gain,
oxygen dependency,
ascites, death at 10
months

7

Mild pericardial
effusion
bilateral small cortical
renal cysts

n.a.

n.a.

n.a.

Normal
Mild persistent
thrombocytopenia,
periodic elevation of
CK

Normal
Transient deficiency of
growth hormone and
IGF-I

Normal
No

Normal
Slightly reduced ATIII
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Figure 7.2. CDG diagnostics and biochemical analyses of MPDU1-CDG P1. (A) HPLC analysis
of LLO from fibroblasts of patient 1 (P1) and a control revealed the accumulation of the
shortened dolichol-linked oligosaccharides Man5GlcNAc2 and Man9GlcNAc2. (B) Thin layer
chromatography (TLC) analysis of hydrophobic LLO extracts further revealed that dolicholphosphate-mannose (Dol-P-Man) is synthesized in patient 1 fibroblasts. (C) Analysis of
O-mannosylated αDG in P1 and control fibroblasts. IIH6 and laminin (laminin overlay, LO) only bind
to fully functional O-mannosyl glycans of αDG. DAG1 binds to the core of the dystroglycan
protein, showing expression of αDG and βDG proteins.

which indicated shortage of DPM and DPG in the ER lumen. Since TLC analysis
further showed that DPM is synthesized in the patient´s fibroblasts (Figure 7.2B),
a lack of transport of DPM from the cytosol into the ER can be assumed.
Subsequently, we analyzed the O-mannosylation of αDG in fibroblasts of patient P1
by IIH6 immunolabeling and a laminin overlay (LO) assay. We found that the signals
for both IIH6 and LO were reduced in patient fibroblasts as compared to the signal
of control fibroblasts (Figure 7.2C), suggesting reduced glycosylation of αDG.
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Discussion
Here we describe two patients with mutations in MPDU1, causing MPDU1-CDG
(CDG-1f) with overlapping symptoms of CDG-I and dystroglycanopathy. MPDU1-CDG
is the fifth disorder related to DPM biosynthesis or utilization that bridges CDG-I and
the O-mannosylation disorders.
So far, seven MPDU1-CDG patients have been described. All patients showed
psychomotor retardation and most patients had hypotonia, facial dysmorphism,
eye defects, apnea and skin abnormalities such as ichthyosis [7-9]. Including the
two patients described here, four patients have been described with the same
G73E substitution [7,9]. Hypertelorism, dysphagia, small renal cysts, thrombocytopenia, cardiomyopathy and respiratory problems characterized these patients,
whereas these symptoms were not reported in the other three MPDU1-CDG
patients. In addition, all G73E patients died at an early age (<11 months), whereas
the other MPDU1-CDG patients at least reached their teenage years. Taken together,
this suggests that the G73E substitution affects MPDU1 function more severely, and
the additional clinical features can aid in the prediction of the disease progression
when new MPDU1-CDG patients are identified.
The two patients described here shared the following abnormalities: massive
dilatation of the intrahepatic biliary duct system, small renal cysts, buphthalmos
with glaucoma, DCM, thrombocytopenia, elevated CK and low ATIII. MPDU1 has
been associated with the flipping of DPM over the ER membrane and thereby is
part of the DPM biosynthesis defects [6]. DPM is required for multiple glycosylation
pathways. Thus, different symptoms can be caused by dysfunction of different
glycosylation pathways. Buphthalmos, glaucoma, DCM and elevated CK are clinical
features that overlap with the disease spectrum of the dystroglycanopathies.
Buphthalmos has so far not been described in any of the other DPM disorders, but
is associated with Walker-Warburg syndrome (WWS) and muscle-eye-brain disease
(MEB), which are severe variants of dystroglycanopathy [16]. Glaucoma is a common
feature of WWS and MEB, and has also been reported in SRD5A3-CDG [16,17]. DCM
is an important clinical feature in DOLK-CDG and DPM3-CDG [3,4,18], and has
been reported in FKRP and FKTN dystroglycanopathy patients [19,20]. In DOLK-CDG,
DCM has been related to abnormal O-mannosylation of heart αDG, suggesting
that this could also be the cardiac pathomechanism MPDU1-CDG. In line with the
clinical symptoms overlapping with dystroglycanopathies, we showed reduced
O-mannosylation of αDG in patient fibroblasts.
In addition, we reported biliary duct abnormalities and renal cysts in our
MPDU1-CDG patients. Biliary duct abnormalities have also been observed in
patients with mutations in MPI, which interconverts fructose 6-phosphate to
mannose 6-phosphate [21]. Sabry, et al. [22] reported a DHDDS-CDG patient with
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dilations of the biliary duct and renal failure, and Schenk, et al. [7] reported renal
cysts in a MPDU1-CDG patient with the same G73E substitution. Biliary duct
abnormalities and renal cysts are clinical symptoms associated with Caroli syndrome.
In some cases, this syndrome has been associated with PKHD1 mutations, which
are also known to cause autosomal recessive polycystic kidney disease. PKHD1
is extensively glycosylated [23], and it is tempting to speculate that abnormal
glycosylation of PKHD1 causes the biliary duct abnormalities and renal cysts.
In summary, we reported on two newly identified MPDU1-CDG patients and
showed reduced N-glycosylation and O-mannosylation in patient material.
Together with the muscular, eye and heart abnormalities, this adds MPDU1-CDG to
the list of DPM disorders causing biochemical and clinical abnormalities overlapping
CDG-I and dystroglycanopathy. Identification of additional patients with defects in
DPM availability, and extensive O-mannosylation and N-glycosylation analysis of
patient material is required to further increase our understanding of the pathophysiology of the DPM disorders.
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Introduction
The O-mannosylation of alpha-dystroglycan (αDG) is essential for the establishment
of connections between cells and the extracellular matrix. Defects in this
connection cause muscular dystrophy-dystroglycanopathy (MDDG) syndromes.
This group of disorders is characterized by muscular dystrophy and severe brain
and eye abnormalities. Primary dystroglycanopathy is caused by mutations in DAG1,
the gene encoding the dystroglycan protein. More often, dystroglycanopathy is
caused by mutations in the genes encoding the glycosyltransferases that glycosylate
αDG, known as secondary dystroglycanopathies. A third group, the tertiary dystroglycanopathies, are caused by mutations in genes involved in the sugar supply
pathways essential for the functional O-mannosylation of αDG. The studies presented
in this thesis provide important insights into the tertiary dystroglycanopathies.
In Part I: Discovery of the CDP-ribitol biosynthesis pathway, we have demonstrated
the presence of CDP-ribitol and ribitol 5-phosphate (Rbo5P) in human primary cells
and tissues for the first time. We unraveled the biosynthesis pathway of these
compounds and identified aldose reductase AKR1B1 as an important enzyme in this
pathway. We found that both ribose and ribitol supplementation can restore CDPribitol levels and the O-mannosylation of αDG in ISPD-deficient cells. Moreover, we
showed that CDP-ribitol analysis in blood cells is a promising tool to facilitate
diagnosis and treatment monitoring for ISPD dystroglycanopathy, paving the way
for future clinical trials. Next, we unraveled another piece of the puzzle and showed
that ribitol supplementation restored the O-mannosylation in cells with mutations
in SLC35A1, the CMP-sialic acid transporter, supporting our hypothesis that SLC35A1
is involved in CDP-ribitol transport. In Part II: Tissue-specific effects of dolicholphosphate-mannose disorders, we provided novel insights in tissue-specific glyco sylation defects in the dolichol-phosphate-mannose (DPM) synthesis pathway
disorders by investigating N-glycosylation and O-glycosylation in MPDU1-CDG and
DPM3- CDG. In this chapter, we will discuss our findings and their implications for the
pathophysiology, diagnostics and treatment opportunities of the dystroglycanopathies.

Pathophysiology of tertiary dystroglycanopathies
CDP-ribitol and ribitol 5-phosphate synthesis
The first dystroglycanopathy patients with mutations in ISPD were described in
2012 [1-3]. ISPD patients varying clinical severities from relatively mild limb-girdle
muscular dystrophy (LGMD) to Walker-Warburg syndrome (WWS) characterized by
severe muscular dystrophy with brain and eye abnormalities [1-9]. Additionally, ISPD
was identified as an essential gene for the synthesis of functional O-mannosyl
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glycans on αDG by a Lassa virus entry screen [10]. Nevertheless, the role of ISPD in
O-mannosylation remained unclear for another two years. IspD (or YgbP) in
prokaryotes forms 4-diphosphocytidyl-2-C-methylerythritol (CDP-ME) from
2-C-methyl-D-erythritol 4-phosphate (MEP) and cytidine triphosphate (CTP), in the
non-mevalonate or MEP pathway, which forms the isoprenoid precursors
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) [11].
However, this pathway is only present in gram-negative bacteria, plants and some
gram-positive bacteria [12], but not in human. The structural homolog TarI in
gram-positive bacteria such as Streptococcus pneumoniae, Staphylococcus aureus
and Bacillus subtilis is a cytidyltransferase that forms CDP-ribitol, which is used in
the formation of polysaccharides in bacterial cell wall teichoic acids [13]. In 2015, a
role for ISPD in isoprenoid synthesis was excluded, and in vitro assays revealed
Rbo5P as its preferred substrate, forming CDP-ribitol [14]. Nevertheless, further
studies were required to investigate if CDP-ribitol was also the in vivo product of
ISPD, and if so, how Rbo5P was synthesized.
In Chapter 3, we showed that CDP-ribitol occurs in many different mammalian
cell types and tissues that, together with the identification of Rbo5P in mammalian
cells (Chapter 4 and Cataldi et al 2018), verified the in vivo function of ISPD as a
Rbo5P cytidyltransferase. As a consequence, ISPD has recently been renamed to
CDP-ribitol pyrophosphorylase A (CRPPA) [16]. When these projects were ongoing,
FKTN and FKRP were identified as Rbo5P transferases, using CDP-ribitol in the
Golgi to add two subsequent Rbo5P moieties onto core M3 glycans of αDG [17-19].
With the identification of TMEM5 (RXYLT1) as a beta1,4-xylosyltransferase adding
xylose on the most distal Rbo5P, the complete structure of the core M3 O-mannosyl
glycans on αDG was solved [18-20]. However, nano-LC-MS/MS analysis of
recombinant αDG from HEK293T revealed alternative structures, containing
glycerol phosphate (GroP) moieties [21]. FKTN and FKRP were found to transfer
GroP from CDP-Gro (CDP-1-Gro or CDP-3-Gro) in vitro, although less efficiently
than Rbo5P [22]. Furthermore, the Gro3P moiety was found to prevent further
elongation to complete functional O-mannosyl glycans [22]. Thus, CDP-Gro
inhibited the transfer of Rbo5P from CDP-ribitol. Interestingly, GroP is also present
in the wall teichoic acids of bacteria, just like Rbo5P. Whether CDP-glycerol
regulates functional O-mannosyl glycan synthesis in vivo, and how CDP-glycerol is
synthesized in mammalian cells are questions to be answered in future research.
In Chapter 4, we discussed possible biosynthesis pathways for Rbo5P,
the substrate of ISPD. We hypothesized that Rbo5P is synthesized by reduction of
ribulose 5P, as seen in bacteria [13]. We found that 80 % of CDP-ribitol in fibroblasts
was labeled after 24 hours of incubation with 13C6 -glucose. Labeled glucose was
quickly metabolized to 13C6 -glucose 6P (G6P), and entered the oxidative pentose
phosphate pathway (PPP) and was converted to 13C5 -pentose phosphates in the
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non-oxidative PPP. Thus, we concluded that the major contribution to CDP-ribitol
synthesis is through the PPP.
In addition, we showed that aldose reductase AKR1B1 plays an important role
in Rbo5P synthesis. Knockout of AKR1B1 resulted in a striking 80 % decrease of
Rbo5P and CDP-ribitol levels, accompanied with reduced functional O-mannosylation of αDG. It should be noted, however, that HAP1 cells are cultured in supraphysiological levels of glucose (25 mM), and a relation between high glucose and
increased AKR1B1 expression has been described [23,24]. Thus, the fraction of
Rbo5P and CDP-ribitol to which AKR1B1 contributes might be higher in HAP1 cells
than other cell types and tissues. HAP1 cells do not survive long in physiological
concentrations of glucose (5.5 mM) and studies in genetically modified fibroblasts
or other cell lines cultured with physiological concentrations of glucose can provide
estimates that are more accurate.
There are multiple possible pathways for the synthesis of Rbo5P from PPP
intermediates via AKR1B1 (Figure 8.1). Firstly, ribulose 5P or ribose 5P could be
reduced to Rbo5P by AKR1B1 (Figure 8.1, green arrows). However, it is not known if
mammalian AKR1B1 can reduce pentose phosphates, and only one study has
addressed pentose phosphate reduction by AKR1B1 in the red algae Galdieria
sulphuraria [25]. The activity of red algae AKR1B1 with ribose 5P was only 10 % of the
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Figure 8.1. Potential endogenous pathways for ribitol 5-phosphate (Rbo5P) synthesis.
In Chapter 4, we have shown that Rbo5P is synthesized from pentose phosphate pathway
(PPP) intermediates. However, multiple routes are possible for Rbo5P synthesis. Route 1
(green arrows): AKR1B1 reduces ribulose 5P and/or ribose 5P to Rbo5P. Route 2 (blue arrows):
the pentose phosphates are dephosphorylated by aspecific phosphatases, and the free
pentoses are reduced to ribitol by AKR1B1. Subsequently, ribitol is phosphorylated to Rbo5P
by an unknown kinase. These two hypotheses are not mutually exclusive and could coexist
as a ‘safety-net’ for Rbo5P synthesis or to prevent accumulation of free pentoses. Multiple
enzymes in this pathway remain to be elucidated (dashed borders).
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rate with pentoses. Hence, further studies to identify if AKR1B1 or another reductase
can reduce pentose phosphates are warranted.
Secondly, pentose phosphates could first be dephosphorylated to pentoses,
which are reduced to ribitol. In turn, ribitol is then phosphorylated by a kinase to
Rbo5P (Figure 8.1, blue arrows). In support of this hypothesis, our labeling
experiments in Chapter 4 demonstrated that supplemented ribose is reduced to
ribitol by AKR1B1. However, the physiological concentrations of free pentoses in
cells are unknown, although free ribulose has been identified in HEK293 cells
cultured for 41 hours with 10 mM of ribitol [26]. So far, no specific kinase for the
phosphorylation of ribitol has been identified. FGGY, the ribulokinase, can
phosphorylate ribitol, but only when high concentrations of ribitol are induced [17].
FGGY knockdown or knockout in HEK293 and HAP1 cells, respectively, did not
reduce CDP-ribitol levels [17,26]. Another candidate for ribitol phosphorylation is
ribokinase, RBKS [27], but the role of this enzyme in Rbo5P has not been explored.
Studying FGGY knockouts, RBKS knockouts and double knockouts of these
enzymes using 13C6 -labeled glucose, 13C5 -ribose and 13C5 -ribitol could provide
important insights into this outstanding question. However, there are many more
sugar kinases in human cells and tissues, and it is possible that there are multiple
other enzymes able to phosphorylate ribitol.
The synthesis of Rbo5P by a reduction of pentose phosphates or via the
reduction of pentoses to ribitol and subsequent phosphorylation are not mutually
exclusive. A time-experiment using labeled glucose followed by analysis of labeled
pentoses and pentose phosphates could give insights into the existence of these
pathways.

SLC35A1 and CDP-ribitol transport
Nucleotide sugars are the building blocks of glycosylation, and are transported
from the cytosol to ER and Golgi apparatus for glycosylation of proteins. As discussed
above, CDP-ribitol is a mammalian nucleotide sugar (Chapter 3 and Chapter 4) but
the corresponding Golgi nucleotide sugar transporter (NST) has remained unsolved.
Many transporters of the SLC35 family transport multiple nucleotide sugar substrates
containing the same nucleotide, and SLC35A1 is the only known transporter of a
cytidine nucleotide sugar [28]. In Chapter 5, we investigated the role of SLC35A1
in CDP-ribitol transport. We found that the O-mannosylation of αDG could be
restored in SLC35A1-deficient cells by increasing the availability of CDP-ribitol
through ribitol supplementation. Moreover, the restoration of the O-mannosylation
in SLC35A1 knockout cells cultured in the presence of ribitol indicated that there is
another mechanism for CDP-ribitol transport into the Golgi apparatus. It is possible
that SLC35A1 is the main transporter of CDP-ribitol, but another, unidentified,
transporter with a lower affinity for CDP-ribitol also exists and this transporter can
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only transport sufficient CDP-ribitol for the functional O-mannosylation of αDG
when cells are treated with ribitol (Figure 8.2A). STD NMR [29] could resolve if
CDP-ribitol binds to SLC35A1, though this does not address the in vivo substrate
binding of the transporter. Ideally, one would like to perform transporter assays in
yeast vesicles expressing SLC35A1 using radiolabeled CDP-ribitol [30], but radiolabeled
CDP-ribitol is not commercially available.
Alternatively, SLC35A1 could play a more indirect role in CDP-ribitol transport,
and three different mechanisms for this can be proposed. Firstly, CDP-ribitol
transport could be limited by the availability of Golgi-luminal CMP in SLC35A1deficient cells. CDP-ribitol transporter assays using Golgi vesicles from SLC35A1deficient cells preloaded with CMP could address this hypothesis. Secondly, SLC35A1
could interact with the CDP-ribitol transporter, another SLC family member or
thirdly, SLC35A1 could interact with Rbo5P glycosyltransferases similar as described
for SLC35A2, SLC35A3 and Mgats [31] (Figure 8.2B). Although the exact mechanism
of how SLC35A1 plays a role in CDP-ribitol transport remains to be further
investigated, it is clear that a second transporter exists that is able to transport
CDP-ribitol. To identify this second transporter, a Lassa virus HAP1 knockout screen
[10] using HAP1 SLC35A1 knockout cells cultured in the presence of high
concentrations of ribitol could be performed.
So far, five patients have been identified with SLC35A1 mutations [32-35].
SLC35A1 patients were shown to have N-glycan and O-glycan deficiencies in
serum or plasma. Thus, SLC35A1-CDG is one of the glycosylation disorders that
affects multiple glycosylation pathways. With the exception of the patient described
by Ng, et al. [34], all patients showed macrothrombocytopenia, which has been
associated with the hyposialylation of thrombocytes [32]. Macrothrombocytopenia
has also been associated with GNE deficiency, a defect in sialic acid synthesis
[36-38]. SLC35A1-CDG patients also presented with microcephaly, hypotonia and
seizures, clinical phenotypes which overlap with dystroglycanopathy. However, it
remains unclear if these phenotypes are linked to hyposialylation, deficient O-mannosylation of αDG, or both. Hence, future studies should address the IIH6 and
laminin-binding of model cells with different SLC35A1 mutations. When possible,
O-mannosylation analysis should also be performed in fibroblasts and skeletal
muscle tissue of SLC35A1-CDG patients. Taken together, these studies will provide
important insights into the clinical consequences of SLC35A1 deficiency, with
potential important implications for diagnostics and treatment.
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Figure 8.2. Hypotheses on how SLC35A1 is involved in the transport of CDP-ribitol. (A) SLC35A1
is the main transporter of CDP-ribitol, and another unsolved transporter with lower affinity for
CDP-ribitol mediates recovery of the O-mannosylation of αDG in the SLC35A1 knockouts
cultured in the presence of ribitol. (B) SLC35A1 does not transport CDP-ribitol, but affects the
transport or transfer of CDP-ribitol. Three different mechanisms can be proposed for this: (i)
SLC35A1 deficiency causes a lower Golgi CMP content with detrimental effects on CDP-ribitol
transport under physiological conditions. Ribitol supplementation increases CDP-ribitol
levels, and pushes the CDP-ribitol transporter to work as an uniporter (‘leaky’ transporter)
[39,40]. (ii) SLC35A1 directly interacts with the CDP-ribitol transporter in the Golgi membrane.
Activity of this transporter is therefore lower, but increased CDP-ribitol levels cause sufficient
transport. (iii) SLC35A1 forms a multiprotein complex with the glycosyltransferases FKTN and/
or FKRP. When this complex is absent, FKTN and/or FKRP activity is lower, although the
CDP-ribitol transporter is present. Ribitol supplementation causes elevated CDP-ribitol, and
more CDP-ribitol is transported into the Golgi by the transporter. Thus, more substrate is
available for FKTN and/or FKRP, resulting in restoration of the O-mannosylation. Rbo=ribitol,
Sia=Sialic acid (Neu5Ac), NMP=Nucleotide monophosphate, NXP-sugar=Nucleotide sugar,
NST=Nucleotide sugar transporter, P=Phosphate, O-man=O-mannosylation, αDG=alphadystroglycan.

Tissue-specific pathophysiology of defects in dolichol-phosphatemannose biosynthesis
Defects in the synthesis or transport of the building blocks of glycosylation, the
nucleotide sugars or dolichol-linked sugars, can affect multiple glycosylation
pathways. So far, ISPD deficiency seems to exclusively affect the O-mannosylation
of αDG. In contrast, the synthesis of DPM from cytosolic activated GDP-mannose
and ER-embedded dolichol-P is required for N-glycosylation, O-glycosylation,
C-mannosylation and GPI anchor synthesis [41-44]. Mutations in any gene involved
in DPM biosynthesis or utilization cause a N-glycosylation, O-glycosylation or
combined glycosylation defect, with different tissue-specific clinical phenotypes
(Table 6.2 and Table 8.1).
In Chapter 7, we have described two MPDU1-CDG patients with clinical
symptoms associated with CDG-I and dystroglycanopathy (buphthalmos,
glaucoma, dilated cardiomyopathy and elevated creatine kinase [CK]). In line with
these clinical features, biochemical analysis revealed a CDG-I profile of serum
transferrin and reduced O-mannosylation of fibroblast αDG in these MPDU1-CDG
patients. Hence, DOLK, DPM1, DPM2, DPM3 and MPDU1 deficiency all bridge the
CDG-I defects with the dystroglycanopathies. So far, DOLK-CDG, DPM1-CDG,
DPM2-CDG and MPDU1-CDG patients all demonstrate clinical symptoms
associated with CDG-I, but none have been reported in DPM3-CDG patients
(Chapter 6). However, it is possible that more severe mutations in DPM3 will cause
similar clinical phenotypes as observed in DPM1-CDG and DPM2-CDG. Hence,
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Table 8.1. Clinical symptoms in the DPM utilization and biosynthesis disorders
Clinical phenotype

Disorder

Ichthyosis

SRD5A3-CDG, DOLK-CDG, MPDU1-CDG

Hearing deficit

NUS1-CDG, MPDU1-CDG

Biliary duct abnormalities

DHDDS-CDG, MPDU1-CDG

Brain abnormalities

NUS1-CDG, PMM2-CDG, SRD5A3-CDG,
DPM1-CDG, DPM2-CDG, DOLK-CDG,
MPDU1-CDG

Muscular dystrophy and/or elevated CK

DPM1-CDG, DPM2-CDG, DPM3-CDG,
MPDU1-CDG, GMPPB deficiency

Dilated cardiomyopathy

DOLK-CDG, DPM3-CDG, MPDU1-CDG

Eye defects

SRD5A3-CDG, MPDU1-CDG, DPM2-CDG
MPDU1-CDG
SRD5A3-CDG, MPDU1-CDG
SRD5A3-CDG
DHDDS-CDG, NUS1-CDG, PMM2-CDG,
DPM1-CDG

Optic atrophy
Buphthalmos
Congenital glaucoma
Coloboma
Retinopathy

when a patient shows clinical symptoms of both CDG-I and dystroglycanopathy,
DPM3 mutations should not be excluded.
In Chapter 6, we have demonstrated that transferrin N-glycosylation was
abnormal in only two of three DPM3-CDG patients, but the N-glycosylation of
skeletal muscle βDG was affected in all patients. Patients with mutations in GMPPB
also have normal N-glycosylation of transferrin, but it has been reported that the
N-glycosylation of skeletal muscle βDG is affected in GMPPB deficiency [45,46].
GMPPB deficiency has also been associated with congenital myasthenic syndrome
[47-50], which has been linked with deficient N-glycosylation [51]. Taken together,
this suggests that the N-glycosylation and O-mannosylation in skeletal muscle are
more sensitive for limited DPM pools. It can therefore be expected that N-glycosylation of βDG and other muscular proteins is also affected in other DPM
biosynthesis and utilization defects and this should be addressed in future studies.
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Diagnostics of tertiary dystroglycanopathies
Nucleotide sugar levels as a diagnostic marker
In Chapter 2, we stressed that tools for gene-specific functional confirmation of
the dystroglycanopathies and other O-glycosylation defects are lacking. In Chapter 3,
we addressed the levels of CDP-ribitol in fibroblasts, skeletal muscle and blood of
ISPD myopathy patients as a diagnostic tool. Analysis in fibroblasts successfully
discerned patients with ISPD mutations from healthy donors, Functional confirmation
of ISPD myopathy is reliable when CDP-ribitol is completely absent from skeletal
muscle biopsies, but for functional confirmation of relatively mildly affected
patients, biopsies of different skeletal muscle types, different age groups and from
more LGMD patients should be investigated. The same is true for the analysis in
blood, and more samples of patients with mutations in ISPD should be assessed to
validate this analysis as a diagnostic tool. Blood samples are less invasive for patients
to obtain and validation of this method should therefore be prioritized. Another
major advantage of the use of blood samples is that these can be incubated with
ribose and ribitol to 1) confirm a lower rate of CDP-ribitol synthesis and 2) assess if
CDP-ribitol concentrations can be enhanced in individual patients. This ex vivo
blood test can be used to assess whether dietary treatment is possible for the
individual patient and can potentially be further developed to personalize the
supplemented ribitol or ribose dosage. Taken together, we developed the first tool
for dystroglycanopathies to perform a gene-specific functional confirmation.
Similarly, our method for analysis of nucleotide sugars can potentially be applied
for diagnosis and treatment monitoring of GMPPB deficiency by analysis of
GDP-mannose levels.
In Chapter 4, we studied the CMP-Neu5Ac transporter SLC35A1. Although no
clear effect on CDP-ribitol levels was detected, we did demonstrate a strong
accumulation of CMP-Neu5Ac in SLC35A1-deficient cells. Future studies should
address if this is also the case for SLC35A1-CDG patient fibroblasts or blood
samples. If so, analysis of CMP-Neu5Ac levels can contribute to the functional
confirmation of SLC35A1 mutations, especially in patients with neurological
involvement but without macrothrombocytopenia [34].

Hypoglycosylation of skeletal muscle αDG and βDG
In Chapter 6, we have shown that βDG was not properly N-glycosylated in skeletal
muscle of DPM3-CDG patients. Sarkozy, et al. [45] and Astrea, et al. [46] reported
this same shift of βDG in GMPPB deficiency. In addition, Sarkozy, et al. [45] did not
observe this hypoglycosylation in other dystroglycanopathy patients with mutations
in glycosyltransferases involved in the O-mannosylation of αDG. We reported
reduced O-mannosylation of αDG for two MPDU1-CDG patients (Chapter 7) and
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we suspect that αDG and βDG are both hypoglycosylated in this disorder as well.
Taken together, we propose the co-occurrence of reduced N-glycosylation of βDG
and O-mannosylation of αDG in skeletal muscle as a specific diagnostic marker for
DPM biosynthesis defects. Future studies are required to assess if the N-glycosylation of βDG is also affected in other tissues, or in other CDG.

Treatment opportunities
As discussed in Chapter 2, treatment development for O-glycosylation disorders,
and thus the dystroglycanopathies, has been hindered by limited availability of
biochemical tools to study glycoproteins or nucleotide sugar levels. In this thesis,
we increased our understanding of the sugar supply pathways for the O-mannosylation of alpha-dystroglycan, and have investigated the supplementation of
simple sugars to modulate the sugar supply pathway for the treatment of dystroglycanopathies (Figure 8.3).
In Chapter 3, we proposed dietary ribitol and ribose as a therapy for ISPD, FKTN
and FKRP myopathy patients. When this project was ongoing, Gerin, et al. [17]
demonstrated that the O-mannosylation of αDG in ISPD-deficient fibroblasts could
be restored when cultured in the presence of ribitol. In Chapter 3, we have shown
that ribitol supplementation increased CDP-ribitol levels in fibroblasts and blood of
ISPD myopathy patients, in concordance with the recent findings of Cataldi et al.
[15] in FKRP mutant mice treated with ribitol. Dietary ribitol restored the O-mannosylation of αDG in the FKRP mutant mice, without any adverse side-effects.
However, considering the association of polyol accumulations with diabetic
cataract [52,53], the dosage and safety of long-term ribitol supplementation should
be assessed thoroughly.
We have demonstrated that the supplementation of ribose also increased
CDP-ribitol levels in blood and fibroblasts of ISPD myopathy patients, and restored
the O-mannosylation defect in patient fibroblasts (Chapter 3). Ribose has been
safely administered to Duchenne muscular dystrophy and Type V glycogen storage
disease patients with the hypothesis of increasing ATP pools, and ribose could
therefore be considered as an alternative to ribitol supplementation [54-56].
However, care should be taken as ribose has been shown to form advanced
glycation end products (AGE) in mice with serious side-effects of cognitive
impairment and nephropathy [57-59], although levels of AGE were not increased in
a ribose-treated horses [60]. This illustrates the high importance of establishing the
metabolic route of ribose in different human cell types, and the assessment of AGE
levels in ribose-treated cells and model organisms. In addition, we showed that
most exogenous ribose was reduced to ribitol in HAP1 model cells, and negligible
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Figure 8.3. Dietary sugars can be beneficial for patients with defects in the cytosolic sugar
supply pathways for the O-mannosylation of αDG. The associated chapters in this thesis are
indicated in the white circles. The positions of supplemented mannose, ribitol or ribose
entering the sugar supply pathways are indicated. Some dietary therapies have been
successfully tested in patients (green border), mice (dark blue border) or in vitro/ex vivo (light
blue border). Mutations in specific genes are known to cause dystroglycanopathy (red boxes),
CDG-I-related symptoms (blue boxes) or both (purple boxes). *SLC35A1-CDG patients do not
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knockout cells show abnormal O-mannosylation of αDG. P=phosphate, PP=pyrophosphate,
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amounts were metabolized to ribose 5P (Chapter 4). This suggests that ribitol
treatment is probably more efficient than ribose, as this bypasses the AKR1B1dependent reduction of ribose. It should be noted, however, that ribose might
be metabolized to ribose 5P in other cell types, or when intracellular ribose
concentrations are lower [27]. With the knowledge that we have now, ribitol therapy
seems a more efficient and safer dietary therapy for ISPD, FKTN and FKRP dystroglycanopathies.
In Chapter 5, we have shown that ribitol-treated SLC35A1 mutants regained the
functional O-mannosylation of αDG. Hence, it is tempting to speculate that ribitol
supplementation to SLC35A1-CDG patients could decrease neurological or
muscular symptoms that are not related to the observed hyposialylation. However,
the underlying pathophysiological mechanisms should be resolved first to
understand the differential phenotypes of SLC35A1-CDG patients, before the
clinical efficacy of ribitol treatment in this disorder can be assessed.
So far, there are no dietary treatments available yet for the eight DPM biosynthesis
disorders (PMM2-CDG, GMPPB-CDG, SRD5A3-CDG, DOLK-CDG, DPM1-CDG,
DPM2-CDG, DPM3-CDG and MPDU1-CDG, Chapter 6 and Chapter 7). PMM2 and
GMPPB are essential for the synthesis of GDP-mannose, which, together with
dolichol-P formed by SRD5A3 and DOLK, is converted to DPM by the DPM synthase
complex. Mannose phosphate isomerase (MPI) interconverts fructose 6P to
mannose 6P, the substrate of PMM2. Alternatively, mannose 6P is formed from
mannose by hexokinase. It was found that the supplementation of mannose to
MPI-CDG patients restored the biochemical abnormalities and improved clinical
symptoms, although not all patients fully recover [61]. However, dietary mannose is
not effective in PMM2-CDG patients [61], probably because the N-glycosylation
abnormalities in PMM2-deficient cells have been associated with LLO degradation
due to the accumulation of mannose 6P [62,63]. Future studies should address if
mannose supplementation could be effective in GMPPB deficiency.
Currently, whether GDP-mannose or dolichol-P synthesis is the rate-limiting
step in the synthesis of DPM is unknown. If the synthesis of GDP-mannose is the
rate-limiting step, mannose supplementation could increase DPM levels, with
potential beneficial effects in patients with defects in the DPM synthase complex
(DPM1, DPM2 and DPM3) or MPDU1. The effect of mannose supplementation on
GDP-mannose levels and the O-mannosylation of αDG in patient fibroblasts (if
affected) should be assessed first to address the potential of mannose therapy in
the DPM biosynthesis disorders.
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Concluding remarks
In this thesis, we have underlined the relevance of detailed biochemical studies of
metabolic pathways to understand the pathophysiology of glycosylation disorders.
Our studies on CDP-ribitol biosynthesis illustrated that our understanding of human
glycobiology was, and still is, not complete, and there are probably many metabolites
and metabolic pathways in humans that remain to be discovered. Furthermore, we
linked aldose reductase AKR1B1 to glycosylation sugar supply, and this demonstrates
that enzymes with a long-known function also can play a different role in the
synthesis of sugars. For a complete understanding of the CDP-ribitol biosynthesis
pathway, future studies should focus on evaluating if Rbo5P is formed by the
reduction of pentose phosphates by AKR1B1 or by the phosphorylation of ribitol by
an unidentified kinase. We have shown that CDP-ribitol transport and the
CMP-Neu5Ac transporter SLC35A1 are linked, but the exact mechanism needs to
be elucidated to understand the pathophysiology of SLC35A1-CDG. Moreover, our
biochemical analysis of the CDP-ribitol biosynthesis pathway has direct implications
for the diagnostics and treatment of ISPD, FKRP and FKTN LGMD patients. Firstly,
the analysis of CDP-ribitol in blood samples for functional confirmation of ISPD
myopathy should be confirmed in more ISPD patient samples. Secondly, as with
each treatment, dosage and safety of long-term ribose or ribitol supplementation
in humans needs careful evaluation, and clinical trials should monitor patients
closely (e.g. hypoglycemia, AGE formation, polyol accumulations). It is tempting to
propose that aliquots of blood samples can be used in the ex vivo blood test to
adjust the dosage of dietary supplementation for ISPD myopathy. Similar
methodologies might also be applicable for other diseases linked to a shortage of
sugar donors, such as GMPPB deficiency and other DPM biosynthesis disorders.
As discussed in this thesis, the tissue-specific pathophysiology of the DPM
biosynthesis disorders remain to be further explored. However, obtaining different
tissues from patients for these evaluations necessitates invasive procedures, and
for ethical reasons, altered glycosylation in the DPM biosynthesis pathway should
be first evaluated in different model cell lines. Genetically engineered induced
pluripotent stem cells (iPSCs) and ‘organs on a chip’ are promising new model
systems to evaluate tissue-specific glycosylation defects. Knock-in of patient
mutations in these models would be highly suitable to analyze the N-glycosylation
of βDG, the O-glycosylation of αDG and the glycosylation of other proteins in
skeletal muscle, heart and brain. Finally, tight collaborations between glycobiologists and medical experts are key for translational research, the development and
evaluation of treatments, and thus for the future of CDG patients.

8

178 | Chapter 8

References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.
12.
13.
14.

15.
16.
17.

18.

Roscioli T, Kamsteeg E-J, Buysse K, Maystadt I, van Reeuwijk J, van den Elzen C, van Beusekom E,
Riemersma M, Pfundt R, Vissers LELM, et al.: Mutations in ISPD cause Walker-Warburg syndrome and
defective glycosylation of alpha-dystroglycan. Nat Genet 2012, 44:581-585.
Vuillaumier-Barrot S, Bouchet-Séraphin C, Chelbi M, Devisme L, Quentin S, Gazal S, Laquerrière A,
Fallet-Bianco C, Loget P, Odent S, et al.: Identification of mutations in TMEM5 and ISPD as a cause of
severe cobblestone lissencephaly. Am J Hum Genet 2012, 91:1135-1143.
Willer T, Lee H, Lommel M, Yoshida-Moriguchi T, de Bernabe DBV, Venzke D, Cirak S, Schachter H,
Vajsar J, Voit T, et al.: ISPD loss-of-function mutations disrupt dystroglycan O-mannosylation and
cause Walker-Warburg syndrome. Nat Genet 2012, 44:575-580.
Cirak S, Foley AR, Herrmann R, Willer T, Yau S, Stevens E, Torelli S, Brodd L, Kamynina A, Vondracek P,
et al.: ISPD gene mutations are a common cause of congenital and limb-girdle muscular dystrophies.
Brain 2013, 136:269-281.
Czeschik JC, Hehr U, Hartmann B, Ludecke HJ, Rosenbaum T, Schweiger B, Wieczorek D: 160 kb
deletion in ISPD unmasking a recessive mutation in a patient with Walker-Warburg syndrome. Eur J
Med Genet 2013, 56:689-694.
Tasca G, Moro F, Aiello C, Cassandrini D, Fiorillo C, Bertini E, Bruno C, Santorelli FM, Ricci E: Limb-girdle
muscular dystrophy with α-dystroglycan deficiency and mutations in the ISPD gene. Neurology 2013,
80:963-965.
Baranello G, Saredi S, Sansanelli S, Savadori P, Canioni E, Chiapparini L, Balestri P, Malandrini A, Arnoldi
MT, Pantaleoni C, et al.: A novel homozygous ISPD gene mutation causing phenotype variability in a
consanguineous family. Neuromuscular Disorders 2015, 25:55-59.
Magri F, Colombo I, Del Bo R, Previtali S, Brusa R, Ciscato P, Scarlato M, Ronchi D, D’Angelo M, Corti S,
et al.: ISPD mutations account for a small proportion of Italian Limb Girdle Muscular Dystrophy cases.
BMC Neurology 2015, 15:172.
Trkova M, Krutilkova V, Smetanova D, Becvarova V, Hlavova E, Jencikova N, Hodacova J, Hnykova L,
Hroncova H, Horacek J, et al.: ISPD gene homozygous deletion identified by SNP array confirms
prenatal manifestation of Walker-Warburg syndrome. Eur J Med Genet 2015, 58:372-375.
Jae LT, Raaben M, Riemersma M, van Beusekom E, Blomen VA, Velds A, Kerkhoven RM, Carette JE,
Topaloglu H, Meinecke P, et al.: Deciphering the glycosylome of dystroglycanopathies using haploid
screens for Lassa virus entry. Science 2013, 340:479-483.
Rohmer M: The discovery of a mevalonate-independent pathway for isoprenoid biosynthesis in
bacteria, algae and higher plants. Nat Prod Rep 1999, 16:565-574.
Eisenreich W, Bacher A, Arigoni D, Rohdich F: Biosynthesis of isoprenoids via the non-mevalonate
pathway. Cell Mol Life Sci 2004, 61:1401-1426.
Brown S, Santa Maria JP, Walker S: Wall teichoic acids of Gram-positive bacteria. Annu Rev Microbiol
2013, 67:313-336.
Riemersma M, Froese DS, van Tol W, Engelke Udo F, Kopec J, van Scherpenzeel M, Ashikov A, Krojer T,
von Delft F, Tessari M, et al.: Human ISPD is a cytidyltransferase required for dystroglycan O-mannosylation. Chem Biol 2015, 22:1643-1652.
Cataldi MP, Lu P, Blaeser A, Lu QL: Ribitol restores functionally glycosylated α-dystroglycan and
improves muscle function in dystrophic FKRP-mutant mice. Nature Communications 2018, 9:3448.
Sheikh MO, Halmo SM, Wells L: Recent advancements in understanding mammalian O-mannosylation. Glycobiology 2017, 27:806-819.
Gerin I, Ury B, Breloy I, Bouchet-Seraphin C, Bolsee J, Halbout M, Graff J, Vertommen D, Muccioli GG,
Seta N, et al.: ISPD produces CDP-ribitol used by FKTN and FKRP to transfer ribitol phosphate onto alpha-dystroglycan. Nat Commun 2016, 7.
Kanagawa M, Kobayashi K, Tajiri M, Manya H, Kuga A, Yamaguchi Y, Akasaka-Manya K, Furukawa J,
Mizuno M, Kawakami H, et al.: Identification of a post-translational modification with ribitol-phosphate
and its defect in muscular dystrophy. Cell Rep 2016, 14:2209-2223.

General discussion | 179

19.

20.

21.

22.

23.
24.

25.
26.
27.

28.
29.
30.

31.

32.

33.

34.

35.

36.
37.

Praissman JL, Willer T, Sheikh MO, Toi A, Chitayat D, Lin YY, Lee H, Stalnaker SH, Wang S, Prabhakar PK,
et al.: The functional O-mannose glycan on alpha-dystroglycan contains a phospho-ribitol primed for
matriglycan addition. eLife 2016, 5.
Manya H, Yamaguchi Y, Kanagawa M, Kobayashi K, Tajiri M, Akasaka-Manya K, Kawakami H, Mizuno M,
Wada Y, Toda T, et al.: The muscular dystrophy gene TMEM5 encodes a ribitol beta1,4-xylosyltransferase required for the functional glycosylation of dystroglycan. J Biol Chem 2016, 291:24618-24627.
Yagi H, Kuo CW, Obayashi T, Ninagawa S, Khoo KH, Kato K: Direct mapping of additional modifications
on phosphorylated O-glycans of alpha-dystroglycan by mass spectrometry analysis in conjunction
with knocking out of causative genes for dystroglycanopathy. Mol Cell Proteomics 2016, 15:3424-3434.
Imae R, Manya H, Tsumoto H, Osumi K, Tanaka T, Mizuno M, Kanagawa M, Kobayashi K, Toda T, Endo
T: CDP-glycerol inhibits the synthesis of the functional O-mannosyl glycan of α-dystroglycan. Journal
of Biological Chemistry 2018, 10.1074/jbc.RA118.003197.
Ko BC, Ruepp B, Bohren KM, Gabbay KH, Chung SS: Identification and characterization of multiple
osmotic response sequences in the human aldose reductase gene. J Biol Chem 1997, 272:16431-16437.
Yang B, Hodgkinson A, Oates PJ, Millward BA, Demaine AG: High glucose induction of DNA-binding
activity of the transcription factor NFκB in patients with diabetic nephropathy. Biochimica et Biophysica
Acta (BBA) - Molecular Basis of Disease 2008, 1782:295-302.
Gross W, Seipold P, Schnarrenberger C: Characterization and purification of an aldose reductase from
the acidophilic and thermophilic red alga Galdieria sulphuraria. Plant Physiol 1997, 114:231-236.
Singh C, Glaab E, Linster CL: Molecular Identification of d-Ribulokinase in Budding Yeast and Mammals.
Journal of Biological Chemistry 2017, 292:1005-1028.
Park J, van Koeverden P, Singh B, Gupta RS: Identification and characterization of human ribokinase
and comparison of its properties with E. coli ribokinase and human adenosine kinase. FEBS Letters
2007, 581:3211-3216.
Song Z: Roles of the nucleotide sugar transporters (SLC35 family) in health and disease. Molecular
Aspects of Medicine 2013, 34:590-600.
Maggioni A, von Itzstein M, Rodriguez Guzman IB, Ashikov A, Stephens AS, Haselhorst T, Tiralongo J:
Characterisation of CMP-sialic acid transporter substrate recognition. Chembiochem 2013, 14:1936-1942.
Tiralongo J, Ashikov A, Routier F, Eckhardt M, Bakker H, Gerardy-Schahn R, von Itzstein M: Functional
expression of the CMP-sialic acid transporter in Escherichia coli and its identification as a simple mobile
carrier. Glycobiology 2006, 16:73-81.
Maszczak-Seneczko D, Sosicka P, Kaczmarek B, Majkowski M, Luzarowski M, Olczak T, Olczak M:
UDP-galactose (SLC35A2) and UDP-N-acetylglucosamine (SLC35A3) transporters form glycosylation-related complexes with mannoside acetylglucosaminyltransferases (Mgats). Journal of Biological
Chemistry 2015, 10.1074/jbc.M115.636670.
Kauskot A, Pascreau T, Adam F, Bruneel A, Reperant C, Lourenco-Rodrigues M-D, Rosa J-P, Petermann
R, Maurey H, Auditeau C, et al.: A mutation in the gene coding for the sialic acid transporter SLC35A1 is
required for platelet life span but not proplatelet formation. Haematologica 2018.
Mohamed M, Ashikov A, Guillard M, Robben JH, Schmidt S, van den Heuvel B, de Brouwer AP,
Gerardy-Schahn R, Deen PM, Wevers RA: Intellectual disability and bleeding diathesis due to deficient
CMP–sialic acid transport. Neurology 2013, 81:681-687.
Ng BG, Asteggiano CG, Kircher M, Buckingham KJ, Raymond K, Nickerson DA, Shendure J, Bamshad
MJ, Ensslen M, Freeze HH: Encephalopathy caused by novel mutations in the CMP-sialic acid
transporter, SLC35A1. Am J Med Genet A 2017, 173:2906-2911.
Martinez-Duncker I, Dupre T, Piller V, Piller F, Candelier JJ, Trichet C, Tchernia G, Oriol R, Mollicone R:
Genetic complementation reveals a novel human congenital disorder of glycosylation of type II, due
to inactivation of the Golgi CMP-sialic acid transporter. Blood 2005, 105:2671-2676.
Zhen C, Guo F, Fang X, Liu Y, Wang X: A family with distal myopathy with rimmed vacuoles associated
with thrombocytopenia. Neurological Sciences 2014, 35:1479-1481.
Futterer J, Dalby A, Lowe GC, Johnson B, Simpson MA, Motwani J, Williams M, Watson SP, Morgan NV:
Mutation in GNE is associated with a severe form of congenital thrombocytopenia. Blood 2018,
10.1182/blood-2018-04-847798:blood-2018-2004-847798.

8

180 | Chapter 8

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Izumi R, Niihori T, Suzuki N, Sasahara Y, Rikiishi T, Nishiyama A, Nishiyama S, Endo K, Kato M, Warita H,
et al.: GNE myopathy associated with congenital thrombocytopenia: a report of two siblings.
Neuromuscul Disord 2014, 24:1068-1072.
Berninsone P, Eckhardt M, Gerardy-Schahn R, Hirschberg CB: Functional expression of the murine
golgi CMP-sialic acid transporter in Saccharomyces cerevisiae. Journal of Biological Chemistry 1997,
272:12616-12619.
Maggioni A, Martinez-Duncker I, Tiralongo J: CMP-sialic acid transporter. In: Tiralongo J, MartinezDuncker I, editors. Sialobiology: structure, biosynthesis and function sialic acid glycoconjugates in
health and disease., vol 1: Bentham Science Publishers; 2013.
Doucey M-A, Hess D, Cacan R, Hofsteenge J: Protein C-mannosylation is enzyme-catalysed and uses
dolichyl-phosphate-mannose as a precursor. Mol Biol Cell 1998, 9:291-300.
Anand M, Rush JS, Ray S, Doucey MA, Weik J, Ware FE, Hofsteenge J, Waechter CJ, Lehrman MA:
Requirement of the Lec35 gene for all known classes of monosaccharide-P-dolichol-dependent glycosyltransferase reactions in mammals. Mol Biol Cell 2001, 12:487-501.
Tomita S, Inoue N, Maeda Y, Ohishi K, Takeda J, Kinoshita T: A homologue of Saccharomyces cerevisiae
Dpm1p is not sufficient for synthesis of dolichol-phosphate-mannose in mammalian cells. J Biol Chem
1998, 273:9249-9254.
Manya H, Chiba A, Yoshida A, Wang X, Chiba Y, Jigami Y, Margolis RU, Endo T: Demonstration of
mammalian protein O-mannosyltransferase activity: Coexpression of POMT1 and POMT2 required for
enzymatic activity. P Natl Acad Sci USA 2004, 101:500-505.
Sarkozy A, Torelli S, Mein R, Henderson M, Phadke R, Feng L, Sewry C, Ala P, Yau M, Bertoli M, et al.:
Mobility shift of beta-dystroglycan as a marker of GMPPB gene-related muscular dystrophy. J Neurol
Neurosur Ps 2018, 89:762-768.
Astrea G, Romano A, Angelini C, Antozzi CG, Barresi R, Battini R, Battisti C, Bertini E, Bruno C, Cassandrini
D, et al.: Broad phenotypic spectrum and genotype-phenotype correlations in GMPPB-related dystroglycanopathies: an Italian cross-sectional study. Orphanet J Rare Dis 2018, 13:170.
Belaya K, Rodríguez Cruz PM, Liu WW, Maxwell S, McGowan S, Farrugia ME, Petty R, Walls TJ, Sedghi
M, Basiri K, et al.: Mutations in GMPPB cause congenital myasthenic syndrome and bridge myasthenic
disorders with dystroglycanopathies. Brain 2015, 138:2493-2504.
Luo S, Cai S, Maxwell S, Yue D, Zhu W, Qiao K, Zhu Z, Zhou L, Xi J, Lu J, et al.: Novel mutations in the
C-terminal region of GMPPB causing limb-girdle muscular dystrophy overlapping with congenital
myasthenic syndrome. Neuromuscul Disord 2017, 27:557-564.
Montagnese F, Klupp E, Karampinos DC, Biskup S, Glaser D, Kirschke JS, Schoser B: Two patients with
GMPPB mutation: The overlapping phenotypes of limb-girdle myasthenic syndrome and limb-girdle
muscular dystrophy dystroglycanopathy. Muscle Nerve 2017, 56:334-340.
Rodriguez Cruz PM, Belaya K, Basiri K, Sedghi M, Farrugia ME, Holton JL, Liu WW, Maxwell S, Petty R,
Walls TJ, et al.: Clinical features of the myasthenic syndrome arising from mutations in GMPPB. J
Neurol Neurosurg Psychiatry 2016, 87:802-809.
Cossins J, Belaya K, Hicks D, Salih MA, Finlayson S, Carboni N, Liu WW, Maxwell S, Zoltowska K, Farsani
GT, et al.: Congenital myasthenic syndromes due to mutations in ALG2 and ALG14. Brain 2013,
136:944-956.
Lee AY, Chung SK, Chung SS: Demonstration that polyol accumulation is responsible for diabetic
cataract by the use of transgenic mice expressing the aldose reductase gene in the lens. P Natl Acad
Sci USA 1995, 92:2780-2784.
Abdul Nasir NA, Agarwal R, Sheikh Abdul Kadir SH, Vasudevan S, Tripathy M, Iezhitsa I, Mohammad
Daher A, Ibrahim MI, Mohd Ismail N: Reduction of oxidative-nitrosative stress underlies anticataract
effect of topically applied tocotrienol in streptozotocin-induced diabetic rats. PLoS ONE 2017,
12:e0174542.
Griffiths RD, Cady EB, Edwards RHT, Wilkie DR: Muscle energy metabolism in duchenne dystrophy
studied by 31P-NMR: Controlled trials show no effect of allopurinol or ribose. Muscle Nerve 1985,
8:760-767.

General discussion | 181

55.
56.
57.
58.
59.
60.
61.
62.

63.

Steele IC, Patterson VH, Nicholls DP: A double blind, placebo controlled, crossover trial of D-ribose in
McArdle’s disease. J Neurol Sci 1996, 136:174-177.
Dodd SL, Johnson CA, Fernholz K, Cyr JAS: The role of ribose in human skeletal muscle metabolism.
Med Hypotheses 2004, 62:819-824.
Han C, Lu Y, Wei Y, Liu Y, He R: D-Ribose induces cellular protein glycation and impairs mouse spatial
cognition. PLoS ONE 2011, 6:e24623.
Hong J, Wang X, Zhang N, Fu H, Li W: D-ribose induces nephropathy through RAGE-dependent
NF-kappaB inflammation. Arch Pharm Res 2018, 41:838-847.
Siddiqui Z, Ishtikhar M, Moinuddin, Ahmad S: D-Ribose induced glycoxidative insult to hemoglobin
protein: An approach to spot its structural perturbations. Int J Biol Macromol 2018, 112:134-147.
Sinatra ST, Caiazzo C: D-Ribose supplementation in the equine: lack of effect on glycated plasma
proteins suggesting safety in humans. J Am Coll Nutr 2015, 34:108-112.
Witters P, Cassiman D, Morava E: Nutritional therapies in Congenital Disorders of Glycosylation (CDG).
Nutrients 2017, 9:1222.
Gao N, Shang J, Huynh D, Manthati VL, Arias C, Harding HP, Kaufman RJ, Mohr I, Ron D, Falck JR, et al.:
Mannose-6-phosphate regulates destruction of lipid-linked oligosaccharides. Molecular Biology of the
Cell 2011, 22:2994-3009.
Cline A, Gao N, Flanagan-Steet H, Sharma V, Rosa S, Sonon R, Azadi P, Sadler KC, Freeze HH, Lehrman
MA: A zebrafish model of PMM2-CDG reveals altered neurogenesis and a substrate-accumulation
mechanism for N-linked glycosylation deficiency. Molecular Biology of the Cell 2012, 23:4175-4187.

8

Chapter 9
Summary
Samenvatting

Summary | 185

Summary
Living organisms consist of millions of cells with different fates and function,
established in intricate complexes and networks to ensure survival. Proteins are the
building blocks of life, and most are post-translationally modified when they mature
through the endoplasmic reticulum (ER) and Golgi apparatus. Glycosylation, the
covalent attachment of carbohydrate chains is the most complex and common
post- and co-translational modification and is important for many aspects of
protein function, including protein folding, enzyme activity, cell-to-cell and
cell-to-extracellular matrix (ECM) interactions. More than half of the human
proteome is glycosylated. It is therefore not surprising that deficiencies in the
glycosylation machinery can lead to a very broad range of clinical phenotypes,
most of which have a severe impact on the daily life of patients and their families.
In Chapter 2, we discuss the biochemical lessons that we can learn on 1) novel
glycosyltransferases and metabolic pathways, 2) tissue-specific O-glycosylation
mechanisms, 3) O-glycosylation targets and 4) structure-function relationships
illustrated by the most recent discoveries in the field of O-glycosylation disorders.
Finally, we provide an outlook on how genetic disorders, O-glycoproteomics and
biochemical methods can be combined to answer fundamental questions
regarding O-glycan synthesis, structure and function.
The other chapters in this thesis discuss our functional work on the muscular
dystrophy-dystroglycanopathy (MDDG) syndromes, more commonly referred to as
the dystroglycanopathies. The dystroglycanopathies are a group of rare congenital
muscular dystrophies with a broad clinical spectrum, varying from limb-girdle
muscular dystrophy (LGMD), with or without intellectual disability, to severe
muscular dystrophy with brain and eye abnormalities in muscle-eye-brain disease
(MEB) or Walker-Warburg syndrome (WWS). Dystroglycanopathies are caused by
disturbed cell-to-extracellular matrix interactions because of defects in the alpha-dystroglycan (αDG) protein or in the synthesis of its functional O-mannosyl
glycans. Dystroglycanopathy can be primary, secondary of tertiary. Primary dystroglycanopathy is caused by mutations in DAG1, the gene encoding the dystroglycan
protein. Secondary dystroglycanopathies are caused by mutations in genes
encoding glycosyltransferases that glycosylate αDG. The tertiary dystroglycanopathies are caused by mutations in genes involved in the sugar supply pathways
essential for the functional O-mannosylation of αDG. So far, there are no causative
treatments for the dystroglycanopathies and the lack of knowledge of (alternative)
metabolic pathways for the synthesis of nucleotide sugars and their precursors is
hampering treatment development. In this thesis, we investigated the sugar supply
pathways and explored treatment opportunities for the dystroglycanopathies.
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In Part I: Discovery of the CDP-ribitol biosynthesis pathway, we focused on
unraveling the biosynthesis route of CDP-ribitol and its precursor ribitol 5-phosphate
(Rbo5P). Dietary ribitol has been suggested as a treatment for ISPD, FKTN and FKRP
myopathy by raising CDP-ribitol levels. In Chapter 3, we optimized a liquid
chromatography mass spectrometry (LC-MS) method for the detection of
CDP-ribitol in human and mouse cells and tissues. We found that CDP-ribitol levels
were strongly reduced in skeletal muscle biopsies, blood and fibroblasts from ISPD
patients. Furthermore, we showed that ribose, in addition to ribitol, restored
CDP-ribitol levels and the associated O-glycosylation defect of αDG in patient
fibroblasts and blood cells. Hence, ribose offers a readily testable dietary therapy
for ISPD myopathy with possible applicability for patients with FKRP and FKTN
myopathy. Finally, we showed that ex vivo CDP-ribitol analysis in blood is a promising
tool for the evaluation and monitoring of dietary therapies for ISPD myopathy in a
patient-specific manner, paving the way for future clinical trials.
In Chapter 4, we explored the biosynthesis route of Rbo5P, the preferred
substrate of ISPD to form CDP-ribitol. We identified a new branch of the pentose
phosphate pathway (PPP), linking this pathway to Rbo5P synthesis and the O-glycosylation of αDG. Using (dynamic) LC-MS of Rbo5P, CDP-ribitol and PPP, glycolysis
and polyol pathway metabolites we found accumulated pentose phosphates, ribitol
and Rbo5P in PPP transaldolase (TKT) deficient patient fibroblasts. We confirmed
the synthesis of Rbo5P of pentose phosphates from the non-oxidative PPP with
metabolic labeling experiments using 13C6 -glucose. Next, we identified AKR1B1 as
the reductase involved in Rbo5P synthesis as AKR1B1 knockout cells revealed a
strong reduction of Rbo5P, CDP-ribitol and the O-mannosylation of αDG. Finally,
we found that exogenously supplemented ribose was directly metabolized to ribitol
in HAP1 cells by AKR1B1, and was not phosphorylated to ribose 5P under the
conditions tested. We therefore concluded that mammalian Rbo5P can be
endogenously synthesized by 1) a reduction of the PPP intermediates ribulose 5P
or ribose 5P, or 2) via the phosphorylation of ribitol that is formed from pentoses
by AKR1B1, which in turn are derived from the PPP pentose phosphates. These
pathways are probably not mutually exclusive, and future studies are warranted to
identify if these pathways are tissue or cell-type specific.
In Chapter 5, we investigated the role of the CMP-N-acetylneuraminic acid
(CMP-Neu5Ac, CMP-sialic acid) transporter SLC35A1 in the O-mannosylation of
αDG. Firstly, we demonstrated a strong accumulation of CMP-Neu5Ac in total cell
homogenates of HAP1 SLC35A1 knockout cells, without accumulation of other
nucleotide sugars including CDP-ribitol. Remarkably, supplementation with ribitol
increased CDP-ribitol levels and restored the O-mannosylation defect in
SLC35A1-deficient cells. Taken together, our data showed that SLC35A1 plays a role
in CDP-ribitol transport. Future studies should investigate whether SLC35A1
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transports CDP-ribitol directly, affects CDP-ribitol transport through a CMP-related
mechanism, or forms heterologous complexes in the Golgi membrane with a
second, CDP-ribitol-specific transporter, or with any of the Rbo5P glycosyltransferases FKTN or FKRP.
In Part II – Tissue-specific effects of dolichol-phosphate-mannose synthesis
disorders, we described important new insights in the tissue-specific effects of
inborn errors in the synthesis of dolichol-phosphate-mannose (DPM), an important
sugar donor for both N-glycosylation and O-glycosylation. DOLK-CDG, DPM1-CDG,
DPM2-CDG, and DPM3-CDG are defects in the DPM synthesis showing both CDG
type I abnormalities and reduced O-mannosylation of alpha-dystroglycan (αDG),
which leads to dystroglycanopathy.
In Chapter 6, we investigated N-glycosylation and O-mannosylation in three
DPM3-CDG patients. All patients presented with muscle dystrophy, and O-mannosylation of αDG was strongly reduced in patient skeletal muscle. N-glycosylation
analysis of transferrin demonstrated hypo-N-glycosylation in serum of only two of
the three patients, whereas western blot analysis of skeletal muscle beta-dystroglycan (βDG) revealed a consistent lack of one N-glycan. Recently, defective N-glycosylation of βDG has also been reported in patients with mutations in guanosine-diphosphate-mannose pyrophosphorylase B (GMPPB). Hence, we suggested that
aberrant O-glycosylation of αDG and N-glycosylation of βDG in skeletal muscle is
indicative of a defect in the DPM synthesis pathway. Further studies should address
to what extent hypo-N-glycosylation of βDG or other skeletal muscle proteins
contribute to the phenotype of patients with defects in DPM synthesis.
In Chapter 7, we demonstrated for the first time that mutations in MPDU1 can
simultaneously reduce N-glycosylation and the O-mannosylation of αDG. We
presented two MPDU1-CDG patients without skin involvement, but with massive
dilatation of the biliary duct system and dystroglycanopathy characteristics
including hypotonia, elevated creatine kinase, dilated cardiomyopathy, buphthalmos
and congenital glaucoma. Biochemical analyses revealed elevated disialotransferrin in serum, and analyses in fibroblasts showed shortened lipid-linked oligosaccharides (LLOs), reduced DPM levels and reduced O-mannosylation of αDG. Thus,
we added MPDU1-CDG to the list of disorders with overlapping biochemical and
clinical abnormalities of CDG type I and dystroglycanopathy.
In this thesis, we have underlined the relevance of detailed biochemical studies
of metabolic pathways to understand the pathophysiology of glycosylation
disorders. Our biochemical analysis of the CDP-ribitol biosynthesis pathway has
direct implications for the diagnostics and treatment of ISPD, FKRP and FKTN LGMD
patients. Similar methodologies might also be applicable for other diseases linked
to a shortage of sugar donors, for example in the DPM biosynthesis disorders.
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Samenvatting
Multicellulaire organismen bestaan uit miljoenen cellen met verschillende functies,
die samenwerken in complexe netwerken zodat het organisme succesvol overleeft.
Cellen bevatten DNA, de genetische code voor het maken van eiwitten. Vele eiwitten
worden na hun productie post-translationeel gemodificeerd als ze matureren door
het endoplasmatisch reticulum (ER) en het Golgi-apparaat. Glycosylering, de covalente
binding van suikerketens aan o.a. eiwitten, is een van de meest complexe en voorkomende vorm van post- en co-translationele modificaties en is belangrijk voor
vele aspecten van eiwitfunctie, inclusief eiwitvouwing, enzymactiviteit, cel-cel en
cel-extracellulaire matrix (ECM) interacties. Het is daarom te verwachten dat defecten
in de glycosylering leiden tot zeer variabele klinische fenotypen, met vaak ernstige
gevolgen voor het dagelijks leven van patiënten en hun families.
Hoofdstuk 2 illustreert hoe nieuwe biochemische inzichten zijn verkregen uit
recente ontdekkingen in het veld van de O-glycosyleringsziekten: 1) de identificatie
van nieuwe glycosyltransferases en metabole routes, 2) weefselspecifieke mechanismen
van O-glycosylering, 3) nieuwe doeleiwitten voor O-glycosylering en 4) structuurfunctie relaties van O-glycanen en O-glycoproteïnen. Daarnaast geven we onze
visie over hoe de ontdekking van genetische ziekten en de ontwikkeling van
O-glycoproteomics en biochemische methoden kunnen worden gecombineerd
om fundamentele vragen over O-glycaansynthese te beantwoorden.
De andere hoofdstukken in deze thesis weergeven onze functionele studies
naar de congenitale spierdystrofie-dystroglycanopathieën. De dystroglycanopathieën
zijn een groep van zeldzame aangeboren spierdystrofieën met een breed klinisch
spectrum, variërend van de relatief milde limb-girdle spierdystrofie (LGMD, met of
zonder intellectuele beperking) tot zeer ernstige spierdystrofie met brein- en oogafwijkingen zoals in muscle-eye-brain disease (MEB) of Walker-Warburg syndroom
(WWS). Deze ziekten zijn het gevolg van een verstoorde interactie tussen cellen en
de omliggende extracellulaire matrix (ECM) die wordt veroorzaakt door een defect
in het eiwit alpha-dystroglycaan (αDG) of in de synthese van de functionele
O-glycanen op dit eiwit. Dystroglycanopathie kan primair, secundair of tertiair zijn.
Primaire dystroglycanopathieën worden veroorzaakt door mutaties in het gen
DAG1, welke codeert voor het eiwit dystroglycaan. Secundaire dystroglycanopathieën worden veroorzaakt door mutaties in de genen die coderen voor de
glycosyltransferases die de suikers plaatsen op αDG. De tertiaire dystroglycanopathieën worden veroorzaakt door mutaties in genen betrokken bij de synthese van
de donorsuikers (nucleotidesuikers) voor de O-glycosylering van αDG. Door huidige
beperkingen in onze kennis van de (alternatieve) metabole routes voor de synthese
van nucleotidesuikers en hun precursors zijn er helaas nog geen causatieve
behandelingen voor de dystroglycanopathieën. In deze thesis hebben we de suiker-
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routes voor de O-glycosylering van αDG bestudeerd en de daaraan gerelateerde
mogelijke behandelingen.
In Deel I: de CDP-ribitol biosynthese route, hebben we de metabole route van
CDP-ribitol en de precursor ribitol 5-phosphate (Rbo5P) opgehelderd. Het
toevoegen van ribitol aan het dieet van ISPD, FKTN of FKRP myopathie-patiënten is
de laatste jaren gesuggereerd als mogelijke therapie, en zou werken door het
verhogen van de hoeveelheid CDP-ribitol in de cel. In Hoofdstuk 3 hebben we een
liquid chromatografie massa spectrometrie (LC-MS) methode geoptimaliseerd
voor de detectie van CDP-ribitol in weefsels van muizen en mensen. We vonden
een sterke afname van de CDP-ribitol niveaus in spierbiopten, bloed en fibroblasten
van ISPD patiënten. Daarnaast vonden we dat supplementatie van ribose, naast
ribitol, de CDP-ribitol niveaus en de O-glycosylering van αDG herstelde in fibro blasten van ISPD patiënten. Ribose is daarom een supplement dat mogelijk als
behandeling voor ISPD myopathie kan worden gebruikt en is mogelijk ook
toepasbaar bij FKRP en FKTN myopathie. Een belangrijke test die we hebben
ontwikkeld is het meten van CDP-ribitol in afgenomen bloed, om zo in elke patiënt
de potentiële therapieën met ribose en ribitol te kunnen evalueren en monitoren,
een belangrijke stap naar toekomstige klinische testen.
Hoofdstuk 4 beschrijft ons onderzoek naar de biosyntheseroute van Rbo5P,
het substraat van ISPD voor de vorming van CDP-ribitol. We identificeerden een
nieuwe tak van de pentosefosfaatroute (PPP) en linken daarmee deze route aan de
Rbo5P synthese en de O-glycosylering van αDG. Met (dynamische) LC-MS van
Rbo5P, CDP-ribitol en metabolieten uit de PPP, glycolyse en polyol-route detecteerden
we een accumulatie van pentosefosfaten, ribitol en Rbo5P in fibroblasten van een
patiënt met een defect in de PPP transaldolase TKT. Metabole labeling met
13C -glucose bevestigde de synthese van Rbo5P uit pentosefosfaten uit de non6
oxidatieve PPP. We vonden dat de aldose reductase AKR1B1 betrokken is bij de
Rbo5P synthese: het uitschakelen van AKR1B1 in HAP1 cellen veroorzaakte een zeer
sterke verlaging van Rbo5P, CDP-ribitol en de O-glycosylering van αDG. Ten slotte
vonden we dat exogeen toegevoegde ribose direct werd gemetaboliseerd naar
ribitol in HAP1 cellen door AKR1B1, en niet werd gefosforyleerd naar ribose 5P
onder de geteste condities. In conclusie, Rbo5P kan endogeen gesynthetiseerd
worden via 1) de directe reductie van PPP pentosefosfaten, of 2) via directe phosphorylering van ribitol die gevormd wordt uit pentoses door AKR1B1, waarbij deze
pentoses afkomstig zijn van de pentosefosfaten uit de PPP. Deze twee routes
kunnen mogelijk samen in vivo voorkomen, en toekomstige studies moeten
uitwijzen of deze routes weefsel- of zelfs celspecifiek zijn.
Hoofdstuk 5 geeft belangrijke inzichten in de rol van de CMP-N-acetylneuraminezuur (CMP-Neu5Ac, CMP-siaalzuur) transporter SLC35A1 bij de O-mannosylering van αDG. We vonden een sterke accumulatie van CMP-Neu5Ac in totale
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celhomogenaten van HAP1 SLC35A1 knock-out cellen, maar geen accumulatie van
andere nucleotidesuikers inclusief CDP-ribitol. Vervolgexperimenten lieten echter
zien dat het toevoegen van ribitol aan het medium van deze cellen de CDP-ribitol
niveaus verhoogde, en, nog belangrijker, de O-mannosylering van αDG herstelde.
Deze data laat daarom zien dat SLC35A1 wel degelijk een rol speelt in het transport
van CDP-ribitol. Toekomstige onderzoeken zullen moeten uitwijzen of SLC35A1
CDP-ribitol direct kan transporteren, of dat SLC35A1 CDP-ribitol transport beïnvloed
via een CMP-gerelateerd mechanisme of door interacties met de CDP-ribitol
transporter of met de Rbo5P glycosyltransferases FKTN en FKRP.
Deel II – Weefselspecifieke effecten van dolichol-fosfaat-mannose synthesedefecten weergeeft nieuwe inzichten in de weefselspecifieke effecten van aangeboren
afwijkingen in de synthese van dolichol-fosfaat-mannose (DPM), de mannose-donor
voor N- en O-glycosylering. DOLK-CDG, DPM1-CDG, DPM2-CDG en DPM3-CDG
zijn defecten in de DPM synthese die leiden tot zowel CDG type I afwijkingen
als een reductie van de O-mannosylering van αDG met dystroglycanopathie als
gevolg.
In Hoofdstuk 6 onderzochten we de N-glycosylering en O-glycosylering in
drie DPM3-CDG patiënten. De drie patiënten presenteerden met spierdystrofie als
gevolg van gereduceerde O-mannosylering van αDG. In twee patiënten was de
N-glycosylering van serum transferrine gereduceerd terwijl in alle drie de patiënten
consistent één N-glycaan ontbrak op βDG uit skeletspier. Abnormale N-glycosylering
van βDG is recent ook gerapporteerd in patiënten met mutaties in guanosinedifosfaat-mannose pyrofosforylase B (GMPPB). Een afwijking in de O-glycosylering
van αDG en de N-glycosylering van βDG in skeletspier is daarom kenmerkend voor
afwijkingen in de DPM synthese route. Toekomstige studies zijn vereist om te
bepalen hoe de hypo-N-glycosylering van βDG of van andere eiwitten in skeletspier
bijdragen aan het fenotype van patiënten met abnormale DPM synthese.
In Hoofdstuk 7 presenteren we de ontdekking dat mutaties in MPDU1 ook
kunnen leiden tot een reductie van de N-glycosylering in combinatie met een
afwijkende O-mannosylering van αDG. Hier beschrijven we twee MPDU1-CDG
patiënten zonder kenmerkende huidafwijkingen maar met gedilateerde galwegen
en kenmerken van dystroglycanopathie inclusief hypotonie, verhoogde creatine
kinase, gedilateerde cardiomyopathie, buphthalmos en congenitaal glaucoom.
Biochemische analyses in serum onthulde verhoogde hoeveelheden van disialotransferrine en analyses in fibroblasten lieten de aanwezigheid van verkorte
lipid-linked oligosacchariden (LLOs), een reductie van DPM niveaus en een reductie van
de O-mannosylering van αDG zien. Door deze bevindingen hebben we MPDU1- CDG
kunnen toevoegen aan de lijst met glycosyleringsziekten met overlappende
biochemische en klinische kenmerken van CDG type I en dystroglycanopathie.
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In deze thesis hebben we onderstreept dat gedetailleerde biochemische studies
van metabole routes nodig zijn om de pathofysiologie van glycosyleringsziekten
volledig te kunnen begrijpen. Onze studies naar de CDP-ribitol syntheseroute heeft
directe implicaties voor de diagnostiek en ontwikkelingen van behandelingen van
ISPD, FKRP en FKTN LGMD patiënten. Vergelijkbare toepassingen kunnen in de
toekomst mogelijk worden ontwikkeld voor andere ziekten veroorzaakt door een
tekort aan suikerdonors of precursors hiervan, bijvoorbeeld bij een aantal van de
DPM syntheseziekten.

Samenvatting | 193

9

Chapter 10
List of abbreviations
List of publications
Curriculum Vitae
Research data management
PhD portfolio

List of abbreviations | 197

List of abbreviations
6PGD

Phosphogluconate dehydrogenase

6PGL (PGLS)

6-phosphogluconolactonase

αDG
AAV

Alpha-dystroglycan
Adeno-associated virus

ADAMTS9
ADP

ADAM metallopeptidase with thrombospondin type 1 motif 9
Adenosine diphosphate

AGE

Advanced glycation end products

AKR1B1
AKR1B10
ALAT

Aldo-keto reductase family 1 member B1
Aldo-keto reductase family 1 member B10
Alanine amino transferases

ASAT
Asn

Aspartate amino transferases
Asparagine

ATIII
ATP

Antithrombin III
Adenosine triphosphate
Beta-dystroglycan

βDG
B3GALNT2
B3GLCT (B3GALTL)

Beta-1,3-N-acetylgalactosaminyltransferase 2
Beta 3-glucosyltransferase

B4GAT1
BERA
CAPN3

Beta-1,4-glucuronyltransferase 1
Brainstem evoked response audiometry
Calpain 3

CDG
CDP

Congenital Disorders of Glycosylation
Cytidine diphosphate

CDP-ME
CGH
CHO

4-diphosphocytidyl-2-C-methylerythritol
Comparative genomic hybridization
Chinese hamster ovary cells

CID
CK

Collision induced dissociation
Creatine kinase

CMP
CMS
CNV

Cytidine monophosphate
Congenital myasthenic syndrome
Copy-number variant

CSF
CTP

Cerebral spinal fluid
Cytidine triphosphate

DAG1
DCM

Dystroglycan 1
Dilated cardiomyopathy

DHDDS
DMAPP

Dehydrodolichyl diphosphate synthase subunit
Dimethylallyl pyrophosphate

DMD
DMEM
DMSO
DNA
Dol
DOLK
Dox
DPM
DPM1
DPM2
DPM3
ECG

Dystrophin
Dulbecco’s modified eagle medium
Dimethyl sulfoxide
Deoxyribonucleic acid
Dolichol
Dolichol kinase
Doxycycline
Dolichol-phosphate-mannose
Dolichyl-phosphate mannosyltransferase subunit 1, catalytic
Dolichyl-phosphate mannosyltransferase subunit 2, regulatory
Dolichyl-phosphate mannosyltransferase subunit 3, regulatory
Electrocardiogram
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ECM

Extracellular matrix

EDTA

Ethylene diamine tetraacetic acid

EEC

Electro-encephalography

EGF
EOGT
ER

Epidermal growth factor
EGF domain specific O-linked N-acetylglucosamine transferase
Endoplasmic Reticulum

ETD

Electron transfer dissociation

FBS

Fetal Bovine Serum

FC
FCMD

Fold change
Fukuyama congenital muscular dystrophy

FGF23
FGGY
FKRP
FKTN

Fibroblast growth factor 23
FGGY carbohydrate kinase domain containing
Fukutin related protein
Fukutin

FPP

Farnesyl pyrophosphate

FT4
G6PD
Gal
GalNAc

Free thyroxine
Glucose-6-phosphate dehydrogenase
Galactose
N-acetylgalactosamine

GALNT

Polypeptide N-acetylgalactosaminyltransferase

GDP
Glc
GlcA
GlcNAc

Guanosine diphosphate
Glucose
Glucuronic acid
N-acetylglucosamine

GLUT

Glucose transporter

GMPPB
GPI
Gro
HAP1

GDP-mannose pyrophosphorylase B
Glycosylphosphatidylinositol
Glycerol
Near-haploid human cell line 1

HCD

High collision energy dissociation

HCM
HE
HEK293
HEPES

Hypertrophic cardiomyopathy
Hematoxylin and eosin
Human embryonic kidney 293 cells
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HexNAc
HILIC
HPLC
HRP

N-acetylhexosamine
Hydrophilic interaction liquid chromatography
High-performance liquid chromatography
Horseradish peroxidase

ID
IMDM

Intellectual disability
Iscove’s Modified Dulbecco’s Medium

IPP
ISPD (CRPPA)
KO
LARGE
LC
Leu
LFNG
LGMD
LLO
LO

Isopentenyl pyrophosphate
Isoprenoid synthase domain containing (CDP-L-ribitol pyrophosphorylase A)
Knockout
LARGE xylosyl- and glucuronyltransferase 1
Liquid chromatography
Leucine
LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase
Limb-girdle muscular dystrophy
Lipid-linked oligosaccharide
Laminin overlay
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Man

Mannose

MD

Muscular dystrophy

MDDG

Muscular dystrophy-dystroglycanopathy

MEB
MEP
MPDU1

Muscle-eye-brain disease
Methyl-D-erythritol 4-phosphate
Mannose-P-dolichol utilization defect 1

MPI

Mannose phosphate isomerase

MR

Mental retardation

MRI
MRM

Magnetic resonance imaging
Multiple reaction monitoring

MS
Neu5Ac
NGS
NMP

Mass spectrometry
N-acetylneuraminic acid
Next generation sequencing
Nucleotide monophosphate

NST

Nucleotide sugar transporter

NUS1
NXP
OGA
OGT

NUS1 dehydrodolichyl diphosphate synthase subunit
Nucleotide sugar
O-GlcNAcase
O-linked N-acetylglucosamine (GlcNAc) transferase

OST

Oligosaccharyltransferase

P
PLOD
PLTP
PMM2

Phosphate
Procollagen-lysine,2-oxoglutarate 5-dioxygenase
Phospholipid transfer protein
Phosphomannomutase 2

POFUT

Protein O-fucosyltransferase

POGLUT1
POMGNT1
POMGNT2 (GTDC2)
POMK (SGK196)

Protein O-glucosyltransferase 1
Protein O-linked mannose N-acetylglucosaminyltransferase 1 (beta 1,2-)
Protein O-linked mannose N-acetylglucosaminyltransferase 2 (beta 1,4-)
Protein O-mannose kinase

POMT

Protein O-mannosyltransferase 1

PP
PPP
PS
PTH

Pyrophosphate
Pentose phosphate pathway
Penicillin/streptomycin
Parathyroid hormone

RBKS
Rbo
Rbo5P
RNA

Ribokinase
Ribitol
Ribitol 5-phosphate
Ribonucleic acid

RPI (RPIA)
RT

Ribose 5-phosphate isomerase A
Retention time

SD
SDO
SDS
SDS-PAGE
Ser (S)
SGOT
SGPT
Sia
SLC
SLC35

Standard deviation
Spondylocostal dysostosis
Standard deviation score / Sodium dodecyl sulfate
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Serine
Serum glutamic-oxaloacetic transaminase
Serum glutamic pyruvic transaminase
Sialic acid (Neu5Ac)
Solute carrier
Solute carrier family 35
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SORD

Sorbitol dehydrogenase

SRD5A3

Steroid 5 alpha-reductase 3

STD NMR

Saturation transfer difference nuclear magnetic resonance

TALDO (TALDO1)
TBA
TEAA

Transaldolase 1
Tributylamine
Triethylammonium acetate

Thr (T)

Threonine

TIEF

Transferrin iso-electric focusing

TKT
TLC

Transketolase
Thin-layer chromatography

TMEM165
TMEM5 (RXYLT1)
TMTC
TORCH

Transmembrane protein 165
Transmembrane protein 5 (Ribitol xylosyltransferase 1)
Transmembrane O-mannosyltransferase targeting cadherins
Congenital Toxoplasmosis, Other (syphilis, varicella-zoster, parvovirus B19),
Rubella, Cytomegalovirus (CMV), and Herpes

TSH
TSR
UDP
UL

Thyroid stimulating hormone
Thrombospondin type 1 repeat
Uridine diphosphate
Universally labeled

WES

Whole exome sequencing

WGA
WT
WWS
Xyl

Wheat germ agglutinin
Wild type
Walker-Warburg syndrome
Xylose
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veroorzaken in de mens. Walinka vervulde tijdens haar master ook een bestuursfunctie als manager van het koor bij de Wageningse Studenten Koor en Orkestvereninging. Begin 2014 rondde Walinka haar master cum laude af en ontving ze in
2013 de UFW KLV Thesis prijs voor haar masterthesis.
In september 2014 startte Walinka als PhD student bij de afdeling Neurologie en het
Translationeel Metabool Laboratorium (TML) in het Radboud Institute for Molecular
Life Sciences (RIMLS). Onder leiding van Prof. dr. Dirk J. Lefeber, Prof. dr. Michèl A.
Willemsen, dr. Angel Ashikov en dr. Mohammad Alsady heeft ze een belangrijke
bijdrage geleverd aan het begrijpen en het moduleren van metabole routes die
nodig zijn voor de glycosylering, om zo de ontwikkeling van toekomstige therapieën
mogelijk te maken voor de spierziekte dystroglycanopathie. Ze presenteerde haar
werk op internationale congressen en ontving hiervoor verschillende prijzen, waaronder de Hans Vliegenthart prijs in 2016. Haar werk resulteerde in de toekenning
van het Stofwisselkrachtfonds 2018 en in publicaties in meerdere wetenschappelijk
tijdschriften en deze thesis.
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Research data management
Research data presented in this thesis and obtained during this PhD at the
department of Translational Metabolic Laboratory at the Radboud university
medical center (Radboudumc) were archived according to the Findable, Accesible,
Interoperable and Reusable (FAIR) principles. Raw and processed data are stored
digitally at a local server at the department of Translational Metabolic Laboratory.
On a second local server, raw mass spectrometry data files are stored. Both local
servers are only accesible for researchers and technicians in the group of Prof. dr.
Dirk Lefeber. The servers are backed up daily at a server of the university and are
supported by the Information and Communications Technology (ICT) of the
Radboudumc. In addition, data and results from the 1 st of September 2014 to 21 st
of August 2016 were archived in paper lab journals, and all data obtained from 22nd
of August 2016 onwards in the digital lab book Labguru. Labguru is daily backed up
at a local server of the Radboudumc and supported by ICT.
Mouse tissues that we have used in Chapter 3 were obtained from animals that
were housed in the Central Animal Laboratory at the Radboud University Nijmegen,
the Netherlands, under specific pathogen-free conditions with ad libitum access
to food and water. All experiments were authorized by the Animal Ethics Board,
and carried out in accordance with their guidelines.
Studies in Chapter 3, 4, 6 and 7 were conducted in accordance to the principles of
the Declaration of Helsinki and informed consent was obtained from patients or
their legal representatives. For the use of facial images in Chapter 7, written informed
consent was obtained from the legal representatives of the patients. All data generated
or analyzed in this thesis are included in published articles and its additional files are
available from the associated corresponding authors on request.
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PhD portfolio
Name PhD candidate:
W. van Tol
Department:
Neurology
Graduate School:
Radboud Institute for Molecular Life Sciences

PhD period:
01-09-2014 – 31-12-2018
Promotor(s):
Prof. dr. D.J. Lefeber, Prof. dr. M.A.A.P. Willemsen
Co-promotor(s):
Dr. A. Ashikov, Dr. M. Alsady

TRAINING ACTIVITIES
a) Courses & Workshops
- Introduction day Radboudumc
- RIMLS Graduation Course
- Course ‘Management voor promovendi’
- Course ‘How to write a medical scientific paper’
- Course ‘Scientific intergrity’
- Course ‘Academic writing’
- Course ‘Loopbaanmanagement voor promovendi’
- Course ‘Solliciteren en Netwerken’
b) Seminars & lectures
- RIMLS Seminars and Technical fora
- RIMLS Radboud Research Rounds
- Nijmegen Glycobiology Platform*
- TML Research Meetings****
- Glycosylation Disorders Research Meetings6x*
- Journal Club Glycosylation Disorders8x*
c) (Inter)nationalSymposia & congresses
- Joint Glycobiology Meeting####*
- Netherlands meets Japan Glycobiology and Health Conference#
- Muscles2Meet Beatrix Spierfonds Symposium#
- Radboud Science Days#
- Radboud New Frontiers
- RIMLS PhD Retreat###*
- IM Radboudumc neuromuscular disorders
- International Scientific CDG Symposium Leuven#

Year(s)

ECTS

2014
2014
2015
2015
2016
2016-2017
2018
2018

0.5
2.0
3.0
0.2
1.0
3.0
0.8
0.8

2014-2018
2014-2018
2014-2018
2014-2018
2014-2018
2014-2018

2.0
0.8
1.05
3.9
4.1
4.0

2014 -2017
2016
2016
2015
2014-2016
2015-2018
2016
2017

4.5
1.0
0.75
0.5
3.0
3.0
0.125
1.0

2016
2017
2017-2018
2018

1.0
2.5
1.7
2.5

TEACHING ACTIVITIES
d) Supervision of internships
- BSc student Sanne Ruigrok
- MSc student Hedwig van Hove
- MSc student Sama Shiva
- MSc student Chiara Angeli
TOTAL

48.725

Oral and poster presentations are indicated with a * and # after the name of the activity, respectively.
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Dankwoord
Dit is dan, het laatste hoofdstuk van mijn PhD thesis en daarmee ook van mijn PhDprojecten bij de Glycos en het Translatineel Metabool Lab. Vier jaar en vier maanden
lang heb ik mij toegeweid aan het glycosyleringsonderzoek en wat heb ik veel
geleerd. Niet alleen over de wetenschap, maar ook over mijzelf. Ik ben mijzelf een
aantal keer tegengekomen, maar hier ben ik altijd ‘vliegend’ weer uitgekomen dankzij
alle lieve, leuke en mooie momenten samen met alle collega’s, vrienden en familie!
Laat ik het eerst beginnen met toch wel de ‘bouwsteen’ van de Glycosgroep en ook
van mijn PhD project. Dirk, bedankt dat je de bioloog die voorheen allemaal dingen
met insecten deed de kans gaf om een PhD bij jouw groep te doen. Ik voelde mij
gelijk welkom en dat is gelukkig het gehele PhD project zo gebleven. Ik kon altijd
terecht met (soms ook een beetje ondoordachte) vragen over glycosylering,
onderzoek en wetenschap. Je zorgde ervoor dat er altijd heldere doelen waren,
ook als ik eventjes weer de prioriteiten kwijt was. Ook al had je het de laatste jaren
nog drukker dan voorheen, er was altijd wel ergens een gaatje in de agenda te
vinden. Daarnaast heb ik ontzettend veel geleerd dankzij de kritische vragen die jij
stelde tijdens onze overleggen, bij presentaties of bij het evalueren van manuscripten.
Alle opgedane kennis en ervaring neem ik mee naar de toekomst, Dank je wel!
Michèl, in de eerste jaren van mijn PhD was je misschien wat minder betrokken,
maar zodra ik in de laatste twee jaar meer verbanden moest gaan leggen met de
kliniek van patiënten, was je gelijk beschikbaar voor vragen. Als ik een manuscript
opstuurde, had ik het meestal de volgende dag alweer terug, geweldig! Daarnaast
waren jouw opmerkingen op het meer biochemische werk juist meestal de
moeilijkste omdat je een ander perspectief had en daar heb ik heel veel van geleerd.
Ook al zagen we elkaar niet zo heel vaak door het jaar heen, ik kan mij toch veel
herinneren van de gesprekken die we gehad hebben. Je positieve kijk op de
projecten was altijd zeer motiverend, nogmaals dank!
Angel, this vegetarian wants to thank you for all your efforts you have made to
make my PhD a success. Without your never-ending enthusiasm for biology I think
I probably would have lost the way somewhere. You always had creative ideas
when I got stuck, and you have always motivated me to continue, even with such
difficult projects as the SLC35A1 and Golgi isolations with cytosolic nucleotide
sugars we didn’t want. You have teached me many molecular techniques in the lab,
and I had a lot of fun learning this from you. Besides, you have a great sense of
humor and you were always ready to join for a beer at the SQL or a party, and I for
sure will never forget you as a friend! Благодаря ангел!
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En dan de co-promotor die zich later bij mijn projecten heeft gevoegd: Mohammad.
Ik herinner jouw sollicitatie nog goed, vanaf dag één wist ik dat je veel ambitie had
om verder te gaan in het onderzoek en dat was precies wat nodig was voor het
vervolg van de projecten in onze groep. Nadat je was aangenomen, hebben we veel
overleg gehad over alle projecten en ben je zeer betrokken geweest bij bijna al mijn
manuscripten, en ben je daarom ook mijn co-promotor geworden. Ik ben ontzettend
blij dat je doorgaat met het werk aan de dystroglycanopathieën en ik weet zeker dat
het je gaat lukken. Daarnaast wil ik ook nog kwijt dat ik een heel groot respect heb
voor hoe jij alle projecten en studenten kan managen en dat je daarnaast toch een
open en toegankelijke persoonlijkheid hebt. Heel veel succes gewenst met alles!
En nu we alle promotoren en co-promotoren hebben gehad, komen we natuurlijk
aan bij alle andere leuke collega’s. Anke, we hebben meer dan 4 jaar lang een bureau
gedeeld, en menig lief en leed samen doorgemaakt. Van de SQL tot een gebroken
mass spec (of allebei). Ook jij hebt heel veel bijgedragen aan mijn projecten, gewoon
al door te overleggen, vragen te stellen en meestal net een stapje verder te denken
dan dat ik zelf op dat moment had gedaan. Je was altijd al net iets langer dan ik bezig
met je PhD, maar nooit leek jij ook maar enigszins onder de indruk van deadlines of
experimenten die niet lukten. Dat maakte mij vaak ook weer wat relaxter, en anders
had je altijd wel een idee voor een borrel of een etentje. Ik heb vaak mijn hart even
bij jou kunnen luchten. Super bedankt daarvoor en ik ben ontzettend blij dat jij mijn
paranimf bent!
Esther, ook jou moet ik natuurlijk bedanken voor al je inzet tijdens mijn PhD. Al ben
je begonnen als student bij Anke, al snel was er een goede band tussen ons. Wat
ontzettend leuk vond ik het toen je bij ons werd aangenomen! Jouw vrolijkheid was
altijd heel aanstekelijk en ik ben zo ontzettend dankbaar voor al het werk dat je
gedaan hebt voor mij met de mass spec, maar ook in de celkweek en bij de
oneindige aantallen extracties. Daarnaast heb ik ook met jou lief en leed kunnen
delen en hebben we veel plezier gehad op het lab, de kantoortuin en de koffiekamer.
Heel erg fijn dat jij ook paranimf bent bij mijn verdediging!
Monique, jij hebt mij zo ongeveer alles geleerd wat ik op dit moment van massaspectrometrie weet. Zonder alle MS ontwikkelingen die jij in het lab hebt gedaan
was ik nu waarschijnlijk nog steeds SDS-PAGE en western blots aan het doen. Ook
jou wil ik heel erg bedanken, ook voor alle gezelligheid tussendoor!
Amin and Federica, as PhD students in the Glycos group we have shared many
moments of joy, frustration, happiness and many other things. Thank you for all the
questions you asked about my projects and I’m sure you will both succesfully finish
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your PhD thesis! Raisa, you are such a kind person and I’m happy that you have
joined the Glycos group. I wish you all the best!
Karin, Fokje, Else, Astrid en Irma, jullie vormen de fundatie van de Lyso/Glycos.
Jullie hebben mij altijd zoveel geholpen en staan altijd voor een ander klaar. Dat is
heel bijzonder! Karin, van jou heb ik heel veel geleerd over enzym assays en phast
systems en je maakte altijd tijd vrij als je voor mij weer eens wat in Helix op moest
zoeken, als we weer wat samen in de vriezer moesten zoeken of gewoon voor de
gezelligheid. Dank je wel! Else en Fokje, jullie hebben mij heel veel geleerd over
UPLC en MS, nu ben ik niet meer bang om die apparaten eens een stukje open te
schroeven! Ook bij jullie kon ik altijd terecht met vragen, frustraties of gewoon voor
een leuk praatje. Astrid, jou wil ik ook heel erg bedanken, jij denkt altijd aan het
welzijn van anderen, en dat maakt jou heel bijzonder. Ik kan mij nog goed herinneren
dat je aan kwam met een doos chocolaatjes nadat ik een hele slechte dag had
gehad, echt zo ontzettend lief! Irma, jij begon tegelijk met werken bij TML als ik,
maar gelukkig mag jij heel wat langer blijven. Je droge humor kan ik altijd heel erg
waarderen, en ik blijf altijd groot fan van je unicorn t-shirt!
En dan ben ik aangekomen bij zoveel meer leuke en lieve mensen van TML. Sanne
(van Raaij) en Manon: ik ben zo ontzettend blij dat ik jullie heb leren kennen. Jullie
staan altijd klaar voor een ander en ik voelde mij ook altijd welkom. Bedankt voor al
het plezier in het lab, kantoor en in de koffiekamer! Lieke, jij ook bedankt voor de
gezelligheid en je geweldige humor, ook tijdens de schrijfweek die we samen met
Anke hebben gehad in het hutje op de hei (zit dat liedje alweer in mijn hoofd...). Ik
weet zeker dat je je PhD met succes gaat afronden, you can do it! Bea, jij heel erg
bedankt voor alle gezellige praatjes als ik ‘s ochtends het kantoor binnenkwam, en
ook voor je altijd oprechte interesse voor mijn projecten. Stiekem ben je wel een
beetje de kantoortuinmanager op Q! Thanks to all PhD students from TML for
making life less boring, especially on the PhD retreats and all the courses. Laura,
Sergio, and Alfredo, thanks for all the good times in Nijmegen!
Dank je wel aan alle TML collega’s. Annelies, Thea, Mariël, Joop, Sanne (van Kraaij),
Fenna en Hans, het lab op P zou tijdens mijn PhD echt heel saai geweest zijn
zonder jullie! Bedankt voor alle grappige en gezellige momenten, door jullie voelde
ik mij welkom op het Research lab. Frans, Özlem en Jacqueline, bedankt voor al
jullie inzet op de celkweek, waar ik ook vele uren te vinden was. Ook dank aan alle
dames en heer van de spiergroep, niet alleen voor het lenen van labmaterialen (dat
kwam toch wel heel regelmatig voor) maar ook voor alle leuke koffiemomenten.

11

214 | Chapter 11

En dan natuurlijk ook nog het leuke carpool-groepje vanuit Wageningen: Selma,
Linda en Marjolein. Het is leuk dat een lange tijd dagelijks samen in de auto zitten
zo’n band schept tussen mensen. Inmiddels is het carpoolen al lange tijd voorbij,
maar blijven we elkaar toch regelmatig zien. De laatste jaren was dat vooral bij
bruiloften en kraambezoekjes, en van die laatste komen er in ieder geval meer.
Bedankt voor alle gezelligheid!
Ik ben ook dankbaar voor alle hulp van de studenten die bij mij hun stage hebben
volbracht. Sanne (Ruigrok), je was er maar voor een korte tijd en de weg was soms een
beetje ‘rocky’, maar je hebt mij veel werk uit handen genomen in het lab, dank je wel!
Hedwig, je hebt je masterstage echt super gedaan. Je had echt enorm veel geduld, en
ik denk dat zonder jouw het SLC35A1-verhaal niet in dit boekje was gekomen.
Ook heb je werk gedaan aan de AKR1B1, dus al met al komt je naam voor in twee
hoofdstukken in deze thesis, heel bijzonder! Ik weet zeker dat je een mooie toekomst
tegemoet gaat en jouw huidige en toekomstige werkgevers hebben geluk met jouw
mentaliteit en harde inzet. En als grote bonus ben je ook nog eens heel gezellig! Chiara,
you did your internship in our group in my final year, so sometimes I was a bit short
in time to guide you on the way, but you did a good job on the SLC35A1, thank you!
Zo, en dan komt het moment dat je heel bang bent dat je allemaal andere collega’s
bent vergeten te noemen in dit dankwoord. Als PhD student heb je ook een netwerk
nodig die eigenlijk helemaal niets te maken heeft met je onderzoek, maar waar je
wel met alles terecht kan, of juist alles even wil vergeten.
Hetty, Tania, Lenie, Daphne. Inmiddels kennen we elkaar al meer dan 11 jaar, en
jullie kennen mij dan ook door en door. Zo blij dat wij elkaar hebben gevonden in
ons eerste jaar biologie! Jullie hebben mijn hele traject van studie tot en met PhD
meegemaakt. Elke woensdagavond samen (te veel toetje) eten en gaan Bommen
zit er inmiddels al wat jaren niet meer in nu we niet meer zo dicht bij elkaar wonen,
maar jullie zijn echt mijn grootste supporters. Inmiddels hebben we allemaal ook
aanhang die het gelukkig ook allemaal met elkaar kunnen vinden, en ik weet zeker
dat we nog vele kampeertripjes, weekendjes in huisjes, bezoekjes aan de dierentuin
en nog vele andere leuke dingen met zijn allen en de groeiende ‘familie’ gaan doen.
Al deze uitjes hebben mij ook door deze jaren heen geholpen, en zette het leven
vaak weer even in een ander perspectief. Dikke kus aan jullie allemaal!
Hay, Jeanne en Niels, jullie hebben mij opgenomen in jullie familie, en ik vind dat
natuurlijk heel fijn! Bedankt voor alle gezellige dagjes, uitjes en weekenden die we
hebben doorgebracht en ook zeker in de toekomst nog gaan doorbrengen. Fijn om
er nog een familie bij te hebben. Dank jullie wel!
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Lieve Karin en Rob (mama i tata), jullie hebben mij altijd gesteund in alles wat ik heb
gedaan wat betreft studie en nu ook mijn PhD. Jullie hadden soms zoiets van, ‘Wat
doe je ook alweer precies?’ maar dat is eigenlijk ook wel weer fijn, want dat betekend
dat je het over andere dingen hebt dan werk, en afleiding is de sleutel om later juist
weer vol concentratie aan de slag te kunnen. Bij jullie kan ik gelukkig altijd met alles
terecht, van serieuze zaken tot (zeer) flauwe humor, En ook al zitten jullie nu bij
onze ‘tweede’ familie in Polen, gelukkig voelen jullie altijd dichtbij.
Tot slot, lieve Joost, volgens mij realiseer je je soms niet genoeg hoe veel je voor
mij betekend, maar dat is dan ook lastig om volledig in woorden uit te drukken.
Al meer dan 11 jaar zijn wij samen, en daar viel mijn PhD natuurlijk ook in. Al heb ik
je eerst misschien moeten overtuigen dat ik echt deze PhD wilde doen omdat je
zo bezorgd was dat ik te veel hooi op mijn vork zou nemen, je stond altijd voor
mij klaar. Met de kleine dingen, zoals met de boodschapjes, eten of een kopje thee,
maar ook met wat ik zie als de grote dingen: een luisterend oor en een knuffel als
ik het nodig had, of een (soms voorspelbare) grap; er gewoon zijn was genoeg,
maar zeker heel erg nodig. Zonder jou was mij dit niet gelukt. Als we met zijn
tweeën op vakantie gaan, uit eten zijn of even gewoon samen kletsen op de bank,
dan weet ik weer wat er echt belangrijk is in het leven. Samen kunnen wij alles aan
en nu zijn we zelfs met zijn drietjes. Dank je wel en ik hou van je!
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