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General Introduction
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PROTEIN GLYCOSYLATION IN DISEASE
Protein glycosylation is an important modification with implications for human
disease. During the glycosylation process, carbohydrate (sugar) units known as
monosaccharides can be covalently linked to proteins and modified through
various enzymatic processes (e.g. by glycosyltransferases and glycosidases) in
the endoplasmic reticulum (ER) and Golgi apparatus. Glycosylation takes place
in the secretory pathway of the cell and the vast majority (>90%) of proteins on
the cell-surface and secreted in body fluids is modified by glycosylation.
Aberrant glycosylation of plasma proteins has been reported in many human
diseases ranging from monogenetic inherited disorders to common diseases
such as cancer (1). The majority of tumor biomarkers that are currently approved
by the Food and Drug Administration (FDA) are glycoproteins (2). However, the
glycan part of these markers has hitherto been largely neglected.
Glycans have important functions in many biological processes such as the
interaction of cells with their extracellular environment to mediate cell adhesion,
macromolecular interactions (e.g. binding of antibodies to their receptors), and
pathogen invasion (e.g. toxin binding, virus attachment; see Figure 1 (3). Glycans can

Figure 1: Scheme visualizing the diverse roles of glycans in biological processes. This
figure was adapted from Defaus S et al. Mammalian protein glycosylation - structure versus
function. Analyst 2014;139:2944-2967.
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also modulate protein function like signaling and influence the half-life of cell
surface receptors (e.g. via multivalent lectin-glycan complexes) (4). Furthermore,
glycans play a role in several other important processes, such as protein secretion,
quality control for protein folding in the endoplasmic reticulum, and selective
protein targeting (5).
Unlike the biosynthesis of DNA and proteins, glycosylation is a non-template
driven multi-enzymatic process that is localized to the secretory pathway of
the cell. Since no strict quality control system is known for glycan modifications,
most proteins contain an enormous diversity of glycan structures, differing in
attachment sites, composition, branching and linkage types (Figure 2). In addition
to the glycosyltransferases that add monosaccharides during the biosynthetic
process, many other factors influence protein glycosylation, including cytosolic
metabolites (6), lipid biosynthesis (7), metal ions (8), pH (6, 9-11), Golgi homeostasis
(12, 13) and vesicular transport (14). Abnormal glycosylation in human disease
can therefore reflect abnormalities in a large number of biological processes and
offers unique opportunities to develop biomarkers for early diagnosis, as well as
monitoring therapy and disease progression.

Figure 2: Glycan micro- and macro-heterogeneity. Glycosylation micro-heterogeneity
describes the diversity of glycan structures which can occupy a certain glycosylation site,
while macro-heterogeneity is the diversity of occupation of glycosylation sites. The concept
of micro- and macro-heterogeneity is exemplified in this scheme using different N-glycan
motifs (N= asparagine, X = any amino acid except proline, S/T = serine/threonine).
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CONGENITAL DISORDERS OF GLYCOSYLATION (CDG)
CDG: Clinical consequences of abnormal glycosylation
Congenital disorders of glycosylation (CDG) form a group of genetic defects with
abnormal glycosylation of proteins and/or lipids. Since their first description in
1980, more than 100 different defects have been identified. Genetic defects have
been found in all major glycosylation pathways, including protein N-glycosylation,
protein O-glycosylation, lipid and glycosylphosphatidylinositol (GPI) anchor
glycosylation, and glycosaminoglycan (GAG) biosynthesis (15). In addition, an
increasing number of genetic defects is being identified that result in abnormalities
in multiple pathways. For example, defects in sugar metabolism or metal ions
affect multiple enzymes. The majority of at least 50 defects are known to occur
in the N-linked glycosylation pathway (16), as illustrated in Figure 3.
Generally, clinical presentations of CDG are extremely heterogeneous and a
challenge for the clinician to diagnose early. The majority of CDGs with N-glycosylation defects are multi-organ diseases with neurological involvement. For
example, the classical clinical features of CDG as displayed in the most prevalent
type of CDG, PMM2-CDG, are abnormal fat pads, inverted nipples, feeding problems
(anorexia, vomiting and diarrhoea), severe failure to thrive, dysmorphic feature
(large hypoplastic/dysplastic ears, abnormal subcutaneous adipose tissue
distribution), hepatomegaly, skeletal abnormalities and hypogonadism. However,
there are some CDGs that do not produce neurological symptoms like MPI-CDG
with thrombosis and enteropathy, and DPM3-CDG which exhibited mostly
muscular dystrophy and dilated cardiomyopathy (6, 15).

CDG: Classical screening
Transferrin is one of the most abundant glycoproteins in human plasma and has
been widely used as a rapid biomarker for detection of N-glycosylation defects
(Figure 4). Serum transferrin profiling by means of isoelectric focusing (IEF) is
used as routine screening test for CDG. In principle, two types of CDG can be
distinguished based on serum transferrin IEF, CDG-type I (CDG-I) or CDG-type II
(CDG-II). The CDG-I pattern is characterized by a (partial) lack of N-glycans and
points to a defect in the ER glycosylation pathway. The CDG-II pattern is
characterized by truncated N-glycans, which indicates a processing defect in the
Golgi. Fructosemia, galactosemia, alcohol abuse, hepatopathy and bacterial
sialidases are known as secondary causes of abnormal transferrin glycosylation
(17). Normal transferrin IEF profiles have been observed in some CDG cases,
such as ALG14-CDG and ALG11-CDG (18) for CDG-I subtypes, MOGS-CDG,
SLC35A3-CDG and SLC35C1-CDG for CDG-II subtypes, as well as defects in sugar
metabolism like GNE-CDG, PGM3-CDG and GFPT1-CDG, and in a Golgi homeostasis
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Figure 3: Schematic overview of the congenital disorders of glycosylation (CDG) in
the N-glycosylation pathway. The figure shows the individual enzymatic steps in the
biosynthesis of nucleotide sugars in the cytoplasm, of the lipid-linked oligosaccharide (LLO)
in the endoplasmic reticulum (ER), the glycan transfer to proteins and further N-glycan
processing in the Golgi apparatus (GA). The shuttling of the glycosylation machinery
between the ER and GA and within the GA is organized and regulated by cytoplasmic
complexes including the conserved oligomeric Golgi (COG) complex. The CDG nomenclature
is based on the affected gene name followed by the suffix -CDG.

defect, named Cohen Syndrome (18, 19). Because of this limitation, there is a
need to expand the panel of glycomarkers to other types of glycoproteins, e.g.
O-glycosylated ones, or glycoproteins that are synthesized by specific cell types,
especially for covering tissue- or organ-specific clinical symptoms.

CDG Treatment and monitoring
Most of the CDG subtypes can only be treated symptomatically. However, there
are new developments in the field of CDG research to understand the mechanisms
of glycosylation, and how these mechanisms can be interfered to overcome the
genetic defect. There are a couple of approaches which are currently considered:
chaperone therapy, enzyme replacement therapy and monosaccharide supplementation therapy. Three monosaccharide supplementation therapies play a
role as promising treatments for specific CDG subtypes:
1. Mannose therapy (1 g/kg body weight per day, divided in 4-6 doses) for MPICDG (phosphomannose isomerase deficiency) can be explained biochemically by
phosphorylation of oral mannose to mannose-6-phosphate by hexokinases,
which bypasses the defect in MPI to restore the GDP-mannose pool for N-glycosylation.(20) The therapy could be sensitively monitored by intact transferrin
mass spectrometry (21).
2. Fucose therapy (depending on nature of the mutation) for SLC35C1-CDG
(GDP-fucose transporter defect): The treatment is reported to be efficient in
some patients with regard to the typical recurrent infections with hyperleukocytosis (20, 22).
3. Galactose therapy (0.5 - 1 g/kg/day) for PGM1-CDG (phosphoglucomutase-1
deficiency): Oral D-galactose supplementation in PGM1-CDG could increase
the production of intracellular UDP-galactose to restore N-glycosylation,
and has improved hepatomegaly and liver function tests as well as prevented
hypoglycemic episodes. Intact transferrin glycoprofiling has been applied
successfully to monitor the biochemical improvement during galactose
supplementation, as a good example of how glycoprofiling can be used to
monitor disease severity and treatment efficacy (23).
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Figure 4: Transferrin as biomarker for CDG with N-glycosylation defects. A glycan
precursor is assembled by sequential addition of monosaccharides onto the lipid anchor
dolichol in the membrane of the ER. The glycan precursor containing 14 monosaccharides is then transferred en bloc to a specific asparagine residue (N) within the consensus
sequence N-X-S/T (X = any amino acid except proline, S = serine, T = threonine) in the
nascent peptide chain of a protein (e.g. transferrin) being synthesized by a ribosome and
entering the ER. The transferrin is transported to the Golgi apparatus, where the glycans
are modified in multiple steps through the action of various glycosidases (trimming) and
glycosyltransferases (prolonging). Transferrin has two glycosylation sites carrying each
a di-antennary glycan with full galactosylation and two terminal negatively charged
sialic acid residues. In normal conditions, most transferrin molecules carry a total of four
sialic acid residues, which is the most abundant glycoform and displayed as a single major
band (No. 4; tetrasialo-transferrin) in the isoelectric focusing (IEF) pattern. CDG type I
(CDG-I) refers to any assembly defect in the ER, causing one or both glycosylation sites of
transferrin to be unoccupied (blue arrow). The CDG-I IEF pattern shows an increased
band of disialo-transferrin (No. 2) and asialo-transferrin (No. 0), owing to the occurrence
of transferrin isoforms with two sialic acids and no sialic acid, respectively. For CDG
type-II (CDG-II), the defect occurs in the modification of the already-transferred glycan,
which leads to truncated glycans on both glycosylation sites of transferrin. CDG-II IEF
pattern typically has bands of approximately equal density at all positions from 0 through
3, whereas in most cases, tetrasialo-transferrin shows a more intense signal.
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GLYCOMICS APPLICATION IN CDG
Traditional CDG screening by serum transferrin IEF was found to fail for the
detection of several CDG subtypes. In addition, while this approach is used to
discriminate CDG-I from CDG-II, it can neither provide evidence for the exact
genetic defect, nor does it reveal the glycan structures. Hence, advanced
glycoprofiling through MS is vital to develop potential biomarkers for disease
characterization. Mainly two glycomics approaches have been applied for
glycomarker discovery for CDG (Figure 5), namely global glycoprofiling of total
serum proteins and protein-specific glycoprofiling of mainly intact transferrin
(24).
Classical analysis of permethylated N-glycans of total serum proteins by
MALDI-MS has successfully been applied in CDG-II patients to determine
diagnostic glycomarkers. Accumulation of single, specific N-glycans as a result
of a defective enzyme was observed in some glycosyltranferase deficiencies
such as MGAT2-CDG (N-acetylglucosaminyltransferase defect) and B4GALT1-CDG
(galactosyltransferase defect). In the case of SLC35C1-CDG (GDP-fucose transporter
defect), presenting with normal transferrin IEF pattern, a significant decrease
of fucosylated N-glycans on serum proteins was observed for direct diagnosis.
Other, more general glycomic alterations such as loss of tri-antennary N-glycans
and appearance of truncated N-glycans can be seen in serum profiles of
COG7-CDG and ATP6V0A2-CDG patients (25). Recently, the application of total
serum glycoprofiling in CDG-I patients led to the discovery of a specific “N-tetrasaccharide” as a novel small N-glycomarker for the diagnosis of ALG1-CDG (26),
reflecting a novel disease mechanism leading to specifically altered glycosylation.
Protein-specific, high resolution mass spectrometry of intact serum transferrin
has significantly improved CDG diagnostics due to the robustness, speed and
accuracy with which glycomarkers for CDG can be obtained for several genetic
defects. Intact transferrin glycoprofiling using ESI-MS was first introduced in
2001 at the Mayo Clinic (Rochester, Minnesota) as a routine diagnostic test for
the identification of CDG-I defects and alcohol abuse (27). Recently, the introduction
of high resolution Quadrupole Time-Of-Flight (QTOF) MS for intact transferrin
glycoprofiling has significantly improved the mass resolution for a more accurate
annotation of the glycan structures and has further improved the diagnosis of
CDG. Moreover, five times less material is needed because of the sensitive
nanoLC-chip chromatography. Intact transferrin QTOF glycoprofiling has contributed
to the identification of novel CDGs such as PGM1-CDG (phosphoglucomutase-1
deficiency) (23) and Man1B1-CDG (1-2-α-mannosidase defect) (28), and also
allowed the fast identification of CDG-II subtypes of SLC35A1-CDG (CMP-sialic
acid transporter defect) and SLC35A2-CDG (UDP-galactose transporter defect).

1
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In addition, abnormal transferrin glycoprofiles were identified for several
Golgi homeostasis defects, such as COG1-CDG, ATP6V0A2-CDG, TMEM165-CDG,
TMEM199-CDG, and CCDC115-CDG, however, not directly diagnostic for the
specific gene defect (10-13, 24).
Protein-specific glycoprofiling has a couple of advantages over the more
generally applied total serum glycomics. First, total serum glycomics always
require transferrin IEF or intact transferrin glycoprofiling as initial step,
because the lack of whole glycans as is observed in CDG-I cannot be detected.
In case that a CDG-II pattern is obtained, total serum glycan profiling can be
performed for glycan structural analysis. Based on our experience, a characteristic
profile was observed with specific truncated glycans for some glycosyltransferase
deficiencies such as MGAT2-CDG or B4GALT1-CDG (25), but most of the subtypes
show rather non-specific profiles with an increase of fucosylation or decrease of
sialylation, which often falls within the broad control reference range. This
broad reference range became evident with the recent publication of Hennig and
coworkers, where they show that healthy individuals present with large
variations in their glycosylation phenotype (29). Likely, the glycome reflects the
genetic, epigenetic and metabolic system, influenced by individual lifestyles and
environmental factors, leading to large inter-individual glycome heterogeneity.
Importantly, within one individual, changes in glycosylation are rather small
over time (29).
Transferrin
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Patient

Clinical
diagnostics
of CDG

MS of total serum
free N-glycans
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on a single protein
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Figure 5: Clinical Glycomics to diagnose Congenital Disorders of Glycosylation. The three
most commonly applied techniques used to analyze biological fluid were presented here. Mass
spectrometry provides sensitivity and structural insights compared to isoelectric focusing.
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In clinical diagnostics, commonly a one-time sampling is performed, which
is not always adequate to show the genetic defect. For precision medicine,
however, the glycome might be a highly sensitive marker, since changes within
one individual are small. Initial studies are highly promising to mediate novel
early diagnosis and disease stratification markers, subsequently resulting in
improved patient well-being and reduced treatment costs (30).

AIMS AND OUTLINE OF THIS THESIS
CDG is a fast growing group of genetic disorders that result from abnormal
protein or lipid glycosylation. Unfortunately, only a few subtypes of CDG can be
diagnosed based on specific clinical features such as MPI-CDG. From the first
case description in 1980 till now, about 125 CDGs have been reported with the
majority of defects in N-linked glycosylation. Glycomics techniques using mass
spectrometry (MS) have advanced to a stage that allows accurate identification of
N-linked glycan (N-glycan) structures. Therefore, glycomics profiling (glycoprofiling) offers a great opportunity to discover glycan markers (glycomarkers)
for diagnosis and treatment monitoring in CDG.
In this thesis, two glycomics mass spectrometry (MS) approaches will be
applied, namely plasma intact transferrin (protein specific) N-glycoprofiling
and total plasma (global) N-glycoprofiling. The main purpose of my PhD research
is to identify novel glycomarkers for diagnosis and treatment monitoring of CDG
subtypes using these MS techniques. Furthermore, we aimed to investigate the
added potential of combining glycomics and high-throughput genomics in gene
identification for CDG.
In Part I: An overview of glycomics applications in congenital disorders of glycosylation and personalized medicine, we comprehensively reviewed the application
and utilization of several glycomics techniques to diagnose CDG and other glycosylation related diseases such as cancer. In Chapter 2: Clinical glycomics for the
diagnosis of congenital disorders of glycosylation, the review is focus on the added
value of well known glycomics MS approaches such as MALDI TOF and ESI-LC MS
QTOF in diagnosing CDG as well as describing the current diagnostics flowchart
for CDG. For Chapter 3: Glycomics as an innovative approach for personalized medicine,
this review is extended to the role of glycomics towards personalized medicine
as exemplified by cancer diagnostics and therapy.
In Part II: Glycomics profiling for diagnosis and therapy monitoring of phosphoglucomutase-I deficiency (PGM1-CDG), we described the application of glycomics
for the discovery of specific glycomarkers for diagnosis and therapy monitoring
in PGM1-CDG. In Chapter 4: PGM1 deficiency: substrate use during exercise and

1

20 | Chapter 1

effect of treatment with galactose, we report the clinical and biochemical
improvement of an adult patient with PGM1-CDG on oral galactose therapy and
the introduction of glycan-indices to monitor glycosylation changes after
initiation of galactose therapy. Finally, the identification of unique glycomarkers
for PGM1-CDG was described in Chapter 5: Intact transferrin and total plasma
glycoprofiling for diagnosis and therapy monitoring in phosphoglucomutase-I deficiency
where specific transferrin glycoforms were identified for fast and accurate
diagnosis of the full range of clinical presentations in PGM1-CDG, and for
monitoring of specific effects of oral galactose therapy.
In Part III: Combination of glycomics and genomics for the diagnosis of
congenital disorders of glycosylation, we combined glycomics studies with genomics
approaches. In Chapter 6: Integrating glycomics and genomics uncovers SLC10A7 as
essential factor for bone mineralization by regulating post-Golgi protein transport
and glycosylation, we used two glycomics MS techniques; intact transferrin and
total plasma N-glycoprofiling in combination with whole exome sequencing
(WES) to unravel gene defects in a cohort of 99 patients with CDG-II. This
resulted in the identification of several known (rare) CDG-II subtypes and
identification of a novel CDG, SLC10A7-CDG. In Chapter 7: Synergistic use of
glycomics and single-molecule Molecular Inversion Probe sequencing for sub-typing
congenital disorders of glycosylation type I, we showed that total plasma N-glycoprofiling has revealed novel glycomarkers for specific CDG-I gene defects, which
aided identification of gene defects. Establishment of targeted sequencing by
single-molecule Molecular Inversion Probes (smMIps) in combination with
clinical glycomics facilitates diagnosis of novel patients with CDG-I.
Finally, in Chapter 8: General Discussion, a general discussion is presented
about glycomics technology using porous graphitized carbon (PGC) LC-MS and
the future developments of technology such as glycoproteomics and its position
in diagnostics of CDG.
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congenital disorders of glycosylation

Nurulamin Abu Bakar, Dirk J Lefeber and Monique van Scherpenzeel.
Published in Journal of Inherited Metabolic Disease. 2018;41(3):499-513.

26 | Chapter 2

ABSTRACT
Clinical Glycomics comprises a spectrum of different analytical methodologies
to analyze glycan structures, which provides insights into the mechanisms
of glycosylation. Within clinical diagnostics, glycomics serves as a functional
readout of genetic variants, and can form a basis for therapy development,
as was described for PGM1-CDG. Integration of glycomics with genomics has
resulted in the elucidation of previously unknown disorders of glycosylation,
namely CCDC115-CDG, TMEM199-CDG, ATP6AP1-CDG, MAN1B1-CDG and PGM1CDG. This review provides an introduction into protein glycosylation, presents
the different glycomics methodologies ranging from gel electrophoresis to mass
spectrometry (MS), and from free glycans to intact glycoproteins. The role of
glycomics in the diagnosis of Congenital Disorders of Glycosylation (CDG) is
presented, including a diagnostic flow chart and an overview of glycomics data
of known CDG subtypes. The review ends with some future perspectives,
showing upcoming technologies as system wide mapping of the N- and O-glycoproteome, intact glycoprotein profiling and analysis of sugar metabolism. These
new advances will provide additional insights and opportunities to develop
personalized therapy. This is especially true for inborn errors of metabolism,
which are amenable to causal therapy, because interventions through supplementation therapy can directly target the pathogenesis at the molecular level.
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INTRODUCTION
Technological advances in science are creating a revolution in the world of
clinical diagnostics for rare metabolic disorders. In many cases, establishing a
diagnosis via the traditional care route is a complex, lengthy process involving
multiple consultations by various clinical specialists. The fact that an omics
technique greatly reduces this turnaround time and increase the diagnostic
yield has recently been shown for a cohort of 150 patients presenting with
complex neurological disorders of suspected genetic origin. They compared the
number of solved cases applying either whole exome sequencing (WES) alone
(29.3%), or the standard care pathway (7.3%). This improvement in diagnostic
yield is significant, without increasing costs compared to the standard diagnostic
trajectory (31). However, the percentage of solved cases of about 30% is still
quite low, which is likely caused by either the lack of sequence coverage of the
variant, by disease causes outside the coding sequences, or the presence of too
many “Variants of Unknown Significance”. In this light, the important connection of
genomics with functional -omics methodologies in the diagnosis of metabolic
disorders is recognized more and more. For example, a combination of WES
and deep clinical phenotyping was applied to 41 patients with intellectual
developmental disorder and unexplained metabolic abnormalities, which resulted
in a diagnosis for 28 patients (68%), and a test for targeted intervention on
18 patients (44%) (32). For Congenital Disorders of Glycosylation (CDG), many
cases were unsolved until the inclusion of glycomics into clinical practice,
to present the functional defect (11-13, 23, 28, 33-35). The most important
advantage of integrating functional omics with genomics in the field of inherited
metabolic disorders is the opportunities for therapy, which do arise from
insights into functional, biochemical pathways. First evidences were published
for PGM1-CDG (23, 36). This review will discuss glycomics, present the different
methodologies, its role in CDG diagnostics and will end with future perspectives,
in which the horizon of the diagnostic laboratory needs to be broadened to
functionally understand new genetic defects.

Introduction in glycosylation
Protein glycosylation is considered to be the most common post-translational
modification and is ubiquitously present (5). Glycosylation is a non-template
driven process involving multiple competing enzymes (e.g. glycosidases and glycosyltransferases) in the Endoplasmic Reticulum (ER) and the Golgi Apparatus
(GA) as glycoproteins traffic and mature through the secretory pathway.
Therefore, glycan structures are highly diverse, with multiple possibilities for
branching and linkage (micro-heterogeneity), and differences in site occupancy

2

28 | Chapter 2

(macro-heterogeneity). Glycans are known to have many important biological
functions such as cell-cell, macromolecular (e.g. antibody) and pathogen
interactions, protein secretion, protein signaling and protein folding (3, 5).
Glycosylation changes have been identified in various diseases, ranging
from monogenetic inherited disorders such as CDG (15) to multiple types of
malignancies; e.g. ovarian (37), colon (38) and breast cancer (39), but also
observed in other pathological situations, such as cirrhosis, hepatitis and neurodegenerative diseases such as Alzheimer’s (40) and Parkinson disease (41).
Therefore, the analysis of glycosylation in complex biological matrices, which is
called glycomics, has become one of the popular -omics after the era of genomics
and proteomics, especially for biomarker discovery, treatment monitoring and
also to understand disease mechanisms. This has become more relevant and
promising since the majority of tumor biomarkers that have been endorsed by
the Food and Drug Administration (FDA) are glycoproteins (2). Most of the
markers are only judged based on their expression level. However, for two
glycoproteins glycosylation is included as biomarker in routine clinical
diagnostics, namely carbohydrate-deficient transferrin for the detection of CDG
and alcohol abuse, and fucosylated serum alpha-fetoprotein (AFP-L3) for the
early diagnosis of hepatocellular carcinoma (42, 43). It was shown that by
including glycosylation in the analysis, specificity and sensitivity were increased
over the native alpha-fetoprotein, and intact transferrin mass spectrometry
resulted in the direct diagnosis of several CDG-II subtypes (24).
There are three types of protein glycosylation in mammalian cells, namely
N-, O- and C-linked glycosylation each having their own subclasses (5). The first
two are the most common types of protein glycosylation in human cells (44), and
are therefore also the most studied and best characterized types. This review on
clinical glycomics will be restricted to these two most common types. N-linked
glycans are attached to the polypeptide via amide linkages to asparagine (Asn)
side chains, while O-glycans are attached through glycosidic linkages to side
chains of serine (Ser) or threonine (Thr). N-glycans consist of several monosaccharides such as N-acetylglucosamine (GlcNAc), mannose (Man), fucose (Fuc),
galactose (Gal), glucose (Glc) and sialic acid (Sia), which are build up in a specific
order (45). Briefly, N-glycans are assembled in the ER before being further
processed and modified in the GA producing three types of N-glycans, namely
complex, hybrid and high mannose (Figure 1A).
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Figure 1: Schematic representation of the process of protein N-glycosylation,
the different types of N-glycans (A) and their analysis by mass spectrometry in CDG (B)
(A). The process of N-glycosylation is started when a glycan precursor is assembled by
sequential addition of monosaccharides onto the lipid anchor dolichol in the membrane of
the ER. The glycan precursor containing 14 monosaccharides (Glc3-Man9-GlcNAc2) is
then transferred en bloc to a specific asparagine residue (N) within the consensus
sequence N-X-S/T (X = any amino acid except proline, S = serine, T = threonine) in the
nascent peptide chain of a protein (e.g. transferrin) which being synthesized by a
ribosome. After several glucose trimming by ER glucosidases, the glycoprotein is
transported to the GA, where the glycans are modified in multiple steps through the
action of various glycosidases (trimming) and glycosyltransferases (prolonging). All
N-glycans share the common core structure of Man3-GlcNAc2, and are classified into (1)
high mannose glycan (only Man residue attached to the core), (2) complex glycan (only
GlcNAc residues are attached to the core) and (3) hybrid glycan (combination of Man and
GlcNAc residues are attached to the core).
(B). The two most common plasma glycomics approaches for CDG characterization are
free N-glycans profiling (glycans released from whole or specific glycoproteins by
PNGAseF digestion; e.g. total plasma glycoprofiling) and intact protein glycoprofiling
(immunopurification protocol without PNGAseF digestion).
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In contrast to N-glycosylation, O-glycosylation is assembled directly onto
serine or threonine residues without pre-assembly. Mucin type O-glycans are
the most well-known type of O-glycans with N-acetylgalactosamine (GalNAc) at
the reducing end. Another large group of O-glycans are the glycosaminoglycans
(GAGs) on proteoglycans. GAGs are long, unbranched carbohydrates containing
repeated GalNAc or GlcNAc residues combined with glucuronic acid (GlcA) or Gal
residues. The other five types of O-glycosylation are O-linked GlcNAc, -Gal, -Man,
-Glc, and -Fuc. In all of these classes, one or more genetic deficiencies have been
identified (16, 46, 47).

CLINICAL GLYCOMICS METHODOLOGIES
For protein N-glycan analysis, the sample preparation usually starts with the
addition of the enzyme N-glycosidase F (PNGaseF), to cleave the N-glycans from
the proteins. The method is applicable to purified proteins, as well as on complex
biological samples such as blood, urine and CSF. In addition to the analysis of
protein-released N-glycans, advances in technology allow the analysis of intact
glycoproteins, which is fast, robust, does not require enzymatic digestion and
enables high-throughput analysis (Figure 1B).
Traditionally, derivatization is the common step after releasing N-glycans
from proteins, because this type of modification increased the sensitivity of
glycan detection as native N-glycans have no significant ultraviolet (UV)
absorbance. One could make use of the single reactive carbonyl group at the
reducing end of the glycan and perform reductive amination with UV or
fluorescent tags such as 2-aminobenzoic acid (2-AA), 2-aminobenzamide (2-AB)
and 2-aminopyridine (2-AP) (48, 49), or permethylate glycans (50, 51), thereby
replacing all the hydroxyl groups with methyl ethers. Recently, a method for
sialic acid esterification was reported, which not only enhances the stability of
acidic glycans during analysis, but also distinguishes alpha2,3 and alpha2,6
sialic acid linkage (52, 53). Disadvantages of derivatization steps are that they
could be incomplete, which creates a biased analysis, as well as the need for
additional purification procedures which can cause sample loss (54).
Several electrophoretic and chromatographic techniques have been established
to separate complex N-glycan mixtures such as capillary electrophoresis, ion
exchange chromatography, hydrophilic interaction liquid chromatography
(HILIC), liquid chromatography (LC) and porous graphitized carbon (PGC) (55).
Recently, PGC-LC-MS has emerged as popular platform to efficiently separate
native glycans without derivatization steps which greatly reduced turnaround
time of glycomics sample preparation and enabled the separation of isomeric
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N-glycans (alpha and beta anomers). Native N-glycan analysis using the PGC-LC
approach has been successfully applied for glycan biomarker discovery in
ovarian cancer (56), colorectal cancer (57), and lung cancer (58).
Electrospray Ionization (ESI) and matrix assisted laser desorption ionization
(MALDI) are the two most common ionization techniques for MS glycan analysis.
Both ionization techniques are very sensitive to analyze proteins, peptides,
glycans and lipids as low as picomolar concentrations. ESI is considered as a soft
ionization technique, and is able to create multiple charged ions for biomolecules
such as proteins and peptides, which enables these large molecules to be
analyzed within the mass over charge ratio (m/z) ranges of the instrument.
When coupled to LC and including standards for calibration, ESI is more reliable
for quantitative analysis than MALDI (59, 60).
In comparison to ESI, MALDI has the advantages of being robust, fast and
easy to operate. Additionally, MALDI allows analyzing the acidic N-glycans in
relative quantities compared to the neutral glycans when derivatization steps
such as permethylation and ethyl esterification were performed prior to MS to
neutralize and stabilize sialic acids. Fourier Transform (FT-) and Time Of Flight
(TOF)-MS are currently the detectors with the highest resolution (61, 62). The
second might be preferable considering its capability to analyze large molecules
like intact proteins, and the high maintenance costs of FT detectors.
Unfortunately, there is no general O-glycosidase available for enzymatic
release of all species of O-glycans. For O-glycan profiling, chemical release by
hydrazinolysis or (reductive) beta-elimination needs to be performed, which
are harsh methods that always yield some side products. The reductive betaelimination is the most clean and therefore most commonly used method,
since the simultaneous reduction of the terminal sugar prevents the peeling of
the glycan due to the alkaline conditions (degradation from its reducing end)
(63). There are few methods published to simultaneously profile plasma N- and
O-linked glycosylation of CDG patients (64, 65). Because of their limited applicability
so far, congenital disorders in the biosynthesis of O-glycans have been identified
by genetic approaches. However, for the mucin type O-glycans, intact apolipoprotein C-III (Apo C-III) profiling is available in a diagnostic setting (66). One way
to circumvent the need to use harsh conditions to cleave O-glycans is to analyze
native glycopeptides, with the additional advantage of keeping the information
on the attachment site intact (67). System-wide mapping of the N- and O-glycoproteome is envisioned in a good review of Thaysen-Andersen and Packer in
2014 (63). This new frontier in proteomics is has the merits of high-resolution
MS, complementary fragmentation techniques and bioinformatic tools.
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APPLICATION OF CLINICAL GLYCOMICS
FOR CDG DIAGNOSTICS
CDG are a group of genetic defects with abnormal glycosylation of proteins,
lipids or both. According to the current guidelines (68), CDG is classified into: a)
protein N-glycosylation defects, b) protein O-glycosylation defects, c) glycosphingolipid and glycosylphosphatidylinositol anchor glycosylation defects, and
d) multiple glycosylation pathway defects. Currently, 105 distinct types of CDG
have been reported (69, 70). However, with the emergence of next generation
genomics technologies, there were also genes identified that do not involve
directly the glycosylation biosynthesis pathway, for example defects in
nucleotide sugar transport, defects of vesicular transport, defects in O-mannosylation, O-GlcNAcylation or defects in dolichol biosynthesis, which lead to
abnormal protein glycosylation (46). CDG are commonly classified by the
localization of the genetic defect (68), in which CDG type 1 (CDG-I) refers to
deficient synthesis of the precursor glycan in the ER, also including defects in
the cytosol (e.g. PMM2- and PMI-CDG) and the transfer of the LLO to the protein,
including various OST defects (e.g. DDOST, SST3A and SST3B). CDG type 2
(CDG-II) occurs in the GA resulting in modified glycans on the glycoprotein (17).
Since the majority of these glycosylation disorders showed a defect in the
biosynthetic pathway of protein N-glycosylation (16), the analysis of plasma
N-glycans using MS plays a significant role in CDG research and diagnostics. The
two most common Clinical Glycomics approaches for CDG characterization are
global (N-glycans released from whole serum or plasma glycoproteins, further
abbreviated as plasma glycomics) and protein-specific (e.g. intact transferrin
MS & Apo C-III MS) glycoprofiling (Figure 1).
The first application of glycomics was ESI-MS for CDG-I characterization.
Transferrin profiles using ESI-MS on PMM2-CDG patients clearly showed two
abnormal peaks corresponding to lack of one and both complete glycans (71,
72). ESI-MS of transferrin became more ‘mature’ in 2001, when coupled to LC-MS
to create a fast and high-throughput screening test for CDG (27). A decade later,
the emergence of advanced quadrupole time-of-flight (QTOF) detection in
combination with nanoLC-ESI-MS enabled the development of high resolution
intact transferrin glycoprofiling which in turn improved the CDG diagnostics
(24). Normal transferrin IEF profiles have been observed in some CDG-I and -II
cases, such as ALG14-CDG, ALG11-CDG, MOGS-CDG, SLC35A3-CDG and
SLC35C1-CDG (18, 19), as well as in some defects in sugar metabolism like
GNE-CDG (73), NANS-CDG (32), PGM3-CDG (74), and also in a tissue-specific and
GA homeostasis defect of VPS13B-CDG / Cohen Syndrome (75).
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Transferrin glycopeptide analysis, which was established by Wada et al. in
2004 is important to reveal the structural information on both glycans and
proteins (76). For example, the hybrid type glycan which is diagnostic for GA
mannosidase defects of MAN1B1-CDG can only be found at Asn-432 but not on
Asn-630 (77). For O-glycan analysis, Wada et al. developed plasma Apo C-III
MALDI MS (78).
For plasma glycomics, MALDI MS was used to analyze permethylated total
plasma N-glycans (79), or combined plasma N-glycan and O-glycans MS (65).
MALDI MS was also suitable to analyze N-glycans released from fibroblast
homogenates of SLC35A3 and healthy controls (80), which is a useful alternative
when transferrin glycosylation turned out to be normal. The patient cell
homogenate showed a shift towards decreased branching of glycans compared
to control, likely due to the lack of UDP-GlcNAc, which is a critical factor in the
production of β1,6-branched (tetra-antennary) structures (81).
Both total plasma and intact transferrin glycoprofiling have their own
advantages in the diagnosis of CDG. Recently, intact transferrin MS has successfully
identified a series of novel CDG such as PGM1-CDG (23) and MAN1B1-CDG (28).
A unique combination of CDG-I (lack of complete glycans) and CDG-II (truncated
glycans especially lacking Gal residue) in PGM1-CDG is easily seen by intact
transferrin glycoprofiling. Moreover, it is also used to follow-up the biochemical
improvement of several patients that underwent an oral D-galactose supplementation (36, 82). It has become the primary diagnostic test for CDG, also including
fast identification of B4GALT1-CDG, MGAT2-CDG, SLC35A1-CDG and SLC35A2CDG (24).
However, there are several CDG types which cannot be discriminated by
intact transferrin glycoprofiling which required total (released) plasma N-glycans
for structural insights into the complete mixture of plasma glycoproteins. For
example, for diagnosis of SLC35C1-CDG (GDP-fucose transporter defect), global
N-glycan mapping is more suitable, because of its higher degree of fucosylation
than intact transferrin (25). Also to detect the N-tetrasaccharide for ALG1-CDG
diagnosis and highly abundant abnormal high mannose species of 3 Man- and 4
Man-glycans in PMM2-CDG and MPI-CDG (26), and to show abnormal profiles for
tissue-specific glycosylation defects for VPS13B-CDG, also called Cohen
syndrome (75). In the case of MOGS-CDG which showed a normal transferrin
profile, accumulation of several high mannose species from total IgG N-glycans
were detected by plasma glycomics (83). In summary, Table 1 provides a
detailed overview of the glycoprofiling data of total plasma N-glycans and intact
transferrin for diagnosis of different CDG subtypes (11-13, 17, 23-28, 35, 65, 75,
83-97).
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Table 1 Overview of plasma glycosylation features from total (released) N-glycans
and intact transferrin MS profiling for CDG diagnosis.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

CDG-I (LLO assembly defects): GDP-Man synthesis defects
PMM2
(PMM2-CDG)
&
MPI
(MPI-CDG)

· Increased of total plasma 3 mannose glycans (Man3-GlcNAc2),
4 mannose glycans (Man4 -GlcNAc2) and sialylated
tetrasaccharide glycans (Sia1-Gal1-GlcNAc2).

Maldi TOF MS

,
and
could discriminate this group
· Low ratio of total plasma /
(PMM2-CDG and MPI-CDG) from ALG1-CDG.
CDG-I (LLO assembly defects): mannosylation defects
ALG1
(ALG1-CDG)

· Increased of total plasma sialylated tetrasaccharide glycans
(Sia1-Gal1-GlcNAc2), 3 mannose glycans (Man3-GlcNAc2) and 4
mannose glycans (Man4 -GlcNAc2).

Maldi TOF MS

,
and
· High ratio of total plasma /
could discriminate ALG1-CDG
from PMM2-CDG and MPI-CDG.
CDG-II (glycan processing defects): ER glucosidase defects
MOGS
(MOGS-CDG)

· Increased of IgG glycans of 14-saccharides (Gluc3-Man9GlcNAc2), 13-saccharides (Gluc3-Man8- GlcNAc2) and
12-saccharides (Gluc3-Man7- GlcNAc2).

·

,

Maldi TOF MS

,

CDG-II (glycan processing defects): glycosyltransferase defects
MGAT2
(MGAT2-CDG)

· Most abundant of total plasma complex truncated biantennary
glycan lacking one GlcNAc, one Gal and one Sia (Sia1-Gal1- Man3GlcNAc3) with the corresponding fucosylated ones (Sia1-Gal1Man3-GlcNAc3-Fuc1).

and

Maldi TOF MS
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Intact plasma transferrin MS
Reference

MS Glycoprofiling

MS
techniques

Reference

(26)

· Increased of typical CDG-I glycoforms; lack of
both and one complete biantennary glycans
(Sia2-Gal2-Man3-GlcNAc4), respectively.

ESI-LC QMS

(27) & (24)

&
ESI-LC MS,
QTOF MS

and

(26)

· Increased of two sialylated tetrasaccharide
glycoforms; (Sia1-Gal1- GlcNAc2) and (Sia3-Gal3Man3-GlcNAc6).

ESI-LC MS,
QTOF MS

(84)

and

(83)

· Normal transferrin profiles.

(25)

· Most abundant of complex truncated
biantennary glycoform lacking one GlcNAc, one
Gal and one Sia (Sia2-Gal2-Man6 -GlcNAc6).

(17)

ESI-LC MS,
QTOF MS

(24)

2

36 | Chapter 2

Table 1 Continued.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

B4GALT1
· Most abundant of total plasma complex truncated biantennary
(B4GALT1-CDG) glycan lacking all galactoses (Man3-GlcNAc4) with
the corresponding fucosylated ones (Man3-GlcNAc4 -Fuc1).

Maldi TOF MS

and
CDG-II (glycan processing defects): Golgi mannosidase defects
MAN1B1
· Increased of several total plasma hybrid glycans with
the corresponding fucosylated ones; (Sia1-Gal1- Man4 -GlcNAc3),
(MAN1B1-CDG)
(Sia1-Gal1- Man4 -GlcNAc3-Fuc1), (Sia1-Gal1- Man5-GlcNAc3),
(Sia1-Gal1- Man5-GlcNAc3-Fuc1), and 6 mannose glycans;
(Man6 -GlcNAc2).

,

,

,

Maldi TOF MS

and

CDG-II (glycan processing defects): nucleotide sugar transporter defects
SLC35C1
· Decreased of major total plasma fucosylated glycans; e.g.
(SLC35C1-CDG)
(Sia2-Gal2- Man3-GlcNAc4-Fuc1), (Sia1-Gal2- Man3-GlcNAc4-Fuc1),
(Gal2- Man3-GlcNAc4 -Fuc1) and (Gal1- Man3-GlcNAc4 -Fuc1).

,

,

Maldi TOF MS

and

SLC35A1
· Increased of total plasma complex truncated biantennary
glycan lacking one Sia (Sia1-Gal2- Man3-GlcNAc4) with the
(SLC35A1-CDG)
corresponding fucosylated ones (Sia1-Gal2- Man3-GlcNAc4-Fuc1).

Maldi TOF MS

and
SLC35A2
· Increased of total plasma complex truncated biantennary
(SLC35A2-CDG)
glycan lacking Gal and Sia; (Man3-GlcNAc4) and (Sia1-Gal1Man3-GlcNAc4).

and

Maldi TOF MS
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Intact plasma transferrin MS
Reference

MS Glycoprofiling

MS
techniques

Reference

(25)

· Most abundant of complex truncated
biantennary glycoform lacking all galactoses
(Man6 -GlcNAc8).

ESI-LC MS,
QTOF MS

(24)

(85)

· Increased of two hybrid glycoforms; (Sia3-Gal3Man8-GlcNAc7 ) and (Sia3-Gal3-Man7-GlcNAc7 ).

ESI-LC MS,
QTOF MS

(28) & (24)

and

(25)

· Normal transferrin profiles.

(86)

· Increased of complex truncated biantennary
glycoform lacking one and two Sia, respectively;
(Sia3-Gal4 -Man6 -GlcNAc8) and (Sia2-Gal4 -Man6 GlcNAc8).

(65)

· Consistent increased of complex truncated
glycoform lacking Gal and Sia; (Sia3-Gal3-Man6 GlcNAc8), (Sia2-Gal2-Man6 -GlcNAc8), (Sia1-Gal1Man6 -GlcNAc8) and (Man6 -GlcNAc8).

(17)

ESI-LC MS,
QTOF MS

(24)

ESI-LC MS,
QTOF MS

(24) & (87)

and

,

,

and
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Table 1 Continued.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

CDG-II (glycan processing defects): Golgi homeostasis defects
· Increased of several total plasma complex truncated
Maldi TOF MS
ATP6V0A2
(ATP6V0A2-CDG) biantennary glycan lacking Gal and Sia, and fucosylated ones;
(Man3-GlcNAc4 -Fuc1), (Gal1- Man3-GlcNAc4 -Fuc1), (Sia1-Gal1Man3-GlcNAc4), (Sia1-Gal2- Man3-GlcNAc4) and (Sia1-Gal2- Man3GlcNAc4 -Fuc1), and 5 mannose glycans (Man5-GlcNAc2).

,

,

,

,

and

ATP6AP1
· Increased of several total plasma complex truncated
(ATP6AP1-CDG)
biantennary glycan lacking Gal and Sia, and fucosylated ones;
(Man3-GlcNAc4 -Fuc1), (Man3-GlcNAc5), (Man3-GlcNAc5-Fuc1),
(Gal1- Man3-GlcNAc4 -Fuc1), (Gal2- Man3-GlcNAc4 -Fuc1), (Sia1Gal2- Man3-GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4 -Fuc1), and 5
mannose glycans (Man5-GlcNAc2).

,

,

ATP6V1A
· Not reported
(ATP6V1A-CDG)

,

,

,

,

Maldi TOF MS

and
NA
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Intact plasma transferrin MS
Reference

MS Glycoprofiling

MS
techniques

Reference

(25)

· Increased of complex truncated glycoform
lacking one Sia; (Sia3-Gal4 -Man6 -GlcNAc8)
followed by minor increased of several complex
truncated glycoform lacking Gal and Sia; (Sia3Gal3-Man6 -GlcNAc8), (Sia2-Gal4 -Man6 -GlcNAc8),
(Sia2-Gal3-Man6 -GlcNAc8) and (Sia2-Gal2-Man6 GlcNAc8)

ESI-LC MS,
QTOF MS

(24)

ESI-LC MS,
QTOF MS

(24) & (11)

ESI-LC MS,
QTOF MS

(35)

,

,

,

and
(11)

· Increased of complex truncated glycoform
lacking one Sia; (Sia3-Gal4 -Man6 -GlcNAc8)
followed by minor increased of several complex
truncated glycoform lacking Gal and Sia; (Sia2Gal4 -Man6 -GlcNAc8) and (Sia2-Gal3-Man6 GlcNAc8).

,
NA

and

· Increased of complex truncated glycoform
lacking one Sia; (Sia3-Gal4 -Man6 -GlcNAc8)
followed by minor increased of complex
truncated glycoform lacking two Sia (Sia2-Gal4 Man6 -GlcNAc8).

and

2

40 | Chapter 2

Table 1 Continued.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

CDG-II (glycan processing defects): Golgi homeostasis defects
· Not reported
ATP6V1E1
(ATP6V1E1-CDG)

NA

TMEM165
(TMEM165CDG)

Maldi TOF MS

· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia, and fucosylated ones;
(Man3-GlcNAc3), (Man3-GlcNAc4), (Man3-GlcNAc4 -Fuc1), (Gal1Man3-GlcNAc4), (Gal1- Man3-GlcNAc4 -Fuc1), (Sia1-Gal1- Man3GlcNAc3), (Sia1-Gal1- Man3-GlcNAc3-Fuc1), (Sia1-Gal1- Man3GlcNAc4), (Sia1-Gal2- Man3-GlcNAc4) and (Sia1-Gal2- Man3GlcNAc4 -Fuc1), and 5 mannose glycans (Man5-GlcNAc2).

,

TMEM199
(TMEM199CDG)

,

· Not reported

,

,

,

,

,

,

,

and

NA
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Intact plasma transferrin MS
Reference

MS Glycoprofiling

MS
techniques

Reference

NA

· Increased of complex truncated glycoform
lacking one Sia; (Sia3-Gal4 -Man6 -GlcNAc8)
followed by minor increased of several complex
truncated glycoform lacking Gal and Sia; (Sia3Gal3-Man6 -GlcNAc8), (Sia2-Gal4 -Man6 -GlcNAc8),
(Sia2-Gal3-Man6 -GlcNAc8) and (Sia2-Gal2-Man6 GlcNAc8)

ESI-LC MS,
QTOF MS

(35)

ESI-LC MS,
QTOF MS

(24)

ESI-LC MS,
QTOF MS

(13)

,

,

,

and
(88) &
(65)

· Increased of several complex truncated
glycoform lacking Gal and Sia; (Sia3-Gal4 -Man6 GlcNAc8), (Sia3-Gal3-Man6 -GlcNAc8), (Sia2-Gal3Man6 -GlcNAc8), (Sia2-Gal2-Man6 -GlcNAc8) and
(Sia1-Gal1-Man6 -GlcNAc8).

,

,

,

and
NA

· Increased of several complex truncated
glycoform lacking Gal and Sia; (Sia3-Gal4 -Man6 GlcNAc8), (Sia3-Gal3-Man6 -GlcNAc8), (Sia2-Gal3Man6 -GlcNAc8), (Sia2-Gal2-Man6 -GlcNAc8) and
(Sia1-Gal1-Man6 -GlcNAc8)

,

and

,

,

2
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Table 1 Continued.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

CDG-II (glycan processing defects): Golgi homeostasis defects
CCDC115
· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia, and fucosylated ones;
(CCDC115-CDG)
(Gal1- Man3-GlcNAc4 -Fuc1), (Sia1-Gal1- Man3-GlcNAc4), (Sia1Gal2- Man3-GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4 -Fuc1).

,

,

Maldi TOF MS

and

SLC39A8
· Not reported
(SLC39A8-CDG)

NA

VPS13B
· Increased of several total plasma complex truncated
(VPS13B-CDG /
biantennary glycan lacking Gal and Sia, and fucosylated ones;
Cohen
(Man3-GlcNAc4 -Fuc1), (Gal1- Man3-GlcNAc4), (Gal1- Man3GlcNAc4 -Fuc1), (Sia1-Gal2- Man3-GlcNAc4) and (Sia1-Gal2syndrome)
Man3-GlcNAc4 -Fuc1).

Maldi TOF MS

,

,

,

and

CDG-II (glycan processing defects): Golgi trafficking defects
COG1
(COG1-CDG)

· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia, and fucosylated ones;
(Man3-GlcNAc4 -Fuc1), (Sia1-Gal1- Man3-GlcNAc4), (Sia1-Gal2Man3-GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4 -Fuc1), and 5
mannose glycans (Man5-GlcNAc2).

,

,

,

and

Maldi TOF MS
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Intact plasma transferrin MS
Reference

MS Glycoprofiling

(12)

· Increased of several complex truncated glycoform LC/MS,
QTOF
lacking Gal and Sia; (Sia3-Gal4 -Man6 -GlcNAc8),
(Sia3-Gal3-Man6 -GlcNAc8), (Sia2-Gal3-Man6 GlcNAc8), (Sia2-Gal2-Man6 -GlcNAc8) and (Sia1Gal1-Man6 -GlcNAc8).

,

MS
techniques

,

Reference

(12)

,

and
NA

· Increased of several complex truncated glycoform ESI-LC TOF
lacking Gal and Sia; (Sia3-Gal4 -Man6 -GlcNAc8),
MS,
(Sia3-Gal3-Man6 -GlcNAc8), (Sia2-Gal3-Man6 GlcNAc8), (Sia2-Gal2-Man6 -GlcNAc8), (Sia1-Gal2Man6 -GlcNAc8) and (Sia1-Gal1-Man6 -GlcNAc8).

,

,

and

(75)

· Normal transferrin profiles.

(90) &
(91)

· Increased of complex truncated glycoform
ESI-LC MS,
lacking one sialic acid; (Sia3-Gal4 -Man6 -GlcNAc8) QTOF MS
followed by minor increased of complex
truncated glycoform lacking Gal and Sia; (Sia2Gal4-Man6-GlcNAc8) and (Sia2-Gal3-Man6-GlcNAc8).

,

and

(89)

IEF

(75)

(24)

2
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Table 1 Continued.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

CDG-II (glycan processing defects): Golgi trafficking defects
COG4
(COG4-CDG)

· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia; (Gal1- Man3-GlcNAc4),
(Sia1-Gal1- Man3-GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4), and 5
mannose glycans (Man5-GlcNAc2).

,
COG5
(COG5-CDG)

,

and

· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia, and fucosylated ones;
(Man3-GlcNAc4 -Fuc1), (Gal1- Man3-GlcNAc4 -Fuc1), (Gal2- Man3GlcNAc4 -Fuc1), (Sia1-Gal2- Man3-GlcNAc4) and (Sia1-Gal2- Man3GlcNAc4 -Fuc1).

,
COG6
(COG6-CDG)

Maldi TOF MS

,

,

Maldi TOF MS

and

· Increased of transferrin glycans of complex truncated
biantennary glycan lacking Gal and Sia; (Sia1-Gal1- Man3GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4).

Maldi TOF MS

and
COG7
(COG7-CDG)

· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia, and fucosylated ones;
(Man3-GlcNAc4 -Fuc1), (Gal1- Man3-GlcNAc4), (Gal1- Man3GlcNAc4 -Fuc1), (Sia1-Gal1- Man3-GlcNAc4), (Sia1-Gal2- Man3GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4 -Fuc1), and 5 mannose
glycans (Man5-GlcNAc2).

,

,

,

,

,

and

Maldi TOF MS
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Intact plasma transferrin MS
Reference

MS Glycoprofiling

MS
techniques

Reference

(91) &
(65)

· Not reported

(92)

· Increased of complex truncated biantennary
glycoform lacking one Sia (Sia3-Gal4 -Man6 GlcNAc8).

ESI-LC MS

(93)

(94)

· Not reported

NA

NA

(91) ,
(95),
(25) &
(65)

· Not reported

NA

NA

2
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Table 1 Continued.
Gene
defects

Released plasma N-glycans MS; total or protein specific
MS Glycoprofiling

MS
techniques

CDG-II (glycan processing defects): Golgi trafficking defects
COG8
(COG8-CDG)

· Increased of total plasma complex truncated biantennary
glycan lacking Gal and Sia; (Sia1-Gal1- Man3-GlcNAc4) and
(Sia1-Gal2- Man3-GlcNAc4).

Maldi TOF MS

and
Mixed CDG-I &-II (Mixed ER & Golgi defects)
PGM1
(PGM1-CDG)

· Increased of several total plasma complex truncated
biantennary glycan lacking Gal and Sia; (Man3-GlcNAc4),
(Sia1-Gal1- Man3-GlcNAc4) and (Sia1-Gal2- Man3-GlcNAc4).

,

and

Maldi TOF MS

Clinical glycomics for the diagnosis of congenital disorders of glycosylation | 47

Intact plasma transferrin MS
Reference

MS Glycoprofiling

MS
techniques

Reference

(96) ,
(97) &
(91)

· Increased of complex truncated biantennary
glycoform lacking one and two Sia, respectively;
(Sia3-Gal4 -Man6 -GlcNAc8) and (Sia2-Gal4 -Man6 GlcNAc8).

ESI-LC MS

(97)

LC/MS,
QTOF

(23) & (24)

and
(65)

· Increased of typical CDG-I glycoforms; lack of
both and one complete biantennary glycans
(Sia2-Gal2-Man3-GlcNAc4), respectively.

and
· Increased of several complex truncated
glycoform lacking Gal and Sia; e.g. (Man3GlcNAc4), (Sia1-Gal1- Man3-GlcNAc4), (Sia1-Gal1Man6 -GlcNAc8), (Sia2-Gal2-Man6 -GlcNAc8), (Sia3Gal3-Man6 -GlcNAc8) and (Sia3-Gal4 -Man6 GlcNAc8).

,

and

,

,

,

2
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OVERVIEW OF THE CURRENT DIAGNOSTIC WORKFLOW
As one of the most abundant glycoproteins in human plasma, transferrin has
been used traditionally as biomarker for N-glycosylation defects. Plasma
transferrin isoelectric focusing (IEF) is recognized as the classical laboratory
method (98) and widely been used as a routine screening test for CDG. Human
transferrin has two glycosylation sites on Asn-432 and Asn-630, carrying both a
bi-antennary glycan with two terminal, negatively charged sialic acid residues.
In normal conditions, most transferrin molecules consist of a total of four sialic
acid residues which are displayed as a single major band of tetrasialo-transferrin in the IEF pattern (Figure 2A). CDG-I IEF pattern shows an increased band of
disialo-transferrin and asialo-transferrin, owing to the occurrence of transferrin
isoforms with two sialic acids and no sialic acid, respectively (Figure 2B). CDG-II
IEF patterns show high variability in patterns as depicted for MGAT2-CDG
(Figure 2C), MAN1B1-CDG (Figure 2D) and B4GALT1-CDG (Figure 2E), with
increased trisialo-transferrin or increased asialo- and monosialo-transferrin,
respectively. Untreated hereditary fructosemia and galactosemia, alcohol abuse,
hepatopathy and bacterial sialidases are known as secondary causes of abnormal
transferrin glycosylation.
The diagnostics follow-up for CDG-I profiles started with an enzyme assay
in fibroblasts or leukocytes for diagnosis of PMM2-CDG and PMI-CDG. If negative,
the next step was to perform lipid-linked oligosaccharides (LLO) in fibroblasts
(99), or recently this has been replaced by WES using a filter for CDG-I genes and
targeted sequencing of a CDG-I panel (100). The recent discovery of a novel
sialylated N-tetrasaccharide for ALG1-CDG and abnormal small high mannose
glycan structures in PMM2-CDG and MPI-CDG has proved plasma N-glycan
analysis to also be relevant for CDG-I diagnosis. Hence plasma glycomics is
highly useful especially for ALG1-CDG, since the defect is a challenge to be
identified by genetics due to 14 pseudo genes that can complicate the analysis
(26). Another upcoming diagnostic choice is applying WES directly, and Sanger
sequencing to confirm the gene defect, but up till now it takes more time to
result and is more expensive than conventional CDG screening (101).
The diagnostic follow-up approach for CDG-II profiles is an IEF assay of Apo
C-III to profile the mucin type O-glycans (66), to distinguish between an exclusive
N-glycosylation defect and a combined disorder of N- and O-glycosylation (102).
Apo C-III has only a single O-glycan on Thr-74 which is terminally modified by up
to two sialic acids to generate 3 main IEF isoforms: Apo C-III0 (no sialic acid), Apo
C-III1 (1 sialic acid) and Apo C-III2 (2 sialic acids). Decreased sialylation on Apo
C-III profiles has been reported in Conserved Oligomeric Golgi (COG) defects (14,
90, 92, 95-97, 102-104) and autosomal recessive cutis laxa type-2 (ARCL2) due to
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ATP6V0A2 dysfunctions (105, 106). The limitation of Apo C-III IEF is that it is not
able to differentiate between the three possible Apo C-III0 isoforms; the “real
unglycosylated Apo C-III”, and Apo C-III with two non-sialylated monosaccharides namely Gal and GalNAc. They can easily can be separated by Apo C-III
MALDI MS (77).
So for more structural insight in glycans especially in CDG-II patients, MS is
always the method of choice. This rapid profiling of abnormal glycans can be
linked to potential gene defects based on the knowledge of glycosylation
pathways. For example (Figure 2); (1): Detection of N-tetrasaccharide glycans
in ALG1-CDG might be explained by the modification (galactosylation and
sialylation) of the chitobiose glycan core, which is accumulating due to cytosolic
mannosyltransferase defects; (2): Accumulation of truncated N-glycans lacking
GlcNAc in MGAT2-CDG is likely due to the N-acetylglucosaminyltransferase
defects in GA; (3): Accumulation of truncated N-glycans lacking Gal could be due
to B4GALT1 gene defect, encoding for galactosyltransferase in GA; (4):
Accumulation of hybrid N-glycans in MAN1B1-CDG is due to the ER mannosyltransferase defects. The structural information is important to narrow down
the number of candidate genes, thereby greatly minimizing the time to diagnosis.
The complete diagnostic workflow as described above is depicted in Figure 3.

2

(F)

(G)

(H)

(A)

(B)

(C)
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(J)

(E)

Figure 2: Intact transferrin IEF and MS profiles, and total plasma N-glycans MS profiles in healthy control, ALG1-CDG (cdg-Ik), MGAT2-CDG
(cdg-IIa), MAN1B1-CDG and B4GALT1-CDG (cdg-IIb). Deconvoluted QTOF mass spectrum of intact transferrin showed a high intensity of
the peak indicating: (A) two bi-antennary fully sialylated (complete) glycoforms (79557 Da) corresponding with the major presence of
tetrasialo-transferrin bands on IEF patterns in healthy control; (B) lack of both (75146 Da) and one (77351 Da) complete glycoforms (CDG-I
signatures) corresponding with the major increase of asialo- and disialo-transferrin bands on IEF patterns, as well as two minor peaks
indicating the N-tetrasaccharide (76007 & 78212 Da) in ALG1-CDG; (C) two truncated glycoforms lacking N-acetylglucosamine (78243 &
78900 Da) corresponding with the major increase of trisialo- and disialo-transferrin bands on IEF patterns in MGAT2-CDG; (D) two hybrid
glycoforms (79059 & 79221 Da) corresponding with the major increase of trisialo-transferrin bands on IEF patterns in MAN1B1-CDG;

(I)

(D)
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(E) five truncated glycoform lacking galactose (77541, 77743, 77947, 78196 & 78399 Da), which are mostly non-sialylated species,
corresponding with the major increase of asialo- and monosialo-transferrin on IEF patterns (mimicking CDG-I profiles) in B4GALT1-CDG.
Extracted compound chromatrograms (ECCs) of isomeric native total plasma N-glycans profiling showed the most abundant compound
peaks indicating: (F) di- and mono-sialylated bi-antennary N-glycans (5.6 & 7.2 min, respectively) in healthy control; (G) N-tetrasaccharide
(6.8 & 8.2 min) in ALG1-CDG; (H) mono-sialylated N-glycans lacking N-acetylglucosamine (6.6 & 7.4 min) and its fucosylated species (7.6 &
8.3 min) in MGAT2-CDG; (I) hybrid N-glycans (6.1 & 6.7 min) and its fucosylated species (7.0 & 7.6 min) in MAN1B1-CDG; (J) two non-sialylated
N-glycans lacking galactose, tri-antenna (2.9 & 3.4 min) and bi-antenna (4.2 & 4.9 min), and its fucosylated species; tri-antennary (4.1 & 4.4
min) and bi-antennary glycans (5.3 & 5.9 min) in B4GALT1-CDG.
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Figure 3. Clinical diagnostic flowchart for CDG. Combination of mass spectrometry with
clinical exome sequencing and clinical phenotyping allows facile identification of the
majority of known CDG-I and CDG-II subtypes in a diagnostic setting. The gene defects
mentioned here are examples of characteristic diagnostic glycomics profiles in our
laboratory. Please refer to Jaeken and Peanne (2017) and Peanne et al. (2017) for clinical
symptoms in CDG.

OUTLOOK
Based on the identification of several new genetic defects over the past four
years by a combination of high-resolution intact transferrin analysis with WES,
it might be concluded that Clinical Glycomics and NGS technology work in
synergy by reducing the number of candidate genes and turnaround time to
identify a CDG subtype. This approach creates opportunities to identify new
genetic defects, but beyond this observation, glycomics has the benefit that the
data do not only reflect the genes, but also environmental influences, which
create possibilities for therapy monitoring and intervention. The first example
was PGM1-CDG (82), but nowadays, several new genetic defects appeared to be
involved in sugar metabolism. Surprisingly, not all these genetic defects show
abnormal transferrin glycosylation. Examples are NANS, GNE, PGM3 and Cohen
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syndrome. NANS and GNE are genetic defects in the sialic acid biosynthesis
pathway, and Cohen syndrome patients have a mutation in VPS13B, a protein
important for proper GA function. It is known that there are tissue-specific
glycosylation processes, for example gamma-glutamyl transpeptidase synthetized
by the liver or the kidney (107), and that there will be other proteins than
transferrin which do show abnormal glycosylation, like e.g. muscle proteins for
GNE patients.
Native glycopeptide profiling would be an attractive method to obtain insight
into protein-specific glycosylation. For some isolated proteins like human
transferrin, human alpha-1-acid glycoprotein, influenza A virus hemagglutinin,
human IgG, this has been performed (108). If this could work for highly complex
protein mixtures like serum or plasma (109), an enormous amount of data would
show up and provide us with new mechanistic insights into tissue-specific
glycosylation, and likely yield several glycoprotein biomarkers for CDG and also
common disorders (110). The knowledge about the human glycoproteome is still
very limited, but this new system-wide mapping technology will allow the study
of fundamental questions in glycobiology such as dynamics, macro- and microheterogeneity, tissue-specific glycosylation and the function of certain glycans
in specific biological contexts (63). In this context, genetic deficiencies beyond
the classical CDG have to be mentioned, which are in O-glycosylation, e.g. in
O-GalNAc, O-mannose and O-fucose glycosylation, or in glycolipid or glycosaminoglycan biosynthesis (comprehensive review in Hennet 2012) (46). There is no
general diagnostic test available for these rare genetic disorders, because of the
structural heterogeneity of O-glycans and their tissue-specific expression.
Because of the advancement in genetics and bioinformatics, we foresee glycomics
to become interlinked with metabolomics and proteomics, thereby opening
research avenues to unravel protein glycosylation in a tissue- or cell-specific
manner, to understand the biochemical mechanisms of glycosylation, and to
ultimately develop or improve new (sugar based) therapies for this group of so
far mainly untreatable disorders.
Another advance in technology is intact protein profiling. Both on the
chromatographic part as well on the data analysis there are recent developments
which enable the analysis of protein mixtures, to have multiple biomarkers in
one assay. A large number of biomarkers used in clinical laboratories are
glycopeptides of which variations in glycosylation are not taken into account,
and only protein expression levels are measured. Examples are alpha-1-antitrypsin for Chronic Obstructive Pulmonary Disease (COPD), haptoglobin for
gastric cancer and human chorionic gonadotrophin for ovarian and testicular
tumors (101). For two intact plasma glycoproteins, namely alpha-fetoprotein
and transferrin, it is already known that it is essential to include glycosylation
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analysis for specificity and sensitivity of the marker. There is an enormous
potential to improve first line diagnosis when the level of glycosylation is taken
into account, on top of the current protein expression levels. With the upcoming
use of targeted mass spectrometry in clinical laboratories, the glycan part of the
biomarker might easily be included to improve sensitivity and specificity of the
marker without additional time-to-result.
With the example of effective D-Galactose supplementation on the improvement
of glycosylation in PGM1-CDG, which was derived from intact transferrin
glycosylation profile (23), there is emerging interest in the application of sugars
as supplemental therapies for metabolic disorders, or as supportive therapy to
improve the mechanism of action of known therapies, such as chemotherapy, for
which 2-deoxyhexose was used to enhance the therapeutic effect by inhibiting
glycolysis and even induce an effective antitumor immune response (111). The
way to obtain insight into these mechanisms will be one new glycomics area, in
which the building blocks of glycosylation, comprising sugar-phosphates and
nucleotide sugars, are analyzed. By studying the flux through sugar metabolism,
dynamic insights will be obtained, which could lead to the development of new
therapies and improve current ones. Bioinformatics will become increasingly
important to extract the relevant information out of these big data sets, to
visualize and potentially integrate with other omics layers of information, for
better understanding of the complex field of glycobiology.
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ABSTRACT
Glycosylation of proteins is involved in many biological processes and altered
glycosylation is associated with various diseases. Many clinical biomarkers are
glycoproteins, although their glycan part has hitherto been largely neglected.
While glycosylation complexity presents an analytical challenge, its unprecedented
density of biological information makes it a very promising discipline for clinical
research. This chapter describes the potential of glycans as an innovative
approach for personalized medicine and highlights developments in glycobiomarker analysis as exemplified in cancer. Furthermore, different glycomic
approaches are being discussed to study disease-related glycans as well as
challenges and future directions to fully implement glycomics for personalized
medicine.
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GLYCOMICS & PERSONALIZED MEDICINE
To fully exploit the opportunities of protein glycosylation for personalized
medicine, accurate analysis of protein glycosylation is a prerequisite. The emergence
of mass spectrometry (MS) and bioinformatics techniques have significantly
improved glycomics profiling, especially for the discovery of disease glycomarkers
with potential in diagnosis and treatment monitoring. The technology allows to
position glycomics profiling in systems biology approaches next to genomics and
other mass spectrometry based –omics technologies as another, complementary
layer of personalized information. In addition, targeted analysis of individual
glycoproteins is possible for refined glycomic biomarker analysis.
Glycomics comprises the analyses of glycans (the glycome), released from
proteins and/or lipids in any biological sample (e.g. blood, urine, cerebrospinal
fluid (CSF), or tissues) and is complementary to genomics, metabolomics and
proteomics. For mass spectrometric glycan analysis, Matrix Assisted Laser
Desorption Ionization (MALDI) and Electrospray Ionization (ESI) are the two
most common ionization techniques. MALDI has been widely used to obtain
total N-glycan profiles from diverse biological samples. MALDI-MS is fast and
amenable to automation, making it well suited for high-throughput profiling of
e.g. large sample cohorts. However, the detection of acidic glycans (e.g. highly
sialylated or sulphated glycans) is challenging. Derivatization methods for
glycans such as permethylation (51) or (linkage-specific) sialic acid modification
such as ethyl esterification (52, 53) overcome the ionization biases by
neutralizing the negatively charged residues and largely prevent in- and
post-source decay. The soft ionization technique ESI-MS allows analysis of native
glycans, and often allows discrimination of isomeric species when coupled to
liquid chromatography (LC) separation. In addition, it is amenable for the
analysis of intact glycoproteins (24, 112). The analysis of protein glycosylation is
particularly challenging, since the high macro-heterogeneity (glycosylated site
variation, differences in site occupancy) and micro-heterogeneity (glycan
structure variety) often result in a multitude of glycoforms that may be combined
with other post translational modifications (PTMs) on a specific protein,
resulting in a large set of protein variants, the so-called proteoforms. At the
same time, this offers vast possibilities for highly specific and sensitive markers
for personalized medicine (113).
In this chapter, we will highlight developments in glycobiomarker analysis
as exemplified in cancer. In addition, the added value of glycomics for other
common diseases will be discussed, based on recent population-based studies
and an outlook is provided on what is needed to fully implement glycomics in all
aspects of personalized medicine.

3
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GLYCOMIC APPROACHES FOR CANCER DIAGNOSTICS
AND THERAPY
Cancer (glyco-)biology
Cancer development is a multistep process in which cells acquire the capability
to evade the immune system, to proliferate in a rather unregulated manner, and
to invade surrounding tissues and disseminate to distant organs. Tumor
initiation is thought to be caused by genetic alterations of a single cell which will
proliferate and develop to a cell population (114). During tumor progression,
more mutations accumulate which influence cellular processes giving advantage
to the cancer cells. However, genetic alterations are not the only players in cancer
development and other non-genetic factors contribute to a large intra-tumor
heterogeneity and complex tumor biology (115). Several glycosylation changes
have been reported and reviewed (116-118) and include increases in sialylation,
fucosylation, N-glycan branching, and truncation of O-glycans, which have
impact on important cancer-associated processes like proliferation, invasion,
metastasis, and angiogenesis. Changes in glycosylation can influence cancer
progression (118, 119) and treatment response in multiple ways (120-122),
including modification of the stability, solubility, or activity of the protein, as
well as interactions with glycan-binding-proteins and the extracellular matrix.
Identifying the glycosylation changes and understanding underlying mechanisms
has therefore vast potential in the development of novel biomarkers for diagnosis,
stratification, and prognosis. Likewise, new therapies emerge that intervene
with cancer-related, glycan-mediated processes including novel immunotherapeutics (123, 124).

Glycomics for improved cancer diagnostics
As mentioned in the introduction, various glycoproteins and glycolipids have
already been routinely used and measured in clinics for a long period. Examples
include the approved cancer biomarkers CA 125 for ovarian cancer, CA 19-9 for
pancreatic cancer and prostate-specific antigen (PSA) in prostate cancer (125).
Recent studies have shown that including information on the glycosylation of
the glycoconjugates provide important insights and could increase sensitivity
and/or specificity for diagnosis and prognosis. For example, detection of aberrant
glycosylation on PSA, in particular increased α2,3-sialylation, has been shown
to improve specificity and sensitivity of the screening for prostate cancer (126,
127). Another study found up to hexa-fucosylated N-glycans on haptoglobin in
hepatocellular carcinoma, whereas N-glycans on haptoglobin from controls
contained only one or none fucose (128). In breast cancer, autoantibodies against
MUC1 were elevated in sera from patients as compared to controls and specific
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glycoforms (core3-MUC1: GlcNAcβ1-3GalNAc-MUC1 and sialylTn-MUC1: NeuAcα2,
6GalNAc-MUC1) were found to be associated with better prognosis (129).

Glycosylation in the context of cancer progression and metastasis
Various cancer-associated processes including invasion and metastasis are
dependent on receptors. It has been proposed that GnT-V-mediated β1,6GlcNAc-branching of N-glycans on different receptors such as epidermal growth
factor receptor (EGFR), the transforming growth factor-β receptor (TGFβR) and
the vascular endothelial growth factor receptors (VEGFR) induces the formation
of molecular lattices via interaction with galectin 3, thereby leading to delayed
internalization of these receptors (130-132). Consequently, the response to their
ligands is prolonged and can influence tumor progression and angiogenesis,
making the glycosylation status of the receptors a potential prognostic marker
(Figure 1A). Furthermore, β1,6GlcNAc-branching of N-glycans on E-cadherin
leads to lose adherens junctions, thereby weakening cell-cell adhesion and
altering downstream signaling in cancer progression, while bisecting GlcNAc,
mediated through Gnt-III, had the reverse effect and suppressed invasion and
metastasis (Figure 1B) (118, 133). Strikingly, in gastric cancer the specific
glycosylation site at Asn-554 seems to be the major player in this progress (134),
providing an interesting treatment target as well as prognostic indicator.

Glycosylation in the context of treatment responses
Eight out of the ten best selling drugs in Europe are glycoproteins and many
drug mechanisms involve receptors whose function or half-life can be largely
influenced by glycosylation (125). Polymorphisms in the glycosylation pathway
can alter the receptor glycosylation and therefore result in different drug
responses and efficacies between patients (125). In this context, α2,6-sialylation appears to have different consequences on different types of receptors and
in different types of cancer, with respect to the efficacy of anti-cancer treatments:
While the presence of α2,6-sialylation on EGFR decreased the effect of the
anticancer drug gefitinib, an EGFR kinase inhibitor, in colon cancer cells (122),
expression of α2,6-sialylation is beneficial for the anti-VEGF treatment as it
results in anti-VEGF-sensitive tumors (121). Taking these results into account,
levels of sialylation might be a good personalized indicator for the prediction of
treatment responses.
Strikingly, many of the proteins related to multi-drug resistance are
glycoproteins which often support resistance by pumping drugs out of the cell,
including P-glycoprotein (P-gp), multidrug resistance-associated protein 1
(MRP1), and breast cancer resistance protein (BCRP) (135). Li et al. identified
different glycosylation sites of these and other aberrantly glycosylated proteins
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(A)

(B)

Figure 1: Schematic representation of modulated cell behavior through GnT-Vmediated β1,6GlcNAc-branching of N-glycans. A) The epidermal growth factor receptor
(EGFR), the transforming growth factor-β receptor (TGFβR) and the vascular endothelial
growth factor receptors (VEGFR) are growth-, arrest- and angiogenesis promoting
receptors, respectively. The β1,6GlcNAc-branching of N-glycans on these receptors can
lead to delayed internalization of the receptors through lattice formation via galectin 3
and thereby enhanced signaling which can alter the cell behavior and promote tumor
progression. Figure based on J. Shankar, C. Boscher, I. R. Nabi, Essays In Biochemistry Feb
15, 2015, 57, 189-20. B) The expression of bisecting N-acetylglucosamine (MGAT3 gene)
on E-cadherin promotes stable cell-cell adhesion and stimulates reciprocal expression of
MGAT 3, while β1,6GlcNAc-branched N-glycans destabilize the tight junctions and
inhibition of MGAT3 expression through free cytoplasmic β-catenin. Figure based on J.C.
de Freitas Junior, J. A. Morgado-Díaz, Oncotarget Apr 12, 2016, 7(15):19395-413
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which correlated with drug resistance in gastric cancer and should be further
explored for personalized prediction of treatment responses (135).

PROMISING GLYCAN EPITOPES AND GLYCAN-RELATED
MUTATIONS FOR PERSONALIZED MEDICINE
As shown from the two disease groups discussed before, glycans have a large
potential for patient stratification, as glycomic differences in part reflect differences
in disease susceptibilities and progression – also in a personalized manner.
Histo-blood group antigens, for example, are glycan epitopes and result from
individual genetic polymorphisms in glycosyltransferase genes. Their potential
in precision medicine has been recently reviewed by us (136). Setting Secretor
status and Lewis-genotype–dependent cut-off values for CA19-9, has been found
promising in the early detection of pancreatic cancer in a recent study (137),
while ABO glycosyltransferase activity has been associated with higher risk of
pancreatic cancer (138).
Another study revealed that in colon cancer high binding of C-type lectin
macrophage galactose-type lectin (MGL) to tissues from stage III patients is
associated with poor survival. It was further shown that the expression of MGL
ligands is induced by BRAFV600E mutation, which could be reduced in vitro by
specific BRAFV600E inhibitors in colon cancer cell lines (139) and could be
explored in colon cancer treatment for patients with this specific mutation.
Another mutation in colon cancer was identified in the GDP-mannose-4,6-dehydratase gene (GMDS), leading to significantly lower fucosylation levels. GMDS
mutations have been detected with higher frequency in metastatic lesions as
compared to the original tumor tissues, while no mutations were observed in
control tissue (140), presenting another candidate for tailored treatments. Lauc
et al. identified in a genome wide association study (GWAS) combined with
high-throughput glycomics analysis associations between Hepatocyte Nuclear
Factor 1α (HNF1α) and fucosylation on N-glycans on human plasma proteins
and subsequently showed that HNF1α and HNF4α regulated the expression of
several fucosyltransferases (141). They used these findings further to explore
glycan alterations as biomarkers for the diagnosis of HNF1α dysfunction, as in
the case of maturity-onset diabetes of the young (MODY) which is caused by
HNF1α mutations (142). Here, the ratio of fucosylated to non-fucosylated
triantennary glycans was successful in discriminating HNF1α-MODY from
controls and other diabetes types.
Furthermore, the non-human sialic acid, N-glycolylneuraminic acid (NeuGc),
has gained a lot of attention, especially for cancer vaccines (143). It can, however,
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also be a promising candidate for personalized medicine strategies as it is taken
up through food like red meat and milk products and therefore relates to a
person’s diet (144). For patients with high intake of NeuGc-containing dietary
products, novel anti-NeuGc antibodies might be a promising tailored treatment
or drug delivery approach as NeuGc is especially enriched in cancer tissues. In
different studies, anti-NeuGc-Sialyl-Tn IgG is being explored for early detection
of carcinomas, while gangliosides (NeuGc)GM2 and (NeuGc)GM3 have been
suggested as therapeutic targets (144). Figure 2 summarizes glycomic approaches
towards personalized medicine as described in this chapter including the CDG.
Glycomics is also a promising approach for personalized medicine in other
disease settings and clinical applications beyond cancer and CDG. The risk for
viral and bacterial infections, for example, may depend on the secretor status
(145, 146). Moreover, antibody glycosylation associates with disease activity
and progression in rheumatoid arthritis (147), and anti-viral activity of
HIV-specific antibodies appears to be modulated by glycosylation (148). A recent
publication from Fortune et al. highlights the potential of protein glycosylation

Figure 2: Scheme summarizing the described glycomic approaches towards
personalized medicine.
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in clinical diagnostics as they show that latent tuberculosis can be discriminated
from an active infection on the basis of antibody glycosylation profiles (149).
Disease control has always been hampered by a lack of tools, including rapid,
point-of-care diagnostics, but in their study, they showed that Fc-effector
functions are distinct between these two groups of tuberculosis patients, and
highlight that antibodies from latent patients can activate antimicrobial
responses more effectively than antibodies from patients with active infections.

FUTURE DIRECTIONS AND CHALLENGES
In order to advance clinical glycomics further in the context of individualized
patient care, two major challenges need to be tackled in the future: i) further
improvement of methodology to adequately analyze glycans and glycopeptides
in clinical diagnostics, and ii) understanding the glycans’ complexity in an
individual patient via systems biology approaches.
Large technological progress in mass spectrometry-based glycomics has
been made over the recent years, covering different approaches of glycan
analysis ranging from released glycans, over protein-specific glycosylation to
site-specific glycosylation. Robust and sensitive high-throughput screenings of
large sample sets enable population-based cross-sectional as well as longitudinal
studies and have already resulted in the characterization of cancer- and other
disease-associated glycans changes revealing potential novel biomarkers (29,
30, 141). A recent longitudinal study has shown that the serum glycan profile of
an individual is rather stable over a longer period of time. It changes, however,
significantly with inflammation and various diseases (29) and is dependent on
age and gender (150). It might well be that the individual glycome reflects the
risk for certain diseases, disease course and the response to therapy. To prove
these hypotheses, large cohort studies need a layer of biological information to
explain the large variations between individuals (125). Nevertheless, regular
monitoring of a person’s glycome offers a promising tool for an individualized
approach to detect pathologic events, which might be missed in cross-sectional
population-based studies where small disease-associated effects may be diluted
due to inter-individual variation.
While these high-throughput screening methods are mainly applied on
released glycans often from serum, plasma or other biofluids, protein-specific or
site-specific glycosylation changes are less amenable to high-throughput analysis,
but unravel important biological information and can improve diagnostic and
prognostic performance through better sensitivity and specificity, as discussed
earlier. The advantage of site-specific analysis is the detection of subtle glyco-
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sylation differences, but it remains the analytically most challenging approach.
Advanced chip-based liquid chromatography (LC) separations in combination
with glycan libraries increase robustness and facilitate handling, while
providing a deep level of structural information, thereby forming a promising
tool of translation to the clinics (151, 152). As one first example, high resolution
chip-based glycoprofiling of intact transferrin has been shown to be a fast and
reliable method for the diagnosis of several subtypes of CDG (24). In cases where
the detection is performed with multiple reaction monitoring (MRM), these
approaches come with the sensitivity and specificity as well as the precision
that is often desirable in clinical quantitative glyco-proteomics applications
(153, 154). Likewise, MRM quantitative proteomic and glycomic workflows
are already in use in clinical chemistry settings, which should facilitate the
translation of other mass spectrometric glycomics analysis into clinical
diagnostic applications.
In summary, further developments for the measurement of extremely small
sample amounts as well as absolute quantification and robust platforms that
easily transfer to the clinics are the subject of ongoing research.
With regard to the complexity of glycosylation as a cellular process, the
different factors involved in this process as well as the non-template driven
biosynthesis, it remains challenging to identify regulatory and causal events as
well as the direct functional relevance for the disease (30). Combining different
–omic approaches (genomics, epigenomics, transcriptomics, metabolomics,
glycomics and proteomics) to gain a broader insight in the interplay between
genes, transcription factors, metabolic changes and glycosylation, can aid in
unraveling disease mechanisms. Consequently, novel bioinformatics and systems
biology tools are urgently needed to integrate different data sets, considering
the potential relationships between the different players (155).
To conclude, glycomics provides a novel discipline with unprecedented
density of biological information. This is exactly the reason why this approach is
so promising for clinical research, especially in the context of personalized
medicine. Ongoing technological advances facilitate the analysis of complex
glycosylation and need to pave their way into routine clinical applications.
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ABSTRACT
Mutations in PGM1 (phosphoglucomutase 1) cause Glycogen Storage Disease type
XIV, which is also a congenital disorder of protein N-glycosylation. It presents
throughout life as myopathy with additional systemic symptoms. We report
the effect of oral galactose treatment during five months in a patient with
biochemically and genetically confirmed PGM1 deficiency. The 12-minutewalking distance increased by 225 m (65%) and transferrin glycosylation was
restored to near-normal levels. The exercise assessments showed a severe
exercise intolerance due to a block in skeletal muscle glycogenolytic capacity
and that galactose treatment tended to normalize skeletal muscle substrate use
from fat to carbohydrates during exercise.
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INTRODUCTION
Mutations in PGM1 (phosphoglucomutase 1) cause Glycogen Storage Disease
type XIV, which is also a congenital disorder of protein N-glycosylation. This
clinically heterogeneous disorder presents from infantile to adult age as a
multisystem disease – with a variable combination of hepatopathy, bifid uvula,
myopathy, hypoglycemia, growth retardation, malignant hyperthermia, hypogonadotropic hypogonadism, dilated cardiomyopathy, and cardiac arrest – or as
isolated myopathy. This broad spectrum relates to the fact that the PGM1
enzyme is involved in protein glycosylation reactions and is essential for normal
carbohydrate metabolism (Figure 1) (23).
Recent studies have shown that dietary supplementation with galactose
resulted in improved protein glycosylation profiles in patients with PGM1deficiency (23). These initial results prompted the open trial of d-galactose
supplementation to study the effect on endocrine function in six juveniles.
Preliminary results suggested improvement of growth, reduction of hypoglycemic
episodes, and restitution of hypogonadotropic hypogonadism (156). Whether
galactose supplementation can also influence muscle function in PGM1 deficient
patients remains to be determined.
In a newly diagnosed adult patient with exercise intolerance and dilated
cardiomyopathy, we aimed to assess the effect of galactose supplementation on
exercise tolerance and muscle function: 1) to determine how skeletal muscle
substrate use during exercise is affected by the metabolic block in the
glycogenolytic pathway; and 2) to quantify the effect of galactose supplementation
on exercise performance and muscle substrate use during exercise.

CASE REPORT
The patient
We examined a 53-year-old male patient before and after 5 months (Jan–May
2015) of galactose treatment (50 g/day). He had been referred at age 52 after an
episode of rhabdomyolysis, with a CK up to 10,200 U/L. At that time, he had
experienced increased fatigability and exercise intolerance for three months.
This was accompanied by shortness of breath and thoracic pain. Walking
distance was limited to 100 m. Climbing stairs was only possible with support of
his arms. He reported having had post-exertional episodes of walking difficulties
and increased fatigability in his youth; however, he had never witnessed
myoglobinuria. CK had not been measured before. In adulthood, he was never
good in sprinting, but was able to walk long distances at his own pace.
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(A)

(C)

(B)

Figure 1. Timeline of treatment trial, histological section of muscle biopsy and
biochemical map of PGM1-related pathways. (A) Timeline of patient treatment and
measurements. T = 0 is defined as the onset of the pilot study. More detailed results are
presented in the tables. The reference range of transferrin glycoform profiling is
91.5–93.2%. (B) Histological section of skeletal muscle (biopsy taken from lateral vastus
muscle). Myocytes stained with H Phlox staining, showing mild increase of internal
nuclei. (C) Biochemical map of PGM1-related pathways in myocytes. PGM1 interconverts
glucose-6-phosphate and glucose-1-phosphate and is located at the cross-road between
glycolysis and glycogen metabolism. With respect to protein glycosylation, glucose-1phosphate is converted to UDP-glucose that can be converted to UDP-galactose by
UDP-galactose-4-epimerase (GALE) or via galactose-1-phosphate uridyltransferase
(GALT). UDP-glucose and UDP-galactose are used for protein glycosylation. With respect
to energy metabolism, glucose-1-phosphate derived from glycogen is converted to
glucose-6-phosphate by PGM1 and can subsequently enter glycolysis. Alternatively,
cytosolic glucose can enter glycolysis after phosphorylation to glucose-6-phosphate. As
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alternative source, fatty acids can be catabolized to acetyl-CoA that contributes to energy
production by flowing into the TCA cycle. The pool of cytosolic fatty acid is partially
formed by non-esterified fatty acids (NEFAs). Terms: red, enzymes; black, metabolites.
Elements: blue, glucose; yellow, galactose; red, insulin; dark blue, insulin receptor;
orange, NEFAs; purple, membrane transporters including pyruvate transporter and
glucose transporter. Backgrounds: yellow, myocyte cytoplasm; green, mitochondrion;
red, extracellular compartment (separated from the cytoplasm by the phospholipid
bilayer of the cytoplasmic membrane).
Arrows: solid, direct reaction; dashed, multiple reactions (not shown); dotted, insulin-induced positive regulation.

His medical history included postnatal swallowing difficulties, growth
retardation, dilated cardiomyopathy since the age of five years, and atrial
fibrillation for which he was prescribed enalapril, oral anticoagulants, and digoxin.
He had no cleft palate or bifid uvula. His family history revealed no neuromuscular
disorders. His parents were not consanguineous.
Physical examination included a short stature (158 cm; 63 kg) and mild
shoulder and hip girdle weakness (MRC 4). Screening for viral and toxic causes
of rhabdomyolysis was negative. A muscle biopsy from the lateral vastus muscle
showed mild myopathic changes (increase of internal nuclei), normal oxidative
staining with NADH, COX and SDH, and normal immunohistochemical staining.
Biochemical analysis of muscle showed strongly reduced production of ATP + CrP
(5.7; normal range 15.4–30.9 nmol/h.mUCS) and normal respiratory chain
enzyme activities. Metabolic analysis of blood and urine showed mildly elevated
alanine. Repeated glucose measurements when the patient experienced fatigue or
had difficulties in concentration showed normal glucose levels (4.5–6.6 mmol/L).
Metabolic testing revealed abnormal protein glycosylation in plasma characteristic
for PGM1-CDG. Phosphoglucomutase activity in leukocytes was deficient (4% of
average) and sequencing of PGM1 showed a compound heterozygous mutation
(c.988G>C (p.Gly330Arg) and c.1264C>T (p.Arg422Trp)) and an UV (c.1258T>C
(p.Tyr420His); prediction of pathogenicity was based on prediction software
(Polyphen, sift, etc)).

Galactose supplementation
Usual care preceding the trial consisted of rehabilitation by physical and
occupational therapists. The patient was first treated with 50 g (0.8 g/kg) of oral
galactose divided in four doses per day for four weeks. This was well tolerated.
After a short pause, he was treated with the same dose for five months (Figure 1).
The galactose trial was performed in accordance with good clinical practice
guidelines and informed consent was obtained. The exercise tests performed at
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the Rigshospitalet in Copenhagen was approved by the Regional Committee on
Biomedical Research Ethics of Copenhagen, and informed consent was obtained
separately for these tests. Some of the data are only qualitatively stated, whereas
others are given with numerical values and reported as means (SD) (157, 158).

Effect of galactose supplementation
Galactose was well tolerated, body weight remained stable and, except for
dyspepsia, no other side effects were reported. Supplementation of galactose
was accompanied by a subjective improvement of general functioning: the patient
reported improved exercise tolerance and less fatigue. Muscle strength did not
change. The 12-minute walking distance improved to 165% upon galactose
treatment as compared to the distance before treatment, and again decreased to
115% 6 months after cessation of therapy (Figure 1). Cardiac function remained
stable throughout the treatment period (atrial fibrillation, with ventricular
rhythm of 75 beats/minute; mildly reduced left ventricular ejection fraction
(45%; reference interval 55–75%), and left and right atrial dilatation).
Respiratory function was normal (vital capacity of 3.4 L). Biochemical analysis
showed improved glycosylation of serum transferrin to near-normal with an
increase of normal glycosylated transferrin from 60 to 86% (reference range:
91.5–93.2%) (Figure 2B).
Pre-treatment exhaustive exercise testing (Table 1A) showed that the patient
had a decreased exercise tolerance with a VO2peak of only 22.4 mL/kg/min (<5th
percentile). He continued exercise until myalgia, weakness and cramps forced
him to stop, after which he appeared to have a new episode of rhabdomyolysis
(CK 13,600 U/L). After galactose supplementation, peak exercise capacity did
not improve, but the patient experienced less pain (VAS pre treatment = 5.2;
after treatment = 3.5), no weakness, and post-peak exercise CK increased less
(3130 U/L).
The patient only completed 44 out of the intended 60 minutes of constant
load sub-maximal exercise, before pain and imminent cramps forced him to stop
(Table 1B). He used significantly more fat to fuel exercise and less carbohydrates
compared to controls (Figure 2A; Table 1B). In accordance with this, plasma
non-esterified fatty acid (NEFA) levels and palmitate concentration were high,
and so was the concentration and rate of appearance of glycerol, signifying a
high lipolytic rate in the patient (Figure 2A; Table 1B). Plasma glucose levels
were lower in the patient compared to controls; however, glucose levels remained
stable throughout the exercise period and the patient did not become
hypoglycemic (Table 1B). The lower plasma glucose levels were probably due to
a reduced liver glucose output, and in line with this, the rate of appearance of
glucose during exercise was lower in the patient compared to controls. IV glucose
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(A)
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Figure 2A: 1) Rate of appearance (Ra) of glucose, 2) plasma glucose levels, 3) Ra of
palmitate, 4) carbohydrate rate of oxidation (ROX), 5) non-esterified fatty acid (NEFA)
ROX, 6) palmitate ROX, 7) plasma NEFA levels and 8) plasma palmitate levels in a patient
with PGM1 deficiency before (open circles) and after (green circles) galactose treatment.
Pre-treatment data were compared to data from 6 historical controls (closed circles;
three males, mean age 42 years (SD 16, range: 25–65)). The patient had an increased
lipolytic rate and ROX of NEFA and a reduced liver glucose output, and used almost no
carbohydrates to fuel the exercise, before treatment.Galactose treatment tended to
normalize metabolism by reducing dependence on fat and increasing carbohydrate use.
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(B)

Figure 2B: High-resolution mass spectrometry of intact serum transferrin. From
top to bottom: Deconvoluted mass spectrum of a sample before treatment, showing the
characteristic profile for PGM1 deficiency with transferrin isoforms lacking whole glycans
and glycans lacking galactose. After 5 months of supplementation therapy, the spectrum
has nearly normalized, showing only a little lack of whole glycans. Treatment monitoring by
transferrin glycoform profiling, showing normalization upon galactose supplementation.
Transferrin glycoform profiling to monitor treatment progress: The normal glycosylation
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index is expressed as the percentage of the most abundant transferrin glycoform in controls
(79,555 Dalton) as compared to the sum of 25 transferrin glycoforms. The reference
range was determined based on 20 control samples.

infusion increased the rate of oxidation of carbohydrates during exercise by
surpassing the metabolic block in glycogenolysis (Table 1B).
After galactose treatment, the patient used more carbohydrate and less fat
to fuel the exercise (Figure 2A). However, this normalization of skeletal muscle
substrate use was not accompanied by improved endurance, and he tended to
rate the sub-maximal exercise session as being slightly harder after galactose
treatment and the pain as more severe (VAS pre treatment = 1.1; after
treatment = 2.5). The patient consented to publication of his data in this study.
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VAS(cm)

44
132 ± 12
11.5 ± 1.3

Heart rate (beats min−1)†

RPE (Borg score)†

12.3 ± 1.5

119 ± 7

38

51 ± 4

Exercise duration (min)†

30 ± 0
54 ± 4

30 ± 0

After galactose
treatment

Patient

875†

0.5

21

5.4

2.8

ND

ND

Intensity (% of VO2peak)†

Before
treatment

13,600†

5.2

347

4.2†

0.8†

65†

0.79†

ND

ND

Rest

Workload (joule sec−1)

B

2,500†

30
0.9

Ammonia(µmol L−1)

Plasma CK*(U L−1)

0.6
4.6†

Glucose(mmol L−1)

ND

Wpeak(Watt)

Lactate(mmol L−1)

ND

RER

22.4†

1,443†

ND
ND

VO2 (mL min−1)

Peak
exercise

3,130†

3.5

338

4.2†

1.8†

65†

0.91†

20.2†

1,298†

Peak
exercise

85(SD27)

ND

ND

5.4(SD0.6)

0.8(SD0.2)

ND

ND

ND

ND

Rest

10.5 ± 1.7

123 ± 13

40

53 ± 9

30 ± 0

IV glucose
infusion

After galactose treatment

Patient
Rest

Before treatment

VO2peak(mL kg−1 min−1)

A

Peak range

7.5 ± 0.8

89 ± 10

60 ± 0

29 ± 4

29 ± 17

(Not treated)

7.0–8.9

76–104

60–60

23–34

10–50

Range

42–146

ND

ND

5.4–7.2

6.1–11.7

160–370

1.02–1.23

35.7–52.6

Controls

99(SD41)

ND

ND

6.2(SD0.6)

9.1(SD2.4)

272(SD74)

1.11(SD0.07)

42.2(SD6.2)

3,388(SD906) 2,182–4,643

Peak
exercise

(Not treated)

Controls

Table 1. (A) Incremental exercise testing: Peak exercise testing in a patient with Phosphoglucomutase type 1 deficiency.
(B) The effect of galactose treatment on skeletal muscle metabolism during constant workload sub-maximal cycleergometry exercise.
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VAS (cm)

Plasma glycerol (µmol L−1)†
234 ± 62

6.3 ± 2.3

18.3 ± 2.1

1.79 ± 0.39

129 ± 16

27.0 ± 15.0

5.0–6.8
ND
ND

5.6 ± 0.6
ND

149–314
1.01–2.83

252 ± 57
1.77 ± 0.65
713 ± 150

ND
170 ± 69

ND

ND

ND

ND

ND

8.9–37.6

21.5 ± 11.5

20.9 ± 11.9

3.0–8.0
89–197

5.4 ± 1.7
152 ± 32

161–272
18.7–21.9

224 ± 19
20.7 ± 1.1

489–922

12.4–19.2

ND
15.6 ± 2.6

3,720
15.7 ± 3.4

46

11.1 ± 0.2

7–28
0.5–0.9

12 ± 10
0.6 ± 0.1

285
1.4 ± 0.2

ND
0.74–0.81

ND
0.77 ± 0.03

1.6 ± 0.2
0.77 ± 0.04

SD = standard deviation; RER = respiratory exchange ratio; ND = not done; VAS = visual analog scale for pain; VO2peak = peak oxygen consumption
(incremental exercise); RPE = rate of perceived exertion; CK = creatine kinase, reference range 40–400 U L−1; NEFA = non-esterified free fatty acids;
ROX = rate of oxidation; CARB = carbohydrate; Ra = rate of appearance.
The patient served as his own control, for comparison of pre- and post galactose treatment and for the effect of IV glucose infusion during sub-maximal
exercise. The patient’s data from the constant workload test were compared to 6 healthy controls tested on a previous occasion in our laboratory. The
data are reported as mean ± standard deviation (only exercise values, average of samples every 10 minutes during exercise). The mirrored part of exercise
was compared, i.e. the first 40 minutes of exercise, forwarding the sample, drawn after 38 minutes in the galactose treatment trial.
Insulin samples for controls N = 5.
* Peak values were measured the following day in the morning, before constant load sub-maximal exercise, reference range 40–400 U L−1.
† Patient value outside of control ranges.

6.8 ± 1.2
250 ± 58

Ra glycerol (µmol min−1 kg−1)

204 ± 43

252 ± 30

922 ± 70
16.9 ± 2.5

1.90 ± 0.51

Palmitate ROX (µmol min−1 kg−1)

Plasma NEFA (µmol L−1)

Plasma palmitate (µmol L−1)

343 ± 22

Ra palmitate (µmol min−1)†

Ra glucose (µmol min−1 kg−1)†

774 ± 174

0.5 ± 5.7

Total CARB ROX
(µmol min−1 kg−1)†

3,070
12.8 ± 4.0

15,300
20.0 ± 1.4

Total NEFAROX
(µmol min−1 kg−1)†

73

4.1 ± 0.1

0.7 ± 0.1

Plasma CK (U L−1)

67

4.4 ± 0.1

Glucose (mmol L−1)†

Ammonia end-ex (µmol L−1)

17
0.9 ± 0.1

Insulin (pmol L−1)

17

2.5 ± 0.1
0.80 ± 0.06

1.1 ± 0.4
0.70 ± 0.02

Lactate (mmol L−1)

RER†
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DISCUSSION
We report the effect of oral galactose treatment in a 53-year-old patient with
biochemically and genetically confirmed PGM1 deficiency, who was only diagnosed
at the age of 52 years via a diagnostic glycosylation profile of transferrin. While
on galactose treatment, transferrin glycosylation was restored to near-normal
levels, the 12-minute walking distance increased by 225 m, and the patient
subjectively reported an improved exercise tolerance while on galactose treatment.
Exercise assessments showed that PGM1 deficiency is associated with severe
exercise intolerance due to a block in skeletal muscle glycogenolytic capacity.
Although galactose treatment tended to normalize skeletal muscle substrate use
during exercise, galactose supplementation did not improve peak exercise
tolerance nor muscle strength.
Our data on substrate turnover during exercise confirmed the biochemical
defect: PGM1 deficiency blocks the final step in the glycogenolytic pathway,
resulting in an inability to use carbohydrate during exercise. To compensate for
this, the patient used more fat during exercise. This has also been observed in
other glycogenoses with a significant block in the glycogenolytic pathway (158).
Galactose supplementation increased walking distance (12MWT) by 165%
which is a rather large effect in comparison with other treatment trials in
metabolic myopathies (159, 160). Furthermore, carbohydrate use during exercise
increased, with a corresponding reduction in fat use. The exact mechanism
behind the increase in carbohydrate use remains unknown. It might be that
residual enzymatic PGM1 activity that converts excess galactose into glycolysis
via PGM1 or be the effect of upregulation of other PGM isoforms. Alternatively,
altered protein glycosylation in muscle could contribute to the muscle phenotype
and is thereby restored upon galactose use. Whether or not this increase in
carbohydrate use is beneficial for the patient remains to be answered.
In short, this report shows that five months of galactose treatment in an
adult with PGM1 deficiency is safe, normalizes skeletal muscle substrate use
during exercise, and improves walking distance after a treatment of five months.
Further research is needed to study its long-term effect in improving exercise
tolerance and preventing muscle damage.

PGM1 deficiency: substrate use during exercise and effect of treatment with... | 83

ACKNOWLEDGEMENTS
We are grateful to Dr. J. Groothuis and Mrs. D. Maas for their suggestions on the
design, and to Prof. Dr. L. van den Heuvel and Dr. R. Rodenburg (Radboud Center
for Mitochondrial Medicine) for the molecular and mitochondrial biochemical
analysis described in this report. This work was supported by the Prinses
Beatrix Spierfonds (Grant W.OR15-16 to D.J.L., N.V. and M.vS) and the Netherlands
Organisation for Scientific Research (ZonMW Medium Investment Grant 4000506-98-9001 and VIDI Grant 91713359 to D.J.L.).

4

Chapter 5
Intact transferrin and
total plasma glycoprofiling for
diagnosis and therapy monitoring in
phosphoglucomutase-I deficiency

Nurulamin Abu Bakar, Nicol C Voermans, Thorsten Marquardt,
Christian Thiel, Mirian C.H. Janssen, Hana Hansikova, Ellen Crushell,
Jolanta Sykut-Cegielska, Francis Bowling, Lars Mørkrid, John Vissing,
Eva Morava, Monique van Scherpenzeel, and Dirk J Lefeber.
Published in Translational Research. 2018;199:62-76

86 | Chapter 5

ABSTRACT
Phosphoglucomutase 1 (PGM1) deficiency results in a mixed phenotype of a
Glycogen Storage Disorder and a Congenital Disorder of Glycosylation (CDG).
Screening for abnormal glycosylation has identified more than 40 patients,
manifesting with a broad clinical and biochemical spectrum which complicates
diagnosis. Together with the availability of D-galactose as dietary therapy, there
is an urgent need for specific glycomarkers for early diagnosis and treatment
monitoring. We performed glycomics profiling by high-resolution QTOF mass
spectrometry in a series of 19 PGM1-CDG patients, covering a broad range of
biochemical and clinical severity. Bio-informatics and statistical analysis were
used to select glycomarkers for diagnostics and define glycan-indexes for
treatment monitoring. Using three transferrin glycobiomarkers, all PGM1-CDG
patients were diagnosed with 100 % specificity and sensitivity. Total plasma
glycoprofiling showed an increase in high mannose glycans and fucosylation,
while global galactosylation and sialylation were severely decreased. For
treatment monitoring, we defined three glycan-indexes, reflecting normal
glycosylation (NGI), a lack of complete glycans (LOCGI) and of galactose residues
(LOGI). These indexes showed improved glycosylation upon D-galactose
treatment with a fast and near-normalization of the galactose index (LOGI) in 6
out of 8 patients and a slower normalization of the lack of complete glycans
(LOCGI) in all patients. Total plasma glycoprofiling showed improvement of the
global high mannose glycans, fucosylation, sialylation and galactosylation status
on D-galactose treatment. Our study indicates specific glycomarkers for
diagnosis of mildly and severely affected PGM1-CDG patients, and to monitor the
glycan-specific effects of D-galactose therapy.
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INTRODUCTION
Phosphoglucomutase 1 (PGM1) deficiency was first reported in an adult patient
with exercise-induced muscle cramps and several episodes of rhabdomyolysis,
designated as glycogen storage disorder type XIV. Phosphoglucomutase 1 is a
cytosolic enzyme that interconverts glucose-1-phosphate (G1P) and glucose-6phosphate, and is thus essential to generate energy via the glycolytic pathway
from G1P, as released from glycogen upon exercise (161). In a cohort of unsolved
Congenital Disorders of Glycosylation (CDG) patients, PGM1 mutations (PGM1-CDG)
were found in two children with multisystem features, including cleft palate,
short stature, cardiomyopathy, hypoglycemia, liver function and endocrine
abnormalities and hypoglycemia (100).
Genetic analysis of additional cohorts of unsolved CDG patients revealed a
large group of 19 PGM1-CDG patients, with mixed CDG-type 1 (CDG-I) and
CDG-type 2 (CDG-II) screening profiles. The clinical presentation ranged from a
predominant liver involvement, early-onset hypoglycaemia to myopathy with or
without the multisystem features as described above. Mass spectrometry (MS)
of intact transferrin in some patients showed a combination of transferrin
isoforms with a lack of glycans, and abnormal glycan structures lacking galactose
(23). The presence of specific clinical features, such as bifid uvula with or
without cleft palate at birth, in combination with abnormal protein glycosylation
has alerted early suspicion of PGM1-CDG patients, and has indeed made this a
fast growing novel CDG group. Dietary D-galactose supplementations in six
patients were shown to improve the glycosylation profiles and clinical symptoms.
Especially, two teenage girls exhibited a disappearance of rhabdomyolysis, and
normalization of hypogonadotropic hypogonadism leading to clinical signs of
puberty (23). Several clinical trials were established to study the effect of oral
D-galactose (36, 82, 156).
In view of the broad clinical spectrum and the variety in CDG screening
profiles of PGM1-CDG, the challenge is to identify unique biochemical markers
that can unambiguously detect this disorder among the complete spectrum of
clinical presentations. In addition, the introduction of D-galactose as dietary
intervention necessitates the accurate monitoring of therapy responses. To solve
the diagnostic challenge of PGM1-CDG, we performed extensive glycomics profiling
of a large group of 19 PGM1-CDG patients, covering the full range of clinical
features and including 8 patients on oral D-galactose to find specific glycomarkers
for direct diagnosis and treatment monitoring.
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MATERIALS AND METHODS
All chemicals and reagents were of the highest level of purity available. Unless
otherwise stated, they were purchased from Sigma-Aldrich.

Plasma samples
For establishment of reference ranges, plasma samples from a control group of
20 healthy volunteers (>18 years, n=5; 2-18 years, n=5; 1 month-2 years, n=5 and
< 1 month, n=5) were analyzed for transferrin isoelectric focusing (TIEF) and
QTOF MS to define normal transferrin glycosylation. Plasma samples of all
patients were obtained from the diagnostics archive (Radboud UMC, Nijmegen,
The Netherlands) and used in agreement with Helsinki’s Declaration. Patient
samples were from the case group of PGM1-CDG (n=19), and a contrast group of
mild CDG-I (n=10), galactosemia due to GALT deficiency (n=3), B4GALT1-CDG
(n=3), and SLC35A2-CDG (n=3). The group of mild CDG-I is randomly selected
from a cohort of CDG-I patient samples showing a mild increase of CDG-I
transferrin glycoforms. The diagnosis of all PGM1-CDG patients was genetically
(Table 1) and biochemically confirmed (Supplementary Table 1) (23, 36, 82,
161-163). As previously described, a series of P12 samples covering before,
during and after 6 months D-galactose therapy were analyzed to define 3
glycan-indexes from intact transferrin glycoprofiling (82). Moreover, samples
from 8 PGM1-CDG patients including P12 (Table 1) before and during 3 months
of D-galactose therapy were also available for therapy monitoring study using
the 3 defined glycan-indexes (36, 82) (clinicaltrials.gov NCT02955264).

CDG Screening Tests
Routine screening tests for protein N-glycosylation by transferrin isoelectric
focusing (TIEF) as well as for protein mucin type O-glycosylation by apolipoprotein C-III (ApoC-III) isoelectic focusing (IEF) were performed as described (12).

HPLC-Chip-QTOF LC-MS of intact transferrin
(Transferrin glycoprofiling)
As previously described, 5 μL plasma was immunoprecipitated with anti-transferrin beads. Intact transferrin MS was performed on a microfluidics-based
platform (Agilent Technologies) consisting of an Agilent 1260 nanoLC-HPLC-chip
system using a C8 protein chip (C8-chip) coupled to an Agilent 6540 QTOF LC/
MS system (24). Data analysis for transferrin glycoprofiling was performed
using Agilent Mass Hunter Qualitative Analysis Software B.05. The distribution
of raw charge data was deconvoluted to reconstructed mass data using the
Agilent BioConfirm Software (24).
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A set of 25 transferrin glycoforms (see Table 2) was selected for relative
quantitation, calculated to their total sum of abundance. These glycoforms were
selected on the basis of their appearance in spectra of PGM1-CDG patients and
consisted of complex, hybrid and high mannose type N-glycans (see Figure 1A).
The percentage of improvement, PI of all glycan-indexes for treatment monitoring
were calculated based on the following formula:

[

(index before treatment) – (index after treatment)
high (LOGI & LOCGI) or low (NGI) reference limit

]

x 100

HPLC-Chip-QTOF LC-MS of total plasma N-glycans
(Total plasma glycoprofiling)
As modified from previously described, 10 μL of plasma was mixed in equal
parts with an aqueous solution of 200 mM ammonium bicarbonate and 10 mM
dithiothreitol (164). Protein denaturation was performed in mild conditions by
alternating between boiling temperature and room temperature in a water bath
for six cycles of five seconds each. For enzymatic release of N-glycans, 1 μL of
peptide N-glycosidase F, PNGaseF (New England Biolabs, catalog no. P0704L)
was added and the mixture was incubated for 22 hours at 37 °C. To remove
proteins from the glycans, ethanol precipitation was performed with 80 %
(volume/volume; v/v) ethanol, by adding 80 μL of ethanol and the mixture was
frozen at -80 °C for 45 minutes. The mixture was centrifuged at 14000 rpm
(Eppendorf) for 20 minutes and the supernatant was dried in vacuo (Thermo
RVT4104 Refrigerated Vapor Trap). Purification and enrichment of glycans was
performed using a graphitized carbon cartridge (Grace Davison, catalog no.
G4240-64010, 150 mg, 4.0 mL). The cartridge was washed with 1.5 mL of 80 %
acetonitrile and 0.1 % trifluoroacetic acid (v/v) in water, and conditioned with
3.0 mL of water. Dried samples were reconstituted with 200 µL of pure water
before applied onto the cartridge, and then washed with 3.5 mL of pure water.
Finally, plasma N-glycans were eluted with 2.0 mL of 40 % acetonitrile and 0.05
% trifluoroacetic acid (v/v) in water and dried in vacuo (Thermo RVT4104
Refrigerated Vapor Trap).
MS was performed on a microfluidics-based platform (Agilent Technologies)
consisting of an Agilent 1260 Infinity HPLC-chip system using a porous
graphitized carbon chip (PGC-chip) and Agilent 6540 QTOF mass spectrometer
as described (56). Raw LC-MS data were analyzed using the Molecular Feature
Extraction algorithm included in Agilent Mass Hunter Qualitative Analysis
Software B.05. Using a mass tolerance of 20 ppm, deconvoluted masses of each
chromatogram peak were compared against a theoretical glycan mass library
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-
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Table 1. Overview of genetic and treatment data of 19 PGM1-CDG patients.
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4
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0
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0

0

0

0

3

1

0

0

2

4

Hex HexNAc dHex Neu5Ac

(with intact transferrin)

Glycoform
composition
Classification

Transferrin
glycoform

79265 sialic acid only
lacking N-glycans
(CDG-II glycoforms)

76897 galactose lacking
N-glycans
(CDG-I glycoforms)

75144 lack of two complete
N-glycans (CDG-I
glycoforms)

76444 galactose lacking
N-glycans
(CDG-I glycoforms)

77351 lack of one complete
N-glycan (CDG-I
glycoforms)

79557 complete N-glycans
(normal glycoform)

Mass,
Da

PGM1-CDG (p-Values)
(n=19)

T-test

1.6 x 10-7
0.02
(0.01 - 0.03)

2.77
3.81
(2.24 – 3.30) (2.66- 4.97)

0.09

2.1 x 10-7
0.08
5.48
(0.04 - 0.12) (3.69 – 7.27)
4.76
(3.21 - 6.31)

2.4 x 10-6

15.6
1.0 x 10-14
(13.4 – 17.9)

0.06
9.76
(0.01 - 0.03) (6.08 – 13.4)

2.20
(1.80 - 2.60)

92.5
43.7
1.9 x 10-12
(91.6 – 93.3) (33.8 - 53.7)

Controls
(n=20)

Reference ranges

Transferrin glycoforms are sorted based on their relative abundance in PGM1-CDG. Data represent the mean and 95% CI (in %) for the
reference ranges. The glycans that do not show statistically significant differences in abundance (student’s t-test; P≤0.05) between
normal control and PGM1-CDG are highlighted in gray.

Table 2. Transferrin glycoprofiling in PGM1-CDG and controls.
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0.04
1.43
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(0.95 - 1.74)

0.82
(0.52 - 1.10)
0.75
(0.29 - 1.21)

0.01
(0.00 - 0.01)

0.20
1.21
(0.13 - 0.27) (0.87 - 1.55)

0.95
(0.73 - 1.17)

0.12
(0.07 - 0.16)

0.10
(0.05 - 0.14)

0.15
(0.07 - 0.22)
0.06
(0.01 - 0.11)

78650 galactose lacking
N-glycans
(CDG-II glycoforms)
76606 galactose lacking
N-glycans
(CDG-I glycoforms)
77060 sialic acid only
lacking N-glycans
(CDG-I glycoforms)
79103 galactose lacking
N-glycans
(CDG-II glycoforms)
78809 galactose lacking
N-glycans
(CDG-II glycoforms)
78399 sialic acid only
lacking N-glycans
(CDG-II glycoforms)
77945 galactose lacking
N-glycans
(CDG-II glycoforms)

3.1 x 10-3

3.4 x 10-5

9.3 x 10-4

2.06
(0.95 – 3.18)

0.14
(0.07- 0.22)

77743 galactose lacking
N-glycans
(CDG-II glycoforms)

3.5 x 10-7

2.48
(1.72 - 3.24)

0.22
(0.13 - 0.31)

78196 galactose lacking
N-glycans
(CDG-II glycoforms)
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Glycoform
composition
Classification

Transferrin
glycoform

78560 high mannose
glycans
(CDG-II glycoforms)

78971 sialic acid only
lacking N-glycans
(CDG-II glycoforms)

78853 galactose lacking
N-glycans
(CDG-II glycoforms)

78693 sialic acid only
lacking N-glycans
(CDG-II glycoforms)

78354 galactose lacking
N-glycans
(CDG-II glycoforms)

77545 galactose lacking
N-glycans
(CDG-II glycoforms)

78240 N-acetyl glucosamine
only lacking
N-glycans
(CDG-II glycoforms)

Mass,
Da

2.4 x 10-2

3.4 x 10-3

0.20
0.64
(0.08 - 0.32) (0.26 – 1.01)
0.63
(0.44 - 0.81)

0.51
(0.23 - 0.78)

0.48
(0.29 - 0.67)

0.40
(0.24 - 0.56)

0.32
(0.15 - 0.49)

0.32
(0.24 - 0.41)

0.07
(0.03 - 0.10)

0.18
(0.11 - 0.24)

0.12
(0.06 - 0.18)

0.05
(0.01 - 0.08)

2.4 x 10-3

1.3 x 10-3

3.1 x 10-3

1.9 x 10-3

1.4 x 10-3

PGM1-CDG (p-Values)
(n=19)

T-test

0.66
(0.40 - 0.91)

0.20
(0.10 - 0.30)

Controls
(n=20)

Reference ranges
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(in-house) consisting of all possible complex, hybrid and high mannose type
N-glycans that have been reported in human plasma (56). Hence, only glycan
compositions containing hexose (Hex), N-acetylhexosamine (HexNAc), fucose
(Fuc) and N-acetylneuraminic acid (Neu5Ac) were included. Relative abundances
of each glycan were obtained through normalization to the total signal of all
detected glycans. Global degalactosylation, fucosylation and sialylation indexes
were calculated based on the total relative abundance of degalactosylated
N-glycans, fucosylated N-glycans and sialylated N-glycans, respectively.

Statistical analysis
Data were analyzed using GraphPad Prism (version 5.03) and IBM SPSS (version
22.0) software. Using a parametric approach, central 95% confidence intervals
(CI) in the control group (n=20) were used to express the reference limits. For
the three selected transferrin glycoforms (glycoform 2, 4 and 6) and their
prediction model, and also for the six global glycosylation indexes, student’s
t-test was used for the specific comparison of glycans’ relative abundance
between PGM1-CDG and other groups (control and contrast groups). P values of
≤0.05 were considered significant. Backward (conditional) logistic regression of
the glycoforms 2, 4 and 6 was performed using the SPSS to determine the
equation variables (slope and y-intercept), for the calculation of the prediction
model (linear regression) between PGM1-CDG and other groups (control and
contrast groups). Receiver Operating Characteristic (ROC) curve analysis was
performed using the GraphPad Prism to calculate the diagnostic value (sensitivity
and specificity), and the Area Under Curve (AUC) of the three combined
transferrin glycoforms (p<0.0001) for discriminating between PGM1-CDG and
other groups (control and contrast groups).

RESULTS
PGM1-CDG in routine CDG Screening
PGM1-CDG can present as a mixed CDG-I and CDG-II screening profile by TIEF,
but has also been identified in CDG-I cohorts (100). In our study of 19 patients
(Figure 1 and Supplementary Table 1), a mixed profile with elevated asialoand disialotransferrin (CDG-I) was observed, in addition to elevated monosialoand trisialotransferrin (CDG-II). Simultaneously, CDG screening in our PGM1-CDG
cohort revealed patients with a more predominant CDG-I profile (Figure 1A)
and others with mild CDG-II screening profile (Figure 1B), indistinguishable
from other CDG-II defects. In view of the galactose lacking glycans in PGM1-CDG
patients, we also performed CDG screening for mucin type O-glycosylation by
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Apo-CIII IEF in 9 patients (Supplementary Table 1). No defect in mucin type
O-glycosylation was observed, showing that PGM1-CDG most probably only
affects protein N-glycosylation.

Glycomics profiling for the diagnosis of PGM1-CDG
To gain more insight into the exact structural changes, high-resolution QTOF MS
of intact plasma transferrin was performed. Our study of 19 PGM1-CDG patients
showed a broad range of MS spectra from severe PGM1-CDG profiles (e.g. patient
11, P11) (Figure 1A) to mild PGM1-CDG profiles (e.g. patient 3, P3) (Figure 1B).
The controls (Figure 1C) showed one major peak that indicated the normal
transferrin glycoform with two complete biantennary N-glycans (glycoform 25,
79557 Da). In severe PGM1-CDG cases (Figure 1A), dominant transferrin
glycoforms of typical CDG-I were observed with a lack of one and two complete
glycans (glycoform 6, 77351 Da, and glycoform 1, 75144 Da, respectively) and of
mixed CDG-I and CDG-II with a lack of one complete glycan and galactose
(glycoforms 2, 76444 Da, and 4, 76897 Da). Other CDG-II glycoforms were of
lower abundance (glycoforms 3, 5 and 7-24). In mild PGM1-CDG profiles (Figure
1B), the most abundant abnormal peak reflected a CDG-I glycoform lacking one
complete glycan (glycoform 6; 77351 Da) with only minor peaks corresponding
to degalactosylated glycoforms. In contrast, TIEF profiles of this patient showed
a mild CDG-II pattern (Figure 1B), which complicates the diagnosis. However,
both severe and mild PGM1-CDG MS profiles exhibited the same glycomics
signature, namely the lack of complete glycans and galactose residues.
We then selected a comprehensive set of 25 transferrin glycoforms (Table 2)
for relative quantification and for discovery of specific glycomarkers for the
unambiguous diagnosis of both mild and severely affected PGM1-CDG patients.
We compared the relative abundance of candidate glycans with controls, but
also with potentially overlapping disease groups based on their glycomics
profiling, including mild CDG-I and galactosemia (potentially mimicking mild
PGM1-CDG) and two classes of CDG-II that are known to display galactose
lacking glycans profile (B4GALT1-CDG and SLC35A2-CDG). The two most
striking abnormal transferrin glycoforms in PGM1-CDG are glycoform 6 (77351
Da) and glycoform 2 (76444 Da). Glycoform 6 alone is a useful marker to
differentiate PGM1-CDG from other CDG-II defects (e.g. B4GALT1-CDG, etc.), but
is present at similar moderately elevated levels in mild CDG-I and galactosemia
patients (Figure 2A). Glycoform 2 is highly characteristic for PGM1-CDG,
however, this glycoform was also present in other types of galactosylation
defects such as B4GALT1-CDG and SLC35A2-CDG (Figure 2B). Further analysis
on the relative abundance of other glycoforms in all 5 disease-groups revealed
that glycoform 4 (76897 Da) was the only single transferrin isoform that was
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Figure 1. Heterogeneity of transferrin profiles in PGM1-CDG. (A), Severe or typical
PGM1-CDG profiles as seen in P11 showed a clear mixed CDG-I/CDG-II pattern of TIEF.
Deconvoluted mass spectrum of intact transferrin QTOF showed a high intensity of the
peak indicating lack of complete glycans (glycoform 1 & 6) and a series of galactose
lacking N-glycans (e.g. glycoform 2, 4, 11, 16, 18 & 23). (B), Mild PGM1-CDG profiles as
seen in P3 showed a mild CDG-II transferrin IEF. Deconvoluted mass spectrum of intact
transferrin QTOF revealed a lack of one complete glycan (glycoform 6) as the highest
abnormal peak as well as a series of typical PGM1-CDG degalactosylated glycoforms as
also seen in severe PGM1-CDG profiles. (C), Deconvoluted mass spectrum of normal
control profile and corresponding IEF showed a normal transferrin glycoforms
(glycoform 25) as the most abundant transferrin glycoform in healthy subjects.
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Figure 2. PGM1-CDG specific glycomarkers derived from glycoprofiling of intact
transferrin. (A) Relative abundance of glycoform 6 (77351 Da), the most abundant
abnormal transferrin glycoform in PGM1-CDG. This CDG-I glycoform lacking one complete
glycan, serves as a good marker to distinguish PGM1-CDG from CDG-II; (B) Relative
abundance of glycoform 2 (76444 Da) which is the most abundant degalactosylated
glycoform in PGM1-CDG. This glycoform can also be seen in other galactose related
CDG-II defects, such as B4GALT1-CDG and SLC35A2-CDG; (C) Relative abundance of
glycoform 4 (76897 Da), the only glycoform that allows discrimination of PGM1-CDG
from other CDG group. However, this glycoform can’t serve as a single glycomarker for
PGM1-CDG because of its low abundance in some mild PGM1-CDG profiles; (D) The
combination of three transferrin glycoforms (glycoform 6, 77351 Da, glycoform 2, 76444
Da and glycoform 4, 76897 Da) in a linear regression model showed a 100% discrimination
of PGM1-CDG (n=19) from normal controls (n=20), mild CDG-I (n=10), B4GALT1-CDG
(n=3), SLC35A2-CDG (n=3) and galactosemia (n=3).
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Figure 3. Total plasma glycoprofiling of the six glycan groups in PGM1-CDG. The relative
abundance of three major classes of N-glycans, namely complex type N-glycans (A), hybrid
type N-glycans, (B), and high mannose type N-glycans (C), in controls and PGM1-CDG
patients. Global glycosylation indexes of degalactosylation (D), fucosylation (E), and
sialylation (F), of the same subjects were also shown. In the majority of patients, complex
glycans, hybrid glycans and sialylation index were reduced while high mannose glycans,
degalactosylation index and fucosylation were increased as compared with controls.
Data represent the mean and 95% CI (in %) for the reference ranges.
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specific for PGM1-CDG. Due to its low abundance, this isoform cannot serve as a
single marker for PGM1-CDG in some of the PGM1-CDG patients (Figure 2C).
We then combined all of these three transferrin glycoforms (glycoform 6, 77351
Da; glycoform 2, 76444 Da; glycoform 4, 76897 Da) and performed regression
analysis to establish a prediction model for PGM1-CDG diagnosis. Finally, we
showed that these three transferrin glycoforms are specific to PGM1-CDG
(Figure 2D) with 100% sensitivity and specificity in discriminating PGM1-CDG
from normal controls (AUC=1.0, p<0.0001), mild CDG-I (AUC=1.0, p<0.0001),
B4GALT1-CDG, SLC35A2-CDG, and galactosemia.
To investigate whether global N-glycosylation profiles can add value in
PGM1-CDG diagnosis, we performed total plasma N-glycan profiling on all
patients and 20 normal controls (Figure 3, and Supplementary Table 2). In
addition, we also compared this glycomics profiling with B4GALT1-CDG and
SLC35A2-CDG, which are known to show the high degree of global degalactosylation (25, 65). For the three major classes of N-glycans, the total relative
abundance of complex type N-glycans (Figure 3A) and hybrid type N-glycans
(Figure 3B) were reduced, while an increase was seen of high mannose type
N-glycans (Figure 3C) for the majority of patients. Further analysis on three
global glycosylation indexes showed a very high degalactosylation index (Figure
3D), which is in agreement with intact transferrin N-glycan profiles, an overall
increase in the degree of fucosylation (Figure 3E), and a reduction in sialylated
N-glycans (Figure 3F). As depicted from Figure 3A-F, global galactosylation
and sialylation were severely reduced in PGM1-CDG, B4GALT1-CDG and
SLC35A2-CDG, while global high mannose glycans and fucosylation were
increased only in PGM1-CDG and SLC35A2-CDG.

Therapy monitoring in PGM1-CDG
Next, we aimed to explore the potential of glycoprofiling for monitoring the
effectiveness of D-galactose supplementation in PGM1-CDG. After 6 months on
oral D-galactose therapy, total plasma glycoprofiling in P12 showed an
improvement of glycosylation in all 6 main glycan-indexes (Table 3), indicating
normalization of plasma protein N-glycosylation due to D-galactose supplementation. Improved addition of D-galactose to protein glycans after six months of
D-galactose supplementation was seen from an increase of complex type
N-glycans (from 88.8% to 91.7%), hybrid type-N-glycans (from 2.0% to 3.0%)
and total sialylated N-glycans; sialylation index (from 36.0 to 65.7) and a
decrease of high mannose type-N-glycans (from 9.3% to 5.3%) and total degalactosylated N-glycans; degalactosylation index (from 58.8 to 34.7). In addition,
total plasma glycoprofiling showed an effect of D-galactose supplementation on
the fucosylation level, with a decrease of total fucosylated N-glycans (from 46.7
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to 43.6) to near normal. A similar improvement in global galactosylation,
sialylation and fucosylation was observed in P1, P5, P14 and P15 after 3 months
of D-galactose treatment, while fucosylation is maintained at a high level in P10
and increased in P2 and P11 (Supplementary Table 3). Only P15 showed
normalization of global galactosylation, sialylation and fucosylation indexes.

Table 3. Total plasma N-glycans during D-galactose therapy.
The six main glycan groups (Figure 3) before and after D-galactose treatment for
P12. Data represent the mean and 95% CI (in %) for the reference ranges.

Glycan types/
indexes P12

Relative abundance, %

Reference ranges

Before treatment After treatment
(month = 0)
(month = 6)

(n=20)

Complex type glycans

88.8

91.7

91.7 (91.1 – 92.3)

Hybrid type glycans

2.0

3.0

3.5 (3.2 – 3.8)

High mannose type
glycans

9.3

5.3

4.8 (4.3 – 5.2)

Degalactosylation index

58.8

34.7

27.9 (26.2 – 29.6)

Fucosylation index

46.7

43.6

41.9 (40.2 – 43.6)

Sialylation index

36.0

65.7

71.0 (69.6 – 72.4)

Total plasma glycoprofiling is influenced by relative protein abundance
and does not allow the detection of a lack of complete glycans (glycan loss),
which is one of the main glycomics signatures for PGM1-CDG. Therefore, we
defined three glycan-indexes from the transferrin QTOF spectra that are useful
in clinical practice to monitor the therapeutic efficiency of dietary D-galactose
in PGM1-CDG. As index to monitor the overall level of normalization, a Normal
Glycan Index (NGI) was previously defined as the relative abundance of fully
glycosylated transferrin (glycoform 25; 79557 Da) (82). To discriminate the two
main effects of PGM1 deficiency on glycosylation, we defined a Lack Of Complete
Glycan Index (LOCGI) and a Lack of Galactose Index (LOGI). For LOCGI, we used
the relative abundance of glycoforms 1 and 6, lacking both and one glycan,
respectively. For LOGI, we used the relative abundance of six degalactosylated
glycoforms (glycoforms 2, 4, 11, 16, 18, and 23; See Table 2 and supplementary
Figure 1).
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Figure 4. Transferrin glycoprofiling for therapy monitoring. The three glycan-indexes, (A) Normal Glycosylation Index (NGI), (B) Lack Of
Galactose Index (LOGI), and (C) Lack Of Complete Glycans Index (LOCGI), defined for therapy monitoring in PGM1-CDG were used to monitor
the response of P12 before, upon and after 6 months D-galactose supplementation. The same transferrin indexes for (D) normal glycosylation
(NGI), (E) galactose lacking glycans (LOGI), and (F) lack of complete glycans (LOCGI) are also shown on P1, P2, P5, P10, P11, P12, P14, and
P15 to monitor the transferrin glycosylation improvements after 3 months of D-galactose therapy.

C
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We used these glycan-indexes to study the effect of D-galactose therapy in
eight patients treated for three months. All patients showed an improvement of
the transferrin glycoprofiles. For P12, the NGI showed near-normalization,
indicating a good response to D-galactose treatment (Figure 4A). The LOGI
showed a fast response during D-galactose therapy (Figure 4B), while the lack
of complete glycans was restored more slowly, as displayed in the LOCGI (Figure
4C). The percentage of improvement (PI) for three transferrin glycosylation
indexes showed 82% normalization for NGI, 97% normalization for galactosylation (LOGI) and 73% normalization for the lack of complete glycans (LOCGI)
after 6 months of D-galactose therapy. After discontinuation of D-galactose supplementation, the NGI, LOGI and LOCGI worsened (Figure 4 A-C). The clinical
and other biochemical improvements of P12 after 6 months galactose therapy
have been reported in the previous study (82). The TIEF and transferrin QTOF
profiles of P12 before and upon galactose therapy are shown in Supplementary
Figure 1.
A similar improvement of the NGI (Figure 4D), a fast recovery of the
galactose index; LOGI (Figure 4E) and slower recovery of the lack of complete
glycans; LOCGI (Figure 4F) was also observed in the majority of patients (P1,
P2, P5, P12, P14 and P15) after 3 months of D-galactose therapy. Slow
improvement of NGI, LOGI and LOCGI was observed in P10 and P11, in whom the
LOCGI restoration is more pronounced than LOGI.
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DISCUSSION
The high clinical and biochemical heterogeneity in PGM1-CDG complicates
diagnosis and necessitates the search for a specific marker for fast and accurate
detection and evaluation of follow-up and treatment. In this study, we have
solved the diagnostic challenge of PGM1-CDG by high resolution MS analysis of
plasma transferrin. We here present a specific and reliable diagnostic test, which
allows an automated way to diagnose PGM1 in large cohorts. The combination of
three transferrin glycoforms was diagnostic for PGM1-CDG with high sensitivity
and specificity. In addition, we defined three glycan-indexes to specifically
monitor the normalization or improvement of transferrin glycoforms upon
D-galactose supplementation.
Total plasma glycoprofiling showed an increase of both degalactosylated
and fucosylated glycans. An increase of global fucosylation in the majority of
PGM1-CDG patients has not been reported before. Since transferrin is a known
protein with a low degree of fucosylation, this is an added value of total plasma
glycomics. This novel finding also adds the PGM1-CDG to the subset of CDGs with
high fucosylation profiles. Hyperfucosylation is associated with chronic hepatic
inflammation, which can also be seen in PMM2-CDG (CDG-I) and B4GALT1-CDG
(25, 165, 166). However, neither fucosylation nor degalactosylation is specific
for PGM1-CDG. Furthermore, the lack of complete glycans cannot be detected by
total plasma glycoprofiling, which is the most important marker for sensitive
detection of PGM1-CDG. Remarkably, an increase of global high mannose
N-glycans in PGM1-CDG is also observed, similar to all patients with a
UDP-galactose transporter defect (SLC35A2-CDG). Several cellular glycomics
studies have shown an increase of high mannose glycans, particularly regarding
Immnoglobulin G (IgG) glycosylation, attributed to: a) a change in cellular nucleotide-sugar content (e.g. UDP-galactose), which occurs in PGM1-CDG and
SLC35A2-CDG (167); b) an increased osmolality and pH of Golgi and/or ER,
which is common in CDG such as TMEM199-CDG (12, 168); (3) a low glucose
concentration which is reflected by the hypoglycemia in PGM1-CDG (169); and
(4) an increased concentration of intracellular mannose and/or overactive
GDP-mannose synthetic pathway which produce proteins with elevated levels of
high mannose glycans (170).
The high sensitivity and specificity of the combination of three transferrin
glycoforms for PGM1-CDG underline the advantage of protein specific
glycoprofiling for direct diagnosis of PGM1-CDG. The improvement over total
plasma N-glycan analysis relates to: a) the ionization of the glycoforms were
dominated by the amino acid backbone, which improved relative quantification
of glycans; b) variations in protein concentrations were eliminated, which
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resulted in smaller reference ranges from healthy individuals. Also large
population based serum glycomics studies show the inter-individual glycome
heterogeneity, which likely reflects the genetic, epigenetic and metabolic
systems (141). The approach of intact protein glycoprofiling is attractive because
of its robustness and fast analysis. This was also shown by a recent study that
revealed the potential of intact haptoglobin glycoprofiling as a promising marker
for cancer screening (171). From a diagnostic point of view, the discovery of
these glycomarkers has positioned transferrin QTOF MS as the primary test for
PGM1-CDG with a turnaround time of only 2 hours.
Our previous study showed the biochemical improvement of D-galactose
supplementation by transferrin glycoprofiling (23, 36, 82). A specific and
reliable diagnostic test is highly relevant since patients can present in a variety
of clinical cohorts such as liver disease, exercise intolerance or cardiomyopathy.
Furthermore, early diagnosis and treatment might save the damage to muscles,
liver and heart. We introduced NGI, LOCGI and LOGI from transferrin glycoprofiling to monitor D-galactose treatment and progression in PGM1-CDG. These
indexes are more specific than the previous study especially to monitor the
improvement of lack of galactose residues (LOGI) after galactose supplementation (36, 82). We showed for 6 patients that D-galactose therapy drastically
improved the normalization of LOGI, which might easily be explained by the
conversion of galactose to galactose-1-phosphate and subsequently to uridine
diphosphate galactose, UDP-galactose. This can be rapidly used as a building
block for protein glycosylation. Two patients showed more improvement on the
LOCGI than on the LOGI index after 3 months of D-galactose therapy. It remains
an open question how the D-galactose supplementation can improve the addition
of glycans to proteins in the ER as shown by the improvement of the LOCGI
index. One next step is to relate the biochemical normalization of transferrin
glycan-indexes (NGI, LOCGI & LOGI) to the improvement of clinical features.
This also offers an opportunity for clinicians to further optimize D-galactose
supplementation (dosage, period, alternative pharmacological formulae) in order
to achieve maximal biochemical and clinical effect.
In conclusion, transferrin glycoprofiling revealed a highly sensitive and
specific glycomarker for the diagnosis of PGM1-CDG in its full clinical spectrum.
In addition, three glycan-indexes are proposed, NGI, LOGI and LOCGI, to monitor
the effectiveness of D-galactose therapy in PGM1-CDG. This allows to discriminate
the response of endoplasmic reticulum versus Golgi glycosylation defect.
We expect that these glycomarkers result in the diagnosis of additional PGM1CDG patients and in guiding the further optimization of oral D-galactose as
supplementation therapy.

10.6 ↑
20.8 ↑
2.3
17.5 ↑
28.3 ↑
6.1 ↑
26.8 ↑
2.5
15.0 ↑
8.5 ↑
27.8 ↑
5.3 ↑
20.7 ↑
31.3 ↑
15.2 ↑
9.5 ↑
7.1↑
5.8 ↑
2.2

0 - 3.2

Reference Ranges

asialotransferrin

14 years
9 years
39 years
18 years
10 years
7 years
20 years
16 years
5 years
20 months
5 months
52 years
2 years
2 months
11 years
20 years
10 years
24 years
19 years

F
F
M
F
M
M
M
F
F
F
M
M
M
F
F
M
M
M
F

Note:
↑ Increased from reference range
↓ Decreased from reference range

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19

monosialotransferrin
0–5

13.1 ↑
14.8 ↑
3.7
12.8 ↑
17.1 ↑
6.6 ↑
17.6 ↑
4.6
8.9 ↑
6.5 ↑
25.1 ↑
6.1 ↑
14.3 ↑
18.5 ↑
8.0 ↑
15.5 ↑
6.5 ↑
6.8 ↑
3.9

disialotransferrin
3.3 - 7.6

18.1 ↑
18.3 ↑
8.8 ↑
15.7 ↑
17.0 ↑
21.0 ↑
19.9 ↑
11.6 ↑
20.3 ↑
19.6 ↑
22.7 ↑
15.0 ↑
17.5 ↑
18.5 ↑
17.0 ↑
19.8↑
17.2↑
15.1 ↑
11.8 ↑

triasialotransferrin

tetrasialotransferrin
26.3 ↓
24.2 ↓
52.1
30.0 ↓
24.0 ↓
34.7 ↓
17.5 ↓
50.1
28.6 ↓
41.2 ↓
10.9 ↓
46.1 ↓
23.9 ↓
20.0 ↓
40.4 ↓
26.3↓
40.3 ↓
42.9 ↓
42.8 ↓

13.2 ↓
9.9 ↓
15.1 ↓
10.7 ↓
6.4 ↓
16.7 ↓
6.8 ↓
16.5 ↓
14.2 ↓
13.1 ↓
3.9 ↓
12.0 ↓
11.0 ↓
5.6 ↓
9.5 ↓
10.5 ↓
14.8 ↓
13.4 ↓
19.3

0-1
1 - 18
> 18

Age

3.2 - 7.8

4.9
2.4 ↓
3.8
2.8 ↓
1.4 ↓
2.5 ↓
1.9 ↓
3.2
4.0
3.0 ↓
1.0 ↓
2.1 ↓
4.5
0.7 ↓
2.0 ↓
2.9 ↓
4.1
4.0
5.4

pentasialotransferrin

4.9 - 10.6 47.3 - 62.7 18.7 - 31.5

13.8 ↑
9.1
14.2 ↑
10.4
5.8
12.4 ↑
9.5
11.6 ↑
8.9
8.1
8.6
12.7 ↑
8.2
5.4
7.9
15.5 ↑
10.2
12.0 ↑
14.7 ↑

heksasialotransferrin

Apolipoprotein III (ApoCIII)
IEF bands, % (no. of sialic acid)

75.5
55.5
62.7
69.7
43.4 ↓
58.7
48.8
54.5
51.0
-

22.9
41.1
35.7
26.8
49.0 ↑
37.7
48.8 ↑
43.0
46.6
-

0.2 - 4.5
1.4 - 9.5
1.8 - 7.6

42.7 - 69.8 26.2 - 56.7
48.5 - 75.2 21.0 - 45.8
47.4 - 73.6 20.2 - 46.5

0-ApoCIII 1-ApoCIII 2-ApoCIII

ApoCIII Reference Ranges, %

Age dependent (refer to table below)

1.6
3.4
1.6
3.5
7.6
3.6
2.5
2.5
2.3
-

asialoApoCIII

Transferrin isoelectric focusing
(IEF) bands, % (no. of sialic acid)
monosialoApoCIII

Patient Gender
Age
ID
(sampling)
disialoApoCIII

Supplementary Table 1. TIEF and ApoC-III IEF qualitative data for 19 PGM1-CDG patients.

Intact transferrin and total plasma glycoprofiling for diagnosis and therapy... | 109

5

6

5

4

5

5

4

4

3

4

4

4

4

5

5

1

1

1

1

0

0

0

1

0

0

1

2

Hex HexNAc Fuc NeuAc

Glycan composition

4

Structure

Assigned

3

2

1

ID

complex type glycan,
galactose lacking &
fucosylated glycans
complex type glycan,
sialic acid only lacking,
sialylated & fucosylated
glycans
complex type glycan,
galactose lacking &
fucosylated glycans

1462.54

2077.75

1827.68

complex type glycan,
galactose lacking &
fucosylated glycans

complex type glycan,
sialic acid only lacking &
sialylated glycans

1931.69

1624.60

complex type glycan,
fully sialylated glycans

2222.78

Classification

Mass, Da Total plasma N-glycans

T-test

2.37 (2.14 - 2.60)

6.28 (5.66 - 6.89)

4.16 (3.56 - 4.75)

6.69 (5.98 - 7.40)

18.5 (17.5 - 19.5)

23.1 (21.0 - 25.1)

4.90 (3.94 - 5.87)

5.30 (4.40 - 6.19)

6.42 (5.22 - 7.63)

8.08 (6.48 - 9.67)

8.77 (7.18 - 10.4)

12.5 (8.13 - 16.9)

4.3 x 10-6

0.07

0.001

0.11

2.7 x 10-13

5.7 x 10-5

Controls (n=20) PGM1-CDG (n=19) (p-Values)

Reference ranges

Data represent the mean and 95% CI (in %) for the reference ranges. The glycans that do not show statistically significant differences
in abundances (student’s t-test; P≤0.05) between normal control and PGM1-CDG are highlighted in gray.

Supplementary Table 2. Total plasma N-glycans profiling of 40 most abundance N-glycans in normal controls (n=20)
and PGM1-CDG (n=19), sorted based on their high abundance in PGM1-CDG.
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2

5

4

5

4
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4

0

0

1

1

0

0

0

1

0

0

0

2

0

1

0

0

high mannose type
glycan
complex type glycan,
galactose lacking
glycans

1234.43

1681.62

complex type glycan,
galactose lacking &
fucosylated glycans

complex type glycan,
galactose lacking
glycans

1519.57

1665.62

complex type glycan,
galactose lacking &
sialylated glycans

1769.64

complex type glycan,
fully sialylated &
fucosylated glycans

complex type glycan,
galactose lacking
glycans

1316.49

2368.84

complex type glycan,
sialic acid only lacking &
fucosylated glycans

1786.65

4.45 (3.90 - 5.01)

4.35 (2.77 - 5.94)

4.60 (3.00 - 6.20)

3.93 (2.65 - 5.20)

3.57 (2.61 - 4.53)

3.38 (2.61 - 4.16)

2.42 (1.90 - 2.94)

2.37 (1.65 - 3.08)

2.79 (2.39 - 3.19)

0.09 (0.04 - 0.15)

0.93 (0.81 – 1.05)

0.45 (0.31 - 0.58)

6.44 (5.57 - 7.33)

1.42 (1.22 - 1.62)

1.45 (1.33 - 1.57)

0.71 (0.58 - 0.85)

2.9 x 10-5

4.8 x 10-4

9.0 x 10-6

4.3 x 10-5

1.6 x 10-6

4.2 x 10-6

1.9 x 10-6

1.2 x 10-5
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0
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Hex HexNAc Fuc NeuAc

Glycan composition

5

Structure

15

ID

Supplementary Table 2. Continued.

1882.65

1640.59

1720.59

1396.49

2134.77

1989.73

2280.83

high mannose type
glycan

complex type glycan,
sialic acid only lacking
glycans

high mannose type
glycan

high mannose type
glycan

complex type glycan,
galactose lacking &
sialylated glycans

complex type glycan,
galactose lacking &
fucosylated glycans

complex type glycan,
galactose lacking,
sialylated &
fucosylated glycans

Classification

Mass, Da Total plasma N-glycans

Reference ranges

T-test

0.88 (0.80 - 0.96)

0.90 (0.83 - 0.98)

0.80 (0.70 - 0.91)

1.03 (0.90 - 1.15)

1.54 (1.30 - 1.78)

1.25 (1.13 - 1.37)

1.67 (1.46 - 1.88)

1.30 (0.91 - 1.69)

1.35 (0.99 - 1.72)

1.40 (1.02 - 1.77)

2.05 (1.69 - 2.41)

2.06 (1.60 - 2.51)

2.06 (1.70 - 2.43)

2.09 (1.73 - 2.46)

0.03

0.02

0.03

1.9 x 10-6

0.04

6.6 x 10-5

0.04

Controls (n=20) PGM1-CDG (n=19) (p-Values)
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4

5

2

5

4

5

5

7

4

24

25

26

27

28

5

5

4

23

4

4

22

1

0

0

1

1

0

0

1

0

0

2

1

1

0

2118.77

1558.54

1843.67

2571.92

1915.69

1972.71

1478.54

complex type,
galactose lacking,
sialylated & fucosylated
glycans

high mannose type
glycan

complex type glycan,
galactose lacking
glycans

complex type glycan,
galactose lacking,
sialylated &
fucosylated glycans

complex type glycan,
galactose lacking,
sialylated &
fucosylated glycans

complex type glycan,
galactose lacking &
sialylated glycans

complex type glycan,
galactose lacking
glycans

1.22 (0.90 - 1.54)

1.02 (0.79- 1.25)

0.95 (0.62 - 1.28)

0.92 (0.62 - 1.23)

0.82 (0.60 - 1.04)

0.73 (0.55 - 0.91)

0.54 (0.42 - 0.66)

0.33 (0.24 - 0.41)

0.54 (0.41 – 0.67)

0.72 (0.65 - 0.78)

2.09 (1.80 - 2.38)

0.28 (0.25 - 0.31)

0.49 (0.42 - 0.56)

0.28 (0.23 - 0.32)

1.4 x 10-4

0.01

1.2 x 10-5

1.1 x 10-8

0.15

4.7 x 10-4

1.9 x 10-6
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5

Assigned

4

5

6

6

33

34

3

3

5

6

31

4

32

6

30

5

0

1

0

0

2

0

1

0

2

0

1

1

Hex HexNAc Fuc NeuAc

Glycan composition

6

Structure

29

ID

Supplementary Table 2. Continued.

2587.92

2239.80

1437.51

1599.57

2385.86

2296.82

complex type glycan,
sialic acid only lacking
&
sialylated glycans

hybrid type glycan,
sialylated &
fucosylated glycans

hybrid type glycan

hybrid type glycan

hybrid type glycan,
sialylated & fucosylated
glycans

complex type glycan,
sialic acid only lacking &
sialylated glycans

Classification

Mass, Da Total plasma N-glycans

Reference ranges

T-test

0.43 (0.31 - 0.55)

0.44 (0.10 - 0.78)

0.46 (0.36 - 0.57)

0.33

0.11

5.4 x 10-5

0.5

1.0 x 10-5

2.12 (1.85 - 2.40) 0.34 (0.09 - 0.59) 3.6 x 10-12

0.48 (0.36 - 0.60) 0.35 (0.11 - 0.59)

0.32 (0.25 - 0.38) 0.41 (0.31 - 0.51)

0.17 (0.15 - 0.20)

0.33 (0.29 - 0.38)

0.90 (0.83 - 0.98)

Controls (n=20) PGM1-CDG (n=19) (p-Values)
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5

3

6

3

5

4

37

38

39

40

3

4

3

6

36

3

5

35

0

0

0

1

0

0

1

2

0

0

1

1

1566.56

2425.86

1113.41

1948.70

1890.66

1728.61

complex type glycan,
N-acetyl glucosamine
lacking & sialylated
glycans

complex type glycan,
galactose lacking &
sialylated glycans

complex type glycan,
N-acetyl glucosamine
lacking & galactose
lacking glycans

hybrid type glycan,
fucosylated glycans

hybrid type glycan,
sialylated glycans

hybrid type glycan,
sialylated glycans

0.12

0.01

0.32 (0.29 - 0.35) 0.23 (0.18 - 0.27)

2.0 x 10-4

0.03

0.25 (0.13- 0.37)

0.045

0.06 (0.03 - 0.09) 0.24 (0.12 - 0.36)

0.013 (0.01 –
0.02)

0.51 (0.45 - 0.56) 0.28 (0.06 - 0.50)

0.46 (0.43 - 0.50) 0.30 (0.23 - 0.37) 6.4 x 10-5

0.36 (0.33 - 0.40) 0.30 (0.23 - 0.37)
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5

M / 14

M / 18

M/4

M / 56

F/1

F/3

P5

P10

P11

P12

P14

P15

93.8
94.4

Month = 3

92.8

Month = 0

89.8

Month = 3

93.4

Month = 0

88.7

Month = 3

91.8

Month = 0

92.5

Month = 3

93.7

Month = 0

88.5

Month = 3

93.3

Month = 3

Month = 0

88.7

Month = 0

93.7

F / 22

P2

89.2

95.9

Month = 3

85.3

Month = 0

Month = 3

F / 22

P1

Month = 0

Complex
(91.1-92.3)

Patient Sex / age Treatment
Remarks

2.8

4.1

3.9

6.4

3.7

2.0

2.4

1.0

2.5

2.4

4.3

1.4

3.8

1.5

2.1

1.2

Hybrid
(3.2-3.8)

Data represent the 95% CI (in %) for the reference ranges.

2.8

2.1

3.3

3.8

5.7

9.3

7.5

6.5

3.9

9.1

5.8

9.9

5.0

9.3

2.0

13.5

High Mannose
(4.3-5.2)

24.4

37.3

5.1

34.1

36.8

58.8

52.3

67.8

33.0

58.4

31.8

64.8

38.2

59.9

30.9

47.7

40.3

50.5

16.3

44.5

42.4

46.7

55.3

40.2

48.0

54.7

41.0

43.8

51.9

47.9

37.3

37.7

Degalactosylation Fucosylation
(26.2-29.6)
(40.2-43.6)

Supplementary Table 3. Oral D-galactose treatment index from total plasma glycoprofiling of 8 PGM1-CDG.

74.4

62.2

91.8

67.0

65.9

36.0

44.5

36.8

67.8

31.0

68.7

34.9

64.5

37.9

71.6

47.3

Sialylation
(69.6-72.4)
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A

B

Supplementary Figure 1. TIEF and transferrin QTOF mass spectrum of P12 before
(A) and 6 months after (B) initiation of dietary D-galactose supplementation.
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Part III
Combination of glycomics
and genomics for the diagnosis of
congenital disorders of glycosylation
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ABSTRACT
Genomics methodologies have significantly improved elucidation of Mendelian
disorders. The combination with high-throughput functional–omics technologies
potentiates the identification and confirmation of causative genetic variants,
especially in singleton families of recessive inheritance. In a cohort of 99
individuals with abnormal Golgi glycosylation, 47 of which being unsolved,
glycomics profiling was performed of total plasma glycoproteins. Combination
with whole-exome sequencing in 31 cases revealed a known genetic defect in
15 individuals. To identify additional genetic factors, hierarchical clustering of
the plasma glycomics data was done, which indicated a subgroup of four patients
that shared a unique glycomics signature of hybrid type N-glycans. In two
siblings, compound heterozygous mutations were found in SLC10A7, a gene of
unknown function in human. These included a missense mutation that disrupted
transmembrane domain 4 and a mutation in a splice acceptor site resulting in
skipping of exon 9. The two other individuals showed a complete loss of SLC10A7
mRNA. The patients’ phenotype consisted of amelogenesis imperfecta, skeletal
dysplasia, and decreased bone mineral density compatible with osteoporosis.
The patients’ phenotype was mirrored in SLC10A7 deficient zebrafish.
Furthermore, alizarin red staining of calcium deposits in zebrafish morphants
showed a strong reduction in bone mineralization. Cell biology studies in
fibroblasts of affected individuals showed intracellular mislocalization of
glycoproteins and a defect in post-Golgi transport of glycoproteins to the cell
membrane. In contrast to yeast, human SLC10A7 localized to the Golgi. Our
combined data indicate an important role for SLC10A7 in bone mineralization
and transport of glycoproteins to the extracellular matrix.

Integrating glycomics and genomics uncovers SLC10A7 as essential factor for... | 125

INTRODUCTION
Protein glycosylation is an important biological process that is located in the
secretory pathway of the cell. The majority of human diseases has been
associated with abnormal protein glycosylation via glycomics profiling in
plasma, however, the underlying mechanisms remain poorly understood.
Congenital Disorders of Glycosylation (CDG) form an emerging group of >100
genetic disorders with a highly heterogeneous clinical spectrum. CDG with
abnormal protein N-glycosylation can be identified via analysis of transferrin
glycosylation in plasma, covering >50 subtypes. Subtypes with abnormal
N-glycan structures are caused by deficient Golgi N-glycosylation, such as
defects in glycosyltransferases (e.g. B4GALT1-CDG, MAN1B1-CDG) and in the
supply of nucleotide-sugars (e.g. SLC35A2-CDG). Analysis of glycan structures in
such defects is directly related to the underlying gene defect. Another major
subgroup comprises genetic defects that disrupt Golgi homeostasis, for example
defects in ion and pH maintenance and vesicular transport. The large number of
genes involved in Golgi homeostasis, estimated about 5-10% of our genome, and
their unknown influence on protein glycosylation complicate the identification
of disease genes associated with abnormal glycosylation.
Strategies for disease gene identification have evolved in recent years by
introduction of high-throughput sequencing technologies as whole exome (172)
and whole genome (173) sequencing. Success rates vary from roughly ~20-50%,
depending on the approach and clinical subgroup studied (31, 174). Identification
of recessive traits can be quite challenging, especially in isolated cases. Detailed
phenotyping and transcriptome profiling (175), (176),(177) have been added to
improve disease gene identification. The combination of genomics with highthroughput mass-spectrometry based -omics methodologies can potentially
further increase the diagnostic yield and, even more importantly, will contribute
to the functional annotation of unknown genes. Since glycomics reflects the
status of protein glycosylation in the secretory pathway of the cell (5), integration
of glycomics and genomics is a promising strategy to unravel novel genetic
factors for Golgi homeostasis (178).
We here performed comparative glycomics profiling in a cohort of 99 patients
with abnormal Golgi glycosylation, 47 with unsolved defect. Combination with
exome sequencing in 31 cases resolved 15 patients with a known gene defect
and led to identification of SLC10A7 as a novel genetic factor for Golgi homeostasis
and glycoprotein trafficking. Molecular studies in cells and zebrafish indicate an
important role for SLC10A7 in bone mineralization by influencing glycosylation
and transport of proteoglycans and glycoproteins to the extracellular matrix.
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MATERIAL AND METHODS
Materials of participating individuals
Blood and, if obtained, fibroblasts of individuals were sent to the Radboud
University Medical Center, Translational Metabolic Laboratory, for diagnostics
of Congenital Disorders of Glycosylation. This was based on clinical suspicion
for an inborn error of metabolism. All participating individuals or their legal
representatives gave informed consent for exome sequencing. Tissue and samples
were obtained in accordance with the Declaration of Helsinki. For publication
of facial images, written informed consent was obtained from the parents.
The diagnosis of all patients with known CDG gene defect was genetically and
biochemically confirmed in previous studies (Tables S1-3). For establishment of
reference intervals for total plasma N-glycans, plasma samples of 40 healthy
controls were received from the Sanquin Blood Bank (Nijmegen) according to
their protocols of informed consent.

Screening for Congenital Disorders of Glycosylation
Routine CDG screening tests for protein N-glycosylation by transferrin IEF as
well as for protein mucin type O-glycosylation by ApoC-III IEF were performed
as described previously (12). In brief for transferrin IEF, 10 μL of plasma was
incubated with ferric citrate buffer before the diluted sample was applied to a
hydrated Immobiline dry gel (Servalyt pH 5-7; GE Healthcare) and run on a Phast
System (GE Healthcare). Transferrin immunoprecipitation was performed with
60 μL of polyclonal rabbit anti-human transferrin antibody (8.5 g/L; Dako)
followed by washing, fixation, staining and destaining steps to visualize the
transferrin isoforms. The relative amounts of transferrin isoforms were
determined by densitometry (Image Scanner Amersham/Biosciences; Lab Scan
6.0 and IQTL software) and compared with established reference intervals.
In short for ApoC-III IEF, 2 μl of plasma was 15 times diluted with saline
solution. Before electrophoresis, the gel was rehydrated in a solution containing
8 M urea. After blotting on a nitrocellulose membrane, the blot was washed and
blocked before incubation with anti-ApoC-III antibody (1:2,000, Rockland,
#600-101-114). After incubation with the secondary anti-goat-HRP antibody
(1:5,000, Thermo Scientific, #31402), the blot was visualized by chemoluminescence (ECL reagent (Pierce) on a LAS3000 imaging system (Fujifilm). The
relative amounts of ApoC-III isoforms were determined by densitometry (IQTL
software) and compared with established reference intervals.
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Whole-exome sequencing
Next generation sequencing and analysis was performed as described earlier
(179). The SureSelect Human All Exon 50Mb Kit (v4, Agilent) was used for exome
enrichment, covering ~21.000 genes. The exome library was sequenced on a
SOLiD 5500xl sequencer (Life Technologies). Color space reads were iteratively
mapped to the hg19 reference genome with the SOLiD LifeScope software
version 2.1. We used our in-house annotation pipeline for annotation of called
variants and indels (180).
Variants were excluded based on a frequency of >0.2% in our in-house
database of >1300 exomes. Also, synonymous variants, deep intronic variants
and variants in untranslated regions were excluded. Quality criteria were
applied and included variants called more than five times and variation of more
than 20% for heterozygous variants and 80% for homozygous variants.

Sanger sequencing of gDNA and cDNA
In order to confirm the SLC10A7 variants identified by next-generation sequencing
and to identify potential mutations in SLC10A7 in P32 and P39, bi-directional
direct Sanger sequencing was performed using specific oligonucleotide primers
flanking the exons. Total DNA was extracted using the QIAamp DNA kit (Qiagen,
Venlo, The Netherlands). Total RNA from cultured fibroblasts was extracted
using RNAbee (AMS Biotechnology, Abingdon, UK) and transcribed into cDNA
using Superscript II and random primers (Invitrogen, Breda, The Netherlands).
All coding regions of SLC10A7 (NM_001029998.5 and NM_001200842.2), its
promoter sequence and potential intragenic regulatory elements were amplified
using AmpliTaq Gold 360 Master Mix (Fisher Scientific, Landsmeer, The Netherlands)
and the primers listed in Table S6. The PCR fragments were sequenced using the
BigDye Terminator Kit v1.1 (Fisher Scientific, Landsmeer, The Netherlands) on a
3130xL Genetic Analyzer with M13 primers.

Multiplex ligation-dependent probe amplification
Multiplex ligation-dependent probe amplification (MLPA) was performed on
the extracted DNA following a procedure from MRC-Holland (Amsterdam,
The Netherlands, www.mlpa.com). Fragments were separated with GeneScan
500LIZ dye size Standard (Fisher Scientific, Landsmeer, The Netherlands) on a
3130xL Genetic Analyzer. The data was analyzed by using Coffalyser.Net
software (MRC-Holland, Amsterdam, The Netherlands).

High-resolution QTOF mass spectrometry of plasma transferrin
Transferrin was immunopurified from control and patient plasma as previously
described (24) and analyzed by mass spectrometry on a microfluidics-based
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platform (Agilent Technologies) consisting of an Agilent 1260 nanoLC-HPLC-chip
system using a C8 protein chip coupled to an Agilent 6540 QTOF LC/MS system.
Data analysis was performed using Agilent Mass Hunter Qualitative Analysis
Software B.05. The distribution of raw charge data was deconvoluted to
reconstructed mass data using Agilent BioConfirm Software (version 5). A set of
30 transferrin glycoforms (Table S2) was selected for relative quantitation,
calculated to the total abundance of the 30 selected glycoforms.

High-resolution QTOF mass spectrometry of total plasma N-glycans
Analysis of plasma N-glycans was performed based on Kronewitter et al. (2010)
with minor modifications (164). 10 μL of plasma were mixed in equal parts with
an aqueous solution of 200 mM ammonium bicarbonate and 10 mM dithiothreitol.
Protein denaturation was performed in mild conditions by alternating between
boiling temperature and room temperature in a water bath for six cycles of five
seconds each. For enzymatic release of N-glycans, 1 μL of peptide N-glycosidase
F, PNGaseF (New England Biolabs, catalog no. P0704L) was added and the
mixture was incubated for 22 hours at 37°C. Ethanol precipitation was performed
with 80% (v/v) ethanol to remove proteins from the glycans by adding 80 μL of
ethanol and the mixture was frozen at -80°C for 45 minutes. The mixture was
centrifuged at 14000 rpm (Eppendorf) for 20 minutes and the supernatant was
dried in vacuo (Thermo RVT4104 Refrigerated Vapor Trap). Further purification
and enrichment of glycans was performed using a graphitized carbon cartridge
(Grace Davison, catalog no.G4240-64010, 150 mg, 4.0 mL), with elution of
N-glycans using 2.0 mL of 40% acetonitrile and 0.05% trifluoroacetic acid (v/v)
in water. Mass spectrometry was performed on the microfluidics-based platform
as above using a porous graphitized carbon chip (PGC-chip). Dried N-glycans
were reconstituted in 50 µL pure water (per 200 nL of serum) and 1 μl sample
was loaded onto the enrichment column and analyzed using the chromatographic conditions as described (56). MS spectra were acquired in the positive ion
mode over a mass range of m/z 600-2000 with an acquisition time of 1.5 second
per spectrum. Mass correction was enabled using Agilent Calibrant Mix
G1969-85000 with reference masses of m/z 622.029, 922.010, 1221.991 and
1521.971. Raw LC-MS data were analyzed using the Molecular Feature Extraction
(MFE) algorithm (Mass Hunter Qualitative Analysis Software B.05). MS peaks
were filtered with a signal-to-noise ratio of 5.0 and parsed into individual ion
species. All individual ion species associated with single compounds (e.g., doubly
and triply protonated ions, and all associated isotopologues) were summed to
create extracted ion chromatograms (ECC) based on expected isotopic
distribution and charge state information. Using a mass tolerance of 20 ppm,
deconvoluted masses of each ECC peak were compared against a theoretical
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glycan mass library (in-house) consisting of all possible complex, hybrid and
high mannose type N-glycans that have been reported in human plasma. Hence,
only glycan compositions containing hexose (Hex), N-acetylhexosamine
(HexNAc), deoxyhexose (dHex) and N-acetylneuraminic acid (Neu5Ac) were
included. Glycan structures are indicated with the number of Hex-HexNAc-dHexNeu5Ac residues, respectively. Relative abundances of each glycan were obtained
through normalization to the total volume of all detected glycan compounds.
Plasma samples of 40 healthy controls were used to establish control ranges.
These samples were also analyzed by transferrin QTOF mass spectrometry
(MS) to confirm normal transferrin glycosylation.

Statistical analysis
Data were analyzed using GraphPad Prism (version 5.03) and IBM SPSS (version
22.0) software. Mean and 95% confidence interval for total plasma N-glycans were
used to express the reference intervals in 40 normal controls. For determination
of p-values, student’s t-test was used for the comparison of the glycans’ relative
abundance between control and other groups (e.g. SLC10A7-CDG). Regression
analysis using SPSS [method = forward stepwise (conditional)] was performed
on all glycans to determine linear functions and to identify a characteristic
glycan profile for SLC10A7 deficiency.

Hierarchical clustering and bioinformatics
2D hierarchical clustering (HCL) was performed on the glycomics data of 99
CDG-II patients and 40 controls, consisting of the relative abundances of the
transferrin glycoforms and the total plasma N-glycan structures. Genesis
version 1.7.7 software was used(181) based on average linkage clustering and
Pearson correlations. In order to verify if Pearson’s correlation was suitable for
clustering of glycomics data, the same data was also analyzed by using
Spearman’s correlation (showing many overlap between patients and control,
data not shown), and principal component analysis (PCA) was performed. PCA
was performed on the log 10 transformed glycomics data using Canoco version
5.04(182).

Zebrafish model for slc10a7
Zebrafish husbandry - Zebrafish were maintained at 28.5 C in a 10/14-h dark/
light cycle. Protocols for experimental procedures were approved by the Ethics
Board of St. Michaels Hospital, Toronto, Canada, (Protocol ACC660).
Morpholino knockdown - For knockdown, we used a splicing (sp) morpholino
oligonucleotide (MO) for slc10A7 (slc10A7sp). A standard control MO (ctrl MO)
was also injected. The MO sequences are as follows: slc10A7 sp MO5’- AGGACCT-
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GAAAGAAAGCACACTTAT-3’, and standard control MO5’-CCTCTTACCTCAGTTACAATTTATA-3’. MOs were designed by Gene Tools, LLC. Both MOs were injected
individually and in combination into 1 cell stage zebrafish embryos. We injected
MOs individually, slc10A7 sp at 0.4 mM, and standard control at 0.4 mM.

Alcian blue staining in zebrafish for skeletal visualization
Alcian blue (Sigma, St. Louis, MO) was dissolved in 70% ethanol and 1% hydrochloric acid. Zebrafish embryos (6 dpf) were fixed in 4% paraformaldehyde
overnight at 4°C, and maintained in 100% methanol at -20°C until processing.
The embryos were washed with phosphate-buffered saline with 0.1% Tween-20
(PBST). The embryos were bleached in 30% hydrogen peroxide for 2 hours,
washed with PBST and transferred into Alcian blue solution. Embryos were
stained overnight at room temperature. The embryos were rinsed 4 times with
acidified ethanol (HCl–EtOH): 5% hydrochloric acid, and 70% ethanol. Embryos
were rinsed for 20 min in HCL-EtOH, and re-hydrated by washing 10 min in a
HCL-EtOH/ H2Od series (75%, 25%, 50%, 50%, 25%, 75% and 100%). Embryos
were stored in 1 ml of glycerol-KOH at 4°C. For microscopy, embryos were
imaged in bright field mode using a dissection microscope (Leica M205 FA).

Alizarin red staining in zebrafish to visualize extracellular calcium
deposition
Alizarin red S (C.I. 74240, Sigma) was prepared with 0.5% alizarin red S powder
in water. The zebrafish embryos (6 dpf) were fixed in 4% paraformaldehyde
overnight at 4°C. The embryos were washed with 1 ml 50% ethanol, with
rocking, at room temperature for 10 min. After removing the 50% ethanol, 1 ml
of 0.5% alizarin red stain solution was added to the embryos and rocked at room
temperature overnight. Bleach solution was prepared fresh by mixing equal
volumes of 3% H2O2 and 2% KOH for final concentration of 1.5% H202 and 1%
KOH, 1 ml was added to the embryos, which were incubated for 10 min. For
clearing, embryos were rocked at room temperature for 30 min in 1 ml of a
solution of 20% glycerol and 0.25% KOH, and then for 2h in 1 ml of 50% glycerol
and 0.25% KOH. Embryos were stored in 50% glycerol and 0.1% KOH at 4°C. For
microscopy, embryos were embedded in 1% low-melting agarose (BioShop), and
imaged using a Zeiss laser-scanning confocal microscope (Zeiss LSM 700).

Cell biology studies
Cell culture conditions - Primary patient fibroblasts and SLC10A7-V5 complemented
fibroblasts were cultured in M199 medium (PAN Biotech, P04-07050) supplemented
with 10% fetal calf serum and 1% penicillin/streptomycin at 37°C in humidity
saturated 5% CO2 atmosphere.
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HeLa cell cultures were maintained in high glucose DMEM with Glutamax and
sodium pyruvate (Gibco 31966021), supplemented with 10% fetal calf serum
(GE Healthcare Life Sciences Hyclone SV30160) and 1% antibiotic-antimycotic
(Gibco 15240062) at 37°C and 5% CO2. Prior to transfection, cells were dissociated
with 2 mM EDTA in PBS. Cells were transfected using the Neon Transfection
System (ThermoFisher) with 1 µg plasmid DNA per 1×105 cells, using the
following settings: 1005 V pulse voltage, 35 ms pulse width, 2 pulses. Following
electroporation, cells were transferred to 24-well plates containing pre-warmed
Opti-MEM without phenol red (Gibco 11058021) for regeneration. After 4 hours,
Opti-MEM was replaced for regular HeLa medium as described above.
Construction of plasmids - A SLC10A7 cDNA without a stopcodon (Genbank
Accession EU831744, Refseq NM_001029998) cloned in the vector pDONR221
(plasmid ID HsCD00295767) was obtained from the PlasmID Repository at
Harvard Medical School (plasmid.med.harvard.edu). The cDNA was cloned into
the lentiviral expression vector pLenti6.2/V5-DEST (Invitrogen) by using
Gateway technology (Invitrogen), creating a SLC10A7 open reading frame with
a C-terminal V5-tag. This construct was used for both stable transfection of
fibroblast cells by lentiviral transduction, and for transient transfection
experiments of HeLa cells. The production of lentiviral particles using HEK
293FT cells, and subsequent infections of fibroblast cells followed by selection of
transduced cells with blasticidin (InvivoGen) was performed as described
before (183).

Subcellular localization of SLC10A7
SLC10A7-V5 complemented fibroblasts and SLC10A7-V5 transfected Hela cells
were seeded on 12 mm-diameter coverslips. When ~50% confluent, cells were
washed three times with PBS and fixed with 4% paraformaldehyde in PBS for
10 min. Subsequently, the cells were washed three times with PBS and stored
in a parafilm-sealed 24 well plate at 4°C. Cells were permeabilized and blocked
in 2.5% BSA, 0.1% Triton X-100 in PBS for 15 min. Coverslips were incubated
with primary antibodies against V5 (mouse anti-V5, Thermo Fisher, R960-25)
and a specific marker diluted in 2.5% BSA, 0.1% Triton X-100 in PBS for 1 h at
room temperature (rabbit anti-Calnexin 1:400, Abcam, ab22595; rabbit
anti-ERGIC-53 1:100, Sigma, E1031; rabbit anti-β-COP 1:2000, Abcam, ab2899;
rabbit anti- SEC31A 1:200, Sigma, HPA005457; rabbit anti-Giantin 1:1000,
BioLegend, PRB-114C; rabbit anti-TGOLN2 1:500, Sigma, HPA012723). After
washing the cells three times with 2.5% BSA, 0.1% Triton X-100 in PBS, cells
were incubated with secondary antibodies goat-anti-rabbit Alexa Fluor 568
(1:2000, Invitrogen, A11011) and rabbit-anti-mouse Alexa Fluor 488 (1:2000,
Thermo Fisher, A21204). Coverslips were washed three times with PBS and
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mounted on glass slides with ProLong Diamond Antifade Mountant with DAPI
(Invitrogen, P36962) and stored at 4°C. Cells were imaged using a Zeiss LSM880
confocal microscope with a Plan-Apochromat 63x/1.4 Oil DIC M27 objective.
Image analysis was performed with Fiji (ImageJ 2.0.0-rc-61/1.51n) and
ColocalizeR v0.8b (http://colocalizer.iple.be).

Analysis of Golgi morphology in SLC10A7 deficient fibroblasts
Primary patient fibroblasts were seeded on 12 mm-diameter coverslips. When
~50% confluent, cells were washed three times with PBS and fixed with 4%
paraformaldehyde in PBS for 10 min. Subsequently, the cells were washed three
times with PBS and stored in a parafilm-sealed 24 well plate at 4°C. Cells were
permeabilized in 0.5% saponin in PBS for 10 min. Cells were subsequently
washed 3 times with PBS-T and blocked in 3% BSA in PBS-T for 30 min. Coverslips
were incubated with primary antibodies against GM130 (mouse anti-GM130
1:250, BD Biosciences, 610823) and TGOLN2 (rabbit anti-TGOLN2 1:500, Sigma,
HPA012723) diluted in 3% BSA in PBS-T. After washing the cells three times
with PBS-T, cells were incubated with secondary antibodies goat-anti-rabbit
Alexa Fluor 568 (1:2000, Invitrogen, A11011) and rabbit-anti-mouse Alexa Fluor
488 (1:2000, Thermo Fisher, A21204) diluted in 3% BSA in PBS-T. Coverslips
were washed three times with PBS-T and mounted on glass slides with ProLong
Diamond Antifade Mountant with DAPI (Invitrogen, P36962) and stored at 4°C.

Metabolic glycoprotein labeling in SLC10A7 deficient fibroblasts
Primary skin fibroblasts were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (Dutscher), at 37°C
in humidity saturated 5% CO2 atmosphere.
Fibroblasts from both healthy and SLC10A7 deficient patients were grown
overnight on glass coverslips (12 mm diameter). Medium was then changed with
pre-warmed medium containing 500 µM of N-(4-pentynoyl) neuraminic acid
(SiaNAl). Labeling lasted 7 hr. The labeling was stopped by fixing the cells with
4% paraformaldehyde (PAF). Cells were then permeabilized in 0.5% Triton
X-100 for 10 min. After washes, permeabilized cells were incubated with 100 µL/
coverslip of a freshly prepared “click solution” [K 2HPO4, 100 mM ; Sodium
ascorbate, 2.5 mM ; CuSO4, 150 µM ; BTTAA, 300 µM ; Azide-Fluor 545 (SigmaAldrich # 760757), 10 µM](184). The bioconjugation reaction was performed
during 45 min in the dark, at room temperature with gentle shaking. The pool of
fluorescent glycoconjugates was visualized through an inverted Zeiss-LSM780
confocal microscope. Pictures were taken using Zen Imaging software. For
comparison purposes, each picture was taken under the same settings.
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Colocalization of mislocalized glycoproteins with early endosomes
Anti-EEA1 antibody was from BD Biosciences (#610456, Europe). Anti-TMEM165
antibody was from Sigma-Aldrich (#HPA038299, Europe). Polyclonal goat
anti-rabbit or goat anti-mouse conjugated with Alexa Fluor were purchased
from Invitrogen Molecular Probes (respectively #A21038 and #A11001, Europe).
After the click chemistry reaction described before, it is also possible to start an
immunolabeling. Fixed cells were first incubated in blocking buffer (2% Fetal
Bovine Serum, 2% Bovin Serum Albumin (Roche # 10735086001), 0.2% Gelatin
(Sigma-Aldrich # G-8150) in PBS 1X) for 1 hr at room temperature in the dark,
then incubated for 1 hr with primary polyclonal antibody against TMEM165 and
primary monoclonal antibody against EEA1 diluted respectively at 1:300 and
1:100 in blocking buffer. After washes with PBS, cells were incubated for 1 hr
with secondary antibodies anti-rabbit Alexa Fluor 700 and anti-mouse Alexa
Fluor 488 diluted at 1:600 in blocking buffer.

Pulse chase labeling of glycoproteins in SLC10A7 deficient fibroblasts
Fibroblasts from both healthy and SLC10A7 deficient patients were cultured in
presence of 500 µM of our alkyne tagged sugar SiaNAl in DMEM during 7 hr
(pulse). Medium containing SiaNAl was then replaced by regular DMEM and the
fibroblasts were grown for 48 hr (chase). Then cells were fixed, permeabilized,
and reacted with the fluorescent probe Azide-Fluor 545 in presence of CuSO4
(150 µM) and of the ligand BTTAA (300 µM). Fluorescence was detected through
an inverted Zeiss-LSM780 confocal microscope. Pictures were taken using Zen
Imaging software. For comparison purposes, each picture was taken under the
same settings.

RESULTS
Integrating glycomics and whole-exome sequencing
To explore the contribution of glycomics for gene identification, a cohort was
selected of 99 patients with Congenital Disorder of Glycosylation (CDG),
characterized by abnormal N-glycosylation of the plasma protein transferrin.
A causative gene defect was found before in 52 patients, while 47 patients
remained undiagnosed at the start of this study. The cohort was divided in four
subgroups on basis of additional analysis of mucin type O-glycosylation of plasma
apolipoprotein CIII (102) (Figure 1A). Detailed information on protein-linked
N-glycans can be obtained by glycomics, i.e. the mass spectrometry based
analysis of N-glycans that are released from proteins by the enzyme PNGaseF.
Commonly, this is performed on total blood plasma proteins, while targeted
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Figure 1. Integrating glycomics and genomics for gene identification. A. Representation
of the patient cohort and work flow. Following identification of abnormal glycosylation
during classical CDG screening, 99 patients were subgrouped on basis of apoCIII
isofocusing for analysis of mucin type O-glycosylation defect. B. Hierarchical clustering
based on Pearson’s correlations and heatmap of glycomics changes in 99 patients as
compared to 40 controls.
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analysis of individual glycoproteins can be more specific such as shown for
transferrin (23, 28) and immunoglobulins (83). We performed glycomics analysis
of total plasma N-glycans (56) and of plasma purified intact transferrin (24)
in the entire cohort of patients (Figure 1B and Tables S1-S3). The aim was to
identify glycosylation signatures that allow subgrouping of patients for targeted
gene or whole-exome sequencing. Hierarchical clustering (HCL) of total plasma
N-glycans (Figure 1B) showed three major clusters of 1. B4GALT1, 2. MGAT2 and
3. MAN1B1. HCL of the intact transferrin glycomics data (Figure S1) exhibited
additional groups 4. TMEM165 and SLC39A8 (24, 89) and 5. SLC35A2 of known
defects. Targeted sequencing of unsolved cases within these groups resulted in
a novel mutation in B4GALT1 (P71), and in SLC39A8 (P44), and a heterozygous
mutation in X-linked SLC35A2 (185) (female patient P62). No DNA was available
of P45 for confirmation. Sufficient DNA was available of 31 patients for exome
sequencing, 29 of which being singleton families. Filtering was done on basis of
suspected recessive inheritance for known CDG genes. A mutation was found in
TMEM165 in P69, which did not cluster in group 4 (TMEM165), likely because of
the very mild glycosylation abnormalities. Manual inspection of the transferrin
data for patient 63 revealed a very mild but identical profile as found in group 5
(SLC35A2), subsequently resulting in the identification of a mosaic mutation in
SLC35A2 in the exome data (185). In addition, nine patients were identified with
a defect in the Conserved-Oligomeric Golgi (COG) complex, and a novel case with
mutations in SLC35A3 that clustered in the group of MGAT2-CDG (overview of all
identified mutations in Table 1). All COG patients showed a characteristic Golgi
homeostasis defect with loss of galactose and sialic acid and all but P80 were in
the ApoCIII-0 subgroup (Figure 1A). Together, these data indicate that glycomics
profiles can be diagnostic for defects in glycosyltransferases and can be helpful
in guiding the diagnostic process for other CDG subtypes.
For patient 19, SLC35A3 appeared in the candidate gene list after exome
sequencing. A previously reported SLC35A3 deficient patient with autism
spectrum disorder showed normal plasma glycosylation and a reduction in
tetra-antennary N-glycans in fibroblasts (80), while glycomics of total plasma
N-glycans was altered in one patient with epilepsy and skeletal dysplasia (186)
and was not tested in another case (187). CDG screening was not performed. The
transferrin data of P19 showed a defect in the addition of N-acetyl-glucosamine
(GlcNAc) to protein N-glycans (Figure S2), in agreement with SLC35A3 being
the Golgi transporter of Uridine 5’-diphosphate (UDP)-GlcNAc. UDP-GlcNAc is
required for the formation of complex type N-glycans and additional N-glycan
branching by addition of GlcNAc monosaccharides. Total plasma glycomics
confirmed the defect in N-glycan branching with a major increase in bi-antennary
glycans lacking one GlcNAc residue (glycans 4-3-0-1 and 4-3-1-1) and high
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mannose glycans (glycans 3-2-0-0, 4-2-0-0 and 5-2-0-0), as well as a major
reduction of multi-antennary glycans (Table S4). In summary, 15 cases were
solved with a known gene defect.

Identification of SLC10A7 as novel genetic factor for abnormal Golgi
glycosylation
In the remaining group of 19 unsolved cases, only one sib pair (P17, P33) was
available for combined interpretation of the exome data. Filtering of exome data
was performed as described before (12) and further candidate gene selection
was done on basis of a model for autosomal recessive inheritance. Common and
non causative SNPs (frequency higher than 0.05%), deep intronic and synonymous
variants were excluded. Using strict filtering criteria, six genes in P17 (three
homozygous and three compound heterozygous) and four genes in P33 (two
homozygous and two compound heterozygous) were selected respectively. Only
two candidate genes remained that were present in both patients. These included
a compound heterozygous mutation in SHROOM3 and a compound heterozygous
mutation in SLC10A7. Segregation analysis showed that both variants in SHROOM3
(c.3649G>A and c.2429G>A, Table S5) resided on the same allele, thereby
rejecting this variant as causative. SLC10A7 contained one genetic variant
that was predicted to affect a splice acceptor site and was of paternal origin
(Chr4 (GRCh37): g.147214148T>C; NM_001029998.5(SLC10A7): c.722-16A>G).
In addition, a missense mutation was identified of maternal origin (Chr4(GRCh37):
g.147425062C>T;NM_001029998.5(SLC10A7):c.335G>A;p.(Gly112Asp)). This results
in a charged amino acid at position 112, instead of a highly conserved apolar
amino acid, glycine in human to alanine in yeast (Figure S3). To confirm the
effect on splicing, mRNA was isolated from patient fibroblasts and analyzed by
RT-PCR, showing skipping of exon 9 as a result of mutation p.(Ile241Argfs29*)
(Figure 2A).
SLC10A7 is a membrane protein with 10 predicted transmembrane domains
(TMD). Using transmembrane prediction software (TMHMM), we probed the
effect of the missense substitution of a hydrophobic glycine with acidic aspartic
acid (p.Gly118Asp) in TMD4. The hydrophobicity profile was clearly altered and
completely skipped out TMD4 (Figure S4).
To identify additional patients with potential causative mutations in SLC10A7,
the raw exome data of all unsolved patients were inspected, however, without
success. We then attempted to identify patients with overlapping glycomics
signatures. Principal component analysis (PCA) allowed to discriminate only
the most clear glycosylation defects like MAN1B1- and B4GALT1-CDG (Figure
S5). Hierarchical clustering (HCL) was then performed of the glycomics data of
total plasma proteins in the full patient cohort using both Spearman and Pearson
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correlations, and the methods were validated by proper clustering of MAN1B1and B4GALT1-CDG patients (Figure 1B). Pearson correlation turned out to be
the preferred method, which was also supported by the results from PCA
clustering (Figure S5). Subsequently, HCL of total plasma glycomics was done
within the four ApoCIII subgroups, as defined in Figure 1. Within the ApoCIII-0
group of P17 and P33, two other patients (P32 and P39) were clustered in the
same group (Figure 2A and Figure S6). All four patients showed an increase in
glycans 4-3-0-1 (p = 2.7 x 10-25) and 4-3-1-1 (p = 6.7 x 10-14), which were the
two most significantly different glycans as compared with controls. Sanger
sequencing of all coding regions of SLC10A7, its promoter sequence and potential
intragenic regulatory elements (see online methods) did not reveal any genetic
variant of possible pathogenicity in patients 32 and 39. Subsequently, multiplex
ligation-dependent probe analysis (MLPA) was performed to find evidence of a
deletion in this gene, however, no large deletions or insertions were found in the
patients on the tested positions of the probes (Tables S6-S8). In view of the
strong glycomics similarity between these four patients, mRNA was isolated
from patient fibroblasts and SLC10A7 cDNA was sequenced (Figure 2A). For
patients P17 and P33, besides exon 9, a signal was detected in the cDNA electropherograph in accordance with the sequence of exon 10. However, there seemed
to be more c.335G>A containing mRNA than mRNA with the c.722-16A>G
variant, which could be explained by nonsense-mediated mRNA decay of the
mRNA harboring the exon 9 skip. The cDNA primers for exon 7-12 showed two
bands in the control, belonging to the two transcripts NM_001029998.5 and
NM_001200842.2, which are both expressed in fibroblasts. In addition, a third
vague band was detected, according to the heterozygous skipping of exon 9.
Interestingly, the cDNA of SLC10A7 was completely absent for P32 and P39 in
multiple individual experiments (Figure 2A). Subsequently, quantitative PCR
(qPCR) analysis was performed, confirming the absence of cDNA. Culturing of
skin fibroblasts in the presence of cycloheximide to inhibit nonsense-mediated
mRNA decay showed additional bands for patients 17 and 33, indicating the
presence of multiple unstable mRNA variants. For patients 32 and 39, no bands
were detected even after incubation with cycloheximide (Figure S7). Although
several genetic mechanisms could still explain the absence of SLC10A7 cDNA,
such as deep-intronic mutations or distant regulatory elements, these data
clearly show a complete loss of function of the SLC10A7 protein.

Diagnostic glycomics profile for SLC10A7-CDG
In view of the importance of specific plasma glycomics signatures for facile
diagnostics of future patients, we examined the possibility to identify a
characteristic glycan pattern for classification of SLC10A7-CDG within the entire
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Figure 2. Identification of SLC10A7 as novel disease gene. A. Hierarchical clustering
within the ApoCIII-0 subgroup (Figure S6) indicates four patients with similar glycomics
signature, two of which with mutations in SLC10A7. Genetic studies uncover genetic
deficiency of SLC10A7 in all patients. B-C. Linear regression analysis to identify characteristic
glycan abnormalities for SLC10A7-CDG. D. Heatmap of characteristic N-glycans in SLC10A7
as compared to the 11 patients in the linear regression model in Figure 2C.
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cohort of patients. The 4-3-0-1 and 4-3-1-1 glycans were able to discriminate the
four SLC10A7-CDG patients from controls (Figure 2B). Six patients with a
known defect [TMEM165 (P69, P94); SLC39A8 (P44), ATP6V1A1 (P68), ATPV0A2
(P57), and MAN1B1 (P87)] and five patients with unsolved defect (P20, P34,
P45, P66 and P72) showed similar values (95% confidence interval). Comparative
analysis of SLC10A7-CDG with this group of 11 patients showed that addition of
glycans 5-4-0-1 (monosialylated N-glycan) and 9-2-0-0 (high-mannose glycan)
allowed complete discrimination of SLC10A7-CDG (Figure 2C). In Figure 2D, a
heatmap of selected N-glycans is shown throughout the Golgi glycosylation
pathway, indicating that SLC10A7 mutations affect different stages of protein
N-glycosylation.
In summary (Table S9), SLC10A7-CDG is characterized by decreased
sialylation (49%, controls 69-71%), an increase of high-mannose glycans (14%,
controls 6-7%) and a characteristic increase in glycans lacking GlcNAc (2.3%,
controls 0.7-0.8%). A closer inspection of the transferrin glycoforms also
revealed the presence of minor isoforms with GlcNAc-lacking N-glycans, in
addition to the reduction of sialic acid (Figure S8).
As a first indication that the identified glycosylation abnormalities can be
useful for diagnostics of future patients, we studied the plasma sample of a novel
patient, recently identified via diagnostic exome-sequencing with a splice
mutation in SLC10A7 (Chr4(GRCh37):g.147431202C>T, NM_001029998.5(SLC10A7):
c.184-1G>A). Analysis of ApoCIII mucin type O-glycosylation showed an ApoCIII-0
profile, while N-glycosylation of transferrin and total plasma N-glycans showed
the characteristic abnormalities for SLC10A7-CDG (see Table S9 and Figure S8).

SLC10A7 is essential for teeth and skeletal development
Patients with SLC10A7 deficiency share an overlapping clinical phenotype,
characterized by short stature, defective enamel formation (amelogenesis
imperfecta), skeletal dysplasia, facial dysmorphism, moderate hearing impairment
and mildly impaired intellectual development (Figure 3, Table S10).
Patient P33 is a 33.5 year old woman with short stature (-5.3 SD),
amelogenesis imperfecta, skeletal dysplasia, severe scoliosis, genua valga, pedes
planovalgi, mandibular hypoplasia, inguinal hernia, moderate hearing impairment
(bilateral hypacusis), and subaverage intellectual functioning. Bone mineral
density measurement in the area of the proximal femur and femoral neck clearly
revealed decreased bone mineral mass, compatible with osteoporosis (Z-scores
-2.9 and -3.6, respectively). Her brother (P17), 31 year old, has a short stature
(-7.0 SD), amelogenesis imperfecta, skeletal dysplasia, prognathism, severe
scoliosis, genua valga, pedes planovalgi, submucous cleft palate, left sided myopia
gravis, strabismus convergens, unilateral left sided ptosis, moderate hearing
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impairment (bilateral hypacusis) and subaverage intellectual functioning (IQ
70-75).
Patient 39 is an adopted male patient of 8 years with short stature (-4.0 SD),
dental decay with discolored enamel and dental crowding, failure to thrive,
developmental delay, and mild conductive hearing loss on the right. A skeletal
survey at age 6 showed mild skeletal anomalies with irregularity of the
anterosuperior endplates of a few vertebral bodies near the thoracolumbar
junction, mild bilateral coxa valga, and a hypoplastic right 1st rib. Dysmorphic
features included: frontal bossing, dolichocephaly, flat and broad nasal bridge,
long and relatively smooth philtrum, and mildly thin upper lip. The patient is
prone to frequent, severe respiratory infections, one of which led to sepsis, and
also suffers from chronic malabsorption. He continues to demonstrate poor
growth despite being fed via G-tube.
P32 is a 24 year male patient with short stature (<-3.0 SD), amelogenesis
imperfecta with lack of enamel, skeletal dysplasia, inguinal hernia, global
developmental delay, joint hypermobility, clubfeet, phimosis, shawl scrotum,
and glaucoma. Facial dysmorphism consisted of dry brittle hair, long philtrum, a
webbed neck, and thin upper lip. Radiological analysis revealed skeletal
dysplasia with cervical stenosis, kyphoscoliosis and pectus excavatum.
The newly identified patient is a 12-months-old boy with a disproportionate
short stature (-5,4 SD) with short limbs, head circumference at -2,1 SD, small
thorax, feeding difficulties, inguinal hernia, hypermobile short joints, and
dysmorphic features (short neck, round face, micrognathia, hypertelorism,
prominent eyes, long philtrum). He was born at term with a birth weight of 3032
g (p30), length at 41 cm (<<p3), and a head circumference of 33,8 cm (p30). A
skeletal survey one day after birth showed short tubular bones and irregular
endplates with central indentations and (the suggestion of) coronal clefts of
several lumbar vertebral bodies. Ophthalmologic examination and newborn
hearing screening were normal. There is some gross motor delay. Cognitive
development so far is normal.
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Figure 3. Clinical and radiological images of SLC10A7 deficient patients. Patient
images (upper panel). Clinical photograph of male patient P17 (A, B) and of the teeth
(C, D) at the age of 31 years. Note the left sided ptosis, prognathism, severe chest deformity,
scoliosis and short stature, genua valga and abnormally shaped teeth with marked
enamel hypoplasia and dental caries. In contrast to her brother, the lateral picture of
the face of patient 33 showed mandibular hypoplasia (micrognathia) (E, F). Images of
patients P32 and P39 are shown in Figure G and Figure H, and I, respectively.
Radiographs (lower panel). Radiograph of the wrists and hands of P17 (J) showing
brachydactyly with short and robust carpal and metacarpal bones and phalanges. Note
the prolonged and mildly abnormal shaped distal ulnar end in the left hand X-ray.
Radiograph of the lumbar spine, pelvis and hip of the female patient 33 (aged 33 years, K)
and the male patient 17 (aged 31 years, L) with severe convexity lumbar scoliosis with
hypoplastic and abnormally shaped pelvis (dominantly inferior pubic rami hypoplasia).
Note also the narrow hip joint space, flatten femoral heads and short femoral necks.
X-rays of P17 of the AP chest (M), lumbar (N) and lateral (O) spine with severe right
convexity thoraco-lumbar scoliosis. There is no evidence of vertebral body deformity or
fracture.
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A zebrafish model recapitulates the human skeletal defect
To further study the function of SLC10A7 in vivo, a zebrafish model was
generated by morpholino knockdown of slc10a7. We designed a splicing
morpholino (slc10a7-e2i1) targeting the splicing donor site of exon 2. The
slc10A7-splicing morpholino (sp) was injected into one-cell stage zebrafish
embryos at two different concentrations 8ng/nl and 12ng/nl. To visualize the
skeletal development, Alcian blue staining was performed, which corresponds
with the expression of glycosaminoglycans. In morphants injected with 8ng/nl
of slc10a7-sp, Alcian blue cartilage staining revealed a relatively normal number
of cerathobranchials (c1-c5) and a normal fin bud cartilage. However, while the
teeth cartilage is straight in embryos injected with a control morpholino, it
appears to be bent downwards in morphants. Injection of 12ng/nl results in a
severe phenotype with edema in the whole body, reduced head, eyes and curled
body. Alcian blue staining revealed a reduced Meckel’s cartilage (m) and absence
of cerathobranchial number four (c4). (Figure 4).

Slc10a7 zebrafish morphants display a defect in bone mineralization
In view of the teeth decay and skeletal abnormalities in SLC10A7 patients, we
further studied skeletal mineralization, by staining with alizarin red which
reacts with calcium deposits in tissues (188). Mineralized bone was stained by
alizarin red on 6 dpf embryos injected with slc10A7-sp at 8ng/nl and 12ng/nl.
Morphants injected at 8ng/nl had a shortened or absent palate cartilage (pc),
absent operculum, widened palatal skeleton (ps), reduced cleithrum (c),
notochord (n), fifth cerathobranchial (c5), and entopterygoid (en), as compared
with control MO-injected embryos. Importantly, injection of higher dose
slc10A7-sp morpholino at 12ng/nl concentration caused a severe phenotype,
without any detectable bone mineralization (Figure 5). These results support
an essential function for SLC10A7 in cartilage development and bone
mineralization.
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Figure 4. Skeletal phenotype in slc10a7 deficient zebrafish with Alcian blue staining
(cartilage) on 6 dpf embryos. Slc10A7 splicing morpholino (sp MO or a control morpholino
(Cont MO) were injected at 8ng/nl and 12ng/nl. (A-C) Lateral view of whole embryo.
(A’-C’) close-up of head lateral. (A’’-C’’) close-up of head anterior view. (A’’’-C’’’) close-up
of head dorsal view of bright field image showing cartilage staining.
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Figure 5. Bone mineralization in slc10a7 deficient zebrafish by Alizarin red staining
on 6 dpf embryos. Slc10A7 splicing morpholino (sp MO), or a control morpholino (Cont
MO) were injected at 8ng/nl and 12ng/nl. (A-E) Lateral and anterior views of confocal
image stacks showing mineralized bone in red in the context of the embryo. (A’-E’) Stack
of serial confocal images showing mineralized bone. (A”-D”) 3D renderings from serial
confocal images showing mineralized bone. pc = palate cartilage; ps = palatal skeleton, c
= cleithrum, n = notochord (n), c5 = fifth cerathobranchial, and en = entopterygoid. Videos
are shown in Figure S9.
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SLC10A7 is localized to the secretory pathway in human cells
The phenotypic presentations in human and zebrafish SLC10A7 deficiency
indicate a defect in extracellular matrix mineralization. Since this process is
localized to the secretory pathway of the cell, which also houses the glycosylation
machinery, we first studied the localization of SLC10A7. Previous reports
proposed a localization of FLAG-tagged SLC10A7 to the cell membrane in
Xenopus laevis oocytes and ER in HEK293 cells (189), while a later study indicated
intracellular localization of V5-tagged SLC10A7 in U2OS cells (190). In Protein
Atlas, SLC10A7 was proposed in nucleoli. Recently, SLC10A7 in Saccharomyces
cerevisiae and Candida albicans was found to be present in the plasma membrane
(191). Using commercial antibodies, nucleoli were stained in control and patient
fibroblasts. Since the SLC10A7 transcript is completely absent in two of the
patients, and since western blot revealed multiple aspecific bands for both
controls and patients, these results were interpreted as non-specific binding of
the commercial antibodies tested (data not shown). We therefore generated a
C-terminally tagged V5-SLC10A7 construct to study subcellular localization in
Hela cells. After transient transfection, co-staining was performed with several
organelle markers of the secretory pathway, ranging from endoplasmic reticulum
to early endosomes. Co-localization was mainly observed with markers for the
cis-, medial-, and trans-Golgi network (Figure 6A). To confirm similar localization
in a different human cell line, fibroblasts were transfected with a lentiviral
V5-SLC10A7 construct, which also showed Golgi localization (Figure 6B).
Cellular glycomics profiling of patient fibroblasts showed elevation of truncated
glycans lacking GlcNAc, characteristic for SLC10A7 in plasma, in three out of the
four cell lines (data not shown), indicating fibroblasts as a suitable model to
study the cell biological consequences of SLC10A7 deficiency.

SLC10A7 executes its effect on skeletal and bone development via
impacting post-Golgi vesicular transport
Staining of patient fibroblasts with organelle markers showed a dilation of the
Golgi apparatus in ~20% of the cells (Figure 6C). In order to study the Golgi
dynamics in more detail in connection with protein glycosylation, metabolic
oligosaccharide engineering was performed as described (192, 193). Control
and SLC10A7 deficient cells were metabolically labeled with SiaNAl for 7h
(Figure 7A). The main pool of sialylated glycoconjugates was localized to the
Golgi apparatus for all fibroblasts lines, in accordance with previous results.
No obvious differences in the staining intensity were observed in SLC10A7
deficient cells when compared to control cells suggesting no clear impairment of
the Golgi sialylation efficiency. In addition, a vesicular staining pattern of small
vesicles was seen throughout the cell for all four SLC10A7 deficient patient
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Figure 6. Subcellular localization of SLC10A7. A. Colocalization of V5-SLC10A7 (green)
by transient transfection in Hela cells and co-staining with the indicated organelle markers
(r2 values of 0.25, 0.49, 0.58 and 0.38 for Calnexin, ERGIC-53, Giantin and TGOLN2,
respectively). B. Colocalization of V5-SLC10A7 (green) by lentiviral transfection of
fibroblasts and co-staining with the indicated organelle markers (r2 values of 0.11, 0.28,
0.44 and 0.47 for Calnexin, ERGIC-53, Giantin and TGOLN2, respectively). Markers
(in purple) used include Calnexin (ER), ERGIC-53(ER-Golgi-Intermediate-Compartment),
Giantin (cis- and medial-Golgi) and TGOLN2 (trans-Golgi network). C. Staining of patient
fibroblasts with Golgi marker TGOLN2 showed a more pronounced dilatation of the Golgi
apparatus in the four SLC10A7-CDG patients compared to healthy control (Scale bar, 10 µm).

B

Figure 7. Post-Golgi trafficking in SLC10A7 deficient fibroblasts. Fibroblasts from healthy individuals and SLC10A7 deficient patients
were metabolically labeled with 500 µM of SiaNAl for 7h (A) and chased for 48h (B). The sialylated glycoconjugates were stained with
azido-545 fluorescent probes and visualized by confocal microscopy. Scale bar, 30 µm in the upper panels and 10 µm in the zoomed panels.
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fibroblasts, while this was barely visible in control cells. In order to get
information on the nature of the observed vesicles, co-localization studies were
performed with the early endosomal marker EEA1, the Golgi marker TMEM165
and the lysosomal marker LAMP2. While no colocalization was observed with
LAMP2 (data not shown) and TMEM165, some of the intracellular vesicular
staining colocalized with EEA1 (Figure S10), thus demonstrating that sialylated
glycoconjugates accumulate at least partly in early endosomes in SLC10A7
deficient cells.
As a further step to study glycoprotein trafficking, we designed a pulse-chase
labeling experiment to study the fate of labeled glycoproteins. After a 7h pulse
with SiaNAl metabolic labeling, the culture medium was replaced, followed by a
chase of 48h (Figure 7B). In control cells, a perinuclear Golgi staining was
mainly present at t=0, while at 48 hours, the fluorescence intensity was mainly
detected at the plasma membrane. In contrast, SLC10A7 deficient fibroblasts
hardly showed any staining of the plasma membrane and instead showed
intracellular staining of vesicles and Golgi. These results indicate a post-Golgi
transport defect of glycoproteins through the secretory pathway due to
dysfunction of SLC10A7. In summary, our data indicate that SLC10A7 is important
to transport glycoproteins and proteoglycans to produce a proper functioning
extracellular matrix and for its mineralization.

DISCUSSION
In this study, we showed the potential of combining high-throughput functional–
omics methods with genomics for gene identification by uncovering SLC10A7 as
a novel genetic factor for bone mineralization and protein sorting.
Introduction of next-generation sequencing in patient diagnostics has
significantly improved the diagnostic yield in genetic disease diagnostics (173).
Still, interpretation of the causative nature of genetic variants in individual
cases is an important bottleneck. High-throughput functional methodologies
hold the potential to provide unique signatures for confirmation of genetic
variants and at the same time provide a first clue for annotation of gene function
and understanding disease mechanisms. Similarly, technological advances in
mass spectrometry have resulted in holistic methods to analyze metabolites
(194, 195), i.e. metabolomics, which is being implemented in rare disease
diagnostics and has led to the identification of diagnostic markers for known
metabolic diseases. Complementary to metabolomics, glycomics monitors the
process of protein glycosylation, which reflects the secretory pathway of the
cell, requiring 5-10% of our genes for processes such as vesicular transport and

6
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ion homeostasis. As such, complementary functional–omics methodologies will
be required for functional analysis of our genome.
Application of glycomics in our selected cohort of patients supported the
genetic diagnosis of known disease genes in 15 cases. The data generated from
glycomics experiments on rare genetic disorders exhibit high dimensionality
with numerous variables on limited samples. Principal component analysis
(PCA) would be an attractive way to project the multivariate data into lower
dimensions for visual interpretation. However, PCA was only successful to
discriminate defects in glycosyltransferases like MAN1B1 and B4GALT1, while
more subtle abnormalities were difficult to classify, such as for patients 63
(SLC35A2) and 69 (TMEM165). Moreover, information on individual glycan
levels between patients and controls is lost. HCL of specific subsets of patients
allowed to classify patients with more subtle glycomics changes such as
SLC10A7-CDG. A few additional subgroups of unsolved patients could be
identified by HCL, however, no progress in gene identification could be made due
to a lack of available DNA. Nevertheless, our integrated glycomics-genomics
approach shows the potential to identify additional gene defects. To determine
the diagnostic value of the glycomics profiles for future patients, it will be
essential to establish the specificity and sensitivity in larger patient cohorts.
As individual CDG are very rare, this will require a world-wide collaborative
effort and building of a CDG patient registry. This will also allow to determine
the prevalence of CDG subtypes, which is ultimately required to determine the
positive predictive value of the glycomics profiles as identified in our study.
Since many common disorders have already been associated with abnormal
plasma glycomics profiles (141), it is essential to unravel genes that are directly or
indirectly involved in protein glycosylation. The plasma glycomics abnormalities
in this cohort of monogenetic disorders reflect the wide range of biological
mechanisms that influence protein glycosylation. The link of SLC10A7 with
protein glycosylation is unexpected, since the SLC10 family has thus far been
associated with sodium-bile acid transporters(196). Members within this family
are involved in the transport of taurocholate (SLC10A1), bile (SLC10A2) and
sulfated steroids (SLC10A6). SLC10A4 is potentially involved neurotransmitter
and mastocyte mediator secretion (197, 198). SLC10A3, SLC10A5 and SLC10A7
remain functionally uncharacterized(196). Although SLC10A7 shares homology
with other members of the family, this membrane protein has distinctive
features. In contrast to all other members of the SLC10 protein family that contain
8 predicted transmembrane domains (TMD) and are present in vertebrates only,
SLC10A7 contains 10 hydrophobic segments and homologues were identified in
bacteria (189), yeast and plants. A phylogenetic tree of sodium bile symporters
shows clustering of the SLC10A1-A6 homologs, while SLC10A7 clusters with
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orthologues that are present in eukaryotes. Human SLC10A7 shares 19.4% and
33.7% amino acid sequence identity with S. cerevisiae ScRch1(199) and C. albicans
CaRCH1(191) proteins, respectively. Both transporters reside in the plasma
membrane and are involved in regulation of cytosolic calcium homeostasis.
The phenotype of amelogenesis imperfecta and skeletal dysplasia in
SLC10A7 deficiency seems mainly linked to a defect in the generation and/or
mineralization of the extracellular matrix. Previously, slc10a7 knock-out mice
were identified with moderate skeletal dysplasia in a screen for skeletal
phenotypes(200). Several types of skeletal dysplasia have been associated with
a defect in the biosynthesis of proteoglycans (201). The defect in vesicular
transport as we observed in patient fibroblasts could indicate a defect in proper
deposition of proteoglycans in the extracellular matrix. Amelogenesis imperfecta
is not a common feature of defects in proteoglycan biosynthesis. Amelogenesis
imperfecta is characterised by defective enamel formation, a process known as
amelogenesis (202, 203). In a secretion stage, ameloblasts secrete a proteincontaining matrix together with hydroxyapatite crystals. In a maturation stage,
ameloblasts are re-oriented to secrete protein-degrading enzymes and calcium
ions for mineralization, resulting in the formation of the hard enamel tissue,
almost completely mineralized with calcium hydroxyapatite. Amelogenesis
imperfecta can be classified roughly in hypoplastic and hypomineralized forms,
associated with these two respective stages of amelogenesis. The discolored
teeth in some SLC10A7 patients could indicate hypomineralized amelogenesis
imperfecta (202). This is in line with the reduced staining of alizarin red in
slc10a7 morphant zebrafish, which stains skeletal calcium deposits (188).
Several possible mechanisms could position SLC10A7 in the biological pathways
of enamel mineralization. In view of the proposed role of SLC10A7 homologues
in Sacharomyces cerevisiae and Candida albicans in regulating calcium homeostasis,
it is tempting to speculate that human SLC10A7 plays an important role in
calcium homeostasis during enamel mineralization. In addition, calcium might
play a role in the calcium-dependent regulated vesicular transport during
exocytosis (204), supported by the vesicular transport defect in fibroblasts.
Finally, it can’t be excluded that altered protein glycosylation in ameloblasts
contributes to the hypomineralized amelogenesis imperfecta phenotype (205).
In summary, we have shown that integration of glycomics and genomics
facilitates identification of novel genetic factors for Golgi homeostasis.
Furthermore, our data indicate an important role for SLC10A7 in teeth and
skeletal mineralization via an influence on protein glycosylation and the
transport of proteoglycans and glycoproteins to the extracellular matrix.
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Supplementary Figure 1. Hierarchical clustering of intact transferrin glycomics data of
99 CDG-II patients and 40 healthy controls.
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Supplementary Figure 2. QTOF transferrin profile of SLC35A3-CDG

Supplementary Figure 3. Evolutionary conservation of SLC10A7 missense variant c.335G>A (p.Gly112Asp), derived from Alamut Visual 2.9.0.
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Supplementary Figure 4. Transmembrane domains of WT SLC10A7 (upper panel) and of
SLC10A7 with the Gly112Asp substitution (lower panel), showing a clear effect on the
hydrophobicity plot with disruption of transmembrane domain 4.
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Supplementary Figure 5. Principal component analysis on the hierarchical clustering
(Pearson clusters) of total plasma N-glycans of 99 CDG-II patients and 40 normal controls.

Supplementary Figure 6. Hierarchical clustering of total plasma glycomics within the ApoCIII-0 group.
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Supplementary Figure 7. RT-PCR and qPCR of SLC10A7. Total RNA was extracted from
skin fibroblasts cultured with (+) or without (-) cycloheximide and was PCR amplified
with primers “cDNA exon 7-12” (see Table S6) and analyzed by agarose electrophoresis
(A). Two primer sets (Pr1 and Pr2, Table S6) were used for a quantitative PCR (B). The
relative SLC10A7 expression was normalized versus housekeeping gene beta-Tubulin.
Error bars represent standard deviation of triplicates.
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Supplementary Figure 8. QTOF transferrin profiles of SLC10A7-CDG patients

E

F
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contmo dorsal 6dpf.avi

ontmo dorsal 6dpf.avi

Supplementary Figure 9. Zebrafish mineralization videos as studied by alizarin red
staining of control MO (A) and Slc10A7 sp MO (12ng/nl) treated 6dpf zebrafish embryos

Supplementary Figure 10. Fibroblasts from healthy individuals and SLC10A7 deficient
patients were metabolically labelled with 500 µM of SiaNAl for 7h and stained respectively
with azido 545 fluorescent probes or antibodies against Eea1 (an early endosomal
marker) and TMEM165 (a Golgi marker). Stainings were then visualized using confocal
microscopy. (Scale bar, 30 μm.)
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Supplementary Tables
Supplementary Tables 1-3 are available as online Excel files

Supplementary Table 4. Summary of total plasma N-glycan classes for
P19 with SLC35A3-CDG. CI: confidence interval.
Total N-glycan classes

P19
SLC35A3-CDG

Reference Range
of 40 controls

Relative
abundance (in %)

Mean
(95% CI)

Complex type N-glycans

74.1

88.7 (88.2 - 89.3)

Hybrid type N-glycans

12.3

4.8 (4.6 - 5.1)

High mannose type N-glycans

13.6

6.4 (5.9 - 6.9)

Fucosylated N-glycans

24.3

45.1 (43.5 - 46.7)

Sialylated N-glycans

76.6

70.2 (69.1 - 71.3)

Truncated N-glycans lacking Gal

8.3

28.7 (27.5 - 29.9)

Truncated N-glycans lacking GlcNAc

20.7

0.76 (0.71 - 0.82)
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Supplementary Table 5. Genetic variants identified after combination of
the exome sequencing data of patients P17 and P33.
Patient

Gene

cDNA variation

Amino acid

rs number

c.335G>A

p.(Gly112Asp)

-

SLC10A7
(Intron 8 )

c.722-16A>G
(heterozygous)

-

rs773117913

SHROOM3
(Exon 5)

c.2429G>A
(heterozygous)

p.(Arg810Lys)

rs139566839

SHROOM3
(Exon 5)

c.3649G>A
(heterozygous)

p.(Gly1217Arg)

rs573786896

SLC10A7
(Exon 4)

c.335G>A
(heterozygous)

p.(Gly112Asp)

-

SLC10A7
(Intron 8 )

c.722-16A>G
(heterozygous)

-

rs773117913

SHROOM3
(Exon 5)

c.2429G>A
(heterozygous)

p.(Arg810Lys)

rs139566839

SHROOM3
(Exon 5)

c.3649G>A
(heterozygous)

p.(Gly1217Arg)

rs573786896

SLC10A7
(Exon 4)

c.335G>A
(heterozygous)

p.(Gly112Asp)

-

SHROOM3
(Exon 5)

c.3474C>G
(heterozygous)

p.(Ala1158Ala)

rs142653019

SLC10A7
(Intron 8 )

c.722-16A>G
(heterozygous)

-

rs773117913

SHROOM3
(Exon 5)

c.2429G>A
(heterozygous)

p.(Arg810Lys)

rs139566839

SHROOM3
(Exon 5)

c.3649G>A
(heterozygous)

p.(Gly1217Arg)

rs573786896

SLC10A7
Family 1
patient 33

Family 1
patient 17

Family 1
father

Family 1
mother
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Sift

Align GVGD

Polyphen

Splice site
prediction

Frequence
ExAC ALL

Deleterious
(score: 0,2)

C0

Benign
0,156

-

-

-

-

-

3,8%
(acceptor site)

0,00086%

Tolerated
(score: 0.93)

C0

Benign
0,005

-

0,00890%

Deleterious
(score: 0,0)

C15

Benign
0.289

-

0,00000%

Deleterious
(score: 0,2)

C0

Benign
0,156

-

-

-

-

-

3,8%
(acceptor site)

0,00086%

Tolerated
(score: 0.93)

C0

Benign
0,005

-

0,00890%

Deleterious
(score: 0,0)

C15

Benign
0.289

-

0,00000%

Deleterious
(score: 0,2)

C0

Benign
0,156

-

-

-

-

-

-

0,35000%

-

-

-

3,8%
(acceptor site)

0,00086%

Tolerated
(score: 0.93)

C0

Benign
0,005

-

0,00890%

Deleterious
(score: 0,0)

C15

Benign
0.289

-

0,00000%
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Forward primer 5’->3’

TCCTTTAAGTACCATTAAAAACAGAAC
GGCAGATGCCAGGTTATTTC
CACCAGCGAGCCACTTTC
GGTGATCGGAGCTTGAAAAG
GCCCCCAACTCAGATTTTATG
TCTCTTAGGAGAACAGCAGTGG
TGGCATGTATGAGATAGATTCTGC
GGCCTCAAGTGCTCTACTCG
TTGCTCTATGTCCCCTGGTG
TCTGGAACTGCTGGTGCTC
TCTTGCATTCTGTCTTGTATGC
TTTGCTCAGCCTTGCTATTTTAG
TTTCATGTTCTTTAAACTGTTTGTG
AACTGACTTGGTCTGCTTGG
TTTTAAGGTTTTGAATAGTGGGG
GCAGTGAGAAGATAAGCACTCC
TTTGTGTTGAACTTAGAAAATTAGAGG
CACTTTGTGATGCCCATTTC
AAGGCATGCTTGTTTGGTTT
CACCAGGATTGATCAAAGGG
GAAGGAGGAGGAAGCTCACC
GTTCTGATTTTGATGGAGTATGC
AAGCATTTCCAAAAGGGAGAC
TCAGAGTGAATTTTTCTTCCAAAC
TCCAGAGGTTTGGATTATTGG
GGGGGTTAATTTTGCTTTCC
CAATCAGTTTGAAAGCAGCATC
AGGCTGCTGGAGAGAATGAG
GTTCATCTTCTTCTGTGCCTTTC
ACCAGTGCTTTGGTGCATCT
AGCTGCAATATTTAATTCAGCCTTT

Exon

5’UTR_1
5’UTR_2
5’UTR_3
Exon 1
Intron 1_1
Intron 1_2
Intron 1_3
Exon 2
Intron 2_1
Intron 2_2
Exon 3
Exon 4
Intron 4_1
Intron 4_2
Exon 5
Exon 6
Exon 7
Exon 8
Exon 9
Exon 10
Intron 10
Exon 11
Intron 11
Exon 12
Exon 13
3’UTR_1
3’UTR_2
cDNA exon 1-7
cDNA exon 7-12
qPCR Pr1
qPCR Pr2

TGCAAGAGCATGAACTCCAC
GGGGTGCAAGTTTGGAGAC
TGGGTGGGTTTTGTTTATTTG
TGGAGCACCAGCAACTACAG
TGGAGGTTAAGGGGAGAAGG
GAATTATCCTACATTAAAGACAGAAGG
GAGAAGGCAAGTGCAAAAGG
GCAGGCACCACTGTAGTTACC
GCTGGATGACTCTGAAGGTTTC
AAAACAAGCAAGTGATCATTAAAAC
AACCACAGGATGAAGCATGAG
CAACATCAACCCTTCATGTCC
TCTATCCAATCTTGGCCTTG
GGAAAGAAAATTCGCCAAATC
AAACAAATCCAGCTTTCACTAAATC
TTCTTGGATCATGAAATTATGAAG
TGTGATTGATGAAAGTTTTGTTTTTAG
CACTAGACATGAATTTAGAGAACACAC
TAGTGGCATAGTAGCCAAGTAG
CCACCCTCACTTTGCTACTG
CCACCCTAAACTCTTGTCTGG
TGCAAGCAAAATCGAAAGTG
CATGACTGATTCCTGCATTAGG
ACTCGTATGGTTCCCCTGTG
TGATTCCTGCATTAGGAAAGC
AAATTTGGTCTGGGTTGTGG
AAACTTGGTGAGTTTCTAAGGAATG
TCCAATGATGAGAGGAACCAC
TGCATTGAGGCAACATTCAC
GCCATTCGTTGATGGGTGTG
TGAGAGGAACCACAACAGTCA

Forward primer 5’->3’

710
808
779
673
631
712
511
523
236
463
518
261
698
553
229
329
394
326
266
332
309
320
760
316 (NM_001200842)
426 (NM_001029998)
663
667
549
649/760 (two transcripts)
121
146

Product length

Supplementary Table 6. Primers used for sequencing of the coding region (NM_001200842 and NM_001029998),
promoter, UTR, regulatory intronic region and cDNA of SLC10A7.
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Supplementary Table 7. MLPA results of patients 32 (sample 1)
and 39 (sample 2).

6

TTC29
Exon 13
SLC10A7
Intron 1
SLC10A7
Exon 2
SLC10A7
Exon 3
SLC10A7
Exon 4_1
SLC10A7
Exon 4_2
SLC10A7
Intron 4
SLC10A7
Intron 5
SLC10A7
Exon 7
SLC10A7
Exon 8
SLC10A7
Intron 9
SLC10A7
Exon 10
SLC10A7
Intron 10
SLC10A7
Exon 12
SLC10A7
Exon 13
LSM6
Intron 3

Exon
TTGGAAGAACTCAGTAGGTATGA

AATGACTATCCTGAGTGTCAAGAAGgtgggcgtatagggtgccgtggttgtaagtgggcgtatagggtgccgtggtt
AACTGTATCCTACATTGCTGTTGCAACgtgggcgtatagggtgccgt
TTTGGTGCATCTAAAACTGCATCTTTTTA
GTTGGTGGAAATGAGGTGAGTCATGGGGCTACCTTATTTAAAC
GCTGCAATATTTAATTCAGCCTTTG
TCTGTCTTAGTAAACTACAGGCCACTGGCAATT
CTTCTATCTGTATGATCCACGTGCAATGTGGAAGGGAATTTAGGTTTAC
AGGTAAGGCCTCCAATTCTATCTGATC
AAGAGGCAACCTGTTGATCTCTGTATTTCAGATTGTCCG
CTCTTGTTGCCTCTTTCTCTCTAGGCTATTgtgggcgtatagggtgccgtggttgtaagt
ATTCACAGAGTTAAAAACCACCTATTACCCT
CAGGCCTCCCTAAAGACCAACAGACTATCTCACTACTAAGgt
CACTGGCTAACTTGAATAATCCAGAAGGCTTGGAATATCTgtgggcgtataggg
CTTCCTTGTAGGGAGTGAAGCTGACAAGGCCGACA
TTTTGTAAGACATCAAACCTGGGTGTAGATgtgggcgtatagggtgccgtggttgtaagtgggcgtatagggtgcc

CAGGTAGCCTTTTCCGTAGACAAAC

CTTTTTAGGACCACTGAAGCCAGAAAT

CCTTAATTTTTCCAGGAGCTGACCAGTGC

CATGCCTCCGCCTGTGTCTTCTGCAGTGATTTTAACCAAGGCA

CCCCTATTTATTTTCTTCATAGGCA

CCCATTATTTATGAATTCCTAAGCTGTAGCTCA

CCAAGTTAGAGTTGAAAGCCTTGGAGTGAGGAAGCTTGCCAGCCACCAG

CTGTTGTGGTTCCTCTCATCATTGGAC

CACTTTGTGATGCCCATTTCAACTCCCTCCATCTCTGAA

CTGCTCCAAAAGCCACTTCCTTAATTCAGG

CTACACACAAATCCCTTACATTGGGTAAGTG

CTCTCAAAAGCAAGCTTTGGGACTTTGAACTGGTGCCAAG

CATTTTTCCTTTGTGTAGAAACTACTCCAAACCAGGGGGC

CCTCATGGATACTGTCCAACTCTGAACATGTTTTC

CAGTGAGACACATGGATGAAATTAGGACAG

Right probe (+stuffer sequence)

CTGTATCTCAAAACTCAGAACGT

Left probe

Supplementary Table 8. MLPA probes used for the detection of large deletions and/or insertions for the SLC10A7 gene
and the flanking genes TTC29 and LSM6. The sequences in capital are specific for the genes and the sequences in blue are
the stuffersequences, used to obtain optimal fragment separation.
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51.1
41.0
2.2

Sialylated N-glycans

Truncated N-glycans lacking Gal

Truncated N-glycans lacking GlcNAc

8.4
47.6

0.8

Fucosylated N-glycans

90.8

Complex type N-glycans

Hybrid type N-glycans

High mannose t18ype N-glycans

P17

Total N-glycan classes

P33

P39

New patient

2.3

36.7

49.3

51.5

14.2

2.2

83.6
6.8
66.8
12.1
2.4

44.9
33.5
1.9

51.8
34.7
3.0

47.5

34.7

15.4
41.7

4.1

4.3
18.0

89.1

77.8

1.6

83.0

Relative abundance (in %)

P32

2.4

31.6

52.8

44.6

12.6

2.6

84.9

Mean

0.76 (0.71 - 0.82)

28.7 (27.5 - 29.9)

70.2 (69.1 - 71.3)

45.1 (43.5 - 46.7)

6.4 (5.9 - 6.9)

4.8 (4.6 - 5.1)

88.7 (88.2 - 89.3)

Mean (95% CI)

Reference Range

Supplementary Table 9. Summary of total plasma N-glycan classes for SLC10A7-CDG (P17, P32, P33, and P39).
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Supplementary Table 10. Clinical findings in SLC10A7 deficiency.
Patient
17

Patient
33

Patient
32

Patient
39

Short stature

Yes

Yes

Yes

Yes

Yes

Teeth anomalies

Yes

Yes

Yes

Yes

Unknown1)

Skeletal anomalies

Yes

Yes

Yes

Yes

Yes

Coarse/dysmorphic
facies

Yes

Yes

Yes

Yes

Yes

Prognathism

Yes

No

Unknown

No

No

Mandibular hypoplasia

No

Yes

Unknown

No

Yes

Cleft palate

Yes

No

No

No

No

Scoliosis

Yes

Yes

Yes

No

No

Chest deformity

Yes

Yes

Yes

Yes

No/small

Genua valga

New
Patient

Yes

Yes

No

No

No

Unknown

Unknown

Unknown

Yes

No

Joint hypermobility

No

No

Yes

No

Yes2)

Inguinal hernia

No

Yes

Yes

No

Yes

Dental caries

Yes

Yes

Yes

Unknown1)

Hypacusis

Yes

Yes

Yes

Unknown

Yes

Unknown1)

Yes

No

Coxa valga

Intellectual disability
Frequent infections /
immunodeficiency
1)
2)

Yes

Subnormal Subnormal Borderline
IQ
IQ
No

Too young (< 12 months)
Mainly the small joints (fingers, toes)

No

No
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ABSTRACT
Congenital Disorders of Glycosylation type 1 (CDG-I) comprise a group of 27
genetic defects with heterogeneous multisystem phenotype, mostly presenting
with non-specific neurological symptoms. The biochemical hallmark of CDG-I is
a partial absence of complete N-glycans on transferrin. However, recent findings
of a diagnostic N-tetrasaccharide for ALG1-CDG suggested the potential for
glycan structural analysis in CDG-I sub-typing. We analyzed the relative abundance
of total plasma N-glycans by high resolution QTOF mass spectrometry in a large
cohort of 116 CDG-I patients with known (n=79) or unsolved (n=37) genetic
cause. We designed single molecule Molecular Inversion Probes (smMIPs) for
cost-effective sequencing of CDG-I candidate genes on basis of specific N-glycan
signatures. Glycomics profiling in patients with known defects revealed the
N-tetrasaccharide in ALG2-CDG and galactosemia patients. Additionally, a novel
fucosylated N-pentasaccharide was identified as specific glycomarker for
ALG1-CDG. Moreover, group-specific high mannose N-glycan signatures were
found in ALG3-, ALG9-, ALG11-, ALG12-, RFT1-, SRD5A3-, DOLK-, DPM1-, DPM3-,
MPDU1-, ALG13-CDG and fructosemia. Further differential analysis revealed
diagnostic high mannose profiles for ALG12- and ALG9-CDG. Prediction of
candidate genes by glycomics profiling in 37 patients with thus far unsolved
CDG-I and subsequent smMIPS sequencing led to a diagnostic yield of 76%.
Combined plasma glycomics profiling and targeted smMIPs sequencing of
candidate genes is a powerful approach to identify causative mutations in CDG-I
patient cohorts.
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INTRODUCTION
Congenital Disorders of Glycosylation (CDG) form a large group of inherited
diseases with extremely large spectrum of clinical symptoms. Since its first
description in 1980, about 125 types of CDG have been reported of which 70
types with deficient N-linked protein glycosylation (206). CDG type 1 (CDG-I)
are seen as the classical form of CDG and comprise defects in the endoplasmic
reticulum N-glycosylation pathway. CDG-I patients generally present with
multisystem clinical phenotypes with the majority of patients affected by
neurological symptoms. Clinical clues might be used to diagnose CDG-I defects
such as a) non-neurological involvements in MPI-CDG (liver phenotype) and
DPM3-CDG (heart and muscle phenotype); b) ichthyosis syndrome in MPDU1-CDG,
DOLK-CDG and SRD5A3-CDG; c) neurosyndromatic cataract and/or coloboma in
SRD5A3-CDG and ALG2-CDG; d) neurosyndromatic sensorineural deafness in
ALG11-CDG and RFT1-CDG (17).
Traditionally, plasma transferrin has been used as the diagnostic protein
marker to screen for CDGs with deficient N-glycosylation. Defects in CDG-I result
in a partial absence of complete glycans on the transferrin protein. Introduction
of plasma intact transferrin mass spectrometry (MS) has significantly improved
the identification of CDG-I patients due to the sensitive detection of a glycan loss
(24, 27). To date, 27 different genetic defects are known that result in CDG-I
screening profiles (207). Further confirmation of CDG-I subtypes has long
depended on enzymatic assays in blood cells, analysis of dolichol-linked oligosaccharide (DLO) analysis in patient fibroblasts or additional biochemical tests,
such as analysis of dolichol metabolites in plasma or urine. In recent years, this
has largely been replaced by genomics techniques, such as whole exome
sequencing (WES) or targeted panel sequencing of CDG-I genes (100). Still, fast
and specific biochemical tests are warranted to guide CDG-I subtyping or to
provide functional validation of mutations in candidate genes.
In recent years, an abnormal glycan structure, coined N-tetrasaccharide,
was identified in plasma as diagnostic marker for ALG1-CDG and was also
observed in PMM2-CDG and MPI-CDG patients (26). Subsequent studies revealed
the robustness of this marker in a cohort of 39 previously unreported cases of
ALG1-CDG patients (208). This indicated an opportunity to position plasma
N-glycan profiling in CDG-I diagnostics. In synergy with modern genomics
technologies, specific glycomics signatures can help to confirm a genetic
diagnosis and to unravel novel gene defects, as recently proved in a cohort of
CDG-II patients with abnormal Golgi N-glycosylation defects (CDG-II) (209). In
addition to the targeted sequencing of gene panels by WES or multiple
polymerase chain reactions (PCRs) and Sanger / Next Generation Sequencing,
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introduction of single molecule Molecular Inversion Probes (smMIPs) offered a
fast, robust and cheap approach for targeted sequencing of candidate genes
(210).
Here, we performed plasma glycomics in a comprehensive cohort of 116 of
CDG-I patients. Abnormal glycan structures were found for 17 out of 21 gene
defects that were involved in this study. Application of glycomics in a cohort of
37 unsolved CDG-I patients revealed a characteristic glycan profiling, which
allowed for selection of genes for targeted smMIPs sequencing and identification
of the genetic cause in 28 patients.

MATERIALS AND METHODS
Samples & Subjects
Plasma samples of patients with a CDG-I screening profile due to a known,
secondary or unsolved genetic cause (see Supplementary Table 1) were obtained
from the diagnostic archives of the: a) Radboud UMC, Nijmegen, The Netherlands,
b) University of Heidelberg, Germany, and c) UMC Groningen, The Netherlands,
and used in accordance with Helsinki’s Declaration.

Glycosylation analyses
Plasma of patients was analyzed for transferrin N-glycosylation by isofocusing
and C8-chip-QTOF mass spectrometry as described (12). For analysis of
N-glycans from total plasma proteins, 10 μL of thermally denatured plasma
sample was treated with peptide N-glycosidase F (PNGaseF), followed by
extraction and analysis of N-glycans (211) using a porous graphitized carbon
chip (PGC-chip) and Agilent 6540 QTOF mass spectrometer, as described (56).
Data analysis for total plasma N-glycan profiling was performed using Agilent
Mass Hunter Qualitative Analysis Software B.05. Only human N-glycan
compositions were included consisting of a) hexose (Hex); e.g. mannose (Man),
galactose (Gal), glucose (Glc), b) N-acetylhexosamine (HexNAc); e.g. N-acetylglucosamine (GlcNAc), c) deoxyhexose (dHex); e.g. fucose (Fuc), and d) N-acetylneuraminic acid / sialic acid (Neu5Ac / Sia). Relative abundances of each glycan
were obtained through normalization to the total signal of all detected N-glycans.
Data were analyzed using GraphPad Prism (version 5.03) and IBM SPSS (version
22.0) software. A parametric approach using central 95% confidence intervals
(CI) of the control group (n=40) was used to express the reference limits of total
plasma N-glycans, as described (209). Student’s t-test was performed to evaluate
statistical significance of glycans’ relative abundances between two groups.
P values of ≤0.05 were considered significant.
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Genomics Study
Whole exome sequencing (WES)
High molecular weight genomic DNA was isolated using Blood & Cell culture
DNA Mini Kit (Qiagen) following the manufacturer protocol. Barcoded libraries
were prepared by the SureSelect Human All Exon 50Mb v4 kit (Agilent Technologies)
and then sequenced on a SOLiD 5500xl sequencer (Life Technologies) with 50bp
single fragment read. Raw reads were aligned onto the GRCh37 (hg19) reference
genome with the SOLiD LifeScope software version 2.1. Variants and indels
annotations were completed using an in-house pipeline. Routine screening for
recessive monogenic disease based on selection of variants with a frequency
below 0.05% was performed. Synonymous variants, deep intronic variants and
variants in untranslated regions were excluded from the list of potentially
causative genes.
Sanger sequencing for ALG1-CDG
To circumvent homologues, all coding exons including the intron/exon
boundaries of the ALG1 gene (NCBI Reference Sequence NM_019109) were
analyzed by PCR and Sanger Sequencing. High molecular weight genomic DNA
was isolated using Blood & Cell culture DNA Mini Kit (Qiagen) following the
manufacturer protocol. PCR was performed using the AmpliTaq Gold™ 360
Master Mix (ThermoFisher Scientific; primer sequences and thermal cycling
conditions available upon request), and PCR products were purified by a MultiScreen-PCR96 Filter Plate and MultiScreen™ Vacuum Manifold 96-well (Merck
Millipore) as described by the manufacturers. Sequencing analysis was
performed using the BigDye™ Terminator v1.1 Cycle Sequencing Kit and a 3730xl
DNA Analyzer (ThermoFisher Scientific) following the recommendations of the
manufacturer. Sanger sequences were aligned onto the NCBI Reference Sequence
and analyzed with the SeqPatient module of SeqPilot 4.4.0 (JSI medical systems).
Single molecule molecular inversion probes (smMIPs)
All coding exons including the intron/exon boundaries of the ALG3 (NM_005787),
ALG6 (NM_013339), ALG11 (NM_001004127), ALG13 (NM_001099922/
NM_018466), DDOST (NM_005216), DOLK (NM_014908), DPAGT1 (NM_001382),
DPM1 (NM_003859), DPM2 (NM_003863), DPM3 (NM_018973), MPDU1
(NM_004870), MPI (NM_002435), PMM2 (NM_000303), RFT1 (NM_052859),
SRD5A3 (NM_024592), SSR4 (NM_001204526), STT3A (NM_001278503) and
STT3B (NM_178862) genes were analyzed by smMIPs enrichment and NGS
Sequencing on a NextSeq500 (Illumina). High molecular weight genomic DNA
was isolated using Blood & Cell culture DNA Mini Kit (Qiagen) following the
manufacturer protocol. The smMIP design and protocol was based on previous
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methods (212), and modifications of this protocol and its implementation to an
automated work flow were developed in-house (smMIP sequences available
upon request) (213). Raw reads were aligned onto the matching NCBI Reference
Sequence and analyzed with the SeqNext module of SeqPilot 4.4.0 (JSI medical
systems).

RESULTS
Identification of the N-tetrasaccharide in ALG2-CDG and
galactosemia, and a novel N-pentasaccharide glycan as marker
for ALG1-CDG
Plasma glycomics was performed in a comprehensive CDG-I cohort, consisting of
79 patients covering 21 gene defects. Glycans were expressed as the relative
abundance of total plasma N-glycans (Supplementary Table 1). As depicted
in Figure 1A, we identified the N-tetrasaccharide glycan (Neu5Ac1Gal1GlcNAc2)
in ALG2-CDG (n=2) and GALT deficiency / galactosemia (n=4) as well as in the
previously described group of ALG1-, PMM2- and MPI-CDG patients (26). In view
of the presence of the N-tetrasaccharide glycan, we categorized the group of
PMM2-, MPI-, ALG1-, ALG2-CDG, and galactosemia as Group 1. Simultaneously,
we did not detect the N-tetrasaccharide glycan in P11 (PMM2-CDG) and P16
(MPI-CDG) (Figure 1A) indicating that this glycan is not specific for PMM2- and
MPI-CDG. We performed further differential analysis for Group 1 (Figure 1B)
using the ratio of Man3 glycan (Man3GlcNAc2) / N-tetrasaccharide glycan, as
described (26). This allowed to distinguish the group of galactosemia, PMM2and MPI-CDG patients (Group 1.1) from patients with ALG1- and ALG2-CDG
(Group 1.2).
Interestingly, we identified a novel N-pentasaccharide glycan (Neu5Ac1Gal1Fuc1GlcNAc2) (1024.38 m/z) in all patients with ALG1-CDG (n=3) and not in
other patients with the N-tetrasaccharide (Figure 1C) suggesting that this
glycan could serve as a specific glycomarker for ALG1-CDG. Fragmentation by
MS/MS showed characteristic fragment ions for the presence of fucose linked to
galactose and not to the ’core’ GlcNAc residue. Thereby, the composition of this
novel glycan was determined as a sialylated and fucosylated N-pentasaccharide
glycan (Figure 1D). This structure is in agreement with the proposed biosynthesis pathway (26), in which the chitobiose disaccharide (GlcNAc2) is
attached to proteins in the ER and further extended by Golgi glycosyltransferases.
Since the novel N-pentasaccharide glycan was not detected in all patients with
ALG2-CDG (n=2), we hypothesize that the ratio of Man3 glycan / N-tetrasaccharide
glycan could be implemented to discriminate ALG2-CDG from other patients in
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Figure 1. Total plasma glycoprofiling of N-tetrasaccharide glycan for subtyping of
Group 1 (PMM2-, MPI-, ALG1-, ALG2-CDG and galactosemia) and N-pentasaccharide
glycan for direct diagnosis for ALG1-CDG. (A) Relative abundance of N-tetrasaccharide
in Control, Group 1 and other CDG-I defects (Others). High abundance of this glycomarker
was proposed to screen the Group 1; (B) Further differential analysis of Group 1 using the
ratio of relative abundance of Man3 glycan/N-tetrasaccharide glycan were proposed to
distinguish between Group 1.1 (PMM2-CDG, MPI-CDG and galactosemia) and Group 1.2
(ALG1-CDG and ALG2-CDG); (C) Relative abundance of N-pentasaccharide in Control,
Group 1 and Others. This novel glycomarker is specific for direct diagnosis of ALG1-CDG;
(D) Fragmentation of the N-pentasaccharide glycan by QTOF MS/MS analysis.

Group 1.1. In this study, we could not identify the plasma N-pentasaccharide
glycan in Control (n=40), in all patients with galactosemia (n=4), ALDOB
deficiency / fructosemia (n=4), PMM2-CDG (n=11), MPI-CDG (n=5), ALG3-CDG
(n=5), MPDU1-CDG (n=1), DPM1-CDG (n=1), DPM3-CDG (n=1), SRD5A3-CDG
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(n=10), DOLK-CDG (n=8), RFT1-CDG (n=2), ALG11-CDG (n=2), ALG12-CDG (n=4),
ALG13-CDG (n=1), ALG9-CDG (n=3), ALG6-CDG (n=4), ALG8-CDG (n=4),
DPAGT1-CDG (n=3), and SSR4-CDG (n=1) as well as in patients from our previous
glycomics cohort of PGM1-CDG and CDG type 2 (CDG-II) (209, 211).

Identification of abnormal high mannose N-glycan profiles for
several CDG-I subtypes, including ALG9- and ALG12-CDG
Next, we focused on a group of patients with high abundance of high mannose
Man3 (Figure 2A, group 2) and Man4 glycans (Man4GlcNAc2) (Figure 2B,
group 3). As seen in Figure 2C, the ratio of Man3 / Man4 glycans allowed
discrimination between groups 2 and 3. Group 2 includes patients with ALG3-CDG
(n=5), MPDU1-CDG (n=1), DPM1-CDG (n=1), DPM3-CDG (n=1), SRD5A3-CDG
(n=10), DOLK-CDG (n=8), RFT1-CDG (n=2), ALG11-CDG (n=2), ALG13-CDG (n=1),
fructosemia (n=4), and also PMM2-CDG (P11) and MPI-CDG (P16). Group 3
included ALG12-CDG (n=4) and ALG9-CDG (n=3), which showed an extremely
low ratio (ranging 0-0.005). In Group 3, we found that the Man3 glycan was
completely absent in the majority of patients (except P61_ALG9) while the Man4
glycan was high in abundance as compared to controls.
To further subdivide patients within Group 2, we calculated the ratio of
Man3 / Man5 (Man5GlcNAc2) glycans where the Man5 glycan is the most
abundant high mannose glycan in controls. As seen in Figure 2D, this ratio
allowed discrimination of a group of patients with ALG3-, MPDU1- and DPM1-CDG
(Group 2.1) from a group of patients with DPM3-, SRD5A3-, DOLK, RFT1-, ALG11-,
ALG13-, PMM2-, MPI-CDG and fructosemia (Group 2.2). Finally, ALG12- and
ALG9-CDG could be discriminated by taking the ratio of Man7 (Man7GlcNAc2) /
Man8 (Man8GlcNAc2). This is in agreement with the known accumulation of
these high mannose glycans in DLO analysis in patient fibroblasts. As depicted in
Figure 2E, the differential analysis of Group 3 by calculating the ratio of 8-Man
glycan with 7-Man glycan has successfully discriminated both gene defects
where all the ALG12-CDG patients (n=4) exhibited the low values (ranging 0-0.4)
as compared with control (ranging 1.0-2.5) and ALG9-CDG (ranging 0.8-3.0).
Finally, Group 4 included patients with normal glycan profiles, including the
N-tetrasaccharide, N-pentasaccharide and high mannose glycans. ALG6-CDG
(n=4), ALG8-CDG (n=4), DPAGT1-CDG (n=3), and signal sequence receptor 4 of
TRAP complex defect of SSR4-CDG (n=1) fell in this category. Except for 1 case of
ALG13-CDG (P78), we hypothesize that CDG-I defects in the oligosaccharyltransferase complex (OSTase), such as defects of TUSC3, DDOST, STT3A, and
STT3B will fit in Group 4. A summary of the glycomics data of the N-tetrasaccharide,
N-pentasaccharide, and high mannose N-glycans is displayed in Supplementary
Table 1.

Synergistic use of glycomics and single-molecule Molecular Inversion Probe... | 181

A

B

C

D

E

7

Figure 2: Total plasma glycoprofiling of several high mannose N-glycans for subtyping
of Group 2 (ALG3-, MPDU1-, DPM1-, DPM3-, SRD5A3-, DOLK-, RFT1-, ALG11-, ALG13-,
PMM2-, MPI-CDG and fructosemia), Group 3 (ALG12- and ALG9-CDG) and Group 4
(CDG-I defects other than Group 1-3). High relative abundance of Man3 glycan (A) and
Man4 glycan (B) in CDG-I with mannosylation defects including Group 2 and Group 3, as
compared with Control and Group 4; (C) Further ratio analysis of relative abundance of
Man3/Man4 glycans in Group 2 and Group 3 showed both groups were significantly distinguishable (D) Ratio analysis of relative abundance of Man3/Man5 glycans could be
used to differentiate the Group 2.1 (ALG3-, MPDU1- and DPM1-CDG) and Group 2.2
(DPM3-, SRD5A3-, DOLK, RFT1-, ALG11-, ALG13-, PMM2-, MPI-CDG and fructosemia); (E)
Ratio analysis of relative abundance of Man7/Man8 glycans as a specific N-glycoprofiling
for diagnosis of ALG12- and ALG9-CDG (Group 3).
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Combination of plasma glycomics and high-throughput genomics to
solve CDG-Ix cases
In order to validate our glycomics findings, we extended the glycomics analysis
to a series of 37 unsolved CDG-Ix patients (Supplementary Table 1). As seen in
Figure 3, we designed the flow chart containing all the summarized hallmarks
derived from our glycomics study. Nevertheless, we also combined the plasma
N-glycoprofiling for CDG-I with high-throughput genomics and some clinical
relevant (especially for Group 2.2) as a guideline to solve our CDG-Ix cohorts.
In order to speed-up the diagnosis, smMIPs panel has been designed to confirm
a series of gene defects in the Group 1-3 (except ALG1-CDG) while Sanger
sequencing has been chosen to confirm the ALG1 defect due to the presence of
the pseudo genes that could complicates genomics study. The WES was performed to
confirm the gene defects in a few patients of Group 1-3 before the establishment
of smMIPs panel for CDG-I.
Briefly, we used the following strategy to narrow down the number of
candidate genes for patients with unsolved CDG-I: a) detection of N-tetrasaccharide
glycan for identification of a Group 1 (PMM2-, MPI-, ALG1-, ALG2-CDG, and
galactosemia), b) detection of N-pentasaccharide glycan for ALG1-CDG diagnosis,
c) ratio analysis of Man3 / N-tetrasaccharide glycans to distinguish ALG2-CDG
from a Group 1.1 (PMM2-, MPI-CDG and galactosemia), d) Abnormal Man3 glycan
and / or Man4 glycan to identify a Group 2 (ALG3-, MPDU1-, DPM1-, DPM3-,
SRD5A3-, DOLK-, RFT1-, ALG11-, ALG13-, PMM2-, MPI-CDG and fructosemia),
a Group 3 (ALG12- and ALG9-CDG) and a Group 4 (e.g. ALG6-, ALG8-, ALG-14,
DPAGT1-, TUSC3-, DDOST-, STT3A-, STT3B-CDG), e) ratio analysis of Man3 /
Man4 glycans to distinguish a Group 2 and a Group 3, f) ratio analysis of Man8 /
Man7 glycans for diagnosis of ALG12- and ALG9-CDG, and g) ratio analysis of
Man3/Man5 glycans to distinguish a Group 2.1 (ALG3-, MPDU1- and DPM1-CDG)
and a Group 2.2 (DPM3-, SRD5A3-, DOLK, RFT1-, ALG11-, ALG13-, PMM2-,
MPI-CDG and fructosemia).
As depicted in Table 1, glycomics profiling allowed to cluster the following
patients in specific groups: a) 4 patients with specific profile of ALG1-CDG (Group
1), b) 9 patients in Group 1.1 (PMM2-, MPI-CDG and galactosemia), c) 5 patients
in Group 2.1 (ALG3-, MPDU1- and DPM1-CDG), d) 12 patients in Group 2.2 (DPM3-,
SRD5A3-, DOLK-, RFT1-, ALG11-, ALG13-, PMM2-, MPI-CDG and fructosemia),
e) 1 patient for a specific profile of ALG12-CDG (Group 3) and f) 6 patients for a
Group 4 (Other than Group 1-3).
Based on this preselection by glycomics, smMIPs panels were selected for
sequencing of the candidate genes. The results are shown in Table 1. As mentioned
above, for three CDG-Ix patients, we used available exome data to search for
mutations in the causative genes [DPM1-CDG (P93), DPM3-CDG (P98) and
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Figure 3: Diagnostic flow chart by combining glycomics, genomics and clinical signatures to unravel the gene defects
in 37 CDG-Ix patients.

1.MPI-CDG: only liver (e.g. cirrhosis,
fibrosis) and intestine (e.g. gastrointestinal
problems) involvements,
2.DPM3-CDG: only heart (e.g. dilated
cardiomyopathy, DCM) and muscle (e.g.
dystrophy) involvements,
3.SRD5A3-CDG: cerebellar atrophy with
eye congenital malformations,
4.DOLK-CDG: heart (e.g. DCM) and other
organ involvements such as brain, eyes and
muscles,
5. ALG14-CDG: only muscle (myasthenic
syndrome) involvement.

Specific Clinical Features

DPM3-, SRD5A3-,
DOLK-, RFT1-,
ALG11-, ALG13-,
PMM2-, MPI-CDG &
fructosemia (ALDOB)
(Group 2.2)

Other gene defects than
Group 1-3;
e.g. ALG6-, ALG8-,
ALG14-, DPAGT1-,
TUSC3-, DDOST-,
STT3A-, STT3B-CDG
(Group 4)

Plasma Total N-glycan MS

10 µL plasma

CDG type I profile

Plasma intact transferrin IEF / MS
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ALG12-CDG (P110)]. In summary, combination of glycomics, genomics and
clinical phenotyping resulted in a high number of 28 out of 37 solved CDG-Ix
cases (76%).
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ALG1-CDG (Group 1)

ALG1-CDG (Group 1)

ALG1-CDG (Group 1)
Group 1.1

Group 1.1

Group 1.1

Group 1.1

Group 1.1

Group 1.1

Group 1.1

Group 1.1

Group 1.1
Group 2.1

Group 2.1
Group 2.1

2 P81_CDGIx

3 P82_CDGIx

4 P83_CDGIx
5 P84_CDGIx

6 P85_CDGIx

7 P86_CDGIx

8 P87_CDGIx

9 P88_CDGIx

10 P89_CDGIx

11 P90_CDGIx

12 P91_CDGIx

13 P92_CDGIx
14 P93_CDGIx

15 P94_CDGIx
16 P95_CDGIx

MPDU1
MPDU1

not solved
DPM1

PMM2

PMM2

PMM2

PMM2

PMM2

PMM2

PMM2

not solved
PMM2

ALG1

ALG1

ALG1

Glycomics classification Gene

ALG1-CDG (Group 1)

Patient's ID

1 P80_CDGIx

No

smMIPs
smMIPs

smMIPs
WES

smMIPs

smMIPs

smMIPs

smMIPs

smMIPs

smMIPs

smMIPs

Sanger
smMIPs

Sanger

Sanger

Sanger

Genomics
p.(Arg48His)
p.(Arg276Trp)

heterozygous
homozygous
homozygous

heterozygous
heterozygous
heterozygous
heterozygous
n/a
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
heterozygous
n/a
heterozygous

heterozygous
heterozygous

Amino acid change Genotype

c.293C>T
p.(Pro98Leu)
c.1150G>A
p.(Gly384Arg)
c.826C>T
p.(Arg276Trp)
c.1051G>T
p.(Glu351*)
n/a
n/a
c.470T>C
p.(Phe157Ser)
c.722G>C
p.(Cys241Ser)
c.97C>T
p.(Gln33*)
c.484C>T
p.(Arg162Trp)
c.669C>A
p.(Asp223Glu)
c.710C>G
p.(Thr237Arg)
c.422G>A
p.(Arg141His)
c.484C>T
p.(Arg162Trp)
c.422G>A
p.(Arg141His)
c.484C>T
p.(Arg162Trp)
c.422G>A
p.(Arg141His)
c.484C>T
p.(Arg162Trp)
c.470T>C
p.(Phe157Ser)
c.722G>C
p.(Cys241Ser)
c.193G>T
p.(Asp65Tyr)
c.422G>A
p.(Arg141His)
n/a
n/a
NM_003859.1:c.1A>C(p.(Met1?));
Chr20(GRCh37):g.49575060T>G;
c.274C>G
p.(Arg92Gly)
c.532_534delCAC p.(His178del)
c.532_534delCAC p.(His178del)

c.143G>A
c.826C>T

cDNA mutation

Table 1. Overview of glycomics and genomics data of 37 CDG-Ix patients.
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Group 2.2
Group 2.2

Group 2.2

Group 2.2
Group 2.2
Group 2.2
Group 2.2
Group 2.2
ALG12-CDG (Group 3)

23 P102_CDGIx
24 P103_CDGIx

25 P104_CDGIx

26
27
28
29
30
31

Group 4

Group 4

Group 4

Group 4
Group 4

33 P112_CDGIx

34 P113_CDGIx

35 P114_CDGIx

36 P115_CDGIx
37 P116_CDGIx

c.988G>A
c.257+5G>A
c.998C>T
n/a
c.391T>C

smMIPs
smMIPs
smMIPs
smMIPs
smMIPs

DPAGT1
DPAGT1
ALG6
not solved
ALG6

c.988G>A

smMIPs

smMIPs
smMIPs
smMIPs
smMIPs
smMIPs
WES

not solved
not solved
not solved
not solved
not solved
ALG12

c.69delC
c.69delC
c.344T>C
c.460T>C
c.697+1G>C
c.32delC (he)
c.697+1G>C
c.3G>C
c.422G>A
c.722G>C
c.254C>T
c.1294G>T
n/a
n/a
n/a
n/a
n/a
c.233C>T
c.295+1G>A
c.1637C>T

STT3A

smMIPs

smMIPs
smMIPs

smMIPs
smMIPs
WES
smMIPs
smMIPs
smMIPs

ALG11

DOLK
PMM2

MPDU1
MPDU1
DPM3
SRD5A3
SRD5A3
SRD5A3

P: Patient; ID: Identification; cDNA: complementary DNA; n/a: not available

Group 4

32 P111_CDGIx

P105_CDGIx
P106_CDGIx
P107_CDGIx
P108_CDGIx
P109_CDGIx
P110_CDGIx

Group 2.1
Group 2.1
Group 2.2
Group 2.2
Group 2.2
Group 2.2

P96_CDGIx
P97_CDGIx
P98_CDGIx
P99_CDGIx
P100_CDGIx
P101_CDGIx

17
18
19
20
21
22

p.? (splicing)
p.(Ala333Val)
n/a
p.(Tyr131His)

p.(Gly330Ser)

p.(Gly330Ser)

p.(Tyr23*)
p.(Tyr23*)
p.Leu115Ser
p.(Ser154Pro)
p.? (splicing)
p.(Ala11Glyfs*2)
p.? (splicing)
p.? (start loss)
p.(Arg141His)
p.(Cys241Ser)
p.(Ala85Val)
p.(Gly432*)
n/a
n/a
n/a
n/a
n/a
p.(Ser78Phe)
p.? (splicing)
p.(Thr546Ile)

heterozygous
heterozygous
n/a
heterozygous

homozygous

homozygous

heterozygous

homozygous
homozygous
homozygous
homozygous
homozygous
heterozygous
heterozygous
homozygous
heterozygous
heterozygous
heterozygous
heterozygous
n/a
n/a
n/a
n/a
n/a
heterozygous
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DISCUSSION
A high degree of clinical heterogeneity and a lack of specific biochemical markers
are current challenges for fast diagnosis of patients with CDG-I. In this study, we
have identified novel and specific CDG-I glycomarkers in a majority of CDG-I
subtypes (15 out of 27 known gene defects). Subsequent establishment of
targeted sequencing using smMIPs resulted in fast and accurate confirmation of
the correct diagnosis in 76% of the CDG-I patients.
The origin of the abnormal glycan structures in CDG-I subtypes derived
from this study (Figure 4) can partially be understood. In a previous study (26),
the presence of an N-tetrasaccharide in plasma of ALG1-CDG patients was
explained by the accumulation of dolichol-linked chitobiose (GlcNAc2) in the ER
as a result of deficient mannosylation by ALG1. This abnormal glycan precursor
is subsequently transferred to nascent proteins (N-linked chitobiose) and
further modified in the Golgi apparatus to form the galactosylated and sialylated
N-tetrasaccharide (Neu5Ac1Gal1GlcNAc2). In the current study, a novel fucosylated
pentasaccharide was identified in ALG1-CDG. Confirmation by MS/MS fragmentation
that the fucose was linked to galactose is a confirmation of the hypothesized
biosynthesis pathway, in which the chitobiose core is further modified by Golgi
glycosyltransferases. The pentasaccharide was not identified in the other
defects of Group 1 patients, even if ALG2-CDG presented with similar increases
of the N-tetrasaccharide. For ALG12-CDG, accumulation of Man7 glycan was
specific for the diagnosis. ALG12 mannosyltransferase is essential to convert
Man7GlcNAc2 to Man8GlcNAc2. Its deficiency will result in accumulation of the
Man7GlcNAc2 dolichol precursor and its subsequent transfer to nascent
glycoproteins. Apparently, the Man7 glycan is not further processed in the Golgi,
which results in secreted glycoproteins with Man7 high mannose glycans in
patient plasma.
In the same study (26), an accumulation of dolichol linked Man3GlcNAc2 and
Man4GlcNAc2 glycans was hypothesized due to reduced GDP-mannose availability
in PMM2-CDG and MPI-CDG. Subsequent transfer to proteins would explain the
increased detection of Man3 and Man4 glycans in patient plasma. As depicted
in Figure 4, our study indicated quite a number of additional CDG-I defects with
accumulation of Man3 and/or Man4 glycans including mannosyltransferase
deficiencies (ALG11-, ALG3-, ALG9- & ALG12-CDG), flippase deficiency (RFT1-CDG),
and defects in the synthesis and utilization of dolichol-phosphate mannose
(SRD5A3-, DOLK-, DPM3-, DPM1- & MPDU1-CDG). Interestingly, all of these defects
are related to the incorporation of mannose residues into the dolichol-linked
oligosaccharide. Defects in dolichol-phosphate mannose synthesis and in ALG3
would result in accumulation of Man5 glycans. In line with the hypothesis on the
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biosynthetic pathway, such glycans will be translated to proteins and an
accumulation of Man5 glycans is expected. However, mainly Man3 glycans
accumulate in these CDG subtypes. The data could thus indicate that translated
Man5 glycans are processed by ER and/or Golgi resident mannosidases to Man3
glycans. It is interesting to note that ALG9 and ALG12 defects don’t show
accumulation of Man3 glycans but instead show elevated levels of Man4 glycans.
This could indicate that the different high mannose isomers are differently
processed by ER and Golgi mannosidases, however, this requires further
investigation. Defects other than “mannose related defects”, such as glucosyltransferase defects (ALG6- & ALG8-CDG), GlcNAc related defects (DPAGT1-,
ALG14- & ALG13-CDG) and defects in the oligosaccharyltransferase complex
(SSR4-CDG) exhibited normal levels of Man3 and Man4 glycans in their plasma
glycoprofiles (Group 4).
For many years, transferrin has been a useful marker for diagnosis of CDG-I.
Using mass spectrometry, it allows highly sensitive detection of a reduction in
site-occupancy, which is characteristic for CDG-I defects. Minor traces of the
N-tetrasaccharide can be detected on the transferrin protein only in ALG1-CDG by
mass spectrometry (26, 84). However, the other glycan structural abnormalities
such as the N-pentasaccharide and the accumulation of Man3 and Man4 glycans
in PMM2 and MPI-CDG are undetectable on transferrin (26). Hence, this protein
marker is not ideal to identify these glycan biomarkers. Application of glycomics
could be used as a second tier test to obtain this information. Alternatively,
a selection of protein markers could be added for CDG diagnostics to profile
glycosylation signatures such as N-glycosylation profiles of several major
plasma glycoproteins of alpha-1-antitrypsin, alpha-2-macroglobulin, apolipoproteins and immunoglobulins (214). However, it is not yet known what other
proteins will contain the identified glycan abnormalities and why other
glycoproteins are more sensitive to display such a defect. Possibly, the efficiency
of the transfer of intermediate glycan structures to a protein is dependent on
protein sequence and/or structure. Therefore, further glycoproteomics studies
are required to identify novel potential protein markers to increase the
diagnostics efficiency for CDG-I subtyping.
In conclusion, we discovered novel and specific glycomarkers in 17 genetic
defects associated with CDG-I (including galactosemia and fructosemia).
In combination with specific clinical symptoms and by targeted smMIPs
sequencing, fast identification and confirmation of CDG-I gene defects is now
possible via plasma glycomics profiling.
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Figure 4: Schematic diagram of N-glycosylation pathway with CDG-I defects. Four
groups of gene defects (Group 1-4) were determined on basis of their total plasma glycoprofiling.
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SUPPLEMENTARY MATERIAL

(0.58-0.69)
Man9GlcNAc2

(0.62-0.73)
Man8GlcNAc2

(0.48-0.56)
Man7GlcNAc2

(1.76-2.11)
Man6GlcNAc2

(2.19-2.68)
Man5GlcNAc2

(0.04-0.09)
Man4GlcNAc2

(less than 0.04)

(not detected)

Man3GlcNAc2

P1_PMM2
P2_PMM2
P3_PMM2
P4_PMM2
P5_PMM2
P6_PMM2
P7_PMM2
P8_PMM2
P9_PMM2
P10_PMM2
P11_PMM2
P12_MPI
P13_MPI
P14_MPI
P15_MPI
P16_MPI
P17_Galactosemia
P18_Galactosemia
P19_Galactosemia
P20_Galactosemia
P21_ALG1
P22_ALG1
P23_ALG1

5-saccharide

Patient ID_Gene
defects / #unsolved

4-saccharide

confidence
intervals (n=40)

(not detected)

Supplementary Table 1. Glycomics data of 116 CDG-I patients with known
(n=79) or unsolved (37) genetic cause. Only relative abundance of N-tetrasaccharide, N-pentasaccharide, and a series of high mannose glycans are shown.

0.66
0.14
0.6
0.54
0.22
0.25
0.52
0.22
0.26
0.2
0
0.12
0.16
0.08
0.03
0
0.45
0.16
0.32
0.16
5.28
5.29
1.83

0
0
0
0
0
0
0.02
0
0
0
0
0
0
0
0
0
0
0
0
0
0.25
0.43
0.09

1.38
1.23
2.96
2.25
1.18
0.71
2.03
0.89
1.92
1.04
0.31
1.22
0.44
0.35
0.38
0.11
1
0.49
0.89
1.6
0.04
0.1
0.03

2.93
1.26
3.69
2.4
0.96
0.81
1.86
1.13
1.93
1.58
0.27
1.23
0.66
0.3
0.58
0.25
0.53
0.35
0.71
3.34
0.03
0.13
0.06

2.28
1.41
2.7
2.02
1.74
2.2
1.35
1.03
2.1
2.18
1.51
2.77
1.3
1.65
1.42
0.99
1.89
1.51
1.96
1.83
1.66
1.45
1.7

0.74
0.67
0.86
0.5
0.76
1.1
0.52
0.27
1.22
1.2
0.93
1.33
0.22
0.44
0.6
0.5
0.61
0.34
0.54
0.49
0.86
0.84
1.78

0.03
0.17
0.09
0.04
0.07
0.26
0.03
0
0.26
0.16
0.16
0.32
0
0.01
0.01
0.01
0.05
0.1
0.08
0.09
0.12
0.09
0.41

0.04
0.16
0.07
0.03
0.1
0.28
0
0
0.21
0.22
0.25
0.26
0
0.02
0.03
0
0.07
0.09
0.08
0.07
0.12
0.06
0.48

0.03
0.06
0.13
0.02
0.19
0.15
0
0
0.22
0.13
0.31
0.35
0.02
0.13
0.11
0.06
0.06
0.05
0.04
0.04
0.14
0.12
0.33
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Man8GlcNAc2

Man9GlcNAc2

0.68
0.99
0.59
0.22
0.63
0.55
0.66
0.47
0.84
2.92
1.44
0.76
1.55
1.51
1.56
0.82
1.75
1.17
1.51
1.23
1.19
1.05
2.64
1.19
2.83
1.1
0.92

0.08
0.18
0.04
0
0.04
0.04
0.01
0
0.12
0.54
0.2
0.07
0.31
0.24
0.18
0.11
0.34
0.15
0.34
0.26
0.06
0.13
0.43
0.22
0.45
0.06
0.09

0
0.22
0.04
0
0.02
0.09
0.06
0
0.05
0.51
0.23
0.09
0.18
0.26
0.35
0.18
0.36
0.21
0.52
0.44
0
0.18
0.44
0.28
0.49
0.12
0.18

0.09
0.18
0.02
0
0
0.16
0.05
0
0.01
0.36
0.37
0.2
0.3
0.3
0.4
0.23
0.42
0.28
0.51
0.52
0.32
0.21
0.4
0.32
0.49
0.16
0.27

(0.58-0.69)

Man7GlcNAc2

1.8
1.78
0.94
0.76
1.57
1.6
1.44
2.09
1.96
5.42
3.52
1.82
4.3
3.14
3.09
2.29
3.18
2.27
2.87
2.32
1.7
1.5
3.3
1.88
3.77
3.68
1.69

(0.62-0.73)

Man6GlcNAc2

0.18
0
1.28
1.21
3.03
1.51
1.61
3.09
2.71
1.5
0.78
0.51
1.32
0.9
0.43
0.07
0.7
0.8
0.06
0.08
0.13
0.14
0.45
0.15
0.2
0.19
0.19

(0.48-0.56)

Man5GlcNAc2

0.12
0
2.93
2.64
6.2
2.96
3.33
5.41
2.93
1.72
0.85
0.51
1.08
1.01
0.53
0.13
0.63
0.54
0.04
0.06
0.11
0.1
0.26
0.11
0.13
0.39
0.06

(1.76-2.11)

Man4GlcNAc2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(2.19-2.68)

Man3GlcNAc2

0.77
1.4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(0.04-0.09)

(not detected)
5-saccharide

P24_ALG2
P25_ALG2
P26_ALG3
P27_ALG3
P28_ALG3
P29_ALG3
P30_ALG3
P31_MPDU1
P32_DPM1
P33_DPM3
P34_SRD5A3
P35_SRD5A3
P36_SRD5A3
P37_SRD5A3
P38_SRD5A3
P39_SRD5A3
P40_SRD5A3
P41_SRD5A3
P42_SRD5A3
P43_SRD5A3
P44_DOLK
P45_DOLK
P46_DOLK
P47_DOLK
P48_DOLK
P49_DOLK
P50_DOLK

(not detected)

Patient ID_Gene
defects / #unsolved

4-saccharide

confidence
intervals (n=40)

(less than 0.04)

Supplementary Table 1. Continued.
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Man6GlcNAc2

Man7GlcNAc2

Man8GlcNAc2

Man9GlcNAc2

0.32
0.25
0.12
0.3
0.18
0.11
0.36
0.17
0.37
1.27
2.77
2.38
0.83
0.92
0.73
1.52
0.02
0
0
0.08
0.03
0.03
0.07
0
0
0.08
0

3.06
4.07
3.46
3.89
2.58
3.74
2.55
2.82
2.84
2.63
3.56
3.43
3.01
3.55
3.24
4.57
2.74
1.87
1.97
3.78
2.45
2.06
2.28
1.38
1.31
2.89
1.9

1.5
2.51
2.21
1.12
0.76
1.82
1.09
1.71
2.15
1.3
1.45
1.32
1.99
1.7
1.49
1.32
1.53
1
1.25
1.63
1.42
0.93
0.81
0.76
0.64
1.87
1.27

0.22
0.5
0.45
0.14
0.1
0.43
0.27
0.39
0.32
0.33
0.18
0.03
0.72
0.56
0.25
0.1
0.07
0.08
0.17
0.17
0.09
0.08
0.04
0.07
0.07
0.18
0.14

0.35
0.49
0.45
0.23
0.1
0.44
0.33
0.41
0.4
0.39
0.15
0.09
0.05
0.07
0.09
0
0.17
0.16
0.36
0.31
0.25
0.18
0.09
0.17
0.21
0.37
0.26

0.47
0.77
0.41
0.33
0.21
0.36
0.43
0.5
0.55
0.18
0.01
0.03
0
0.03
0.16
0
0.14
0.21
0.48
0.37
0.39
0.25
0.17
0.34
0.4
0.5
0.38

(0.58-0.69)

Man5GlcNAc2

0.3
0.14
0.06
0.13
0.12
0.12
0.34
0.1
0.24
0
0.03
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(0.62-0.73)

Man4GlcNAc2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(0.48-0.56)

Man3GlcNAc2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

(1.76-2.11)

(not detected)
5-saccharide

P51_DOLK
P52_RFT1
P53_RFT1
P54_ALG11
P55_ALG11
P56_Fructosemia
P57_Fructosemia
P58_Fructosemia
P59_Fructosemia
P60_ALG9
P61_ALG9
P62_ALG9
P63_ALG12
P64_ALG12
P65_ALG12
P66_ALG12
P67_DPAGT1
P68_DPAGT1
P69_DPAGT1
P70_ALG6
P71_ALG6
P72_ALG6
P73_ALG6
P74_ALG8
P75_ALG8
P76_ALG8
P77_ALG8

(2.19-2.68)

(not detected)

Patient ID_Gene
defects / #unsolved

(0.04-0.09)

confidence
intervals (n=40)

4-saccharide

(less than 0.04)

Supplementary Table 1. Continued.
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(0.58-0.69)
Man9GlcNAc2

(0.62-0.73)
Man8GlcNAc2

(0.48-0.56)
Man7GlcNAc2

(1.76-2.11)
Man6GlcNAc2

(2.19-2.68)
Man5GlcNAc2

(0.04-0.09)
Man4GlcNAc2

(less than 0.04)

(not detected)

Man3GlcNAc2

P78_ALG13
P79_SSR4
#P80_CDGIx
#P81_CDGIx
#P82_CDGIx
#P83_CDGIx
#P84_CDGIx
#P85_CDGIx
#P86_CDGIx
#P87_CDGIx
#P88_CDGIx
#P89_CDGIx
#P90_CDGIx
#P91_CDGIx
#P92_CDGIx
#P93_CDGIx
#P94_CDGIx
#P95_CDGIx
#P96_CDGIx
#P97_CDGIx
#P98_CDGIx
#P99_CDGIx
#P100_CDGIx
#P101_CDGIx
#P102_CDGIx
#P103_CDGIx
#P104_CDGIx

5-saccharide

Patient ID_Gene
defects / #unsolved

4-saccharide

confidence
intervals (n=40)

(not detected)

Supplementary Table 1. Continued.

0
0
4.63
2.42
4.69
0.54
0.12
0.15
0.07
0.2
0.06
0.04
0.06
0.15
0.1
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0.31
0.13
0.39
0.04
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.02
0
0.07
0.07
0.06
1.75
1.26
2.22
1.12
1.44
0.8
0.67
0.47
1.29
0.26
1.69
1.05
4.93
1.9
1.7
0.67
0.7
0.58
0.4
0.43
0
0.04

0.1
0
0.06
0.13
0.08
0.56
0.5
0.89
0.7
0.61
0.41
0.42
0.23
0.93
0.32
1.25
0.88
2.11
1.07
0.97
0.79
0.72
0.39
0.26
0.26
0
0.08

4.06
2.05
1.62
2.51
2.12
1.44
1.98
2.62
1.87
1.98
1.88
2.16
2.01
2.1
2.04
1.45
0.49
2.27
1.1
1.15
2.07
2.22
3.19
2.14
2.3
1.45
4.52

2.42
1.23
0.71
1.59
1.08
0.48
0.94
1.11
0.77
0.82
1.12
0.99
0.69
0.88
1.03
0.48
0.2
0.94
0.46
0.48
1.45
1.34
1.58
0.98
1.3
0.85
2.28

0.32
0.06
0.08
0.37
0.21
0.07
0.2
0.2
0.2
0.17
0.28
0.34
0.2
0.24
0.16
0.02
0
0.08
0.07
0
0.29
0.26
0.45
0.17
0.28
0
0.76

0.63
0.09
0.1
0.51
0.25
0.09
0.29
0.22
0.27
0.18
0.35
0.41
0.26
0.21
0.31
0.06
0
0.04
0.07
0.03
0.28
0.31
0.53
0.2
0.37
0.04
0.79

0.59
0.07
0.08
0.35
0.2
0.06
0.17
0.16
0.16
0.08
0.27
0.33
0.17
0.15
0.53
0.08
0
0.06
0.08
0
0.08
0.34
0.3
0.18
0.02
0.18
0.71
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0

0.44

0

0

1.42

#P108_CDGIx

0

0

0.02

#P109_CDGIx

0

0

#P110_CDGIx

0

#P111_CDGIx

0

#P112_CDGIx
#P113_CDGIx

0.11

0
0

0

0

0

0.01

2.16

0

0

0

0.03

2.69

#P114_CDGIx

0

0

0

0

0.73

0.24

#P115_CDGIx

0

0

0

0

2.47

1.66

#P116_CDGIx

0

0

0.01

0.01

2.3

1.27

Man9GlcNAc2

0.11

Man8GlcNAc2

2.72
2.02

Man7GlcNAc2

Man5GlcNAc2

0.58
2.38

Man6GlcNAc2

Man4GlcNAc2

5.22

(0.58-0.69)

0

#P107_CDGIx

0.13

(0.62-0.73)

0.05

(0.48-0.56)

0

(1.76-2.11)

Man3GlcNAc2

0

#P106_CDGIx

Patient ID_Gene
defects / #unsolved

(2.19-2.68)

(not detected)
5-saccharide

#P105_CDGIx

confidence
intervals (n=40)

(0.04-0.09)

(not detected)
4-saccharide

(less than 0.04)

Supplementary Table 1. Continued.

2.13

0.83

0.62

0.76

1.56

0.43

0.44

0.44

0.41

0.03

0

0.04

3.08

1.78

0.18

0.32

0.27

0.15

3.18

1.71

0.34

0.47

0.51

0

1.54

4.45

2.08

0.65

0.15

0

0

0.02

2.8

1.49

0.24

0.4

0.45

0.76

0.21

0.24

0.01

1.23

0.38

0.5

0.37

0

0

0.26

0.47

0.76

0.84

0.26

0.31

0.38
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INTRODUCTION
Aberrant glycosylation has been implicated in many human diseases ranging
from monogenic disorders such as congenital disorders of glycosylation (CDG)
to complex diseases such as cancer. Hence, proper analysis of glycosylation is
very important to find disease-specific biomarkers for diagnostics and treatment
monitoring as well as to understand disease mechanisms (215). The question is
what is the best way to analyze glycans in a clinical diagnostic setting? In my
studies, I explored the use of two complementary, mass spectrometry based
glycomics approaches for glycomarker discovery for CDG, namely N-glycan
profiling of total plasma proteins (glycomics) and protein-specific N-glycan
profiling by analysis of intact transferrin.
Both methodologies were applied to cohorts of patients with PGM1-CDG, CDG
type 1 (CDG-I) and CDG type 2 (CDG-II). As summarized in Table 1, novel biomarkers
were found for PGM1-CDG (Chapter 4 & 5) and several CDG-II (Chapter 6) and
CDG-I (Chapter 7) subtypes. To summarize our findings on basis of intact
transferrin glycoprofiling, we have discovered a prediction model (three glycomarkers) for specific diagnosis of PGM1-CDG, three glycan indexes (NGI, LOGI &
LOCGI) that allow detailed monitoring of both CDG-I and galactose effects on
dietary galactose therapy, and several transferrin glycoforms for the diagnosis of
SLC35A3- and SLC10A7-CDG. Meanwhile for total plasma glycoprofiling, we have
determined a novel increment of high mannose N-glycans in PGM1-CDG, several
glycomarkers for the diagnosis of CDG-I (e.g. ALG3-, ALG9-, ALG12-CDG, etc.) and
CDG-II (SLC35A3- & SLC10A7-CDG). These findings have shown that both glycomics
approaches are complementary as a front-line analysis in diagnosing CDG.
Intact transferrin glycoprofiling has the advantage that the lack of complete
glycans on transferrin can be profiled (such as in PGM1-CDG) which is not
possible by free N-glycans analysis (e.g. total plasma glycomics). Moreover, this
rapid and robust glycoprofiling method for CDG diagnostics is also capable to
detect the majority of CDG subtypes especially to profile hypoglycosylation
signatures such as degalactosylated (e.g. B4GALT1-CDG and SLC35A2-CDG) and
desialylated (SLC35A1-CDG) truncated glycoforms. However, as discussed in
Chapter 2, the current protein marker for CDG, human transferrin, is known to
have a low degree of fucosylation and high mannose glycoforms, and therefore
fails in diagnosis of several CDGs such as SLC35C1-CDG and MOGS-CDG.
Therefore, insights into the complete mixture of plasma N-glycans is of added
value especially to find novel glycomarkers for CDG as well as an initial step for
further protein-specific glycosylation analysis to discover alternative proteins
as marker for CDG. As discussed in Chapter 7, glycoproteomics analysis is
required to identify novel potential protein markers for CDG.
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Table 1 An update of plasma glycosylation features from total plasma N-glycans
and intact transferrin MS profiling for CDG diagnosis and therapy monitoring
derived from this thesis.
CDGs

Total plasma N-glyoprofiling

PGM1-CDG

1.

2.

High degalactosylation index (e.g. Gal1- Man3-GlcNAc4 -Fuc1,
Man3-GlcNAc4 -Fuc1, Man3-GlcNAc4 and Sia1-Gal1- Man3-GlcNAc4),

,
,
and
High fucosylation index (e.g. Gal1- Man3-GlcNAc4 -Fuc1 ,
Man3-GlcNAc4 -Fuc1, Sia1-Gal2- Man3-GlcNAc4 -Fuc1 and Gal2Man3-GlcNAc4 -Fuc1),

3.

,
,
and
Low sialylation index.(e.g. Sia2-Gal2- Man3-GlcNAc4 & Sia1-Gal2Man3-GlcNAc4), and

4.

and
Increase of high mannose type N-glycans
(e.g. 5-Man glycan & 6-Man glycan).

&
SLC35A3-CDG

•

•

Highly increase of biantennary glycan lacking one GlcNAc, one Gal
and one Sia (Sia1-Gal1- Man3-GlcNAc3) with the corresponding
fucosylated ones (Sia1-Gal1- Man3-GlcNAc3-Fuc1).

and
Increase of high mannose glycans as well as a major reduction of
multi-antennary glycans.
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Intact transferrin N-glyoprofiling / Isoelectric focusing (IEF)

References

•

Prediction model of three transferrin glycoforms for diagnostics.

Chapter 4 &
Chapter 5

•

,
and
Three glycosylation indexes for therapy monitoring:
1. Normal Glycosylation Index (one tranferrin glycoform),

2.

Lack of Galactose Index (six transferrin glycoforms), and

,

3.

,

,

,

and

Lack of Complete Glycan Index (two transferrin glycoforms).

and
•

Most abundant of complex truncated glycoform lacking one / two GlcNAc, Chapter 6
one / two Gal and one / two Sia (Sia3-Gal3-Man6 -GlcNAc7 & Sia2-Gal2Man6 -GlcNAc6).

&
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Table 1 Continued.
CDGs

Total plasma N-glyoprofiling

SLC10A7-CDG

•

Moderate increased of biantennary glycan lacking one GlcNAc,
one Gal and one Sia (Sia1-Gal1- Man3-GlcNAc3) with the corresponding
fucosylated ones (Sia1-Gal1- Man3-GlcNAc3-Fuc1).

•

and
Increase of high mannose glycans and fucosylated glycans.

PMM2-CDG
MPI-CDG

•

High ratio of 3-Man glycan / N-tetrasaccharide.

ALG1-CDG

•

Detection of N-pentasaccharide glycan.

ALG2-CDG

•

Low ratio of 3-Man glycan / N-tetrasaccharide.

ALG3-CDG
MPDU1-CDG
DPM1-CDG

•

High ratio of 3-Man glycan / 4-Man glycan, and high ratio of 3-Man glycan
/ 5-Man glycan.

&
DPM3-CDG
SRD5A3-CDG
DOLK-CDG
RFT1-CDG
ALG11-CDG
ALG13-CDG
PMM2-CDG
MPI-CDG

•

ALG9-CDG

•

High ratio of 3-Man glycan / 4-Man glycan, and low ratio of 3-Man glycan
/ 5-Man glycan.

&

Low ratio of 3-Man glycan / 4-Man glycan, and high ratio of 8-Man glycan
/ 7-Man glycan.

&
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Intact transferrin N-glyoprofiling / Isoelectric focusing (IEF)

References

•

Chapter 6

Most abundant of complex truncated biantennary glycoform lacking
one Sia (Sia3-Gal4 -Man6 -GlcNAc8) and consistent increase of complex
truncated glycoform lacking two Sia (Sia2-Gal4 -Man6 -GlcNAc8), complex
truncated glycoform lacking one Gal and one GlcNAc (Sia3-Gal3-Man6 GlcNAc7 ), and hybrid glycoform (Sia3-Gal3-Man7-GlcNAc7 ), respectively.

,

,

and

•

CDG-I transferrin IEF profiles.

Chapter 7

•

CDG-I transferrin IEF profiles.

Chapter 7

•

CDG-I transferrin IEF profiles.

Chapter 7

•

CDG-I transferrin IEF profiles.

Chapter 7

•
•

CDG-I transferrin IEF profiles.
Mild CDG-I transferrin IEF profiles for ALG13-, PMM2- & MPI-CDG.

Chapter 7

•

CDG-I transferrin IEF profiles.

Chapter 7

8

204 | Chapter 8

Table 1 Continued.
CDGs

Total plasma N-glyoprofiling

ALG12-CDG

•
•

Low ratio of 3-Man glycan / 4-Man glycan, and
Low ratio of 8-Man glycan / 7-Man glycan.

&

Still, efforts to identify biomarkers using glycomics by MS need to be enhanced
especially the improvement of our current porous graphitized carbon (PGC)liquid chromatography (LC)-MS method to enable isomer-specific separation of
N-glycans for analysis of glycosidic linkages, and towards the quantitative
glycomics analysis for diagnosis and therapy monitoring of CDG. The biological
relevance of different isomeric glycan forms and the importance of their
characterization has been proven in several studies such as: a) increased alpha2,6-linked sialylation in stage IV breast cancer patients, b) reduced alpha-2,
3-linked sialylation in type 2 diabetes patients, and c) robust discrimination
between epithelial ovarian cancer and healthy controls using glycan markers
(glycomarkers) derived from isomer-specific glycan profiling (56, 216, 217).
This unique feature is a promising aspect of PGC-LC-MS for screening of disease-specific glycosylation signatures in CDG. In addition, a growing number of
genetic glycosylation disorders is being identified through next-generation
sequencing that cannot be diagnosed by transferrin analysis, such as defects in
NANS (32) or PGM3 (74). Therefore, we need to include additional glycan
information for example by separation of isomeric glycans, and additional
proteins that can be used to detect these novel CDGs. In the following two parts,
the developments in PGC-LC-MS glycomics analysis and of glycoproteomics
technology will be discussed for their potential in future biomarker discovery.

Porous graphitized carbon (PGC) chromatography for analysis
of isomeric native N-glycans
The advantages of PGC-based glycan analysis
PGC chromatography provides a strong retention of native glycan species and
can retain small glycans such as O-glycans (218). Separation in PGC is based on
the hydrophobicity of analytes, and a polar retention effect on graphite, based
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Intact transferrin N-glyoprofiling / Isoelectric focusing (IEF)

References

•

Chapter 7

CDG-I transferrin IEF profiles.

on the high polarizability of graphitic carbon material. Furthermore, since the
column material is planar, the 3-D structure of the analyte also influences retention
(219). Generally, PGC chromatography is used in solid-phase extraction (SPE)
mode for glycan desalting as well as purification prior to MS analysis (220).
PGC-liquid chromatography (PGC-LC) coupled to MS has successfully been applied
for detection and characterization of native and reduced glycans in positive and
negative ion mode depending on the type of solvent used for separation (221).
Since several years, PGC based MS for isomeric glycan analysis has been
commonly used for nonderivatized glycan analysis (222). The advantage of
analysis of released glycans by PGC-based analysis, particularly by PGC-LC is
minimal sample preparation since no chemical derivatization (e.g. labeling of
the reducing end or permethylation) of the glycan coumpounds is required. As
discussed in Chapter 2, derivatization after releasing N-glycans from proteins
could increase the sensitivity of glycan detection, but this laborious approach
could also create a biased analysis due to incomplete derivatization as well as
the possibility of sample loss during extra purification steps. PGC-LC is mostly
performed on underivatized glycans that can either be analyzed without further
treatment as non-reduced glycans (native) or analyzed after reduction. The
advantage of native over reduced glycans analysis for rapid and reproducible
N-glycoprofiling has been described in several studies (56, 218, 223). Considering
the fact that native glycan isomers separated by PGC-LC may include alpha and
beta anomers with high retention time reproducibility (56), detection of any
potential anomeric peaks may easily be identified in the future with the use of
retention time and accurate mass libraries. Therefore, this nonderivatized
glycan analysis is proposed to be the method of choice for routine diagnostics
especially when involving the high number of samples as exemplified in my
CDG-I (Chapter 7) and CDG-II (Chapter 6) cohorts.
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The most attractive fact of the PGC-based stationary phase is that it enables
isomer-specific separation of N-glycans, and thus facilitates maximum resolution
of the overlapping glycans with the same mass (224). The structural composition
and linkage of glycans also influences the elution behavior in PGC chromatography.
Thus, PGC is highly sensitive to structural as well as linkage isomers and able to
resolve isomeric glycans (221). For example, the linkage of sialic acid residues
with α2,3-linked structures eluting later compared to their α2,6-linked
counterparts (224). This unique feature of isomer separation provides valuable
information in cancer research where alterations in expression of α2,3-sialylation and α2,6-sialylation are associated with cancer progression (225). Thus far,
we have not been able to use this feature of PGC-MS analysis because our native
glycan library is based on the molecular mass, and not based on the glycan
structure retention times.

Improving sample preparation
A rapid and reproducible plasma glycan purification pipeline is crucial for fast
diagnostics. In our methodology, there are two sample preparation steps that
could be enhanced in order to cut the turn-around time of analysis: a) PNGase F
digestion and b) solid-phase extraction (SPE). The standard enzymatic release
of N-glycans as performed with PNGase F requires treatment of serum in a
physiological buffer at 37 °C for about 18 hours (211). At least three approaches
have been implemented to change the common PNGase F digestion: a) the
creation of an immobilized PNGase F enzyme reactor (226), b) high pressurecycling of reaction conditions (227), and c) the implementation of a microwave
reactor (164). As shown by Kronewitter et al., a rapid-throughput PNGase F
digestion by microwave reactor could be done only in 10 minutes as compared
with our standard approach which takes about 18 hours to be completed. In the
same study, SPE purification was enhanced by using automated liquid handling
(Gilson GX-274 ASPEC), which not only improved the processing time but also
allowed to standardize the flow speeds through the cartridges, especially to
avoid the formation of bubbles on high surface area carbon that might restrict
the available area of the stationary phase which will affect the binding and
elution patterns of the glycans. Moreover, reproducibility across large sample
sets is also a problem in SPE worklows, especially the variations (e.g. pressure of
syringe plungers and vacuum manifolds) between operators. Hence, substituting
the current manual SPE by vacuum manifolds with automated SPE imparted the
benefits of both positive pressure displacement and large sample processing
capacity (164).
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Improving LC separation
As previously described (56) and also based on our experience with this
methodology (209, 211), highly sialylated N-glycans (containing three and four
sialic acids) were out of the scope of analysis due to their poor peak shape leading
to low presence of multiple sialylated N-glycans. However, this limitation could
be tackled using an experience of Gao et al. by using higher pH and high ionic
strength mobile phase (e.g. 0.5% formic acid of pH 3.0, adjusted by ammonium
hydroxide) as compared with our standard mobile phase of 0.05-0.1% formic
acid. From that study, a significantly improved peak shape for all acidic N-glycans,
especially the highly sialylated N-glycans, was obtained using this mobile phase.
In addition, the pH of this mobile phase allowed separation of acidic N-glycans
from neutral N-glycans, thus avoiding ion suppression, which in turn enhanced
the sensitivity of detection of acidic N-glycans. Furthermore, the improved peak
shape further facilitated resolution of several groups of sialylated N-glycan
isomers on the PGC nano-column. With the good separation of N-glycans, several
consistent trends in the retention times of N-glycans on the PGC stationary
phase were observed. These retention behaviors provided additional information
for the assignment of N-glycans (228). Although the analysis of hypersialylated
N-glycans is not critical in CDG as the defects mostly result in hyposialylated
N-glycans (e.g. high mannose N-glycans, degalactosylated N-glycans), still this
knowledge could be of added value to increase the diagnostic specificity further
by identification of CDG specific differences in isomer distribution.

Quantitative MS analysis
Throughout my glycomics study (Chapter 5-7), relative quantitation of the
glycans has been used to profile the regulation of protein glycosylation and to
find potential glycomarkers for CDG. As glycomics technologies have advanced
in recent years, more efforts towards absolute quantitation in glycomics have
been developed. Objectively, absolute quantitation is aiming to provide more
exact quantitation methods by defining the molar amount of the glycans in a
particular sample (229). Therefore, the establishment for standardized
identification criteria using a “glycan mixture” and “reference library” as an
internal standard or calibrator for PGC-LC-ESI-MS should be considered in order
to ensure that the relative and / or absolute quantitation of glycans is accurate
and reliable. Grunwald-Gruber et al. introduced an equimolar “glyco tune mix”
consisting of a range of glycan standards, ranging from Man5 to complex type
N-glycans with zero to four sialic acids for optimizing the instrument tuning as
well as to measure the different molar response (230). Relative quantitation of
human plasma N-glycans was performed with correction factors deduced from
this “glyco tune mix”. From that study, the most serious deviation of glycan
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intensities (ion abundances) were observed between neutral (non-sialylated)
and highly sialylated glycans in the absence of an appropriate standard. This
study demonstrated the need to consider the differing molar response of sugars
of different composition, size and sialic acid content for meaningful relative
quantitation of glycan abundances. For absolute quantification of glycans, they
also suggested to add one or two isotope-labeled glycans (e.g. 13C-galactose).
Recently, a novel semi-quantitative total plasma glycoprofiling method was
developed for ESI-QTOF MS analysis to improve the clinical specificity and
sensitivity of N-glycan profiling. In that study, labeled N-glycans were accurately
quantified using a custom-synthesized 13C-labeled glycopeptide as internal
standard (231). We propose this kind of absolute quantitation approach to be
implemented in CDG diagnostics for more accurate and reliable quantification of
abnormal glycans such as Man3 and Man4 glycans in the majority of CDG-I
subtypes (Chapter 7) as well as for absolute quantification of degalactosylated
glycans for galactose therapy monitoring in PGM1-CDG (Chapter 5).

Data analysis
The development of glycoinformatics for data processing and interpretation is
crucial. In the mid of 1980s, The Complex Carbohydrate Structure Database
(CCSD), commonly referred to as CarbBank, was established as a pioneer in glycoinformatics tool to allow glycobiologist to find publications in which specific
carbohydrate structures were reported (232). Unfortunately, a funding crisis
discontinued this project in the 1990s. Since then, several glycoinformatics
sources have been established such as SWEET-DB (233) and GlycoSuiteDB (234)
[later incorporated into UniCarbKB (235)], KEGG glycan (236) and GlycoWorkbench (237). Recently, Abrahams and co-workers constructed a PGC-LC-MS
N-glycan retention time library as part of the elution centric database GlycoStore
(http://www.glycostore.org/showPgc) to provide access to the relative retention
times and order of more than 100 glycan structures from pauci mannosidic to
penta-antennary complex structures together with their associated MS/MS
spectrum. This huge glycan library can support existing workflows and facilitate
structure assignments. Thus, the evaluation of reproducibility and robustness
of PGC-MS could be easily done especially for routine glycan analysis (238).
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FROM GLYCOMICS TO GLYCOPROTEOMICS FOR
DISEASE BIOMARKERS DISCOVERY
Relationship of glycomics and glycoproteomics
Glycomics is the study to define the complete repertoire of glycans that a cell or
tissue produces under specified conditions of time, location, and environment.
Meanwhile, glycoproteomics is the study of glycoproteins focusing to identify
which sites on each glycoprotein of a cell are glycosylated and ideally includes
the identification and quantitation of each glycan structure at each site (239).
Unlike the genome, the glycome is dynamic and sensitive to exogenous nutrient
levels and metabolic fluxes including salvage pathways. Thus, the glycome and
glycoproteome of a cell can change over time. Because of this complexity, glycomics
and glycoproteomics must be analyzed in parallel, whether on a single glycoprotein or on a complex mixture of glycoproteins (240). A disadvantage of
glycomics is that site-specific details (e.g. attachment site and occupancy rate)
as well as protein information are lost once the glycan is released from the
protein. Meanwhile, in glycoproteomics, the glycans are not released and the
glycan-peptide bonds remain intact which provides information about glycosylation sites and site occupancies.
In the context of new protein marker discovery for CDG (Chapter 7), glycoproteomics is a recommended follow-up study after glycomics to find additional
glycoprotein markers beyond human transferrin which is known to miss several
CDG diagnoses. Hence, intact protein glycoprofiling of such new glycoprotein
markers could be established for fast and accurate diagnostics and therapy
monitoring for PGM1-CDG, CDG-II and CDG-I. The advantage of protein specific
glycoprofiling for rapid diagnostics and therapy monitoring in CDG is exemplified
by the results from our PGM1-CDG cohorts (Chapter 5).

Glycoproteomics strategies: “top down” and “bottom-up” strategies
Generally, glycoproteomics consists of glycoprotein isolation, glycoprotein or
glycopeptide enrichment, proteolytic digestion, and detection and identification of
peptide and glycan structures using MS-based techniques. Enzymatic digestion is
usually the first sample preparation step before glycopeptide enrichment and
MS characterization. Trypsin is the most commonly used enzyme for glycoprotein
digestion because it specifically cleaves after arginine and lysine, and produces
more specific and relatively long glycopeptides for better localization of
glycosylation sites and more confident peptide identifications. However, larger
glycopeptides are often more difficult to be ionized and detected in routine
analysis. Recent technological advances in LC-MS/MS have allowed MS to play a
significant role in glycoproteomics analyzes in disease (241).
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Basically, there are two MS-based approaches for glycoprotein analysis.
First approach is the “top-down” strategy where the intact glycoproteins are
directly analyzed by MS and tandem MS for providing protein sequence
information and localization of complex glycans (242). This approach requires a
minimal sample preparation; ideally for small glycoproteins, mostly using high
resolution and mass accuracy of MS such as fourier-transform ion cyclotron
resonance (FT-ICR)-MS and TOF-MS. Due to the complex sample composition
and MS spectrum interpretation, this strategy has not been implemented in
clinical glycoproteomics (243). A top-down approach has been used for the
analysis of site-specific post translational modifications on proteins including
protein acetylation, methylation and phosphorylation (244, 245). Top-down
characterization of glycoproteins is not yet well developed, largely due to the
complexity of the analyte (246).
A second approach is called a “bottom-up” strategy and mostly applied in
glycoproteomics (247). It includes two common methodologies: a) glycan from
glycoproteins are enzymatically (N-linked glycoproteins) or chemically (O-linked
glycoproteins) released before carbohydrates and proteins are purified and
analyzed, respectively. The deglycosylated proteins are digested by endoprotease
(e.g. trypsin) and then determined by MS. The structures of glycans and
sequences of proteins can be obtained but the information of binding sites of
carbohydrates on proteins could be lost, and b) glycoproteins are digested
(without glycan release) with an endoprotease and then characterized by MS.
The advantage of this approach is that the glycosylation sites can be determined.
From an analytical perspective, the bottom-up strategy by C18 LC-MS/MS is
currently the most powerful platform for the analysis of protein glycosylation
via glycopeptide analysis. Moreover, tandem MS techniques have also been used
to identify the peptide backbone, glycosylation site, and diagnostic product ions
indicative of a glycopeptide (248).

Challenges and future perspective for glycoproteomics
As described by Mechref and Muddiman (249), major challenges in glycoproteomics include the analysis of naturally low abundant glycoproteins and
the hydrophilic nature of glycans, which adversely influences the ionization
efficiency of glycopeptides as compared to peptides. Therefore, enrichment of
low abundant glycoproteins with high specificity is required. Besides, many
glycoproteins have more than one glycosylation site and / or other post-translational
modifications, making characterization of site-specific glycosylation complicated.
A main challenge is the huge volume of glycoproteomics data that is generated.
Interpretation requires a significant amount of processing time, software and
expertise. Automation of data analysis pipelines using accurate and precise
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bioinformatics tools are required to facilitate the elucidation of useful biological
information from complex glycoproteomics data. Although traditional proteomics
identification strategies can provide information on novel sites of glycosylation,
software and bioinformatics methods still need to be developed to improve
analysis of glycan composition and structure. On basis of intact mass, early
software such as GlycoMode yields glycan compositional information (250).
Tandem MS (MS/MS) is often performed in addition to MS for determination of
the correct glycan composition. However, fragmentation increases the complexity
of the data and makes the analytical task more challenging. Manual analysis of
each tandem spectrum is laborious, time-consuming and requires significant
expertise. Recently, a number of algorithms have been developed with automated
approaches for glycopeptide spectra interpretation, including SimGlycan (251),
GlycoFinder (252), GlycopeptideSearch (253) and GlycoMasterDB (254).

CONCLUSION
PGC-based glycomics and glycoproteomics methods are increasingly used due to
advancements in sample preparation, instrumentation, and specialized software.
Both have their own advantages, either the separation of glycan isoforms, or the
availability of protein information. The discovery of disease biomarkers by
glycomics and glycoproteomics is important to improve CDG diagnostics and
for the development of new drugs and therapies for CDG. With the development
of advanced MS technology for high-throughput glycomics and glycoproteomics
as well as an automated interpretation of glycoproteomics data, we speculate
that this will happen. By combining our glycomics findings in the cohorts of
PGM1-CDG (Chapter 5), CDG-II (Chapter 6) and CDG-I (Chapter 7) with future
glycoproteomics data, we believe that new glycoprotein markers for CDG will
be found that are more specific and sensitive in diagnosing CDG. Finally, glycoprofiling of such intact proteins will allow fast and accurate diagnostics for CDG.
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Summary
Congenital disorders of glycosylation (CDG) form a group of inherited disorders
due to glycosylation defects of protein or lipids. The diagnosis of CDG remains a
challenge due to a highly varying degree of severity and highly varying clinical
manifestations, combined with a high biochemical heterogeneity. To date, more
than 125 CDG-causing genes have been identified with a majority that affects
the N-linked glycan (N-glycans) synthethic pathway. Hence, glycomics analysis
of N-glycans by mass spectrometry (MS) could play an important role to identify
novel glycan biomarkers (glycomarkers) for diagnostics and therapy monitoring.
The current thesis is divided into three main parts that summarize the research
as follows:
In Part I (Chapter 2-3), we presented two comprehensive reviews of several
glycomic approaches towards CDG and personalized medicine.
In Chapter 2, we discuss the advantage and the limitation of several glycomics
MS techniques in CDG diagnostics, and we summarize the intact transferrin
glycoprofiling and total plasma glycoprofiling in several of known CDG sub-types
as a highly valuable reference work. At the end, we propose the combination of
glycomics by MS with clinical exome sequencing and clinical phenotyping as a
future diagnostics panel for CDG, and we discuss the potential of other technology
such as genomics, proteomics and metabolomics to be complemented with glycomics
for improving the current diagnostic flow for inborn errors of metabolism as
well as to understand the biochemical mechanisms of glycosylation.
In Chapter 3, we discuss the added value of glycomics MS application in
personalized medicine as exemplified in cancer diagnostics and therapy. In this
review, we also extensively discuss the current MS technology to position
glycomics in systems biology approaches next to genomics and other mass
spectrometry based –omics technologies as a complementary layer for personalized
medicine. In addition, we presented future directions and challenges of MS-based
glycomics in clinical and medical laboratories in order to fully implement
glycomics for personalized medicine.
In Part II (Chapter 4-5), the role of glycoprofiling in phosphoglucomutase-I
deficiency (PGM1-CDG) is discussed.
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In Chapter 4, we report the clinical and biochemical effects of oral D-galactose
therapy in an adult patient (53-year-old) with PGM1-CDG. In this report, we
show that oral D-galactose treatment is safe, normalizes skeletal muscle substrate
use during exercise, improves walking distance and transferrin glycosylation is
restored to near-normal levels after a treatment of five months. We introduced
glycan-index derived from intact transferrin glycoprofiling as biochemical
parameters to monitor the efficiency of the galactose therapy.
In Chapter 5, we performed glycomics profiling in PGM1-CDG by analysis of
intact transferrin and of total plasma glycans by high resolution ESI-QTOF-LC-MS
of 19 patients, covering a broad range of biochemical and clinical severities.
Finally, we present 100% sensitive and specific glycomarkers of transferrin
glycoforms for fast and accurate diagnosis of the full range of clinical presentations
in PGM1-CDG. Total plasma glycoprofiling showed an increase in high mannose
glycans and fucosylation, while global galactosylation and sialylation were
severely decreased. In addition, we develop three glycan-indexes of intact
transferrin glycoprofiling namely normal glycosylation index (NGI), lack of
galactose index (LOGI), and lack of complete glycan index (LOCGI) based on the
glycosylation characteristics of PGM1-CDG to monitor specific effects of oral
D-galactose therapy. These glycomarkers will result in early diagnosis of novel
PGM1-CDG patients, and allow further optimization of oral D-galactose as supplementation therapy.
In Part III (Chapter 6-7), glycomics and genomics are applied in a combined
fashion to improve gene identification and diagnosis in CDG.
In Chapter 6, we combined the glycomics approaches of intact transferrin and
total plasma N-glycoprofiling with genomics via whole exome sequencing (WES)
in a large cohort of 99 patients with CDG-II. Hierarchical clustering of glycomics
data allowed to define a subgroup of patients which turned out to have the same
novel defect in SLC10A7, a solute carrier with unsolved function. Molecular
studies in zebrafish and cellular models revealed an unexpected role of SLC10A7
in bone mineralization via disrupting post-Golgi vesicular transport. Our study
highlights the opportunities of combining glycomics and genomics for disease
gene identification and unravels SLC10A7 as a novel important factor for bone
mineralization and protein sorting.
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In Chapter 7, we evaluated the combination of total plasma N-glycoprofiling and
targeted sequencing by single molecule Molecular Inversion Probes (smMIPs) in
a large cohort of 116 CDG-I patients. In summary, we found several novel glycomarkers for rapid diagnosis of CDG-I subtypes such as a fucosylated N-pentasaccharide in ALG1-CDG and specific high mannose glycoprofiles for diagnosis of
ALG12- and ALG9-CDG. Moreover, by combining glycomics, clinical phenotyping
and targeted sequencing by smMIPs, we solved the majority of cases with
unsolved CDG-I. This resulted in a proposed workflow for CDG-I diagnostics,
consisting of plasma glycomics, clinical phenotyping and smMIPs sequencing of
candidate genes.
Lastly, in Chapter 8, we discuss the developments of porous graphitized carbon
(PGC)-liquid chromatography (LC)-MS and of glycoproteomics technology for
their potential in future biomarker discovery for CDG.
In this thesis, we have shown the relevance of glycomics by mass spectrometry
to improve CDG patient care by identification of novel glycomarkers for diagnostics
and glycan-indices for therapeutic monitoring of PGM1-CDG. This is just a beginning
of a journey to identify diagnostic and therapeutic markers for additional forms
of CDG and is a first step towards understanding the disease mechanisms in the
individual CDG gene defects.
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