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ARTICLE INFO ABSTRACT

Background: Glycosylation is one of the most complex post-translational modifications of proteins and lipids,
notably requiring many glycosyltransferases, glycosidases and sugar transporters encoded by about 1-2% of all
human genes. Deleterious variants in any of them may result in improper protein or lipid glycosylation, thus
yielding the so-called ‘congenital disorders of glycosylation’ or CDG.

Scope of review: We first review the current state of knowledge on the common blood and cellular glycoproteins
used in the biochemical screening of CDG, as well as the emerging ones for an improved diagnosis. We then
provide an overview of the current state-of-the-art methodologies ranging from gel electrophoresis to mass
spectrometry to measure improper glycosylation. Finally, we discuss how additional tools such as metabolomics
and microfluidics can be added to the current toolbox to better diagnose and delineate CDG.

Major Conclusions: Combining several biochemical indicators and related methods is often required to cope with
the large clinical heterogeneity of CDG and establish a definitive diagnosis.

General significance: This review aims to critically present current available CDG biochemical biomarkers and
dedicated methods in the context of highly diverse glycosylation pathways and related inherited diseases.
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1. Introduction concerns most of the circulating and membrane glycoproteins [2]. N-

glycans share a common chitobiose core (MansGlcNAc,) to which a

Approximately half of the human proteins are glycosylated [1].
Protein glycosylation influences protein structure, stability and function
and notably plays major roles in cellular interactions, immune response
and cancer. This abundant post-translational modification mainly in-
cludes N-glycosylation where an oligosaccharide chain is linked to an
asparagine (Asn) residue within an N-X-S/T motif (X being any amino
acid except proline), and the O-glycosylation involving a glycosidic
linkage to a serine (Ser) or a threonine (Thr) residue. N-glycosylation

variety of monosaccharides and other glycan modifications can be
added to the non-reducing termini with particular linkages. Concerning
the highly heterogeneous O-glycosylation, three main types of O-gly-
coproteins have been particularly studied, namely the mucin family (O-
GalNAc linkage), the proteoglycans (PGs) carrying distinct sulfated
glycosaminoglycan (GAG) chains (O-Xyl linkage) and the alpha-dys-
troglycan (aDG) protein bearing specific O-mannosylated structures
[3]. Moreover, other types of glycosylation occurring in GPI-anchored
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Fig. 1. Glycosylation status of serum transferrin (Trf) in controls and CDG-I.
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The two Trf-linked poly-antennarye complex-type N-glycans account for 6-sialo and 5-sialo Trf (~15-20% of total Trf in controls). The major Trf glycoform (~80% in
controls), i.e. 4-sialo Trf, bears two bi-antenated and bi-sialylated complex-type N-glycans and is markedly decreased in CDG-I. The 3-sialo Trf (~4% in controls)
classically results from the loss of one terminal SA. The 2-sialo Trf, classically lacking one complete N-glycan, is found at low level (~1%) in controls and is markedly
increased in CDG-I. The O-sialo Trf, classically lacking two entire N-glycans is undetectable in controls and typically elevated in CDG-I. The 1-sialo Trf is not shown

since poorly relevant in controls and CDG-I.

protein synthesis, O-galactosylation (collagens) and O-GlcNAcylation
are also relevant in human pathophysiology.

Congenital disorders of glycosylation (CDG) constitute an ever-
growing group of genetic diseases affecting the glycosylation of proteins
and lipids. With few exceptions, these are multisystem disorders. Since
the first report by Jaeken and col. in 1984 [4], more than 150 distinct
CDG have been described, in agreement with the diversity and com-
plexity of glycosylation [5]. It is important to note that in a quite re-
stricted way, the first denomination of the so-called ‘CDG’ (for ‘carbo-
hydrate deficient glycoprotein’) only referred to N-glycosylation
defects. On this basis, type I CDG (CDG-I) and type II CDG (CDG-II)
were defined according to the impact of the underlying variants based
on the N-glycosylation pattern of serum transferrin (Trf).

In CDG-I, gene variants (~ 40 identified to date) partially affect the
N-glycan biosynthesis before or during the ‘en-bloc’ transfer of the
GlcNAc,MangGles structure from the dolichol phosphate lipid anchor to
an Asn residue of a nascent protein. Such defects lead to partial occu-
pancy of Trf N-glycosylation sites characterized by typical Trf iso-
electric focusing (TIEF) type 1 pattern with the normal fully glycosy-
lated glycoform co-existing with underglycosylated ones missing entire
N-glycan chains. Noteworthy, similar Trf N-glycosylation defects are
present in untreated galactosemia and hereditary fructose intolerance
(secondary CDG). In CDG-II, the defects concern the N-glycans bio-
synthesis steps following the GlcsMangGlcNAc, transfer. Thus, CDG-II-
causing variants (several tens identified to date) directly or indirectly
affect the trimming and/or processing of protein-linked oligosacchar-
ides, leading to a type 2 TIEF pattern. Besides these N-glycosylation
defects are also O-glycosylation defects (in mucin-type O-glycosylation,

GAG biosynthesis and O-mannosylation), GPI anchor synthesis defects
and lipid glycosylation defects.

As rare but potentially highly severe inherited diseases, CDG need to
be rapidly detected in order to limit diagnostic wavering and to in-
troduce as fast as possible curative treatment (when available) and/or
symptomatic support therapies [6] [7] [8]. Furthermore, a rapid
identification of an index CDG patient should enable a prenatal diag-
nosis for future at-risk pregnancies in the related family.

The biochemical biomarkers are at the crossroad in the CDG diag-
nosis. Indeed, in the ‘classical pathway’ i.e. ‘from the clinics to the
genetic diagnosis’, the first-line CDG screening is usually performed by
interrogating available blood and/or cellular CDG biomarkers in sug-
gestive patients. Moreover, with the advent of powerful next generation
sequencing (NGS) genetic tools such as whole exome sequencing (WES),
the always-increasing ‘inverse pathway’, i.e. ‘from the genetic screening
to the firm definitive diagnosis validation’, the biochemical CDG bio-
markers are frequently necessary to assert the causality of suspected
variants.

An arsenal of techniques is often necessary to cope with the huge
clinical heterogeneity of CDG and end with a definitive diagnosis. Based
on our CDG screening field experience, this review summarizes the
current state-of-the-art about the available CDG biochemical bio-
markers and the common and emerging methods used for CDG diag-
nosis. First, the relevant glycan structures of most of them are presented
and envisaged in the CDG context. Then, the current screening methods
are critically described. Lastly, outlooks for new CDG biomarkers and
for promising dedicated microfluidics devices are discussed.
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2. Biomarkers of N-glycosylation defects
2.1. Transferrin

Serum transferrin (Trf) has been, is, and will probably remain for a
long time, the first-line biomarker for the routine screening of CDG with
an N-glycosylation defect [4] [9]. Trf is an abundant 79 kDa serum/
plasma glycoprotein of liver origin extensively studied as the main iron
transporter, a negative inflammation protein (whose blood level de-
creases under inflammation) and a biomarker for chronic alcoholism
[10] [11]. In terms of glycosylation, Trf carries two Asn-linked bi-an-
tennary N-glycan chains. In physiological conditions, Trf N-glycosyla-
tion macroheterogeneity is limited, with full occupancy of both N-gly-
cosylation sites at Asn*'® and Asn®'’ [2]. Concerning N-glycosylation
microheterogeneity, ~80% of the two Trf-linked complex-type oligo-
saccharides are fully mature and terminated by two negatively charged
sialic acids (SA), thus leading to the major tetra-sialo Trf (4-sialo Trf)
glycoform. While the global poly-antennary glycoforms (5-sialo Trf and
6-sialo Trf) relative amounts could vary between 10% to 20% of total
Trf, the hyposialylated forms, namely 3-sialo and 2-sialo Trf, represent
minor entities with normal values at ~4% and ~ 1%, respectively [12]
(Fig. 1). For the assessment of chronic alcohol abuse, the primary target
analyte for the calculation of the so-called ‘Carbohydrate Deficient Trf’
percentage value (CDT %) has been internationally defined as the 2-
sialo Trf [13]. In CDG-I, the partial lack of entire N-glycan normal
chains generates a relative decrease of the 4-sialo Trf and the marked
relative increases of the 2-sialo and asialo Trf glycoforms (Fig. 1).
Furthermore, these CDG-I related variations are accompanied by mo-
lecular weight (MW) differences of ~2.2 kDa (one missing N-glycan
chain) and ~ 4.4 kDa (2 missing N-glycan chains) compared with fully
glycosylated Trf glycoform. In CDG-II, deficient N-glycans trimming/
processing often leads to more or less combined increases of the 3-sialo
to asialo Trf glycoforms with generally discrete MW differences of a few
hundred Daltons [9] [14]. Besides terminal SA-related heterogeneity,
Trf-linked oligosaccharides can be physiologically more or less fuco-
sylated [15]. Lastly, Trf protein genetic polymorphisms are not un-
common (~2-3%) and can generate confusing charge variations.
Classically, the occurrence of Trf polymorphisms can be corroborated
after the removal of negatively charged terminal SA using neur-
aminidase treatment [16].

2.2. al-antitrypsin

Alpha-1-antitrypsin (A1AT) is an acute-phase glycoprotein, essen-
tially of liver origin, and normally N-glycosylated at both Asn*®, Asn®®
and Asn®*” [17]. Although individual N-glycan macroheterogeneity
(glycosylation site occupancy) and microheterogeneity (changes in the
N-glycan structural repertoire) levels are similar to those of Trf, the
presence of 3 glycosylation sites can generate more (up to 8) differen-
tially charged normal A1AT glycoforms [18]. Glycosylation pattern of
Al1AT can currently be proposed as an alternative CDG biomarker,
notably during the first weeks of life (up to the third month) where Trf-
linked N-glycans chains are sometimes incomplete [19] [20]. In addi-
tion, in CDG-I patients, it has been shown that glycosylation sites at
Asn®? and Asn®*” were preferentially unoccupied while Asn*® was never
deglycosylated (Fig.S1) [18]. Thus, as for Trf, detected MW differences
in CDG-I account for ~2.2 kDa (one missing N-glycan chain)
and ~ 4.4 kDa (2 missing N-glycan chains), compared to fully glyco-
sylated A1AT.

2.3. Haptoglobin and al-acid glycoprotein

The B-chain of haptoglobin (Hpt) and al-acid glycoprotein (AGP)
can be used as routine CDG protein biomarkers [21] [22]. However,
since Hpt and AGP have 4 and 5 N-glycosylation sites, respectively their
glycosylation/sialylation states are complex to decipher and cannot be
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easily examined using charge-based separation techniques. Further-
more, the existence of additional unglycosylated a-chains for Hpt and
highly acidic isoelectric points (pI) for AGP glycoforms, significantly
complicate the implementation of such techniques. Thus, Hpt and AGP
can be mainly used for the screening of CDG-I, where the losses of entire
N-glycan chains can be efficiently detected using MW-based protein
separation methods.

2.4. Other N-glycoproteins including the coagulation factors

Other serum N-glycoproteins have been used or considered for CDG
screening, including thyroxin-binding globulin (TBG), anti-thrombin
(AT) and ceruloplasmin (Cp), with no evident added value as first-line
biomarkers when compared to Trf and A1AT [23] [24] [25]. Never-
theless, in case of uninterpretable (low Trf level) or ambiguous Trf
pattern (e.g. protein polymorphism), or during the first weeks of life,
they may have some interests similarly to A1AT, Hpt and AGP. The
targeted study of serum IgG glycosylation has also attracted interest for
CDG detection [26]. Indeed, being of non-hepatic origin (contrary to
the glycoproteins mentioned above), IgG concentration level and gly-
cosylation are less affected by liver and/or inflammatory diseases fre-
quently encountered in CDG. For example, IgG glycosylation is altered
in MOGS-CDG (mannosyl-oligosaccharide glucosidase deficiency) de-
spite normal Trf glycosylation pattern [27]. However, the very high
complexity and variability of IgG glycosylation hitherto hampered the
development of robust and reliable routine screening tests. Lastly,
coagulation factors activities, notably those of AT and factor XI, are
frequently markedly decreased in CDG [28]. Moreover, such defi-
ciencies can sometimes be the only biochemical sign of the disease [29]
[30]. Hence, we strongly think that more or less isolated and un-
explained decreased procoagulant or anticoagulant factors should
suggest a CDG.

2.5. Total serum N-glycans

The mass spectrometry (MS) analysis of whole serum/plasma N-
glycans enzymatically released from N-glycoproteins (Fig.S2) is cur-
rently mainly used for second-line characterization of N-glycan defects
associated to a CDG-II Trf profile [31]. However, protein N-glycan
profiling has been recently proposed as a sensitive, robust and semi-
quantitative method for the screening of CDG characterized by unusual
N-glycan signatures [32]. The removal of protein-linked N-glycans is
classically achieved by peptide-N-glycosidase F (PNGase F), which
cleaves between the first GlcNAc of N-linked oligosaccharides and the
Asn residue from N-glycoproteins (except when the innermost GlcNAc
is linked to an al,3-fucose). Furthermore, Endo-pB-N-acet-
ylglucosaminidase H (EndoH), which cleaves between the two GlcNAc
of various high-mannose and hybrid-type N-linked oligosaccharides,
has been successfully used for the detection/diagnosis of CDG affecting
the early steps of N-glycan processing in the Golgi apparatus (GA). For
example, in MAN1B1-CDG, serum N-glycomics (following EndoH
cleavage) revealed the accumulation of hybrid-type N-glycans that are
not usually present in control subjects [33]. Interestingly, a recent study
by Ashikov et al. [34] demonstrated that plasma N-glycomics in com-
bination with hierarchical clustering could efficiently stratify patients
when applied to a cohort of 99 individuals with abnormal Golgi gly-
cosylation (47 of which being unsolved). This approach proved relevant
by segregating a subgroup of four patients characterized by a shared
specific glycomic profile, characterized by decreased sialylation, an
increase of high-mannose glycans and in glycans lacking GlcNAc, re-
flecting unexpected variants in the SLCI10A7 gene as further confirmed
by gene sequencing.

2.6. Other cellular CDG biomarkers (N-glycosylation)

Besides circulating CDG biomarkers, there is a need for
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corresponding molecules at the cellular level. In peculiar cases (post-
mortem diagnosis...), such cellular biomarkers may be useful for initial
CDG screening. More importantly, they can be used to test candidate
defective gene complementation and/or potential treatments in N-gly-
cosylation deficient cells. Intercellular cell adhesion molecule-1 (ICAM-
1) has been identified as an interesting cellular CDG-I biomarker based
on (i), its significant decrease observed in 31 CDG-I fibroblasts and (ii),
on its clear recovery observed after PMM2-CDG cells gene com-
plementation and mannose treatment of MPI-CDG cells [35]. In the
same way for CDG-II, the lysosomal associated membrane protein 2
(LAMP2) glycosylation pattern was shown to be dramatically altered in
TMEM165-CDG cells, with major improvement under galactose treat-
ment [36].

3. Biomarkers of O-glycosylation defects

3.1. Apolipoprotein C-III: a blood biomarker of mucin corel O-glycosylation
defects

Apolipoprotein C-III (apoC-III) is a relatively abundant mucin corel
O-glycosylated serum protein (~0.1-0.5 mg/mL), synthesized in the
liver and intestine, and importantly implied in lipid metabolism [37].
The major normal apoC-III glycoforms carry at Thr’* one (Gal-GalNAc)
disaccharide (i.e. corel) substituted by one SA (apoC-III;, ~60% of total
apoC-III) or two SA (apoC-III,, ~40%). Besides these two sialylated
glycoforms, the minor asialylated one (apoC-Illy) circulates at a per-
centage below ~10% of the total glycoform pool (Fig. 2A). In addition,
very small amounts of fucosylated and asialylated mucin core2 apoC-III
glycoforms have been described [38] [39] [40]. For CDG screening, the
major interest of apoC-III is that it is O-glycosylated in the GA. Thus,
marked alterations in the apoC-IIly,; , relative abundances can reflect a
GA overall defect. When investigated alone, the specificity of apoC-III
towards CDG screening is poor since acquired conditions such as obe-
sity and liver diseases are frequently accompanied by altered patterns
[41]. In contrast, if considered in the second-line after a CDG-II Trf
pattern, an associated abnormal apoC-III glycoform profile can or-
ientate towards gene variants affecting the GA homeostasis. [llustrative
examples are relative increases of apoC-III, (‘apoC-III,y’ patterns) found
in COG-CDG (GA trafficking defects) or the ‘apoC-III;’ patterns found in
ATP6VOA2-CDG or CCDC115-CDG (GA acidification defects) [42] [43].
Noticeably, GALNT2-CDG (N-acetyl-galactosamine-transferase 2 defi-
ciency) is to date the only CDG specifically affecting mucin-type O-
glycosylation with markedly abnormal apoC-Ill, profiles. [44].

3.2. Bikunin: a promising blood biomarker of defects in O-xylose GAG

Bikunin (Bkn) is a serum proteoglycan (PG) synthesized in the liver.
The protein core bears at Ser’® a chondroitin sulfate (CS) chain con-
sisting in the GAG common tetrasaccharide linker, i.e. (GlcA-Gal-Gal-
Xyl-O) further elongated by 15 + 3 (GlcA-GalNAc) sulfated dis-
accharide motifs (Fig. 2B). Additionally, one or two glycoprotein(s)
named ‘heavy chain(s)’ can bind the CS chain, thus generating serum
inter-a-trypsin inhibitor (ITI) and pro-a-trypsin inhibitor (Pal), re-
spectively [45]. It has been shown that abnormal serum Bkn light forms
can be detected in patients with linkeropathies, i.e. rare osteoarticular
genetic diseases due to biosynthesis defects in the initial tetrasaccharide
linker [46]. More precisely, samples from patients with mutated
B4GALT7, B3GALT6, B3GAT3 and CHSY1, showed the presence of ab-
normal Bkn isoforms (Fig. 2B). Noteworthy, one XYLTI1-mutated pa-
tient's sample did not show abnormality since the corresponding en-
zyme, i.e. xylosyltransferase-1, is not expressed in the liver and
replaced by xylosyltransferase-2 [47].

3.3. Alpha-dystroglycan: a cellular biomarker of O-mannosylation defects

Alpha-dystroglycan (aDG) is a cell surface glycoprotein belonging
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to the dystroglycan complex. In muscles, the dystroglycan complex
interacts with the membranous sarcoglycan complex and bridges ex-
tracellular laminin to the actin-associated subsarcolemnal dystrophin
[48]. A part of aDG carries a unique recently elucidated O-glycosylated
structure consisting in [(Ribitol-phosphate),-GalNAc(phosphate)-
GlcNAc-Man-O-] followed by repeated (GlcA-Xyl) disaccharide motifs
(Fig. 2C) [49]. Variants in genes encoding for enzymes directly or in-
directly (GDP-mannose biosynthesis) implied in the building of this O-
mannosylated structure cause abnormal aDG glycosylation leading to
congenital muscular dystrophies termed alpha-dystroglycanopathies
(alpha-DGpathies) [50]. Alpha-dystroglycan, the sole identified glyco-
protein bearing O-linked mannosylation, is a cellular biomarker of
alpha-DGpathies when investigated in muscle biopsies using appro-
priate antibodies [51]. Moreover, markedly decreased enzymatic mea-
surements in lymphoblasts from patients with alpha-DGpathies have
been reported [52]. Lastly, since some alpha-DGpathies-related genes
code for enzymes involved in the GDP-mannose metabolism (e.g.,
DPM1, DPM2, DPM3, DOLK...), corresponding variants can be asso-
ciated to CDG-I serum Trf profiles [53] [54].

4. Biomarkers of GPI anchor defects

Glycophosphatidyl inositol (GPI) anchors are glycolipids consisting
of phosphatidyl-inositol (PI) linked to (Man-Man-Man-GlcN-) (where
GlcN is glucosamine) elongated by ethanolamine phosphate (Fig. 2D).
Once synthesized at the ER membrane, this structure is linked to the C-
termini of newly synthesized proteins, further remodeled in ER and GA,
and finally attached to the plasma membrane, forming GPI-anchored
proteins (GPI-APs) [55]. In humans, are concerned more than 150 GPI-
APs, which play important roles in embryogenesis, development and
cellular interactions. With the rise of WES, numerous deleterious var-
iants in genes involved in the biosynthesis, protein attachment and
remodeling of the GPI anchor are increasingly identified and can be
grouped in a new CDG subclass with a large variety of symptoms [56].
As an example among 22 identified inherited GPI biosynthesis defi-
ciencies (IGDs), hypomorphic variants in PIGM, coding for one com-
ponent of the enzyme complex responsible for the first Man linkage to
the GlcN, were associated to severe vein thrombosis and epilepsy in 3
patients from two unrelated families [57].

Current and relatively accessible biomarkers for IGDs include GPI
itself and distinct GPI-APs variably expressed at the surface of patient's
blood cells/fibroblasts and of genetically modified cell lines. Indeed,
protein-linked GPI can be stained by the fluorescent inactivated toxin
aerolysin (FLAER) whereas the classically explored GPI-APs mainly
comprise CD16, CD24, CD55 (or DAF for decay accelerating factor) and
CD59 differentially expressed and inconstantly modulated on granulo-
cytes, erythrocytes, fibroblasts or lymphoblastoid cell lines. In addition,
a recently described [58] monoclonal antibody (mAb), generated from
Toxoplasma gondii and termed ‘T5-4E10 mAb’, has been shown to spe-
cifically recognize free GPIs at the cell surface with promising po-
tentialities for the detection of IGDs affecting the protein linkage to the
GPI anchor [59]. In view of the great diversity of explored GPI-APs and
related modulations, we propose in the Supplementary Table 1 an
overview of the majority of reported variations in the 22 IGDs described
to date.

It must be also underlined that alkaline phosphatase (ALP), whose
biosynthesis involves a GPI anchoring step, is persistently increased in
the serum (hyperphosphatasia) of a number of IGDs. More precisely
(Supp. Table 1), described deficiencies in PIGB, PIGO, PIGV, PGAP2 and
PGAP3 genes are clearly accompanied by hyperphosphatasia whereas
PIGC, PIGG, PIGH, PIGK, PIGM, PIGS, PIGU and GPAA1 deficiencies
share normal serum ALP. For PIGA, PIGL, PIGN, PIGP, PIGQ, PIGW,
PIGY and PGAPI defects, data about serum ALP are less clear needing
additional patients' recruitment. Lastly, all the described PIGT-CDG
individuals strikingly had decreased or normal serum ALP levels [56]
[60].
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Fig. 2. Biomarkers of various O-glycosylation defects and structure of the GPI anchor.
A) Apolipoprotein C-III (apoC-III) is a serum corel (i.e. Gal-GalNAc) O-glycosylated protein bearing either two terminal SA (apoC-IIl,), one SA (apoC-III;) or no

glycan chain (apoC-IIly).

B) Bikunin (Bkn) is a serum proteoglycan bearing a chondroitin sulfate (CS) chain consisting in the common GAG tetrasaccharide linker elongated by CS-specific
repeated disaccharide motifs. The CS chain can be esterified by ‘heavy chain’ (HC) proteins.

C) Alpha-dystroglycan (aDG) is the unique cellular protein carrying (in muscles) the presented original O-mannosylated glycan structure.

D) Details of the glycan structure of the glycophosphatidyl inositol (GPI) anchor; GPIAP: GPI-anchored protein.

5. Orphan CDG lacking reliable biomarkers and false-negative
CDG

In agreement with the complexity of glycosylation and notably its
regulation paths, an important number of CDG currently lack an ap-
propriate blood biomarker. In particular (see ref. [14]) for a more
complete list), the described deficiencies in the GlcNAc/SA pathway

(e.g. PGM3-CDG, NANS-CDG or GNE-myopathy) were unexpectedly not
associated with evident hyposialylation of serum/plasma Trf and/or
apoC-III [61]. The absence of blood/muscular biomarkers for GNE
myopathy was considered to have contributed, among other causes, to
the recent failure of a phase 3 clinical trial with SA [62]. In addition,
false negative screening tests have been reported in various CDG in-
cluding PMM2-CDG (notably in adult patients), ATP6VOA2-CDG and
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SLC35A2-CDG [63] [64]. The more commonly evoked explanation for
these discrepancies points to the liver-restricted origin of the common
CDG biomarkers. Hence, the existence (in case of non-null variants) of a
sufficient hepatic residual protein activity could have permitted the
normal sialylation of Trf/apoC-III, at least under basal synthetic re-
quirements. Lastly, these cases must encourage (i) repeating the CDG
screening tests when confronted to unexpected negative results and (ii),
continuing research efforts dedicated to new CDG biomarker discovery.

6. Current CDG screening methods and glycosylation profiles
6.1. Isoelectric focusing

First introduced in 1984 [4], Trf isoelectric focusing (TIEF) is con-
sidered as the gold-standard method for CDG screening. IEF allows the
SA related charge-based separation of various protein glycoforms in a
pH gradient generated through either immobilines or prefocused am-
pholytes in an agarose or polyacrylamide gel. For Trf, iron-saturated
glycoforms are then classically detected after in-gel immunofixation
and Coomassie-blue staining [65]. Although time-consuming (~48 h),
labor-intensive, poorly reproducible and rather poorly quantitative,
TIEF is a very resolutive technique for accurate separation of Trf gly-
coforms. TIEF requires low sample volume (~10 pL) but is not com-
patible with EDTA as anticoagulant because it chelates iron. It can also
be implemented, depending on storage conditions, to total blood on
Guthrie card [66]. As illustrated in Fig. 3, TIEF allows separating 6-sialo
to 2-sialo Trf in controls with a major band for 4-sialo Trf. In CDG, it
shows typical patterns with increased 2-sialo and 0-sialo Trf in most
CDG-I samples and of 3-sialo to O-sialo Trf in most CDG-II samples. In
case of ambiguous TIEF profiles suggesting a CDG, the existence of a
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potential protein variant needs to be ruled out after neuraminidase
treatment [67]. Indeed, once the terminal SA enzymatically removed,
the presence of only one 0-sialo Trf band demonstrates that Trf isoform
charge heterogeneity is only related to glycosylation, thus excluding a
protein variant. By contrast, the presence of two 0-sialo Trf bands is
strongly suggestive of a Trf genetic polymorphism (Fig. 3). TIEF of the
samples of patient's parents (if available) can also permit to exclude a
Trf variant. Sometimes, a CDG coincides with a Trf protein variant.

Regarding apoC-III, IEF-separated glycoforms are transferred by
diffusion onto a nitrocellulose sheet followed by a classical antibody-
based detection [38]. Besides being poorly quantitative, this technique
does not permit to distinguish the unglycosylated apoC-III form, ele-
vated in COG-CDG, between the various asialylated glycoforms. Lastly,
IEF can also notably be applied to AAT [68] and other CDG serum
biomarkers such as TBG and AT [24].

6.2. HPLC

High-performance liquid chromatography (HPLC) with anion-ex-
change column and detection at 470 nm allows efficient separation of 6-
sialo to 0-sialo iron-saturated Trf glycoforms according to differences in
SA-related charge and glycan structure. A typical HPLC analysis is
usually performed in around 20 min and semi-automation allows the
analysis of long series. Required sample volumes are quite low
(~100 pL) and most of the anticoagulants, including EDTA, are com-
patible. The limit of quantification (LOQ) is ~0.1% allowing, in con-
trast to TIEF, a quantitative and objective interpretation of Trf patterns.
Furthermore, measured within-day and between-day % CVs are sa-
tisfactory [69]. In view of its analytical performances, HPLC is now
positioned as the reference procedure for the alcohol-related CDT %

Fig. 3. Transferrin isoelectric focusing (TIEF) pat-
terns in controls and CDG.

A) In controls, TIEF separates 6-sialo to 2-sialo Trf
with 4-sialo Trf being the dominant glycoform. In
CDG-I (e.g. PMM2-CDG and MPI-CDG), the 2-sialo
and O-sialoTrf glycoforms are classically markedly
increased at the expense of 4-sialo Trf. In CDG-II (e.g.
PGM1-CDG, a mixed CDG-I + II), increases of 3-sialo
Trf to O-sialo Trf are typically observed.

B) In case of a Trf variant, two dominant glycoforms
are present and can suggest a CDG. Neuraminidase
treatment allows to alleviate the doubt by revealing
either two marked 0O-sialo Trf bands (Trf variant) or
only one 0-sialo Trf band (absence of Trf variant).

+ neuraminidase
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measurement [13] and has been extensively used for CDG screening.

Helander et al. [70] first reported in 2008 the HPLC Trf analysis of 9
CDG-I and 4 CDG-II cases. In all tested CDG-I patients, typical increased
relative amounts of 2-sialo and 0-sialo Trf were observed compared to
controls (n = 174). Furthermore, mean % values of 2-sialo and 0-sialo
Trf in CDG-I patients were clearly higher than those of heavy alcohol
drinkers (n = 74). In CDG-II, relative increases of 3-sialo to 0-sialo Trf
were observed compared to controls whereas mean % values of 3-sialo,
1-sialo and O-sialo Trf (but not 2-sialo) were higher than those of al-
cohol drinkers. In addition, HPLC and TIEF showed a good correlation
for CDG screening although HPLC was suggested to be less resolutive
notably for the detection of some Trf protein variants [71] [72]. Con-
cerning this latter point, it should be mentioned that the HPLC method
can be carried out after neuraminidase treatment to check for a Trf
genetic polymorphism.

6.3. Capillary zone electrophoresis

Capillary zone electrophoresis (CZE) coupled to UV detection at
200 nm is an automated, fast and accurate separation/quantification
technique for the iron-saturated Trf glycoforms. As for HPLC, Trf gly-
coform separation is based on the glycan sialylation level and structure
variability. CZE has short analysis times (up to 10 min per sample), very
satisfactory analytical performances and good robustness. Thus, for
CDT % measurement in chronic alcohol abuse, CZE is strongly corre-
lated to the reference HPLC procedure [73], although higher 2-sialo Trf
% values were often reported for the latter one [72]. In the field of CDG,
the main available CZE methods (Capillarys® CDT kit, Sebia and CDT
reagent kit CEofix®, Analis) allow the efficient separation of the 5-sialo
to O-sialo Trf glycoforms, with a LOQ ~0.5% and an excellent corre-
lation with TIEF and HPLC for the screening of CDG-I, CDG-II and
mixed CDG-I + II [74] [75] [76] (Fig. 4). Furthermore, CZE is com-
patible with neuraminidase treatment in case of Trf polymorphism
suspicion and can be implemented for the analysis of small sample
volumes (5 pL in nanoVials; kit CEofix) and to serum extracted from
Guthrie cards. To our knowledge, EDTA anticoagulant is not CZE-
compatible.

For the separation of apoC-III glycoforms and detection of mucin
core 1 O-glycosylation defects, a CZE method has been recently de-
veloped showing promising results on distinct batches of purified
human plasma-derived apoC-III [77]. However, apoC-III glycoform CZE
analysis from crude samples still needs optimization.

6.4. One-dimensional western blot analysis

Classical western blotting after sodium dodecyl sulphate-polyacry-
lamide gel electrophoresis (SDS-PAGE) allows MW-based separation
and sensitive detection of the most usual blood CDG biomarkers.
Western blot can be relatively standardized using ready-to-use precast
gels, well-defined transfer and antibody-based detection procedures. It
allows the analysis of up to 30 samples in one run and is fully com-
patible with all anticoagulants as well as with whole blood recovered
from Guthrie cards (with less stringent storage conditions than TIEF). In
healthy patients, Trf and A1AT are separated in the form of one protein
band while Hpt -chain shows two bands. For heavily N-glycosylated
AGP, a large and diffuse band is observed (Fig. 5A). In CDG-I, the
partial lack of entire ~2.2 kDa N-glycans chains typically leads to the
appearance of lower additional bands together with persisting normal
one(s) [21]. Thus, for Trf, two additional bands are usually detected in
CDG-I, corresponding to the loss of one or two entire N-glycan chains in
significant amounts when compared to the native protein (Fig. 5A). In
the majority of CDG-II, western blot patterns are usually normal since
the associated mono — /poly-saccharide(s) losses do not generate clearly
detectable MW differences compared to controls. However, important
exceptions notably concern MGAT2-CDG (formerly CDG-IIa) and
B4GALT1-CDG (CDG-IId) where the enzyme deficiencies are quasi-
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complete, generating at least one lower band and the disappearance of
the normal one(s) (Fig.S3) [31]. Lastly, one-dimensional western blot
analysis of Trf is interestingly not subjected to genetic polymorphism
since related amino acids changes generally do not significantly affect
the Trf MW.

Although already applied to apoC-III glycoforms [78], western blot
does not permit their efficient separation for CDG-II characterization.
For the bikunin PG, western blot applied to control serum/plasma al-
lows to distinguish the core protein at ~25 kDa and the isoform car-
rying the CS chain between 30 kDa and 37 kDa. In samples from pa-
tients with linkeropathies, abnormal forms (~27-29 kDa) are clearly
detectable reflecting an enzymatic blockade in the earlier steps of the
GAG chain biosynthesis (Fig. 5B) [46].

Cellular biomarkers, ICAM-1, LAMP2 and alpha-DG can be in-
vestigated using western blot procedures. In fibroblasts of CDG-I pa-
tients, ICAM-1 is absent or considerably reduced; when hypoglycosy-
lated, it fails to localize at the plasma membrane [35]. [n TMEM165
mutated cells, western blot of the heavily glycosylated protein LAMP2
shows a major MW decrease secondary to hypoglycosylation [79].
Concerning aDG, western blot is usually applied to protein extracts
from muscles biopsies and detection is achieved by using glycosylation-
specific VIA4_1 and/or ITH6C antibodies [80]. In aDGpathies, since O-
mannosylation is affected, aDG western blot staining is classically ab-
sent or severely reduced compared to control [81].

6.5. Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis (2-DE) is a gel-based protein
separation method combining IEF and SDS-PAGE, in this order. It has
been extensively applied to the CDG study [82] and, although fre-
quently termed as ‘old fashioned’ [83], it keeps interests for CDG
screening. When coupled to western blotting, it can be used for the
simultaneous detection of various blood CDG biomarkers including Trf,
A1AT, Hpt (Fig. 6A) and apoC-III glycoforms (Fig. 6B). Noteworthy, 2-
DE enables the unambiguous separation of the Hpt a-chains and N-
glycosylated B-chains, with potentially improved CDG screening per-
formances for the latter ones [22]. Regarding the O-glycosylated apoC-
III, it notably separates distinct asialylated glycoforms, currently not
accessible using the charge-based IEF techniques [39] (Fig. 6B). As
HPLC and classical western blot, 2-DE is compatible with whole blood
on Guthrie cards.

6.6. Mass spectrometry (MS) techniques

MS techniques are among the most powerful methods for the sen-
sitive and comprehensive analysis of glycoproteins as well as for the
evaluation of glycosylation sites and determination of oligosaccharide
structures [84] [85]. The contribution of MS (especially high-resolution
techniques) to the characterization and diagnosis of CDG has long been
recognized for the analysis of both N- and O-glycosylation defects. MS-
based analysis of protein glycosylation for CDG screening can be ac-
complished at different levels (listed in a descending order of use): i) on
glycans previously released from proteins (glycomics), ii) at the intact
protein level or iii) on glycopeptides following glycoprotein proteolysis
(glycoproteomics, Fig. 7). MS-based serum/plasma N-glycomics and
Trf/apoC-III glycosylation assessed at the intact protein level represent
the most common approaches in the clinic. For some CDG-specific ex-
amples, the reader is referred to the recent review of Abu Bakar et al.
[86]. MS analysis of released glycans yields direct compositional in-
formation, i.e. the number of constituting monosaccharides. Glycan
stereochemistry and branching can be deeply investigated using effi-
cient chromatographic separation, tandem MS experiments, or ion
mobility spectrometry structures [84] [85]. Protein and site-specific
glycans can also be simultaneously characterized from glycoproteomics
experiments. Matrix-assisted laser desorption/ionization (MALDI) and
liquid chromatography coupled to electrospray ionization (ESI) provide
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Fig. 4. Capillary zone electrophoresis (CZE) Trf profiles in control and CDG.
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CZE separates Trf glycoforms according to charge and structure variability. In control, the 4-sialo Trf glycoform bearing two complex-type bi-antennary N-glycans is
the dominant form. In CDG-I, increases of 2-sialo Trf (one missing N-glycan chain) and 0-sialo Trf (two missing N-glycan chains) are observed. In CDG-II, mixed
increases of 3-sialo Trf to O-sialo Trf are classically observed traducing the absence of terminal SA.
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Fig. 5. Western blot patterns of various serum CDG
biomarkers.

A) Western blot of Trf, A1AT, AGP and Hpt in control
(left) and CDG-I (right). In CDG-I, additional lower
bands are observed, traducing the increased levels of
glycoforms missing complete N-glycan chains.

B) Western blot of serum/plasma bikunin showing,
when compared to controls (C1 to C4), the marked
increase of an abnormal ~27 kDa form (arrow) in a
linkeropathy case (LK). Bkn: bikunin core protein;
CS: chondroitin sulfate.
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Fig. 6. Two-dimensional electrophoresis (2-DE) of various serum CDG biomarkers and apolipoprotein C-III (apoC-III) in controls and CDG.

2-DE separates serum glycoproteins according to charge and to molecular weight (MW).

A) In control, Trf, AAT and Hpt glycoforms appear as distinct spots with variable charge and MW. Very acidic AGP is not visible. In the presented CDG-IId case
(B4GALT1-CDG), a marked cathodical shift is observed for all glycoproteins (including now visible AGP) traducing major terminal SA losses.

B) In control, apoC-III can be separated into bi-sialylated (apoC-III,), mono-sialylated (apoC-III,) and not glycosylated (apoC-III,) glycoforms with apoC-III; being

majority. In COG-CDG, the apoC-III, glycoform level is classically elevated.

versatile, complementary ionization methods that are used for gly-
comics and glycoproteomics approaches.

6.6.1. N-glycosylation MS analysis

Since CDG have been initially typed according to observed N-gly-
cosylation defects [87], MS-based methods have been first used in CDG
research to analyze released N-glycans from specific isolated serum/
plasma proteins such as Trf [88] or A1AT [18], or directly from total
serum/plasma proteins [89]. Nowadays, the analysis of N-glycans from
whole serum/plasma glycoproteins, i.e. N-glycomics, is becoming
widespread for CDG diagnosis since it represents a good complement to
the more traditional methods (see above). This approach relies essen-
tially on the analysis of N-glycans enzymatically released by the enzyme
PNGase F from serum/plasma glycoproteins (see paragraph 1.5). Che-
mical derivatization of the released N-glycans (e.g. permethylation) is

often required for improved detection sensitivity by MS. Although both
MALDI-MS and ESI-MS can be used in that context [90], MALDI-MS
seems to be the preferred approach for N-glycan profiling and relative
quantification for CDG diagnosis [86], essentially due to its speed and
ease of operation. Although more suitable for CDG-II diagnosis [91],
serum/plasma N-glycomics also proved efficient for some CDG-I such as
ALG1-CDG [92]. One limitation of total serum/plasma N-glycan pro-
filing strategies is that they do not provide information about the pro-
tein to which the N-glycans were attached.

Many examples demonstrate that total serum/plasma N-glycan
profiling thus proves very informative and relevant for CDG diagnosis
[31] [32] [86] [93]. However, reliable data interpretation requires a
good understanding of the various factors that might affect N-glycan
profiles. Modifications of the total serum/plasma N-glycan profile re-
flect alterations in the glycosylation present in one or more of the 24
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A) Schematic representation of the relative protein contribution to each specific glycan composition. Figure reproduced from Clerc et al [2] under Creative Commons

Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

B) MALDI-TOF mass spectrum of permethylated N-glycans released from a plasma sample of a healthy subject. Measurements were performed in the positive-ion
mode and all ions are present in sodiated form [M + Na]™. Green circles, Man; yellow circles, Gal; blue squares, GlcNAc; red triangles, Fuc; purple diamonds,
Neu5Ac Sample preparation, permethylation and analysis were performed as described before [31] [121].

C) Representative chromatogram of total human plasma N-glycans as separated by HILIC UPLC-Fluorescence (Excitation and emission wavelengths were set at 250
and 428 nm, respectively). Plasma N-glycans were enzymatically released from proteins by PNGase F, and fluorescently labeled with 2-aminobenzamide (2-AB).
Color of the boxes under chromatographic peaks account for the expected main glycoprotein sources of the corresponding N-glycans. Reprinted from Zaytseva et al

[971 with permission.

highly abundant glycoproteins accounting for about half of the total
serum/plasma protein concentration. A schematic representation of the
relative protein contribution to each specific glycan composition is re-
ported in Fig. 8 [2]. Such theoretical reconstructed profile compares
well with the experimentally observed MALDI-MS and UHPLC-fluores-
cence ones. These proteins are essentially acute-phase liver-produced
glycoproteins and Igs [94]. Therefore, total serum/plasma N-glycan
profiling can also be affected by fluctuations in the concentration of
some of these particular proteins. Inflammatory conditions that occur in
a large panel of pathologies often yield an acute-phase response and
thus can lead to significant changes in the concentration of acute-phase
proteins. Besides potentially disturbing the production of acute-phase
proteins by the liver, chronic inflammation can also alter the N-glycan
patterns of these glycoproteins [95]. Concentration of Igs can also be
modified in case of infections [96]. Although the serum/plasma N-
glycan profile is rather stable within an individual, population-wide
studies show some interindividual variability, for instance with genetic
factors affecting the N-glycome, especially regarding glycans linked to

10

Igs [971].

To encompass some of these limitations, ESIMS-based analysis of
protein-specific glycoprofiling of intact immunopurified Trf has been
proposed for CDG diagnosis and demonstrated excellent diagnostic
capabilities and easy-to-interpret data for both CDG-I and CDG-II
screening [15] [98]. Due to the low fucosylation level of the Trf N-
glycans, this approach appears not well suited to monitor the fucosy-
lation degree. In this case, serum/plasma N-glycome would be more
suitable [87], thus demonstrating the complementarity of both ap-
proaches.

Contrary to system-wide studies [99], glycopeptide MS analysis
after proteolytic digestion is not widespread in CDG research and di-
agnosis. Hulsmeier et al. first described an LC-ESI-MS/MS method to
quantify the N-glycosylation site occupancy of the glycoproteins Trf and
A1AT, and found a clear correlation in CDG-I between the degree of N-
glycosylation site occupancy and the severity of the disease [100]. Later
on, the same team devised a simpler and faster approach (in terms of
sample preparation by omitting the immunopurification step) for
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Fig. 9. N-Glycosylation analysis of samples from patients with hemizygous missense variants in ATP6AP1.
A) MALDI-TOF analysis of permethylated N-glycans obtained from total serum proteins.
B) Analysis of intact serum transferrin by nanoLC-chip-QTOF mass spectrometry. See legend of Fig. 8 for N-glycan color-coding. Figure reproduced from Jansen et al
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quantifying glycosylation site occupancy of the serum/plasma glyco-
proteins Trf, Hpt, IgG, and IgA; [101]. Such LC-ESI-MS/MS could be
extended to many other glycoproteins as recently proposed by Li et al.
for the quantitative monitoring of 100 glycosylation sites from 50
serum/plasma glycoproteins [102]. Although highly relevant for si-
multaneously monitoring the glycosylation status of many serum/
plasma-derived glycoproteins, the main drawback of such an approach
would be the time-consuming and complex data treatment that is for
the moment not compatible with clinical applications. Also, of note, the
glycosylation status often drastically diminishes the glycopeptide MS
signal compared to the unglycosylated peptide. To the best of our
knowledge, no application to CDG-II diagnosis has been published so
far.

None of these biochemical CDG tests can screen for all CDG, and
should not be used independently from each other but rather conjunctly
(which is rarely performed) for getting deeper and more precise insight
into biochemical mechanisms leading to abnormal protein glycosyla-
tion, as exemplified in Fig. 9 [103].

6.6.2. O-glycosylation MS analysis

Contrarily to N-glycans, O-glycans cannot be enzymatically released
due to the lack of a broad spectrum O-glycosidase. For profiling O-
glycans, a chemical treatment step such as beta-elimination is needed.
MALDI-TOF-MS analysis of both permethylated O-glycans released by
NaOH treatment was successfully applied (in conjunction to N-glycans)
to serum samples from CDG-II patients [104]. The study of Xia et al.
also demonstrated that structural analysis and quantitation of combined
N- and O-glycan profiles (as assessed by MALDI-TOF-MS and LC-ESI-
MS/MS) proved reliable diagnostic tools for CDG [105]. Although re-
levant, those approaches find relatively poor applications in a clinical
context, probably due to the complexity of sample preparation. MS-
based screening of O-glycosylation disorders is more often performed
by analyzing serum/plasma apoC-III glycosylation using MALDI-MS
[31] [42] [106] or ESI-MS approaches [107] [108]. Krishnan et al.
reported an LC-ESI-MS/MS to measure apoC-III glycosylation in a site-
specific and quantitative manner through the monitoring of tryptic
glycopeptides [109]. Overall, MALDI-MS appears nevertheless as the
method of choice to analyze intact serum/plasma-derived apoC-III
glycosylation.

6.7. Other CDG screening/confirmation methods

Flow cytometry (FACS) analysis of FLAER and of many GPI-an-
chored proteins, including CD16, CD24, CD55 (DAF), and CD59, was
applied to various cell types for the functional validation of IGDS
(Supp.Table 1). With regard to the preanalytic, fresh blood cells should
be analyzed within two days. Furthermore, great variability in normal
fluorescence intensities in healthy controls has been frequently high-
lighted [110].

Lastly, immunofluorescence (IF) staining is frequently the preferred
method notably for the assessment of muscle aDG (using VIA4.1 /
ITH6C antibodies) in aDGpathies [111] as well as ICAM-1 in CDG-I
[35]1.

7. CDG screening: where are we going?

Thus, the clinical heterogeneity and number of CDG pose a serious
diagnostic challenge. Therefore, several complementary methodolo-
gical approaches might be required to better diagnose and delineate
CDG. In the next following paragraphs, we discuss the emerging stra-
tegies and technical developments that could prove highly relevant in
the context of CDG screening.

7.1. Metabolomics

Although poorly described so far, metabolomics approaches can be
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highly relevant for phenotyping CDG patients, but not for first-line CDG
screening using standard methodologies. Metabolomics can highlight
specific metabolic changes and biochemical pathways dysregulations in
CDG. This might be particularly helpful to get deeper insight into the
pathophysiological and biochemical mechanisms underlying CDG as
well as potentially pointing innovative targets for further biomarker
discovery or drug development. For example, Dimitrov et al. showed on
patient fibroblasts and using targeted metabolomics that deficiency of
the accessory subunit ATP6AP1 of the V-ATPase (ATP6AP1-CDG) spe-
cifically leads to dysregulation of amino acid as well as lipid home-
ostasis [112], which can represent a new source of biomarkers for
stratifying or diagnosing patients. Radenkovic et al. recently showed by
using tracer-based metabolomics, that galactose treatment of PGM1-
CDG fibroblasts metabolically modified their sugar metabolism, and the
level of galactose-1-phosphate as well as UDP-glucose and UDP-ga-
lactose nucleotide sugars. The galactose in UDP-galactose was also
shown to be into newly synthesized glycans [113]. This study under-
lines the potential of monosaccharide therapy for CDG.

7.2. Microfluidic devices for CDG screening

While analytical (electrokinetic, chromatographic, immunoassays
and MS) methodologies for glycoform and glycan profiling for CDG
screening purpose are close to a mature state, continued efforts have
been spent for performance improvement of forefront sample pre-
treatment techniques. Indeed, target glycoproteins should be well iso-
lated and pre-concentrated from bio-fluids first prior to downstreamed
separation and detection with the aforementioned approaches (see
section 6). In the case of glycan analysis, their enzymatic release from
glycoproteins is a key step but their enrichment is also necessary to
increase detection sensitivity. Among all practical sample handling
techniques [114] [115], particular attention is paid to the following
directions, from the authors' point of view. First, monoliths, beads and
gold nanoparticles of different chemistry have been used as supports for
glycosidase immobilization for the preparation of micro-reactors to
replace the widely-used in-solution deglycosylation [116] [117]. These
low-volume immobilized enzyme reactors (IMERs) have gained in-
creasing popularity to bring not only reusability but also the possibility
to be integrated in a micro-scale system for coupling of in-line sample
treatment and glycoprotein/glycan separation. This in turn offers faster
digestion with high efficiencies. Second, manual batchwise protocol
using magnetic microbeads for glycan release and fluorescent labeling
prior to their capillary electrophoresis separations [118] could be
translated into a microfluidic droplet format [119]. These microfluidic
configurations are expected to offer higher throughput (via automa-
tion), lower sample consumption and less risk of cross-contamination
encountered in batchwise protocols. Last, in-line preconcentration can
be integrated in between the aforementioned sample treatment ap-
proaches and the separation module for further improvement of de-
tection sensitivity, which is prerequisite for screening of glycopro-
tein — /glycan- biomarkers at trace amounts in biological matrices
[120]. Overall, a compact and unified platform integrating all modules
(i.e. sample treatment, analyte preconcentration, separation and de-
tection) for facile utilization (for instance operation in hospitals by non-
expert users) would be desired and anticipated for CDG screening
purpose, especially in a clinical context.

8. Conclusions

Although initially restricted to N-glycosylation defects, the ‘CDG’
denomination now encompasses also O-glycosylation defects, GPI an-
chor synthesis defects and lipid glycosylation defects. Despite the de-
scription of several biomarkers and analytical tools for their measure-
ment, reliable CDG diagnosis is still not an easy task. This is essentially
due to the fact that there are many CDG and many CDG phenotypes. In
this review essentially based on our personal experience, we
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summarized the current knowledge on CDG biomarkers, related gly-
cosylation pathways and corresponding analytical tools, used in-
dependently or in combination. We also underline some new analytical
avenues that can improve CDG delineation and diagnosis. For instance,
we strongly believe that metabolomics should be evaluated further as a
particularly relevant tool for phenotyping CDG patients.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2020.129652.

Credit author statement

Arnaud Bruneel: Corresponding author. Wrote the manuscript and
figures with Francois Fenaille.

Sophie Cholet participated in the writing of the MS part of the
manuscript and related figures. Critical reading of the MS part.

Thuy Tran-Maignan wrote the microfluidic part of the manuscript
with Duc Thai Mai. Critical reading of the manuscript and figures.

Duc Thai Mai wrote the microfluidic part of the manuscript with
Thuy Tran-Maignan. Critical reading of the manuscript and figures.

Francois Fenaille: Corresponding author. Wrote the manuscript and
figures with Arnaud Bruneel. Notably involved in the MS/metabolomics
parts.

Declaration of Competing Interest

No competing interest.
Acknowledgements

This work was supported (i) by grant ANR-15RAR3-0004-06 under
the frame of E-RARE-3, the ERA-Net for Research on Rare Diseases, (ii)
by the European Union's Horizon 2020 research and innovation pro-
gram under the ERA-NET cofund action N° 643578 and (iii) by the
Commissariat a 'Energie Atomique et aux Energies Alternatives and the
MetaboHUB infrastructure (grant ANR-11-INBS-0010).

Corresponding authors (A. Bruneel and F. Fenaille) acknowledge the
use of data derived from ERNDIM EQA materials in this publication.
The use of ERNDIM EQA materials does not imply that ERNDIM en-
dorses the methods used or the scientific validity of the findings in this
publication. ERNDIM (https://www.erndim.org) is an independent, not
for profit foundation that provides EQA schemes in the field of inborn
errors of metabolism with the aim of improving diagnosis, treatment
and monitoring of inherited metabolic diseases.

References

[1] R. Apweiler, H. Hermjakob, N. Sharon, On the frequency of protein glycosylation,
as deduced from analysis of the SWISS-PROT database, Biochim. Biophys. Acta
1473 (1) (1999) 4-8.

F. Clerc, K.R. Reiding, B.C. Jansen, G.S.M. Kammeijer, A. Bondt, M. Wuhrer,
Human plasma protein N-glycosylation, Glycoconj. J. 33 (2016) 309-343.

S. Wopereis, D.J. Lefeber, E. Morava, R.A. Wevers, Mechanisms in protein O-
glycan biosynthesis and clinical and molecular aspects of protein O-glycan bio-
synthesis defects: a review, Clin. Chem. 52 (4) (2006) 574-600.

J. Jaeken, H.G. van Eijk, C. van der Heul, L. Corbeel, R. Eeckels, E. Eggermont,
Sialic acid-deficient serum and cerebrospinal fluid transferrin in a newly re-
cognized genetic syndrome, Clin. Chim. Acta 144 (2-3) (1984) 245-247.

R. Péanne, P. de Lonlay, F. Foulquier, U. Kornak, D.J. Lefeber, E. Morava, et al.,
Congenital disorders of glycosylation (CDG): quo vadis? Eur J Med Genet. 61 (11)
(2018) 643-663.

H.K. Harms, K.P. Zimmer, K. Kurnik, R.M. Bertele-Harms, S. Weidinger, K. Reiter,
Oral mannose therapy persistently corrects the severe clinical symptoms and
biochemical abnormalities of phosphomannose isomerase deficiency, Acta
Paediatr. 91 (10) (2002) 1065-1072.

S. Brasil, C. Pascoal, R. Francisco, D. Marques-da-Silva, G. Andreotti, P. Videira,
et al., CDG therapies: from bench to bedside, Int. J. Mol. Sci. 19 (5) (2018) 1304.
A.F. Martinez-Monseny, M. Bolasell, L. Callejon-Péo, D. Cuadras, V. Freniche,
D.C. Itzep, et al., AZATAX: acetazolamide safety and efficacy in cerebellar syn-
drome in PMM2 congenital disorder of glycosylation (PMM2-CDG), Ann. Neurol.
85 (5) (2019) 740-751.

D.J. Lefeber, E. Morava, J. Jaeken, How to find and diagnose a CDG due to

[2]

[3]

[4]

[5]

[61

[7

—

[8]

[91]

13

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

BBA - General Subjects 1864 (2020) 129652

defective N-glycosylation, J. Inherit. Metab. Dis. 34 (4) (2011) 849-852.

P.T. Gomme, K.B. McCann, J. Bertolini, Transferrin: structure, function and po-
tential therapeutic actions, Drug Discov. Today 10 (4) (2005) 267-273.

H. Stibler, Carbohydrate-deficient transferrin in serum: a new marker of poten-
tially harmful alcohol consumption reviewed, Clin. Chem. 37 (12) (1991)
2029-2037.

J.P. Bergstrom, A. Helander, Influence of alcohol use, ethnicity, age, gender, BMI
and smoking on the serum transferrin glycoform pattern: implications for use of
carbohydrate-deficient transferrin (CDT) as alcohol biomarker, Clin. Chim. Acta
388 (1-2) (2008) 59-67.

A. Helander, J. Wielders, R. Anton, T. Arndt, V. Bianchi, J. Deenmamode, et al.,
Standardisation and use of the alcohol biomarker carbohydrate-deficient trans-
ferrin (CDT), Clin. Chim. Acta 459 (2016) 19-24.

R. Francisco, D. Marques-da-Silva, S. Brasil, C. Pascoal, Ferreira V. Dos Reis,

E. Morava, et al., The challenge of CDG diagnosis, Mol. Genet. Metab. 126 (1)
(2019) 1-5.

N. Abu Bakar, N.C. Voermans, T. Marquardt, C. Thiel, M.C.H. Janssen,

H. Hansikova, et al., Intact transferrin and total plasma glycoprofiling for diag-
nosis and therapy monitoring in phosphoglucomutase-I deficiency, Transl. Res.
199 (2018) 62-76.

A. Helander, G. Eriksson, H. Stibler, J.O. Jeppsson, Interference of transferrin
isoform types with carbohydrate-deficient transferrin quantification in the iden-
tification of alcohol abuse, Clin. Chem. 47 (7) (2001) 1225-1233.

T. Mega, E. Lujan, A. Yoshida, Studies on the oligosaccharide chains of human
alpha 1-protease inhibitor. II. Structure of oligosaccharides, J. Biol. Chem. 255 (9)
(1980) 4057-4061.

K. Mills, P.B. Mills, P.T. Clayton, N. Mian, A.W. Johnson, B.G. Winchester, The
underglycosylation of plasma alpha 1-antitrypsin in congenital disorders of gly-
cosylation type I is not random, Glycobiology. 13 (2) (2003) 73-85.

D.M. Krasnewich, G.D. Holt, M. Brantly, F. Skovby, J. Redwine, W.A. Gahl,
Abnormal synthesis of dolichol-linked oligosaccharides in carbohydrate-deficient
glycoprotein syndrome, Glycobiology. 5 (5) (1995) 503-510.

C. Thiel, D. MeBner-Schmitt, G.F. Hoffmann, C. Kérner, Screening for congenital
disorders of glycosylation in the first weeks of life, J. Inherit. Metab. Dis. 36 (5)
(2013) 887-892.

N. Seta, A. Barnier, F. Hochedez, M.-A. Besnard, G. Durand, Diagnostic value of
Western blotting in carbohydrate-deficient glycoprotein syndrome, Clin. Chim.
Acta 254 (2) (1996) 131-140.

A. Bruneel, F. Habarou, T. Stojkovic, G. Plouviez, L. Bougas, F. Guillemet, et al.,
Two-dimensional electrophoresis highlights haptoglobin beta chain as an addi-
tional biomarker of congenital disorders of glycosylation, Clin. Chim. Acta 470
(2017) 70-74.

P.E. Macchia, H.H. Harrison, N.H. Scherberg, T. Sunthornthepfvarakul, J. Jaeken,
S. Refetoff, Thyroid function tests and characterization of thyroxine-binding glo-
bulin in the carbohydrate-deficient glycoprotein syndrome type I, J. Clin.
Endocrinol. Metab. 80 (12) (1995) 3744-3749.

H. Stibler, U. Holzbach, B. Kristiansson, Isoforms and levels of transferrin, an-
tithrombin, al-antitrypsin and thyroxine-binding globulin in 48 patients with
carbohydrate-deficient glycoprotein syndrome type I, Scand. J. Clin. Lab. Invest.
58 (1) (1998) 55-62.

W.E. Heywood, E. Bliss, P. Mills, J. Yuzugulen, G. Carreno, P.T. Clayton, et al.,
Global serum glycoform profiling for the investigation of dystroglycanopathies &
congenital disorders of glycosylation, Mol Genet Metab Rep. 7 (2016) 55-62.

M. Butler, D. Quelhas, A.J. Critchley, H. Carchon, H.F. Hebestreit, R.G. Hibbert,
et al., Detailed glycan analysis of serum glycoproteins of patients with congenital
disorders of glycosylation indicates the specific defective glycan processing step
and provides an insight into pathogenesis, Glycobiology. 13 (9) (2003) 601-622.
M.A. Sadat, S. Moir, T.-W. Chun, P. Lusso, G. Kaplan, L. Wolfe, et al.,
Glycosylation, hypogammaglobulinemia, and resistance to viral infections, N.
Engl. J. Med. 370 (17) (2014) 1615-1625.

T. Pascreau, M.E. de la Morena-Barrio, D. Lasne, M. Serrano, E. Bianchini,

M. Kossorotoff, et al., Elevated thrombin generation in patients with congenital
disorder of glycosylation and combined coagulation factor deficiencies, J. Thromb.
Haemost. 17 (11) (2019) 1798-1807.

M.E. de la Morena-Barrio, I. Martinez-Martinez, C. de Cos, E. Wypasek, V. Roldén,
A. Undas, et al., Hypoglycosylation is a common finding in antithrombin defi-
ciency in the absence of a SERPINC1 gene defect, J. Thromb. Haemost. 14 (8)
(2016) 1549-1560.

M.E. de la Morena-Barrio, E. Wypasek, D. Owczarek, A. Minano, V. Vicente,

J. Corral, et al., MPI-CDG with transient hypoglycosylation and antithrombin
deficiency, Haematologica. 104 (2) (2019) 79-82.

A. Bruneel, S. Cholet, V. Drouin-Garraud, M.-L. Jacquemont, A. Cano,

A. Mégarbané, et al., Complementarity of electrophoretic, mass spectrometric, and
gene sequencing techniques for the diagnosis and characterization of congenital
disorders of glycosylation, Electrophoresis. 39 (24) (2018) 3123-3132.

J. Chen, X. Li, A. Edmondson, G.D. Meyers, K. Izumi, A.M. Ackermann, et al.,
Increased Clinical Sensitivity and Specificity of Plasma Protein N-Glycan Profiling
for Diagnosing Congenital Disorders of Glycosylation by Use of Flow Injection-
Electrospray Ionization-Quadrupole Time-of-Flight Mass Spectrometry, Clin.
Chem. 65 (5) (2019) 653:63.

S. Duvet, D. Mouajjah, R. Péanne, G. Matthijs, K. Raymond, J. Jaeken, et al., Use of
Endoglycosidase H as a diagnostic tool for MAN1B1-CDG patients, Electrophoresis
39 (24) (2018) 3133:41.

A. Ashikov, N. Abu Bakar, X.-Y. Wen, M. Niemeijer, Rodrigues pinto Osorio G,
brand-Arzamendi K, et al. integrating glycomics and genomics uncovers SLC10A7
as essential factor for bone mineralization by regulating post-Golgi protein


https://doi.org/10.1016/j.bbagen.2020.129652
https://doi.org/10.1016/j.bbagen.2020.129652
https://www.erndim.org
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0005
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0005
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0005
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0010
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0010
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0015
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0015
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0015
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0020
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0020
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0020
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0025
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0025
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0025
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0030
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0030
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0030
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0030
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0035
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0035
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0040
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0040
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0040
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0040
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0045
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0045
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0050
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0050
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0055
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0055
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0055
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0060
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0060
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0060
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0060
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0065
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0065
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0065
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0070
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0070
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0070
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0075
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0075
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0075
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0075
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0080
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0080
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0080
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0085
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0085
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0085
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0090
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0090
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0090
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0095
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0095
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0095
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0100
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0100
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0100
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0105
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0105
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0105
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0110
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0110
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0110
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0110
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0115
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0115
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0115
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0115
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0120
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0120
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0120
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0120
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0125
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0125
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0125
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0130
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0130
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0130
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0130
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0135
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0135
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0135
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0140
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0140
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0140
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0140
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0145
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0145
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0145
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0145
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0150
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0150
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0150
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0155
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0155
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0155
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0155
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0160
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0160
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0160
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0160
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0160
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0165
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0165
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0165
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0170
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0170
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0170

A. Bruneel, et al.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

transport and glycosylation, Hum. Mol. Genet. 27 (17) (2018) 3029-3045.

P. He, B.G. Ng, M.-E. Losfeld, W. Zhu, H.H. Freeze, Identification of intercellular
cell adhesion molecule 1 (ICAM-1) as a Hypoglycosylation marker in congenital
disorders of glycosylation cells, J. Biol. Chem. 287 (22) (2012) 18210-18217.
W. Morelle, S. Potelle, P. Witters, S. Wong, L. Climer, V. Lupashin, et al., Galactose
supplementation in patients with TMEM165-CDG rescues the glycosylation de-
fects, J. Clin. Endocrinol. Metab. 102 (4) (2017) 1375-1386.

B. Ramms, P.L.S.M. Gordts, Apolipoprotein C-III in triglyceride-rich lipoprotein
metabolism, Curr. Opin. Lipidol. 29 (3) (2018) 171-179.

S. Wopereis, S. Griinewald, E. Morava, J.M. Penzien, P. Briones, M.T. Garcia-Silva,
et al., Apolipoprotein C-III isofocusing in the diagnosis of genetic defects in O-
glycan biosynthesis, Clin. Chem. 49 (11) (2003) 1839-1845.

A. Bruneel, T. Robert, D.J. Lefeber, G. Benard, E. Loncle, A. Djedour, et al., Two-
dimensional gel electrophoresis of apolipoprotein C-1II and other serum glyco-
proteins for the combined screening of human congenital disorders of O- and N-
glycosylation, Proteomics Clin. Appl. 1 (3) (2007) 321-324.

S. Nicolardi, Y.E.M. van der Burgt, I. Dragan, P.J. Hensbergen, A.M. Deelder,
Identification of new apolipoprotein-CIII glycoforms with ultrahigh resolution
MALDI-FTICR mass spectrometry of human sera, J. Proteome Res. 12 (5) (2013)
2260-2268.

S.B. Harvey, Y. Zhang, J. Wilson-Grady, T. Monkkonen, G.L. Nelsestuen,

R.S. Kasthuri, et al., O-glycoside biomarker of apolipoprotein C3: responsiveness
to obesity, bariatric surgery, and therapy with metformin, to chronic or severe
liver disease and to mortality in severe sepsis and graft vs host disease, J. Proteome
Res. 8 (2) (2009) 603-612.

S. Yen-Nicolay, C. Boursier, M. Rio, D.J. Lefeber, A. Pilon, N. Seta, et al., MALDI-
TOF MS applied to apoC-III glycoforms of patients with congenital disorders af-
fecting O-glycosylation. Comparison with two-dimensional electrophoresis,
Proteomics Clin. Appl. 9 (7-8) (2015) 787-793.

J.C. Jansen, S. Cirak, M. van Scherpenzeel, S. Timal, J. Reunert, S. Rust, et al.,
CCDC115 deficiency causes a disorder of Golgi homeostasis with abnormal protein
glycosylation, Am. J. Hum. Genet. 98 (2) (2016) 310-321.

M. Zilmer, A.C. Edmondson, S.A. Khetarpal, V. Alesi, M.S. Zaki, K. Rostasy, et al.,
Novel congenital disorder of O-linked glycosylation caused by GALNT2 loss of
function, Brain. 143 (4) (2020) 1114-1126.

J.P. Salier, P. Rouet, G. Raguenez, M. Daveau, The inter-alpha-inhibitor family:
from structure to regulation, Biochem. J. 315 (Pt 1) (1996) 1-9.

A. Bruneel, J. Dubail, C. Roseau, P. Prada, W. Haouari, C. Huber, et al., Serum
bikunin is a biomarker of linkeropathies, Clin. Chim. Acta 485 (2018) 178-180.
C. Roch, J. Kuhn, K. Kleesiek, C. Gotting, Differences in gene expression of human
xylosyltransferases and determination of acceptor specificities for various pro-
teoglycans, Biochem. Biophys. Res. Commun. 391 (1) (2010) 685-691.

J.M. Ervasti, K.P. Campbell, A role for the dystrophin-glycoprotein complex as a
transmembrane linker between laminin and actin, J. Cell Biol. 122 (4) (1993)
809-823.

H. Manya, T. Endo, Glycosylation with ribitol-phosphate in mammals: new in-
sights into the O -mannosyl glycan, Biochim. Biophys. Acta, Gen. Subj. 1861 (10)
(2017) 2462-2472.

C. Bouchet-Séraphin, S. Vuillaumier-Barrot, N. Seta, Dystroglycanopathies: about
numerous genes involved in glycosylation of one single glycoprotein, J
Neuromuscul Dis. 2 (1) (2015) 27-38.

C. Jimenez-Mallebrera, S. Torelli, L. Feng, J. Kim, C. Godfrey, E. Clement, et al., A
comparative study of a-dystroglycan glycosylation in dystroglycanopathies sug-
gests that the hypoglycosylation of a-dystroglycan does not consistently correlate
with clinical severity, Brain Pathol. 19 (4) (2009) 596-611.

H. Manya, C. Bouchet, A. Yanagisawa, S. Vuillaumier-Barrot, S. Quijano-Roy,

Y. Suzuki, et al., Protein O-mannosyltransferase activities in lymphoblasts from
patients with alpha-dystroglycanopathies, Neuromuscul. Disord. 18 (1) (2008)
45-51.

D.J. Lefeber, J. Schonberger, E. Morava, M. Guillard, K.M. Huyben, K. Verrijp,
et al., Deficiency of Dol-P-man synthase subunit DPM3 bridges the congenital
disorders of glycosylation with the Dystroglycanopathies, Am. J. Hum. Genet. 85
(1) (2009) 76-86.

J. Svahn, P. Laforét, C. Vial, N. Streichenberger, N. Romero, C. Bouchet-Séraphin,
et al., Dilated cardiomyopathy and limb-girdle muscular dystrophy-dystroglyca-
nopathy due to novel pathogenic variants in the DPM3 gene, Neuromuscul. Disord.
29 (7) (2019) 497-502.

Glycosylphosphatidylinositol Anchors - Essentials of Glycobiology - NCBI
Bookshelf [Internet].

K. Bellai-Dussault, T.T.M. Nguyen, N.V. Baratang, D.A. Jimenez-Cruz,

P.M. Campeau, Clinical variability in inherited glycosylphosphatidylinositol defi-
ciency disorders, Clin. Genet. 95 (1) (2019) 112-121.

AM. Almeida, Y. Murakami, D.M. Layton, P. Hillmen, G.S. Sellick, Y. Maeda,

et al., Hypomorphic promoter mutation in PIGM causes inherited glycosylpho-
sphatidylinositol deficiency, Nat. Med. 12 (7) (2006) 846-851.

T. Hirata, S.K. Mishra, S. Nakamura, K. Saito, D. Motooka, Y. Takada, et al.,
Identification of a Golgi GPI-N-acetylgalactosamine transferase with tandem
transmembrane regions in the catalytic domain, Nat. Commun. 9 (1) (2018) 405.
A. Knaus, F. Kortiim, T. Kleefstra, A. Stray-Pedersen, D. Buki¢, Y. Murakami, et al.,
Mutations in PIGU impair the function of the GPI Transamidase complex, causing
severe intellectual disability, epilepsy, and brain anomalies, Am. J. Hum. Genet.
105 (2) (2019) 395-402.

A. Bayat, A. Knaus, A.W. Juul, D. Dukic, E. Gardella, A. Charzewska, et al., PIGT-
CDG, a disorder of the glycosylphosphatidylinositol anchor: description of 13
novel patients and expansion of the clinical characteristics, Genet Med. 21 (10)
(2019) 2216-2223.

14

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

BBA - General Subjects 1864 (2020) 129652

C.D.M. van Karnebeek, L. Bonafé, X.-Y. Wen, M. Tarailo-Graovac, S. Balzano,

B. Royer-Bertrand, et al., NANS-mediated synthesis of sialic acid is required for
brain and skeletal development, Nat. Genet. 48 (7) (2016) 777-784.

H. Lochmiiller, A. Behin, Y. Caraco, H. Lau, M. Mirabella, I. Tournev, et al., A
phase 3 randomized study evaluating sialic acid extended-release for GNE myo-
pathy, Neurology. 92 (18) (2019) 2109-2117.

T. Dupre, M. Cuer, S. Barrot, A. Barnier, V. Cormier-Daire, A. Munnich, et al.,
Congenital disorder of glycosylation Ia with deficient phosphomannomutase ac-
tivity but normal plasma glycoprotein pattern, Clin. Chem. 47 (1) (2001) 132-134.
B.G. Ng, P. Sosicka, S. Agadi, M. Almannai, C.A. Bacino, R. Barone, et al.,
SLC35A2-CDG: functional characterization, expanded molecular, clinical, and
biochemical phenotypes of 30 unreported individuals, Hum. Mutat. 40 (7) (2019)
908-925.

R. Hackler, T. Arndt, Kleine TO, A.M. Gressner, Effect of separation conditions on
automated isoelectric focusing of carbohydrate-deficient transferrin and other
human isotransferrins using the PhastSystem, Anal. Biochem. 230 (2) (1995)
281-289.

A.B. Wolking, J.H. Park, M. Griineberg, J. Reunert, R. Fingerhut, M. Fobker, et al.,
Transferrin glycosylation analysis from dried blood spot cards and capillary blood
samples, J. Chromatogr. B 1106-1107 (2019) 64-70.

M. Guillard, Y. Wada, H. Hansikova, I. Yuasa, K. Vesela, N. Ondruskova, et al.,
Transferrin mutations at the glycosylation site complicate diagnosis of congenital
disorders of glycosylation type I, J. Inherit. Metab. Dis. 34 (4) (2011) 901-906.
J. Fang, V. Peters, B. Assmann, C. Korner, G.F. Hoffmann, Improvement of CDG
diagnosis by combined examination of several glycoproteins, J. Inherit. Metab.
Dis. 27 (5) (2004) 581-590.

A. Helander, A. Husa, J.-O. Jeppsson, Improved HPLC method for carbohydrate-
deficient transferrin in serum, Clin. Chem. 49 (11) (2003) 1881-1890.

A. Helander, J. Bergstrom, H.H. Freeze, Testing for congenital disorders of gly-
cosylation by HPLC measurement of serum transferrin glycoforms, Clin. Chem. 50
(5) (2004) 954-958.

E. Quintana, A. Navarro-Sastre, J.M. Hernadndez-Pérez, J. Garcia-Villoria,

R. Montero, R. Artuch, et al., Screening for congenital disorders of glycosylation
(CDQG): transferrin HPLC versus isoelectric focusing (IEF), Clin. Biochem. 42 (4)
(2009) 408-415.

E. Quintana, R. Montero, M. Casado, A. Navarro-Sastre, M.A. Vilaseca, P. Briones,
et al., Comparison between high performance liquid chromatography and capil-
lary zone electrophoresis for the diagnosis of congenital disorders of glycosylation,
J. Chromatogr. B 877 (24) (2009) 2513-2518.

J. Joneli, U. Wanzenried, J. Schiess, C. Lanz, J. Caslavska, W. Thormann,
Determination of carbohydrate-deficient transferrin in human serum by capillary
zone electrophoresis: evaluation of assay performance and quality assurance over
a 10-year period in the routine arena, Electrophoresis. 34 (11) (2013) 1563-1571.
H.A. Carchon, R. Chevigné, J.-B. Falmagne, J. Jaeken, Diagnosis of congenital
disorders of glycosylation by capillary zone electrophoresis of serum transferrin,
Clin. Chem. 50 (1) (2004) 101-111.

M. Tobler, J. Caslavska, P. Burda, W. Thormann, High-resolution capillary zone
electrophoresis for transferrin glycoform analysis associated with congenital dis-
orders of glycosylation, J. Sep. Sci. 41 (13) (2018) 2808-2818.

H.A. Kingma, F.H. van der Sluijs, M.R. Heiner-Fokkema, Fast screening of N-gly-
cosylation disorders by sialotransferrin profiling with capillary zone electrophor-
esis, Ann. Clin. Biochem. 55 (6) (2018) 693-701.

C. Ruel, M. Morani, A. Bruneel, C. Junot, M. Taverna, F. Fenaille, et al., A capillary
zone electrophoresis method for detection of apolipoprotein C-III glycoforms and
other related artifactually modified species, J. Chromatogr. A 1532 (2018)
238-245.

S. Wopereis, E. Morava, S. Griinewald, M. Adamowicz, K.M.L.C. Huijben,

D.J. Lefeber, et al., Patients with unsolved congenital disorders of glycosylation
type II can be subdivided in six distinct biochemical groups, Glycobiology. 15 (12)
(2005) 1312-1319.

M. Houdou, E. Lebredonchel, A. Garat, S. Duvet, D. Legrand, V. Decool, et al.,
Involvement of thapsigargin— and cyclopiazonic acid-sensitive pumps in the
rescue of TMEM165-associated glycosylation defects by Mn2+, FASEB J. 33 (2)
(2018) 2669-2679.

Krag TO, J. Vissing, A new mouse model of limb-girdle muscular dystrophy type 2I
homozygous for the common L2761 mutation mimicking the mild phenotype in
humans, J. Neuropathol. Exp. Neurol. 74 (12) (2015) 1137-1146.

S.T. Oestergaard, T. Stojkovic, J.R. Dahlqvist, C. Bouchet-Seraphin, J. Nectoux,
F. Leturcq, et al., Muscle involvement in limb-girdle muscular dystrophy with
GMPPB deficiency (LGMD2T), Neurol Genet. 2 (6) (2016) 112.

H. Henry, F. Froehlich, R. Perret, J.D. Tissot, B. Eilers-Messerli, D. Lavanchy, et al.,
Microheterogeneity of serum glycoproteins in patients with chronic alcohol abuse
compared with carbohydrate-deficient glycoprotein syndrome type I, Clin. Chem.
45 (9) (1999) 1408-1413.

T. Rabilloud, Two-dimensional gel electrophoresis in proteomics: old, old fash-
ioned, but it still climbs up the mountains, Proteomics. 2 (1) (2002) 3-10.

Y. Yang, V. Franc, A.J.R. Heck, Glycoproteomics: a balance between high-
throughput and in-depth analysis, Trends Biotechnol. 35 (7) (2017) 598-609.
L.R. Ruhaak, G. Xu, Q. Li, E. Goonatilleke, C.B. Lebrilla, Mass spectrometry ap-
proaches to Glycomic and Glycoproteomic analyses, Chem. Rev. 118 (17) (2018)
7886-7930.

N. Abu Bakar, D.J. Lefeber, M. van Scherpenzeel, Clinical glycomics for the di-
agnosis of congenital disorders of glycosylation, J. Inherit. Metab. Dis. 41 (3)
(2018) 499-513.

H.H. Freeze, J.X. Chong, M.J. Bamshad, B.G. Ng, Solving glycosylation disorders:
fundamental approaches reveal complicated pathways, Am. J. Hum. Genet. 94 (2)


http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0170
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0175
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0175
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0175
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0180
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0180
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0180
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0185
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0185
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0190
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0190
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0190
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0195
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0195
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0195
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0195
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0200
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0200
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0200
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0200
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0205
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0205
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0205
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0205
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0205
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0210
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0210
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0210
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0210
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0215
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0215
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0215
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0220
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0220
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0220
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0225
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0225
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0230
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0230
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0235
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0235
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0235
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0240
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0240
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0240
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0245
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0245
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0245
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0250
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0250
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0250
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0255
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0255
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0255
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0255
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0260
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0260
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0260
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0260
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0265
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0265
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0265
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0265
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0270
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0270
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0270
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0270
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0275
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0275
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0275
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0280
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0280
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0280
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0285
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0285
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0285
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0290
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0290
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0290
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0290
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0295
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0295
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0295
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0295
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0300
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0300
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0300
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0305
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0305
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0305
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0310
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0310
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0310
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0315
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0315
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0315
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0315
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0320
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0320
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0320
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0320
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0325
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0325
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0325
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0330
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0330
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0330
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0335
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0335
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0335
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0340
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0340
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0345
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0345
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0345
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0350
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0350
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0350
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0350
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0355
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0355
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0355
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0355
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0360
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0360
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0360
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0360
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0365
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0365
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0365
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0370
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0370
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0370
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0375
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0375
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0375
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0380
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0380
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0380
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0380
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0385
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0385
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0385
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0385
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0390
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0390
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0390
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0390
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0395
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0395
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0395
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0400
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0400
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0400
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0405
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0405
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0405
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0405
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0410
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0410
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0415
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0415
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0420
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0420
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0420
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0425
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0425
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0425
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0430
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0430

A. Bruneel, et al.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

(2014) 161-175.

L. Sturiale, R. Barone, A. Fiumara, M. Perez, M. Zaffanello, G. Sorge, et al.,
Hypoglycosylation with increased fucosylation and branching of serum transferrin
N-glycans in untreated galactosemia, Glycobiology. 15 (12) (2005) 1268-1276.
P.B. Mills, K. Mills, N. Mian, B.G. Winchester, P.T. Clayton, Mass spectrometric
analysis of glycans in elucidating the pathogenesis of CDG type IIx, J. Inherit.
Metab. Dis. 26 (2-3) (2003) 119-134.

A. Bruneel, F. Fenaille, Integrating mass spectrometry-based plasma (or serum)
protein N-glycan profiling into the clinical practice? Ann Transl Med. 7 (Suppl. 6)
(2019) S225.

M. Guillard, E. Morava, F.L. van Delft, R. Hague, C. Kérner, M. Adamowicz, et al.,
Plasma N-glycan profiling by mass spectrometry for congenital disorders of gly-
cosylation type 11, Clin. Chem. 57 (4) (2011) 593-602.

W. Zhang, P.M. James, B.G. Ng, X. Li, B. Xia, J. Rong, et al., A novel N-
Tetrasaccharide in patients with congenital disorders of glycosylation, including
asparagine-linked glycosylation protein 1, Phosphomannomutase 2, and mannose
phosphate isomerase deficiencies, Clin. Chem. 62 (1) (2016) 208-217.

E.A. Barbosa, Fontes N do C, Santos SCL, Lefeber DJ, Bloch C, Brum JM, et al.
relative quantification of plasma N-glycans in type II congenital disorder of gly-
cosylation patients by mass spectrometry, Clin. Chim. Acta 492 (2019) 102-113.
J.N. Arnold, R. Saldova, U.M.A. Hamid, P.M. Rudd, Evaluation of the serum N-
linked glycome for the diagnosis of cancer and chronic inflammation, Proteomics.
8 (16) (2008) 3284-3293.

R. Peracaula, A. Sarrats, P.M. Rudd, Liver proteins as sensor of human malig-
nancies and inflammation, Proteomics Clin. Appl. 4 (4) (2010) 426-431.

D.J. Lefeber, Protein-specific Glycoprofiling for patient diagnostics, Clin. Chem. 62
(1) (2016) 9-11.

0.0. Zaytseva, M.B. Freidin, T. Keser, J. Stambuk, I. Ugrina, M. Simurina, et al.,
Heritability of human plasma N-Glycome, J. Proteome Res. 19 (1) (2020) 85-91.
M. van Scherpenzeel, G. Steenbergen, E. Morava, R.A. Wevers, D.J. Lefeber, High-
resolution mass spectrometry glycoprofiling of intact transferrin for diagnosis and
subtype identification in the congenital disorders of glycosylation, Transl. Res. 166
(6) (2015) 639-649.

M. Thaysen-Andersen, N.H. Packer, Advances in LC-MS/MS-based glycopro-
teomics: getting closer to system-wide site-specific mapping of the N- and O-gly-
coproteome, Biochim. Biophys. Acta 1844 (9) (2014) 1437-1452.

A.J. Hiilsmeier, P. Paesold-Burda, T. Hennet, N-glycosylation site occupancy in
serum glycoproteins using multiple reaction monitoring liquid chromatography-
mass spectrometry, Mol. Cell. Proteomics 6 (12) (2007) 2132-2138.

A.J. Hiilsmeier, M. Tobler, P. Burda, T. Hennet, Glycosylation site occupancy in
health, congenital disorder of glycosylation and fatty liver disease, Sci. Rep. 6
(2016) 33927.

Q. Li, M.J. Kailemia, A.A. Merleev, G. Xu, D. Serie, L.M. Danan, et al., Site-specific
glycosylation quantitation of 50 serum glycoproteins enhanced by predictive
Glycopeptidomics for improved disease biomarker discovery, Anal. Chem. 91 (8)
(2019) 5433-5445.

E.J.R. Jansen, S. Timal, M. Ryan, A. Ashikov, M. van Scherpenzeel, L.A. Graham,
et al., ATP6AP1 deficiency causes an immunodeficiency with hepatopathy, cog-
nitive impairment and abnormal protein glycosylation, Nat. Commun. 7 (2016)
11600.

V. Faid, F. Chirat, N. Seta, F. Foulquier, W. Morelle, A rapid mass spectrometric
strategy for the characterization of N- and O-glycan chains in the diagnosis of

15

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]
[117]

[118]

[119]

[120]

[121]

BBA - General Subjects 1864 (2020) 129652

defects in glycan biosynthesis, Proteomics. 7 (11) (2007) 1800-1813.

B. Xia, W. Zhang, X. Li, R. Jiang, T. Harper, R. Liu, et al., Serum N-glycan and O-
glycan analysis by mass spectrometry for diagnosis of congenital disorders of
glycosylation, Anal. Biochem. 442 (2) (2013) 178-185.

A. Palmigiano, R.O. Bua, R. Barone, D. Rymen, L. Régal, N. Deconinck, et al.,
MALDI-MS profiling of serum O-glycosylation and N-glycosylation in COG5-CDG,
J. Mass Spectrom. 52 (6) (2017) 372-377.

W. Jian, R.W. Edom, D. Wang, N. Weng, S.W. Zhang, Relative quantitation of
glycoisoforms of intact apolipoprotein C3 in human plasma by liquid chromato-
graphy-high-resolution mass spectrometry, Anal. Chem. 85 (5) (2013) 2867-2874.
S. Nicolardi, Y.E.M. van der Burgt, M. Wuhrer, A.M. Deelder, Mapping O-glyco-
sylation of apolipoprotein C-III in MALDI-FT-ICR protein profiles, Proteomics. 13
(6) (2013) 992-1001.

S. Krishnan, M. Shimoda, R. Sacchi, M.J. Kailemia, G. Luxardi, G.A. Kaysen, et al.,
HDL glycoprotein composition and site-specific glycosylation differentiates be-
tween clinical groups and affects IL-6 secretion in lipopolysaccharide-stimulated
monocytes, Sci. Rep. 7 (2017) 43728.

M. Hogrebe, Y. Murakami, M. Wild, M. Ahlmann, S. Biskup, K. Hortnagel, et al., A
novel mutation in PIGW causes glycosylphosphatidylinositol deficiency without
hyperphosphatasia, Am. J. Med. Genet. A 170 (12) (2016) 3319-3322.

R.A. Peat, J.M. Smith, A.G. Compton, N.L. Baker, R.A. Pace, D.J. Burkin, et al.,
Diagnosis and etiology of congenital muscular dystrophy, Neurology. 71 (5)
(2008) 312-321.

B. Dimitrov, Cutis laxa, exocrine pancreatic insufficiency and altered cellular
metabolomics as additional symptoms in a new patient with ATP6AP1-CDG, Mol.
Genet. Metab. 11 (2018).

S. Radenkovic, M.J. Bird, T.L. Emmerzaal, S.Y. Wong, C. Felgueira, K.M. Stiers,
et al., The metabolic map into the Pathomechanism and treatment of PGM1-CDG,
Am. J. Hum. Genet. 104 (5) (2019) 835-846.

G. Jarvas, A. Guttman, N. Miekus, T. Baczek, S. Jeong, D.S. Chung, et al., Practical
sample pretreatment techniques coupled with capillary electrophoresis for real
samples in complex matrices, TrAC Trends Anal. Chem. 122 (2020) 115702.

Z. Niu, W. Zhang, C. Yu, J. Zhang, Y. Wen, Recent advances in biological sample
preparation methods coupled with chromatography, spectrometry and electro-
chemistry analysis techniques, TrAC Trends Anal. Chem. 102 (2018) 123-146.
M. Naldi, A. Tramarin, M. Bartolini, Inmobilized enzyme-based analytical tools in
the -omics era: recent advances, J. Pharm. Biomed. Anal. 160 (2018) 222-237.
S. Karav, J.L. Cohen, D. Barile, Bell J.M.L.N. de Moura, Recent advances in im-
mobilization strategies for Glycosidases, Biotechnol. Prog. 33 (1) (2017) 104-112.
C. Varadi, C. Lew, A. Guttman, Rapid magnetic bead based sample preparation for
automated and high throughput N-glycan analysis of therapeutic antibodies, Anal.
Chem. 86 (12) (2014) 5682-5687.

T.D. Mai, D. Ferraro, N. Aboud, R. Renault, M. Serra, N.T. Tran, et al., Single-step
immunoassays and microfluidic droplet operation: towards a versatile approach
for detection of amyloid-$ peptide-based biomarkers of Alzheimer’s disease,
Sensors Actuators B Chem. 255 (2018) 2126-2135.

Y. Peng, J. Lv, L. Yang, D. Wang, Y. Zhang, H. Lu, A streamlined strategy for rapid
and selective analysis of serum N-glycome, Anal. Chim. Acta 1050 (2019) 80-87.
A. Goyallon, S. Cholet, M. Chapelle, C. Junot, F. Fenaille, Evaluation of a com-
bined glycomics and glycoproteomics approach for studying the major glycopro-
teins present in biofluids: application to cerebrospinal fluid, Rapid Commun. Mass
Spectrom. 29 (6) (2015) 461-473.


http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0430
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0435
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0435
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0435
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0440
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0440
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0440
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0445
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0445
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0445
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0450
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0450
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0450
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0455
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0455
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0455
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0455
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0460
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0460
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0460
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0465
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0465
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0465
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0470
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0470
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0475
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0475
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0480
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0480
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0485
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0485
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0485
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0485
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0490
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0490
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0490
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0495
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0495
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0495
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0500
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0500
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0500
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0505
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0505
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0505
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0505
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0510
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0510
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0510
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0510
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0515
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0515
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0515
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0520
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0520
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0520
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0525
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0525
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0525
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0530
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0530
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0530
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0535
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0535
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0535
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0540
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0540
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0540
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0540
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0545
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0545
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0545
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0550
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0550
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0550
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0555
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0555
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0555
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0560
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0560
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0560
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0565
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0565
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0565
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0570
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0570
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0570
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0575
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0575
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0580
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0580
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0585
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0585
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0585
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0590
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0590
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0590
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0590
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0595
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0595
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0600
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0600
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0600
http://refhub.elsevier.com/S0304-4165(20)30164-1/rf0600

	CDG biochemical screening: Where do we stand?
	Introduction
	Biomarkers of N-glycosylation defects
	Transferrin
	α1-antitrypsin
	Haptoglobin and α1-acid glycoprotein
	Other N-glycoproteins including the coagulation factors
	Total serum N-glycans
	Other cellular CDG biomarkers (N-glycosylation)

	Biomarkers of O-glycosylation defects
	Apolipoprotein C-III: a blood biomarker of mucin core1 O-glycosylation defects
	Bikunin: a promising blood biomarker of defects in O-xylose GAG
	Alpha-dystroglycan: a cellular biomarker of O-mannosylation defects

	Biomarkers of GPI anchor defects
	Orphan CDG lacking reliable biomarkers and false-negative CDG
	Current CDG screening methods and glycosylation profiles
	Isoelectric focusing
	HPLC
	Capillary zone electrophoresis
	One-dimensional western blot analysis
	Two-dimensional gel electrophoresis
	Mass spectrometry (MS) techniques
	N-glycosylation MS analysis
	O-glycosylation MS analysis

	Other CDG screening/confirmation methods

	CDG screening: where are we going?
	Metabolomics
	Microfluidic devices for CDG screening

	Conclusions
	Credit author statement
	Declaration of Competing Interest
	Acknowledgements
	References




