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Abstract

sive overview of the recent progress made in this field.

Congenital disorders of glycosylation (CDG) are a complex and heterogeneous family of rare metabolic diseases.

With a clinical history that dates back over 40 years, it was the recent multi-omics advances that mainly contributed
to the fast-paced and encouraging developments in the field. However, much remains to be understood, with tar-
geted therapies'discovery and approval being the most urgent unmet need. In this paper, we present the 2022 state
of the art of CDG, including glycosylation pathways, phenotypes, genotypes, inheritance patterns, biomarkers, disease
models, and treatments. In light of our current knowledge, it is not always clear whether a specific disease should be
classified as a CDG. This can create ambiguity among professionals leading to confusion and misguidance, conse-
quently affecting the patients and their families. This review aims to provide the CDG community with a comprehen-
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Introduction

Congenital disorders of glycosylation (CDG) are a pecu-
liar group of inherited metabolic diseases (IMD). Con-
trary to other IMD families, they are due to defects
occurring in several cell organelles, mainly the cytosol,
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the endoplasmic reticulum (ER), the ER-Golgi intermedi-
ate compartment, the Golgi, and the sarcolemmal mem-
brane [1]. The defects are associated with glycoprotein
and glycolipid glycan assembly and remodeling. Since
glycans are essential for the function of these proteins
and lipids, defects within glycosylation pathways can usu-
ally impact multiple organs and cause various symptoms
that can manifest from birth [2]. The most typical CDG
symptoms are associated with neurological and develop-
mental disabilities [3]. Still, their multisystem nature also
causes serious hepatic, gastrointestinal, and hormonal
problems that require close and continuous healthcare
[4].

The high variety of CDG clinical manifestations and
biological pathways has led to difficulties in defining a
clear and universal classification and nomenclature for
this group of disorders. The first attempt at classifying
CDG dates back to 1999 [5], and was based on the serum
transferrin isoelectrofocusing (IEF) pattern (e.g., CDG-
Ia). In 2008, as the number of reported CDG exponen-
tially increased, the first alphabetically and chronological
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CDG system was replaced by a novel nomenclature sys-
tem comprising the name of the gene of the individual
CDG diagnosis (e.g. PMM2-CDG) and maintained until
today [6, 7]. Nevertheless, it is not always clear whether a
metabolic disorder should be classified as a CDG because
a number of CDG have several features in common with
other metabolic diseases [8]. In 2022 it was proposed to
create an international advisory group of experts in the
field of CDG to discuss and determine whether a disor-
der should be classified or not as a CDG [9].

So far, 163 known CDG genetic defects encompass
193 different phenotypes. The heterogeneity of CDG is
striking from several points of view. The large majority
(~88%) are multisystem diseases [10]. The mono-system
diseases (~12%) affect either the brain, eyes, skin, skele-
ton, skeletal muscles, liver, red blood cells, or neutrophils
[10-12]. Even though all are rare, for some CDG only sin-
gle digit numbers of patients have been reported, while
at the other end of the spectrum, there is PMM2-CDG
with more than one thousand patients diagnosed over
40 years. The severity of clinical expression extends from
perinatal death (and probably even miscarriage) to mild
adult involvement [13]. The heterogeneity is even more
pronounced since a gene defect can result in multiple
clinical presentations depending on the involved variant.
For example, EXT2-CDG is associated either with the
mono-organ disorder exostoses type 2 (MIM: 133701),
affecting only the skeleton, or with a multisystem syn-
drome (MIM: 616882) characterized by dysmorphia,
seizures, scoliosis, and macrocephaly [14]. The same is
true for POFUT1-CDG, leading to either a skin disorder
(MIM: 615327) or a multisystem disorder encompassing
microcephaly and global developmental delay with car-
diac and vascular features [15].

CDG genetic transmission is usually autosomal reces-
sive (AR). Seven percent of the clinical presentations
have an autosomal dominant (AD) transmission, and 6%
are X-linked (XL). Epigenetic defect has been reported
only in XYLT1-CDG. This phenotypic and genetic heter-
ogeneity hampers CDG diagnosis except in the minority
of patients with a recognizable phenotype (e.g., exostoses
in EXT1/EXT2-CDG) [10, 16].

Treatment is nearly exclusively symptomatic since
a more or less efficient and established basic treat-
ment (with mannose) is only available for MPI-CDG,
a CDG limited to the liver and the intestine. Neverthe-
less, in the last years, research has led to the discovery
of novel biomarkers and disease models. Currently, there
are four ongoing observational studies (NCT04201067,
NCT02089789, NCT04198987, and NCT03404856),
including two natural history studies (NCT03173300
and NCT01417533) and four therapeutic clinical tri-
als (NCT04833322, NCT04679389, NCT03404869, and
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NCTO03404856) [17]. The fact that most CDG involve the
brain constitutes a significant barrier to treatment [18].

This paper presents a comprehensive and structured
overview of all CDG identified until the end of 2022,
and discusses glycosylation pathways, phenotypes, geno-
types, inheritance patterns, biomarkers, disease models,
treatments, and dates of first reports of the different phe-
notypes. The main goal of this mini-review is to update
the CDG community on the progress made over the last
years.

Materials and methods

For this review, we used a combination of specific key-
words related to the different CDG [e.g., the gene names
individually or conjugated with CDG; clinical signs and
symptoms; disease models (mouse, drosophila, yeast,
zebrafish) and biomarkers] to search the Medline data-
base, using PubMed as the search engine [19]. The
OMIM database [20] was used to extract the informa-
tion relative to the human genotype—phenotype and
their characteristics, whereas the Uniprot database [21]
was consulted to collect information related to the pro-
tein function and biochemical pathway. For each CDG
recent papers were privileged, particularly those review-
ing the literature and describing large patient cohorts.
The selected articles were read and the ones matching the
selection criteria were included.

Inclusion criteria comprised:

(a) Only English-written manuscripts;

(b) Articles reporting biomarkers, in vitro and in vivo
models, clinical signs, and symptoms;

(c) Recently published reviews.

The exclusion criteria were the following:

(a) Knockdown in vitro models (cellular-based), knock-
in transient cell-based models, and disease models
exploring the role of glycogenes for other diseases
(e.g., in cancer).

(b) Models that do not recapitulate a human pheno-
type.

An advisory committee composed of four CDG pro-
fessional experts and one CDG family member provided
expert guidance during article selection and throughout
manuscript development.

Results

The primary objective of this concise review is to provide
the CDG community with an update on the advance-
ments achieved in recent years. All the information,
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gathered until the end of 2022, is summarized in the
Additional file 1: Table S1 and is discussed in the next
paragraphs.

Over the years, CDG have been classified according
to the affected glycosylation pathways, namely N-glyco-
sylation, O-glycosylation, glycosylphosphatidylinositol
(GPI)-anchor synthesis, lipid glycosylation, and other
(including multiple) glycosylation pathways (Fig. 1). The
latter category includes defects impairing vesicular trans-
port (e.g., COG defects), activated sugar transport (e.g.,
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SLC35C1-CDG, MIM: 266265), monosaccharide synthe-
sis and interconversion (e.g., FCSK-CDG, MIM: 618324)
and V-ATPase pumps (e.g., ATP6AP2-CDG, MIM:
301045), among others. The subcellular location of the
defect can also be used as a complementary CDG classifi-
cation criterion, e.g., N-linked defects are mostly limited
to the ER, and O-linked defects are mainly located in the
Golgi [22].

To date, 163 genes have been associated with 193
disease phenotypes linked to CDG (Fig. 2). N-linked

N-linked glycosylation defects
O-linked glycosylation defects

Other (including multiple) glycosylation

B R R R R

Time (years)

Fig. 1 Graphical representation of the yearly distribution of the newly reported CDG phenotypes (1994-2022) according to the underlying affected
glycosylation pathway(s). The years correspond to when the association between the gene and the phenotype was established

80 1
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N-linked glycosylation
defects

O-linked glycosylation
defects

GPI biosynthesis defects
Lipid glycosylation defects

10N i

Other (including multiple)
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Fig. 2 Total number of genes and phenotypes related to defects in each glycosylation pathway, namely N-linked glycosylation, O-linked
glycosylation, GPI biosynthesis, lipid glycosylation, and other (including multiple) glycosylation defects
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glycosylation disorders (n=43) are caused by variants
in 33 genes; the 53 O-linked glycosylation disorders are
caused by defects in 44 genes; GPI biosynthesis defects
(n=25) are due to variants affecting 24 genes, while vari-
ants in 3 genes cause the 3 lipid glycosylation defects. The
69 disorders affecting other (including multiple) glyco-
sylation pathways described are caused by defects in 59
genes (Fig. 2).

The majority of CDG have an AR inheritance pattern
(n=161) (Table 1). However, other inheritance patterns
have been described. Autosomal dominant patterns have
been described in N-linked (n=6), O-linked (n=5),
and other (including multiple) glycosylation pathway
defects (n=4). X-linked defects (n=12), both of domi-
nant (XLD) and recessive (XLR) inheritance, have been
described in all glycosylation pathways except for lipid
glycosylation defects. Examples include SLC37A4-CDG
(AD, MIM: 602672), ALG13-CDG (XL, MIM: 300884),
and ATP6AP1-CDG (XLR, MIM: 300972). Of note,
XLD inheritance (n=1) has only been reported in other
(including multiple) glycosylation pathway defects (i.e.,
SLC35A2-CDG, MIM: 300896). Additionally, de novo
variants have been reported in CDG, mainly among
ALGI13-CDG females, Saul-Wilson syndrome and
SLC35A2-CDG [23-25].

Due to this molecular variety, CDG display high intra-
and inter-disease clinical heterogeneity. Moreover, as
is true for other genetic diseases, intrafamiliar variabil-
ity has always to be kept in mind. Variants in the same
gene presenting different inheritance patterns have been
linked to different CDG phenotypes. This is the case of
EXT2, whose AR inherited disease variants lead to sei-
zures, scoliosis, and macrocephaly syndrome (MIM:
616682), while AD variants cause the multiple exostoses
phenotype (MIM: 133701). Different variant types [e.g.,
loss and gain-of-function (GOF) variants] have also
been associated with particular diseases, namely COG4-
(MIM: 618150) and GNE- (MIM: 269921) CDG. Further-
more, the variant type and location within the gene can
affect phenotypic severity, with more severe phenotypes

Table 1 CDG inheritance patterns per glycosylation defects
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usually being associated with greater disruption of the
involved enzyme, transporter or chaperone. This has
been documented for B3GALT6-CDG (Al-Gazali syn-
drome, MIM: 609465), and CANT1-CDG (Desbuquois
dysplasia, MIM: 251450), among others [26—28]. Specific
variants and genotypes have also been linked to particu-
lar CDG phenotypes. Examples are the PIGL p.L176P
variant that, in compound heterozygosity, causes colo-
bomas, congenital heart defects, migratory ichthyosi-
form dermatosis, intellectual disability, and ear anomalies
(MIM: 280000) and the GORS2 p.V144L variant which
produces progressive myoclonic epilepsy 6 (MIM:
614018). CDG phenotypic diversity and severity can be
influenced by other determinants. Reported modifiers
include additional defective glycogenes and mitotic intra-
genic recombination [29, 30].

Most CDG are complex clinical conditions, affecting
practically all organs and thus leading to a large num-
ber of different symptoms/syndromes [22] as dystrogly-
canopathies, cardiomyopathy, skeletal dysplasia, cutis
laxa, Ehlers-Danlos syndrome, congenital myasthe-
nia syndromes a.o.. A few mono-organ or pauci-organ
CDG have been reported, such as DHDDS-CDG (MIM:
613861), with one phenotype only associated with a
form of familial retinitis pigmentosa, GNE-CDG (MIM:
605820) that manifests as a progressive myopathy and
GANAB-CDG presenting as a polycystic kidney or liver
diseases (MIM: 600666).

The most affected system across the majority of CDG is
the central nervous system (CNS; n=144) (Fig. 3). Com-
mon neurological signs and symptoms include intellec-
tual disability, hypotonia, cerebellar ataxia, nystagmus,
seizures, dysarthria, and dysphagia. Besides neurologic
involvement, most CDG patients present with vari-
able dysfunction of other organs and systems, like dys-
morphism (n=113), and failure to thrive (Fig. 3). After
the CNS, the skeleton (n=103) is the most commonly
affected organ in all CDG groups, except for lipid glyco-
sylation defects. The skeletal muscle (n=15) and the eyes
(n=24) are commonly affected organs among O-linked

Glycosylation defects Inheritance patterns

AR AD XL XLR XLD NA
N-linked 30 6 1 3 3
O-linked 45 5 0 2 1
GPI 24 0 0 1 0
Lipid 2 0 0 0 1
Other (including multiple) 60 4 4 1

AR Autosomal recessive, AD Autosomal dominant, XL X-linked, XLR X-linked recessive, XLD X-linked dominant, NA Information not available
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Fig. 3 Organs involved in the different CDG groups. Legend: CNS—central nervous system; Gl—gastrointestinal

glycosylation defects. Among the other (including multi-  defects, the skeleton, the GI system, and the eyes are the
ple) glycosylation pathway defects, the eyes (n=21) and  most frequently involved (Fig. 3).

the liver (n=19) are the most affected systems (Fig. 3). In the last years, several biomarkers have been devel-
For both N-linked glycosylation and GPI biosynthesis oped, increasing the chances to identify and discover
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novel CDG. One example is the two-dimensional elec-
trophoresis of haptoglobin p glycoforms [31], which has
been helpful as a complementary biomarker to identify
novel CDG like SLC37A4-CDG (MIM: 602672) and
SLC10A7-CDG (MIM: 618363).The analysis of bikunin,
by western blotting, allowed the identification of some
linkeropathies [32] like B3BGAT3-CDG (MIM: 245600),
B4GALT7-CDG (MIM: 130070), B3GALT6-CDG
(MIM: 615349 and 271640), as well as the identification
of some other (including multiple) glycosylation path-
ways defects such as ATP6V0OA2-CDG (MIM: 219200),
CCDC115-CGD (MIM: 616828), COG5-CDG (MIM:
613612) and COG7-CDG (MIM: 608779). In addition,
a more sensitive and specific method was developed
using flow injection-electrospray ionization-quadru-
pole time-of-flight mass spectrometry (ESIQTOF-MS)
for serum N-glycan profiling [33], allowing the identifi-
cation of novel characteristics of polymannose changes
in CDG like DDOST-CDG (MIM: 614507), SSR4-CDG
(MIM: 300934) and ALG3-CDG (MIM: 601110). Whole
Exome Sequencing and Whole Genome Sequencing
techniques have become very powerful tools to diag-
nose CDG. For CDG without known biomarkers, it
will be the only way to diagnose a patient. Examples are
defects in B4GALNT1, FCSK, GFUS, GNPNAT1I, PIGG,
POFUTI (skin presentation), POGLUTI (skin presen-
tation), SLC35D1, ST3GAL3 and TGDS.

Despite the discovery of several biomarkers and the
development of several disease models for CDG, very
few targeted therapies exist for this group of disorders,
and most available therapies are restricted to symptom
management. In fact, guidelines for the clinical man-
agement of CDG are only available for MPI-, PMM2-,
and PGM1-CDG [13, 34, 35]. Currently, effective and
targeted therapeutics available are mannose supple-
mentation and liver transplantation for MPI-CDG
(MIM: 602579) [34], heart transplantation for DOLK-
CDG (MIM: 610768) and galactose supplementation
for PGM1-CDG (MIM: 614921) [18, 35, 36]. To over-
come the lack of targeted therapies for CDG, several
treatment strategies are being investigated, mainly die-
tary supplementation with sugars and trace elements
(e.g., vitamin), which is is the case of dietary sugar
supplementation with fucose (e.g., FUT8-, GFUS- and
SCL35C1-CDG) or galactose supplementation (e.g.,
TMEM165-, SLC39A8-, SLC35A2-, PGM1-, ALG13-
and PMM2-CDG), most being administered under
compassionate and off-label use programs.

Additional therapeutic avenues under investigation are
drug repurposing, and gene replacement strategies [18,
37, 38]. One example of drug repurposing is the open-
label, single-patient compassionate study on PMM2-
CDG with epalrestat, an aldose reductase inhibitor used
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for treating diabetic neuropathy [39, 40]. Despite all the
research being developed for CDG therapies, until 2022,
most of these treatments have not been approved by reg-
ulatory bodies or are available in the market [31].

Discussion

Disease classification can be a complex process. It can
suffer from shortcomings such as the lack of a clear dis-
ease-causing mechanism or widespread input from the
stakeholders involved (researchers, clinicians, patients,
and their families) [8]. The first CDG classification sys-
tem (sub)classified the N-glycosylation defects alpha-
betically (e.g., CDG-Ia, CDG-IIa, etc.) and was based on
the serum transferrin pattern obtained by IEF, the gold
standard screening technique for N-glycosylation defects
with sialic acid deficiency [6, 7]. However, new research
studies have unveiled new CDG pathophysiological
mechanisms leading to the description of new disease
phenotypes and to the reclassification of already-known
disorders as CDG [1].Well-known examples of the lat-
ter are the muscular dystrophy-dystroglycanopathies.
Since the first biochemical and genetic characterization
of PMM2-CDG in 1995 and 1997, respectively, the num-
ber of described CDG has increased exponentially [41].
The development of new techniques for CDG diagno-
sis, namely lipid-linked oligosaccharides by HPLC, gly-
can analysis by mass spectrometry, and whole exome/
genome sequencing, has contributed to an exponentially
increased detection of variants in more than 160 genetic
loci for CDG. For example, in the last five years, deficien-
cies have been identified in seven GPI synthesis genes,
namely GPAA1-, PIGB-, PIGH-, PIGK-, PIGP-, PIGS-,
and PIGU-CDG. In the same period, 12 N-linked and 13
multiple glycosylation pathway defects were described. A
few examples of N-linked glycosylation defects include
ALG10-CDG, ALG14-CDG (MIM: 616227 and 619036),
EDEM3-CDG, MAGT1-CDG (MIM: 301031), and more
recently MAN2A2-CDG. Furthermore, variants in the
X-linked MAGT1 causing hypoglycosylation led to the
re-classification of MAGT1 deficiency as a CDG, which
was previously only associated with a primary immuno-
deficiency with a magnesium transport defect (XMEN)
[42]. A novel pathogenic variant causing a combined
immune deficiency, abnormal glycosylation, and lyso-
somal involvement was described as MAN2B2-CDG.
However, patients present with normal transferrin iso-
electric focusing profiles, and only mild glycosylation
changes were observed by ESI-QTOF in the blood [43].
Some examples of other (including multiple) glycosyla-
tion pathway defects discovered in the last five years are
ATP6VI1-, GO7- (Congenital myasthenic syndrome),
GET4-, GFUS- and GNPNAT1-CDG, and most recently
CAMLG-CDG. Novel variants were also identified in
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CSGALNACTI and EXTL3, causing CSGALNACTI1-
CDG and EXTL3-CDG, two new disorders affecting the
O-linked glycosylation pathway, particularly the glycosa-
minoglycan (GAGs) biosynthesis [44, 45].

Molecularly, glycosylation is “the synthesis of fully
functional glycans and their covalent enzymatic attach-
ment to other molecules including proteins, lipids, and
small RNA” [39]. However, these functions are performed
in the presence of various enzymes, donor and acceptor
substrates, metal ions, and depend also on an adequate
pH. Hence, CDG are caused by inborn pathogenic (reces-
sive, dominant, or X-linked) or de novo variants in the
genes encoding proteins involved in the different glyco-
sylation steps but also genes affecting closely linked and
essential steps in glycosylation as mentioned above [9].
In addition, different phenotypes can be caused by differ-
ent inheritance patterns. This is the case for ALG8- and
ALG9-CDG, in which AR variants are responsible for
a different phenotype than the one caused by AD vari-
ants. Another cause for differences in the phenotypic
presentation linked to inheritance patterns is mosaicism.
This is observed for SLC35A2-CDG, which has a domi-
nant X-linked inheritance pattern and in which the only
identified affected males were somatic mosaics. The lack
of non-mosaic-affected males suggests that a wild-type
SLC35A2 allele is required for survival. Nearly all CDG
are monogenic disorders caused by pathogenic alleles
transmitted by a mendelian, monogenic inheritance pat-
tern. This means that most CDG are caused by variants
affecting only one gene. Some disorders have also been
reclassified as CDG as the expansion of their patho-
physiological mechanisms has included underlying gly-
cosylation defects (e.g., Saul-Wilson syndrome [COG4],
Cowden syndrome 7 [SEC23B], ALG5- and ALG9-CDG)
[41].

Concluding, this paper refers to published data/knowl-
edge as it stands at 2022. There is a steadily increasing
number of reported CDG. It is not always straightfor-
ward if a specific disease should be classified as CDG.
This can create confusion and misguidance, impacting
professionals, patients and their families. During the
2021 World CDG Conference and the 2021 Scientific
CDG Symposium, the importance of defining a precise
CDG nomenclature and nosology was discussed. This
highlights the essential need to capture the complemen-
tary expertise from the CDG community (researchers,
health professionals, patients, and caregivers) to discuss
and define the criteria to include or exclude a disease as
a CDG.

Abbreviations
AD Autosomal dominant
AR Autosomal recessive
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XLR X-linked recessive

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513023-023-02879-z.

Additional file 1. CDG state of the art until 2022: glycosylation pathways,
phenotypes, genotypes, inheritance patterns, biomarkers, disease models,
and treatments.

Acknowledgements
Not applicable.

Author contributions

Design of the work: VARF, JJ and RF; investigation/data analysis: RF and CP;
data interpretation: RF, CP, and JJ; writing—original draft preparation, SB, JP
and JJ; writing—review and editing, JP, SB, CP, RF, PV and JJ; visualization, JP;
supervision, VARF, JJ, and PV; project administration, VdRF and PV; funding
acquisition, VARF and PV. All authors have read and agreed to the published
version of the manuscript.

Funding

This work was financed by national funds from FCT—Fundacao para a

Ciéncia e aTecnologia, I.P, in the scope of the project UIDP/04378/2020 and
UIDB/04378/2020 of the Research Unit on Applied Molecular Biosciences—
UCIBIO and the project LA/P/0140/2020 of the Associate Laboratory Institute
for Health and Bioeconomy—i4HB. We also acknowledge the support

of the Portuguese Foundation for Science and Technology (FCT) in the

scope of the following fellowships: SFRH/BD/138647/2018 (C.P), and SFRH/
BD/124326/2016 (RF); the ProDGNE (EJPRD/0001/2020 EU 825575) and the
European Commission through GlycoTwinning (Grant agreement 101079417).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 22 April 2023 Accepted: 24 August 2023
Published online: 19 October 2023

References

1. Ondruskova N, Cechova A, Hansikova H, Honzik T, Jaeken J. Congenital
disorders of glycosylation: still “hot"in 2020. Biochim Biophys Acta Gen
Subj. 2021;1865:129751.


https://doi.org/10.1186/s13023-023-02879-z
https://doi.org/10.1186/s13023-023-02879-z

Francisco et al. Orphanet Journal of Rare Diseases

(2023) 18:329

Marques-da-Silva D, Francisco R, Webster D, Dos Reis FV, Jaeken JPT.
Cardiac complications of congenital disorders of glycosylation (CDG): a
systematic review of the literature. J Inherit Metab Dis. 2017;40(5):657-72.
Paprocka J, Jezela-Stanek A, Tylki-Szymanska A, Grunewald S. Congenital
disorders of glycosylation from a neurological perspective. Brain Sci.
2021;11(1):88.

Marques-da-Silva D, Dos Reis FV, Monticelli M, Janeiro P, Videira PA,
Witters P, Jaeken J, Cassiman D. Liver Involvement in congenital
disorders of glycosylation: a systematic review. J Inherit Metab Dis.
2017;40(2):195-207.

Aebi M, Helenius A, Schenk B, Barone R, Fiumara A, Berger EG, Hennet
T, Imbach T, Stutz A, Bjursell C, Uller A, Wahlstrém JG, Briones P, Cardo E,
Clayton P, Winchester B, Cormier-Dalre V, de Lonlay P, Cuer M, Dupré T,
Seta N, de Koning T, Dorland L, de Loos F, Kupers L, et al. Carbohydrate-
deficient glycoprotein syndromes become congenital disorders of
glycosylation: an updated nomenclature for CDG. First International
workshop on CDGS. Glycoconj J. 1999;16:669-71.

Jaeken J, Hennet T, Freeze HH, Matthijs G. On the nomenclature of
congenital disorders of glycosylation (CDG). J Inherit Metab Dis.
2008;31(6):669-72.

Jaeken J, Hennet T, Matthijs G, Freeze HH. CDG nomenclature: time for
a change! Biochim Biophys Acta - Mol Basis Dis. 2009;1792(9):825-6.
Ferreira CR, Rahman S, Keller M, Zschocke J, et al. An international clas-
sification of inherited metabolic disorders (ICIMD). J Inherit Metab Dis.
2021;44(1):164-77.

Freeze HH, Jaeken J, Matthijs G. CDG or not CDG. J Inherit Metab Dis.
2022;45:383-5.

. Francisco R, Marques-da-Silva D, Brasil S, Pascoal C, dos Reis FV,

Morava E, Jaeken J. The challenge of CDG diagnosis. Mol Genet Metab.
2019;126(1):1-5.

. Francisco R, Pascoal C, Marques-da-Silva D, Brasil S, Pimentel-Santos

FM, Altassan R, Jaeken J, Grosso AR, Dos Reis FV, Videira P. New insights
into immunological involvement in congenital disorders of glycosyla-
tion (CDG) from a people-centric approach. J Clin Med. 2020;9:2092.

. Francisco R, Pascoal C, Marques-da-Silva D, Morava E, Gole GA, Coman

D, Jaeken J, Dos Reis FV. Keeping an eye on congenital disorders of
O-glycosylation: a systematic literature review. J Inherit Metab Dis.
2019;42(1):29-48.

. Altassan R, Péanne R, Jaeken J, Barone R, Bidet M, Borgel D, Brasil S, Cas-

siman D, Cechova A, Coman D, et al. International clinical guidelines for
the management of phosphomannomutase 2-congenital disorders of
glycosylation: diagnosis, treatment and follow up. J Inherit Metab Dis.
2019;42(1):5-28.

. Delgado MA, Martinez-Domenech G, Sarrion P, Urreizti R, Zecchini

L, Robledo HH, et al. A broad spectrum of genomic changes in lati-
namerican patients with EXT1/EXT2-CDG. Sci Rep. 2014;4:1-7.

. Hullen A, Falkenstein K, Weigel C, Huidekoper H, Naumann-Bartsch

N, Spenger J, Feichtinger RG, Schaefers J, Frenz S, Kotlarz D, Momen
T, Khoshnevisan R, Riedhammer KM, Santer R, Herget T, Rennings A,
Lefeber DJ, Mayr JA, Thiel CW. Congenital disorders of glycosylation
with defective fucosylation. J Inherit Metab Dis. 2021;44(6):1441-52.

. Ferreira CR, Altassan R, Marques-Da-Silva D, Francisco R, Jaeken J,

Morava E. Recognizable phenotypes in CDG. J Inherit Metab Dis.
2018;41(3):541-53.

. Francisco R, Brasil S, Pascoal C, Edmondson AC, Jaeken J, Videira PA, de

Freitas C, Ferreira VDR, Marques-da-Silva D. A community-led approach
as a guide to overcome challenges for therapy research in congenital
disorders of glycosylation. Int J Env. 2022;19:6829.

. Brasil S, Pascoal C, Francisco R, Marques-da-Silva D, Andreotti G, Videira

PA, Morava E, Jaeken J, Dos Reis FV. CDG therapies: from bench to
bedside. Int J Mol Sci. 2018;19(5):1-47.

. Pubmed [Internet]. 2022 [cited 2022 Dec 22]. Available from: https://

pubmed.ncbi.nim.nih.gov/

. OMIM [Internet]. [cited 2022 Dec 20]. Available from: https.//www.

omim.org/

. UniProt [Internet]. [cited 2022 Dec 23]. Available from: https://www.

uniprot.org/

. Jaeken J. Congenital disorders of glycosylation (CDG): It's (nearly) all in

itl J Inherit Metab Dis. 2011,34(4):853-8.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

Page 8 of 9

Quelhas D, Correia J, Jaeken J, Azevedo L, Lopes-Marques M, Bandeira
A, et al. SLC35A2-CDG: novel variant and review. Mol Genet Metab Rep.
2021,;26:100717.

Alsharhan H, He M, Edmondson AC, Daniel EJP, Chen J, Donald T,
Bakhtiari S, Amor DJ, Jones EA, Vassallo G, et al. ALG13 X-linked intel-
lectual disability: new variants, glycosylation analysis, and expanded
phenotypes. J Inherit Metab Dis. 2021;44(4):1001-12.

Chang 1), He M, Lam C. Congenital disorders of glycosylation. Ann
Transl Med. 2018,;6(24):477.

Bayat A, Pendziwiat M, Obersztyn E, Goldenberg P, Zacher P, Déring JH,
et al. Deep-phenotyping the less severe spectrum of PIGT deficiency
and linking the gene to myoclonic atonic seizures. Front Genet.
2021;12:663643.

Zhang A, Venkat A, Taujale R, Mull JL, Ito A, Kannan N, et al. Peters plus
syndrome mutations affect the function and stability of human B1,3-
glucosyltransferase. J Biol Chem. 2021;297(1):100843.

Yeter B, Dilruba Aslanger A, Yesil G, Elcioglu NH. A novel mutation in
the TRIP11 gene: diagnostic approach from relatively common skeletal
dysplasias to an extremely rare Odontochondrodysplasia. J Clin Res
Pediatr Endocrinol. 2021;14(4):475-80.

Citro V, Cimmaruta C, Monticelli M, Riccio G, Mele BH, Cubellis MV, et al.
The analysis of variants in the general population reveals that PMM?2

is extremely tolerant to missense mutations and that diagnosis of
PMM2-CDG can benefit from the identification of modifiers. Int J Mol
Sci. 2018;19(8):1-12.

Kane MS, Davids M, Adams C, Wolfe LA, Cheung HW, Gropman A,

et al. Mitotic intragenic recombination: a mechanism of survival

for several congenital disorders of glycosylation. Am J Hum Genet.
2016;98(2):339-46.

. Bruneel A, Habarou F, Stojkovic T, Plouviez G, Bougas L, Guillemet F,

et al. Two-dimensional electrophoresis highlights haptoglobin beta
chain as an additional biomarker of congenital disorders of glycosyla-
tion. Clin Chim Acta. 2016;2017(470):70-4.

Bruneel A, Dubail J, Roseau C, Prada P, Haouari W, Huber C, et al.
Serum bikunin is a biomarker of linkeropathies. Clin Chim Acta.
2018;485(June):178-80.

Chen J, Li X, Edmondson A, Meyers GD, Izumi K, Ackermann AM,
Morava E, Ficicioglu C, Bennett MJ, He M. Increased clinical sensitivity
and specificity of plasma protein N-glycan profiling for diagnosing
congenital disorders of glycosylation by use of flow injection-electro-
spray ionization— quadrupole time-of-flight mass spectrometry. Clin
Chem. 2019;65(5):653-63.

Cechové A, Altassan R, Borgel D, Bruneel A, Correia J, Girard M, et al.
Consensus guideline for the diagnosis and management of mannose
phosphate isomerase-congenital disorder of glycosylation. J Inherit
Metab Dis. 2020;43(4):671-93.

Altassan R, Radenkovic S, Edmondson AC, Barone R, Brasil S, Cechova
A, et al. International consensus guidelines for phosphoglucomutase
1 deficiency (PGM1-CDG): diagnosis, follow-up, and management. J
Inherit Metab Dis. 2021;44(1):148-63.

World CDG Organization [Internet]. [cited 2022 Jul 30]. Available from:
https://worldcdg.org/drug-development/pipeline

Verheijen J, Tahata S, Kozicz T, Witters P, Morava E. Therapeutic
approaches in congenital disorders of glycosylation (CDG) involving
N-linked glycosylation: an update. Genet Med. 2020;22(2):268-79.
Brasil S, Allocca M, Magrinho SCM, Santos I, Raposo M, Francisco R,
Pascoal C, Martins T, Videira PA, Pereira F, et al. Systematic review: drug
repositioning for congenital disorders of glycosylation (CDG). Int J Mol
Sci. 2022;23(15):8725.

lyer S, Sam FS, DiPrimio N, Preston G, Verheijen J, Murthy K, et al. Repur-
posing the aldose reductase inhibitor and diabetic neuropathy drug
epalrestat for the congenital disorder of glycosylation PMM2-CDG.
DMM Dis Model Mech. 2019;12:11.

Ligezka AN, Radenkovic S, Saraswat M, Garapati K, Ranatunga W,
Krzysciak W, et al. Sorbitol Is a severity biomarker for PMM2-CDG with
therapeutic implications. Ann Neurol. 2021;90(6):887-900.

Wilson MP, Matthijs G. The evolving genetic landscape of con-

genital disorders of glycosylation. Biochim Biophys Acta Gen Subj.
2021;1865(11):129976.


https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
https://www.omim.org/
https://www.omim.org/
https://www.uniprot.org/
https://www.uniprot.org/
https://worldcdg.org/drug-development/pipeline

Francisco et al. Orphanet Journal of Rare Diseases (2023) 18:329 Page 9 of 9

42. Blommaert E, Péanne R, Cherepanova NA, Rymen D, Staels F, Jaeken J,
et al. Mutations in MAGT1 lead to a glycosylation disorder with a vari-
able phenotype. Proc Natl Acad Sci U S A. 2019;116(20):9865-70.

43. Verheijen J, Wong SY, Rowe JH, Raymond K, Stoddard J, Delmonte OM,
et al. Defining a new immune deficiency syndrome: MAN2B2-CDG. J
Allergy Clin Immunol. 2020;145(3):1008-11.

44. Volpi S, Yamazaki Y, Brauer PM, van Rooijen E, Hayashida A, Slavotinek
A, Sun Kuehn H, Di Rocco M, Rivolta C, Bortolomai |, et al. EXTL3 muta-
tions cause skeletal dysplasia, immune deficiency, and developmental
delay. J Exp Med. 2017;214(13):623-37.

45, Mizumoto S, Janecke AR, Sadeghpour A, Povysil G, McDonald MT, Unger
S, et al. CSGALNACT1-congenital disorder of glycosylation: a mild skeletal
dysplasia with advanced bone age. Hum Mutat. 2020;41(3):655-67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Congenital disorders of glycosylation (CDG): state of the art in 2022
	Abstract 
	Introduction
	Materials and methods
	Results
	Discussion
	Anchor 7
	Acknowledgements
	References


