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    Abstract  

  Glycosylation is the addition of sugars (glycans) to proteins and lipids and is the most 
 frequent modifi cation of both secreted and membrane-bound proteins. Defective synthesis, 
assembly or processing of glycans results in a group of disorders known as congenital dis-
orders of glycosylation (CDG). Biochemical testing assesses the level of glycosylation on 
glycoproteins, such as transferrin, as well as the structure of  N -linked or  O -linked glycans 
released from glycoproteins. Molecular CDG single gene and gene panel testing is clini-
cally available for more than 30 CDG-associated genes. An exome sequencing approach is 
being used to identify the gene defect in individuals with unknown types of CDG (CDG-Ix 
and CDG-IIx), and can lead to the identifi cation of new CDG genes. Identifi cation of the 
molecular mechanisms for new subtypes of CDG will provide important building blocks for 
the development of new treatments and therapies for individuals affected with CDG.  
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        Introduction 

 Glycosylation is the addition of sugars (glycans) to proteins 
and lipids and is the most frequent modifi cation of both 
secreted and membrane-bound proteins [ 1 ]. Two types of 
protein glycosylation occur,  N -linked and  O -linked, which 
differ in the linkage of the oligosaccharide to protein. 

 Approximately 50 % of all proteins in the human 
genome are  N -glycosylated [ 2 ]. In  N -glycosylation, an oli-
gosaccharide is assembled, beginning in the cytosol and 
continued in the endoplasmic reticulum (ER). The sugar 
chain precursor is assembled on a lipid dolichol pyrophos-
phate carrier in the ER membrane and consists of two 

 N -acetylglucosamine residues, nine mannose residues, and 
three glucose residues. Once the assembly process is com-
plete, the oligosaccharyltransferase complex transfers the 
oligosaccharide to specifi c asparagine residues on nascent 
polypeptide chains in the lumen of the ER. After linkage, 
modifi cation of the glycan begins with the trimming of 
sugar chains in the ER, and further modifi cation of these 
sugar chains takes place in the Golgi apparatus. This path-
way is well described, and many enzymes are involved in 
both the assembly and the post- linkage processing of the 
glycan chain [ 3 ].  N -glycosylated proteins are important for 
a variety of biological processes, including intracellular 
targeting, cell-cell recognition, protein folding and stabil-
ity, and immune response [ 1 ]. 

 In contrast,  O -linked-glycosylation occurs in the Golgi 
apparatus with sugars added sequentially to serine or threo-
nine amino acids of proteins.  O -glycosylated proteins pro-
vide a barrier against pathogens, serve as lubricants, provide 
cushioning and physical integrity to the extracellular matrix, 
and function as co-receptors for a number of growth factors [ 1 ]. 
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Glycosylation of lipids begins within the cytosol and contin-
ues in the ER and Golgi apparatus. Glycosylated lipids are 
involved in signaling, membrane diffusion, and sorting [ 4 ]. 
Hence, the proper development and functioning of  multiple 
organ systems are dependent upon normal glycosylation of 
proteins and lipids.  

    Molecular Basis of Disease 

 An impaired  N -glycosylation biosynthesis pathway, due to 
mutations in genes that encode proteins that function within 
this pathway or are involved in intracellular protein or nucleo-
tide sugar traffi cking between the endoplasmic reticulum and 
Golgi apparatus, affects multiple organ systems including the 
brain, heart, bone, endocrine system, immune system, liver, 
gastrointestinal tract, and vision [ 1 ]. Defects within the 
 O -glycosylation pathway mainly affect muscle, bone, carti-
lage, and the extracellular matrix [ 1 ]. Defects in lipid glyco-
sylation primarily affect the nervous system [ 5 ,  6 ]. 

 Defective synthesis, assembly or processing of glycans 
results in a group of disorders known as congenital disorders 
of glycosylation (CDG) [ 1 ]. The majority of individuals with 
CDG have symptoms that began in infancy. These symptoms 
can include severe developmental delay, ataxia, seizures, 
liver fi brosis, cardiac dysfunction, retinopathy, skeletal 
abnormalities, and coagulopathies. The liver and intestine 
are most affected in CDG because these organs consume the 
most mannose for glycoprotein synthesis. Approximately 
20 % of children do not survive beyond 5 years of age due to 
widespread organ dysfunction and severe infections. 
Worldwide occurrence of CDG has an estimated prevalence 
as high as 1 in 20,000. The great variability of symptoms and 
severity of disease across individuals with CDG makes the 
diagnosis of these disorders challenging to pediatric health 
care providers. The majority of CDG types are due to auto-
somal recessive inheritance. The exceptions include an 
X-linked  N -glycosylation defect and two autosomal domi-
nant  O -glycosylation defects. 

 CDG patients are classifi ed as having either Type I, Type 
II, or combined Type I and Type II defects, which is defi ned 
by serum transferrin analysis. This designation is based on 
whether the  N- glycosylation defect results in either hypo- or 
mis-glycosylation [ 7 ]. Type I CDGs are caused by defects in 
genes that create the sugar chain precursors or in genes that 
attach these precursors to proteins and lipids. These defects 
result in a glycan structure that is partially or totally missing. 
Type II CDGs are caused by defects in genes that modify the 
sugar chains after they are attached to proteins and lipids. 
These defects result in a structurally altered glycan. 
Combined Type I and Type II defects have recently been 
reported, making an accurate diagnosis in these patients even 
more challenging. Most CDG subtypes have been described 

in only a few individuals; therefore, an understanding of phe-
notypes for these CDG subtypes is limited. 

 Currently, effi cient treatment is only available for one sub-
type of CDG, MPI-CDG (CDG-Ib), caused by mutations in 
the phosphomannose-isomerase ( MPI ) gene [ 8 ]. The defect 
in MPI-CDG is the inability to convert fructose-6 phosphate 
to mannose-6-phosphate. The enzyme hexokinase can form 
mannose-6-phosphate from the administration of oral man-
nose, thereby bypassing the defect. Two other CDGs that can 
respond to treatment include SLC35C1-CDG (CDG- IIc) in 
which fucose is an effective treatment for recurrent infections 
with hyperleukocystosis, and PIGM-CDG in which butyrate 
upregulates PIGM transcription, thereby controlling seizures 
[ 9 ,  10 ]. Only supportive therapy and symptom- based treat-
ment is available for all other CDG subtypes.  

    Clinical Utility of Testing 

 Due to the multisystem involvement of CDG, subtype diag-
nosis based on the clinical phenotype often is not possible. A 
combination of biochemical and molecular testing is used to 
identify the CDG subtype. Confi rmation of the specifi c gene 
defect is important because some life-threatening pheno-
types (i.e., cardiac dysfunction) have presented in only cer-
tain subtypes of CDG and may develop at any time. 
Confi rmation of the defect allows for close monitoring of 
different organs for dysfunction and complications that may 
arise due to coagulation abnormalities. A growing number of 
individuals have a biochemical diagnosis of CDG without 
identifi cation of a disease-causing mutation in a known CDG 
gene. Although molecular testing may miss some mutations 
in deep intronic or promoter regions of CDG-associated 
genes, many individuals with negative testing likely have 
mutations in genes not yet associated with CDG. 

 Genotype-phenotype correlations are not well described 
for many subtypes of CDG because only a few individuals 
have had mutations detected in the majority of CDG- 
associated genes [ 11 ]. Even in the most common CDG sub-
type, PMM2-CDG (CDG-Ia), individuals with the same 
mutation have variable severity of the clinical symptoms 
[ 12 ]. Identifi cation of both disease-causing mutations in the 
affected individual allows carrier and prenatal testing of 
other family members.  

    Available Assays 

    Biochemical Assays 

 The standard screening for individuals with symptoms of 
CDG is biochemical testing to assess the level of glycosyl-
ation on glycoproteins, such as transferrin, and the structure  
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of  N -linked or  O -linked glycans released from glycopro-
teins [ 13 ]. Transferrin is an iron-binding protein that is syn-
thesized and metabolized mainly in the liver and is the most 
sensitive serum glycoprotein marker for CDG. Glycosylation 
of transferrin can be analyzed using isoelectric focusing 
(IEF), electrospray ionization mass spectrometry or 
matrix-assisted laser desorption/ionization–time-of-fl ight 
mass spectrometry. Transferrin contains two biantennary 
 N -glycan chains with a total of four terminal sialic acid 
residues. A normal IEF profi le of transferrin isomers con-
sists predominantly of four sialic acids (tetrasialotransfer-
rin). For type I CDG, an abnormal profi le is observed with 
a decreased amount of tetrasialotransferrin and increased 
amounts of asialo- and disialotransferrin due to some trans-
ferrin molecules lacking either one or both  N -glycan chains. 
For type II CDG, an abnormal profi le consists of an increase 
of tri-, di-, mono-, or sometimes asialotransferrin due to a 
portion of the glycan chains being incomplete. Serum 
transferrin analysis is relatively of low cost and is available 
in many clinical laboratories. Transferrin testing is a rapid 
screen for CDG, but does not identify the specifi c gene 
defect. 

 Serum transferrin screening for CDG has limitations. 
Several CDG subtypes including MOGS-CDG (CDG-IIb), 
SLC35C1-CDG (CDG-IIc), and SLC35A1-CDG (CDG-IIf) 
present with a normal transferrin pattern [ 1 ]. Some patients 
with PMM2-CDG (CDG-Ia) may have a normal transferrin 
pattern later in life, and analysis of PMM2 enzyme activity 
may be needed to confi rm the diagnosis [ 14 ]. These examples 
demonstrate that a normal transferrin pattern does not neces-
sarily exclude an individual from having CDG, with approxi-
mately 25 % of CDG cases estimated to have a normal 
transferrin pattern [ 15 ]. False-positive results can be observed 
in individuals presenting with liver disease, other metabolic 
disorders including galactosemia and fructosemia, or alcohol-
ism [ 16 – 18 ]. Transferrin analysis also is not accurate in chil-
dren less than 6 months of age and may give false-negative 
results [ 7 ]. Transferrin analysis also is reported to have false-
positive results in infants less than 3 weeks of age [ 19 ]. 

 MALDI-TOF-MS can be used for analysis of  N - and 
 O -linked glycan structures. This technique protects glycans 
from fragmentation and allows for the structural detail of  N - 
and  O -linked glycans to be analyzed. This technique has 
been used to characterize a number of subtypes of CDG that 
could not be detected by IEF of transferrin and is particularly 
useful for characterizing Type II defects, combined Type I 
and Type II defects, and multiple glycosylation defects [ 20 ]. 
Caution needs to be exercised with interpretation of  O -glycan 
MALDI-TOF-MS profi les from patients with cancer or dia-
betes because these conditions can alter  O -glycans at the cel-
lular level [ 21 ]. This analysis is available only in a few 
clinical laboratories. 

 Enzyme activities of phosphomannomutase (PMM) and 
phosphomannose isomerase are assessed in patient fi bro-
blasts or leukocytes if the patient is suspected to have a Type 
I CDG [ 13 ]. This will diagnose or rule out two common 
CDGs, PMM2-CDG (CDG-Ia) (700 individuals worldwide), 
and MPI-CDG (CDG-Ib) (20 individuals worldwide). 
Analysis using leukocytes is preferred, especially for PMM 
enzyme activity, because rapidly dividing fi broblasts can 
give high PMM residual activity levels [ 22 ]. Enzyme activity 
assays are clinically available only for these two CDG sub-
types, and performed by several laboratories worldwide.  

    Molecular Assays 

 Since serum transferrin analysis can only determine whether 
the patient has Type I or Type II CDG, follow up with molec-
ular testing is needed to determine the specifi c gene defect 
and to direct testing of additional family members, as needed. 
If individuals have reduced PMM or MPI enzyme activity, 
PCR amplifi cation and sequencing of the respective genes 
can be performed to determine the disease-causing muta-
tions. Single gene testing is currently available for more than 
30 genes associated with CDG (Table  8.1 ). Only a few labo-
ratories provide molecular testing for the more rare CDG 
subtypes. A comprehensive clinical CDG next-generation 
sequencing panel is available for comprehensive mutation 
detection in 38 CDG-associated genes when it is unclear 
what defect an individual with CDG may have based on phe-
notype [ 23 ]. Array-based comparative genomic hybridiza-
tion (aCGH) also can be used to detect exon and gene 
deletions and duplications in these CDG-associated genes.

   For the most common CDG, PMM2-CDG (CDG-Ia), 
over 90 mutations have been identifi ed [ 8 ]. The most com-
mon mutation is p.Arg141His that leads to almost complete 
inactivation of the enzyme [ 12 ]. This amino acid substitution 
is seen in about 40 % of compound heterozygous individu-
als. Another mutation, p.Phe119Leu, is frequently found in 
affected Northern Europeans with the compound heterozy-
gote genotype (p.Arg141His and p.Phe119Leu), and repre-
sents 72 % of mutations in  PMM2 . Due to the limited number 
of individuals with defects in the other CDG genes, no com-
mon mutations have been identifi ed across individuals.   

    Interpretation of Results 

 The majority of mutations identifi ed in CDG patients are 
missense and nonsense mutations, and small insertions and 
deletions. Since only a few patients have been identifi ed with 
defects in each of the CDG genes, the list of mutations in 
Human Gene Mutation Database is very limited for many 

8 Congenital Disorders of Glycosylation



124

CDGs; therefore, a conservative approach should be taken 
for novel variants identifi ed in CDG genes that have not been 
previously reported. Interpretation of duplications identifi ed 
by array CGH is diffi cult because the duplication may or 
may not disrupt the function of the encoded protein. The 
presence of one known disease-causing mutation in a spe-
cifi c CDG gene can assist with the interpretation of aCGH 
results. Parental studies can be useful in determining whether 
two variants identifi ed in a single gene are on the same or 
opposite alleles.  

    Laboratory Issues 

 Serum transferrin analysis is prone to both false-positive and 
false-negative results; therefore, if a patient has a strong clin-
ical indication of CDG, follow-up with additional biochemi-
cal or molecular testing is recommended. If biochemical 
testing indicates an individual has CDG, molecular testing is 
used to confi rm the diagnosis and to identify the disease-
causing mutations. Testing for the majority of CDGs is pro-
vided by only a few laboratories worldwide. A list of labora-
tories that test for each CDG subtype is provided on the 
GeneTests website (http://www.ncbi.nlm.nih.gov/sites/
GeneTests/).  

    Conclusions and Future Directions 

 Due to the wide spectrum of symptoms and variable severity 
of CDG, pediatric physicians should be educated to consider 
glycosylation disorders in patients presenting with multi- 
organ dysfunction and symptoms that include developmental 
delay, failure to thrive, liver dysfunction, or neurological 
involvement. As testing for CDG continues, the number of 

   Table 8.1    Subtypes of congenital disorders of glycosylation   

  CDG subtype    Type of defect  

 PMM2-CDG (CDG-Ia)*   N- glycosylation 

 MPI-CDG (CDG-Ib)*   N- glycosylation 

 ALG6-CDG (CDG-Ic)*   N- glycosylation 

 ALG3-CDG (CDG-Id)*   N- glycosylation 

 ALG12-CDG (CDG-Ig)*   N- glycosylation 

 ALG8-CDG (CDG-Ih)*   N- glycosylation 

 ALG2-CDG (CDG-Ii)*   N- glycosylation 

 DPAGT1-CDG (CDG-Ij)*   N- glycosylation 

 ALG1-CDG (CDG-Ik)*   N- glycosylation 

 ALG9-CDG (CDG-IL)*   N- glycosylation 

 RFT1-CDG (CDG-In)*   N- glycosylation 

 DPM3-CDG (CDG-Io)*   N- glycosylation 

 ALG11-CDG (CDG-Ip)*   N- glycosylation 

 SRD5A3-CDG (CDG-Iq)*   N- glycosylation 

 DDOST-CDG (CDG-Ir)*   N- glycosylation 

 ALG13-CDG (CDG-Is)*   N- glycosylation 

 MAGT1-CDG*   N- glycosylation 

 TUSC3-CDG*   N- glycosylation 

 DHDDS-CDG*   N- glycosylation 

 MAN1B1-CDG   N- glycosylation 

 PGM1-CDG   N- glycosylation 

 ST3GAL3-CDG   N- glycosylation 

 MGAT2-CDG (CDG-IIa)*   N- glycosylation 

 MOGS-CDG (CDG-IIb)*   N- glycosylation 

 TMEM165-CDG (CDG-IIk)   N- glycosylation 

 DPM1-CDG (CDG-Ie)*  Multiple glycosylation 

 MPDU1-CDG (CDG-If)*  Multiple glycosylation 

 DOLK-CDG (CDG-Im)*  Multiple glycosylation 

 SLC35C1-CDG (CDG-IIc)*  Multiple glycosylation 

 B4GALT1-CDG (CDG-IId)*  Multiple glycosylation 

 COG7-CDG (CDG-IIe)*  Multiple glycosylation 

 SLC35A1-CDG (CDG-IIf)*  Multiple glycosylation 

 COG1-CDG (CDG-IIg)*  Multiple glycosylation 

 COG8-CDG (CDG-IIh)*  Multiple glycosylation 

 COG4-CDG*  Multiple glycosylation 

 COG5-CDG*  Multiple glycosylation 

 COG6-CDG*  Multiple glycosylation 

 SEC23B-CDG*  Multiple glycosylation 

 GNE-CDG*  Multiple glycosylation 

 ATP6V0A2-CDG*  Multiple glycosylation 

 POMT1–POMT2-CDG*   O- glycosylation 

 POMGNT1-CDG*   O- glycosylation 

 B3GALTL-CDG*   O- glycosylation 

 EXT1–EXT2-CDG   O- glycosylation 

 B4GALT7-CDG   O- glycosylation 

 GALNT3-CDG   O- glycosylation 

 SLC35D1-CDG   O- glycosylation 

 LFNG-CDG   O- glycosylation 

 CHST14-CDG   O- glycosylation 

 CHST3-CDG   O- glycosylation 

  CDG subtype    Type of defect  

 CHST6-CDG   O- glycosylation 

 CHSY1-CDG   O- glycosylation 

 B3GAT3-CDG   O- glycosylation 

 FKTN-CDG   O- glycosylation 

 LARGE-CDG   O- glycosylation 

 FKRP-CDG   O- glycosylation 

 PIGA-CDG  Lipid glycosylation 

 PIGM-CDG  Lipid glycosylation 

 PIGO-CDG  Lipid glycosylation 

 PIGV-CDG  Lipid glycosylation 

 ST3GAL5-CDG  Lipid glycosylation 

 SIAT9-CDG  Lipid glycosylation 

  Subtypes with an asterisk indicate that clinical testing is available  
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patients that lack a molecular diagnosis will likely increase, 
highlighting the need for broader molecular testing to iden-
tify the causative gene in these patients. Greater than 40 % of 
CDG patients are estimated to have an unknown type of 
CDG (CDG-Ix or CDG-IIx) and lack a molecular diagnosis, 
with the majority of unsolved cases being CDG-IIx. 
Approximately, 250–500 genes are estimated to be involved 
in the process of glycosylation, with the likelihood that 
defects in a number of these genes will result in CDG. CDG 
is an ideal candidate syndrome for exome sequencing, and 
this approach already has successfully identifi ed the gene 
defect in a previous CDG-Ix patient [ 24 ]. New CDG genes 
identifi ed from exome or genome sequencing can be added 
to the clinical CDG next-generation sequencing panel to pro-
vide a more comprehensive test. 

 Improved molecular diagnosis of CDG will reduce the 
number of patients lacking genetic characterization, shorten 
a patient’s time to diagnosis, facilitate genetic counseling, 
improve patient management, and facilitate carrier or prena-
tal testing for other family members. Molecular diagnosis of 
additional patients with CDG will provide an estimate of the 
prevalence of each subtype and a greater understanding of 
the spectrum of phenotypes associated with each subtype. 
The clinical outcome and natural course for each CDG sub-
type will also be elucidated. As more patients are identifi ed, 
the study of genotype/phenotype correlations can be 
assessed. Identifi cation of new genes also will provide 
insight into new pathways that are linked to glycosylation. 
Furthermore, identifi cation of new genes associated with 
CDG will provide important building blocks for the develop-
ment of new treatments and therapies for individuals affl icted 
with different subtypes of CDG.     
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