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Background: Congenital disorders of glycosylation (CDG) are inborn defects of glycanmetabolism. They are mul-
tisystemdisorders. Analysis of transferrin isoforms is applied as a screening test for CDG type I (CDG-I) and type II
(CDG-II). We performed a retrospective cohort study to determine spectrum of phenotype and genotype and
prevalence of the different subtypes of CDG-I and CDG-II.
Material andmethods:All patientswith CDG-I and CDG-II evaluated in our institution'sMetabolic Genetics Clinics
were included. Electronic and paper patient chartswere reviewed.We set-up a high performance liquid chroma-
tography transferrin isoelectric focusing (TIEF) method to measure transferrin isoforms in our Institution. We
reviewed the literature for the rare CDG-I and CDG-II subtypes seen in our Institution.
Results: Fifteen patients were included: 9 with PMM2-CDG and 6 with non-PMM2-CDG (one ALG3-CDG, one
ALG9-CDG, two ALG11-CDG, one MPDU1-CDG and one ATP6V0A2-CDG). All patients with PMM2-CDG and 5 pa-
tients with non-PMM2-CDG showed abnormal TIEF suggestive of CDG-I or CDG-II pattern. In all patients, molec-
ular diagnosis was confirmed either by single gene testing, targeted next generation sequencing for CDG genes,
or by whole exome sequencing.
Conclusion:Wereport 15 newpatientswith CDG-I and CDG-II.Whole exome sequencingwill likely identifymore
patients with normal TIEF and expand the phenotypic spectrum of CDG-I and CDG-II.
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1. Introduction

Congenital disorders of glycosylation (CDG) are a heterogeneous
group of inherited metabolic disorders characterized by defective N-
and O-glycosylation of proteins and lipids [15,16,37]. They are caused
by inborn defects of glycan metabolism resulting in hypoglycosylation
of proteins and lipids. N-glycosylation attaches N-glycans to the amino
group of asparagine of proteins and occurs in the endoplasmic reticu-
lum and Golgi. The steps necessary for the glycosylation involve assem-
bly and processing components. N-glycosylation defects involving the

assembly of protein glycosylation in the cytoplasm and endoplasmic re-
ticulum are called CDG type I defects (CDG-I). Processing defects of pro-
tein glycosylation in the endoplasmic reticulum and Golgi are called
CDG type II defects (CDG-II) [15,34]. O-glycosylation attaches O-glycans
to the hydroxyl group of threonine or serine of proteins and their defects
are only assembly defects. Combined N- and O-glycosylation defects are
usually classified in the group of CDG-II [15,34,42,45].

The first CDG-I defect, PMM2-CDG, caused by phosphomannomutase
2 deficiency (EC 5.4.2.8) (OMIM#212065), was reported by Jaeken in
1984 [16]. So far about 50 different protein N-glycosylation defects have
been identified [34]. Patients with CDG-I N-glycosylation defects present
with multisystem involvement including neurological, hematological,
gastrointestinal, renal, cardiovascular, ophthalmological and skeletal sys-
tems and skin and connective tissue. The phenotype ranges fromprenatal
onset hydrops foetalis with intrauterine growth retardation or dilated
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cardiomyopathy, to mild global developmental delay, cognitive dysfunc-
tion and ataxia [15,35,36]. Patients with combined N- and O-
glycosylation defects have additional clinical features such as episodic hy-
perthermia in COG7-CDG and cutis laxa syndrome in ATP6V0A2-CDG [19].

Analysis of transferrin isoelectric focusing (TIEF) using capillary
zone electrophoresis [6], high performance liquid chromatography
(HPLC) [13] or mass spectrometry [2] is applied as a screening test for
N-glycosylation CDG-I and CDG-II defects. The normal transferrin iso-
form pattern shows tetrasialotransferrin. In CDG-I, there is an increase
in asilo- and disialotransferrin and a decrease in tetrasialotransferrin,
whereas in CDG-II there is an increase in trisialo- and
monosialotransferrin while tetrasialotransferrin can be normal or de-
creased [35,36]. Normal transferrin isoform pattern has been reported
in various CDG subtypes [47]. The diagnosis for specific subtypes is con-
firmed by targeted single gene testing or targeted next generation se-
quencing for CDG genes, or whole exome sequencing. The majority of
CDG-I and CDG–II subtypes are treated symptomatically [32].

To evaluate the outcome of patients with CDG-I and CDG-II, we per-
formed a retrospective cohort study. We determined phenotypic spec-
trum, the genotype and prevalence of the different subtypes of CDG-I
and CDG-II. In 2012, our biochemical genetics laboratory developed an
HPLC TIEF method for the investigations of CDG, which has been used
as a clinical screening test since January 2013. We also briefly describe
our method in this study. Additionally, we summarized patients with
rare CDG-I and CDG-II subtypes, seen in our institution, as a literature
review.

2. Materials and methods

2.1. Patients

Institutional Research Ethics Board approved this retrospective
cohort study (Approval# 1000050441). All patients with CDG-I and
CDG-II seen in the Metabolic Genetics Clinics were included. Elec-
tronic and paper patient charts were reviewed for clinical features,
biochemical investigations, molecular genetic testing, brain magnet-
ic resonance imaging (MRI) and outcome by two independent re-
search team members. All information was entered into an Excel
database. Molecular genetic testing using direct sequencing of single
genes, targeted next generation sequencing for CDG genes or whole
exome sequencing was applied according to clinically certified mo-
lecular genetic laboratories' methods. We used the recommenda-
tions for mutation nomenclature (www.hgvs.org/mutnomen) to
name gene variations.

Pubmed database was searched using rare non-PMM2-CDG diag-
nosed and followed in our Institution as the key words. Additionally,
references of all published articles regarding those geneswere reviewed
for case reports.

2.2. Measurement of TIEF using HPLC

The serum samples used for technical evaluation of the HPLC meth-
od were obtained. Anonymized left over serum samples were used.
Control sera from 21 healthy children for establishing reference inter-
vals were obtained through the CALIPER project [7]. The method is a
modification of the method of Helander et al. [13].

Briefly for materials, dextran sulfate sodium salt and CNBr-activated
Sepharose 6B were obtained from Amersham Biosciences. Nitrilotriacetic
acid trisodium salt monohydrate (NTA) was obtained from Fluka. Bis(2-
hydroxyethyl)imino-tris(hydroxymethyl)methane (Bis-Tris), calcium
chloride dihydrate (CaCl2 2 H2O), and iron(III) chloride hexahydrate
(FeCl3 6 H2O) were obtained from Sigma-Aldrich. Ferric nitrilotriacetic
acid (FeNTA) solution (10 mmol/L) was used for iron saturation of
serum transferrin. The pH was adjusted to 7.0 with 1.0 mol/L NaOH.
Water was added to give a final volume of 100 mL. The FeNTA solution

was stored at 4 °C (stable for N1 year). Dextran sulfate (10 g/L) in 0.5 M
CaCl2 was used for lipid precipitation.

Briefly for sample preparation, patient and control serum (100 μL)
was mixed with 20 μL FeNTA solution and incubated at room tempera-
ture for 5 s. Lipids were precipitated by addition of 20 μL of the dextran
sulfate–CaCl2 solution and incubated at 2–8 °C for 30 min followed by
centrifugation at 18000× rcf at room temperature for 5 min. 100 μL of
the supernatant was transferred to HPLC grade vials and 200 μL of
deionised water was added.

Briefly for HPLC analysis, HPLC separation was performed on an
Agilent Technologies 1200 series system using gradient chromatogra-
phy on a GE HealthCare, Source15Q 4.6/100 column. The HPLC flow
rate was set to 800 μL/min and the mobile phase consisted of phase A:
100% 10 mM Bis-Tris, pH 7.5 and phase B: 10 mM Bis-Tris/0.5 M NaCl,
pH 6.2, phase C: 10 mM Bis-tris, pH 6.2 and phase D 2 mMNaCl. Quan-
tification of the transferrin isoforms was performed by selective absor-
bance of the iron–transferrin complex at 470 nm. Peak integrations
were reviewed andmanually integratedwhen automated peak integra-
tion feature incorrectly or partially integrated peaks.

3. Results

Fifteen patients (5 males and 10 females) from 14 unrelated families
were included in this retrospective cohort study. The clinical features
were first noted at average age of 4months (range birth to 11 months).
The current average age was 8.4 years (range 1 to 18 years). One patient
was transferred to the adult metabolic clinic after 18 years of age: his
follow-up was reported until the age of 18 years and his chronological
age was not taken into account. Fourteen patients had CDG-I including
9 patients with PMM2-CDG (60%), one patient with ALG3-CDG, one pa-
tient with ALG9-CDG, two patients with ALG11-CDG and one patient
with MPDU1-CDG. One patient had CDG-II, ATPV0A2-CDG. Patients 3
and 4 were siblings. All PMM2-CDG patients are summarized in Table 1
for their clinical, biochemical, molecular genetics and neuroimaging fea-
tures. All patients with non-PMM2-CDG subtypes are summarized in
Table 2 for their clinical, biochemical, molecular genetics and neuroimag-
ing features.

3.1. PMM2-CDG: clinical, neuroimaging, biochemical andmolecular genetic
features

There were nine patients with PMM2-CDG including five males and
four females (Table 1). The average age of initial presentation was
5.6 months (range birth-11 months). The current average age was
8.3 years (range 1 – 18 years). The average time between age of onset
and the diagnosis of PMM2-CDG was 18 months (ranged from 1 month
to 4 years).

Presenting symptomwas early infantile onset global developmental
delay in 7 patients, respiratory distress in one patient due to tetralogy of
Fallot and failure to thrive and pericardial effusion in one patient. All pa-
tients had various degrees of global developmental delay and cognitive
dysfunction. All patients had axial hypotonia. Seizures were present in
three patients, only one patient was on anti-epileptic medications
with seizure freedom for more than two years. Sensorineural hearing
loss was present in two patients.

Dysmorphic features included strabismus (seven patients), hypo-
plastic inverted nipples (4 patients), abnormal fat pads over the but-
tocks and the suprapubic region (one patient) and microcephaly (one
patient). Failure to thrive was present in four patients.

Two patients had cardiac features including tetralogy of Fallot in one
and pericardial effusions in another patient. The patientwith pericardial
effusionwas identified at the age of 2months by echocardiography. She
was treated with pericardiocentesis due to large amount of pericardial
effusion. The similar amount of pericardial effusion re-occurred within
2 weeks. She underwent pericardial window and drainage procedure.
She was treated with diuretic medications and albumin infusions for
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