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Two Argentinean Siblings with CDG-Ix: A Novel Type of Congenital

Disorder of Glycosylation?

M.B. Bistué Millén, M.A. Delgado, N.B. Azar, N. Guelbert, L. Sturiale, D. Garozzo, G. Matthijs, J. Jaeken,
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Abstract Congenital disorders of glycosylation (CDG) are
genetic diseases caused by abnormal protein and lipid
glycosylation. In this chapter, we report the clinical, bio-
chemical, and molecular findings in two siblings with an
unidentified CDG (CDG-Ix). They are the first and the
third child of healthy consanguineous Argentinean parents.
Patient 1 is now a 11-year-old girl, and patient 2 died at the
age of 4 months. Their clinical picture involved liver dys-
function in the neonatal period, psychomotor retardation,
microcephaly, seizures, axial hypotonia, feeding difficulties,
and hepatomegaly. Patient 1 also developed strabismus
and cataract. They showed a type 1 pattern of serum sialo-
transferrin. Enzymatic analysis for phosphomannomutase
and phosphomannose isomerase in leukocytes and fibro-
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blasts excluded PMM2-CDG and MPI-CDG. Lipid-linked
oligosaccharide (LLO) analysis showed a normal profile.
Therefore, this result could point to a deficiency in
the dolichol metabolism. In this context, ALG8-CDG,
DPAGTI-CDG, and SRD5A3-CDG were analyzed and no
defects were identified. In conclusion, we could not identify
the genetic deficiency in these patients yet. Further studies
are underway to identify the basic defect in them, taking
into account the new CDG types that have been recently
described.
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Abbreviation

CDG  Congenital disorder of glycosylation
COG  Oligomeric golgi complex

HPLC High-performance liquid chromatography
IEF Isoelectrofocusing

MS Mass spectrometry

Tf Transferrin

Introduction

Congenital disorders of glycosylation (CDG) are genetic
defects in the synthesis and transfer of the glycan moiety
of glycoproteins and glycolipids. About ~1% of the human
genome is estimated to be involved in glycosylation pro-
cesses (Jacken 2003; Morava et al. 2008). Disorders of
N-glycosylation are divided into CDG type I or II, according
to the intracellular localization of the molecular defect
(McKenzie et al. 2007; Morava et al. 2008; Lefeber et al.
2009; Jaeken et al. 2009). CDG-I is caused by defects in
enzymes governing the synthesis and transfer of the oligo-
saccharide in the ER. On the other hand, defects leading to
CDG-II belong to different classes: enzymes responsible for
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the modifications of the N-glycan chain in the Golgi appara-
tus, sugar transporters, and proteins with a role in intracellu-
lar trafficking, like the COG complex. A new nomenclature
system indicates the specific disorder with the use of the
gene name or the protein name to include all protein glyco-
sylation disorders and to extend it to the lipid glycosylation
defects (Jacken et al. 2008). The diseases are labeled
CDGe-Ix as long as the basic defect remains unknown.

Since the initial description of CDG in 1980 (Jacken et al.
1980), serum transferrin IEF with immunodetection has
been widely used as a screening test. Any defect in the
synthesis or processing of these glycans results in the alter-
ation of sialotransferrin isoforms, which is detectable by
IEF according to their different charges (Jacken 2003). The
analysis on HPLC allows for the separation of transferrin
glycoforms based not only on the net charge of the molecule,
but also on structural differences of the glycans. Both
methodologies can be used for assignment of cases to
either type I or type II (Sturiale et al. 2008; Quintana et al.
2009).

Application of matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS) allows
the high-throughput identification of proteins by the accurate
mass measurement of peptides derived from total proteome
digestion (Reinders et al. 2004; Guerrera and Kleiner 2005).
MALDI-TOF applications in CDG aim to investigate glyco-
sylation changes of proteins, providing structural informa-
tion on the targeted protein. In addition, MS characterization
of defective glycan structures is an essential step to
solve defects in patients with CDG-x (Sturiale et al. 2005;
Babovic-Vuksanovic and O’Brien 2007). The clinical spec-
trum of N-glycosylation defects is variable, ranging from
severe multisystem disorders to dysfunction of specific
organs. The clinical, metabolic, and molecular aspects of
CDG patients have been described extensively in recent
reviews (Marklova and Albahri 2007; de Lonlay et al.
2008; Barone et al. 2009). Other reports (Marklova and
Albahri 2007; Morava et al. 2008) tried to find similarities
in the clinical presentations of patients and to detect specific
symptoms suggestive of a distinct CDG I type. Clinical
features such as inverted nipples and abnormal fat distri-
bution may be found in PMM2-CDG (CDG Ia) (OMIM
212065) patients, the most frequent type. Other clinical
features such as retrognathia, low-set ears, and club foot
are common findings in congenital central nervous system
anomalies. In one of the studies, an overview of the unusual
clinical symptoms in CDG-Ix (OMIM 212067) showed that
two main subgroups could be distinguished based on the
severity of the disease: one with a pure neurological presen-
tation and the other with a neurological-multivisceral form
(Morava et al. 2008). Nevertheless, other unique findings in
CDGe-Ix include arthrogryposis, macrocephaly, polyneuro-
pathy, and cystic kidneys.

We want to report the clinical features, the biochemical
studies, and the molecular analysis of two siblings charac-
terized as CDG-Ix, who have been identified in the context
of the first program for these pathologies in Argentina.

Case Report

We present two sisters born as the first and the third child of
healthy consanguineous Argentinean parents. One of the
children is now 11 years old (patient 1) and the other (patient
2) had an early death at the age of 4 months. The clinical
features of both patients, who share some common features
of CDG, are illustrated in Fig. la, b. The clinical findings
include axial hypotonia, psychomotor retardation, dysmor-
phic features, feeding problems, hepatomegaly, coagulopa-
thy, and recurrent infections (Table 1). Patient 2 was born
with a severe phenotype consisting of liver involvement
(hepatomegaly, hypoalbuminemia, protein-losing enteropa-
thy, recurrent vomiting, and diarrhea), seizures, progressive
developmental delay, and coagulation abnormalities with
recurrent infections. Unfortunately, detailed examination of
the brain was not possible due to the early death (Table 1).
In patient 1, ophthalmological abnormalities were observed
including strabismus and nuclear-cortical cataracts (Fig. 1a).
She presented liver dysfunction in the neonatal period, and
has had psychomotor retardation, microcephaly, intractable
seizures, feeding difficulties, and malnutrition.

Materials and Methods

Blood samples from both patients were obtained after
informed parental consent. EDTA blood samples were
taken from patient 1 and the parents to extract genomic
DNA from leukocytes with a commercially available kit
(Wizard Genomic Purification Kit, Promega, Madison,
WI). For cell culture, skin biopsy was obtained from
patient 1, and the fibroblasts were cultivated in minimal
essential medium (MEM). Approval of Human Research
was obtained from the institutional review boards of
CIEIS-Health Investigation Ethic Committee. Children’s
Hospital, Cérdoba, Argentina.

SDS-PAGE and Western Blot

Plasma sample from P1 was incubated for 30 min at room
temperature with a solution of NaCl 0.9% and 10 mM ferric
citrate in a ratio of 15:70:15 to saturate the transferrin
with iron. The saturated sample was diluted 1:20 in sample
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Fig. 1 Clinical features of two Patient 1
CDG-Ix sibling patients. Patient 1
(a and b) at 8 years old. She
showed psychomotor retardation,
feeding problems, hepatomegaly
and ophthalmological
abnormalities (strabismus and
cataract). Patient 2 (c and d): she
had dysmorphic features and a
severe phenotype consisting of
liver involvement (hepatomegaly,
hypoalbuminemia, ascitis,
protein-losing enteropathy,
recurrent vomiting, and diarrhea),
microcephaly, intractable
seizures, axial hypotonia, feeding
difficulties, and malnutrition. She
had recurrent infections and an
early death at 4 months

Patient2

Table 1 Overview of the clinical symptoms observed in two siblings
CDG-Ix

Clinical symptoms

Patient 1 (11 years old) Patient 2 early

death (at 4
months)
Psychomotor retardation +++ +++
Cerebellar atrophy - nd
Seizures +++ (refractory) +
Stroke like episodes — —
Extrapyramidal symptoms + —
Cataract + (nuclear-cortical, +
and bilateral)

Strabismus + —
Optic atrophy — —
Liver involvement + +++
Failure to thrive ++ +
Diarrhea/vomiting — ++
Hypoalbuminemia — ++
Cardiomyopathy — —
Cystic kidney disease — nd
Hypotonia Axial Axial
Muscle weakness, CK levels + CK: normal ++ CK: nd
Coagulation anomalies: + PT: 52 seg +

prothrombin (PT) and (NV:11.5-13.5 seg)

Kaolin paﬁial KPPT: 49.6 seg (VN:

thromboplastin time 25-34 seg)

(KPTT)
Thrombocytopenia — +
Respiratory failure - -
Recurrent infections + (urinary and ++

respiratory)

++ very severe, + symptom present, — symptom absent, nd not

determined

treatment buffer containing 250 pl Tris—HCl 1.25 mol/L
(pH: 6.8), 400 pl SDS 25%, 250 pl 2-mercaptoethanol,
500 ul glycerol 99%, 250 pl 0.2% bromophenol blue, and
3,350 pl of bidistilled water (final volume 5 ml; pH 6.8) and
separated on 10% SDS-PAGE and transferred to a PVDF
membrane by western blotting using standard procedures
(Artuch et al. 2003). The blocked membrane was incubated
with polyclonal antibodies for anti-transferrin and anti-
haptoglobin glycoproteins (Dako, Germany) using an anti-
rabbit peroxidase-goat conjugated as secondary antibody
(Bio Rad). The visualization of the protein bands was per-
formed using a colorimetric detection (DAB, Sigma).

IEF of Serum Transferrin (Tf-IEF)

Plasma sample from P1 (20 pl) was incubated for 30 min
at room temperature with a solution of NaCl 0.9% (20 pl),
10 mM ferric citrate (2 pl), and 0.5 mM sodium hydrogen
carbonate (2 pl) to saturate the transferrin with iron. After
centrifugation (2,000 x g, 10 min), the supernatant was fur-
ther diluted (1:5) with water.

Proteins of P2 were extracted by incubating blood spots
samples for 1 h at room temperature with a solution of NaCl
0.9% (95 pl) and 10 mM ferric citrate (20 pl) and centrifu-
gated at 3,500 x g for 10 min.
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The iron-saturated serum proteins were diluted five times
with water and applied to a hydrated immobiline gel (PAG
plate pH 4-6.5; GE Healthcare) and separated in a Multi-
phore II system (GE Healthcare). Transferrin isoforms were
detected after immunofixation with rabbit anti-human trans-
ferrin antibody (Dako, Germany) and Coomassie blue stain-
ing (Jaecken et al. 1984; Stibler and Jaeken 1990). The
relative amounts of the transferrin isoforms were determined
and quantified using the Image J 1.42q Software (Wayne
Rasband National Institutes of Health, USA).

Enzymatic Analysis

Phosphomannomutase (PMM) (EC 5.4.2.8) and phospho-
mannose isomerase (MPI) (EC 5.3.1.8) activities were
measured in leukocytes and fibroblast. The PMM and MPI
activities were performed according to a procedure devel-
oped by van Schaftingen and Jaeken (1995).

High-Performance Liquid
Chromatography of Transferrin

High-performance liquid chromatography of transferrin
(Tf-HPLC) analysis was based on the method described by
Helander et al. (2003).The HPLC system consisted of an
Agilent 1100 Series liquid chromatography. Separation of
the transferrin glycoforms was performed on a SOURCE
15Q PE 4.6/100 anion-exchange chromatography column
(GE Healthcare) at 25°C by linear salt gradient elution at a
flow rate of 1.0 ml/min. Quantification of the transferrin
glycoforms relied on the selective absorbance of the iron—
transferrin complex at 470 nm. The relative amount of each
transferrin isoform was expressed as a percentage of the area
under the curve (%AUC) (Helander et al. 2003; Quintana
et al. 2009).

Intact transferrin (immunopurified as described in
Sturiale et al. 2008) and its relative N-glycan pool, released
by peptide-N-glycosidase F [PNGase F (EC 3.5.1.52)] treat-
ment, were both analyzed by MALDI MS on a Voyager STR
instrument (Applied Biosystems, Framingham, MA) using
sinapinic acid as matrix for native protein analysis, and 2/, 4,
6'-trihydroxyacetophenone (THAP) for glycan profiling
(Sturiale et al. 2008).

Lipid-Linked Oligosaccharide Analysis

Lipid-linked oligosaccharide (LLO) analysis was measured
in fibroblasts after metabolic labeling. They were size-

fractionated and analyzed by HPLC. Oligosaccharides
linked to dolichol were released, extracted, and analyzed
by HPLC essentially as described by Denecke et al. (2005).

Molecular Studies

Genomic DNA was obtained from whole blood or fibroblasts
using a commercially available kit (Qiagen, Hilden,
Germany). Genomic DNA was amplified using the primers
for the PMM?2, MPI, ALG8, DPAGTI, and SRD5A3 genes
and analyzed by direct sequencing in an AB3130 system
(Applied Biosystems) (Matthijs et al. 1997, 1998; Schollen
et al. 2000, 2004; Wu et al. 2003; Cantagrel et al. 2010).

Results
Biochemical Studies

Metabolic screening (amino acids, urinary organic acids,
ammonia, lactate, blood pH, and very long-chain fatty
acids) was normal. We found an increased serum activity
of some lysosomal enzymes. Patient 1 has high levels
of arylsulphatase A (EC 3.1.6.8) (53.87 nmol/h/ml) (NV:
9-30 nmol/h/ml), and patient 2 showed very high levels of
B-hexosaminidase (EC 3.2.1.52) (1686,8nmol/h/ml) (VN:
140-600 nmol/h/ml); however, they had normal levels of
B-glucuronidase (EC 3.2.1.31).

During a temporary and transient hepatic problem
(altered urine organic acids and plasma amino acids consis-
tent with mild liver dysfunction), we found slightly
increased levels of serum galactose, with normal enzymatic
activities of galactose-1-phosphate-uridyltransferase [GALT
(EC 2.7.7.12)] and galactokinase (EC 2.7.1.6), excluding
classic galactosemia and galactokinase deficiency in
patient 1. This increase was not observed in subsequent
determinations of galactose levels in dry blood samples.
Moreover, gas chromatographic analysis of galactitol and
galactose in urine was normal.

Transferrin Analysis

Western blot of two serum glycoproteins (transferrin and
haptoglobin) showed an altered profile similar to the CDG
Type I pattern (Fig. 2b). Furthermore, Tf-IEF also showed
a type I transferrin pattern in both patients (Fig. 2a),
with increased asialo- and disialotransferrin isoforms and
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Fig. 2 (a) Transferrin IEF pattern of two CDG-Ix patients: P/ serum of patient 1, P2 dried blood spot samples of patient 2, CDG Ia control of a
PMM2-CDG patient, and NC a healthy control. The arrows on the right indicate tetrasialo, disialo, and asialotransferrin, carrying two, one, or no
oligosaccharide chains. The comparison of transferrin isoform values (%) from patient 1 with healthy control showed an increase in the cathodic
fractions (asialo- and disialo-) and a decrease in tetrasialo- of the patient respect to the healthy control. (b) SDS-PAGE profile of serum proteins
from patient 1 in comparison with a healthy control (NC) and a CDG type I patient. The arrows indicate the increased bands corresponding to
abnormal sialotransferrins. (¢) High-performance liquid chromatography (HPLC) profile of serum transferrin of patient 1 (at the rop) and of a
healthy control (NC at the bottom) shows the presence of underglycosylated isoforms in the patient. The arrows indicate the increased isoforms
corresponding to asialo- and disialotrasferrin. (d) MALDI-TOF mass spectrum of serum transferrin from P1 (on the right) and from a healthy
control (on the /eft). Patient 1 showed abnormal isoforms corresponding to mono-glycosylated and a-glycosylated species

decreased tetrasialotransferrin (14% asialo-, 17% disialo-,
and 25% tetrasialotransferrin; reference values: n/d, 3.8%
and 46% for asialo-, disialo-, and tetrasialotransferrin, »:
24). IEF of serum Tf after neuraminidase treatment showed
only one band excluding a Tf protein variant. The abnormal
Tf-1EF pattern was confirmed by HPLC and MALDI-TOF
MS in patient 1. She presented a clear increase in asialo- and
disialotransferrin peaks: 1.43% and 3.89%, respectively [ref-
erence values: disialotransferrin: 0.28% and not detected for
asialotransferrin in normal controls (n) n: 24 (Fig. 2c)].
Tf analysis by MALDI MS showed an abnormal gly-
cosylation profile due to the presence of additional mono-
glycosylated (~77.4 kDa) and a-glycosylated (~75.2 kDa)
isoforms (Fig. 2d).

PMM2-CDG and MPI-CDG (CDG-Ib, OMIM 602579)
were excluded by enzymatic analysis of leukocytes and
cultured skin fibroblasts and by direct sequence analysis of
PMM?2 and MPI genes.

Subsequent LLO analysis of fibroblasts of patient 1 showed
no abnormal accumulation of any intermediate precursor.

DNA from patient 1 has further been analyzed to identify
mutations by direct gene sequencing in the context of ALGS-
CDG, DPAGTI-CDG, and SRD5A3-CDG (HGNC: 23161,

2995, and 25812, respectively). No defect in those genes
could be identified in this patient.

Discussion

Since glycosylation of proteins occurs in all cell types,
symptoms of a glycosylation deficiency are seen in multiple
organs. Previous reports indicated that the diagnosis of CDG
should be considered in each patient with hypotonia, dys-
morphic features, and developmental delay accompanied by
cataract (Morava et al. 2008). Our patients display multisys-
tem symptoms; however, they also showed some character-
istics that are not commonly seen in these pathologies.
Interestingly, during a transient hepatic problem, patient 1
presented altered urine organic acids and plasma amino
acids due to a mild liver dysfunction and a slightly increased
serum galactose that became normal, with normal enzymes
activities. The abnormalities in the lysosomal enzymes of
these patients are compatible with the protein glycosylation
defects that they have, which have been described in CDG
patients.



70

M.B.B. Millon et al.

In different reviews, CDG-I patients show ophthalmolog-
ical problems. Common findings are bilateral cataract, glau-
coma, and optic nerve atrophy. Infantile cataract might
occur in various inborn errors of metabolism including
galactosemia, peroxisomal disorders, and mitochondrial dis-
orders. Cataract has been described in PMM2-CDG adult
patients, but in children it is a rare clinical finding only
described in a few ALG 8-CDG (CDG-Ih), ALG2-CDG
(CDG-1i), and in CDG-Ix patients (Thiel et al. 2003; Eklund
et al. 2005; Morava et al. 2008); nevertheless, cataract is an
important symptom in SRD5A3-CDG (Cantagrel et al. 2010
and Kahrizi et al. 2011).

In our patients, cataracts were present very early in life; the
ophthalmological examination revealed that they had affected
both eyes with opacities in the central portion of the lens as
well as in the lens cortex (nuclear-cortical cataracts).

At present, patient 1 presents a severe phenotype and
receives anti-epileptic medication, weekly physiotherapy,
and assisted therapy, as well. She has made slight progress
in her motor development, muscle tone, and social interac-
tion, and continues to have involuntary movements of the
head and the upper limbs. She has visual fixation and
although she seems to recognize familiar faces, her commu-
nication is limited to undifferentiated vocalization.

As we can see from the literature that the severity of the
disease has no correlation with a CDG I subtype, it seems
that the disease course may be influenced by different factors
that improve or worsen the patient’s general condition
(Morava et al. 2008). The clinical features of our patients
were similar including axial hypotonia, psychomotor retar-
dation, dysmorphic features, feeding problems, hepatomeg-
aly, coagulopathy, and recurrent infections. Nevertheless,
patient 2 was born with a severe liver involvement and
recurrent neonatal infections that lead to an unfortunate
early death; however, patient 1 developed a progressive
neurological involvement after her first years of life.

Our patients present a similar phenotype to ALG1-CDG
but not as severe as them, P1 is now 11 years old and her
state is progressing. Compared with other CDG types,
the phenotype in ALG1-CDG is very severe, with rapid
development of microcephaly, seizures refractory to treat-
ment, progressive stupor, and death in early infancy (Kranz
et al. 2004). The hypoglycosylation of liver-derived serum
glycoproteins is more profound than in other types of CDG-1.
The IEF transferrin pattern in ALG1-CDG patients shows
the major transferrin isoform almost missing, but P1 shows a
profile that has either one or both carbohydrate side chains
missing in about half of the transferrin population.

LLO analysis of fibroblasts did not identify abnormal
accumulation of any dolichol-linked oligosaccharide pre-
cursors associated with some of the known forms of
CDG, ruling out ALG6-CDG, ALG3-CDG, DPM1-CDG,
MPDU1-CDG, ALGI12-CDG, and ALG2-CDG. In this

context, we screened ALGS and DPAGT]! genes with a role
in the assembly of the LLO in ER since a deficiency in those
genes would also lead to normal LLO, in contrast to the other
deficiencies described for the enzymes along this pathway.
Finally, a normal LLO profile has recently been observed in
patients with a defect in the polypropenol reductase, neces-
sary for the synthesis of dolichol, due to mutations in the
SRD5A3 gene (Cantagrel et al. 2010). SRD5A3-CDG has
also been excluded in our patients.

The results observed in our patients suggest studying the
defects in dolichol synthesis up to the formation of Dol-PP-
GlcNAc in addition to the recently described dolichol defects
named DHDDS-CDG (dehydrodolichol diphosphate synthase
deficiency) and DK1-CDG (dolichol kinase deficiency).

In conclusion, we could not identify the genetic deficien-
cy in these patients yet. Further tests will be necessary to
pinpoint the defect to identify the CDG type.
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