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Objective To describe the clinical, biochemical, and genetic features of patients with congenital disorders of
glycosylation (CDG) identified in Spain during the last 20 years.
Study design Patients were selected among those presenting with multisystem disease of unknown etiology.
The isoforms of transferrin and of ApoC3 and dolichols were analyzed in serum; phosphomannomutase and
mannosephosphate isomerase activities were measured in fibroblasts. Conventional or massive parallel sequenc-
ing (customized panel or Illumina Clinical-Exome Sequencing TruSight One Gene Panel) was used to identify genes
and mutations.
Results Ninety-seven patients were diagnosed with 18 different CDG. Eighty-nine patients had a type 1 trans-
ferrin profile; 8 patients had a type 2 transferrin profile, with 6 of them showing an alteration in the ApoC3 isoform
profile. A total of 75% of the patients had PMM2-CDG presenting with a heterogeneous mutational spectrum. The
remaining patients showed mutations in any of the following genes: MPI, PGM1, GFPT1, SRD5A3, DOLK, DPGAT1,
ALG1, ALG6, RFT1, SSR4, B4GALT1, DPM1, COG6, COG7, COG8, ATP6V0A2, and CCDC115.
Conclusion Based on literature and on this population-based study of CDG, a comprehensive scheme includ-
ing reported clinical signs of CDG is offered, which will hopefully reduce the timeframe from clinical suspicion to
genetic confirmation. The different defects of CDG identified in Spain have contributed to expand the knowledge
of CDG worldwide. A predominance of PMM2 deficiency was detected, with 5 novel PMM2 mutations being described.
(J Pediatr 2017;■■:■■-■■).

The term congenital disorders of glycosylation (CDG) covers a group of diseases of genetic origin in which the synthesis
of glycans (chains of sugars or oligosaccharides) and their union with glycoconjugates (proteins and lipids) is defective.1

These steps occur via different pathways known to be affected by more than 100 genetic defects in humans.2 Many of
these defects lead to multiorgan disturbances, commonly involving the central nervous system.3

Glycosylation is an important and complex co- and post-translational modification system involving some 1%-2% of all human
genes.4 It occurs in 3 cell compartments: the cytosol, the endoplasmic reticulum
(ER), and the Golgi apparatus. Eight biochemical pathways are involved, the best
characterized being those involved in the N- and O-glycosylation of proteins. The
N-glycosylation of proteins involves the synthesis of a precursor oligosaccharide
attached to a dolichol phosphate molecule acting as a transporter, the transfer of
this oligosaccharide to the N residue of asparagine in the consensus glycosylation
site (Asn-X-Ser/Thr) of a protein in the ER, and finally the processing of the oli-
gosaccharide via the elimination and/or addition of different sugars to give rise
to more complex and specialized glycans in the ER and Golgi apparatus. The
O-glycosylation of proteins is rather more diverse and gives rise to highly branched
oligosaccharide structures. These are classified in terms of the first sugar at-
tached to the O in an OH group of one of the protein’s serine or threonine resi-
dues. The entire process occurs within the Golgi apparatus.

ApoC3 Lipoprotein apoCIII
CDG Congenital disorders of glycosylation
%CDT Percentage of transferrin deficient in carbohydrates
ER Endoplasmic reticulum
MPI Mannosephosphate isomerase
PMM2 Phosphomannomutase 2
Tf Transferrin
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About 50 genetic defects have been described that affect
N-glycosylation, either isolated or in combination with effects
on O-glycosylation. Phosphomannomutase 2 (PMM2)-CDG
(previously known as CDG-Ia) is the most common type of
CDG and probably is underdiagnosed.5,6 Symptoms of a CDG
can appear at any age, althoughmost present in infancy.Usually,
all organs and systems are affected, with neurologic problems
being very common.7,8Manifestation of the diseasemay include
cognitive impairment,9 epilepsy,10 abnormalities in cranial pe-
rimeter, abnormalities of muscle tone,myopathy, skeletalmuscle
problems,11 movement disorders and ataxia,12 peripheral
neuropathy,13 heart problems,14,15 endocrine abnormalities,16

abnormalities of lipid and copper metabolism, cutaneous
symptoms,17 hematological abnormalities, immunodefi-
ciency, coagulationdefects,18 bone abnormalities,19 and eyeprob-
lems.The complexnature of glycoconjugate synthesis, andwhere
this takes place, explains the wide diversity of phenotypic ex-
pression and why these diseases may be difficult to diagnose.20

The present work presents the 18 different types of CDG
diagnosed in 97 Spanish patients gathered during the last 20
years.We summarize our experience in a diagnostic flowchart
and describe the laboratory techniques used to reach these di-
agnoses. Moreover, probably as the result of the clinical het-
erogeneity of CDGphenotypes, there are not published clinical
algorithms. A comprehensive scheme including main clinical
signs of thedifferentN-glycosylationdefects has been elaborated.

Methods

The 97 subjects examined were, in general, patients with mul-
tisystem disease of unknown etiology being monitored at hos-
pitals in the National Health System in Spain, a country with
universal health coverage in Europe. Clinical data (physical ex-
amination, clinical course of the disease, complementary
studies) were collected by the referring specialists, the major-
ity of whom belonged to the national network for the clini-
cal study of CDG. Clinical description of several patients has
been reported previously.21-30 The study was approved by the
ethical committee of Universidad Autónoma de Madrid.

The percentage of transferrin (Tf) deficient in carbohy-
drates (sum of a-,mono-, and di-sialoTf isoforms;%CDT) and/
or the Tf isoform pattern were analyzed by isoelectrofocusing
or high-performance liquid chromatography31,32 or capillary
zone electrophoresis33; O-glycoprotein lipoprotein apoCIII
(ApoC3) isoforms were analyzed by isoelectrofocusing.34 The
activity of PMM2 (EC 5.4.2.8) and mannosephosphate isom-
erase (MPI; EC 5.3.1.8) in fibroblasts and leucocytes was de-
termined according to the method of Van Schaftingen and
Jaeken35 with some modifications. Serum dolichols were ana-
lyzed after lipid extraction,36 and dolichol and isoprenol species
(18-21 isoprenol P-P units) were separated by high-performance
liquid chromatography in a reverse phase column and de-
tected spectrophotometrically. Before genetic testing, written
informed consent was obtained from all patients or their legal
guardians.Mutations in PMM2 and MPI were sought by Sanger
sequencing as previously reported37,38; most patients with non–
PMM2-CDG and non–MPI-CDG were examined by massive

parallel sequencing by the use of a panel adapted for the capture
of CDG genes and/or the Illumina Clinical-Exome Sequenc-
ing TruSight One Gene Panel (Illunima, Inc, San Diego, Cali-
fornia). This panel includes all the known disease-associated
genes described in the Online Mendelian Inheritance in Man
database until 2013, and captures 62 000 exons and their flank-
ing intronic regions.39

Results

Figure 1 (available at www.jpeds.com) shows the results of the
analyses performed and the final diagnostic flowchart devel-
oped during the 20-year study period. Table I21-30,37,38 pro-
vides the clinical data for all 97 patients, with 18 different
disorders of protein N- and combined with O-glycosylation.
Following clinical suspicion of CDG and complementary labo-
ratory tests aimed at detecting problems of coagulation (mainly
a decrease in antithrombin III activity and factor XI, protein
C, and protein S concentrations), anemia or pancytopenia,
maintained hypertransaminemia, hypoglycemia, hypoprotein-
emia, hypo- or hypercholesterolemia, hypothyroidism, hyper-
insulinism, hyperprolactinemia, and elevated protein kinase
etc, the next step in confirming CDG was to determine the
%CDT and to analyze the isoforms of Tf in the plasma/
serum samples. An elevated %CDT (up to 60%; normal value
<2.5%) and/or abnormalities in the Tf isoform profile were
detected in all 97 patients, including adult ones. Eighty-nine
patients had a type 1 Tf isoform profile (patients with CDG-
I), and the remaining 8 patients had a type 2 Tf profile (pa-
tients with CDG-II) (see examples in Figure 2, A and B). Six
of the patients with a type 2 Tf profile showed an alteration
in the ApoC3 isoform profile (see example in Figure 2, C), in-
dicative of a combined N- and O-glycosylation defect. A de-
ficient PMM2 activity was detected in 38 patients with CDG-I
(from undetectable activity to 58% of control activity). In 2
others,MPI activity was deficient (14% and 28% of the control
value). Serum dolichol profiles were studied in 7 patients with
CDG-I (5 PMM2-CDG, 1 ALG6-CDG, and 1 SRD5A3-CDG),
detecting a very small increase of isoprenols (3.5%; control
value undetectable) in the sample from the patient with
SRD5A3-CDG.

Analysis of the mutations in PMM2 confirmed the diagno-
sis of PMM2-CDG in 71 patients from 63 unrelated families.
Thirty-sevenmutations were detected (29 resulting in an amino
acid change or missense mutation, 3 giving rise to a stop codon
or nonsensemutation, 4 affectingmRNA processing, and 1 large
deletion). Nearly half of the mutations appeared in a single
allele. In one allele, 2 mutations were detected. Five muta-
tions were novel: c.97C>T, c.190delT, c.194A>G, c.473T>C, and
c.710C>A (Table II). All patients but 4 were compound het-
erozygotes. In 2 of the families with homozygote patients,
maternal-origin isodisomy was detected,40 a relatively common
problemwith this chromosome. Both these patients had a severe
clinical phenotype, with dermatologic involvement and cardiac
structural problems that could not be justified by their PMM2
deficiency. The majority of the patients showing clinical
PMM2-CDG developed symptoms in early life, with the most
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Table I. Diseases and clinical symptoms of our cohort of patients

Diseases
#MIM Protein (or function)

No. patients
(references) Sex, F/M

Age at
diagnosis Main clinical symptoms No. deaths

Defects in nucleotide-sugar biosynthesis
PMM2-CDG (Ia)
#212065

PMM 7127-29,37,38

63 families
35 F/36 M Born before 1995:

13.4 ± 4.3 y
(6-21 y)
Born after 1995:
2.3 ± 2.4 y
(0.08-10 y)

Cerebellar hypoplasia/atrophy, hypotonia, variable
psychomotor retardation, strabismus, nystagmus,
retinopathy, stroke-like episodes, peripheral neuropathy.

Hypertransaminasemia, coagulopathy.
Type 1 Tf pattern.

6
(1-35 m)

MPI-CDG (Ib)
#602579

MPI 221 1 F/1 M 5 m; 6 m Malnutrition, vomiting, diarrhea, normal psychomotor
development.

Hypoglycemia, hyperinsulinism, hypertransaminasemia,
coagulopathy

Type 1 Tf pattern.

0

PGM1-CDG (It)
#614921

Phosphoglucomutase 1 122 1 M 13 y Muscular weakness, short stature, liver disease, first arch
branquial syndrome.

Hypertransaminasemia, increased CK, GH deficit.
Type 2 Tf pattern. Normal Apoc3 pattern.

0

GFPT1-CDG
#610542

Glutamine:fructose-
6-phosphate
amidotransferase

1 1 F 3 y Mild psychomotor delay, hypotonia, muscular weakness.
Demyelination.

Type 1 Tf pattern.

0

Defects in dolichol biosynthesis
SRD5A3-CDG (Iq)
#612379

Polyprenol reductase 1 1 F 4 y Development delay, cerebellar ataxia, hypotonia,
nystagmus.

Hypertransaminasemia.
Type 1 Tf pattern.

0

DOLK-CDG (Im)
#610768

Dolichol kinase 1 1 M 1 m Severe cerebral ischemia, cholestasis, liver fibrosis,
heterotopic pancreas, peritonitis.

Type 1 Tf pattern.

1 at 34 d

Defects in lipid-linked oligosaccharide
biosynthesis: Glc3Man9NAcGlc2
DPAGT1-CDG (Ij)
#608093

GlcNAc-1-P transferase
(GPT)

423,24 1 F/3 M 9 d; 1 y; 4 y; 19 y Polyhydramnios, dysmorphic features, hypertrichosis,
contractures, hypotonia, hypokinesia, bilateral cochlear
alteration, bilateral papillary atrophy. Two other cases
with congenital myasthenic syndrome.

Type 1 Tf pattern.

1 at 2 m

ALG1-CDG (Ik)
#608540

b-1,4-
Mannosyltransferase

2 2 F 1 y; 8 y Psychomotor retardation, epilepsy, hypotonia, ataxia,
scoliosis, nystagmus, dental malocclusion,
olivopontocerebellar hypoplasia. Thrombosis,
hypogonadism.

One patient also had severe psychomotor retardation,
epilepsy, and spastic tetraparesia. No multiorgan
involvement. Type 1 Tf pattern.

0

ALG6-CDG (Ic)
#603147

a-1,3
Glucosyltransferase

1 1 F 3 y Psychomotor retardation, hypotonia, macroglosia, ataxia,
seizures. Hypertransaminasemia and coagulopathy

Type 1 Tf pattern.

0

RFT1-CDG (In)
#612015

LLO translocation 1 1 F 4 m Severe psychomotor retardation, hypotonia, refractory
epilepsy, deafness, cerebral atrophy.

Type 1 Tf pattern.

1 at 1.5 y

Defects in oligosaccharyl transferase
complex biosynthesis
SSR4-CDG (Iy)
#300934

Complex TRAP subunit 1 1 M 2 y X-linked intellectual disability, microcephaly,
gastroesophageal reflux, seizures.

Type 1 Tf pattern.
Defects in the glycan processing

B4GALT1-CDG (IId)
#607091

b1-4 galactosyl
transferase

1 1 F 4 m Prematurity, microsomia, hypotonia, facial dimorphism,
inverted nipples, dermatitis.

Hypertransaminasemia, coagulopathy, increased CK,
hypothyroidism

Type 2 Tf pattern. Normal ApoC3 pattern.

0

Defects affecting the use of dolichol-mannose
DPM1-CDG (Ie)
#608799

Dolichol phosphate
mannose synthase

430 4 F 1 m; 2 m; 10 m; 12 y Psychomotor retardation, hypotonia, strabismus,
nystagmus, microcephaly, facial dysmorphism, seizures,
ataxia, cerebellar and corpus callosum hypoplasia.

Coagulopathy and increased CK.
Type 1 Tf pattern.

0

Defects affecting Golgi apparatus structural
maintenance and vesicular transport
COG6-CDG
#614576

Subunit 6 of COG
complex

1 Microcephaly, microsomia, hypotonia, hyperthermia,
coagulopathy.

Type 2 Tf pattern.

1 at 8 d

COG7-CDG (IIe)
#608779

Subunit 7 of COG
complex

1 1 F 2 y Psychomotor retardation, hypotonia, microcephaly,
dysmorphias, microphthalmia, cerebellar atrophy.

Hypocholesterolemia.
Type 2 Tf pattern. Altered ApoC3 pattern.

0

COG8-CDG (IIh)
#611182

Subunit 8 of COG
complex

125 1 F 2 y Psychomotor retardation, microcephaly, ataxia, ocular
abnormalities, dysmorphic features.

Hypertransaminasemia, coagulopathy, increased CK.
Type 2 Tf pattern. Altered apoC3 pattern.

0

ATP6V0A2-CDG
#219200

H+/ATPase pH regulation 2 (sibs) 2 M 3 y; 6 y Cutis laxa type II. Congenital chylothorax.
Type 2 Tf pattern. Altered apoC3 pattern.

0

CCDC115-CDG Golgi homeostasis 126 1 M 2 y Hepatomegaly, liver fibrosis, mild psychomotor retardation.
Hypertransaminasemia, hypercholesterolemia, decreased

ceruloplasmin levels.
Type 2 Tf pattern. Altered ApoC3 pattern.

0

CK, creatine kinase; COG, conserved oligomeric Golgi; F, female; GH, growth hormone; M, male; LLO, lipid-linked oligosaccharide; TRAP, translocon-associated protein.
Previous bibliographic references of some of our patients are indicated.
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frequent initial symptoms being hypotonia and failure to thrive.
Follow-up available data showed a mortality near 9%, mainly
at early infancy (29 days to 2 years and 11 months) and mostly
due to multiorgan disease including liver failure and coagu-
lation disturbances. As a group, clinical picture included ataxia,

psychomotor delay, and extraneurologic manifestations, in-
cluding failure to thrive, enteropathy, hepatic dysfunction, heart
and kidney problems, and abnormal coagulation with a very
wide phenotype spectrum, as has been reported recently by
our group.29 Stroke-like episodes occurred in 16% of patients.

Figure 2. Isoforms of Tf and ApoC3 in serum used in the detection of CDG. A, Tf isoform profile, as determined by high-
performance liquid chromatography. The main isoform in control serum was tetrasialoTf (60.0%-84.6%). A CDG-II patient showed
a type 2 profile, with an increase in mono-sialoTf (8.5%) and tri-sialoTf (23.0%). A patient with CDG-I had a type 1 profile with
increased a-sialoTf (4.3%) and disialoTf (23%). In both patients, the tetra-sialoTf was reduced (to 59.5% and 55.9%, respec-
tively). B, Soelectrofocusing (IEF) of Tf. Lane 1 is the control profile. Pathology-indicating bands can be seen for the patient
with CDG-I (lane 2 = a-sialo- and di-sialoTf) and different patterns for patients with CDG-II (lane 3 = tri-sialoTf, lane 4 = a-sialo-,
mono-sialo-, and di-sialoTf, and disappearance of tetra-sialoTf; lane 5 = a-sialo-, mono-sialo-, and di-sialoTf). C, IEF of ApoC3.
Lane 1 is the control profile. Lane 2 is that of a patient with CDG-II with a combination N- and O-glycosylation defect. Note the
strong reduction in disialoApoC3.
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A confirmatory diagnosis was reached for the non–PMM2-
CDG subjects largely by massive sequencing. Twenty-six
patients were diagnosed with the following diseases: 2 MPI-
CDG, 1 PGM1-CDG, 1 GFPT1-CDG, 1 SRD5A3-CDG, 1
DOLK-CDG, 4 DPGAT1-CDG, 2 ALG1-CDG, 1 ALG6-CDG,
1 RFT1-CDG, 1 SSR4-CDG, 1 B4GALT1-CDG, 4 DPM1-
CDG, 1 COG6-CDG, 1 COG7-CDG, 1 COG8-CDG, 2
ATP6V0A2-CDG, and 1 CCDC115-CDG. Their clinical and
biochemical characteristics are described in Table I. Based in
our own experience and in a careful review of medical litera-
ture regarding the different N-glycosylation defects a com-
prehensive scheme including main clinical signs has been
elaborated (Figure 3).

Discussion

Congenital defects of glycosylation are clinically and geneti-
cally heterogeneous,whichmakes their diagnosis difficult.Un-
fortunately, there are only few CDG in which a treatment can

change natural history of disease. This is the case of PGM1-
CDG andMPI-CDG, which may, respectively, benefit of early
treatment with galactose or mannose or liver transplantation,
but alsoDPAGT1-CDG,ALG2-CDG, andALG14-CDG,where
themyasthenic syndrome can be life-threatening if not treated
with anticholinesterasics. For these CDG,but also for the others
in which a symptomatic therapy always can be useful, the long
time elapsed before a diagnosis of CDG is suspected, then con-
firmed by the genetic study and treatment finally begun is a
source of much frustration for the families involved.

The present study reports the biochemical and genetic di-
agnosis of 97 patients belonging to 87 families, all of whom
had a congenital defect of protein N-glycosylation, either iso-
lated or in combination with an O-glycosylation defect. Only
8 patients were CDG-II. Indeed we do not know whether the
low number of this type of CDG detected responds to a normal
distribution. This could be due to a more clearly clinical sus-
picion for CDG-I and more frequent testing for CDG.

The spectrum of clinical findings in patients with CDG is
very wide, but neurologic, gastrointestinal, and coagulation ab-
normalities are among the most common, as seen in the present
population (Table I). The PMM2-CDG phenotype is well
known, but even though information on rarer CDG disor-
ders is scarce, the phenotypes of our patients generally agree
with those that have been described. Some of them, however,
showed combinations of clinical signs and symptoms never
before reported. In contrast, one of the patients with ALG1-
CDG failed to show the expectedmultiple organ involvement41,42

(including hepatic and ocular symptoms) but did show the re-
fractory epilepsy characteristic of the condition, but it was non-
specific because it appears in several neurogenetic diseases. In
contrast, the patient with COG6-CDG was more severe than
that described, suffering a very severe arthrogryposis and mi-
crocephaly with a fatal liver-dysfunction causing death during
the first days of live. In fact, the wide phenotype of COG6-
CDG has been reported recently.43 Clinicians need to be aware
that the same type of CDG may present differently, reinforc-
ing the wide phenotypic variation noted in many metabolic
disorders.

During the years over which these patients were diag-
nosed, the diagnostic flowchart has undergone several modi-
fications. The first biochemical screening examined the Tf
isoforms (a serum N-glycoprotein transporter of iron that acts
as a biomarker of these defects); the analysis of ApoC3 (a
mucin-type O-glycoprotein used to detect combined defects)
was later included. Plasma dolichol (a lipid carrier used at the
beginning of glycan synthesis) analysis also was used to fa-
cilitate the detection of dolichol synthesis defects.44

As reported in other studies, themost common form of CDG
in our cohort was PMM2-CDG (previously known as CDG-
Ia); this was detected in 71 patients from 63 families. The pa-
tients with this condition presented with very heterogeneous
signs and symptoms of wide-ranging severity. They also present
a great genetic heterogeneity. The 3 most prevalent muta-
tions were c.422G>A (22%), c.710C>T (7.9%), and c.338C>T
(7.1%). The first of these was the most common mutation of
all, although it appeared less than in other populations

Table II. PMM2 mutational spectrum of our cohort of
patients with PMM2-CDG

Nucleotide changes Protein changes Allelic frequency (%)

c.422G>A p.Arg141His 22
c.710C>T p.Thr237Met 7.9
c.338C>T p.Pro113Leu 7.1
c.131T>C p.Val44Ala 5.5
c.484C>T p.Arg162Trp 4.7
c.620T>C† p.Phe207Ser† 4.7
c.368G>A p.Arg123Gln 3.9
c.470T>C p.Phe157Ser 3.9
c.722G>C p.Cys241Ser 3,9
c.191A>G† p.Tyr64Cys† 3.1
c.193G>T p.Asp65Tyr 3.1
c.95T>G p.Leu32Arg 2.4
c.385G>A p.Val129Met 2.4
c.415G>A p.Glu139Lys 2.4
c.677C>G p.Thr226Ser 2.4
c.97C>T*† p.Gln33Term*† 1.6
c.367C>T p.Arg123Term 1.6
c.691G>A p.Val231Met 1.6
c.640-9T>G† 1.6
c.1A>G p.Met1Val† 0.8
c.53C>G p.Thr18Ser 0.8
c.190delT*† p.Tyr64Thrfs*11*† 0.8
c.194A>G*† p.Asp65Gly*† 0.8
c.227A>G p.Tyr76Cys 0.8
c.278A>C† p.Glu93Ala† 0.8
c.305A>G† p.Tyr102Cys† 0.8
c.353C>G† p.Thr118Ser† 0.8
c.458T>C p.Ile153Thr 0.8
c.473T>C*† p.Val158Ala*† 0.8
c.548T>C p.Phe183Ser 0.8
c.550C>A† p.Pro184Thr† 0.8
c.626A>G† p.Asp209Gly† 0.8
c.710C>A*† p.Thr237Lys*† 0.8
c.255+2T>C 0.8
c.256-1G>C† 0.8
c.523+3A>G 0.8
Del28Kb† 0.8

Nomenclature of the mutations was done following the directions of Human Genome Variation
Society and checked with Mutalyzer 2.0 for accuracy.
*First described in this work.
†Have only been reported in Spanish population.
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Figure 3. Review of main clinical signs of congenital disorders of N or N-/O-glycosylation of proteins. aPTT, activated partial thromboplastin time; ATIII, antithrombin III;
BAER, brainstem auditory-evoked response; Cho, cholesterol; Cu, cupper; DMSA, bone mineral densitometry; ECG, electrocardiography; EEG, electroencephalogram;
EMG, electromyogram; ERG, electroretinogram; F IX, coagulation factor IX; F X, coagulation factor X; F XI, coagulation factor XI; Fg, fibrinogen; GH, growth hormone; Igs,
immunoglobulins; MRI, magnetic resonance image; NCV, nerve conduction velocity; PT, prothrombin time; Rx, radiography; T4, thyroxine; TG, triglycerides; TSH, thyroid
stimulating hormone; US, ultrasound; VEP, visual-evoked potential.
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(35%-43%)45 and 15 mutations detected in some individuals
of our series, have not been reported in other patients.37,38

Some 27% (26/97) of the patients had 17 different CDG
other than PMM2-CDG. From a clinical point of view, most
displayed multisystem problems, although some had nearly
exclusive muscular manifestations (PGM1-CDG, DPGAT1-
CDG, and GFPT1-CDG) or liver abnormalities (CCDC115-
CDG); these findings increase the phenotypic spectrum for
CDG investigation. It should be noted that nearly all 97 pa-
tients had maintained hypertransaminasemia that, along with
multiorgan disturbances and/or intellectual disability associ-
ated with dysmorphic syndrome, suggests a CDG.With the ex-
ception of the 2 patients with deficient MPI activity, the
remaining non–PMM2-CDG diagnoses generally were labo-
rious to reach. In the early years covering this study, Sanger
sequencing of the candidate genes was required to come to a
diagnosis.With the introduction of massive parallel sequenc-
ing, the identification of new genetic defects became easier,
making genetic assessment and prenatal and preimplantational
diagnosis much simpler.

No effective, evidence-based, direct treatment exists for the
diseases recorded in the present work, except for MPI-CDG;
the 2 patients with this condition now receive treatment with
mannose with a good clinical outcome. Indeed, nearly all pa-
tients receive support treatment for their affected organs and
systems. One of the most promising therapies in develop-
ment is based on the use of appropriate pharmacologic chap-
erones or other regulators of proteolysis, the aim being to
stimulate and preserve correct protein folding.46 This could be
of great benefit in the treatment of PMM2-CDG because several
destabilizing mutations are known that can be rescued using
this type of agent.47,48

CDG commonly affects multiple systems and might there-
fore be detected by different specialists; its low incidence,
however, requires they remain alert to its possible presence.
Despite the increasing clinical and laboratory knowledge on
these diseases, there is not previous publication of a sort of
clinical algorithm to help clinicians. Our proposal includes the
previously reported main symptoms related to the different
enzymatic deficiencies, also classified by the Tf isoform profile.
This tool really can be helpful in the clinical practice; however,
new different phenotypes related to already-known defects are
frequent in rare diseases. ■
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Figure 1. Flowchart for the diagnosis of CDG involving defective N-glycosylation or N-/O-glycosylation of proteins. NGS, next-
generation sequencing.
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