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ABSTRACT: Congenital disorders of glycosylation (CDG) type I
(CDG I) are rare autosomal recessive diseases caused by deficiencies
in the assembly of the dolichol-linked oligosaccharide (DLO) that is
required for N-glycoprotein biosynthesis. CDG Ie is due to a defect
in the synthesis of dolichyl-phosphoryl-mannose (Dol-P-Man),
which is needed for DLO biosynthesis as well as for other glycosyl-
ation pathways. Human Dol-P-Man synthase is a heterotrimeric
complex composed of DPM1p, DPM2p, and DPM3p, with DPM1p
being the catalytic subunit. Here, we report two new CDG Ie patients
who present milder symptoms than the five other CDG Ie patients
described to date. The clinical pictures of the patients MS and his
sister MT are dominated by major ataxia, with no notable hepatic
involvement. MS cells accumulate the immature DLO species Dol-
PP-GlcNAc2Man5 and possess only residual Dol-P-Man synthase
activity. One homozygous intronic mutation, g.IVS4–5T�A, was
found in the DPM1 gene, leading to exon skipping and transcription
of a shortened transcript. Moreover, DPM1 expression was reduced
by more than 90% in MS cells, in a nonsense-mediated mRNA decay
(NMD)–independent manner. Full analysis of the DPM2 and DPM3
genes revealed a decrease in DPM2 expression and normal expres-
sion of DPM3. This description emphasizes the large spectrum of
symptoms characterizing CDG I patients. (Pediatr Res 59: 835–839,
2006)

N-glycosylation is one of the most common protein modi-
fications occurring on secreted and membrane proteins. N-
glycoproteins are involved in many cellular and physiologic
processes such as signal transduction (via N-glycosylated
receptors) and the immune response (1). N-glycans are often
important for the proper conformation and activity of the
N-glycoprotein.
N-glycan biosynthesis starts by the construction of a DLO

in the endoplasmic reticulum (ER) membrane. Once com-
pleted, the tetradecasaccharide (GlcNAc2Man9Glc3) of the

mature DLO is transferred onto nascent glycoproteins con-
taining the consensus sequence Asn-X-Thr/Ser (where X can
be any amino acid except Pro). This oligosaccharide is then
trimmed by ER and Golgi-resident glycosidases and glycosyl-
transferases to permit the proper localization and activity of
the N-glycoprotein.

The last four mannose residues of the mature DLO are
added by enzymes that use Dol-P-Man as a donor substrate. In
mammals, Dol-P-Man synthase is composed of three subunits:
DPM1p, DPM2p, and DPM3p (2). DPM2p and DPM3p are
ER-resident, integral membrane proteins that interact with
soluble DPM1p to ensure its correct localization and enzymic
activity. Dol-P-Man is an important compound because, be-
sides N-glycosylation, it is a substrate for O-mannosylation,
glycophosphatidyl inositol (GPI)-anchor biosynthesis (3) and
C-mannosylation (4).
CDG I are rare autosomal recessive diseases caused by

deficiencies of DLO biosynthetic enzymes. Up to 12 subtypes
(CDG Ia to IL) have been described to date, each one involv-
ing a different enzymic deficiency in the pathway (5). CDG I
patients show a very broad range of clinical and biologic
presentations, but severe neurologic symptoms are often pre-
dominant. The variation in the symptoms of this newly dis-
covered group of diseases makes genotype to phenotype as-
sociations difficult. Therefore, patient descriptions coupled
with mutation analyses are required to get more insights into
the pathophysiology of the disease.
CDG Ie, which was first described in 2000, is defined by a

Dol-P-Man synthase deficiency (6,7), caused by inactivating
mutations in the DPM1 gene. The clinical pictures of the five
patients identified to date (8) are most frequently characterized
by developmental delay and severe neurologic problems,
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among which seizures and acquired microcephaly are promi-
nent. In cells from the patients, the Dol-P-Man synthase
activity is severely diminished.
Here, we describe the first two French CDG Ie patients

(siblings) who present with milder symptoms than the other
CDG Ie patients so far reported. They are homozygous for a
new mutation in DPM1, g.IVS4–5T�A, which causes skip-
ping of exon 5, and transcript destabilization. Moreover, the
study of Dol-P-Man synthase subunit (DPM1, 2, and 3)
expression revealed that, concomitantly with a reduction of
more than 90% of DPM1 transcript, DPM2 expression was
reduced, while DPM3 expression was found to be normal.

METHODS

Case reports. MS, a 14-y-old boy, is the second child of consanguineous
Algerian parents. He was born in Algeria after an uneventful pregnancy and
delivery. He was a 3-kg newborn who displayed early and global develop-
mental delay dominated by severely retarded motor skills. At the ages of 1, 2,
and 4 y, he presented with three episodes of febrile seizures that were treated
successfully with phenobarbital. At the age of 4.5 y, he came to France for
medical advice. He was tiny (height: �2.5 SD, weight: �3.5 SD), sociable,
happy, and used a few words. He had microcephaly [head circumference
(HC): �3SD] that was already present when HC was first measured at 6 mo
of age. He was clumsy and unable to walk without support; stretch reflexes
were brisk, and he had a convergent squint. Karyotype analysis and brain
magnetic resonance imaging (MRI) were normal. He went back to Algeria for
3 y. During subsequent years, he made regular progress despite severe mental
retardation with an IQ lower than 50. However, he presented with progressive
neurologic deterioration with an ataxic gait, intention tremors, persistent
hypotonia with signs of distal myopathy, some pyramidal signs, persistent
strabismus, and nystagmus. Neurophysiological investigations have disclosed
macular retinopathy, peripheral neuropathy, and mild pontocerebellar atrophy
with abnormal signals in the dentate nucleus during brain MRI. Routine
laboratory tests were all normal except for clotting factors with constantly
decreased levels of proteins C and S that were around 60% of normal values.
Liver function tests and creatine kinase (CK) levels were normal. Visceral and
cutaneous examinations were normal, except for an undescended testis.
Cerebrospinal fluid analysis was normal. At 9 y of age, Western blot of
transferin (Tf) and orosomucoid (ORO) revealed a pattern compatible with
CDG I (Fig. 1A).

MT, the younger sister (now 30-mo-old), was born after a normal preg-
nancy and delivery with normal neonatal measurements (height: 49 cm,
weight: 3750 g, HC: 33.5 cm). She was first seen at 7 wk of age with
generalized hypotonia and poor visual contact. Western blot profile of serum
glycoproteins was typical of CDG I (Fig. 1A). In the following months, she
displayed progressive microcephaly with a HC reaching –3.5 SD at 12 mo of
age. Moreover, she showed poor growth after the age of 12 mo despite normal
food intake. Within the first months of life, it became obvious that this child
was affected with a severe global retardation as at 2 y of age she displayed a
developmental score characteristic of a 6-mo-old child. She also suffered from
a convergent strabismus, nystagmus, and truncal ataxia but showed a normal
electroretinogram. Beside moderate cerebral atrophy, there was a hypersignal
of the dentate nucleus on the T2-weighted sequence during brain MRI. Serum
proteins C and S were at the lower normal range (70–75%), while other
routine laboratory investigations, including CK levels were normal. Her liver
and renal analysis showed no abnormalities, except for a slight homogeneous
hepatomegaly. For diagnostic purposes, genomic DNA and blood serum were
taken from patient MT, but no skin biopsy was performed.

Western blot and cell radiolabeling. Serum Tf and ORO from patients MS
and MT were analyzed by Western blot as described previously (9). Skin
biopsy fibroblasts, obtained from patient MS and from a control subject, were
cultured and pulse-radiolabeled with [2-3H]mannose as described previously
(10). Lipid-linked and N-linked oligosaccharide were extracted and analyzed
as described (10) and glycopeptidase F (PNGaseF, Sigma Chemical Co.-
Aldrich, St Quentin Fallavier, France) treatment of extracted glycoproteins
was performed after denaturation (0.1% SDS, 50 mmol/L �-mercaptoetha-
nol).

Dol-P-Man synthase assay. Skin biopsy fibroblasts (3 � 75 cm2 tissue
culture flasks) were scraped into ice-cold phosphate-buffered saline and
pelleted, and microsomal fractions were obtained as described previously
(11). Dol-P-Man synthase activity was measured by incubating microsomal

membrane fractions in 25 mmol/L Tris/HCl, pH 8 (buffer A), containing
1 mmol/L adenosyl-monophosphate, 5 mmol/L MgCl2, 0.1% (wt/vol) Triton
X-100 and 1 �g dolichyl-phosphate (Sigma Chemical Co.-Aldrich) in a final
volume of 50 �L. Finally, 4 �mol/L GDP-[14C]Man (248 mCi/mmol, Am-
ersham Life Science, Orsay, France) was added to the mixtures, which were
then incubated for 20 min at 37°C. Reactions were terminated (12), and the
lower phase containing Dol-P-Man was washed twice with new upper phase
before being submitted to scintillation counting.

Northern blot. Skin biopsy fibroblasts were scraped into 4 mol/L guani-
dine isothiocyanate and total RNA was isolated by submitting the cell lysate
to a CsCl gradient (13). After denaturation with either glyoxal or a form-
amide/formaldehyde mix, 20 �g of RNA was submitted to Northern blot
using standard laboratory protocols (10). As a migration standard and loading
control, membranes were submitted to methylene blue (MB) staining. In some
experiments, cells were treated with 100 �g/mL of the translation inhibitor
emetine (EMT) (Sigma Chemical Co.-Aldrich) for 8 h before RNA extraction.

Reverse transcription polymerase chain reaction (RT–PCR), PCR, and
sequencing. Total RNA and genomic DNA from the parents and the patients
were extracted from peripheral blood mononuclear cells (10). Reverse
transcription and PCR product sequencing were performed as described
previously (10). The different primers for the PCR from cDNA are listed in
Table 1. Genomic DNA was sequenced using appropriate primers (the
protocols are available upon request). To obtain hybridization probes for
DPM1, 2, and 3, PCR was performed on I.M.A.G.E. (I.M.A.G.E. Consortium,
Washington DC) (14) clones, using specific primers listed in Table 1.

Figure 1. Biochemical diagnosis of patients MS and MT (A) Western blot
analysis of serum Tf and ORO from a control subject (C), a CDG Ia (Ia)
patient, and patients MS and MT. (B) Skin biopsy fibroblasts from a control
(C) subject and from patient MS were pulse radiolabeled with [2-3H]mannose
and processed as described (10) to analyze the oligosaccharide moieties of
DLOs from the chloroform and 10:10:3 (chloroform/methanol/water) phases.
The oligosaccharides were submitted to thin-layer chromatography (TLC) and
visualized by fluorography. The positions of standard oligosaccharides are
indicated. (C) Proteins extracted from MS and control cells were submitted
either to endo H or to peptide N-glycanase (PNGase) F treatment, which
allowed the analysis of N-linked oligosaccharides by TLC. (D) A Dol-P-Man
assay has been performed on microsomal fractions of control (C: �) and MS
(MS: Œ) cells. The graph expresses the radioactive Dol-P-Man as a function
of the quantity of microsomal proteins. The linear regression was calculated
using the GraphPad Prism software (San Diego, CA). The abbreviations used
are M5-9, Man5-9; G3M9, Man9Glc3; G0-1M8-9, Man8-9Glc0-1; G1M5,
Man5Glc1. Open arrowheads represent oligosaccharides with one GlcNAc
residue at their reducing termini, whereas closed arrowheads represent oli-
gosaccharides with two GlcNAc residues at their reducing termini.
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RESULTS

Biochemical Diagnosis of Patient MS

As phosphomannomutase and phosphomannose isomerase
cellular activities were found to be normal in patient MS (data
not shown), CDG Ia and Ib, which are the most frequent CDG
I subtypes, could be excluded (15,16). We then performed
[2-3H]mannose metabolic radiolabeling (10), which allowed
us to detect the accumulation of dolichol-linked GlcNAc2Man5
in the chloroform extract of MS cells (Fig. 1B). Whereas the
mature DLO species Dol-PP-GlcNAc2Man9Glc3 is the major
species in control cells, it is much reduced in both the chlo-
roform and 10:10:3 (chloroform/methanol/water) lipid ex-
tracts of MS cells.
N-glycans from patient MS and control cells were examined

after release from polypeptide by either endo H or PNGase F
treatment. Both enzymes liberated GlcNAc1-2Man9-8Glc0-1
species from both control and MS cells (Fig. 1C). However,
upon PNGase F treatment MS, but not control cells, yielded
additional oligosaccharides comigrating with standard
GlcNAc2Man5Glc0-1. The fact that these structures were not
released from polypeptides by endo H indicates that this
species originates from DLO transfer rather than N-glycan
trimming by the Golgi machinery.
This phenotype could be explained by a deficiency in

MPDU1, ALG3, and/or Dol-P-Man synthase. MPDU1 and
ALG3 gene sequences from patient MS were found to be
normal, except for one heterozygous substitution (p.G685A)
on MPDU1, which appeared to be a common polymorphism
as it has been found with an allele frequency of 16% in 50
control subjects (data not shown). Next, Dol-P-Man synthase
was assayed in membrane fractions extracted from MS and
control cells and Figure 1D shows that MS microsomal Dol-
P-Man synthase activity is only 8% of the control.

Molecular Diagnosis of Patient MS

DPM1, 2, and 3 mRNA expression. Quantitative analysis
of the expression of the three subunits of Dol-P-Man synthase
by Northern blot (Fig. 2, EXPT1) revealed a 92.1% decrease

in the expression of DPM1 mRNA in cells from patient MS
compared with the level observed in control cells. Moreover,
a 42.1% reduction of the expression of DPM2 was observed.
Even though DPM2 expression has been shown to influence
DPM3 expression (2), DPM3 sequence and expression were
found to be normal in MS. These decreases in DPM1 and
DPM2 expression were confirmed in a second experiment
(Fig. 2, EXPT2) performed on different cell extracts and using
a different Northern blot protocol. A 93.7% reduction in

Table 1. Primers used in this study

Primer (5= to 3=) DNA template

Hybridization probes hDPM1 (5=) CATGGCCTCCTTGGAAGTCAG 3997453*
hDPM1 (3=) ACCAGGCTTCTTTCATGTTTAACC
hDPM2 (5=) GGGAAATGGCCACGGGGACA 4643488*
hDPM2 (3=) TCTGTCAGTCCTTCCCCAGGCTTT
hDPM3 (5=) GGCCCTTCCACCTTTTG 784484*
hDPM3 (3=) GCTCGGGCCTCCTGTAT

Sequencing hDPM1 (1S) TCCGGCATCTGGCTCAGT
hDPM1 (1AS) ATCCCAGCCATATACACCTCCA
hDPM1 (2S) GCTGATCTCTCACACCATCCA
hDPM1 (2AS) GCTCATTAGGCCAGCAACTT
hDPM2 (1S) TGCGGCTCGGGTGGCTGA
hDPM2 (1AS) TCTGTCAGTCCTTCCCCAGGCTTT cDNA
hDPM3 (1S) GGCCCTTCCACCTTTTG
hDPM3 (1AS) CCGCACAGGAATGGGGT
Ex4S GGAATGAAACATGCCACAGG
Ex6AS TCCTTTGTAGCGAGTTCCAG

* I.MA.G.E. clone identification numbers.

}

Figure 2. Northern blot analysis of DPM1, DPM2, and DPM3 mRNAs.
Experiment 1 (EXPT1): expression analysis of DPM1, DPM2, and DPM3
mRNAs from control (C) and MS skin biopsy fibroblasts. RNAs were
denatured by glyoxal treatment before and during migration. MB staining was
performed as a loading control. 18S and 28S rRNAs migration positions are
indicated by arrowheads. The signals were visualized by autoradiography.
Quantification of the signals was performed using the Scion Image software
(Frederick MD) after densitometry scanning; the data were normalized by the
intensity of the 18S rRNA signal. The asterisk indicates an artifactual band in
the DPM2 profile. Experiment 2 (EXPT2): expression analysis of DPM1 and
DPM2 mRNA from control and MS cells. RNAs were denatured by form-
amide/formaldehyde treatment before and during migration. Quantification of
the signal was performed after densitometry scanning.
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DPM1 expression and a 65.6% reduction in DPM2 expression
were observed. By comparing the migration positions of the
28S and 18S ribosomal RNAs with those of the transcripts
shown in Figure 2, EXPT1, we obtained an approximate size
of 1.5 kb for DPM1, 1.1 kb for DPM2, and 0.9 kb for DPM3.
The previously published sizes for these transcripts are 1.3 kb
for DPM1, 1 kb for DPM2 [only one transcript described in
humans (17)], and 0.49 kb for DPM3 (18). The larger band
(1.8 kb) observed on the DPM2 expression pattern in Figure 2,
EXPT1 was found to be artifactual as it was not observed
when the Northern blot was performed using a formamide-
denaturing protocol (Fig. 2, EXPT2).
Mutation analysis. DPM1 was sequenced in patient MS as

well as in his affected sister and parents. A homozygous
intronic point mutation, g.IVS4–5T�A, was detected in MS
and MT at the genomic level, and both parents were found to
be heterozygous for this mutation. This intronic mutation
triggers the skipping of exon 5 (Fig. 3A). The resulting
shortened transcript, being the major transcript in MS, is
expressed at a very low level and is predicted to encode for an
in-frame premature termination codon (PTC) that leads to a
severely truncated DPM1 protein (Fig. 3B). It is known that
PTC-containing transcripts can be degraded by nonsense-
mediated mRNA decay (NMD), a mechanism that is involved
in mRNA quality control and ensures the expression of only
the correct transcripts (19). To test whether the truncated
transcript in MS cells is a substrate for NMD, we treated the
cells with EMT, a translation inhibitor known to inhibit NMD,
and analyzed the resulting expression pattern of DPM1. It can
be seen in Figure 3 C that DPM1 expression is only partially
restored by EMT in MS cells.
DPM3 sequences in MS genomic DNA and cDNA were

found to be normal, and two substitutions, g.213T�C (silent)
and g.227C�G (p.T76S), previously described as polymor-
phisms (7), were found on DPM2. These two substitutions are
found at the homozygous state in patient MS and his mother,
but not in patient MT and her father (heterozygous for both).

DISCUSSION

Here we describe two siblings, MS and MT, possessing a
new mutation in the DPM1 gene and showing milder symp-
toms than previously described CDG Ie patients.

The clinical course of these siblings is remarkable by the
early involvement of visual functions. Moreover, their ataxic
syndrome is mainly due to neuropathy and both patients have
dentate nucleus alteration without obvious cerebellar atrophy.
These patients, in comparison with the previously reported
CDG Ie cases, appear mildly affected (Table 2), especially as
they show neither dysmorphisms nor severe epilepsy.
Like other CDG Ie patients, MS cells display an accumu-

lation of dolichol-linked and N-linked GlcNAc2Man5 and a
Dol-P-Man synthase activity of less than 10% normal (Fig. 1).
So what could explain the milder symptoms of MS compared
with other CDG Ie patients?
The four previously described mutations on DPM1

(c.742T�C, c.274C�G, c.628delC, c.331-343del) associated
with CDG Ie (8) led to amino acid changes, but were not
associated with splicing defects. Patients MS and MT present
a new intronic mutation on DPM1, g.IVS4–5T�A, which is
located on a 3� splice site and is associated with exon 5
skipping. It can be seen from Figure 3A that, although the
DPM1 transcript level is much reduced, some transcripts have
the correct size in MS cells and could therefore be responsible
for the residual Dol-P-Man synthase activity. Interestingly, the
reduction of DPM1 transcripts in MS cells appears to be NMD
independent (Fig. 3C) and is due to a yet unknown mecha-
nism. This reduction could be due to NMD-independent deg-
radation mechanisms or to an mRNA synthesis deficiency
caused by the use of an unusual splice site. But whatever the
mechanisms involved in DPM1 mRNA trimming, exon-
skipping is leaky in MS cells (Fig. 3A), and it is important to
note that its rate may differ between different cell types and
genetic backgrounds (20). These facts could explain the lack
of severe epileptic seizures in MS and the phenotypic differ-
ences between MS and MT.
Another possible explanation for the phenotypic differences

between MS, MT, and other CDG Ie patients would involve
DPM2. We actually observed that the expression of DPM2
mRNA was reduced in MS cells and two substitutions, one
silent and one replacing a Thr by a Ser at position 76 in
DPM2p, are found at the homozygous state in the MS DPM2
gene. These two substitutions have been found previously at
the heterozygous state in another patient (7) expressing a
normal DPM2 mRNA level. To explore a possible association

Figure 3. The g.IVS4–5T�A mutation on DPM1 is associated with exon 5 skipping and is predicted to cause production of a shortened protein. (A) PCR was
performed with primers Ex4S and Ex6AS on cDNA from a control subject (C), patient MS, and his mother and father. PCR products were loaded onto 3% agarose
gel containing ethidium bromide and visualized by UV illumination. The 112-bp band was extracted from the gel and sequenced to confirm exon 5 skipping.
(B) Alignment of wild-type DPM1 sequence (gi:4503363) with the exon 5-skipped sequence. The underlined bold characters represent the amino acids that have
changed due to the frame shift. (C) Quantification of Northern blot analysis of DPM1 mRNA expression after EMT treatment. Data were obtained as in Figure
2, EXPT2. Control, □; MS �.
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between the homozygous state of these polymorphisms and
reduced DPM2 expression, it would be of interest to measure
the latter in MT cells as MT is heterozygous for these two
substitutions. One could hypothesize that, in the context of a
faulty DPM1 expression, DPM2 would be toxic and that
DPM2 mRNA level reduction would constitute an advantage
for the cell.
In summary, the description of patients MS and MT adds to

the number of CDG I patient reports and emphasizes the
difficulties in making genotype to phenotype correlations with
these patients.
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Table 2. Clinical presentation of MS and MT compared with other CDG Ie patients

Patient MS Patient MT Other CDG Ie patients*

Age at diagnosis 9 y Birth Early after birth
Sex Male Female 2 males/3 females
Age at last contact with the patient 14 y 30 mo
Developmental delay Yes Yes 5/5
Acquired microcephaly Yes Yes 5/5
Hypotonia Yes Yes 5/5
Seizures Febrile convulsions (�3) in infancy,

treated with phenobarbital
No 5/5

Dysmorphic features No No 5/5
Ataxia Yes Yes 1/5
Tremor Yes Yes 1/5
Nystagmus Yes Yes 4/5
Strabismus Yes Yes 2/5
Retinopathy Yes No 1/5
Feeding difficulties Yes, in infancy No 3/5

* Garcia-Silva et al. (8).
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