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Detailed mapping of the phosphomannomutase
2 (PMM2) gene and mutation detection enable
improved analysis for Scandinavian CDG type I
families
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The gene for carbohydrate-deficient glycoprotein syndrome type I (CDG1) has
previously been localised by us close to marker D16S406 in chromosome
region 16p13.2–3. We also presented data indicating a strong founder mutation
associated with a specific haplotype in CDG I patients from western
Scandinavia. The phosphomannomutase 2 (PMM2) gene was recently put
forward as a likely CDG1 candidate gene. We have now shown that the specific
haplotype is associated with the PMM2 mutation 357C > A. Using data from
radiation hybrid panel we have refined the position of the PMM2 gene to very
close to marker D16S3020 in the interval between D16S406 and AFM282ze1 on
the distal side and D16S3087 on the proximal side. Due to the severity of the
disease many families request prenatal diagnostic services for CDG I. In the
meantime, until the mutation spectrum is fully examined, we propose the
combined use of mutation analysis and linkage analysis with polymorphic
markers as diagnostic tools for Scandinavian CDG I families requesting
prenatal diagnosis. Using this strategy we have to date successfully performed
15 prenatal diagnoses for CDG I.
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Introduction
Carbohydrate-deficient glycoprotein syndrome I (CDG
I; MIM No. 212065) is a disease characterised clinically
by severe involvement of the central and peripheral
nervous system. Other organs are also involved, partic-
ularly retina, liver, bone, gonads, adipose tissue and
skin. Biochemically, CDG type I is characterised by
complex defects in the carbohydrate residues in a
number of serum glycoproteins. It is an autosomal
recessive disorder and the incidence in Sweden is
estimated to be 1:50 000.1–4 There is a substantial
childhood mortality of approximately 15%, and surviv-
ing patients develop permanent neurological
disability.

The gene for carbohydrate-deficient glycoprotein
syndrome, CDG1, was previously localized by us to a
13 cM interval on chromosome 16p135 using linkage
and recombination analysis in 25 European CDG I
families. We could also demonstrate a significant allelic
association of CDG1 to microsatellite marker D16S406.
Using haplotype data, linkage disequilibrium and geo-
graphical distribution of CDG1 alleles from 44 CDG I
families, mainly from northern Europe, we could define
a CDG1 gene region, less than 1 cM and less than 1 Mb
in size.6 In that study we found a common haplotype,
designated the A-haplotype, which included markers
D16S513, AFMa284wd5, D16S768 and D16S406. The
haplotype was found in a defined geographical area
including the south-western part of Sweden, the south-
ern part of Norway and the eastern part of Denmark,
indicating a founder mutation.

Van Schaftingen and Jaeken7 found the enzyme
phosphomannomutase to be deficient in most cases of
CDG1, and recently the gene for phosphomannomu-
tase 2 (PMM2; MIM 601785) was cloned and mapped
to the earlier proposed CDG1 gene region.8 Most CDG
I patients were found to carry mutations in the PMM2
gene and thus the PMM2 was proposed as a strong
CDG1 candidate gene.

In this study, we present data on the detailed
localisation of the PMM2 gene, the identification of a
common PMM2 mutation in Scandinavian CDG I
patients carrying the A-haplotype, and data on 15
prenatal diagnoses performed by us using linkage
methods, in some causes in combination with the
identified PMM2 mutation. The combined use of
mutation detection and linkage analysis with markers
well localised versus the CDG1 gene will improve
prenatal analysis for CDG I families.

Materials and Methods
CDG I Family Material
In this study we used DNA from 65 CDG I families. Of these,
37 were from the Scandinavian countries Sweden, Denmark
and Norway, and 28 were from non-Scandinavian countries.
Forty-four of the families have been presented earlier.5,6 The
diagnosis of all patients has been based on the clinical and
biochemical criteria given by Jaeken et al1 and by Hagberg et
al.3 When possible (in 10 cases), measurements of phospho-
mannomutase activity have been performed and found to be
low. Of the 65 families, 13 have been analysed for in total 15
prenatal diagnoses using linkage data, in some cases in
combination with PMM enzyme data and PMM2 mutation
data. Criteria for a family to be subjected to prenatal
diagnosis were that the affected child in the family showed
the typical clinical and biochemical signs of CDG I. Addi-
tional supporting criteria were that the family was showing
linkage to the CDG1 gene region or showing the
A-haplotype. Also, 120 control chromosomes were tested for
the 375C > A mutation using DNA from healthy blood
donors.

DNA Extraction and PCR Conditions for STRP
Analyses
Genomic DNA was extracted from blood samples anti-
coagulated with EDTA as well as from chorionic villi material
(for prenatal diagnoses) using standard procedures. Short
tandem repeat polymorphic markers (STRPs) were analysed
with PCR as described earlier5,6 using optimal buffer and
annealing conditions including incorporation of 32P-dCTP.
After PCR, products were separated on a standard sequenc-
ing gel (6% polyacrylamide/7 M urea). The gels were dried
and exposed to an X-ray film overnight. The results were
scored and haplotypes could be constructed.

Ordering of DNA Markers against a Radiation Hybrid
Panel
Relevant markers earlier mapped9,10 to the CDG1 region
(D16S418, D16S502, D16S495, D16S513, AFMa284wd5,
D16S768, also denoted GATA-p6084, D16S406, AFM282ze1,
D16S3020, D16S3087, D16S404, D16S407, D16S414,
D16S519, D16S500 and D16S405) were analysed versus the
Stanford G3 and the Stanford TNG3 radiation hybrid
mapping panels (purchased from Research Genetics Inc,
Huntsville, Alabama). In addition the PMM2 gene exon 6
(primer sequences listed below) was included in this study.
From each radiation hybrid clone 125 ng DNA was used for
PCR, using optimal conditions for each primer pair. The PCR
product was separated on a standard 2% agarose gel with
ethidiumbromide, and positive and negative clones could be
scored.

PCR and DNA Sequencing of PMM2 Gene
Sequences, and Restriction Endonuclease Digests of
PCR Products
DNA sequencing of the 8 exons in the PMM2 gene were
carried out using an ALF DNA Sequencer (Pharmacia,
Uppsala, Sweden). All exons were PCR amplified using exon
specific primers and exon 5 was amplified in two parts,
denoted exon 5:1 and 5:2. The PCR primer sequences used
were as described by Matthijs et al.11

The forward primers were all flanked by a M13 universal
primer (5'-cga cgt tgt aaa acg acg gcc agt-3') and the reverse
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primers were all flanked by a M13 reverse primer (5'-cag gaa
aca gct atg ac-3'). In order to avoid misincorporation of
dNTPs by the DNA polymerase the Expand High Fidelity
PCR system (Boehringer Mannheim, Mannheim, Germany)
was used in this amplification reaction. The PCR fragments
were purified from dNTPs, enzyme and primers using
QIAquick PCR Purification Kit (QIAGEN, Hilden,
Germany).

We used approximately 50 ng of the PCR product for the
cycle sequencing which was performed using Thermo Seque-
nase (Amersham, Little Chalfont, Buckinghamshire, Eng-
land) according to the recommendations of the manufacturer
with M13 universal primer (Pharmacia, Uppsala, Sweden).

For rapid detection of the 357C > A mutation, exon 5:1 was
PCR amplified and the fragments (approximately 200 ng of
product) were digested for 3 h in 65°C with 4 U of restriction
endonuclease Tru9I (Boehringer Mannheim, Mannheim,
Germany). The digested products were separated on a 5%
agarose gel (4% NuSieve, USB/Amersham, LIFE SCIENCE,
Cleveland, Ohio, 1% Agarose-ultra pure, Gibco BRL/Life
Technologies, Paisley, Scotland) and analysed.

Prenatal Diagnoses
For prenatal diagnoses in CDG I families we used a selection
of 15 markers (D16S418, D16S502, D16S495, D16S513,
AFMa284wd5, D16S768, D16S406, D16S3020, D16S3087,
D16S404, D16S407, D16S414, D16S519, D16S500 and
D16S405) located in the CDG1 gene region. Maps of the
region have been published.9,10 Markers D16S768, D16S406,
D16S404 and D16S407 have been used in all prenatal
diagnoses, whilst the other markers were used when more
information was needed to achieve full information for
markers flanking the CDG1 gene. The markers
AFMa284wd5, D16S768 and D16S406 were used to detect
families carrying the A-haplotype.6 Marker D16S404 is the
first marker proximal of the A-haplotype, whilst D16S495 and
D16S502 are the closest markers on the distal side of the
A-haplotype. Recently, analysis of PMM2 mutation 357C > A
was also included in the prenatal analyses. These analyses
were performed as described above.

Results
Radiation Hybrid Mapping of STRP Markers
and PMM2 Gene Sequences in the CDG1
Gene Region, and Analysis of a Family with
a Specific Recombination Event
Fifteen polymorphic markers in the CDG1 gene region
ranging from D16S418 to D16S405 and the PMM2 gene
were analysed using the Stanford G3 and the TNG3
radiation hybrid mapping panels. Eleven of the 15
markers were found to be in the core region close to
PMM2 and they were mapped relative to PMM2 and to
each other in detail (Figure 1a). For the Stanford G3
panel we found 21 of the 83 clones positive for at least

one of these markers and the order of the markers
could be constructed, based on the pattern of positive
clones (Figure 1a). Marker D16S502 was placed distal
to D16S495, which differs from our earlier data, but is
in better agreement with all our information available
at present. Also in two families presented earlier, 13
and 39,5,6 there were recombinations strongly suggest-
ing that D16S502 locates distal to D16S495. The order
of the markers D16S513, AFMa284wd5 and D16S768
could not be determined with the G3 panel, because of
the low resolution of the panel for markers situated
close to each other. However, the TNG3 panel could
resolve them (data not shown, but available on
request). Also the fact that four A-haplotypes do not
have the allele 5 at position D16S513 (Table 1) strongly
suggests that this marker is situated more distally. The
data indicate that the order of these three markers is
tel-D16S513-AFMa284wd5-D16S768-cen. Also the
PMM2 gene and marker D16S3020 could not be
resolved on the Stanford G3 panel. The PMM2 gene
location thus maps in close vicinity to marker
D16S3020, proximal to D16S406 and distal to
D16S3087. These three markers are all included in the
extended Généthon map.9 In addition, a Généthon
STRP marker not included in the Généthon map,
AFM282ze1, is located between marker D16S406 and
PMM2. In conclusion, markers AFM282ze1 and
D16S3087 are the closest markers flanking the PMM2
gene on the distal and proximal side, respectively.

On analysing the haplotypes in the CDG1 gene
region in the material, one family (18) was found to
have a recombination event just distal to the CDG1
gene (Figure 1b). The affected child carries the
A-haplotype in one of the alleles. The unaffected child
in the family carries the same two haplotypes as the
affected child for markers distal to AFM282ze1. How-
ever, due to a recombination event in the paternally
derived allele, the two children differ in one haplotype
from marker AFM282ze1 and markers proximal of it.
This is in agreement with a position of the CDG1 gene
proximal to marker D16S406. The complete marker
order best fitting all our data is presented in Figure 1c.
Analysis of patients carrying the previously described
A-haplotype showed that all these patients shared the
same allele also for STRP markers D16S3020 and
D16S3087 (data not shown). The specific A-haplotype
therefore ranges from the distal marker cluster
D16S513-AFMAa284wd5-D16S768 to the proximal
marker D16S3087 which spans 1.7 cM on the Généthon
map.9
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Figure 1 Detailed mapping of the PMM2 gene relative to polymorphic markers in the CDG1 region. a CDG1 gene region markers
and PMM2 analysed against the radiation hybrid panel Stanford G3. Filled circles indicate presence of sequences from the marker
in the hybrid clone. Only hybrid clones containing at least one of the used markers are included. Figures below markers indicate
number of clone discrepancies between the adjacent markers. b Haplotype analysis of a CDG I family with a highly informative
recombination in the vicinity of the CDG1 gene. c Combined data of marker positions in the CDG1 gene region. The recombination
event in family 18 excluding the region distal of D16S406 as CDG1 region is indicated by an X. The extension of the conserved
A-haplotype is indicated at the bottom. Distances as in Figure 1a.

Table 1 Haplotype analysis of CDG1 chromosomes carrying the 357C>A mutation in the PMM2 gene

Family number 2 8 13 14 17 17 18 20 22 23 29 41 47 42 8 9 31 4 7 57
Paternal/Maternal M M P M P M M M P M M P P P P M M P P P

D16S513 5b 5 5 5 5 5 5 5 5 5 5 5 5 5 4 2 4 4 4 nd
AFMa284wd5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 nd
D16S768 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 5 nd
D16S406 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
PMM2 357C>A + + + + + + + + + + + + + + + + + + + +
D16S404 3 5 7 7 7 7 7 8 3 6 7 5 8 7 7 7 6 7 6 nd
and=not determined. In one family (53) it was impossible to deduce the parental origin of the PMM2 357C>A mutation.
bThe shaded area indicates the specific A-haplotype and its correlation to the PMM2 357C>A mutation.

33 21 43 53 66
P P P nda P

3 6 2 nd nd
3 3 nd nd 3
4 4 3 nd 3
8 8 4 nd 3
+ + + + +
7 7 3 nd 6
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Sequencing Data of the PMM2 Gene and
Rapid Detection of the 357C > A Mutation in
Scandinavian CDG I Patients with
A-haplotype
In a first step, 10 patients, controls and siblings were
sequenced using primers flanking all eight exons. This
first set of patients was selected to analyse if the
A-haplotype was correlated to a specific mutation. We
found a base substitution 357C > A (in PMM2, exon 5)
described earlier by Matthijs et al8 inherited together
with the A-haplotype in the families (Figure 2 and 3).
The 357C > A mutation gave a restriction site not
present in the normal allele of the sequence T ↓ TAA,
which can be recognised by the restriction enzyme
Tru9I. This enabled a rapid detection method for this
specific mutation using PCR amplification of the 5:1
portion of exon 5 followed by Tru9I restriction enzyme

digestion and agarose gel separation. The restricted
fragments will be for a control individual only the
191 bp band, for the individual heterozygous for the
357C > A mutation 191 bp + 167 bp + 24 bp, and for a
patient homozygous for the mutation the 167bp + 24bp
bands. In addition there will be a constant fragment of
58 bp (Figure 2a and b; the 24 bp and the 58bp
fragments can be difficult to discern on gel).

Two patients in our material were, as described,
earlier homozygous for the A-haplotype.6 For example,
in family 17 the patient is homozygous for the specific
A-haplotype, and the parents and the unaffected sibling
are all heterozygous for the A-haplotype (Figure 2a). In
both this family and the other with a child homozygous
for the A-haplotype the patients were in fact found to
be homozygous for the 357C > A mutation (Figure 2a,
Figure 3). Both parents were heterozygous for the

Figure 2 Haplotype and PCR analyses of PMM2 exon 5:1/Tru9I digests in two CDG I families. a Family 17 where the patient is
homozygous for the A-haplotype and the 357C > A mutation. b Family 31 with two consecutive prenatal diagnoses, one where the
foetus tested as affected and another where the foetus tested as unaffected.
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Figure 3 Sequencing data for the PMM2 gene mutation 357C > A (exon 5). a from one healthy control, b one patient heterozygous
for the mutation, c one patient homozygous for the 357C > A mutation (patient in family 17).
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357C > A mutation and showed the band pattern of
191 bp + 167 bp + 24 bp. The healthy sibling carried the
mutation in one allele, whereas the affected sibling had
the 357C > A mutation in both alleles and displayed the
167 bp + 24 bp band combination (Figure 2a).

All patients in our family material were analysed
with the PMM2 exon 5 PCR/Tru9I digestion. In our
family material, 18 patients carry the A-haplotype
(X-5-6-6; for all but three X = 5). All A-haplotype
alleles carried the 357C > A mutation (Table 1). All but
two are from a defined area from south-western
Scandinavia.6 Recently we have found one patient from
northern Germany and one from England carrying the
A-haplotype together with the 357C > A mutation.
There were also seven alleles carrying the 357C > A
mutation without the A-haplotype. None of 120 control
chromosomes carried the 357C > A mutation.

Analysis of 15 Prenatal Diagnoses
We have performed 15 prenatal diagnoses using STRPs
in the CDG1 gene region. Five of the analyses indicated
an affected foetus, seven were carriers and three tested
as non-carriers. After the cloning of the PMM2 gene
some families were also analysed for the 357C > A
mutation. In all cases where both techniques were used
the mutation data were in complete agreement with the
linkage data (Figure 2b). All the tested children born –
six so far – have been confirmed as biochemically and
clinically healthy as predicted by the prenatal diag-
noses. In one case where the prenatal diagnosis
predicted an affected child there was a possibility to
analyse material from the interrupted pregnancy for
PMM enzyme levels.12 The levels were low and thus
corroborated the prenatal DNA analysis. Data from
one family which had been subjected to CDG I
prenatal diagnoses on two occasions are shown in
Figure 2. The first pregnancy showed an affected foetus
and the pregnancy was interrupted. The second preg-
nancy, one year later, tested as healthy. The child was
recently born and was healthy at birth as predicted.

Discussion
Due to the severity of CDG I many families with one or
more affected children have requested prenatal diag-
nosis for the disease. Early attempts to perform
prenatal diagnosis by analysing patterns of transferrin
isoforms in foetal blood were unsuccessful.13,14 In
contrast, prenatal diagnostic DNA analyses of genetic
disorders are ideally performed using direct detection

of the disease causing mutations or, in cases when a
gene is not known or when the known gene structure is
complex, by linkage analysis. Data on the precise
location of the disease gene relative to the polymorphic
markers used are essential, as information on markers
flanking the gene is desired in order to detect possible
recombination events that can affect the result.

We earlier localised the CDG1 gene to a 13 cM
portion on 16 p5 and detected a strong allelic associa-
tion to marker D16S406 indicating that the gene is
situated close to it. In apparent contrast to this, data
from Matthijs et al15 indicated that the gene was
localised clearly more proximal, ie close to markers
D16S414 and D16S497. In a recent paper we provided
supporting data for the more distal location in that the
CDG1 gene was associated with a particular haplotype
(the A-haplotype) in several CDG I families of western
Scandinavian origin.6 The A-haplotype was again con-
centrated in the DNA region close to D16S406.
Matthijs et al8 recently cloned the PMM2 gene and
found that it mapped between D16S406 and D16S404.
Analysis of gene sequences detected mutations in CDG
I patients, and the presented data was thus supportive
of the PMM2 being in fact the CDG1 gene.

In this paper, using two radiation hybrid panels, and
recombination data from families, we have analysed the
location of the PMM2 gene in detail relative to a
number of DNA markers (Figures 1a and 1b). The best
order of markers according to our data is given in
Figure 1c.

From the above descriptions two things become
clear. Firstly, there is no longer any discrepancy in the
location of the CDG1 gene relative to adjacent markers
between the two groups. Secondly, there are several
good polymorphic markers, close to, and on both sides
of the PMM2 gene that can be readily used in prenatal
diagnoses of CDG I families if complete mutation
information is not available. A good set of markers (ie
highly informative and relatively easy to score) that we
recommend be used initially is D16S406, AFMa284wd5
and D16S768 on the distal side, D16S3020 very close to
the gene and D16S3087 and D16S404 on the proximal
side.

The question of heterogeneity was also discussed by
Matthijs et al.8 We would like to stress that we have no
indication of any heterogeneity in the patient material
presented here. However, since heterogeneity has been
detected in the CDG I patient material studied by
others,8,15 it is imperative that the index case is
ascertained as a PMM2 gene-related patient. This could
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be done preferably by detection of PMM2 mutations in
the index case or b linkage or PMM enzyme level
measurements.

In analysing PMM2 sequences in patients with CDG
I, we detected one mutation that correlated with the
presence of the A-haplotype. This mutation 357C > A in
exon 5 (amino acid change F119L), also described by
Matthijs et al,8 was not present in any of 120 normal
chromosomes. Since this is one of the most common
mutations in our patients (Table 1) we developed a
rapid PCR test for this mutation using PCR and Tru9I
digestion (Figure 2).

Interestingly, two patients were found to be homo-
zygous for the 357C > A mutation (Figures 2 and 3),
both of whom had been shown earlier to be homo-
zygous for the A-haplotype.6 Few patients detected so
far have proved to be homozygous for a particular
mutation, which would have been expected from
estimating Hardy-Weinberg equilibrium.11 There is
therefore no significant deviation from Hardy-Wein-
berg equilibrium for the 357C > A mutation in the
population analysed here.

The A-haplotype, including mutation 357C > A,
spans 1.7 cM on the Généthon map9 from the distal
marker cluster D16S513/AFMAa284wd5/D16S768 to
the proximal marker D16S3087 (Figure 1c). As pre-
sented earlier we have a concentration of patients in
south-western Scandinavia carrying the A-haplotype
together with the 357C > A mutation. Recently, we
identified single A-haplotypes also in one patient from
northern Germany and one from England. The extent
and spread of the A-haplotype may indicate that this
founder mutation is of fairly recent origin. Due to its
spreading it has in patient organisations been named
the ‘Viking-haplotype’, since its path is somewhat
reminiscent of the routes of ancient Scandinavian
seafarers. More data is needed in order to evaluate
this.

We have so far provided 15 families with prenatal
diagnostic services for CDG I. These were first per-
formed with STRPs only. Recently, data on the PMM2
gene became available8 and mutation information has
now been included in our analyses when such is
available. Due to the high frequency of the 357C > A
mutation in Scandinavian CDG I patients, and since it
is easy to detect with a rapid PCR/Tru9I digest, this
analysis has now been included as a first test in CDG I
prenatal diagnoses in our area. As we see it, more data
is needed until linkage analysis for CDG I patients can
be replaced by mutation data only. Several laboratories

do not have the capacity to screen the complete coding
sequence of a gene for mutations during the limited
time that is available for a prenatal diagnostic case.
Also, the mutation spectrum and the degree of normal
polymorphisms in PMM2 is not yet fully understood. In
the paper by Matthijs et al8 it is obvious that most
PMM2 mutations are likely to be amino acid substitu-
tions which could be very difficult or even impossible to
distinguish from normal polymorphisms. Until more is
known about the pathogenesis of CDG I additional
data from linkage studies should be pursued.

It now seems clear that the PMM2 gene is in fact the
CDG1 gene. Matthijs and co-workers provided strong
evidence for it in their recent paper.8 In addition, we
found the 357C > A mutation to correlate strongly with
the A-haplotype and also to be present in other CDG I
patients in our material. We have mapped in detail the
location of the PMM2 gene relative to highly poly-
morphic STRPs in the region. Using a combination of
linkage and mutation analyses we have provided
prenatal diagnostic information in 15 cases. In the
meantime, until the mutation spectrum is fully under-
stood, we proposed the combined use of mutation
analyses and polymorphic markers as diagnostic tools
for Scandinavian CDG I families requesting prenatal
diagnosis.
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