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PMM2 catalyzes the cytosolic conversion of mannose-6-phosphate to 
mannose-1-phosphate. Reduced PMM2 enzymatic activity leads to  
a decrease in the downstream products GDP-mannose and dolichol-
P-mannose, which are key substrates in N-glycan biosynthesis. Smaller 
amounts of either substrate results in hypoglycosylation of glycopro-
teins, thereby causing CDG-Ia1,2. In recent studies of a Pmm2 knockout 
mouse model for CDG-Ia, we found that complete loss of Pmm2 activity 
leads to embryonic lethality by 3.5 days post coitum (d.p.c.)3. As humans 
with CDG-Ia show a weak residual PMM2 activity, we generated two 
mouse lines harboring Pmm2-hypomorphic alleles—one containing 
an R137H mutation that is analogous to the R141H mutation found in 
human cases of CDG-Ia, and one containing an F118L mutation that is 
analogous to F122L, a synthetic mutation in the human protein that is 
predicted from X-ray crystallographic data4 to lead to a very mild loss 
of enzymatic activity (Supplementary Fig. 1).

We used heterozygous Pmm2+/R137H and Pmm2+/F118L mice to gen-
erate mice with the respective homozygous (Pmm2R137H/R137H and 
Pmm2F118L/F118L) or compound heterozygous (Pmm2R137H/F118L) gen-
otypes. In 95 analyzed mice arising from 13 matings of Pmm2+/R137H 
parents, no Pmm2R137H/R137H mice were recovered. Although we did not 
determine the specific time of death of the embryos, prenatal analysis 
from timed matings revealed the embryonic lethality to occur before  
5.5-d.p.c. (data not shown). These observations are consistent with 
R141H homozygosity not being found in humans5. Furthermore, 
given that a recombinant human PMM2 protein with the R141H muta-
tion shows no measurable enzymatic activity6, the early lethality of 
Pmm2R137H/R137H embryos is comparable to that of Pmm2-null mice3.

In contrast to Pmm2R137H/R137H mice, Pmm2F118L/F118L mice were 
viable, fertile and comparable in size and proportion to their wild-
type siblings. They developed normally without any major pheno-
type up to adulthood. Histological examination of organs in 3- to 
6-month-old mice and isoelectric focusing of serum transferrin  
(a glycoprotein used as marker in CDG diagnostics) did not yield 
any pathological findings (data not shown). Pmm activity (measured 
by an assay that does not differentiate between PMM1 and PMM2) 
in mouse embryonic fibroblasts (MEFs) cultivated from 9.5-d.p.c. 
Pmm2F118L/F118L embryos was 42% (0.75 ± 0.19 pmol min−1 per mg 
protein) of that of wild-type siblings (1.79 ± 0.38 pmol min−1 per mg 
protein, n = 7, P < 0.002 (Student’s t test)). Likewise, we found that 
Pmm activity was 38% of wild-type activity (0.22 ± 0.01 pmol min−1 
per mg protein in primary fibroblasts established from skin biopsies 
of 6-month-old homozygous mice compared to 0.58 ± 0.11 pmol 
min−1 per mg protein in those from wild-type littermates, n = 4, P < 
0.007 (Student’s t test)). These results indicate that the residual Pmm2 
activity in homozygous Pmm2F118L/F118L mice is sufficient to prevent 
hypoglycosylation and subsequent pathological phenotypes.

Intercrossing Pmm2+/R137H and Pmm2+/F118L mice produced no 
viable Pmm2R137H/F118L offspring (Supplementary Table 1), suggest-
ing embryonic lethality associated with this genotype. To identify the 
day of embryonic death, we interrupted pregnancies at different time 
points and analyzed the embryos for their genotype and morphology. 
Between 7.5 d.p.c. and 9.5 d.p.c., Pmm2R137H/F118L embryos showed 
progressive intrauterine growth retardation. At 9.5 d.p.c. (Fig. 1a),  
Pmm2+/+ embryos had a crown-rump length of 4.26 ± 0.50 mm,  
whereas Pmm2R137H/F118L embryos had a crown-rump length of 2.73 ±  
0.76 mm (n = 6; P = 0.0014 (Student’s t test)). By 10.5 d.p.c., we 
detected only residues of Pmm2R137H/F118L embryonic tissue and 
amniotic sacs, whereas Pmm2+/+ and heterozygous siblings developed 
normally (Fig. 1a). After 10.5 d.p.c., we could not identify any trace 
of Pmm2R137H/F118L embryos (Fig. 1a; see Supplementary Table 1), 
localizing the time of death between 9.5 and 10.5 d.p.c.

Histological examination of 10.0-d.p.c. embryos revealed morpho-
logical defects in tissues from Pmm2R137H/F118L embryos. In wild-type 
embryos, all embryonic and extraembryonic tissues were clearly iden-
tifiable (Supplementary Fig. 2), whereas in Pmm2R137H/F118L embryos 
embryonic structures were difficult to identify owing to extensive 
degradation, as indicated by breakdown of myocardial tissues and 
reduction of compactness of the neural epithelium and the cephalic 
mesenchyme. The multiple organ degradation was accompanied by 
massive hemorrhaging within the extraembryonic supporting struc-
tures and potential loss of trophoblast giant cells (Supplementary 
Fig. 2). Nevertheless, whether the molecular defect underlying the 
termination of embryonic development results from a failure in the 
placenta or in the embryo itself is a topic for future investigations.
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Enzymatic assays on MEFs isolated from embryos at 9.5 d.p.c. 
showed that Pmm activity of Pmm2R137H/F118L mice was 11% of that 
measured in wild-type siblings (0.19 ± 0.07 pmol min−1 mg per pro-
tein versus 1.61 ± 0.15 pmol min−1 per mg protein, n = 4, P = 0.00018 
(Student’s t test)) (Fig. 1b), a level similar to that found in many 
humans with CDG-Ia. Lower Pmm2 activity leads to hypoglycosyla-
tion of glycoproteins in Pmm2R137H/F118L embryos, as indicated in 
lectin binding studies with biotinylated wheat germ agglutinin (WGA) 
(detected by streptavidin-FITC), which identifies mature glycan struc-
tures (Fig. 1c). In Pmm2+/+ embryos, neural tube, neural epithelium 
of the neural lumen and cephalic vesicles, amniotic sac, amnion, myo-
cardial tissue and the cephalic mesenchyme had strong fluorescence 
signals, whereas Pmm2R137H/F118L embryos possessed substantially 
less fluorescence within these tissues (Fig. 1c). Taken together, these 
results indicate that Pmm2R137H/F118L embryos have lower Pmm2 
activity than wild-type littermates and this is associated with a general 
protein hypoglycosylation, resulting in embryonic lethality.

A promising concept for therapy for CDG-Ia is to counter the 
increased Km requirements of mutated PMM2 by raising the intra-
cellular substrate levels of mannose-6-phosphate by either oral or 
intravenous mannose supplementation. This would lead to higher 
levels of mannose-1-phosphate when metabolized by mutant forms 
of PMM2 with attenuated activity, an increase in production of GDP-
mannose and dolichol-P-mannose and subsequent normalization of 
glycosylation. In fibroblasts derived from humans with CDG-Ia, we 
and others have shown that shortened glycan structures from lipid-
linked oligosaccharides and newly synthesized glycoproteins were 
corrected by either addition of mannose to7,8 or reduction of glucose 
concentration in8 the cell culture medium. Nevertheless, neither oral 
administration of mannose to patients with CDG-Ia over a period of  
6 months nor intravenous mannose supplementation for 3 weeks 
led to any measurable positive effect on coagulation abnormalities 
or altered isoelectric focusing patterns of serum transferrin, despite 
increased serum mannose concentrations9,10.

To determine whether mannose supplementation could correct the 
abnormal glycosylation and lethality in Pmm2R137H/F118L embryos, we 
placed heterozygous Pmm2+/F118L female mice on an oral mannose 
treatment protocol based on trials in humans with CDG-Ia10,11 (9 mg 
mannose per ml drinking water). We started the supplementation  
1 week before mating to ensure that the mannose concentrations in 

 maternal blood, and therefore the embryonic exposure to mannose,  
would be stable throughout gestation, and maintained treatment until 
16.5 d.p.c. or weaning. In comparison to untreated female Pmm2+/F118L  
mice, mannose feeding led to almost twofold higher serum man-
nose concentrations in female Pmm2+/F118L mice (81.66 ± 18.19 µM 
mannose, n = 5, versus 49.14 ± 12.55 µM mannose, n = 10, P = 0.007 
(Student’s t test); Supplementary Fig. 3).

Remarkably, mannose supplementation rescued Pmm2R137H/F118L  
embryos and allowed them to survive beyond weaning (Supplementary 
Table 2). In contrast to Pmm2+/+ offspring, Pmm2R137H/F118L offspring 
under mannose supplementation had high serum mannose concen-
trations (139.48 ± 52.96 µM mannose, n = 9, versus 81.77 ± 14.88 µM 
mannose, n = 7, P = 0.0095 (Student’s t test)) (Supplementary Fig. 3).  
The substantially higher concentration of serum mannose in the 
treated mice presumably resulted from reduced mannose usage due to 
deficient Pmm2 enzyme activity. Histological examination of embryos 
at 16.5 d.p.c. revealed no differences in the morphology of heart, liver, 
lung, kidney, thymus, spleen and brain tissue between wild-type and 
Pmm2R137H/F118L mice (Fig. 2a,b and data not shown). In addition, 
the glycosylation pattern monitored by WGA lectin histochemistry in 
these organs was comparable between Pmm2+/+ and Pmm2R137H/F118L 
embryos (Fig. 2c and data not shown), indicating that there was man-
nose-mediated normalization of glycosylation. Isoelectric focusing of 
serum transferrin from 8-week-old mice of all genotypes revealed no 
differences in levels of glycosylation (data not shown). Pmm activ-
ity in compound heterozygous embryos (n = 2) rescued with man-
nose remained at approximately 11% that of wild-type embryos (data 
not shown), indicating that the mannose rescue was not a result of 
increased Pmm2 activity.

To investigate whether the pathological changes in Pmm2R137H/F118L 
offspring occurred after termination of mannose supplementation, 
we reconverted dams to normal drinking water after weaning and 
maintained the pups on normal drinking water. After 4 months, we 
found the serum mannose concentration was comparable between 
Pmm2+/+ (65.50 ± 8.3 µM mannose, n = 3) and Pmm2R137H/F118L 
(68.50 ± 16.6 µM mannose, n = 4, P = 0.723 (Student’s t test)) litter-
mates (Supplementary Fig. 3). There were no obvious behavioral or 
macroscopic alterations in phenotype in Pmm2R137H/F118L offspring 
compared to wild-type siblings. Histological analyses of a variety 
of tissues, such as brain, heart, liver, lung, spleen and kidney, were 
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Figure 1 Microscopic, biochemical and histochemical examinations of Pmm2 +/+ and Pmm2 R137H/F118L embryos. (a) Development of Pmm2 +/+ and 
Pmm2 R137H/F118L embryos at 9.5, 10.5 and 12.5 d.p.c. Data are from six embryos of each genotype, arising from six separate littermates. Scale bars: 
9.5 d.p.c., 1 mm; 10.5 d.p.c., 1.5 mm; 12.5 d.p.c., 2 mm. (b) Pmm activity, as measured in MEFs isolated at 9.5 d.p.c. from four Pmm2 +/+ and four 
Pmm2 R137H/F118L embryos from four separate littermates. Enzyme activity is shown as the formation of mannose-1,6-bisphosphate in pmol min−1 per  
mg protein. Error bars are s.e.m.; ***P = 0.00018 (Student’s t test). (c) DAPI nuclei and WGA staining of embryonic tissues at 9.5 d.p.c. Data are 
representative of 20 sections per embryo. Four mice of the respective genotype arising from four separate littermates were analyzed. Scale bars,  
100 µm. Mouse procedures were approved by the regional council Karlsruhe (Department III) in Baden-Württemberg (Germany) and the University of 
Heidelberg (Germany). See Supplementary Methods for further technical information.
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 similarly unremarkable (Supplementary 
Fig. 4), as was the glycosylation state of 
serum transferrin (data not shown).

Although identification of the specific 
cause for the Pmm2R137H/F118L lethality is 
outside the scope of this report, we speculate 
that general hypoglycosylation of N-linked 
glycoproteins due to Pmm2R137H/F118L defi-
ciency has severe effects on a multitude of 
pathways involved in embryogenesis that 
may result in the observed fatal outcome. In 
our Pmm2R137H/F118L mouse model, the elevation of the extracellular 
mannose concentration by the simple addition of mannose presum-
ably leads to a higher uptake of sugar and, in turn, an increase in the 
intracellular GDP-mannose level, which is crucial for N-linked glyco-
protein biosynthesis. Our results therefore suggest a central role for 
an increased glycosylation state and an elevated amount of N-linked 
glycoproteins during a specific time frame in embryonic development 
that, to our knowledge, has not been described so far.

Given that people with CDG-Ia are already in early childhood 
when they start mannose therapy, it is possible that essential devel-
opmental steps during embryogenesis and infancy may have already 
been negatively affected by hypoglycosylation, resulting in a CDG-Ia  
phenotype that is unresponsive to mannose treatment. Consistent 
with this hypothesis, it is known that the intrauterine environment 
during human gestation influences the development of disease, 
including metabolic disorders, later in life12.

In light of the positive results achieved in this study, initiating a 
therapeutic mannose regimen before conception to women at risk for 
having descendants with CDG-Ia or after conception in the case of 
CDG-Ia confirmed in utero by early prenatal diagnosis may overcome 
impairment of key developmental steps that influence the postnatal 
development of the disease. This, in turn, could potentially lessen 
the severity of disabilities that afflict people with CDG-Ia or, ideally, 
could prevent the disease altogether.

METhoDS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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Figure 2 Histological and WGA lectin 
binding analyses of mannose-supplemented 
Pmm2 +/+ and Pmm2 R137H/F118L embryos 
16.5 d.p.c. Embryos were dissected and 
genotyped. Histological samples were fixed 
in 4% formaldehyde, embedded in paraffin 
and stained with H&E. (a) Stereomicroscopic 
pictures (left) and H&E staining (right) of 
central sagittal sections of whole Pmm2 +/+ 
and Pmm2R137H/F118L embryos. (b) H&E 
staining of the heart (left; scale bars: 500 µm)  
and the liver (right; scale bars: 100 µm) of 
Pmm2 +/+ and Pmm2R137H/F118L embryos, 
respectively. (c) DAPI nuclei (left) and WGA 
staining (right) of hearts (top) and livers 
(bottom) of Pmm2 +/+ and Pmm2R137H/F118L  
embryos, respectively (Scale bars, 200 µm).  
In a–c, data are representative of four mice of  
the respective genotype arising from four 
separate littermates. Twenty sections per embryo  
were analyzed by H&E and lectin staining.
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