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Sialic acids are widely expressed as terminal carbohydrates on gly-
coconjugates of eukaryotic cells. Sialylation is crucial for a variety of
cellular functions, such as cell adhesion or signal recognition, and
regulates the biological stability of glycoproteins. The key enzyme of
sialic acid biosynthesis is the bifunctional UDP-N-acetylglucosamine-
2-epimerase�N-acetylmannosamine kinase (UDP-GlcNAc 2-epimer-
ase), which catalyzes the first two steps of sialic acid biosynthesis in
the cytosol. We report that inactivation of the UDP-GlcNAc 2-epim-
erase by gene targeting causes early embryonic lethality in mice,
thereby emphasizing the fundamental role of this bifunctional en-
zyme and sialylation during development. The need of UDP-GlcNAc
2-epimerase for a defined sialylation process is exemplified with the
polysialylation of the neural cell adhesion molecule in embryonic
stem cells.

S ialic acid is the most abundant terminal monosaccharide of
glycoconjugates of the eukaryotic cell surface (1, 2). It is

involved in a variety of cellular functions, such as cell–cell
interaction including metastasis formation and progression of a
variety of tumors, virus infection, and the biological stability of
glycoproteins (3, 4). Of particular interest is the unique poly-
sialylation of the neural cell adhesion molecule (NCAM), which
is down-regulated during development. The expression of the
polysialylated form of NCAM is known to be involved in learning
and memory in the adult hippocampus. In addition, polysialy-
lation of NCAM often correlates with tumorigenicity (5–9).

Sialic acids are synthesized in the cytosol from UDP-N-
acetylglucosamine by four consecutive reactions. The first two
steps in sialic acid biosynthesis (Fig. 1) are catalyzed by the
bifunctional enzyme, UDP-N-acetylglucosamine-2-epimerase�
N-acetylmannosamine kinase (UDP-GlcNAc 2-epimerase),
which has been cloned and characterized in rodents and humans
(10–13). It catalyzes both enzymatic reactions as a hexamer only
(14). Recently, protein kinase C has been associated with
UDP-GlcNAc 2-epimerase, regulating its enzymatic activity
(15). Northern-blot analysis and in situ hybridization revealed
the highest expression in liver. To a lesser extent the enzyme is
also expressed in all other organs investigated. UDP-GlcNAc
2-epimerase is fully expressed at all stages during mouse devel-
opment that have been investigated so far (11).

The clinical relevance of the UDP-GlcNAc 2-epimerase was
demonstrated by the detection of a binding defect of the
feedback inhibitor CMP-sialic acid (16, 17) leading to sialuria
(13, 18, 19). In this sialic acid storage disease, free sialic acid
accumulates in the cytoplasm, which results in severe mental
retardation of the surviving patients. The significance of the
enzyme is further illustrated by the observation that, in a variant
of HL60 cells, the low expression of sialic acids is correlated with
dramatically reduced enzyme activity (20). Recently, it was
proposed that mutations in the human UDP-GlcNAc 2-
epimerase gene are responsible for hereditary inclusion body
myopathy, a unique group of neuromuscular disorders charac-
terized by adult onset, slowly progressive weakness, and a typical
muscle pathology (21).

Methods
Gene Targeting. The genomic clone containing the 5� part of the
UDP-GlcNAc 2-epimerase gene was isolated from a mouse

129Sv genomic library by hybridization with a rat 529-bp PCR
fragment corresponding the UDP-GlcNAc 2-epimerase-coding
region from nucleotide 430–959. A 5-kb fragment obtained by
BamHI digestion containing the second exon of the UDP-
GlcNAc 2-epimerase representing the coding region from nu-
cleotide 164–619 was isolated and used for the target construct.
A neomycin-resistance gene under the control of a phospho-
glycerate promotor and a pgk poly(A) addition site were inserted
in reverse orientation at the NcoI site of exon 2. A herpes simplex
virus thymidine kinase gene, also under the control of a pgk
promotor and a pgk poly(A) addition site, was inserted at the
NcoI site of the 3.3-kb fragment. The sequenced targeting vector
was linearized by using NotI and purified. Fifty micrograms of
the DNA were then electroporated into E14.1 cells.

Genotyping. Transfected embryonic stem cells or mouse tails
tissue were lysed, and DNA was isolated as described elsewhere
(31). DNA of individual embryonic stem cell clones was digested
with BamHI, subjected to Southern blotting, then analyzed by
hybridization with the probe mentioned above (probe 1, labeled
to 108 cpm/�g by random priming).

Sequencing. Sequencing was performed by using a LI-COR 4200
automatic sequencer (MWG Biotec, Ebersberg, Germany). Both
strands of all cDNA molecules were sequenced at least twice and
the results analyzed with use of the MacMolly Tetra software.

Generation of Embryonic Stem Cells. Blastocysts from heterozygous
matings were isolated at day 3.5 postcoitum and cultivated for
another 4 days in single wells on embryonic fibroblasts. The
outgrowth of the inner cell mass was picked, trypsinated, and
replated. Colonies of embryonic stem (ES) cells were cultivated and
expanded as described by Evans and Kaufmann (22). Resulting
ES-cell lines were genotyped by Southern blotting.

Analytical Procedures. UDP-GlcNAc 2-epimerase activity was
measured as described (14).

Immunoprecipitations and Western Blotting. Cells were lysed, and
lysates were cleared by centrifugation (100,000 � g, 30 min). Five
milligrams of protein A-agarose (Sigma) were precoated with 12
�g of UDP-GlcNAc 2-epimerase-specific polyclonal antibodies
in PBS for 2 h at room temperature and washed twice with lysis
buffer. Lysates were incubated for 2 h at 4°C with precoated
protein A-agarose and pelleted by centrifugation. Before SDS�
PAGE, pellets were washed three times with lysis buffer and
once with PBS.

Samples were separated on SDS-polyacrylamide gels (Bio-
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Rad) and transferred to nitrocellulose filters. The blots were
analyzed by using UDP-GlcNAc 2-epimerase-specific antibodies
(11) and peroxidase-conjugated secondary antibodies (Dianova,
Hamburg, Germany). Bands were visualized by enhanced chemi-
luminescence (Amersham Pharmacia) according to the manu-
facturer’s instructions and exposing Kodak XR-5 films for times
between 10 and 120 s.

Reverse Transcription–PCR. The PCR reaction was performed
under standard conditions. Total ES-cell RNA was transcribed
to cDNA by using superscript reverse transcriptase (Life Tech-
nologies, Karlsruhe, Germany) according to the manufacturer’s
instructions. UDP-GlcNAc 2-epimerase-specific primers were
annealed to cDNA and incubated with Taq polymerase (Perkin–
Elmer) for 25 cycles (60 s, 94°C; 60 s, 58°C; 60 s, 72°C). As a
control, glyceraldehyde-3-phosphate dehydrogenase was also
analyzed.

Fluorescence-Activated Cell Sorter Analysis. Cells (1 � 106) of each
culture were then harvested and washed in PBS, centrifuged at
300 � g for 3 min, and resuspended in 500 �l of PBS containing
20 �g/ml Limax flavus agglutinin (LFA). Cells were then incu-
bated on ice for 45 min and washed two times in 2 ml of PBS,

before resuspending in PBS and analyzing on a Becton Dickin-
son FACScan instrument.

Results and Discussion
Here, we report the consequences of the targeted mutagenesis
of the UDP-GlcNAc 2-epimerase gene. The strategy of its
inactivation is demonstrated in Fig. 2. Heterozygous mice defi-
cient in UDP-GlcNAc 2-epimerase have no obvious abnormal-
ities. They were intercrossed and 134 offspring were genotyped;
of these, 47 were wild type (�/�) and 87 were heterozygous
(�/�). No homozygous mice could be identified. The fraction of
wild-type mice was within the Mendelian expectations, assuming
that inactivation of the UDP-GlcNAc 2-epimerase gene is lethal.
Also by genotyping embryos between E10.5 and E17 of het-
erozygous parental mice, no �/� embryos were identified.
Because the fraction of wild-type (�/�) and heterozygous
(�/�) embryos was within the Mendelian expectations (1:2), we
conclude that inactivation of the UDP-GlcNAc 2-epimerase
gene is lethal before E 10.5. However, by genotyping embryos
between E8.5 and E9.5, we could identify 10% homozygous
UDP-GlcNAc 2-epimerase-deficient (�/�) embryos at E8.5 and
6% (�/�) embryos at E9.5, indicating that the inactivation is
lethal between E8.5 and E9.5.

The consequences of UDP-GlcNAc 2-epimerase inactivation
were investigated in stem cell lines deficient for this enzyme. We
generated 11 ES cell lines of day 3.5 postcoitum. Four of these
had the wild-type (�/�) genotype, six were heterozygous (�/�),
and one was homozygous (�/�) UDP-GlcNAc 2-epimerase-
deficient. As viewed by light microscopy, no significant differ-
ences existed in the growth and morphology of all these cell lines.

As expected, the homozygous deficient cells expressed no
UDP-GlcNAc 2-epimerase-mRNA (Fig. 3A), and consequently
no UDP-GlcNAc 2-epimerase could be detected by Western blot
analysis (Fig. 3B). Furthermore, no enzyme activity was mea-
sured in the deficient ES cells (Fig. 3C). In all experiments,
heterozygous ES cells expressed approximately half of the
UDP-GlcNAc 2-epimerase mRNA, protein, or enzyme activity
compared with wild-type cells (Fig. 3 A–C).

Because UDP-GlcNAc 2-epimerase is the key enzyme of sialic
acid biosynthesis, deficient ES cells should not express sialic
acids on their cell surface. By using the sialic acid-specific lectin
L. flavus agglutinin in fluorescence-activated cell sorter analysis,
we could demonstrate that the cell surface sialylation in the
deficient ES cells is reduced by more than 75% compared with
wild-type ES cells when cultured in medium containing serum-
replacement factor (Fig. 4, open bars), which contains only little
amount of sialylated glycoproteins. In contrast, by using serum-
containing medium, which contains a lot of highly sialylated
glycoproteins, the surface sialylation of deficient ES cells is
reduced by only 28% compared with wild-type cells (Fig. 4, filled
bars), indicating that sialylated glycoproteins are taken up from
the medium and compensate the deficient biosynthesis of sialic
acid. We then investigated the polysialylation of NCAM by
Western blot analysis. Wild-type ES cells express a large amount
of polysialic acid (PSA) on NCAM. Heterozygous ES cells
express less PSA, and ES cells deficient in UDP-GlcNAc 2-
epimerase do not express any PSA (Fig. 5). Because all these
cells were cultured in the presence of serum, polysialylation of
deficient ES cells cannot be restored by reutilization of sialylated
glycoproteins from the medium. In contrast, polysialylation can
be restored by feeding deficient ES cells with the natural
precursor of sialic acid, N-acetylmannosamine (ManNAc), but
not with N-acetylglucosamine (Fig. 5), which cannot be epimer-
ized to ManNAc (Fig. 1).

These data indicate that sialic acid can be synthesized from
ManNAc without the UDP-GlcNAc 2-epimerase activity, but
that the epimerization of UDP-GlcNAc to ManNAc is the
rate-limiting step of sialic acid biosynthesis in vivo. However, the

Fig. 1. Scheme representing the biosynthesis of sialic acid
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phosphorylation of ManNAc to ManNAc-6-phosphate can be
catalyzed by sugar kinases other than that of the UDP-GlcNAc
2-epimerase�N-acetylmannosamine kinase, such as the GlcNAc-
kinase (23). The total hexokinase activity is �1.9 mU/mg in all,
UDP-GlcNAc 2-epimerase-deficient, heterozygous and wild-
type ES cells (data not shown).

Our experiments demonstrate that endocytosed sialylated
glycoproteins are a source of sialic acid enabling the sialylation
of cell surface glycoproteins. In contrast, NCAM-specific poly-
sialylation needs an active UDP-GlcNAc 2-epimerase to provide
a sufficient amount of sialic acid. The observation that sialylation
is not completely abolished in deficient ES cells is because
medium containing serum-replacement factor is not completely
free of sialic acids (63 nmol/ml). Experiments in the absence of
serum could not be performed, because ES cells are not viable

in the absence of serum or serum-replacement factor for longer
culture periods (data not shown).

Therefore, in vivo a strong need exists for the biosynthetic
machinery for sialic acid biosynthesis, but in vitro several UDP-
N-GlcNAc 2-epimerase-deficient cell lines survive because of
the presence of sialylated glycoproteins in the medium (20).
Moreover, it should be noted that in vivo maternal, sialylated
glycoproteins cannot be used by the embryo, because UDP-
GlcNAc 2-epimerase inactivation is lethal during embryogenesis.
The early lethality of the deficient mice might be explained by
the loss of protection from proteolytic processes or by disturbed
cell–cell adhesion and cell migration, because most of the cell
adhesion molecules involved are sialylated glycoproteins (6,
24–26). In contrast to other nonlethal knockout models, such as
the sialylated neural cell adhesion molecule (27), lack of sialy-

Fig. 2. (A) Strategy of constructing the UDP-GlcNAc 2-epimerase-targeting vector. A gene-targeting vector was used to generate murine 129 ES cells deficient
in one copy of UDP-GlcNAc 2-epimerase by homologous recombination. The murine UDP-GlcNAc 2-epimerase gene was inactivated by replacing the second exon
by a neo cassette. Homologous recombinant clones were used to create 129/Ola-C57BL�6J chimeric mice that transmitted the mutated UDP-GlcNAc 2-epimerase
gene through the germ line (B � BamHI, E � EcoRI, H � HincII, n � NcoII). (B) Identification of homologous recombination events. Ten days after transfection,
genomic DNA was isolated from individual cell clones. Homologous recombination was identified by Southern blot analysis as an additional 3-kb fragment in
heterozygous cells (�/�). In contrast, in wild-type cells (�/�) only the 5-kb fragment is detectable.

Fig. 3. (A) Reverse transcription–PCR of �/�, �/�, and �/� ES cell clones. Total RNA of wild-type (�/�), heterozygous (�/�), and homozygous deficient (�/�)
ES cells were transcribed to cDNA and amplified by using specific primers to UDP-GlcNAc 2-epimerase or glyceraldehyde-3-phosphate dehydrogenase. (B)
Western blot analysis of UDP-GlcNAc 2-epimerase-deficient ES cells. UDP-GlcNAc 2-epimerase of wild-type (�/�), heterozygous (�/�), and homozygous deficient
(�/�) ES cells was immunoprecipitated and detected by Western blot analysis by using specific polyclonal antibodies to UDP-GlcNAc 2-epimerase. (C)
Determination of the enzyme activity in UDP-GlcNAc 2-epimerase-deficient ES-cells. Cytosolic fractions of wild-type (�/�), heterozygous (�/�), and homozygous
deficient (�/�) ES cells were prepared by ultracentrifugation, and UDP-GlcNAc 2-epimerase activity was determined. Bars represent mean values of three
independent experiments.
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lation can be compensated only by ManNAc and not by other,
closely related amino sugars.

In agreement with our study, it has been demonstrated that
inactivation of the N-acetylglucosaminyltransferase I, an enzyme

that is necessary to build complex oligosaccharides of glyco-
proteins, is lethal between E9.5 and E10.5 (28, 29). Furthermore,
mice expressing only the monosialylated ganglioside GM3 suffer
from epileptical attacks and die early (30).

Our experiments demonstrate that in vivo the UDP-GlcNAc
2-epimerase is the key enzyme of sialic acid biosynthesis. No
bypass pathway exists. The embryonic lethality of UDP-GlcNAc
2-epimerase-deficient mice proves that sialylation plays a crucial
role during development showing that sialoglycans display es-
sential functions during embryogenesis.
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Fig. 4. Cell surface sialylation of UDP-GlcNAc 2-epimerase-deficient ES cells.
Wild-type (�/�) and homozygous deficient ES cell lines (�/�) were grown for
5 days in serum-replacement medium without serum (no serum, open bars), or
in serum-containing medium (serum, filled bars). Cell surface expression of
sialic acids was analyzed by fluorescence-activated cell sorter analysis with
L. flavus agglutinin. Bars represent mean values of three independent
experiments.

Fig. 5. PSA expression of UDP-GlcNAc 2-epimerase-deficient ES cells. Solu-
bilisates of wild-type (�/�), heterozygous (�/�), or UDP-GlcNAc 2-epimerase-
deficient ES cells (�/�) cultured in FCS (no additions), FCS plus 10 mM GlcNAc
(GlcNAc) or FCS plus 10 mM ManNAc (ManNAc) were separated on SDS-
polyacrylamide gels and transferred to nitrocellulose filters. PSA was detected
with a PSA-specific monoclonal antibody.
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