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ABSTRACT Glycosphingolipids (GSLs) are believed to be
integral for the dynamics of many cell membrane events, includ-
ing cellular interactions, signaling, and trafficking. We have
investigated their roles in development and differentiation by
eliminating the major synthesis pathway of GSLs through tar-
geted disruption of the Ugcg gene encoding glucosylceramide
synthase. In the absence of GSL synthesis, embryogenesis pro-
ceeded well into gastrulation with differentiation into primitive
germ layers and patterning of the embryo but was abruptly
halted by a major apoptotic process. In vivo, embryonic stem cells
deficient in GSL synthesis were again able to differentiate into
endodermal, mesodermal, and ectodermal derivatives but were
strikingly deficient in their ability to form well differentiated
tissues. In vitro, however, hematopoietic and neuronal differen-
tiation could be induced. The results demonstrate that the
synthesis of GSL structures is essential for embryonic develop-
ment and for the differentiation of some tissues and support the
concept that GSLs are involved in crucial cell interactions
mediating these processes.

Glycosphingolipids (GSLs) are present on virtually all mamma-
lian cell plasma membranes§ (2). They are amphipathic molecules
consisting of a ceramide lipid moiety, embedded in the outer
leaflet of the membrane, linked to one of hundreds of different
externally oriented oligosaccharide structures. A subclass of
GSLs that contain sialic acid residues are known as gangliosides
and have special prominence in the nervous system. GSLs have
been implicated in many fundamental cellular processes, includ-
ing growth, differentiation, migration, and morphogenesis; cell-
to-cell and cell-to-matrix interactions; and the development and
functioning of the nervous system (3–10).

GSLs are believed to be integral components of plasma
membrane microdomains, known as rafts and caveolae (11–14),
that are rich in sphingolipids and cholesterol. These lipid domains
assemble receptors and glycosylphosphatidylinositol-anchored
proteins on their external surface and signaling molecules—Src-
family kinases, G proteins, nitric oxide synthase—on their inner
surface and mediate membrane trafficking and signal activity. A
second type of GSL domain consisting primarily of GSLs and
signal transduction molecules has been proposed to couple cell
adhesion interactions with signaling (15, 16).

The core structure of the majority of GSLs, glucosylceramide,
is synthesized on the cytoplasmic face of the Golgi by glucosyl-
ceramide synthase via the transfer of a glucose residue from
UDP-glucose to ceramide (17, 18). Glucosylceramide synthase is
a transmembrane protein with its C-terminal catalytic domain
located in the cytoplasm (19). After glucosylceramide is synthe-
sized and translocated into the Golgi lumen, it is modified by a
series of Golgi glycosyltransferases to produce higher-order GSL

structures. To enable a direct determination of the function and
biological roles of GSLs arising from glucosylceramide, we have
disrupted the gene (Ugcg) encoding glucosylceramide synthase to
eliminate the major pathway of GSL synthesis (Fig. 1A). Our
results demonstrate that GSL synthesis is vital for embryonic
development and also for the differentiation of certain tissues.

MATERIALS AND METHODS
Targeting Constructs, Gene Targeting, and Generation of

Mutant Mice. One genomic clone containing the Ugcg locus was
isolated from a 129-mouse library (Genome Systems; St Louis) by
using a mouse Ugcg cDNA probe. A 5-kilobase (kb) PstI fragment
containing exon 5 and exon 6 and a 4.5-kb XbaI fragment
containing exon 8, exon 9, and the 39 untranslated region were
used together with neomycin (20), hygromycin (21), and thymi-
dine kinase (20) expression cassettes to construct targeting vec-
tors pUgcgNeo (Fig. 1B) and pUgcgHygro (Fig. 1C). NotI was used
to linerize each of the vectors for gene targeting.

Culture and targeting of TC-1 embryonic stem (ES) cells and
establishment of chimeric mice were performed as in past ex-
periments (22, 23). Second-round gene targeting and hygromycin
selection to establish ES cells with a deletion in both Ugcg alleles
was accomplished as described (24).

Histology, Immunostaining, Apoptotic Analysis, and in Situ
Hybridization of Embryos. Embryonic day (E) 6.5 and 7.5
embryos were removed together with decidual tissue. They
were fixed in 10% buffered formalin and were processed for
paraffin embedding. Sections 4 mm thick were stained with
hematoxylin and eosin (H & E), and were immunostained.
Immunostaining of proliferating cell nuclear antigen (PCNA)
was performed with PCNA Staining Kit (Zymed).

Apoptotic cell death was detected by the in situ DNA nick
end-labeling [terminal deoxynucleotidyltransferase-mediated
UTP end labeling (TUNEL)] method using an Apoptag kit
(Oncor). In situ hybridization was accomplished with digoxige-
nin-labeled Brachyury (25), Cerr1 (26), HNF3b (27), Otx2 (28),
and H19 (29) probes and an antidigoxigenin antibody-alkaline
phosphatase conjugate (Boehringer Mannheim) as de-
scribed (30).

Genotype Analysis of Embryos. For DNA recovery, embryonic
tissue was scrapped from paraffin sections and was incubated with
10 ml of lysis solution (0.6 mg/ml proteinase Ky10 mM
TriszHCly50 mM KCly2.5 mM MgCl2y0.1% gelatiny0.45% Non-
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idet P-40y0.45% Tween 20) at 60°C overnight and then at 99°C
for 10 min. Embryos obtained by dissection were treated the same
except the volume of lysis buffer was 70 ml.

For genotyping by PCR, the primers were 59-CAATGGCT-
GAAGAGCATTCAG-39 (Primer 1), 59-AACAGAA-
CAAACTTTTCTGGA-39 (Primer 2), and 59-TCGCCTTCTT-
GACGAGTTCTTCTGAG-39 (Primer 3). Primers 1 and 2 de-
tected the wild-type Ugcg allele and amplified an '500-bp
fragment. Primers 2 and 3 detected the UgcgDEX7Neo allele and
amplified an '200-bp fragment. The PCR reaction volume was
20 ml, including 5 ml of DNA solution.

Glucosylceramide Synthase Enzyme Assay and Lipid Analysis.
Glucosylceramide synthase activity was assayed with 6-((N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl)sphingosine
(C6-NBD-ceramide) (Molecular Probes) according to the
method of Lipsky and Pagano (31). Neutral and acidic lipid
fractions from ES cells and teratomas were isolated and analyzed
as described (23).

Teratomas. Wild-type ES cells and ES cells with both Ugcg
alleles disrupted (1 3 106) were injected into subcutaneous sites
on syngeneic 129ySvEv mice. After 3 weeks, each tumor was
carefully excised, and three cut surfaces were made. Tumors were
fixed in 10% buffered formalin and were processed to be em-
bedded in paraffin. Sections 4 mm thick were stained with H &

E and Alcian blue. The tumor components were evaluated as to
the origin from the three germ cell layers and the degree of
differentiation. The elements were classified according to their
resemblance to tissues of embryo and adult mouse tissues.
Undifferentiated epithelium that had no similarity to mature
tissues was categorized as poorly differentiated epithelium. Eight
Ugcg mutant tumors were evaluated with similar conclusions.
Sections were immunostained with PCNA (Zymed) and vimentin
antibodies (Sigma). Apoptotic cells were detected by the TUNEL
method as described above.

ES Cell Differentiation in Vitro. ES cells were cultured under
conditions for the formation of simple embryoid bodies and cystic
embryoid bodies essentially as described by Robertson (32). At
days 14 and 22 in culture under differentiation conditions, the
embryoid bodies were fixed in 10% buffered formalin, were
processed, and were embedded in paraffin. Sections 4 mm thick
were stained with H & E.

Neuronal differentiation of embryoid bodies was induced with
retinoic acid as described (24). Neuronal differentiation was
judged by neurite formation and immunostaining with GAP43
antibody (Sigma). Erythroid differentiation was accomplished by
treatment of embryoid bodies in methylcellulose with erythro-
poietin (33). Erythroid cell differentiation was established by the
appearance of hemoglobinized (red) cells around the embryoid
body.

RESULTS
Targeting the Ugcg Gene for Disruption. The Ugcg gene in

TC-1 ES cells (22) was disrupted by using a targeting vector
(pUgcgNeo) in which Exon 7 of the Ugcg gene was deleted (Fig.
1B). Homologous recombination of the Ugcg locus using the
pUgcgNeo targeting vector was confirmed by Southern blot
analysis and demonstrated that 14 ES cell clones of 85 contained
a targeted gene disruption termed UgcgDEX7Neo.

With the UgcgDEX7Neo mutation, sequences from the cytoplas-
mically exposed, catalytic domain of glycosylceramide synthase
were removed, with the expectation that the enzyme would be
inactivated. An ES clone containing the UgcgDEX7Neo allele was
injected into mouse blastocysts for the production of chimeric
mice. The clone resulted in germline transmission of the
UgcgDEX7Neo allele.

Disruption of the Ugcg Gene Results in Embryonic Lethality.
No Ugcg homozygous mutant mice were detected among 134
offspring from UgcgDEX7Neoy1 intercrosses (Table 1). The results
indicated that the consequence of homozygosity for the mutant
Ugcg allele was embryonic lethality.

To determine the time of lethality, embryos from
UgcgDEX7Neoy1 intercrosses were analyzed at different days post-
coitum (Table 1). Genotyping was accomplished by PCR analysis
of embryos. At E6.5, UgcgDEX7Neo homozygous embryos were
present and could not be distinguished from wild-type or het-
erozygous embryos by gross morphology. At E7.5, '25% of the
embryos were found to be homozygous for the mutation (Table
1), and they could now be distinguished from wild-type and
heterozygous embryos by their smaller size. At E8.5, the
UgcgDEX7Neo homozygous embryos consisted of a small remnant

FIG. 1. Ugcg gene targeting. (A) The biosynthetic pathways for
sphingolipids. Glucosylceramide is produced by the modification of
ceramide by glucosylceramide synthase. Glucosylceramide is the core
structure for the synthesis of higher-order GSLs. Ceramide also is used
for synthesis of sphingomyelin and galactosylceramide. (B) The struc-
ture of the pUgcgNeo targeting vector is shown at the top. The
wild-type Ugcg locus is in the middle. The structure of the targeted
locus (UgcgDEX7Neo) is on the bottom. The UgcgDEX7Neo locus was
detected by Southern blot analysis of genomic DNA after digestion
with HpaI and ClaI and hybridization with the probe indicated. The
wild-type allele yielded a 12.6-kb fragment, and the UgcgDEX7Neo allele
yielded a 7.4-kb fragment. The Southern blots were from tail DNA of
wild-type (1y1), and UgcgDEX7Neoy1 (1y2) mice derived from tar-
geted ES cells. (C) The structure of the pUgcgHygro targeting vector
is shown at the top. The wild-type Ugcg locus is in the middle. The
structure of the targeted allele, UgcgEX7Hygro, is on the bottom. The
UgcgEX7Hygro locus was detected by Southern blot analysis of genomic
DNA after digestion with HpaI and ClaI and hybridization with the
probe indicated. The wild-type allele yielded a 12.6-kb band, and the
UgcgDEX7Neo and UgcgDEX7Hygro alleles each yielded a 7.4-kb fragment.
The Southern blots were of DNA of UgcgDEX7Neo (1y2) ES cells and
doubly targeted ES cells UgcgDEX7NeoyDEX7Hygro (2y2).

Table 1. Genotype analysis of offspring from Ugcg
heterozygous intercrosses

Age Total

Genotype Empty
decidua1y1 1y2 2y2

E6.5 24 7 14 3 0
E7.5 88 17 49 22* 0
E8.5 54 8 31 15† 0
E9.5 101 27 46 0 28
Postnatal 134 48 86 0

*Abnormally small.
†Remnant.
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of embryonic tissue that was apparently in the process of resorp-
tion. At E9.5, the resorption of homozygous mutant embryos
appeared complete because none of the recovered embryos
yielded the UgcgDEX7NeoyDEX7Neo genotype. Correspondingly,
'25% of egg cylinders were without embryonic tissue at this
stage (Table 1). These results show that disruption of GSL
synthesis caused embryonic lethality beginning about E7.5 with
complete resorption of the embryo by E9.5.

Embryonic Lethality Occurs at Gastrulation. Analysis of the
histology of UgcgDEX7Neo homozygous embryos was accomplished
by examination of serial sections of E6.5 and E7.5 embryos
obtained from heterozygous crosses. At E6.5, the sectioned
embryos were not distinguishable histologically, by PCNA ex-
pression, or by TUNEL assay (data not shown). However, at E7.5,
there were profound differences. At this developmental stage, the
wild-type and heterozygous embryos were undergoing gastrula-
tion and contained the three germ cell layers: mesoderm,
endoderm, and ectoderm (Fig. 2C). The three major cavities—
exoceolom, amniotic, and ectoplacental—were easily identified
(Fig. 2A). UgcgDEX7NeoyDEX7Neo embryos also were undergoing
gastrulation, as evidenced by formation of mesoderm as a distinct
cell layer between endoderm and ectoderm (Fig. 2D) and by
expression of the early mesodermal marker, Brachyury (T gene)
(Fig. 2 E and F). The expression of other genes that specify cell
lineage differentiation and patterning during gastrulation also
appeared relatively normal in the mutant embryos. These in-
cluded HNF3b (27), expressed in visceral and definitive
endoderm and node (data not shown), Cerr1 (26), expressed in
anterior endoderm (Fig. 2H), and Otx2 (28), expressed in the
anterior germ layers (data not shown).

Morphologic and gene expression criteria indicated that the
mutant embryos had proceeded well into the gastrulation stage.
However, they exhibited a number of abnormalities when com-
pared with normal embryos. They were smaller in size with a
reduced extraembryonic portion relative to the embryonic por-
tion (Fig. 2B). This impression was confirmed by in situ hybrid-
ization with an H19 probe, a marker specific for the extraembry-
onic cell types (29) (data not shown). The three major embryonic
cavities were present but appeared disorganized and significantly
reduced in size (Fig. 2B). The fact that an exoceolom was present
in the UgcgDEX7Neo homozygous embryos indicated that meso-
dermal migration into the extraembryonic segment had occurred.
Reichert’s membrane, a basement membrane produced by the
parietal endoderm, appeared to be adhering to the decidua in the
UgcgDEX7Neo homozygous embryos (Fig. 2 A and B).

We next examined whether the reduced size of the E7.5
UgcgDEX7Neo homozygous embryos might be caused by an im-
pairment of cellular proliferation or an increase in cell death.
Immunohistochemical detection of PCNA revealed that cell
proliferation in the mutant embryos was similar or slightly
increased compared with wild-type embryos (Fig. 2 I and J).

TUNEL assay on sections of E7.5 embryos revealed a large
increase in cells undergoing apoptosis in the UgcgDEX7Neo ho-
mozygous embryos compared with wild-type and heterozygous
embryos (Fig. 2 K and L). The ectodermal layer was particularly
enriched in the TUNEL positive cells. However, increased apo-
ptosis was noted in other regions of the embryo as well.

We conclude that, in the absence of GSL synthesis, embryo-
genesis proceeded into the gastrulation stage, from which the
death of the embryo rapidly ensued. Greatly enhanced apoptosis
centered in the ectoderm appeared to be a primary cause of
embryonic death.

Differentiation in Vitro Without GSL Synthesis. To analyze
consequences of the absence of GSL synthesis at a cellular level,
we disrupted both Ugcg alleles in ES cells. This was accomplished
by a second round of gene targeting in Ugcg heterozygous ES cells
with a Ugcg targeting vector containing a hygromycin selectable
marker (pUgcgHygro; Fig. 1C). The targeting vector was config-
ured in a manner similar to pUgcgNeo (Fig. 1B) and resulted in

the deletion of exon 7 of the wild-type Ugcg allele after homol-
ogous recombination.

Extracts from the UgcgDEX7NeoyDEX7Hygro, UgcgDEX7Neoy1 and
wild-type cells were assayed for glucosylceramide synthase activ-
ity (Fig. 3A Inset). The UgcgDEX7Neoy1 extract contained approx-
imately half the glucosylceramide synthase activity of the wild-
type extract whereas the UgcgDEX7NeoyDEX7Hygro extract was with-
out detectable enzyme activity, proving that a complete
elimination of glucosylceramide synthase activity was achieved
through the targeted disruption of the Ugcg gene. Glucosylcer-
amide and lactosylceramide were detected in neutral lipids in
wild-type ES cells but not in the UgcgDEX7NeoyDEX7Hygro ES cells
(Fig. 3B) whereas acidic GSLs were detected in neither cell
type (data not shown). Levels of sphingomyelin (Fig. 3B) and
ceramide (Fig. 3C) were similar in wild-type and mutant ES
cells. Although glucose-based GSL synthesis pathway was
absent in UgcgDEX7NeoyDEX7Hygro cells, their rate of growth
was indistinguishable from heterozygous and wild-type ES
cells (Fig. 3A).

To determine the in vitro differentiation capacity of
UgcgDEX7NeoyDEX7Hygro ES cells, undifferentiated wild-type and
mutant ES cells were trypsinized, were seeded into bacteriolog-
ical Petri dishes, and were induced to differentiate by removal of
leukemia inhibitory factor and b-mercaptoethanol from the
culture media. After 3–4 days in culture, both the wild-type cells
and mutant ES cells had aggregated into densely packed clusters
to form simple embryoid bodies (Fig. 3 D and E). After an
additional week in culture, both types of embryoid bodies un-
derwent further differentiation to form cystic embryoid bodies
(34) (Fig. 3 F and G). On histologic sections, the outer layer of
both types of cystic bodies were made up of endodermal cells with
the inner layer composed of neuroectodermal cells, although the
mutant cystic bodies contained a greater predominance of im-
mature neuroectodermal tissue (data not shown).

Wild-type and UgcgDEX7NeoyDEX7Hygro ES cells were induced to
differentiate along a neuronal pathway with retinoic acid (24, 35)
and along a hematopoietic pathway by treatment with erythro-
poietin (33). The mutant ES cells, like wild-type cells, differen-
tiated into cells with a neuronal morphology, as evidenced by
neurite formation (Fig. 3 H and I) and GAP43 expression (data
not shown). The mutant ES cells were also similar to wild-type
cells in their ability to differentiate into erythroid cells in meth-
ylcellulose, as indicated by hemoglobination of the colonies (Fig.
3 J and K).

Differentiation in Vivo Without GSL Synthesis. Wild-type and
the UgcgDEX7NeoyDEX7Hygro ES cells were injected into subcuta-
neous sites of syngeneic 129ySvEv mice to produce teratomas.
The size range of tumors derived from the mutant ES cells were
similar to sizes of the wild-type tumors. The mutant tumor tissue
was largely devoid of acidic lipids, which include gangliosides, in
comparison to their abundant expression in the wild-type tumor
(Fig. 4A). The neutral lipid fraction of the mutant tumor showed
a slight increase (35%) in sphingomyelin (Fig. 4B). Ceramide
levels in the wild-type and mutant tumor tissue were similar
(Fig. 4C).

Histological examination revealed critical differences between
the wild-type and mutant tumors in the types of cells and tissues
present. The major component in both types of tumors was
neuronal tissue, primarily composed of glial cells enmeshed in
loose connective tissue. This component made up a far greater
percentage of the mutant tumors than the wild-type tumors. The
remainder of the tissues in the mutant tumors consisted primarily
of primitive neuroectoderm and poorly differentiated and disor-
ganized epithelial tissues (Fig. 4G).

In contrast to the preponderance of the undifferentiated tissue
in the mutant tumors, the wild-type tumors contained easily
identified mature tissues. Positive Alcian blue staining, indicative
of cartilage and bone tissue, was clearly discernible in the
wild-type but virtually absent from the mutant tumors (Fig. 4 D
and E). Smooth muscle and cartilage were apparent in the

9144 Developmental Biology: Yamashita et al. Proc. Natl. Acad. Sci. USA 96 (1999)



wild-type tumors by morphologic criteria (Fig. 4 H and I) but were
totally absent from the mutant tumors. Although mesodermally
derived tissue was present in the mutant tumors, as determined
by vimentin immunostaining, it was not of any distinctive mor-
phology. Mature, well differentiated epithelial tissues—bronchial
with associated glands, colonic, and squamus—were also abun-
dant in the wild-type tumors (Fig. 4F). These well differentiated
epithelial tissues were largely absent from the mutant tumors;
only a very minor component of bronchial epithelial tissue was
noted (Fig. 4G). Both wild-type and mutant tumors were gener-
ally similar in the expression of PCNA antigen and in the
incidence of apoptotic cells (data not shown).

DISCUSSION
Our results indicate that GSL synthesis is critical for embryonic
development and for differentiation of certain tissues. Earlier
studies have suggested an important role for cell-surface carbo-
hydrate interactions in preimplantation embryogenesis, although
the nature of these structures, whether glycolipid or glycoprotein,
could not be ascertained. The LeX structure, found on both
glycoproteins and GSLs, was shown to be important for embryo
compaction at the morula stage (36). Elimination of O-acetylated
sialic acids, found on some gangliosides in addition to glycopro-
teins, aborted development at the two-cell stage (37). Our results
indicate that embryos defective in GSL synthesis are able to
proceed through preimplantation development. We cannot rule
out, however, the possibility that maternally derived Ugcg mRNA
or that residual GSLs may suffice for these very early stages of
embryogenesis. It also is not known whether galactose-based
GSLs (Fig. 1A) are expressed at this stage and whether they might
substitute for the absence of the glucose-based GSLs.

The homozygous UgcgDEX7Neo embryos underwent implanta-
tion into the uterus and appeared normal at the egg cylinder
stage. Implicit in the attainment of this developmental stage is a
functional interaction between embryo and uterus giving rise to
a decidual reaction. Gastrulation initiated in the mutant embryos
with clear differentiation into embryonic germ layers, mesoderm,
endoderm, and ectoderm as well as the regional expression of
certain critical genes, indicating proper patterning of the embryo.
However, the gastrulating embryo died abruptly and was reab-
sorbed. Embryonic death was most probably caused by massive
apoptosis largely, but not exclusively, focused in the ectodermal
layer.

A primary defect in ectoderm could have led to apoptosis in the
Ugcg mutant embryos and may reflect the fact that this lineage is
a precursor to the developing nervous system, where gangliosides
are abundantly expressed. If GSLs are essential for neuronal
differentiation, then their function may only be vital in the context
of the developing embryo because the mutant ES cells without
glucosylceramide synthase retained the capacity to undergo neu-
ronal differentiation in culture via induction with retinoic acid.

The expression of the Ugcg gene was found throughout the
gastrulating embryo (T.Y. and R.L.P., unpublished work), raising
the possibility that the ectodermal apoptosis might be attributable
to abnormalities in other elements of the embryo. In both E7.5
HNF-4 (38) and huntingtin (Hdh) (39) knock-out embryos, a very
similar ectodermal apoptotic pattern was observed that was later
attributed to primary defects in visceral endoderm (40, 41).
However, no apparent defects in visceral endoderm could be
detected in the Ugcg mutant embryos, as determined morpho-
logically or by the expression of the lineage-specific transcription
factor, HNF3b.

Ceramide has been reported to be an apoptotic trigger in some
circumstances (42, 43), and its accumulation as a result of the

FIG. 2. Histology of mutant Ugcg embryos. E7.5 embryos were
obtained from timed matings between UgcgDEX7Neoy1 males and
UgcgDEX7Neoy1 females. A, C, E, G, I, and K show wild-type embryos
(1y1). B, D, F, H, J, and L show UgcgDEX7NeoyDEX7Neo embryos
(2y2). (A and B) Comparison of the organization of embryos by H
& E staining of paraffin sections. The cavities are indicated. Note the
smaller size and disorganization of the mutant embryo (3100). The
bracket delineates the extraembryonic region. ep, ectoplacental cavity;
ex, exoceolom; am, amniotic cavity; rm, Reichert’s membrane. (C and
D) Morphologic demonstration of embryonic ectoderm (ec), meso-
derm (m), and endoderm (en) in H & E stained paraffin sections of
wild-type and mutant embryos (3250). (E and F) In situ hybridization
using a Brachyury (T gene) probe. T gene hybridization signal (arrow
head) was detected in both wild-type and mutant embryos (3100). (G
and H) In situ hybridization using Cerr1 probe. Cerr1 hybridization
signal (arrow head) was detected in anterior endoderm of both
wild-type and mutant embryos (3100). (I and J) Immunodectection of
PCNA. A similar level of expression (dark brown stain) is seen in the
wild-type and mutant embryo. Arrows point out some examples of
positive cells (3250). (K and L) TUNEL detection of apoptotic cells.
Greatly enhanced incidence of TUNEL-positive nuclei (small, dark

brown spots) was seen in the mutant embryo, especially in the
ectodermal layer. Arrows point to some of the many positive reactions
in the mutant embryo. Only a few positive reactions were found in the
wild-type embryo (3250).
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deficiency in glucosylceramide synthase also must be considered
a potential cause of embryonic apoptosis and death. The small
size of the embryos precluded a direct determination of their
ceramide levels. Neither elevated ceramide levels nor increased
apoptosis were found in mutant ES cells, indicating that the
absence of glucosylceramide synthase does not inevitably lead to
ceramide accumulation and cell death.

GSLs are believed to influence cellular proliferation. Possible
mechanisms include GSL modulation of signaling by interactions
with tyrosine kinases associated with growth-factor receptors (4)
and through the elaboration of GSL metabolites that have potent
effects on cell growth (44). We did not find evidence of growth
defects caused by the absence of GSL synthesis in embryos up to
E6.5, tumors, or cultured cells. It is possible, however, that
primitive cells types may not use these mechanisms.

Differentiation defects caused by the absence of GSL synthesis
were observed in the mutant teratomas. Without GSL synthesis,
the mutant tumors consisted primarily of poorly differentiated

FIG. 3. In vitro growth and differentiation of ES cells in the absence
of GSL synthesis. (A Left) Growth of wild-type (1y1), UgcgDEX7Neoy1

(1y2), and UgcgDEX7NeoyDEX7Hygro (2y2) ES cells. ES cells (5 3 104)
were seeded into 60-mm plates containing mitomycin C-treated embry-
onic fibroblasts to initiate the experiment. Each day the medium was
changed and the cells from one plate were harvested and were counted.
(Inset) Glucosylceramide synthase activity in wild-type (1y1),
UgcgDEX7Neoy1 (1y2), and UgcgDEX7NeoyDEX7Hygro (2y2) ES cells. Each
cell extract, corresponding to 50 mg of protein, was incubated with
C6-NBD-ceramide and UDP-glucose. After incubation, lipids were sep-
arated by high-performance thin-layer chromatography (HPTLC) and
were visualized by UV illumination. The positions of the C6-NBD
derivatives of glucosylceramide (C6-NBD-GlcCer) lactosylceramide (C6-
NBD-LacCer) and sphingomyelin (C6-NBD-SM) are indicated (B)
HPTLC analysis of neutral glycolipids isolated from wild-type (1y1) and
UgcgDEX7NeoyDEX7Hygro (2y2) ES cells. The positions of glucosylceram-
ide (GlcCer), lactosylceramide (LacCer), and sphingomyelin (SM) are
indicated. (C) HPTLC analysis of ceramide levels in wild-type (1y1) and
UgcgDEX7NeoyDEX7Hygro (2y2) ES cells. The position of ceramide is
indicated. (D and E) Wild-type (1y1) and UgcgDEX7NeoyDEX7Hygro

(2y2) embryoid bodies after 3 days of culture (360). (F and G)
Wild-type (1y1) and UgcgDEX7NeoyDEX7Hygro (2y2) cystic embryoid
bodies after 22 days of culture (320). (H and I) Retinoic acid-induced
neuronal differentiation of wild-type (1y1) and UgcgDEX7NeoyDEX7Hygro

(2y2) ES cells (3100). Arrows indicate neurite formation. (J and K)
Erythropoietin-induced hematopoietic differentiation of wild-type (1y1)
and UgcgDEX7NeoyDEX7Hygro (2y2) ES cells (3100). Arrows indicate
clusters of red erythroid cells surrounding embryoid bodies.

FIG. 4. In vivo differentiation of teratomas in the absence of GSL
synthesis. (A) Acidic lipid fractions from of wild-type (1y1) and
UgcgDEX7NeoyDEX7Hygro (2y2) teratomas analyzed by HPTLC. The
position of GSL standards are indicated on the left. (B) HPTLC
analysis of sphingomyelin levels from of wild-type (1y1) and
UgcgDEX7NeoyDEX7Hygro (2y2) teratomas. The position of sphingomy-
elin is indicated. (C) HPTLC analysis of ceramide levels in wild-type
(1y1) and UgcgDEX7NeoyDEX7Hygro (2y2) teratomas. The position of
ceramide is indicated. (D and E) Sections of wild-type (1y1) and
UgcgDEX7NeoyDEX7Hygro (2y2) teratomas stained with Alcian blue
(35). Arrows indicate Alcian blue-positive cartilage in the wild-type
tumor but not found in the mutant tumor. (F) H & E-stained section
of the wild-type teratoma showing well differentiated epithelial tissues
(3100). gl, glands; br, bronchial epithelium; co, colonic epithelium.
(G) H & E-stained section of UgcgDEX7NeoyDEX7Hydro (2y2) teratoma
showing poorly differentiated epithelial tissue (ep) and small focus of
bronchial epithelium (br) (3100). (H) H & E-stained section of a
wild-type teratoma showing chondrocytes (ch) (3100). (I) H &
E-stained section of the wild-type teratoma showing smooth muscle
(sm) (3100).
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tissues. Like the homozygous UgcgDEX7Neo embryos, the mutant
tumors contained immature tissues derived from the three prim-
itive germ layers. These tissues were identified as neuroepithe-
lium (ectoderm), mesenchymal cells (mesoderm), and bronchial
epithelium (endoderm). A striking finding was the near absence
of well differentiated tissues in the mutant tumors. By contrast,
the wild-type tumors contained mature tissues such as smooth
muscle, cartilage, and well differentiated epithelia. Other studies
also have indicated that GSLs may be essential for differentiation
of tissues. Transgenic mice with selective expression of sialic
acid-specific 9-O-acetylesterase showed morphologic abnormal-
ities in retina and adrenal gland together with the absence of
9-O-acetyl-GD3 ganglioside (37). Antibody to GD3 ganglioside
interfered with inductive epithelial–mesenchymal interactions
and epithelial morphogenesis (45). With the cultured epithelial
line, MDCK cells, it was shown that antibody to the Forssman
glycolipid—a GSL—inhibited adhesion of the cells to laminin and
blocked the process of epithelial polarization (46). The absence
of GSLs in the mutant tumors may have precluded critical
cell-to-cell and cell-to-matrix interactions, resulting in impaired
formation of well differentiated tissues. We found that the
undifferentiated mutant ES cells were equal to wild-type cells in
their ability to adhere to matrix proteins (fibronectin, laminin,
and collagen) and to glycolipids (lactosylceramide, GM3, and
asialoGM2) in a solid phase assay (R.W. and R.L.P., unpublished
work). If GSLs are involved in adhesion, then they may not
manifest this function in primitive cells.

Such profound differentiation defects were not observed,
however, in vitro. Mutant ES cells, without the capacity to
synthesize GSLs, proceeded from embryoid bodies to a cavitated
cystic body structure. These steps required the formation of
endodermal and ectodermal cells and the creation of a central
cavity mediated by a controlled apoptotic process (34). This
limited in vitro differentiation recapitulates aspects of preimplan-
tation development and differentiation and is, therefore, consis-
tent with the normal preimplantation development of homozy-
gous UgcgDEX7Neo embryos. ES cells, despite the absence of GSL
synthesis, also retained the capacity, under the stimulation of
retinoic acid and erythropoietin, to differentiate into ectoderm-
derived neuronal cells and to mesoderm-derived erythroid cells.

Collectively, the results indicate that, in the absence of GSL
synthesis, differentiation of pluripotent cells can proceed at least
into primitive cell lineages. In mutant embryos and teratomas,
further differentiation was clearly impaired without GSL synthe-
sis. During gastrulation, precise spatiotemporal coordination of
cell behaviors—signaling, cell interactions, and migration—is
critical for subsequent morphogenesis (47). A participation of
GSLs in these functions would be entirely consistent with the
observed lethality of the mutant embryos. An inability to cor-
rectly integrate extracellular signals may have resulted in apo-
ptosis and embryonic death (48). Likewise, in the milieu of the
teratoma, inductive cell interactions—cell-to-cell and cell-to-
matrix—may be impaired by the absence of GSLs, blocking the
formation of mature, well differentiated tissues. Neuronal and
erythroid differentiation in vitro, which were induced by exoge-
nous stimuli, proceeded in the absence of GSL synthesis and may
be a reflection that differentiation in the simpler culture system
is less dependent on critical cell interactions than is differentiation
in the context of the embryo and teratoma. Disruption of other
glycosyltransferases to yield small, defined GSL structures will be
a necessary next step for understanding the precise roles of GSLs
in development and differentiation.
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