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Essential Roles of Carbohydrate Signals in Development, Immune
Response and Tissue Functions, as Revealed by Gene Targeting
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Knockout mice lacking glycosyltransferases or sulfotransferases provide unequivocal
evidence that the carbohydrate moieties of glycoproteins, glycolipids, and proteogly-
cans play essential roles in various biological phenomena such as development, the
immune response, and tissue functions. Examples of abnormalities of null mutants
include arrest of embryogenesis due to deletion of iV-acetylglucosaminyltransferase I or
glucosylceramide synthase, failure of kidney formation in heparan sulfate 2-O-sul-
fotransferase deficiency, suppressed antibody production in a-2,6-sialyltransferase defi-
ciency, male sterility in GM2/GD2 synthase deficiency, and abnormalities in the function
and stability of myelin in galactosylceramide deficiency.

Key words: glycolipids, glycoproteins, glycosyltransferases, proteoglycans, sulfotrans-
ferases.

The carbohydrate moieties of glycoproteins, glycolipids, and
proteoglycans have been believed to play important roles in
intercellular recognition, which regulates differentiation,
development, leukocyte trafficking, the immune response,
and other tissue functions. To precisely evaluate the physio-
logical roles of the sugar moieties, it is necessary to geneti-
cally alter the sugar structure and to analyze the conse-
quences of the alterations. The deletion of glycosyltrans-
ferases and sulfotransferases from the mouse genome by
gene targeting is ideally suited for this purpose. Recently,
the number of these genes deleted in this way has been
increasing rapidly (Table I). This review will briefly sum-
marize the phenotypes of the null mutant mice and their
implications.

Development and other aspects of reproduction
Asparagine-linked oligosaccharides in glycoproteins are

classified into the high-mannose type, which is composed of
mannose and iV-acetylglucosamine, the complex type,
which in addition has galactose and usually sialic acid and
fucose, and the hybrid type. The core structure of complex
type and hybrid type glycans is formed through the pro-
cessing of high-mannose type glycans. The first evidence
that glycoprotein-bound glycans are required for develop-
ment was obtained through knockout of the iV-acetylglu-
cosaminyltransferase I (GnTI) gene, the enzyme catalyzing
the key reaction in the formation of complex type and
hybrid type asparagine-linked glycans from a high-man-
nose type glycan, (Man)6(GlcNAc)2 (Fig. 1). All the null
1 For correspondence: Tel: +81-52-744-2059, Fax: +81-52-744-2065,
E-mail: tmurama@ tsuru.med.nagoya-u.acjp
Abbreviations: C2GnT, Core 2p^l,6-Af-acetylglucosaininyltransfer-
ase; GnTI, N-acetylglucbsaminyltransferase I; Dol, dolichol; Dol-P,
dolichol phosphate; GPT, GlcNAc-1-phosphotransferase; GST, gluco-
sylceramide synthase; E, embryonic day, FuTVTI, fiicosyltransfer-
ase VTI; HAS, hyaluronic acid synthase; ST3GalI, a-2,3-sialyltrans-
ferase I; ST6Gal, a-2,6-sialyltransferase.

© 2000 by The Japanese Biochemical Society.

embryos die before embryonic day (E) 10.5 {1, 2) (Fig. 2).
The reason for the embryonic lethality appears to be an
abnormality of vascularization. Determination of the left-
right body plan is also impaired in the mutant embryos.

The fucosylated large poly-Af-acetyllactosamine structure
called embryoglycan, which belongs to the complex type, is
abundant in early embryonic cells and is expected to play
important roles in early embryogenesis (3). Poly-iV-acetyl-
lactoamines are glycans containing the repeated and often
branched structure of Galpl^iGlcNAc. The results of the
knockout experiment mentioned above at first appeared to
indicate that complex type glycans including embryoglycan
are not required for preimplantatdon development or early
postimplantation development. However, staining with lec-
tdns such as E-PHA has shown that complex type glycans
are present in the preimplantation period even in GnTI-
deficient embryos. On E 6.5, complex type glycans revealed
by E-PHA staining are moderately less in the null embryos,
and on E 7.5, the staining is markedly decreased. There-
fore, whether or not a specific structure of the complex type
glycan is required in early stages of mouse embryogenesis
cannot be determined. The persisting complex type glycans
in early embryos appear to be derived from eggs and are
also formed by the maternally derived enzyme (4,5).

Subsequently, two enzymes in the pathway for the syn-
thesis of the core portion of asparagine-linked oligosaccha-
rides have been knocked out (6, 7). Mannosidase-II cata-
lyzes the processing reaction following AT-acetylglucosamine
transfer (Fig. 1). However, mannosidase-II deficient mice
are born (6). In splenocytes and fibroblasts of adult mutant
mice, about 50% complex type glycans are present com-
pared to in wild-type mice. Complex type glycans are lost in
erythrocytes of null mutants, and these mice show anemia
with elevated level of reticulocytes. The phenotype of the
mice is similar to that of human congenital dyserythopoie-
tic anemia type II. This result indicates that the alternative
processing pathway without mannosidase-II plays signifi-
cant roles in both embryonic and adult cells except for
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those of the eiythrocyte lineage.
The initial reactions in the synthesis of asparagine-

linked glycans proceed with the dolichol CDol)-bound form.
GlcNAc-1-phosphotransferase (GPT) catalyzes the transfer
of GlcNAc-1-P from UDP-GlcNAc to dolichol phosphate
(Dol-P) to form GlcNAc-P-P-Dol, which is the first lipid
bound sugar in the pathway (Fig. 1). The embryos deficient
in this enzyme complete preimplantation development and
implantation, but shortly thereafter cell degeneration
becomes apparent among both embryonic and extraem-
bryonic cell types (7) (Fig. 2). This demonstrates the neces-
sity of asparagine-linked oligosaccharides, either the com-
plex type, hybrid type or high-mannose type, in early post-
implantation development. Again the results of this experi-
ment do not mean that asparagine-linked glycans are not
required for preimplantation embryogenesis. Staining with
E-PHA and also with concanavalin A reveals that aspar-
agine-linked oligosaccharides reacting with these lectins
persist in the mutant preimplantation embryos. Therefore,
the second GPT gene may be present and/or a parental
GPT source is available to the embryos.

Mice deficient in (^1,4-galactosyltransferase are born
normally and are fertile (8, 9). This result was surprising
since the Gal(31-4GlcNAc structure is common in complex
type asparagine-linked oligosaccharides, mucin oligosac-
charides and glycolipids. However, residual p-l,4-galacto-
syltransferase and its products were found in the null mu-
tant mice (9,10), and this finding promoted the discovery of
a series of additional P-l,4-galactosyltransferases (11). The
(3-1,4-galactosyltransferase deficient mice show retarded
growth and frequently die during the neonatal period (8,9).
The neonatal lethality is ascribed to pituitary insufficiency
due to the non-galactosylation of pituitary hormones (8) or
to augmented proliferation and abnormal differentiation of
epithelial cells (9).

A zona pellucida glycoprotein, ZP3, reacts with sperm
and induces the acrosome reaction. The cell-surface local-
ized long isoform of (3-1,4-galactosyltransferase produced
through alternative splicing has been considered to be a
sperm receptor of ZP3. That (}-l,4-galatosyltransferase defi-
cient mice are fertile prompted reexamination of the role of
cell-surface (J-l,4-galactosyltransferase in fertilizaion (12).
Sperm from the null mutants binds less ZP3, is unable to

undergo the acrosome reaction in response to ZP3, and is
less efficient in penetrating the egg coat (12). Therefore, the
acrosome reaction involving p-l,4-galactosyltransferase is
not essential for fertilization, but appears to facilitate it.

In the egg-sperm interaction, the a-galactosyl residue in
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Fig. 1. Biosynthetic pathway for asparagine-linked oligo-
saccharides. The enzymes indicated to the left of arrows have been
knocked out, ©, phosphate; O , Man; • , GlcNAc; • , Gal; A , Sia; O,
Fuc.

TABLE I. Gene targeting of giycosyltransferases and related enzymes.

Enzyme Deleted structure Reference
P-l,4-^-Acetylgalactosaminyltransferase

(GM2/GD2 synthase)

GlcNAc-l-Phoaphotransferase (GPT)
JV-Acetylglucosaminyltransferase I (GnT D
Core 2 P-l,6-N-acetylglucosaminyltransferase (CjGnT)
Fucosyltransferase VII (FuTVTI)
(i- 1,4-Galactosyltransferaae
a-l,3-Galactosyltransferase
Galactosylceramide synthase
Glucosylceramide synthase
a-Mannosidase II
a-2,3-Sialyltransferase I (ST3Gal I)
a-2,6-Sialyltransferase (ST6Gal)
iV-Deacetylasey5V-8ulfotran8ferase
Heparan sulfate 2-O-sulfotransferase
Hyaluronic acid synthase 2 CHAS2)

GflHiA£al-4Gaipi-4Glc-Cer
3
b

NeuAca2
cf. Fig. 2
cf. Fig. 2
Gaipi-3 (GicKAcfil-6X3alNAc
Galpl-4 (Fucal-3) GlcNAc
Galfil-4GlcNAc
fialal-3Gaipi-4GlcNAc
fial-Cer
Gk-Cer
cf. Fig. 2
UsuAcoc2-3Galpl-3GalNAc
NfiuAca2-6Galpl-4GlcNAc
[(2-S03-)IdoAal-4(6-SO,-) GkNSQ,-al-t],
KiSOrWdoAal-Ke-SCV) GlcNSO,-al-t],
(GlcApi-3GlcNAcpl-4)

17, 18, 35

4, 7
1,2
30
29
8,9
13, 14
37
16
3
31
36
39,40
20
24
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The deleted sugar or sulfate residues are underlined.
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ZP3 was also considered to be important. The null mutant
mice lacking a-l,3-galactosyltransferase cannot produce a-
galactosyl residues in the Zona pellucida, as judged from
the reactivity to B. simplicifolia isolectdn B4, but are still
capable of reproduction (13). This finding is not consistent
with the proposed role of the a-galactosyl residue in fertili-
zation. Interestingly, the knockout mice develop cataracts,
although they have normal organs (14).

The null mutant mice deficient in a-l,3-galactosyltrans-
ferase are good model animals, since the Galal-3Gal anti-
gen is the major xenoantigen in the case of pig-to-man
organ transplantation. The hearts from genetically manip-
ulated mice, which are devoid of the a-galactosyltrans-
ferase and overexpress complement regulatory factors, are
less damaged by human serum as compared to those from
control mice (15), implying that similarly manipulated pigs,
if they become available, might be a source of organs for
xenotransplantation.

Glucosylceramide synthase (GST) forms glucoylceramide,
which serves as the precursor of both gangliosides and
globo-series glycolipids (Fig. 3). Until E 6.5, null mutant
embryos as to glucosylceramide synthase are indistinguish-
able from wild-type embryos, while before E 9.5 all null
embryos die (16) (Fig. 2). Greatly enhanced apoptosis cen-
tered in the ectoderm at the gastrulation stage (E 7.5)
appears to be the primary cause of the embryonic death.
Embryonic stem cells homozygous for the deletion can dif-
ferentiate into neuronal cells and erythrocytes in vitro.
Upon subcutaneous inoculation, the mutant cells differenti-
ate, but the components of well differentiated tissues such
as smooth muscle and cartilage are less than in tumors
derived from wild-type embryonic stem cells. These results
verify that glycosphingolipids are indispensable for em-
bryogenesis and cell differentiation.

^1,4-A^-Acetylgalactosaminyltransferase (GM2/GD2 syn-
thase) is the key enzyme in the formation of complex gan-
gliosides (Fig. 3). Null mutant mice deficient in this enzyme
lack all complex gangliosides, but apparently develop nor-
mally (17). Therefore, some glycolipids among globo-series
glycolipids, simple gangliosides, lactosylceramide, and gluc-
osylceramide are essential for embryogenesis. The null
mutant male mice as to GM2/GD2 synthase are, however,
sterile and do not produce sperm (18). The levels of tes-
tosterone in the serum of these mice is very low, although
testosterone production is unaffected. Testosterone accumu-

lates in interstitial Leydig cells, indicating that complex
gangliosides are essential for the transport of testosterone
to the seminiferous tubules and bloodstream from Leydig
cells.

Glycosaminoglycan chains are also required for embryo-
genesis. Heparan sulfate 2-O-sulfotransferase transfers
sulfate to the 2 position of the iduronic acid residue of
heparan sulfate (19). When the 2-sulfotransferase gene is
disrupted by insertion mutagenesis, the homozygous
mutant mice die in the neonatal period (20). Surprisingly,
kidneys are absent in the mutant mice. Closer analysis has
revealed that mesenchymal condensation around the ure-
teric bud and initiation of branching morphogenesis are
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Fig. 3. Biosynthetic pathway for sphingoglycolipids. The en-
zymes indicated have been knocked out.
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Fig. 2. Blockage of mouse embryogene-
sis by deletion of a specific enzyme for
glycan formation. GPT, GlcNAc-1-phos-
photransferase; GST, glucosylceramide
synthase; GnTI, iV-acetylglucosaminyl-
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arrested in the mutants. Heparan sulfate is known to be
required for signaling from fibroblast growth factors. Fur-
thermore, genetic studies on DrosophUa have revealed that
heparan sulfate proteoglycans are important in develop-
ment and that Wnt signaling requires heparan sulfate (21,
22). Therefore, the absence of the specific 2-0-sulfate group
in heparan sulfate of the mutant embryos is considered to
interfere with the signaling required for kidney formation.

Perlecan is a heparan sulfate proteoglycan found in the
basement membrane. About 40% of embryos deficient in
perlecan die around E 10.5 with defective cephalic develop-
ment (23). The remaining perlecan-deficient mice die just
after birth, with skeletal dysplasia. The entirely different
phenotypes of heparan sulfate 2-sulfotransferase-deficient
mice and perlecan-deficient mice are consistent with the
diverse roles of individual heparan sulfate proteoglycans
and with the importance of the fine structures of the glycan
chains in the function.

Hyaluronic acid in vertebrates is formed by hyaluronic
acid synthase (HAS). Among three HAS, HAS 2 is essential
for mouse embryonic development: HAS 2 null mutant
embryos are lethal (24). CD44 is a hyaluronic acid receptor,
and is widely expressed in various adult and embryonic tis-
sues. However, CD44-deficient mice are not embryonic
lethal: the vital functions of hyaluronic acid during embryo-
genesis may not be mediated by CD44 (25). The CD44-defi-
cient mice exhibit an altered distribution of hematopoietic
progenitors and develop exaggerated granuloma responses
to Cryotosporidium pavum infection (25).

Leukocyte function
Selectins control leukocyte trafficking by mediating the

initial adhesion of leukocytes to endothelial cells (26). L-
Selectin on lymphocytes recognizes its ligand on high
endothelial venules and regulates lymphocyte homing. E-
and P-selectins expressed on endothelial cells upon inflnm-
mation recognize their ligands on leukcocytes and are
involved in leukocyte recruitment to inflammatory sites.
Sialyl Le* is important in the ligand structures for all selec-
tins. In the case of L-selectin, the sulfated structure 6-sulfo
sialyl Lewis* serves as the ligand (27, 28). Gene knockout
of fucosyltransferase VII (FuTVII) has demonstrated that
FuTVII is essential in the synthesis of ligands for L-, E-,
and P-selectins (29). Selectin ligand deficiency in the null
mutant mice is distinguished by blood leukocytosis, im-
paired leukocyte extravasation in inflammation and faulty
lymphocyte homing.

Core 2 (M.^Af-acetylglurosaminyltransferase (C2GnT) is
commonly involved in the biosynthesis of serine/threonine-
linked oligosaccharides (O-glycans). Mice lacking C2GnT
exhibit a restricted phenotype with neutrophilia (30). Fur-
thermore, loss of core 2 oligosaccharides reduces the
ligands for E-, L-, and P-selectins assayed in vitro. Reflect-
ing this reduction, neutrophil recruitment to sites of in-
flammation is impaired. However, lymphocyte homing to
lymph nodes is not affected in the mutant mice. This result
indicates that functional ligands for E- and P-selectins are
on O-glycans with the core 2 structure, while L-selectin
ligands are also present in other structures such as com-
plex type glycans.

a-2,6-Sialyltransferase (ST6Gal) transfers sialic acid to
the 6-position of the galactose residue in the iV-acetyllac-
tosamine terminus. The resulting Siaa2-6Galpl-4GlcNAc

structure is commonly found in complex-type glycans. The
ST6Gal-deficient mice are born at a normal frequency and
are fertile. The histology of various organs is normal, and a
normal hematological profile is observed. However, in the
mutant mice, B cell function is severely suppressed. The
null mutant mice exhibit reduced serum IgM levels, and
impaired B cell proliferation on IgM and CD40 crosslink-
ing. The production of antibodies to both a T cell-indepen-
dent antigen and a T cell-dependent antigen is severely
affected in the mutant mice. CD22, which is a cell-surface
located lectin recognizing sialic acid, is involved in regula-
tion of the immune response in B cells. However, the phe-
notype of ST6Gal-deficient mice is more severe than that of
CD22-deficient mice (32-34). Thus, sialic acid a2-6 linked
to galactose is involved in B cell activation as the result of
recognition by CD22 and also by other molecule(s).

In knockout mice lacking GM2/CD2 synthase, the sizes
and cell numbers of the spleen and thymus are signifi-
cantly reduced. T cells from the spleens of mutant mice
show reduced proliferation upon IL-2 stimulation compared
to in wild-type mice (35). The expression levels of IL-2
receptor a, P, and y are almost equivalent in the mutant
spleen cells and wild-type cells, but the activation of JAK1,
JAK3, and SAT5 after IL-2 treatment is reduced in the
mutant cells. This result suggests that complex ganglio-
sides are necessary for proper functioning of the IL-2 recep-
tor.

ST3GalI is a sialyltransferase forming a Siaa2-3Gal link-
age on the serine/threonine linked disaccharide Gaipi-
3GalNAc. Null mutation of the enzyme results in a defi-
ciency of cytotoxic CDS* T lymphocytes by apoptosis (36).

As above, glycans with sialic acid residues play various
important roles in the physiology of lymphocytes.

Functions of other tissues
Null mutant mice deficient in GM2/GD2 synthase show

an apparently normal brain morphology (17). However, the
neuronal conduction velocity from the tibial nerve to the
somatosensory cortex is slightly reduced in the mutant
mice as compared to in the wild-type mice. Upon aging, the
knockout mice show marked degeneration and demyelina-
tion of the peripheral nerves, and poor regeneration of
resected hypoglossal nerves, verifying that gangliosides are
important in the maintenance and repair of nerve tissues
(37,38).

Galactosylceramide synthase (ceramide galactosyltrans-
ferase) is essential in the formation of galactosylceramide
and sulfatide (Fig. 3), both of which are abundantly present
in myelin. Null mutant mice lacking the galactosyltrans-
ferase can still form myelin. However, these mice exhibit
severe generalized tremoring, mild ataxia and conduction
deficits (39). Moreover, the aged deficient mice develop pro-
gressive hindlimb paralysis and extensive vacuolation of
the ventral region of the spinal cord. Therefore galactosyl-
ceramide and/or sulfatide is important for the function and
maintenance of myelin.

De-iV-acetylation and iV-sulfation are critical steps in the
biosynthesis of heparin and heparan sulfate. //-Deacety-
lase/ZV-sulfotransferase (NDST) catalyzes this reaction.
There are three NDSTs, namely NDST-1, NDST-2, and
NDST-3. Knockout of NDST-2 results in a loss of heparin in
mast cells, but the heparan sulfate level in the liver is un-
changed (40,41). Therefore, NDST-2 is the enzyme involved
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in heparin biosynthesis, and NDST-1 and NDST-3 might
compensate for the loss of NDST-2 in the synthesis of hepa-
ran sulfate. The mast cells in skeletal muscle of the null
mutant mice fail to store specific granule proteases.

Decorin and biglycan are small, leucine-rich secreted pro-
teoglycans. Deletion of the decorin gene results in an
abnormal collagen fibril morphology and skin fragility (42).
Mice deficient in the biglycan gene look normal at birth,
but their growth rate is reduced, and the bone mass is
decreased (43). Probably, glycosaminoglycan chains in these
molecules are involved in their function, but this point
remains to be clarified.

Comments
Precise analysis of carbohydrates remaining in the tis-

sues of knockout mice is critically important, since the in-
volvement of multiple enzymes in the formation of a glyco-
sidic linkage has been revealed to be rather common. If the
material to be analyzed is too small, immunohistochemical
analysis with antibodies or lectins may be able to replace
chemical analysis.

The demonstration of a defect after deletion of a glycosyl-
transferase is usually not the end of a story but the begin-
ning of it. Except for a few examples such as selectin-ligand
interactions, the molecular consequence of the altered car-
bohydrate structure as to the phenotype of the mutant
mice is only partly understood. Thus, studies at the cellular
and biochemical levels with specimens from knockout mice
will be required in subsequent stages.

Drosophila and C. elegans are also useful organisms for
revealing the in vivo function of glycoconjugates, because of
the advancement of gene deletion techniques for these
organisms and their short lifespans. Indeed, the critical
roles of heparan sulfate proteoglycans during development
have also been demonstrated in the Drosophila system (21,
22). However, it should be remembered that many glycan
structures are not conserved in vertebrates and inverte-
brates. Gene targeting in the mouse will continue to pro-
vide exciting results concerning the functions of glycans in
intercellular recognition.

I wish thank Ms. M. Ishihara, I. Aoki, and H. Yoshida for their sec-
retarial assistance.

REFERENCES

1. Metzler, M., Gertz, A., Sarkar, M., Schachter, H., Schrader, J.W.,
and Marth, J.D. (1994) Complex asparagine-linked oligosaccha-
rides are required for morphogenic events during post-implan-
tation development. EMBO J. 13, 2056-2065

2. Ioffe, E. and Stanley, P. (1994) Mice lacking AT-acetylglucosami-
nyltransferase I activity die at mid-gestation, revealing an
essential role for complex or hybrid iV-linked carbohydrates.
Proc Natl. Acad. Sci. USA 91, 728-732

3. Muramatsu, T. (1988) Developmental^ regulated expression of
cell surface carbohydrates during mouse embryogenesis. J. Cell.
Biochem. 36, 1-14

4. Campbell, R.M., Metzler, M., Granovsky, M., Dennis, J.W., and
Marth, J.D. (1995) Complex asparagine-linked oligosaccharides
in Mgatl-null embryos. Glycobiology 5, 535-543

5. Ioffe, E., Liu, Y, and Stanley, P. (1997) Complex N-glycans in
Mgat I null preimplantation embryos arise from maternal
Mgat I RNA. Glycobiology 7, 913-919

6. Chui, D., Oh-Eda, M., Liao, Y-F., Panneerselvam, K, Lai, A.,
Marek, K.W., Freeze, H.H., Moremen, KW, Fukuda, M.N., and

Marth, J.D. (1997) Alpha-mannosidase-EI deficiency results in
dyserythropoiesis and unveils an alternate pathway in oligosac-
charide biosynthesis. Cell 90,157-167

7. Marek, KW., Vijay, I.K., and Marth, J.D. (1999) A recessive
deletion in the GlcNAc-1-phosphotransferase gene results in
peri-implantation embryonic lethality. Glycobiology, in press.

8. Lu, Q., Hasty, P., and Shur, B.D. (1997) Targeted mutation in
Pl,4-galactosyltransferase leads to pituitary insufficiency and
neonatal lethality. Dev. Biol. 181, 257-267

9. Asano, M., Furukawa, K., Kido, M., Matsumoto, S., Umesaki,
Y, Kochibe, N., and Iwakura, Y (1997) Growth retardation and
early death of pi,4-galactosyltransferase knockout mice with
augmented proliferation and abnormal differentiation of epi-
thelial cells. EMBO J. 16,1850-1857

10. Kido, M., Asano, M., Iwakura, Y, Ichinose, M., MiM, K, and
Furukawa, K. (1998) Presence of polysialic acid and HNK-1
carbohydrate on brain glycoproteins from P-l,4-galactosyl-
transferase-knockout mice. Biochem. Biophys. Res. Commun.
246,860-864

11. Sato, T., Furukawa, K, Bakker, H., Van den Eijnden, D.H., and
Van Die, I. (1998) Molecular cloning of a human cDNA encod-
ing (J-l,4-galactosyltransferase with 37% identity to mamma-
lian UDP-Gal:GlcNAc P-l,4-galactosyltransferase. Proc Natl.
Acad. Sci. USA 95, 472^77

12. Lu, Q. and Shur, B.D. (1997) Sperm from pi,4-galactosyltrans-
ferase-null mice are refractory to ZP3-induced acrosome reac-
tions and penetrate the zona peUucida poorly Development 124,
4121^131

13. Thall, A.D., Maly, P., and Lowe, J.B. (1995) Oocyte Gakxl,3Gal
epitopes implicated in sperm adhesion to the zona pellucida
glycoprotein ZP3 are not required for fertilization in the mouse.
J. Biol. Chem. 270, 21437-21440

14. Tearle, R.G., Tange, M.J., Zannettino, Z.L., Katerelos, M.,
Shinkel, TA., Van Denderen, B.J.W., Lonie, A.J., Lyons, I., Not-
tle, M.B., Cox, T., Becker, C, Peura, A.M., Wigley, PL., Craw-
ford, R.J., Robbins, A.J., Pearse, M.J., and D'Apice, A.J.F. (1996)
The al,3galactosyltransferase knockout mouse. Transplanta-
tion 61,13-19

15. Van Denderen, B.J.W., Salvaris, E., Romanella, M., Aminian,
A., Katerelos, M., Tange, M.J., Pearse, M.J., and D'Apice, A. J.F.
(1997) Combination of decay-accelerating factor expression and
otl,3galactosyltransferase knockout affords added protection
from human complement-mediated injury. Transplantation 64,
882-888

16. Yamashita, T, Wada, R., Sasaki, T, Deng, C, Bierfreund, U,
• Sandhoff, K, and Proia, R.L. (1999) A vital role for glycosphin-

golipid synthesis during development and differentiation. Proc.
Natl. Acad. Sci. USA 96, 9142-9147

17. Takamiya, K, Yamamoto, A., Furukawa, K, Yamashiro, S.,
Shin, M., Okada, M., Fukumoto, S., Haraguchi, M., Takeda, N.,
Fujimura, K, Sakae, M., Kishikawa, M., Shiku, H., Furukawa,
K, and Aizawa, S. (1996) Mice with disrupted GM2/GD2 syn-
thase gene lack complex gangliosides but exhibit only subtle
defects in their nervous system. Proc Natl. Acad. Sci. USA 93,
10662-10667

18. Takamiya, K, Yamamoto, A,, Furukawa, K, Zhao, J., Fuku-
moto, S., Yamashiro, S., Okada, M., Haraguchi, M., Shin, M.,
Kishikawa, M., Shiku, H., Aizawa, S., and Furukawa, K (1998)
Complex gangliosides are essential in spennatogenesis of mice:
possible roles in the transport of testosterone. Proc Natl. Acad.
Sci. USA 95,12147-12152

19. Kobayashi, M., Habuchi, H., Yoneda, M., Habuchi, O., and
Kimata, K (1997) Molecular cloning and expression of Chinese
hamster ovary cell heparan sulfate 2-sulfotransferase. J. Biol.
Chem. 272,13980-13985

20. Bullock, S.L., Fletcher, J.M., Beddington, R.S.P., and Wilson,
VA. (1998) Renal agenesis in mice homozygous for a gene trap
mutation in the gene encoding heparan sulfate 2-sulfotrans-
ferase. Genes Dev. 12, 1894-1906

21. Nakato, T, Futch, A., and Selleck, S.B. (1995) The division
abnormally delayed (dally) gene: a putative integral membrane
proteoglycan required for cell division patterning during post-

Vol. 127, No. 2, 2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


176 T. Muramatsu

embryonic development of the nervous system in Drosophiia.
Development 121, 3687-3702

22. Haerry, T.E., Heslip, T.R., Marsh, J.L., and O'Connor, M.B.
(1997) Defects in glucuronate biosynthesis disrupt Wingless 34.
signaling in Drosophiia. Development 124, 3055-3064

23. Arikawa-Hirasawa, E., Watanabe, H., Takami, H., Hassell, J.
R., and Yamada, Y. (1999) Perlecan is essential for cartilage and 35.
cephalic development. Nat. Genet. 23, 354-358

24. Spicer, A.P., Camenish, T., Nguyan, T., Haudenschild, D., and
McDonald, J. (1999) Hyaluronan biosynthesis and function in
vertebrates. Glycoconjugate J. 16, S5

25. Schmits, R., Fiknus, J., Gerwin, N., Senaldi, G., Kiefer, F., Kun- 36.
dig, T., Wakeham, A., Shahinian, A., Catzavelos, C, Rak, J.,
Furlonger, C, Zakarian, A., Simard, J.J.L., Ohashi, P.S., Paige,
C.J., Gutierrez-Ramos, J.C., and Mak, T.W. (1997) CD44 regu- 37.
lates hematopoietic progenitor distribution, granuloma forma-
tion and tumorigenicity. Blood 90, 2217-2233

26. Kansas, G.S. (1996) Selectins and their ligands: current con-
cepts and controversies. Blood 88, 3259-3287

27. Imai, Y, Lasky, LA., and Rosen, S.D. (1993) Sulfation require-
ment for GlyCAM-1, an endothelial ligand for L-selectin. 38.
Nature 361, 555-557

28. Kimura, N., Mitsuoka, C, Kanamori, A., Hiraiwa, N., Uchi-
mura, K, Muramatsu, T, Tamatani, T., Kansas, G., and Kan-
nagi, R. (1999) Reconstitution of functional L-selectin ligands 39.
on a cultured human endothelial cell line by cotransfection of
otl-3 fucosyltransferase VII and newly cloned GlcNAc p":6-sul-
fotransferase cDNA Proc Nail. Acad. Sci. USA 96, 4530-4539

29. Maly, P., Thall, AD., Petryniak, B., Rogers, C.E., Smith, PL., 40.
Marks, R.M., Kelly, R.J., Gereten, KM., Cheng, G., Saunders,
T.L., Camper, SA, Camphausen, R.T., Sullivan, FX, Isogai, Y,
Hindsgaul, O., von Andrian, U.H., and Lowe, J.B. (1996) The
a(l,3)fucosyltranBfera8e Fuc-TVII controls leukocyte trafficking 41.
through an essential role in L-, E-, and P-selectin ligand bio-
synthesis. Cell 86, 643-663

30. Ellies, L.G., Tsuboi, S., Petryniak, B., Lowe, J.B., Fukuda, M.,
and Marth, J.D. (1998) Core 2 oligosaccharide biosynthesis dis-
tinguishes between selectin ligands essential for leukocyte 42.
homing and inflammation. Immunity 9, 881-890

31. Hennet, T., Chui, D., Paulson, J.C., and Marth, J.D. (1998)
Immune regulation by the ST6 Gal sialyltransferase Proc
Natl. Acad. Sci. USA 95, 4504--1509

32. Sato, S., Miller, AS., Inaoki, M., Bock, C.B., Jansen, P.J., Tang,
M.L.K., and Tedder, T.F. (1996) CD22 is both a positive and neg- 43.
ative regulator of B lymphocyte antigen receptor signal trans-
duction: altered signaling in CD22-deflcient mice. Immunity 5,
551-562

33. Otdpoby, K.L., Andersson, KB., Draves, K.E., Klaus, S.J., Farr,

A.G., Kerner, J.D., Perlmutter, R.M., Law, C.-L., and Clark, E A
(1996) CD22 regulates thymus-independent responses and the
lifespan of B cells. Nature 384, 634-637
OTCeefe, T.L., Williams, G.T., Davies, S.L., and Neuberger, M.S.
(1996) Hypersensitive B cells in CD22-deficient mice. Science
274,798-801
Zhao, J., Furukawa, K, Fukumoto, S., Okada, M., Furugen, R.,
Miyazaki, H., Takamiya, K, Aizawa, S., Shiku, H., Matsuyama,
T, and Furukawa, K (1999) Attenuation of interleukin 2 signal
in the spleen cells of complex ganglioside-lacking mice. J. Bid.
Chem. 274, 13744-13747
Ellies, L.G., Chui, D., Priatel, J.J., and Marth, J.D. (1999) Sia-
lyltransferase function in immune regulation. Glycoconjugate J.
16, S6
Furukawa, K, Fukumoto, S., Mutoh, T, Ito, M., Oishi, H.,
Furukawa, K, Mitsuda, T, Okajima, T, Honda, T, and Sugi-
ura, Y. (1999) Roles of glycosphingolipids in the nervous sys-
tem: studies by the remodeling of carbohydrate moiety in
cultured cells and in experimental animals. Glycoconjugate J.
16, S57
Sheikh, KA, Sun, J., Liu, Y, Kawai, H., Crawford, TO., Proia,
R.L., Griffin, J.W., and Schnaar, R.L. (1999) Mice lacking com-
plex ganghosides develop Wallerian degeneration and myelina-
tion defects. Glycoconjugate J. 16, S58
Coetzee, T, Fujita, N., Dupree, J., Shi, R., Bhght, A., Suzuki, K,
Suzuki, K, and Popko, B. (1996) Myelination in the absence of
galactocerebroside and sulfatide: normal structure with abnor-
mal function and regional instability. Cell 86, 209-219
Humphries, D.E., Wong, G.W., Friend, D.S., Gurish, M.F., Qiu,
W-T, Huang, C, Sharpe, AH., and Stevens, R.L. (1999) Hep-
arm is essential for the storage of specific granule proteases in
mast cells. Nature 400, 769-772
Forsberg, E., Pejler, G., Ringvall, M., Lunderius, C, Tomasini-
Johansson, B., Kusche-Gullberg, M., Eriksson, I., Ledin, J ,
Hellman, L., and Kjell6n, L. (1999) Abnormal mast cells in mice
deficient in a haparin-synthesizing enzyme. Nature 400, 773-
776
Xu, T, Bianco, P., Fisher, L.W., Longenecker, G., Smith, E.,
Goldstein, S., Bonadio, J., Boskey, A., Heegaard, A-M., Sommer,
B., Satomura, K., Dominguez, P., Zhao, C, Kulkarni, AB.,
Robey, P.G., and Young, M.F. (1998) Targeted disruption of the
biglycan gene leads to an osteoporosis-like phenotype in mice.
Nat. Genet. 20, 78-81
Danielson, KG., Baribault, H., Holmes, D.F., Graham, H.,
Kadler, KE., and Iozzo, R.V. (1997) Targeted disruption of deco-
rin leads to abnormal collagen fibril morphology and skin fra-
gility. J. Cell Bid. 136, 729-743

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

