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mid-gestation, revealing an essential role for complex or
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ABSTRACT Eukaryotic cells require N-linked carbohy-
drates for survival. However, the biosynthetic intermediate
Man5GIcNAc2Asn, in place of mature N-linked structures,
allows glycoprotein synthesis and somatic cell growth to pro-
ceed normally. To determine whether the same would be true
in a complex biological situation, the gene Mgat-1 was dis-
rupted by homologous recombination in embryonic stem cells
and transmitted to the germ line. The Mgat-1 gene encodes
N-acetylglucosaminyltransferase I [GIcNAc-TI; a-1,3-
mannosyl-glycoprotein p-1,2-N-acetylglucosaminyltrans-
ferase; UDP-N-acetyl-D-glucosamine:glycoprotein (N-acetyl-D-
glucosamine to a-D-mannosyl-1,3-(R;)-B-D-mannosyl-R;)
B-1,2-N-acetyl-D-glucosaminyltransferase, EC 2.4.1.101], the
transferase that initiates synthesis of hybrid and complex
N-linked carbohydrates from Man5GIcNAc2Asn. Mice lacking
GlcNAc-TI activity did not survive to term. Biochemical and
morphological analyses of embryos from 8.5 to 13.5 days of
gestation showed that Mgat-1—/~ embryos are developmentally
retarded, most noticeably in neural tissue, and die between 9.5
and 10.5 days of development.

The mammalian carbohydrates associated with glycoconju-
gates have many biological functions (1). However, defining
specific roles for carbohydrates is complicated because iden-
tical sugar arrangements are found on unrelated glycolipids
and glycoproteins. For example, the developmentally regu-
lated tetrasaccharide sialylated Le* (SLe*) {NeuNAc(a 2-3)
Gal(B 1-4)[Fuc(a 1-3)IGIcNAcpl} is found on N- and
O-linked carbohydrates of glycoproteins (2, 3) and on gly-
colipids (4). This carbohydrate is important in recognition
events mediated by the selectins (5). Although physiological
selectin ligands probably express SLe* on O-linked carbo-
hydrates (6-8), N-linked carbohydrates bearing SLe* on
LEC11 Chinese hamster ovary (CHO) cells are able to
mediate E-selectin binding (9, 10). Thus, in a complex
organism, redundant mechanisms may exist to ensure ex-
pression of carbohydrates important for survival.

One approach to investigating the flexibility of an organism
to generate biologically important carbohydrates is to elim-
inate the synthesis of one class of carbohydrates. This
experiment became possible in mammals with the cloning of
the mouse gene Mgar-1 (11, 12) that encodes N-acetylglu-
cosaminyltransferase I (GIcNAc-TI, EC 2.4.1.101). This
transferase is essential for the conversion of Man5Glc-
NAc2Asn to complex or hybrid N-linked carbohydrates (13).
It was discovered as the transferase missing in mutant CHO
cells resistant to plant lectins (14, 15). These mutants proved
that GIcNAc-TI is not required for viability or appropriate
glycoprotein compartmentalization in somatic cells (16). Mu-
tants of baby hamster kidney (BHK) cells that can make
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hybrid but not complex N-linked carbohydrates are also
viable (17, 18). In humans, the reduced ability to synthesize
complex N-linked carbohydrates has debilitating but not
lethal effects (19, 20). To investigate the consequences of
abrogating both complex and hybrid moieties in a developing
organism, we have disrupted the Mgat-I gene by homologous
recombination in embryonic stem (ES) cells. Mice homozy-
gous for a null mutation at this locus die at mid-gestation,
revealing an absolute requirement for N-linked complex or
hybrid carbohydrates for development beyond this stage.

MATERIALS AND METHODS

Selection of Homologous Recombinants. The ES cell line
WW6 was generated by F. Poirier and E. J. Robertson
(Harvard University) from the inner cell mass of a blastocyst
from a mouse (50% 129/Sv; 25% C57BL/6; 5% SJL; 20%
unknown) that carries a large tandem repeat of the mouse
B-globin gene as a transgene (21). WW6 cells were cultured
on feeder cells in alpha medium (GIBCO) containing 10%
fetal bovine serum (GIBCO) and 20 ug of gentamicin per ml
(GIBCO). The feeder cells (SNL2; developed by E. J. Rob-
ertson) were y-irradiated, G418-resistant STO fibroblasts
that express a transfected leukemia inhibitory factor gene.

The targeting vector SXNeoTK7 was constructed from a
3.8-kb Sac I fragment of the Mgat-1 gene (12) in pGEM.7Zf
(+). A neomycin-resistance (neo) gene under control of the
phosphoglycerate kinase (pgk) promoter and with a pgk
poly(A) addition site was inserted in the reverse orientation
at the Xma III site of the Mgat-1 coding region (Fig. 1). A
herpes simplex virus thymidine kinase (HSV-TK) gene also
with a pgk promoter and a pgk poly(A) site was inserted at the
EcoRI1/HindIII sites of the vector 5’ of the Sac I fragment.
Both cassettes were gifts of R. Jaenisch (Whitehead Institute)
(22).

Targeting vector DNA (=25 ug) linearized with HindIII
was mixed with =2.0 X 107 WW6 cells at 4°C in 0.8 ml of
phosphate-buffered saline (PBS) before electroporation in a
gene pulser (Bio-Rad) at 960 uF and 220 V. Cells (107) were
selected in medium containing active G418 (200 ug/ml)
(GIBCO) and 2 uM ganciclovir (Syntex, Palo Alto, CA) or
G418 alone. ES cell lines that had undergone mitotic recom-
bination to generate two disrupted Mgat-1 alleles (23) were
selected for survival in active G418 (1.5 mg/ml) from homol-
ogous recombinant cell populations.

Screening of Recombinants and Generation of Mutant Mice.
Genomic DNAs prepared from ES cells or mice tails were

Abbreviations: GIcNAc-TI, N-acetylglucosaminyltransferase I;
L-PHA, Phaseolus vulgaris leukoagglutinin; neo, neomycin-
resistance gene; HSV-TK, herpes simplex virus thymidine kinase
gene; B(1,4)Gal-T, B-1,4-galactosyltransferase; LIF, leukemia inhib-
itory factor; ES cell, embryonic stem cell; pgk, phosphoglycerate
kinase; dpc, days postcoitus.
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Fic. 1. Homologous recombination at the Mgat-I locus. Gene
targeting strategy is shown in the diagram. Mgat-1 gene open reading
frame (hatched box), coding exon (open box), intron sequence (thin
line), and vector sequences (broken line) are identified. Direction of
transcription of the neo and HSV-TK genes is shown by label
orientation. Disrupted Mgat-1 gene is shown with primers 62 and 63
and probes Y (neo gene) and Z (Mgat-I gene). B, BamHI; E, EcoRI;
H, Hindlll; K, Kpn I; S, Sac I; Sf, Sfi I; X, Xma III. (Lower)
Southern blot of BamHI-digested genomic DNAs from WW6 ES
cells, two recombinants, and mice tails hybridized to probe Y (Top)
or probe Z (Bottom). Lanes 1-6, DNA from progeny of a cross
between a WW6.15-derived chimeric male and a C57BL/6 female.
BamHI fragments diagnostic for wild type (WT), homologous re-
combinant (HR), or transgene (TG) are indicated.

amplified in a final vol of 50 ul in PCR buffer (Boehringer
Mannheim) containing 200 uM each dNTP, 2.5 mM MgCl,,
0.4 uM each primer, and 50 units of Taqg polymerase per ml
(Boehringer Mannheim). Amplification was carried out for 40
cycles of 60 sec at 94°C, annealing for 2 min at 60°C, and
extension for 3 min at 72°C, with a final extension step of 15
min. Oligonucleotide 62 (CTGCTCTGCTCCAGGACAAG)
is the antisense sequence from nt 2271-2290 of a mouse
Mgat-1 cDNA (12); oligonucleotide 63 (GGTGGATGTG-
GAATGTGTGC) is the antisense sequence from the pgk
promoter (nt —403 to —422) within the neo cassette (24). The
=1.4-kb fragment generated from this primer pair was unique
to targeted clones and specifically hybridized to a 349-bp Pst
I fragment of the coding exon (12).

ES cells WW6.15 or WW6.220 were injected into blasto-
cysts from C57BL/6 mice and transferred to pseudopregnant
females as described (25). Chimeric males were bred to
CS7BL/6 or CD1 females and germ-line transmission was
detected by PCR and confirmed by Southern blot analysis of
tail DNA. Mutant mice homozygous for each Mgatr-1 gene
disruption were obtained from heterozygote matings.

Southern and Northern Blot Analyses. Genomic DNAs
(=20 pg) from ES cells, mouse tails, yolk sacs, or embryos
were digested with BamHI and electrophoresed through a
=0.8% agarose gel, transferred to Hybond-N membrane
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(Amersham) and hybridized at 42°C to probe Y or Z (Fig. 1)
by standard methods (26). Probe Y is a 0.35-kb Sph I/BamHI
fragment derived from the neo cassette. Probe Z is an
=(.4-kb exonuclease III fragment from the 3’ end of Mgat-1
cDNA (12). Blots were washed and exposed to film at —70°C
as described (26).

Total RNA was precipitated with LiCl (26) from ES cells,
electrophoresed in a denaturing 1.5% agarose gel, and trans-
ferred to Hybond-N membrane. The blot was hybridized at
60°C to a 570-bp Pst I fragment of the Mgat-1 coding exon
(12). The blot was reprobed with a 0.6-kb Pst I fragment of
the human cardiac actin gene (27).

Phaseolus vulgaris Leukoagglutinin Binding to Embryos and
Scanning Electron Microscopy. Embryos free of visceral yolk
sac were incubated with PBS containing 1 mM MnCl,, 1 mM
MgCl,, 1 mM CaCl,, and 2% bovine serum albumin, fraction
V (PBS/2%BSA; Sigma) at 4°C. After 30 min, the solution
was replaced with PBS/2%BSA containing 20-40 ug of
fluoresceinated L-PHA per ml (Vector Laboratories). After
30-60 min, each embryo was washed twice in 0.5 ml of
PBS/2%BSA and examined by light and fluorescence mi-
croscopy with an Axiophot microscope. After lectin binding,
some embryos were washed in PBS containing cations,
dehydrated in a graded ethanol series, critical point dried,
sputter coated with gold-palladium (Denton, Cherry Hill,
NJ), and viewed at 10 kV in a JEOL JSM6400 scanning
electron microscope.

Glycosyltransferase Assays. After lectin binding, embryos
were washed separately at 4°C with 0.5 ml of PBS containing
cations and suspended in 80 ul of 1.5% (wt/vol) Nonidet P-40
in sterile water. After 20 min on ice and gentle mixing, nuclei
were removed by centrifugation for 3 min at 1000 X g.
Glycerol (20 ul) was added to each extract before freezing at
—70°C. GIcNAc-TI and B-N-acetylglucosaminylglycopep-
tide B-1,4-galactosyltransferase [3(1,4)Gal-T; UDPgalactose:
N-acetyl-B-p-glucosaminylglycopeptide B-1,4-galactosyl-
transferase, EC 2.4.1.38] assays were performed with 10-15
wl of extract under optimized conditions and with the same
substrates previously described (28).

RESULTS

Generation of ES Cells with a Disrupted Mgat-1 Gene. A
replacement targeting vector that would create a null muta-
tion in the Mgat-1 gene on chromosome 11 (11) was con-
structed (Fig. 1). No GIcNAc-TI activity was generated from
this vector when it was transfected into Lecl GlcNAc-TI-
CHO cells (29). To obtain homologous recombinants, WW6
ES cells were electroporated with the linearized targeting
vector (Fig. 1) and selected for resistance to G418 and
ganciclovir. This positive/negative selection (30) resulted in
a 2- to 3-fold enrichment of G418-resistant colonies. Two
independent lines exhibiting the diagnostic 1.4-kb PCR frag-
ment (Fig. 1) were obtained from 408 survivors. Genomic
DNA from both WW6.15 and WW6.220 possessed the
~3.8-kb BamHI fragment predicted to arise from homolo-
gous recombination at the Mgat-I locus (Fig. 1). The neo
probe also hybridized to a 2.7-kb BamHI/Kpn 1 fragment
specific to targeted cells (data not shown). As expected,
WW6 cells and both recombinants exhibited the =~10-kb
BamHI fragment from the Mgat-1 gene (Fig. 1). Probes Y and
Z also hybridized to an =~5.7-kb BamHI fragment (Fig. 1) that
derives from the =~1500 copies of the B-globin transgene in
chromosome 13 of the WW6 genome (21, 31). The transgene
was detected by all probes, presumably because of its content
of short stretches of plasmid DNA. The BamHI fragment of
5.7 kb is predicted from previous restriction analyses of this
transgene (21, 31); HindIII digestion gave a predicted 4.9-kb
fragment and Bgl II digestion gave a predicted 8.8-kb frag-
ment from the transgene (data not shown).
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Expression of the Mgat-1 gene in recombinants was ex-
amined by Northern blot analysis (Fig. 2). Three heterozy-
gous lines expressed =50% of the Mgat-1 RNA found in
WWG6 cells. In addition, WW6.20 cells, selected in G418 to
possess two disrupted Mgat-I alleles and shown to be ho-
mozygous Mgat-1~/~ by Southern blot analyses, had essen-
tially no Mgat-1 RNA. The faint signal observed is probably
due to feeder cell contamination since a transcript from the
disrupted Mgat-1 gene would be a different size. A null
mutation was expected, as the reverse orientation of the neo
cassette (Fig. 1) should prohibit transcriptional read-through
into the coding region of the GlcNAc-TI gene.

Inactivation of the Mgat-1 Locus Causes Embryonic Lethal-
ity. WW6.15 and WW6.220 were each injected into =70
blastocysts from C57BL/6 mice. Approximately 30-40 mice
were born from each line and 25-35% of the progeny were
chimeric based on coat color. Four males from WW6.15 and
six from WW6.220 cells gave 100% transmission of the
disrupted Mgat-1 gene. The genotypes of the progeny of a
mating between a male chimera and a C57BL/6 female are
shown in Fig. 1. Both probes Y and Z detected the disrupted
gene in the same 4 progeny and revealed the expected
segregation of the B-globin transgene.

When ‘mice heterozygous for the Mgat-I mutation were
mated, no homozygous mutant progeny were obtained (Table
1). The ratio of homozygous wild-type to heterozygous
progeny was =1:2.3. Although a comparatively small number
of litters was examined, it seems that mice with a single copy
of the Mgat-1 gene were born at approximately the expected
rate. In addition, the heterozygotes were indistinguishable
morphologically from homozygous wild-type littermates and
their fertility was excellent. In contrast, mice lacking a
functional Mgat-1 gene clearly died before birth.

As no Mgat-1-/- progeny were produced from heterozy-
gous matings, embryos at different stages of development
were examined. At 13.5 days postcoitus (dpc), 12 resorbed
embryos were observed in four litters. Genotyping of the
remaining embryos proved all of them to be +/+ or +/— at
the Mgat-1 locus (Table 1). Similar results were obtained at
12.5 dpc. However, at 11.5 dpc some of the smaller, abnormal
looking embryos had two disrupted Mgatr-1 alleles. There-
fore, in-depth characterization of progeny from 10.5, 9.5, and
8.5 dpc was performed.

Analyses of Mid-Gestation Embryos. Each embryo was
examined for morphology by light microscopy and for bind-
ing of fluoresceinated L-PHA by fluorescence microscopy.

n o o
e
-

ww6.220

Fic. 2. Northern blot analysis of ES cell lines. All cell lines
except WW6 were grown for one passage without a feeder layer and
in the presence of leukemia inhibitory factor before extraction of
total RNA. Blot was probed with a 575-bp Pst I fragment from the
Mgat-1 coding region, washed, and exposed for 5 days. Positions of
the two Mgar-1 mRNAs (11, 12) are indicated. Blot was subsequently
rehybridized with a human cardiac actin probe.
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Table 1. Genotype of progeny of heterozygous matings

No. Mgat-1 genot
of Total & genoype
Stage litters progeny Res. +/+ +/- —/-
pl-pl4 10 53 NA 16 37 0
E12.5-E13.5 5 41 17 7 17 0
El1.5 1 11 2 1 6 2*
E9.5-E10.5 10 102 st 23 52 22
Res., resorbed; NA, not applicable; p, postnatal day; E, embry-

onic days.

*Another incomplete 11.5 dpc litter contained 2 Mgat-1—/~ embryos.

tAppeared only in litters of 11 or more. Genotype from yolk sac DNA
was Mgat-1*/* in one case.

This lectin is specific for N-linked carbohydrates and binds
with high affinity to Gal residues on B-1,6-branched N-linked
structures (32, 33). Lecl CHO mutants that lack GIcNAc-TI
activity are highly resistant to L-PHA and exhibit no cell
surface binding of the lectin (34). After microscopy, the 10.5
and 9.5 dpc embryos were extracted with Nonidet P-40 for
glycosyltransferase assays and DNA was prepared from
pelleted nuclei.

From each 10.5 and 9.5 dpc litter analyzed, Mgat-1-/-
embryos homozygous for either Mgat-1 gene disruption were
obtained in approximately the expected number (Table 1).
These embryos had no detectable GIcNAc-TI activity (pro-
viding further evidence for a null mutation at the Mgatr-1
locus) but usually had good levels of another Golgi enzyme,
B(1,49Gal-T (Fig. 3). Littermates had similar specific activi-
ties for B(1,4)Gal-T. However, heterozygotes had about half
the level of GIcNAc-TI activity, as expected if only one
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F1G. 3. GIcNAc-TI and B(1,4)Gal-T (Gal-T) glycosyltransferase
activities. GIcNAc-TI assays were performed using the acceptor
Man5GIcNAc2Asn and donor UDP-[6-3H]GIcNAc; £(1,4)Gal-T as-
says used GIcNAc as acceptor and UDP-[6-3H]galactose as donor.
(Upper) Complete litter of female 26 at 9.5 dpc (embryo 3 was
resorbed). (Lower) Complete litter of female 56 at 10.5 dpc. (Inse?)
Southern blot analysis of yolk sac DNA from 10.5 dpc progeny
hybridized with probe Z (embryos 1-9 are numbered from left to

right).
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Mgat-1 allele were expressed. The ratio of B(1,4)Gal-T/
GIcNAc-TI levels for 24 wild-type embryos was 3.2 + 0,9; for
43 heterozygotes it was 6.3 + 1.8—the ratio predicted based
on Mgat-1 gene dosage.

The Mgat-1-/~ embryos from 9.5 and 10.5 dpc did not stain
with L-PHA (Fig. 4 Lower left), showing that they do not
express complex N-linked carbohydrates. In contrast, 24
wild-type embryos and 52 heterozygotes examined at these
stages exhibited strong binding of fluorescein L-PHA (Fig. 4
Lower right). Embryos that did not bind L-PHA were also
found in the expected ratio at 8.5 dpc. Therefore, no trans-
ferase substitutes for the missing GIcNAc-TI activity to
produce complex N-linked carbohydrates at any of the stages
examined.

Developmental Retardation of Embryos Lacking GlcNAc-
TI. Mgat-1-/- embryos from 10.5 dpc were about one-
quarter the size of littermates and deteriorating. Mutant
embryos from 9.5 dpc, although small, were close in size to
their smallest littermates. The most well-developed 9.5 dpc
mutant embryo of 18 examined had =18 somites, an S-shaped
heart, and a prominent bronchial arch I (Fig. 4 Upper left).
The characteristic contours of the cephalic area were mark-
edly diminished. In all Mgat-1~-/~ embryos, the cephalic area
was generally amorphous and appeared disproportionately
reduced in size. In addition, Mgat-1-/- embryos had en-
larged tail areas, suggesting a potentially open neuropore.

In general, the Mgat-1*/* and Mgat-1*/~ embryos of 9.5
dpc had 22-28 somites, whereas mutant embryos had 13-18
somites. Most mutant embryos had turned but none exhibited

FiG. 4. Morphology and L-PHA binding of 9.5 dpc embryos.
Embryos from 9.5 dpc were incubated with fluorescein L-PHA,
washed, and examined by light (Upper) and fluorescence (Lower)
microscopy. (Leff) Mgat-1-/— embryo subsequently identified as
embryo 2 in Fig. 3. Only a small piece of contaminating tissue bound
L-PHA (Lower left). (Right) Mgat-1*/* littermate subsequently
shown to be embryo 9 in Fig. 3. L-PHA staining was evident all over
this embryo (Lower right). (x50.)
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F1G. 5. Scanning electron microscopy of neuropores. Embryos
were examined by scanning electron microscopy as described.
Wild-type embryo (Upper) bound L-PHA and had normal morphol-
ogy for 9.5 dpc. Mutant embryo (Lower) had a typical Mgat-1—/~
morphology and did not bind L-PHA.

spiral torsion. In overall features, mutant embryos most
resembled stage 14 (9 dpc) of normal embryos (35). However,
Mgat-1-/- embryos were abnormally pale, suggesting ane-
mia, and small blood spots were seen in the head and other
regions.

The features of four 9.5 dpc embryos identified as Mgat-
1=/~ by morphology and because they did not bind L-PHA
and four littermates that had normal morphology and bound
L-PHA were examined by scanning electron microscopy. All
mutant embryos had wide open neuropores, whereas two of
the normal littermates had a closed neuropore and the other
two were almost closed (Fig. 5). One of the mutant embryos
also had an open neural tube rostrally, indicating that it had
developed to only about stage 13 (35). This was seen in some
other Mgat-1-/- embryos by light microscopy but was not
observed with littermates.

DISCUSSION

It has been known for more than a decade that mammals
cannot survive without N-linked carbohydrates (36). How-
ever, it was difficult to predict how far a mouse would
develop if missing only the complex and hybrid classes of
N-linked carbohydrates. The results in this paper show
unequivocally that these carbohydrates are essential for a
mouse to develop beyond mid-gestation. No Mgat-1—/-
embryos were found past 11.5 dpc, and those surviving t0 9.5
or 10.5 dpc were small and underdeveloped. This phenotype
is very similar to that described for mice with an inactivated
c-myc (37), N-myc (38), or methyltransferase (39) gene and
appears, from a preliminary report, to be identical to that of
an, independently derived mouse mutated at the Mgat-I
locus. In each of these mutants, substantial development of
rudimentary organs and many tissues occurs in the absence
of mutated activity. For the myc gene mutants, it is postu-
lated that functional redundancy rescues the embryo to
mid-gestation (37, 38). For the methyltransferase mutant, it is
possible that large stores of maternal mRNA and partial

tMetzler, M., Gertz, A. & Marth, J. D. (1993) International Society
of Development Biologists, p. 56, abstr. 188.
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activity from the mutated methyltransferase alleles support
early development (39).

It is expected that the Mgar-1 gene is ubiquitously ex-
pressed in cells of the earliest embryo since glycoproteins
with complex or hybrid N-linked structures have been ob-
tained from four- to eight-cell embryos (40), although these
could arise from maternal stores of Mgatr-1 gene products. If,
however, it can be shown that, in contrast to normal em-
bryos, Mgat-1-/- embryos never express complex or
N-linked carbohydrates, it will prove that blastocyst and
morula formation, compaction, and implantation proceed
normally without these carbohydrates. This would eliminate
hybrid or complex carbohydrates as mediators of the adhe-
sion events in which sugars have been implicated during early
mouse development (41).

A key challenge for the future is to determine the molecular
basis for the demise of GIcNAc-TI-deficient embryos. Anal-
yses of preimplantation embryos and early postimplantation
embryos will be required to identify the earliest tissue ab-
normalities. However, important clues to the cause of death
may also be obtained from analyses of the ability of Mgat-
1=/~ ES cell lines such as WW6.20 (Fig. 2) to differentiate.
The B-globin transgene in the WW6 genome allows their
tissue contribution to be readily monitored by in situ hybrid-
ization (21). It should therefore be possible to learn from
chimeric embryos which tissues are initially affected by the
lack of GlcNAc-TI. In addition, the ability of the Mgat-1-/-
ES cells to form tumors in syngeneic hosts and to differen-
tiate will provide insight into the differentiation potential of
cells lacking GIcNAc-TI. The Mgat-1-/- cells can also be
tested for their ability to contribute to T- and B-cell popula-
tions by attempting to form chimeras with recombination-
activating gene (RAG)-deficient mice (42).

It seems from our limited studies that heterozygous mice
with =50% GIcNAc-TI activity develop normally. Further
insight into the biological requirement for GIcNAc-TI activity
might be obtained from attempts to correct the deficiency in
Mgat-1-/- embryos with a transgene expressing a weak
GIcNACc-TI activity. Such an activity has been identified in
the LeclA CHO mutant (43). Partial restoration of
GIcNAc-TI activity might allow further development of
Mgat-1-/- embryos and reveal which tissues are initially
aided by the ability to express some complex or hybrid
N-linked carbohydrates.
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