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ABSTRACT

The glycosyltransferase termed GlcNAc-TIII is dedicated to the trans
fer of a single W-acetylglucosamine (GlcNAc) residue (the bisecting
GlcNAc), to a subset of W-glycans in glycoproteins. The addition of this

GlcNAc is differentially regulated during development and is induced in
certain cancers, particularly in hepatic tumorigenesis. To investigate a
functional role for the bisecting GlcNAc in the development of liver
cancer, the Mgat3 gene that codes for GlcNAc-TIII, was inactivated by
targeted gene disruption, and the susceptibility of Mgat3~'~ mice to tumor

induction was tested. After a single injection with diethylnitrosamine and
subsequent treatment with phenobarbitol for 6 months, Afga<3+'"1"and
Mgat3+'~ mice had grossly enlarged livers that contained numerous tu
mors. By stark contrast, Mgat3~'~ mice had livers of normal size, and only

50% of mice had one to four small tumors. However, histolÃ³gica! exam
ination showed that Mgat3~'~ livers had significant numbers of basophilic

foci, and by 10-12 months after diethylnitrosamine injection, tumors had
developed in Mgat3~'~ mice. Therefore, initiation occurred in Mgat3~'~

mice but progression was severely retarded. Assays for Mgat3 gene ex
pression in tumor tissue gave an unexpected result. In contrast to the
situation in the rat, hepatic tumor formation in the mouse was not
accompanied by a dramatic increase of GlcNAc-TIII activity nor of

glycoproteins with a bisecting GlcNAc, nor of Mgat3 gene expression in
tumor tissue from wild-type mice. The data suggest that a glycoprotein

factor with the bisecting GlcNAc facilitates tumor progression in liver. In
the absence of the bisecting GlcNAc in Mgat3~'~ mice, the factor is

reduced in activity, and tumor progression is severely retarded.

INTRODUCTION

The /V-glycans of mammalian glycoproteins vary widely in struc

ture, and the biological significance of this variation is under intensive
investigation. One intriguing source of variation is the occasional
presence of the bisecting GlcNAc3 residue in the core of complex

W-glycans (Fig. IB). The bisecting GlcNAc is transferred by the
action of a glycosyltransferase termed GlcNAc-TIII (E.G.2.4.144;
Ref. 1), the product of the MgatS gene (2-4). In the mouse, this gene

is most strongly expressed in brain and kidney, is not detected by
Northern analysis in muscle or liver, and is expressed at varying levels
in other tissues (3, 4).

It has been established that the addition of the bisecting GlcNAc to
A'-glycans alters cell recognition by carbohydrate binding lectins. For
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example, LEG 10 is a gain-of-function CHO glycosylation mutant that
expresses GlcNAc-TIII (5). Compared with wild-type CHO cells that
lack GlcNAc-TIII activity, LEC10 cells bind markedly less ricin lectin
and much more of the lectin E-PHA (5-7). These lectin-binding

differences reflect dramatic changes in the accessibility of Gal resi
dues on cell surface Â¿V-glycansthat carry the bisecting GlcNAc. In
another example, it appears that ectopie expression of GlcNAc-TIII in

certain mouse organs decreases the ability of cells to bind a lectin that
recognizes a(l, 3)Gal residues on N-glycans (8). If there are mam

malian lectins with similar sugar recognition properties, the regulated
expression of the Mgai3 gene would control their binding to cells. In
this way, expression of the Mgat3 gene could modulate cell-cell

interactions or responses during development or differentiation or
transformation.

Expression of the Mgat3 gene has been correlated with hepatic
tumorigenesis in rats (9-13) and humans ( 14). Whereas GlcNAc-TIII

activity is barely detectable in normal rat liver, after treatment with an
initiating agent and a promoting agent, preneoplastic nodules that
develop in liver exhibit a significant increase in GlcNAc-TIII activity,
and hepatic tumors possess 60-100-fold basal levels (9-13). This

correlation has been suggested to reflect a causal relationship between
GlcNAc-TIII action and the development of hepatic tumors. GlcNAc-

TIII activity is also elevated in lymphoma cells (15) and in human
leukemia (16, 17). Treatment of cells with forskolin increases Mgat3
gene expression (18), and transfection of a cDNA encoding GlcNAc-
TIII or induction of endogenous GlcNAc-TIII has been found to
modulate cellular properties and cell-cell interactions (reviewed in
Ref. 19). Transfection of GlcNAc-TIII into K562 cells increases their

resistance to lysis by natural killer cells and enhances their spleen
colonization ability (20); transfection of B16-hm cells with GlcNAc-
TIII reduces metastasis to lung (21); and transfection of GlcNAc-TIII

into PC 12 cells or U373 glioma cells reduces their responses to NGF
or EGF, respectively, apparently by making their receptors refractory
to NGF or EGF (22, 23).

These data implicate GlcNAc-TIII in a wide range of cell autono

mous and paracrine effects. However, this transferase is not essential
for life because targeted inactivation of the Mgat3 gene is not lethal
(4). Mice that cannot add the bisecting GlcNAc to W-glycans are

viable and fertile. Therefore, we have generated mice lacking Glc
NAc-TIII to investigate the proposed causal role of this transferase in

the development of hepatic tumors. We show in this report that
Mgat3~'~ mice respond to DEN with the formation of basophilic,

preneoplastic foci. However, tumor formation is strikingly retarded in
Mgat3~'~ mice compared with their Mgat3+l+ and Mgat3*'~ litter-

mates.

MATERIALS AND METHODS

Generation of Targeted ES Cells. The targeting vector was constructed
from a 3-kb Nsil genomic DNA fragment that contains the coding exon of the

mouse Mgat3 gene cloned into pGEM7Zf( + ). A neomycin resistance gene
(neo) under the control of the phosphoglycerate kinase (pgk) promoter and
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Fig. 1. A. genetic analysis. The targeting vector
contained a fragment of the Mgai3 gene (open
box) with the complete coding region (hatched
box), interrupted by a neo gene in reverse orienta
tion, and upstream of a HSV-TK gene. Homolo
gous recombination was detected by PCR using
primers 63 and 99 and Southern analysis using
probes W, Y, and Z. B, Bglll; N, Nsil; H, HinalH,
Nc, Ncol; Xh, Xhol. For Southern analysis,
genomic DNA from tails of a complete litter of a
heterozygous cross was digested with Bglli, elec-

trophoresed, transferred to membrane, and hybrid
ized to probe Y. Fragments diagnostic for endog
enous (End) and targeted Mgat3 alÃeles(HK) are
indicated. Diagnostic fragments for HindlU digests
were 5.4 kb (End) and 7.2 kb (HR). B, biochemical
analysis. For lectin blotting, protein extracts from
kidneys of Mgat3*'* and Mgal3~'~ littermates

and CHO and LEG 10 cells were resolved by SDS/
PAGE, transferred to membrane, and desialylated;
binding of biotinylated E-PHA or ricin (RIC) was
performed. The bisecting GlcNAc, a mature, bi-
antennary Â¿V-glycanwith the bisecting GlcNAc is
shown. NeuAc, sialic acid; Man, mannose. For
GlcNAc-TIIl product identification, protein ex
tracts from kidneys of Mgal3^'* and Mgat3~'~

littermates and CHO and LEC10 cells were incu
bated with a bianlennary /V-glycan lacking the
bisecting GlcNAc and NeuAc and Gal, and with
UDP-[3H]GlcNAc. After passage through AG1-
X4, products were eluted from concanavalin A-
Sepharose with 5 min a-methylmannoside.
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with a pgk poly(A) site was inserted in the reverse orientation at the Ncol site
of the Mgati gene coding region (Fig. l/\). A HSV-TK gene, also with pgk

promoter and a pgk poly(A) site, was inserted at the Hindlll/Xhol site of the
vector at the 3' end of the Nsii fragment. Both the neo and HSV-TK cassettes

were kind gifts of Rudolf Jaenisch (Whitehead Institute, Boston, MA) (24). For
electroporation, targeting vector DNA (â€”25 fj,g) linearized with Xhol was

mixed with ~4 X IO7 WW6 ES cells (25) in 0.8 ml of PBS and electroporated

in a gene pulsar (Bio-Rad) at 960 /J.F and 220 V. Cells were subsequently
cultured on -y-irradiated SNL-2 STO cells (25), and homologous recombinants

were selected for in a medium (Life Technologies, Inc.) containing 10% PCS
(Life Technologies, Inc.), 200 fig/ml G418 (Life Technologies, Inc.), and 2 pM
gancyclovir (Syntex), or G418 alone.
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Fig. 2. Livers from DEN + PB-treated mice.
Mice of Mgat3+'* (+/+), Mgat3+'~ (+/-), and
Mgat3~'~ (â€”/â€”) genotypes were injected with

DEN and given PB in drinking water as described
in "Materials and Methods." They were sacrificed

at 7 months after injection, and the livers were
photographed. Bar, 1cm. The small white piece of
tissue associated with the â€”¿�/â€”liver is fat.

To identify the disrupted Mgat3 alÃele,genomic DNA from ES cells grown
in the absence of feeder cells was amplified in a final volume of 50 /al
containing PCR buffer (Perkin-Elmer). 250 fjLMof each deoxynucleotide
triphosphate, 2 mM MgCl2, 50 /J.Meach primer, and 50 units/ml Taq polym-
erase (Perkin-Elmer). Amplification was carried out for 40 cycles of 1 min at
94Â°C,annealing at 57Â°Cfor 1 min. and extension for 2 min at 72Â°C.with a

final extension step of 15 min. A 1.3-kb PCR product unique to the disrupted

MgatJ gene was identified using primer set 63/99 (Fig. 1/4) from the pgk
promoter of the neo cassette (5'-GGTGGATGTGGAATGTGTGC-3'; anti-
sense nt -403-422; Ref. 24) and from the Mgat3 gene 3' of the targeting
vector (5'-GAAGATCAGAGGAAGATTCCGC-3'; antisense nt 2335-2356;

Ref. 3). The 1.3-kb PCR product hybridized to probe Y (see below and Fig.

\A). Two positive clones, WW6.162 and WW6.186, were injected into
C57B1/6 blastocysts, and chimeras obtained from both clones were bred to
CD1 mice.

Generation of Mutant Mice. Mice were genotyped by PCR or Southern
analysis of tail DNA. HÃ©tÃ©rozygotesfrom chimeras crossed to CD1 mice were
interbred to obtain Mgat3+l+, Mgai3+'~, and Mgat3~'~ littermates. The mice
in this study were the progeny of crosses between Mgat3+l~ mice of the third

generation.
Southern and Northern Analyses. Genomic DNA (â€”¿�15 Â¿tg)was digested

with either Bglii or HindlU and electrophoresed through a 0.8% agarose gel,
transferred to Hybond-N membrane (Amersham), and hybridized to Mgal3
gene-specific probes W, Y. or Z or neo gene-specific probe X (Fig. \A). Probes
to sequences outside the targeting vector were derived by PCR from a 5.4-kb

Hindlil fragment of the Mgat3 gene containing the complete coding sequence
(3) and cloned into pGEM7Zf( + ) (Promega). Probe Y (0.6 kb) was derived
using primers 5'-GGAGTAAGAAGAGACAGTAGGG-3' (nt 2119-2140)
and 5'-CACGCAAGTCATAATAAGAGG-3' (nt 2736-2756); probe Z (1.6
kb) using primers 5'-AGAGTATGGAGACTGACAGAGG-3' (nt 2512-2533)
and SP6 promoter primer 5'-CGATTTAGGTGACACTATAG-3'; and 5'
probe W (0.4 kb) using the T7 promoter primer 5'-TAATACGACTCACTAT-
AGGG-3' and the 3' primer 5'-CTGTCTGAAGAAAAAGAGAAAGTG-3'

derived from genomic DNA. Probe X was a 0.5-kb Bam\\\ neo gene fragment.

Blots were hybridized as described (3).
Total RNA was prepared using Trizol reagent (Life Technologies, Inc.),

electrophoresed in a denaturing 1.2% agarose gel, transferred to membrane,
and probed with a 584-bp Bgl\IPsl\ fragment of the Mgat3 gene coding exon

(probe V; Fig. 1) or the neo gene probe as described (3). To characterize the
~6.5-kb transcript from the targeted alÃele, reverse transcription was per
formed in 20 Â¿ilcontaining 75 mM KC1, 3 mM MgCU, 50 mM Tris-HCl (pH

8.3), 0.5 mM deoxynucleotide triphosphate, 10 mM DTT, 1000 units/ml RNase
inhibitor (Promega), 0.5 Â¡igof oliogod(n)6 oligonucleotides (Pharmacia), and

200 units of Superscript II reverse transcriptase (BRL). After incubation at
42Â°Cfor 1 h, a 5-(Â¿laliquot was subjected to PCR using primers 63 and 99

(Fig. M).
Glycosyltransferase Assays and Lectin Blotting. Mice were injected i.p.

with 2.5% avertin (10 g of tribromoethylalcohol in 10 ml of tertiary amyl
alcohol; Aldrich) and perfused with cold PBS, pH 7.2. Tissue pieces were
homogenized for 5 min on ice in buffer [10 mM Tris-HCl (pH 7.4). 250 mM

sucrose, 0.25 mg/ml leupeptin, 0.7 mg/ml pepstatin, 0.28 mg/ml aprotinin, and
0.5 mg/ml phenylmethylsulfonyl fluoride]. Triton X-100 was added to 2% by
volume, nuclei were removed by low-speed centrifugation, glycerol was added
to 20% by volume, and extracts were stored at -70Â°C. Protein was measured

by Protein Dye Reagent (Bio-Rad). GlcNAc-TIII and GlcNAc-TI activities
were assayed in a volume of 40 ju.1as described (6, 26) using GlcNAc-
terminating biantennary glycopeptide (Fig. \B) and pH 6.5 for GlcNAc-TIII or
Man,GlcNAc2Asn and pH 6.25 for GlcNAc-TI. UDP-[3H]GlcNAc (DuPont

NEN) was diluted to a specific activity of â€”¿�10,000cpm/nmol, and â€”¿�24nmol

were included in each assay. Cell-free extracts of LEC10 and parent CHO cells
(Pro~5) were prepared and assayed as described previously (5, 6). After

incubation at 37Â°Cfor 2 h, each reaction was passed over a 1-ml column of

concanavalin A-Sepharose (Pharmacia), and bound product was elutcd with 5
mM (GlcNAc-TIII) or 200 mM (GlcNAc-TI) a-methylmannoside. For more
detailed GlcNAc-TIII product characterization, reaction product passed over
AG1-X4 resin (Bio-Rad) was subsequently passed over a 5-ml column of
concanavalin A-Sepharose, and product containing the bisecting GlcNAc was
eluted with 5 mM a-methylmannoside (Refs. 5 and 6; Fig. 2).

For lectin blotting. 50 /ig of tissue extract were electrophoresed in a 10%
SDS/PAGE gel. The gel was transferred to polyvinylidene difluoride mem
brane (DuPont NEN) in 25 mM Tris(hydroxymethyl)aminomcthane base. 192
mM glycine, and 5% methanol at 0.1 amps. After rinsing with Tris-buffered

saline (TBS; pH 7.2). desialylation was performed in 25 mM sulfuric acid at
80Â°C for 1 h. After blocking with 5% nonfat milk in TBS with 0.01%
Thimerosol (B buffer) for 1 h at 37Â°C(for E-PHA) or 5% BSA (Sigma

Chemical Co.; fraction V) in TBS (for ricin), membrane was incubated at room
temperature with 5 /a.g/ml biotinylated E-PHA or ricin (Vector) in B buffer

containing 0.05% NP40 for 1 h. After washing for 30 min with several changes
of TBS/0.05% NP40. membrane was incubated in 0.2 jig/ml horseradish
peroxidase-streptavidin (Vector) in B buffer/0.059? NP40. at room temperature

for 1 h. The blot was washed six times with TBS/0.05% NP40 and twice with TBS
before exposure to ECL reagent (DuPont NEN) for 1 min and to X-ray film.

Induction of Hepatic Tumors. Twelve-day-old male littermates of the
three genotypes. Mgat3+lt. Mgui3*'~. and MgatJ '" were injected i.p. with

10 /ug/g body weight DEN (Sigma) diluted in saline. Control groups were
injected with saline alone. Mice were maintained in a barrier facility and. for
two cohorts, drinking water was supplemented with 5(X) ppm PB (Morton
Grove Pharmaceuticals. Inc.) beginning 3 weeks after DEN injection and
continuing until sacrifice. Mice of the three Mgat3 genotypes were therefore
treated in the following ways: (a) DEN injected and water supplemented with
PB (DEN + PB): (b) DEN injected (DEN); (c) saline injected and water
supplemented with PB (Saline + PB); and (d) saline injected (Saline). Five or

fewer mice were housed per cage with standard rodent chow, and water was
provided ad libitum.

Analysis of Mice. Beginning at 7 months after injection when all mice
appeared outwardly healthy, mice were injected i.p. with 1 ml of 2.5% avertin
(10 g of tribromoethylalcohol in 10 ml of tertiary amyl alcohol; Aldrich) and
euthanized by cervical dislocation. Liver, kidneys, heart, and spleen were
removed, weighed, and examined for tumors. The lungs, pancreas, digestive
tract, and reproductive organs were also examined for the presence of tumors.
Samples of harvested organs were placed in 10% buffered formalin (Poly
Scientific), embedded in paraffin, and sectioned at 4-5 ftm by microtome.

Tissue sections were passed through graded alcohol and stained with eosin and
hematoxylene. Portions of the liver including excised tumors and kidneys were
snap frozen for DNA/RNA and protein analysis.

DNA Preparation for Adduci Analysis. Twelve-day-old male mice of
Mgat3*'* and Mgat3~' genotypes were injected with DEN in saline ( 10 /xg/g

body weight), and 24 h later were euthanized as described above. The liver was
collected in three volumes of 1 mM EDTA and homogenized on ice. SDS was
added to 1%. followed by Proteinase K to 0.5 mg/ml (Boehringer Mannheim).
After incubation for 1 h at 37Â°C.Tris-HCl (pH 8.0) was added to a final

concentration of 50 mM. followed by an equal volume of phenol:chlorolbrm

(1:1). The aqueous phase was extracted with phenol:chlorotbrm:isoamyl alco
hol. After centrifugation. NaCl was added to 0.5 M to the aqueous phase, and
precipitated DNA was recovered by centrifugation. washed with 70% cibano!,
and dissolved in 0.4 initial volume of 10 MM Tris HCI (pH 7.5), 0.1 M EDTA
(ethylenediaminetetraacetic acid). The DNA was incubated with heat-treated

RNase A (150 /ng/ml: Boehringer Mannheim) and RNase Tl (75 units/ml;
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Fig. 3. HCC is suppressed in Mgat3 ' mice. The number of visible tumors on the

liver surface of mice treated with DEN + PB, or DEN, or saline, or saline + PB were
counted 7 months after injection. Bars, SE.

Boehringer Mannheim) at 37Â°Cfor 15 min, extracted with phenol:chloroform,

followed by phenol:chloroform:isoamyl alcohol and precipitated as described
above. DNA dissolved in TE was dialyzed against TE at 4Â°Cwith several

changes. The ratio of 7-ethylguanine to guanine was determined by high-

performance liquid chromatography as described previously (27).

RESULTS

Three of 240 WW6 clones that survived selection in G418 and
gancyclovir after electroporation with the targeting vector (Fig. 1A)
were shown by PCR and Southern analyses to carry a targeted MgatS
alÃele(Mgat3neo). Male and female chimeras were obtained from two

clones, but only one female chimera transmitted the disrupted
Mgat3"c" alÃele.Mgat3*'~ hÃ©tÃ©rozygoteslacking the ÃŸ-globin trans-
gene of WW6 ES cells (25) were used to generate Mgat3~'~ homozy-

gous mice.
To show that homologous recombination had occurred solely

within the MgatS locus, one 5' and two 3' MgatS gene probes from

regions outside the targeting vector were hybridized to Bglll or
Hindlll digests of tail DNA (Fig. 1A). A fragment of the size predicted
was obtained in each case (Fig. 1 legend), showing that rearrange
ments of adjacent DNA had not occurred. Northern analyses of brain
and kidney RNA showed that MgatS~'~ mice lack the ~4.7-kb

endogenous transcript of the MgatS gene (3, 4), whereas hÃ©tÃ©rozy
gotes have reduced levels; no neo gene transcript (~1.8 kb) was

detected in brain or kidney, but the targeted alÃeleproduced a new
transcript of â€”¿�6.5kb that was shown by reverse transcription-PCR to

represent readthrough from the MgatS gene promoter (data not
shown). However, this transcript did not generate active GlcNAc-TIII.
Fig. 10 shows that kidney extracts from Mgat3~'~ mice had no

GlcNAc-TIII activity, similar to CHO cells that lack GlcNAc-TIII (5,
6), whereas GlcNAc-TI activities assayed with the same extracts were
similar to those of Mgat3+/+ littermates.

As expected from the lack of GlcNAc-TIII, MgatS~'~ mice did not

possess the bisecting GlcNAc on glycoproteins (Fig. IÃŸ).Lectin
blotting of desialylated kidney glycoproteins showed a dramatic re
duction in the binding of E-PHA to MgatS~'~ and CHO glycoproteins

(Fig. IS). By contrast, glycoproteins from Mgat3+/+ mice and LEC10

cells that synthesize yV-glycans with the bisected GlcNAc bound
E-PHA very well (Fig. IÃŸ).E-PHA binds with highest affinity to Gal
residues in /V-glycans that carry the bisecting GlcNAc (28, 29).
Importantly, the reduced E-PHA binding of Mgat3~'~ and CHO

glycoproteins was not due to a general perturbation of /V-glycan
synthesis, because glycoproteins from MgatS~'~ kidneys continued to

bind ricin (Fig. IÃŸ),which recognizes Gal residues (30) that are added
to yV-glycans after the bisecting GlcNAc ( 1). Identical results for lectin
blotting were obtained with brain tissue from MgatS+l+ and
Mgat3~'~ mice.

To investigate the consequences of a lack of GlcNAc-TIII on the
generation of hepatic tumors, male Mgat3+/+, Mgat3+'~, and
Mgat3~'~ littermates were injected at 12 days of age with DEN, and

3 weeks later, two of the experimental groups were given PB in their
drinking water. Approximately 7 months after DEN injection, all mice
seemed clinically healthy, but dissection of a Mgat3+/+ mouse re

vealed a liver replete with tumors (Fig. 2). A cohort of mice was,
therefore, examined at that time. All Mgat3+/+ and Mgat3+'~ mice

that had received DEN and PB had multiple tumors (Figs. 2 and 3).
Strikingly, however, the livers of Mgat3~'~ mice that had received

DEN and PB were almost completely free of visible tumors (Figs. 2
and 3). Only one-half of the MgatS~'~ mice had between 1 and 4

small tumors in the liver, whereas Mgat3+/+ mice averaged â€”¿�50

visible tumors per liver (Fig. 3). When DEN was used alone, fewer
tumors were observed in Mgat3+l+ and in Mgat3+'~ mice (Figs. 2
and 3). In this case, the MgatS~'~ group was free of visible tumors.

Therefore, there was a highly significant difference in tumor forma
tion initiated by DEN between control and Mgat3~'~ mutant mice. As

would be expected, none of the mice that had received saline or saline
and PB showed any evidence of tumor formation under gross obser
vation. The weights of livers from mice in each treatment group reflected
their relative tumor burdens (Fig. 4). No differences existed between
groups in the weights of unaffected organs, such as kidney (Fig. 4).

Histological examination of livers from mice with multiple tumors
protruding and elevating the capsular surface as illustrated in Fig. 2
revealed features typical of hepatocellular neoplasia described previ
ously in the mouse (31). Solid-type, well-differentiated HCCs were
most numerous and remarkable in Mgat3+/+ mice treated with

DEN + PB. They were composed of hepatic cords in disarray formed
by karyomegalic hepatocytes, often with abundant, microvesicular
cytoplasm (see Fig. 6). Mitoses ranged from 0 to 2 per high-power

field. Portal tracts were absent. The bulging tumors were clearly
demarcated from liver and microscopically compressed the surround
ing parenchyma. Numerous adenomas that did not elevate the capsular
surface were scattered throughout the remaining liver. These tumors
were generally basophilic, composed of densely spaced hepatocytes
with high nuclear to cytoplasmic ratio, and located adjacent to central
veins. Proliferation and infiltration of central hepatic veins was a

0

DEN+PB SALINK

Fig. 4. Weights of liver and kidney in mice treated with DEN + PB. Livers and kidneys
were removed from 7-month-old Mgal3*'+ (â€¢),Mgal3+'~ (D), and Mgat3~'~ (D) mice

that received DEN + PB or saline, rinsed, and weighed. Bars. SE.
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DEN+ PB

11.5Months-/-

DEN

11.5Months-/-

DEN

7 Months+/+

Fig. 5. (Top panels). Histology of liver sections from DEN-treated mice. Livers from 7-month-old Mgat3 ' (-/-) mice treated with DEN + PB were sectioned, stained, and
photographed under light microscopy. Arrows point to the edges of basophilic foci. Similar lesions were seen in DEN-treated Mgat3~'~ (-/-) mice and in Mgat3fl* (+/+) mice.

Bar (low power), 200 p-m; bar (high power), 500 firn.
Fig. 6. (Bottom panels), Mgat3~'~ mice eventually develop tumors. Mgat3~'~ (â€”/â€”)of more than 10.5 months of age developed tumors that appeared indistinguishable at both

a gross level and histologically from those in Mgat3+i+ (+/+) mice; bar, 1 cm. Arrow, residua] fat tissue. Sections through the liver of a DEN + PB-treated Mgat3*f* ( +/+ ) mouse
shows loss of hepatic cord structure and typical tumor cellular morphology, features also present in the 10.5-month-old Mgat3~'~ (-/-) mouse. X200.

prominent characteristic and is a recognized feature of DEN treatment
(32). Eosinophilic foci of hyperplasia, typically associated with ad
ministration of PB, were observed less often than basophilic foci. An
essentially identical picture was obtained for Mgat3+'~ mice treated

with DEN + PB. As expected, no lesions of hyperplasia or neoplasia
were noted in livers from mice treated with saline. Eosinophilic,
hyperplastic foci were observed in a limited histological examination
of mice treated with saline + PB. but no adenomas were observed.

When Mgat3~'~ mice free of visible tumors were microscopically

examined, livers from both DEN + PB as well as DEN-treated

cohorts were found to contain numerous adenomas and areas of
central vein infiltration and proliferation (Fig. 5). The morphology of
these lesions was indistinguishable between Mgat3~'~ and Mgat3+'+

mice treated with DEN alone (Fig. 5). Approximate quantitation of
foci was performed by counting four or five ~5-/Â¿m slices of liver,

weighing copies of each slice, and determining the area represented
from a standard graph. Mice treated with saline + PB or saline alone
showed no foci in the ~160 slices examined. For DEN-treated mice,
Mgat3+/+ averaged 12 foci/cm2 (n = 20), Mgat3+'~ mice averaged
3 (n = 25), and Mgat3~'~ (n = 25) mice also averaged 3 foci/cm2.
For DEN + PB-treated Mgat3~'~ mice, the number of foci rose to an

average of five per cm2 (n = 45). DNA adduci formation measured
24 h after DEN injection was found to be similar in Mgat3+l+ and
Mgat3~'~ mice (~2 X 10~5 7-ethylguanine/guanine). Therefore,

initiation of hepatocarcinogenesis by DEN and the development of
preneoplastic foci occurred in mice that have no GlcNAc-TIII.

Because livers from DEN + PB-treated Mgat3~'~ mice contained

basophilic, hyperplastic foci at 7 months and a few mice had one to
four small tumors, it seemed likely that Mgat3~'~ mice would even

tually develop visible tumors. Therefore, some DEN + PB-treated
Mgat3~'~ mice were sacrificed at 10.5, 11.5, and 12 months. At these

times, all mice had visible tumors (Fig. 6); the number per liver varied
between 6 and 10. Histological examination of these tumors revealed
compressing tumor mass consistent with well-differentiated HCC

similar in morphology and altered liver structure to tumors formed in
Mgat3+i+ and Mgat3+'~ mice (Fig. 6). Therefore, the major effect of

a lack of GlcNAc-TIII on tumor formation in mice was that progres

sion from preneoplastic foci to HCC was dramatically retarded.
Because the initial indication that the bisecting GlcNAc might play

a causal role in hepatocarcinogenesis came from the demonstration
that GlcNAc-TIII activity is increased in rat hepatomas (9-13), and

given our observations of retarded tumor formation in mice lacking
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SALINE DEN+PB

1.7 -Himri-n
Mgat3

GAPDH

DKN + PB SAI.INK+J'B SAI.INK M

CHO MÃŒCIÔ 7.

I
Fig. 7. The Mgat3 gene is not induced in hepatic tumor tissue. Upper panel, total RNA

(30 fig/lane) from tumor tissue (//) of 7-momh-old Mgal}*'* (+/+) and Mgat3+'~

(+/-) mice treated with DEN + PB and from livers of mice treated with saline (N) was
subjected to Northern analysis. The â€”¿�4.7-kbMgaLÃŒgene transcript was readily detected
in kidney with a probe from the Mgati gene coding region. Lower panel. E-PHA blotting

of glycoproteins extracted from tumor tissue and control liver tissue showed background
levels of binding that were similar to parent CHO cell glycoproteins. LEC10 CHO cells
that express GlcNAc-TIIl exhibit strong binding of E-PHA.

GlcNAc-TIII (Figs. 2 and 3), we expected that tumor tissue from
Mgat3+/+ and Mgat3+'~ mice would possess increased GlcNAc-TIII

activity. Much to our surprise, however, GlcNAc-TIII assays revealed
no increase in GlcNAc-TIII activity in tumor tissue from Mgat3+l+

mice. Although GlcNAc-TIIl activity was not detectable in normal

mouse liver extracts [as also observed by others (33)] and no tran
script from the Mgat3 gene was detected in 30 juigof total liver RNA
[nor in 10 jxg of poly(A)+ liver RNA] by Northern analysis, the lack

of induction in tumor tissue was unexpected (Fig. 7, upper panel). A
small amount of transcription of the Mgat3 gene could be detected by
Southern blotting of reverse transcription-PCR products (data not

shown), but no significant increase was observed in the level of Mgat3
gene transcripts in tumor compared with normal tissue. As would be
expected from these results, there was also little evidence of N-

glycans containing the bisecting GlcNAc in normal liver or hepatic
tumor tissue. Lectin blotting with E-PHA of liver glycoproteins gave

very low levels of binding (Fig. 7, lower panel). Although there was
a detectable difference between Mgat3~'~ and Mgat3+l+ liver tissue

in E-PHA reactivity, indicating that some liver glycoproteins may

carry the bisecting GlcNAc, there was no significant increase in tumor
tissue (Fig. 7, lower panel). In summary, there was no indication that
the induction of HCC in the mouse correlates with induction of
GlcNAc-TIII RNA or enzyme activity. Nevertheless, a dramatic effect
on tumor progression was observed in mice lacking GlcNAc-TIII.
This most likely reflects a lack of the bisecting GlcNAc on glycopro-

tein(s) that originate in tissue other than liver.

DISCUSSION

yV-Glycans are synthesized by the concerted action of a family of

glycosyltransferases, many of which have been cloned and are ex
pressed in a tissue-specific and developmentally regulated fashion

(reviewed in Refs. 34 and 35). To identify functions mediated by
individual sugar residues of /V-glycans, genes that encode enzymes
involved in their synthesis have been inactivated by targeted mutagen-

esis in the mouse (4, 36-41). This approach has revealed important
roles for complex /V-glycans in embryonic development (36, 37) and

in the generation of organized bronchial epithelium (42); for
ÃŸ(l,4)Gal residues in organ development (39, 40); and for hybrid
A'-glycans in RBC function (41). Thus, it is clear that individual sugar

residues on glycan units of different glycoproteins can, nevertheless,
mediate highly specific biological events. Because most mice lacking
a glycosyltransferase are viable, they provide excellent models for
identifying specific roles for individual sugar residues in the genera
tion of an immune response or in susceptibility to pathogens or in the
response to carcinogens. In this report, we have shown that develop
ment of hepatic neoplasms is severely retarded in mice lacking the
ability to add a single GlcNAc residue to a subset of W-glycans on

glycoproteins.
The original impetus for examining hepatocarcinogenesis in mice

lacking GlcNAc-TIII was the correlation reported previously between
the induction of GlcNAc-TIII activity and hepatoma formation in rats
(9-13). However, we have now found that GlcNAc-TIII expression is

not induced in murine liver tumors induced by DEN treatment of mice
(Fig. 7). This is not the first difference observed between proteins
induced in hepatic tumors of rats and mice. A well-established marker
of HCC in rat is the induction of y-glutamyltranspeptidase activity

(43), but induction of this enzyme is not observed in mice (44). It is,
therefore, clear that neither induction of y-glutamyltranspeptidase, nor
of GlcNAc-TIII, is a necessary prerequisite for formation of preneo-

plastic lesions or of hepatic neoplasms in mammals. However, it can
be concluded from the results reported in this study that GlcNAc-TIII

plays an important role in the progression of preneoplastic foci to
HCC. In the absence of GlcNAc-TIII in Mgat3~'~ mice, DNA ad-

ducts are formed after DEN injection, preneoplastic foci develop, and
ultimately tumors appear. However, progression from the initiation
step through preneoplastic focus to HCC is severely retarded in the
absence of GlcNAc-TIII (Figs. 2 and 3).

Progression to HCC is presumed to depend on factors that influence
the growth rate or differentiation state of transformed hepatocytes;
therefore, progression will be retarded if a factor needed to promote
growth of initiated hepatocytes is reduced in activity or amount. This
could occur in mice lacking GlcNAc-TIII if the bisecting GlcNAc is

required for the biological activity of a glycoprotein factor that acts on
liver cells. In fact, certain cells transfected with a cDNA encoding
GlcNAc-TIII become refractory to factors such as EOF and NGF,

presumably due to an effect on the respective growth factor receptor
(22, 23). Because GlcNAc-TIII activity is undetectable in mouse liver

(33 and this report) and glycoproteins with a bisected GlcNAc are
essentially absent from liver (Fig. 7), our hypothesis is that a glyco
protein growth factor synthesized outside of the liver (e.g., in kidney
where GlcNAc-TIII is expressed; Refs. 3 and 4; Fig. 2) is important

in facilitating the progression of tumors. When the glycoprotein factor
lacks the bisecting GlcNAc, it either does not get optimally secreted
into the circulation or cannot optimally bind to or stimulate its
receptor in liver. Candidate molecules are transforming growth factor
a. hepatocyte growth factor, and EGF, which are glycoprotein growth
factors with W-glycans that are synthesized by kidney, a tissue with

high expression of the Mgat3 gene (3, 4).
To determine whether there is a circulating factor important in

hepatic tumor progression, the cell autonomy of the response of
Mgat3~'~ mice to DEN could be tested in Upa/Rag2~/~ mice (45,
46). Rag2~'~ mice transgenic for urinary plasminogen activator (Upa/
Rag2~'~) destroy their own livers, which can be repopulated by

transplantation of liver cells from another animal (45, 46). If the
progression of tumors in livers regenerated from Mgat3~'~ and
Mgat3'+/+ mice reflects the results reported in this study, it would

show that factor(s) intrinsic to the liver cell are responsible for the
differences we have observed. If not, it would show that a circulating
factor from another tissue is the critical element. Identifying such a
factor may be approached by transgenic experiments. For example,
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would kidney-specific expression of the Mgat3 gene coding region
correct the phenotype of DEN-treated Mgat3~'~ mice and allow them
to develop tumors at the same rate as Mgat3+l+ mice? By this type of

experiment, it should ultimately be possible to identify molecules
important in the progression of liver tumors.
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