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INTRODUCTION:
Cancer-associated changes in glycoprotein glycosylation are well-documented

(1), but the molecular functions of these carbohydrates in disease progression are poorly
understood. GIcNAc-TV (Golgi P1-6N-acetylglucosaminyltransferase V) is highly
expressed in proliferating and migrating cells, and the Mgat5 gene is transcribed in
response to activation of the RAS/MAPK/ETS pathway. The enzyme is required during
the post-translational modification of glycoproteins with [1-6GlcNAc-branched
asparagine-linked oligosaccharides (N-glycans). Adhesion receptors involved in tumor
progression including oufs integrin, E-cadherins and CD44 are suggested to have these
glycans. To examine the function of GIcNAc-TV dependent glycosylation, we have
generated mice deficient in this enzyme by targeted mutation of the Mgat5 locus. M, gat5'/ )
mice were viable, fertile and lacked B1,6GlcNAc-branched N-glycans. The Mgat5" mice
were crossed with transgenic mice expressing the polyomavirus middle T oncogene
under the control of the mouse mammary tumor virus long terminal repeat (MMTV-
PyMT) (2). Breast carcinomas in GIcNAc-TV deficient mice developed with longer
latency, tumors grew more slowly, and the incidence of lung metastases was reduced by
>90%. Focal adhesion formation, cell spreading and PKB phosphorylation was impaired
in Mgat5" fibroblasts. Membrane ruffling was reduced in MMTV-PyMT tumor cells.
These observations suggest the Mgat5 deficiency suppresses focal adhesion turnover and
PI3 kinase (PI3K) activation. Consistent with this, Mgat5" leukocyte show impaired
migration in vivo, and enhanced adhesion to fibronectin. The Mgat5” mice displayed
increased susceptibility to autoimmune disease, and we have demonstrated this year that
the N-glycans bind to galectins, which regulate T cell receptor clustering in response to
agonist (3). This mechanism of action may also regulate clustering of other receptors
such as the integrins and cadherins, an hypothesis currently being tested within the
mandate of this grant.

Our studies on the Mgat5” mice suggest that Mgat5-dependent glycosylation
may regulate multiple receptors by altering their response to extracellular ligands. Our
working hypothesis is that cancer-associated increases in GlcNAc-TV-dependent
glycosylation can be initiated via the RAS pathways, which enhances focal adhesion
signaling via PI3K/PKB, and promotes cell motility, tumor growth and metastasis.
Genetic manipulations in cell culture and in mice will be done to identify signaling
proteins and pathways that are dependent upon Mgat5 glycosylation. The research is
intended to define the effects of Mgat5" mutation on membrane ruffling, and activation
of focal adhesion signaling in cell culture. Further, to use genetic methods and identify
downstream effectors of Mgat5 by interbreeding mice with mutations that may interact in
an epistatic or synergy manner regarding the cancer and immune phenotypes. We will
determine the location of B1,6 branched N-glycans on specific glycoproteins by mass
spectrometry, and where possible, their effects on glycoprotein function in isolation. At
this time, integrins o;fs, E-cadherin and CD44 are candidates, but others will be
identified and characterized in the course of these studies.

By identifying molecular interactions between Mgat5-modified glycans and
adhesion receptors and their intracellular signaling pathways, a rational for combination
therapies that includes carbohydrate-processing inhibitors (CPI) will be developed.
Although CPIs targeting Mgat5 may be effective at slowing tumor progression and




metastasis, combination therapies are more likely to meet the challenge posed by multiple
overlapping oncogenic pathways.

BODY:

The research in the first year has been focussed on defining a working model for
Mgat5-modified N-glycans regulation of receptor signaling with T cell receptor and
integrins as the models (3; 4).

Task 1 was to further define the phenotype of Mgar5" cells regarding adhesion,
signal transduction, and growth factor responsiveness. We have established that most
PyMT-induced mammary tumors in Mgat5” mice grow slowly, and displayed impaired
focal adhesion signaling and PI3K/PKB activation (2). Approximately 5% of the tumor
progressed to fast growth, and these tumors regained full PI3K/PKB signaling. These
results further support the effect of Mgat5 as a positive regulator of focal adhesion
signaling that collaborates with PyMT oncogene to stimulate growth and survival of
tumor cells via the PI3K/PKB pathway.

We have established immortalized Mgar5” embryonic fibroblast cell lines as well
as tumor cell lines as required in task 1 to study adhesion migration and signal
transduction. We have also designed and constructed a Mgat5 retroviral vector, to
transfect cells Mgat5” cells and demonstrate phenotypic rescue, as required to confirm
the mutant phenotypes, notably cell adhesion, migration, and signal transduction. Our
research institute acquired new technology in May 2001 to measure cell migration,
spreading, and nuclear translocation of activated proteins in signaling cascades. The
Cellomics Scan Array is an automated fluorescence microscope with software to measure
and quantify multiple cellular parameter on individual cells (5). The instrument is
designed for high through put analysis in 96 well plates and will be ideal for completion
of task 1 experiments.

To validate and test the assays for cytoplasmic-nuclear translocation of signaling
proteins, we began by used anti-Smad2 antibodies to measure TGF-f1 dependent Smad2
nuclear translocation and inhibition by an antagonist (Ahsg/fetuin) (Figure 1,2). After 15
min of TGF-f1 treatment, the distribution of Smad-2 protein in the nucleus and
cytoplasm shows a shift into the nucleus, which was doses dependent (Figure 1). Ahsg
inhibition was also does dependent (Figure 2). Ras- mediated induction of P38 and Erk
nuclear translocation, as well as PKB/Akt induced translocation of FKH is underway. We
will generate data for Mgar5™” cells as well as cells with the combined mutation of Mgat5”
" and Pten*” (see below). Cellomics Inc has promised delivery of software for cell
spreading and migration this month, which will allow us to rapidly complete the
objectives in task with better qualitative methods than originally anticipated. With the
new methods, there has been some delay in completing task 1, but we believe this is work
while, as the Cellomics methods will be more accurate.

We will also test carbohydrate-processing inhibitors in combinations with drugs
that that interer with the Ras and PI3K pathways using the Cellomics assays as per our
original task outline.

Task 2: We are using genetic methods to analysis Mgat5-dependent tumor
progression in vivo. We have interbred Mgat5 mice with Pten mutant mice and
preliminary results suggest these genes interaction, in the immune system and cancer.
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Pten is a 3-inositol PI3 phosphatase, a negative regulator of the PKB/Akt pathway, and of
focal adhesion signaling and invasion (6-9), a pathway very commonly mutated in many
human cancer (10; 11). Pten* mice also show an inflammatory autoimmune disease and
a high incidence of tumors in breast, lymphomas and other organs. In preliminary
experiments, we have observed that some abnormalities in splenic T cell distribution in
the single mutant mice mice are normalized in the MgatS'/ “Pten”” double mutant mice
(Figure 3).

We have examined the effect of Mgat5 on PyMT breast cancer induction on F2
mice of 129/sv x FVB mice, and on 129/sv. The results demonstrate that the strains differ
for expression of a modifier gene that governs the potency of the MgatS'/ " anti-tumor
effects. Analysis of strain-specific SNPs and gene expression profiling will be done on
tail and tumor samples, respectively in the second year, as originally planned. The cancer
phenotypes of Mgat5 on FVB and 129 backgrounds appear to be sufficiently distinct, and
therefore, we should be able to map genes and their strain-specific alleles that are causal
in the cancer phenotype. This should reveal genes that interact with Mgat5 to enhance or
inhibit its effects in cancer growth and progression in vivo.

Task 3: We are attempting to identify targets for Mgat5 glycosylation that are
important in cancer growth. We have identified T cell receptor as a target for Mgat5-
dependent regulation, and depletion of Mgat5 enhances immune sensitivity, a possible
anti-cancer mechanism. In addition, we have determined the Mgat5-glycans interact with
galectins at the cell surface. The interaction forms a lattice of glycoproteins that impedes
receptor clustering. This is a novel mechanism of action for glycan regulation of
signaling receptors, and we will determine whether a similar mechanism regulates
adhesion receptors. The Mgat5 glycans on substratum adhesion receptors and their
interaction with galectins may be serve to destabilize adhesion plaques and accelerate
turnover and promote cell migration.

Task 4 was to location 31,6GlcNAc-branched N-glycans that mediate phenotype.
We identified T cell receptor and a new mechanism of N-glycan action, and more will
identified this year. If the analysis of E-cadherin confirms the presence of Mgat5 glycans,
we will examine the functionality of the glycoforms in cell adhesion assays as originally
outlined.

KEY RESEARCH ACCOMPLISHMENTS:

e We have established Mgat5™ fibroblast and breast tumor cell lines in preparation for
the functional studies in task 1. A Mgat5 rescuing retroviral vector is ready to use.

e We have tested a new assay for analysis of cell signaling and motility, the Cellomics
scan array, which will ultimate speed the completion of task 1.

e We have determined that Mgat5 glycosylation regulates T cell receptor clustering and
immune sensitivity in vivo, an important new mechanistic understanding.

e We have generated Mgat5 crosses with Pten mutant mice, and preliminary results
suggest gene interactions that must be confirmed at the biochemical level.

e The Mgat5 effects on tumor growth are subject to modifier gene(s) that differ in
129/sv and FVB mouse strains. This gene(s) will be mapped by SNP analysis and
tumors characterized by gene chip analysis.




REPORTABLE OUTCOMES:

e Publications:

We published a key paper this year in the high-impact journal Nature and a paper in
press describing the wider implications of our findings in Current Opinions in
Structural Biology.

e Patent:

A US patent application was files coving methods of drug discovery based on the concept
of N-glycans as a modifier of receptor clustering.

e Invited Lectures:

Dr. Dennis has presented aspects of this work at Gordon Conference on Glycobiology,
Ventura CA, and the International Symposium on Protein Traffic, Interlaken,
Switzerland. Invited lecture at NIH immunology Group on Aug 6", Dr. Demetriou
presented at the Keystone conference on Regulation of Immunity and Autoimmunity.
e Trainees:

Mike Demetriou MD, PhD A

Pam Chueng, a Ph.D. student in the Molecular and Medical Genetics Department at
University of Toronto has been working on project since early 2000.

Joby McKenzie will join this Sept as a PhD student.

CONCLUSIONS: The generation of cell lines, mouse strains, and new methods
required to complete the tasks were the major focus of the work in the last year. With
most of these materials in hand, we will complete the tasks as outlined with only minor
modifications in methodology. We published 3 key papers in the last year and
discovered an important new mechanism of action for Mgat5 glycans regulation of
signaling receptor using the T cell receptor as the model. We are in an excellent position
to complete the project tasks, and make a significant contribution to our understanding of
breast cancer progression and treatment.
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Pilot study demonstrating signal transduction by cytoplasmic-nuclear
translocation of Smad?2 using the Cellomics Scan Array. (A) Mink lung
epithelial cell were stimulated with various doses of TGF-B1 in the presence
of increasing concentrations of the antagonist Ahsg, using a 2-D array in a
96 well plate. The cells were fixed 15 minutes later and stained with mouse
anti-Smad-2 antibodies, plus a fluorescent labeled 2" antibody. Each bar
represents cyto-nuclear differences averaged for 100 cells measured in each
of the 96 well. (B) Cellomics images. (C) A summary of Ashg (squares)
and transferrin (triangles) TGF-[3 antagonist activity at highest concentration
of TGF-B1 (200 nM), or using Ahsg alone (circles). (D) A demonstration of
Ahsg competition for 1251 _labeled TGF-B1 binding to cell surface receptors.
The right 2 lanes are controls with transferrin.

Figure 1
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FACS analysis of spleen cells for various CD markers using 5 mice per
genotype (Mgat5”Pten" ; Mgat5™*Pten”” ; Mgat5”Pten”* ; Mgat5" *Pten*”.
The fraction of positive cells was normalized to wild type mice
(Mgat5*"*Pten*) for this representation. Note that the double mutant tends
towards normalization for the CD25, CD11c and galectin-1. The variance
seen in Pten+/- is also reduced in the double mutants.

Figure 2
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Suppression of tumor growth and metastasis in
MgatS-deficient mice

MARIA GRANOVSKY™?, JIMMIE FATA3, JUDY PAWLING!, WILLIAM J. MULLER®,
Rama KHokHA® & JaMES W. DENNIS'

Samuel Lunenfeld Research Institute, Mount Sinai Hospital 600 University Ave. R988,
Toronto, Ontario, Canada M5G 1X5
2Department of Molecular & Medical Genetics, University of Toronto, Toronto, Ontario, Canada
*Department of Medical Biophysics, University of Toronto, Ontario Cancer Institute,
Princess Margaret Hospital, 620 University Ave., Toronto, Ontario, Canada M5G 2C1
*Institute for Molecular Biology and Biotechnology, McMaster University, Hamilton, Ontario, Canada L8S 4K1
Correspondences should be addressed to: ].W.D.; email: Dennis@mshri.on.ca

Golgi B1,6N-acetylglucosaminyltransferase V (MGATS5) is required in the biosynthesis of
B1,6GicNAc-branched N-linked glycans attached to cell surface and secreted glycoproteins.
Amounts of MGAT5 glycan products are commonly increased in malignancies, and correlate
with disease progression. To study the functions of these N-glycans in development and disease,
we generated mice deficient in Mgat5 by targeted gene mutation. These Mgat5”~ mice lacked
Mgat5 products and appeared normal, but differed in their responses to certain extrinsic condi-
tions. Mammary tumor growth and metastases induced by the polyomavirus middle T oncogene
was considerably less in Mgat5’ mice than in transgenic littermates expressing Mgat5.
Furthermore, Mgat5 glycan products stimulated membrane ruffling and phosphatidylinositol 3
kinase-protein kinase B activation, fueling a positive feedback loop that amplified oncogene sig-
naling and tumor growth in vivo. Our results indicate that inhibitors of MGATS might be useful in
the treatment of malignancies by targeting their dependency on focal adhesion signaling for

growth and metastasis.

Malignant transformation is accompanied by increased
B1,6GlcNAc-branching of N-glycans attached to Asn-X-Ser/Thr
sequences in mature glycoproteins'?. The p1,6GlcNAc-branched
N-glycans are tri (2,2,6)- and tetra (2,4,2,6)-antenna-like
oligosaccharides that constitute a subset of the ‘complex-type’
N-glycans (Fig. 1a). The medial Golgi enzyme B1,6N-acetylglu-
cosaminyltransferase V (MGATS (mannoside acetyl glu-
cosaminy! transferase 5) or GIcNAc-TV) catalyzes the addition of
B1,6-linked GIcNAc and defines this subset of N-glycans** (Fig.
1a). The plant lectin leukoagglutinin (L-PHA) binds specifically
to mature MGATS products (Fig. 1a)(ref. 5). L-PHA has been used
to measure these N-glycans in tissue sections (Fig. 1b and ref. 6).
MGATS products in breast and colorectal carcinomas correlate
with poor prognosis and decreased survival time®”.

MGATS enzyme activity increases in fibroblast and epithelial
cell lines with expression of the oncogenes v-sr¢, T24-H-ras and v-
fprs, and in cells infected with polyomavirus or rous sarcoma
virus?®91°, Transcription of the MGATS gene is positively regu-
lated by signaling downstream of these oncogenes, notably by
the Ras-Raf-Ets pathway'!'%. Studies on transplantable tumors in
mice have indicated that Mgat5 products contribute directly to
the cancer growth and metastasis. For example, somatic tumor
cell mutants deficient in MgatS activity produce fewer sponta-
neous metastases and tumors grow slower than wild-type
cells’®®, In addition, forced expression of Mgat5 in epithelial
cells results in loss of contact inhibition, increased cell motility,
morphological transformation in culture, tumor formation in
athymic nude mice', and enhanced metastasis®.

306

MGATS selectively substitutes only a subset of N-glycan inter-
mediates, presumably specified by the structural features of the
glycoprotein substrates'®. Structural analysis of glycans on spe-
cific glycoproteins remains incomplete, but has shown that
MGATS products are present on the integrins LFA-1 and o,fs
(refs. 17,18). The amount of MGATS product on integrin sub-
units a5, o, and B, increase in cells transfected with MGATS, and
the cells show increased motility and decreased substratum ad-
hesion'. The larger size of MGATS products may impede or alter
the Kkinetics of protein—-protein interactions that mediate
cell-cell and cell-substratum adhesion. Indeed, large N-glycans
present on CD44 (ref. 19), intracellular adhesion molecule-1 (ref.
20) and CD43 (ref. 21) decrease the ligand-binding activity of
these cell adhesion receptors, although the in vivo importance of
these observations has been unclear.

Here, we generated Mgat5-deficient mice by targeted gene mu-
tation in embryonic stem (ES) cells to assess the function of
Mgat$ products in normal development and cancer progression.
Activating mutations in Ras genes, as well as mutations leading
to activation of protein kinase B (PKB; also known as Akt) are
commonly found in human tumors*?. The Polyomavirus middle
T antigen (PyMT) viral oncogene activates these pathways*?,
which together contribute to transformation and multifocal tu-
mors in mice expressing PyMT from a transgene in mammary
epithelium®. Here, PyMT-induced tumor growth and metasta-
sis were considerably suppressed in MgatS-deficient mice com-
pared with that in their PyMT-transgenic littermates expressing
MgatS. Moreover, Mgat5 gene expression was induced by the
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noma using steptoavidin-horseradish peroxidase for detection as described®.

b Fibroadenoma

Carcinoma

MGATS in N-glycan biosynthesis, and overexpression of its products in human cancers. a, Golgi
N-glycan biosynthesis pathway, showing MGATS (TV) in the production of a tetra (2,4,2,6)-antenna-like
oligosaccharide (numbers in brackets represent linkages of the ‘antennae’, left to right). OT, oligosac-
charyltransferase; Gl and Gl the a-glucosidases; Ti, TlI, TIV, TV T(i), the B-N-acetylglycosaminyitrans-
ferases; MI, the o.1,2mannosidases; Mli, Ml o.1,3/6mannosidases; Gal-T, B1,4-galactosyltransferases;
ST, a-sialyltransferases. The boxed structure GalB1 ,AGIcNACB1,6(Galp1,4GIcNACBT,2)Mano. binds L-
PHA (ref. 5). b, L-PHA lectin histochemical staining of a human benign fibroadenoma and breast carci-
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tially all catalytic activity and Mgat5
products in the Mgat5" mice (Fig. 2e).
Mgat5-deficient mice developed nor-
mally, producing normal numbers of
pups, but adult Mgat5” mice had several
phenotypic  abnormalities, including
leukocyte recruitment into inflamed tis-
sues, an age-related decrease in the cellu-
larity of kidney glomerulli, an apparent
deficiency in nurturing behavior, and T-
cell hypersensitivity to T-cell receptor ag-
onists. These phenotypes are now being
analyzed. Peripheral white cell and ery-
throcyte counts were normal, and popula-
tions of T and B cells in spleen, thymus
and lymph nodes were also in the normal
range, as assessed by fluorescence-acti-
vated cell sorting analysis (data not
shown). There was no weight loss or pre-
mature mortality in the Mgat5”" mice up
to 18 months of age.

PyMT oncogene. Finally, the products of Mgat5 promoted focal
adhesion turnover, which amplified PyMT-dependent activation
of phosphatidylinositol 3 (PI3) kinase-PKB, and promoted
tumor growth and metastasis.

Mgat5”- mice are viable and lack Mgat5 products

We designed the Mgat5 targeting vector to replace the coding
portion of the first exon of Mgats with the lacZ reporter gene
(Fig. 2a and b). We isolated two independent homologous re-
combinant ES clones and injected them into blastocytes to pro-
duce chimeric mice. Alleles from both ES cell lines were
successfully transmitted from chimeric mice to progeny. Mgat5™"
mice were generated from heterozygous parents with a normal
frequency of 25%. We determined the Mgat5 genotypes of the
mice by Southern blot analysis (Fig. 2b) and by PCR analysis
(data not shown). Mgat5 enzyme activity was approximately
50% in heterozygous mice, and below the level of detection in
Mgat5™ mice (Fig. 2c and d). We did not detect Mgat5 products
in Mgat5~- tissues by L-PHA lectin probing of western blots, indi-
cating that mutation of the Mgat$ locus had eliminated essen-

LacZ activity in Mgat5"" embryos was
distributed like that of Mgat5 transcripts (Fig. 3a and b), indicat-
ing the reporter gene faithfully reflected Mgat5 transcription in
mouse tissues®. LacZ activity, Mgat5 transcripts and L-PHA reac-
tivity also co-localized in adult tissues. In the cerebellum, the
neuronal cell bodies stained for lacZ and the neural dendritic
trees stained with L-PHA; the latter is consistent with localiza-
tion of glycoproteins to plasma membrane and secretory com-
partments (Fig. 3¢ and d). Therefore, lacZ activity in mice with
Mgat5-mutant alleles could be used to monitor Mgat5 promoter
activity in vivo.

Cancer growth and metastasis are reduced in Mgat5™’ mice

We crossed PyMT-transgenic mice with MgatS-mutant mice and
measured tumor latency, tumor growth and the incidence of
lung metastases in the progeny. We first detected mammary tu-
mors in PyMT Mgat5*~ and PyMT Mgat5** female mice at 8 weeks
of age, and by 16 weeks 50% of the mammary pads had tumors
(Fig. 4a and D). In contrast, 50% tumor incidence in the PyMT
Mgat5™ mice occurred at 24 weeks, and by 27 weeks of age, tu-
mors were detected in all mammary fat pads. PyMT Mgat5*" male

Fig. 2 Targeted mutation of the

Mgat5 locus in mice. @ and b, The a Probe 4.5 kbA > b ¢ 7500

wild-type Mgat5 locus, the targeting Maats i ind g

vector, and the resulting targeted Gg:c,mic locus pio 45kb 25°°°

locus. Nucleotides -22 to 241 of the  Targeti >< =z
geting (17 | L

first coding exon were replaced with ~ construct L == 3.6 kb (:9: 2500

lacZ and a neomycin-resistant gene.
B, exon; B (above Mgat5 genomic
locus), 5’ external probe; P, Pstl re-
striction site. b, Southern blot analy-
sis of genomic DNA of F2 offspring derived from heterozygous
crosses. DNA digested with Pstl was hybridized to the 5 external
probe. Lanes 2 and 4, Mgat5” genotype of F2 mice generated from

P
3.6 kb P

Q€U

two independently targeted ES clones. Left margin, molecular size E20°°0

markers ¢, Mgat5 enzyme activity in Mgat5** (00) and Mgat5™ (M) & 15000

tissue homogenates (in counts per minute; mean + s.d. of triplicate E a

samples).d, Time course of Mgat5 enzyme activity (in counts per % 10000

minute) in small intestine from Mgat5** (), Mgat5*" (g) and MgatSs- ; 5000 -

(P) mice. e, L-PHA-reactive glycoproteins in homogenates separated
by SDS-PAGE. |, intestine; K, kidney; H, heart; B, brain; S, spleen; Lu,
lung; Li, liver.
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Fig.3  Mouse embryo at embryonic day 7.5. @ and b, Section through the
center of embryo. g, lacZ expression, visualized by X-gal staining (blue). b,
Darkfield microscopy, showing Mgat5 transcripts detected by RNA in situ
hybridization. cand d, Cerebella of mice at postnatal day 6. LacZ expression
from the targeted Mgat5 allele corresponds to L-PHA staining. The neuronal
cell bodies stain for lacZ () and the neural dendritic trees stain with L-PHA
(d); the latter is consistent with localization of glycoproteins to plasma
membrane and secretory compartments. t, trophoblasts; e, embryonic tis-
sue; ee, extraembryonic tissue; p, Purkinje cells.

mice developed tumors between 6 and 9 months and tumor de-
velopment in Mgat5" male mice was delayed until 10-13
months (data not shown). Tumors in PyMT Mgat5™ mice grew
more slowly than those in heterozygous and wild-type mice (Fig.
4c). At 28-30 weeks of age, the tumor burden in PyMT Mgat5+-
mice was 3.4 £0.8 g, compared with 15.1+ 1.8 gand 13 £2.8 gin
the PyMT Mgat5*" and PyMT Mgat5" mice, respectively. The
fraction of cells staining positive for proliferating cell nuclear
antigen was substantially less in PyMT Mgat5™ neoplastic and
carcinoma tissues than in similar tissues in PyMT Mgat5*- mice
(Fig. 4d). The frequency of apoptotic cells in the tumors was
1-2% and did not vary substantially with Mgat5 genotype (data
not shown). Northern blot analysis indicated that PyMT tran-
script amounts were similar in tumors from the three Mgat5
genotypes (data not shown).

The incidence of lung metastases in PyMT Mgat5™ mice was
about 5% that in wild-type and heterozygous littermates (Fig.
4e). The metastatic tumor nodules in lung were smaller in the
PyMT Mgat57- mice, and tumor burden in the lung did not cause
cardiac hypertrophy (0 of 15 mice), which was common in the
PyMT Mgat5** and PyMT Mgat5™ mice at late stages of tumor
growth (13 of 27 mice).

Before overt tumor formation, the branching morphology of
ductal epithelium was similar in PyMT Mgat57" and PyMT
Mgat5* mice (Fig. 5a and b). In mammary fat pads lacking overt
tumors at 14 weeks, there
were multiple microscopic
tumor foci in mice of all
Mgat5 genotypes. This indi-
cates that although tumor
growth was considerably
less, multiple focal initiation
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PyMT Mgat5*~ tumors stained strongly. We found that 5 of 140
tumors in PyMT Mgat5™" mice had acquired a fast-growth pheno-
type, similar to tumors in transgenic mice expressing Mgat$.
These tumors, which had escaped growth suppression dependent
on Mgat5™", also expressed more lacZ activity (Fig. 5f and g). This
indicates that the Mgat5 promoter was activated in concert with
the molecular event(s) leading to a fast-growth phenotype. L-
PHA-reactive N-glycans were not re-expressed in the fast-growing
PyMT Mgat57 tumors (data not shown).

Mgat5™" stabilizes focal adhesions and actin stress fibers

Overexpression of MGATS in cultured epithelial cells blocks con-
tact inhibition of growth, and cell-substratum adhesion on col-
lagen and fibronectin'. Therefore, we removed mammary tumor
cells from PyMT-transgenic mice and cultured them on fi-
bronectin-coated cover slips in serum-free medium to assess cell
spreading, microfilament organization and focal adhesions.
PyMT MgatS™" tumor cells showed impaired membrane ruffling
compared with that of PyMT Mgat5" cells. The former cells
showed actin stress fiber networks with paxillin in a punctate
distribution of focal adhesions beneath the cells, whereas pax-
illin in the PyMT Mgat5*- cells was very concentrated in ruffled

b

d 0
w
g @
8 7} ®
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Fig. 4 PyMT-dependent tumor growth is suppresses in Mgat5™ mice. @, Fraction of mammary pads free of palpable tu-
mors in PyMT-transgenic littermates with either Mgat5** ([J; n= 9), Mgat5™ (A; n=17) or MgatS™ (®; n = 14) geno-
types. b, PyMT-transgenic mice at 26 weeks of age. ¢, Tumor growth (omitting the 5 of 140 fast-growing tumors), plotted
as mean tumor surface area £ s.e.m.; time 0, initial detection by palpation. d, Sections of mammary fat pad from Mgat5+
(®) and Mgat5** (0), stained with antibodies against proliferating cell nuclear antigen to quantify the proliferating cel!
fraction in hyperplasia (H), dysplastia (D) and carcinoma (©). e, Incidence of lung metastases per mouse at 24-30 weeks
of age, when mammary tumor burden necessitated killing of the mice expressing Mgat5.
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Fig. 5 Mammary fat pads and tumors. a-d, Whole mounts of mammary
fat pads without palpable tumor at 19 weeks (a and b) and histological sec-
tions of tumors at 26 weeks stained with hematoxylin and eosin (c and d)
from Mgat5™ (left column) and Mgat5*- (right column) mice. e, LacZ activ-
ity in mammary fat pads with low to high (left to right) tumor burden in
PyMT Mgat5*- mice. fand g, PyMT Mgat5~ tumors, one with low LacZ ac-
tivity () and a fast-growing PyMT Mgat5” tumor (g). d, dysplasia and hy-
perplasia; ¢, carcinoma; n, mammary fat pad.

edges, with fine radial actin fibers extending into the cells (Fig.
6a and b). PyMT activates c-Src kinase, which phosphorylates
paxillin, allowing its recruitment into focal adhesions found at
the ruffling edges in PyMT Mgat5*" tumor cells. Paxillin in focal
adhesion complexes is a docking protein for other signaling pro-
teins, including FAK, Csk, c-Src and PI3 kinase®'. Membrane ruf-
fling and filapodia formation requires PI3 kinase activation®,
which is also a direct target of PyMT oncogenesis. Indeed, inhi-
bition of PI3 kinase with wortmannin decreased membrane ruf-
fling in PyMT Mgat5*" cells and increased actin stress fibers,
creating a morphology similar to that of PyMT Mgat57 cells (Fig.
6¢). To measure actin filament turnover, we treated cells with la-
trunculin-A, a compound that binds actin monomers and ren-
ders them incompetent for filament formation*. The loss of
rhodamine-phalloidin-staining filaments was more rapid in
PyMT Mgat5* than in PyMT Mgat5” tumor cells, indicating a
slower turnover of focal adhesions in cells with the latter geno-
type (Fig. 63).

D3-phosphoinosotides produced by PI3 kinase stimulate
phosphorylation and activation of PKB. The amounts of PKB
protein and phosphorylated PKB were decreased in PyMT
Mgat5”- tumors, whereas amounts of phosphorylated mitogen-
activated protein (MAP) kinase were not different (Fig. 6h). The
amounts of phosphorylated PKB as well as membrane ruffling
were restored in PyMT Mgat5™ tumors with the fast-growth phe-
notype (Fig. 6h, far right lane). However, the tumor cell popula-
tion was heterogenous for the membrane ruffling phenotype
(Fig. 6d).

The Mgat5-null mutation also affected focal adhesions in the
absence of an oncogene. Mgat5*" fibroblasts spread extensively
and pseudopodia showed fine actin microfilament, whereas
there were cortical stress fibers characteristic of non-motile cells
in Mgat5™ cells (Fig. 6¢ and f). The amount of phosphorylated
PKB was also decreased, but amounts of phosphorylated MAP ki-
nase were similar in fibroblasts expressing Mgat5 (Fig. 6h). The
addition of serum induced rapid phosphorylation of MAP kinase
and PKB, indicating that signaling potential was similar in mu-
tant and wild-type cells. Therefore, the intrinsic defect in
Mgat5™ cells seems to be an inability to accelerate focal adhesion
turnover and signaling through PI3 kinase/PKB as required for
full transformation by PyMT.

Discussion

Here, we have shown that Mgat5 products are not required for
embryonic development, but when expressed in cancer cells,
they contribute directly to tumor growth and metastasis. Using
the PyMT transgenic model of breast cancer, we examined early
events in tumor formation as well as metastasis and secondary
events associated with tumor progression. The initial appearance
of tumors was delayed in PyMT Mgat5” mice compared with
that in either Mgat5*~ or Mgat5”* PyMT-trangenic mice. Tumor
initiation occurred efficiently, as indicated by multi-focal tumor
formation and involvement of 10 of 10 mammary fat pads in
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PyMT-transgenic mice of all Mgat5 genotypes. The fraction of
apoptotic tumor cells was small and similar in all genotypes.
However, the proportion of proliferating cells in hyperplasia,
dysplasia and carcinoma was less in PyMT Mgat5” mice than in
similar tissues in mice expressing Mgat5. Tumor diameters and
weights at the end of the experiment showed decrease of about
500% in tumor burden in the PyMT Mgat5” mice compared with
that in the mice expressing Mgat5. Similar delays in tumor ap-
pearance have been seen in PyMT-transgenic mice on a Grb2+-
genetic background (an adapter protein in the Ras pathway*)
and also on an Ets-2*~ background (a transcription factor down-
stream of Ras; ref. 35). However, the decrease in tumor growth
rates was more substantial here. The incidence of lung metas-
tases was also considerably decreased, approximately 5% in
Mgat5-deficient mice. Suppression of tumor growth and metas-
tasis has been reported for somatic tumor cell mutants lacking
Mgat5 transplanted into syngenic mice'. This indicates that de-
creased tumor growth in PyMT Mgat5™ mice is likely a tumor-
cell-autonomous phenotype rather than being host-mediated,
and prompted further examination of the PyMT tumor cells.
The amounts of phosphorylated PKB were decreased in PyMT
Mgat5” tumor cells, whereas phosphorylated MAP Kinase
amounts were unaffected, indicating that PyMT-dependent PI3
kinase and PKB activation is blocked by the Mgat5”’ mutation.
The PyMT protein is tyrosine-phosphorylated at Y315/Y322, cre-
ating binding sites for p85, the regulatory subunit of PI3 kinase®.
The Asn-Pro-Thr-Tyr motif at position 250 is also phosphory-
lated, creating a binding site for the phosphotyrosine-binding
domain of Src homology 2 domain-containing (Shc) protein®.
Mutations in either domain of PyMT compromise its transform-
ing activity?, creating a growth delay similar to that in PyMT
Mgat5” mice. Integrin-mediated cell motility and invasion by
mammary epithelial cells in culture depend on activation of PI3
kinase, which acts downstream of Rac and Cdc42 GTPases™. PI3
kinase increases the amounts of D-3 phosphoinositide, which is
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required for PKB activation, actin microfilament re-organization,
membrane ruffling, and cell motility**”. Here, PyMT Mgat5-
tumor cells on fibronectin-coated plastic were deficient in mem-
brane ruffling, actin was organized as stress fibers and turnover
was slower. The o and B chains of integrin receptors each have
multiple N-glycosylation sites, and MGATS products are present
at a fraction of the glycosylation sites on o, fibronectin recep-
tor””®, Overexpression of MGATS in epithelial cells enhanced
cell motility and increased MGATS products on o,fs, indicating
that enzyme activity is not saturating in epithelial cells before
transformation™. Therefore, integrins may be essential target
glycoproteins modified by MGATS products to effect the in-
crease in focal adhesion turnover, cell migration and tumor
growth.

Our results show that in the absence of Mgat5 products,
PyMT-induced activation of PI3 kinase and PKB is not sufficient
for optimal tumor growth and metastasis. Furthermore, addi-
tional genetic or epigenetic event(s) in the tumor cells enabled 5
of 140 PyMT Mgat5™ tumors to overcome growth suppression.
This was accompanied by increased PKB activation and active
membrane ruffling. Similarly, secondary events restoring tumor
growth have been found in mice with a mutant PyMT transgene
deficient in P85/PI3 kinase binding. Tumors in these mice ex-
press more c-ErbB2 and ¢-ErbB3 receptors, which may compen-
sate for the loss of PyMT activity?. These results indicate that the
dependence on MGATS products for tumor growth may be di-
minished with secondary mutations that amplify oncogene sig-
nals downstream of focal-adhesions, and might include
increased activity of gene products such as c-Src, PI3 kinase, PKB
or loss of phosphatase and tensin homolog.

LacZ expression from the Mgat5 targeted locus was greater in
tumors than in normal mammary fat pads, indicating that the
PyMT oncogene is a positive regulator of the Mgats promoter.
Furthermore, LacZ expression was increased in the fast-growing
Mgat5™ tumors that overcame growth suppression. LacZ expres-
sion was considerably higher in PyMT Mgat5*- tumors than in
PyMT Mgat5™ tumors, indicating that Mgat5 products also posi-
tively regulate Mgat5 transcription.

The precise location of the MGATS products on specific glyco-
protein(s) and their role in regulating tumor growth and metas-
tasis remains to be determined. However, MGATS5 products on
adhesion receptors may create steric hindrance that destabilizes
agonist-dependent clusters in the plane of the membrane.

Fig.6 Suppression of membrane ruffling, actin fitament turnover and PKB
phosphoprotein in PyMT Mgat5™ tumor cells. a—f, Cells were plated on
glass cover slips coated with fibronectin, fixed and stained with the nuclear
stain Hoechst322, actin-specific rhodamine-phalloidin and FITC-conju-
gated antibody against paxillin, a and b, Paxillin (green) is present at the
ends of microfitaments (red) in focal adhesions of Mgat5*- (a) but not
Mgats™ (b) fibroblasts. ¢, PyMT Mgat5*- tumors on fibronectin treated with
100 nM wortmannin for 18 h. d, PyMT Mgat5~- tumor cell from a fast-
growing tumor (representative of 5 of 140 tumors) that escaped Mgat5™-
growth suppression. e and f, Embryonic fibroblasts. Mgat5*- cells spread
more extensively, therefore the nucleus in e is out of view to the left.
g, Actin microfifament decay in the presence of 0.5 uM latrunculin-A, deter-
mined by the fraction of cells staining with rhodamine-phalloidin. h, Mouse
tumors were homogenized and detergent extracts were separated by
SDS-PAGE and assessed by western blot analysis with antibodies against
phosphorylated MAP kinase (Thr202/Tyr204) and PKB and phosphorylated
PKB. Fast, fast-growing tumor. Below, The procedure was repeated with
primary embryonic fibroblasts growth-arrested in serum-free medium and
re-stimulated with serum for 5 and 10 min.
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Adhesion receptors are highly engaged and turnover is slow in
quiescent substratum-attached cells. Cell motility requires a de-
crease in the proportion of stable receptor complexes to allow
greater focal adhesion turnover. PyMT oncogenesis induces
Mgat5 gene expression and increases Mgat5 glycan products,
which in turn stimulate focal adhesion turnover and tumor cell
growth. Thus, Mgat5 glycan products seem to be potent down-
stream effectors of PyMT dependent oncogenesis. The role of
MAGTS products in normal physiological process is less appar-
ent, but our observations of the Mgat57 mouse indicate they
may regulate cell interactions affecting leukocyte migration, cell
interactions with basement membranes in kidney glomeruli, and
T-cell-receptor responses to antigens.

Our findings indicate that inhibitors of MGATS may be useful
in the treatment of cancer by targeting their dependency on
focal adhesion signaling for proliferation. Indeed, swainsonine,
a competitive inhibitor of Golgi f-mannosidase II, has anti-can-
cer activity in mice™*. This compound partially blocks Mgat5
products by diverting the biosynthesis pathway upstream of
Mgat5 enzyme. In a phase I clinical trial of cancer patients,
swainsonine treatment produced responses with mild side ef-
fects*. However, an MGATS inhibitor may provide a more-com-
plete and specific block of the MGATS products. Our study
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shows that suppression of Mgat5 activity is not toxic, and sheds
light on the molecular mechanism of tumor growth suppression,
as well as the possibilities of acquired resistance to Mgat5 inhibi-
tion in tumors.

Methods

Mutation of the Mgat5 gene. A genomic library from strain 129/sv mice
was screened with a Mgat5 cDNA probe. A 13.5-kb genomic clone contain-
ing the 205-nucleotide 5" untranslated region and 241 nucleotides span-
ning the first coding exon was used to construct the Mgat5 targeting
vector. The Mgat5 targeting vector was constructed with lacZ replacing the
coding region of the first exon. The targeting vector was linearized by di-
gestion with Notl and electroporated into R1 ES cells, and transfected cells
were selected in the presence of G418 and gancyclovir as described'. DNA
from drug-resistant colonies was digested with Pstl and screened for ho-
mologous recombination by Southern blot analysis using a 1.7-kb Pstl-Xbal
genomic fragment external to the targeting vector. Two Mgat5* ES cell
lines were aggregated with blastocysts from CD-1 mice and implanted into
pseudo-pregnant CD-1 females. The resultant chimeras were mated with
129/sv females. Heterozygous progeny were intercrossed to generate
Mgat5™ mice, and experiments were done on the 129/sv background. For
histology, mice were perfused with 10% phosphate-buffered formalin in
vivo and tissues were embedded in paraffin, sectioned, and stained with
hematoxylin and eosin. To detect B-galactosidase (lacZ) activity, tissues
were fixed in 0.2% glutaraldehyde for 30 min, washed in phosphate-
buffered saline, and incubated overnight in X-gal staining solution (1
mg/m!  4-chloro-5-bromo-3-indolyl-B-galactoside (X-gal), 4 mM
K,Fe(CN)s*3H,0, 4 mM K;Fe(CN);, 2 mM MgCl,, 0.01% deoxycholate and
0.02% Nonidet P-40 in 0.1 M sodium phosphate, pH 7.3). After being
stained, samples were further fixed in 10% phosphate-buffered formalin.

Tumor growth and metastasis in PyMT-transgenic mice. Transgenic
mice expressed the PyMT oncogene under the control of the mouse mam-
mary tumor virus long terminal repeat®. Male PyMT Mgat5* mice on a
129sv x FVB-129/sv background were crossed with 129sv Mgat5*" female
mice littermates lacking the PyMT gene. The progeny were genotyped-by
PCR, and examined by palpation for tumors on a weekly basis. Once tumors
were detected, they were measured with callipers weekly. Mice were killed
when their tumor burden reached about 50% of their body weight, and
Jungs were resected and surface metastatic foci were counted with a dissec-
tion microscope. Immunohistochemisty was done using a 1:1,000 dilution
of biotinylated antibody against proliferating cell nuclear antigen
(Novocastra, Newcastle, UK) and developed using strepavidin detection
system (Signet, Dedham, Massachusetts). Apoptosis was assessed using
DNA end-labeling and immunohistochemical detection.

L-PHA lectin, western blot analysis and Mgat5 assay. Tumors from the
mice were homogenized in 10 volumes of RIPA buffer; 50 mM Tris-HCl,
pH7.5, 150 mM NaCl, 1% Triton-X100, 1% deoxycholate, 0.1% SDs, 100
pM orthovanadate, 1 mM PMSF and protease inhibitor ‘cocktail’
(Boehringer). Cell lysates were prepared in the same buffer. Detergent ex-
tracts were clarified by centrifugation, and proteins were separated by
SDS-PAGE, transferred electrophoretically to PVDF membrane and assessed
by western blot analysis using 1:500 dilutions of antibodies against phos-
phorylated MAP kinase (Thr202/Tyr204), PKB and phosphorylated PKB
(NEB). For lectin blots, membranes were probed with 0.5 pg/ml L-PHA, fol-
lowed by incubation with a rabbit antibody against L-PHA (1:1,000 dilu-
tion) and with HRP-conjugated donkey antibody against rabbit
(Amersham). Mgat5 enzyme activity in tissue homogenates was deter-
mined as transfer of *H-GIcNAc from UDP-6-*H-GlcNAc (Amersham) to the
synthetic acceptor GIcNACB1-2Manf1 -6Glcp1-octyl per mg of lysate pro-
tein, as described’.

Focal adhesion and actin microfilament turnover. PyMT mammary tumor
cells and fibroblasts from embryos at embryonic day 13.5 were extracted
from tissues samples with trypsin and cultured for 2 weeks in alpha-modified
Eagle medium plus 10% FCS. Cells were plated overnight on glass slides
coated with 1 pg/ml fibronectin in serum-free alpha-modified Eagle
medium. The cells were then fixed in 3.7% paraformaldehyde, washed with
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0.2% Nonidet P-40 in phosphate-buffered saline and stained with rho-
damine—phalloidin, 1:50 dilution of antibodies against paxitlin (Transduction
Laboratories, Lexington, Kentucky), and Hoechst 33258 stain according to
the manufacturer’s instructions. Fluorescence images of the cells were ob-
tained using a deconvolution microscope and digital capture of data.
Latrunculin-A, an actin monomer-binding drug that renders the monomers
incompetent for filament formation, was added to cells at a concentration of
0.5 uM, and the percentage of cells with actin microfilaments was deter-
mined by staining with rhodamine-phalloidin.
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Glucose and Insulin tolerance tests

Glucose tolerance tests were performed in awake mice after a 12-h fast’. Insulin tolerance
tests were performed in awake mice after a 6-h fast’.

Whole-body, skeletal muscle and liver glucose flux in vivo
Hyperinsulinaemic—euglycaemic clamp studies with uptake of [*C]2-deoxyglucose into
individual tissues were performed as described® in awake female mice at 6 months of age.
Insulin was infused continuously for 120 min at 2.5 mU per kg (body weight) per min.
Basal and insulin-stimulated rates of glucose turnover were measured with continuous
{3-*H]glucose infusion.

Phosphoinositide-3-0H kinase activity

Mice were fasted for 16-18h, injected i.v. with saline or insulin (10 U per kg (body
weight)) and killed 3 min after injection. Tissues were collected and frozen. PI(3)K activity
was measured in phosphotyrosine immunoprecipitates (monoclonal antibody PY99,
Santa Cruz Biotechnology, Santa Cruz, CA) from muscle and liver lysates as described®.

Tissue triglyceride content

Triglyceride content in quadriceps muscle and liver was determined as described®.

Adipocyte TNF-o mRNA and serum TNF-o levels

RNA was extracted from WAT and BAT using Trizol (GibcoBRL) and the expression of
TNE-o mRNA relative to GAPDH mRNA or 18 ribosomal RNA was determined by real-
time PCR (TagMan, PE Systems). Serum TNF-ot levels were determined in serum samples
(50 ul) using the mouse TNF-o ELISA (Endogen). Both mRNA and serum levels were
assessed in age- and sex-matched male and female mice at 12-13 and 26 weeks of age.

Statistical analysis

Data are expressed as mean = s.e.m. Differences between two groups were assessed using
the unpaired two-tailed #-test and among more than two groups by analysis of variance
(ANOVA). Data involving more than two repeated measures (glucose and insulin
tolerance tests) were assessed by repeated measures ANOVA. Analyses were performed
using Statview Software (BrainPower, Calabasas, CA).
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T-cell activation requires clustering of a threshold number of T-
cell receptors (TCRs) at the site of antigen presentation, a number
that is reduced by CD28 co-receptor recruitment of signalling
proteins to TCRs'~*. Here we demonstrate that a deficiency in $1,6
N-acetylglucosaminyltransferase V (Mgat5), an enzyme in the
N-glycosylation pathway, lowers T-cell activation thresholds by
directly enhancing TCR clustering. Mgat5-deficient mice showed
kidney autoimmune disease, enhanced delayed-type hypersen-
sitivity, and increased susceptibility to experimental autoimmune
encephalomyelitis. Recruitment of TCRs to agonist-coated beads,
TCR signalling, actin microfilament re-organization, and agonist-
induced proliferation were all enhanced in Mgat5™ =T cells. Mgat5
initiates GIcNAc B1,6 branching on N-glycans, thereby increasing
N-acetyllactosamine®, the ligand for galectins’®, which are pro-
teins known to modulate T-cell proliferation and apoptosis™"’.
Indeed, galectin-3 was associated with the TCR complex at the
cell surface, an interaction dependent on Mgat5. Pre-treatment
of wild-type T cells with lactose to compete for galectin binding
produced a phenocopy of Mgat5™ "~ TCR clustering. These data
indicate that a galectin—glycoprotein lattice strengthened by
Mgat5-modified glycans restricts TCR recruitment to the site of
antigen presentation. Dysregulation of Mgat5 in humans may
increase susceptibility to autoimmune diseases, such as multiple
sclerosis.

Specific glycan structures regulate lymphocyte adhesion, re-
circulation and maturation, as demonstrated by the GDP-fucose
deficiency in LADII patients'!, and immune defects associated with
C2 N-acetylglucosamine (GIcNAc)-T(L)" or ST3Gal-I (ref. 13)
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mutant mice. Depletion of the Mgat5-modified glycans by swain-
sonine, an inhibitor of a-mannosidase II, potentiates antigen-
dependent T-cell proliferation'. Mgat5 catalyses the addition of
B1,6-GIcNAc to N-glycan intermediates found on newly synthe-
sized glycoproteins that transit the medial Golgi"® (Fig. 1a). The
glycans are elongated in trans-Golgi to produce tri (2,2,6) and tetra
(2,4,2,6) antennary N-glycans, which are extended with N-acetyl-
lactosamine (Gal-B1,4-GlcNAc) and polymeric forms of N-
acetyllactosamine®. To further explore the function of Mgat5 in
T-cell immunity, we examined Mgat5-deficient mice for evidence of
immune dysfunction. Mgat5™'™ mice are born healthy, and lack
Mgat5 N-glycan products in all tissues examined'’. At 3 months of
age, peripheral white blood cells, erythrocyte and serum levels of
immunoglobulin (Ig)M and IgG were comparable in Mgat5™",
Mgat5*~ and Mgat5™"* mice (data not shown). The CD4 and CD8
reactive T-cell populations in the spleen and thymus were also in the
normal range (Fig. 1b, c). At 12-20 months of age, an increased
incidence of leukocyte colonies in kidney and enlarged spleens was
observed in Mgat5" mice. Furthermore, 32% of the Mgat5™ = (60ut
of 19 mice) had macroscopic haematuria, mononuclear infiltrates
and extensive accumulation of fibrin within Bowman’s space,
characteristic of proliferative glomerulonephritis (Fig. 1d). This
form of renal injury is often observed in autoimmune-mediated
glomerulonephritis. Milder renal defects were observed in 68% of
the Mgat5~'~ mice but not in the Mgat5*'~ or Mgat5*'* mice.

a
N-glycan biosynthesls A
)
T
Mm/ \Tl f f GalT
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swW Mgat5

c d

To examine T-cell responses in the mice, we induced a type IV
delayed-type hypersensitivity (DTH) reaction, and measured tissue
swelling. The protein-reactive hapten oxazolone was applied
topically to the backs of the mice, then again 4 d later to the right
ear. Ear swelling in Mgat5'"* mice peaked 24 h after application, and
swelling was completely gone by day 5. Ear swelling in Mgat5™ "~ mice
attained a higher maximum between 48 and 72 h, and persisted for a
longer time (Fig. le). To study T-cell-dependent autoimmunity
in vivo', we induced experimental autoimmune encephalomyelitis
(EAE) by immunizing mice with myelin basic protein (MBP) at
three doses (25, 100 and 500 g per mouse). At the lowest dose of
MBBP, the incidence of EAE was significantly greater in Mgat5-
deficient mice. Furthermore, 25 and 100 pg doses of MBP produced
more severe EAE in Mgat5" mice compared with wild-type
littermates, characterized by an earlier onset, greater motor weak-
ness and more days with disease (Table 1). Myelin injections of
500 pg induced disease in all mice with greater peak scores and no
significant differences in disease incidence or severity between
genotypes. These results indicate that mice lacking Mgat5-modified
glycans are more susceptible to DTH and EAE autoimmune disease.

In vitro, splenic T cells from Magt5™ "~ mice hyperproliferated in
response to anti-TCRa/B antibody (Fig. 2a). To examine this
hypersensitivity in more detail, purified ex vivo T cells were cultured
at Jow density and stimulated with increasing concentrations of
soluble anti-CD3e antibody in the presence or absence of anti-CD28

b +/-
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} Binding
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0.2%
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CcD8

Cell number

oo gt o2 !
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Figure 1 Immune phenotype in Mgat5™" mice. a, The Golgi A-glycan biosynthesis
pathway shows Mgat5 (TV) in the production of a tetra (2,4,2,6) antennary (numbers refer
to the linkages of the antennae from left to right). OT, ofigosaccharyltransferase; Gl, Gll,
the a-glucosidases; T, TIl, TV, TV, T(i), the B-A-acetylglycosaminyltransferases; M,
a1,3/6mannosidases Mil, M, the a1,2mannosidases; Gal-T, B1,4-galactosyltrans-
ferases; ST, a-sialyltransferases; and SW, swainsonine block. The boxed structure Gal-
B1,4-GlcNAc-B1,6(Gal-B1,4-GlcNAc-B1,2)Mana binds L-PHA. The galectin-binding
disaccharide N-acetyllactosamine (Gal-B1,4-GlcNAc) is present in all antennae, and units
are marked with red brackets in polylactosamine. b, Distribution of CD4* and CD8* cells
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in spleen and thymus by FACS analysis using FITC- or phycoerythrin-conjugated
antibodies (Pharmingen) reactive to CD3e, CD4 and CD8. ¢, TCR complex staining of
spleen cells by FITC-anti-CD3e antibodies and FACS analysis. d, Light microscopy of
kidney showing cresentic glomerulonephritis with a large crescent (CR} of mononuclear
cells and fibrin obliterating the Bowman's space (BS) in Mgat5~ " mice. e, DTH
inflammatory response in Mgat5™ "~ (circles) and Mgat5*™* (squares) mice exposed to
oxazolone (see Methods). The results are plotted as mean change + standard error in ear
thickness refative to the vehicle-treated left ear for seven Mgat5”~ and six Mgat5*"*
control littermates. P< 0.01 with a student £-test comparing the genotypes at 2-5d.
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Table 1 Clinical observations of experimental autoimmune
encephalomyelitis

Groups (dose) Incidence  Peak score  Onset {days) Dayswith  Deaths

of EAE disease

Mgat5*™* (25 pg) 3/11 045x024 240+39 7.0+39 0
Mgat5™ (25 pg) 9/11* 182039t 198=33t 11.5x3.01 1
Mgat5”’ (100 ng) 10/10 1.6 = 0.22 26,0 x2.2 185%22 0
Mgats™- (100pg)  10/10 21+034t 17629t 23.3*35t 1
Mgat5™ (500ug) 12112 3.0+ 043 89+12 27.9+40 3
Mgat5™ (500ug)  12/12  2.83x0.38 93+095 27229 2

Disease severity was scored on a scale of 0-5 with: 0, no ifiness; 1, limp tall; 2, limp tail and hindlimb
weakness; 3, hindimb paralysis; 4, forelimb weakness/paralysis and hindlimb paralysis; and 5,
moribundity or death. Means * standard error of incidence, peak score and days with disease were
calculated using the total number of mice injected per dose as the denominator. The mean +
standard error for day of onsst was determined by only using those mice that developed diseases.
*Contingency test, P < 0.001.

+Mann-Whitney U-test comparing genotypes for significant differences at P <0.05.

antibody (Fig. 2b). Both the Mgat5 deficiency and CD28 engage-
ment reduced the requirements for TCR agonist as indicated by Dsg
values, and were additive when combined (Fig. 2¢). Furthermore,
the apparent Hill coefficient (1), a measure of synchrony in the
responding cell population, was increased by both the Mgat5
deficiency and by CD28 engagement. Therefore, the stimulatory
effects of the Mgat5 mutation and CD28 co-receptor engagement
were additive and similar in potency.

Alterations in cell-surface TCR complex levels and intracellular
signalling potential of T cells were examined and discounted as
possible causes of the Mgat5'~ hypersensitivity. The Mgat5
deficiency did not significantly alter cell-surface expression of
CD3, CD4, CD8, TCRa/B, CD28 or CTLA-4 glycoproteins in
resting T cells (Fig. 1b, ¢; and data not shown). Intracellular
signalling potential in Mgat5™ = T cells is normal, as treatment
with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA) and the Ca®* ionophore ionomycin stimulated T cells equally
well from mice of both genotypes (Fig. 2d).

We next examined the relationship between cell-surface Mgat5-
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modified glycans and T-cell activation. Leukoagglutinin (L-PHA) is
atetravalent plant lectin and is a commonly used T cell mitogen that
binds specifically to Mgat5-modified glycans. Mgat5~ =T cells
were completely unresponsive to L-PHA, confirming that Mgat5-
modified glycans are required for stimulation by this lectin (Fig. 2e).
L-PHA reactive N-glycans are also present on B cells, but L-PHA is
not a B cell mitogen. Furthermore, B-cell responses to anti-IgM
antibody, lipopolysaccharide and interleukin (IL)-4 plus anti-CD40
antibody were similar for cells from Mgat5™ *~ and Mgat5'"* mice
(Fig. 2f; and data not shown). In T cells, L-PHA induces signalling
common to TCR engagement, including phosphorylation of CD3{,
Ca®*" mobilization, PKC-y and Ras/mitogen-activated protein
kinase (Mapk) activation'®'’. The TCRa/B chains have seven N-
glycans in total, and some are branched, complex-type structures
with L-PHA reactivity’®?'. These data indicate that Mgat5-modified
glycans are present on glycoproteins of the TCR complex and are
required for L-PHA mitogenesis.

When bound to major histocompatibility complex (MHC)/pep-
tide, TCRs cluster with an inherent affinity greater than unligated
TCRs, and the stability of these clusters is critical for intracellular
signalling®. However, the density of TCRs measured at the site of
T cell-APC (antigen-presenting cell) contact is only marginally
increased relative to the remaining cell surface, leaving most of
the TCRs unengaged by MHC/peptide®. It is possible that ligand-
induced TCR clustering in the plane of the membrane may be
increased in the absence of Mgat5-modified glycans, thus lowering
Mgat5™ # T_cell activation thresholds. Therefore, to visualize TCR
re-organization in response to an antigen-presenting surface, we
coated polystyrene beads with anti-CD3e antibody and incubated
them with purified ex vivo T cells. After 10 min of contact, TCRs in
Mgat5"cells were markedly more concentrated at the bead surface
compared with Mgat5™*cells (Fig. 3a, b). TCRs on wild-type cells
could not be induced to cluster to the same extent as Mgat5 '~ cells,
even with longer incubations (20min) or using anti-CD3e plus
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Figure 2 Mgat5™ T cells are hypersensitive to TCR agonists. a, Spleen cells were
cultured with anti TCRa/g antibodies for 48 h. Filled circles, Mgat5™ . open squares,
Mgat5**. b, Purified T cells from spleen were stimulated for 48 h with anti-CO3e antibody
in the absence (open circles and squares) or presence (filled squares and circles) of anti-
CD28 antibody. Mgat5™"~ and Mgat5* '+ cells are indicated by circles and squares,
respectively. ¢, The Hill slope () of the sigmodal curve is calculated using
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anti-igM antibodies (ug mi-1)

Y = x™/(k™ + x™).d, Stimufation of splenic T cells with TPA plus ionomycin for 48 h.
@, Stimulation of splenic T cells from Mgat5™ (iilled circles) and Mgat5* "+ topen squares)
mice with L-PHA. ; Stimulation of splenic B cells from Mgat5™" (filled circles) and
Mgat5*"* (open squares) mice with anti-IgM antibody for 48 h. The means + standard
deviation of triplicate determinations are used.

738




%’ﬂ -

Iétters to nature
|

anti-CD28-coated beads (data not shown). Actin microfilaments
were more concentrated at the bead contact site in Mgat5™ cells,
and overlapped more extensively with TCRs in the merged images
compared with Mgat5"" T cells (Fig. 3a, b). TCRs are internalized
after productive TCR clustering’, and this was significantly greater
in Mgat5"" compared with Mgat5*"" cells (Fig. 3c, solid lines).
Intracellular signalling mediated by TPA treatment induces TCR
internalization but at similar rates in Mgat5”~ and Mgat5'* cells
(Fig. 3c, dotted lines). Microfilament reorganization was more
rapid in Mgat5-deficient T cells after soluble anti-CD3e antibody
stimulation (Fig. 3d). Akt/protein kinase B (PKB) phosphoryla-
tion is dependent on phosphoinositide 3-OH kinase activity,
which stimulates Rac/CDC42 GTPases and actin filament re-

organization”. Phosphorylated Akt/PKB showed a greater fold
increase in Mgat5”~ compared with Mgat5™" T cells (Fig. 3d).
Mobilization of intracellular Ca®* after stimulation with soluble
anti-CD3e antibody was enhanced in the absence of Mgat5-mod-
ified glycans (Fig. 3e). Tyrosine phosphorylation of multiple pro-
teins was increased and persisted longer in Mgat5™~ T cells exposed
to anti-CD3e antibody coated beads. (Fig. 3e). Immunoprecipita-
tion of Zap-70 revealed increased phosphorylation in Mgat5™ cells
1-5 min after stimulation. Zap-70 kinase binds to dual phosphory-
lated immunoreceptor tyrosine-based activation motif domains of
CD3¢, and association of the latter with Zap70 was increased in
Mgat5™~ compared with Mgat5™" T cells (Fig. 3g). Thus, the Mgat5
deficiency enhanced ligand-dependent TCR aggregation, and

WB: pY (CD3Y) -

100 200
Time (s)
Figure 3 TCR clustering, actin re-organization and signalling in T cells from Mgat5~ *and
Mgat5*** mice. a, TCR and actin microfilament distribution in T cells stimutated by anti-
CD3e-coated beads. b, Merged images of Mgat5™ and Mgat5*"* cells. Clustering was
observed in 5 of 6 and 0 of 6 randomly photographed cells, respectively. ¢, TCR
internalization by FACS analysis using FITC-anti-TCRa/@ antibodies to measure cell-
surface TCRs after addition of anti-CD3e antibody. Changes in MFI with time are shown.
T cells from Mgat5™ (flled circles and squares) or Mgat5*"* (open squares and asterisks)
mice were treated with anti-CD3e antibody (filled circles (Mgat5™ ) and open squares
(Mgat5™); or with TPA illed squares (Mgat5™) and asterisks (Mgat5™*)). Similar
results were obtained when the stimulation and detection roles of anti-TCRa/B and anti-
CD3 were reversed. d, Actin polymer content in T cells from MgarF" filled circles), or
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Mgat5*"* (open squares) mice after stimulation with anti-CD3e antibody, measured by
FACS. Westem blot for phospho-AKt/PKB in T-cell lysates after addition of anti-CDe
antibody is shown (top). The values below are fold increase in PKB-P normalized to PKB
protein. e, Ca2* mobilization in purified T cells from Mgat5™ (filled circles), and Mgat5*'*
{open squares) mice stimulated with anti-CD3e antibody. f, Western blot with anti-
phosphotyrosine antibody detecting phosphorylated proteins in T-cell lysates after
incubation with anti-CD3e antibody-coated beads. A longer exposure was used to show
bands (arrowheads at left) migrating as p95 and p36 shown below. Arrows at the right
indicate the positions of molecular mass markers. g, immunoprecipitation of Zap-70 and
western blotting for phosphotyrosine (pY) to detect Zap-70 and CD3¢ (values below are
CD3¢ ratio P23/P21).
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consequently, signal transduction and microfilament re-organiza-
tion.

The larger size of Mgat5-modified glycans may limit the geometry
and spacing of TCR clusters in the plane of the membrane®.
Alternatively, Mgat5-modified glycans may bind cell-surface galec-
tins, which restrict TCR mobility and thereby antigen-induced TCR
clustering. The galectins are a widely expressed family of mamma-
lian lectins defined as N-acetyllactosamine-binding proteins. The
poly N-acetyllactosamine sequences preferentially added to Mgat5-
modified glycans® enhance the affinity for galectin binding (Fig. 1a).
Galectins bind to lactosamine and lactose with dissociation con-
stants in the 10~ M range™, an affinity comparable to MHC/
peptide-induced oligomerization of TCRs in solution™. Therefore,
the avidity of a multivalent galectin—-Mgat5 glycoprotein lattice at
the cell surface may be sufficient to restrict TCR clustering. To probe
for the presence of galectin—glycoprotein interactions, wild-type ex
vivo T cells were preincubated with various disaccharides for 20 min
before a 10 min stimulation with anti-CD3e antibody-coated beads.
Preincubation with lactose increased TCR clustering at the bead
interface and reduced TCR density elsewhere on the cells (Fig. 4c),
which is similar to the behaviour of untreated Mgat5™™ T cells
(Fig. 3a, b). TCR clustering was not altered by preincubation with
the control disaccharide sucrose (Fig. 4b). Lactosamine and lactose
both enhanced protein phosphorylation induced by anti-CD3e
antibody-coated beads, but sucrose and maltose had no effect

Control

Sucrose
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(Fig. 4d; and data not shown). Lactose did not enhance signalling
in Mgat5™ =T cells (data not shown).

Galectin-3 was detected on the surface of naive T cells by labelling
with sulphosuccinimidobiotin, capture with streptavidin beads and
western blotting with anti-galectin-3 antibodies (Fig. 4¢). Chemical
crosslinking of the cell surface to stabilize complexes followed by
western blotting of galectin-3 immunoprecipitates showed that
galectin-3 is associated with TCR complex proteins. This interac-
tion was disrupted by either Mgat5 deficiency or incubating wild-
type T cells with 2mM lactose (Fig. 4e). Taken together, the data
demonstrate that a multivalent cell-surface galectin—glycoprotein
lattice limits TCR clustering in response to agonist, the avidity of
which is dependent on Mgat5-modified glycans (Fig. 4f). The full
complement of glycoproteins and lectins present in the T-cell lattice
remains unknown, but at a minimum includes galectin-3 and the
TCR complex. Exogenously added galectin-1 binds CD2, CD3,
CD4, CD7, CD43 and CD45, and these proteins may also participate
in the lattice”®. Indeed, exogenous galectin-1 modulates T-cell
activation in vitro®”®, antagonizes TCR signalling?®, and when
injected into mice it suppresses the pathology of EAE”.

The gene replacement vector used to produce our Mgat5-defi-
cient mice contained the reporter gene LacZ, replacing the first
exon, which was expressed with the same tissue specificity as Mgat5
transcript'®, Both the LacZ expression and cell-surface Mgat5-
modified gly