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Background: GnT-Vb(IX) branches the a-mannose to the O-Manf(1,2)-GlcNac in brain.

Results: GnT-Vb does not synthesize N-linked structures in vivo. GnT-V, however, can compensate for GnT-Vb activity in vivo.
Conclusion: GnT-Vb is predominantly involved in synthesizing branched O-mannosyl glycans in mouse brain.

Significance: It is shown for the first time in vivo that Gn'T-Vb and -V have different activity in the synthesis of N- and O-linked

glycans.

The severe phenotypic effects of altered glycosylation in the
congenital muscular dystrophies, including Walker-Warburg
syndrome, muscle-eye-brain disease, Fukuyama congenital
muscular dystrophy, and congenital muscular dystrophy 1D, are
caused by mutations resulting in altered glycans linked to pro-
teins through O-linked mannose. A glycosyltransferase that
branches O-Man, N-acetylglucosaminyltransferase Vb (GnT-
Vb), is highly expressed in neural tissues. To understand the
expression and function of GnT-Vb, we studied its expression
during neuromorphogenesis and generated GnT-Vb null mice.
A paralog of GnT-Vb, N-acetylglucosaminyltransferase (GnT-
V), is expressed in many tissues and brain, synthesizing N-linked,
B1,6-branched glycans, but its ability to synthesize O-mannosyl-
branched glycans is unknown; conversely, although GnT-Vb can
synthesize N-linked glycans in vitro, its contribution to their syn-
thesis in vivo is unknown. Our results showed that deleting both
GnT-Vand GnT-Vb results in the total loss of both N-linked and
O-Man-linked f1,6-branched glycans. GnT-V null brains
lacked N-linked, 31,6-glycans but had normal levels of O-Man
B1,6-branched structures, showing that GnT-Vb could not
compensate for the loss of GnT-V. By contrast, GnT-Vb null
brains contained normal levels of N-linked 31,6-glycans but low
levels of some O-Man f1,6-branched glycans. Therefore,
GnT-V could partially compensate for GnT-Vb activity in vivo.
We found no apparent change in a-dystroglycan binding of gly-
can-specific antibody IIH6C4 or binding to laminin in GnT-Vb
null mice. These results demonstrate that GnT-V is involved in
synthesizing branched O-mannosyl glycans in brain, but the
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function of these branched O-mannosyl structures is unresolved
using mice that lack these glycosyltransferases.

Correct O-mannosyl glycosylation of proteins is critical for
the structure and function of both muscle and brain tissues.
Genetic disorders that affect O-mannosyl glycosylation lead to
forms of congenital muscular dystrophies that are character-
ized by muscular dystrophy, type II lissencephaly, and eye
abnormalities (1-8). Studies have demonstrated that disrup-
tion of the activity of several key enzymes in the O-mannosyl
glycosylation pathway likely mediates their pathological effects
through altered glycosylation of a-dystroglycan (9-11). Rela-
tively little is known, however, about the effects that can be
observed when the enzymes that further modify these glycan
structures are disrupted; moreover, reports of additional glyco-
proteins that display O-mannosyl glycosylation are very limited
despite evidence of an abundance of O-mannosyl glycans in
brain (12-15). Converging evidence has demonstrated the
severe phenotypic effects of altered glycosylation in congenital
muscular dystrophies (CMD).> Walker-Warburg syndrome,
muscle-eye-brain disease, Fukuyama congenital muscular dys-
trophy, and congenital muscular dystrophy 1D (MDC1D) are
caused by mutations in genes that encode known or putative
glycosyltransferases or glycan-modifying enzymes (16-26).
The disrupted genes underlying these diseases appear to
encode proteins that contribute to the O-mannosyl glycosyla-
tion pathway.

O-Linked mannosyl glycans have in common an a-linked
Man attached to serine or threonine. The CMD-causing genes,
protein O-mannosyltransferase 1 and 2 (POMT1 and 2) (27,
28), and protein O-mannose N-acetylglucosaminyltransferase

3 The abbreviations used are: CMD, congenital muscular dystrophy; GnT-V,
N-acetylglucosaminyltransferase V; GnT-Vb, N-acetylglucosaminyltrans-
ferase Vb; RPTP{, protein receptor tyrosine phosphatase {; PNGase F,
N-glycosidase F.
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SCHEME 1. Depiction of products of GnT-Vb and GnT-V after typical elon-
gation by additional glycosyltransferases. The GIcNAc residue transferred
by each enzyme is highlighted in red.

1 (POMGnT1) (25, 29), are known to be involved in the synthe-
sis of O-linked mannosyl glycans, whereas the LARGE is
involved in the modification of O-mannosyl glycans (26, 30).
POMT1 and -2 function together to transfer mannose to Ser or
Thr residues forming an a-linkage. POMGnT1 is involved in
transferring the B1,2-linked N-acetylglucosamine (GIcNAc) to
O-linked mannose (O-Man) (Scheme 1).

A common feature of all these genetic deficiencies is the
aberrant or hypo-glycosylation of a-dystroglycan (9-11), a cell
surface glycoprotein that binds the transmembrane -dystro-
glycan (31-34). a-Dystroglycan binds with high affinity to sev-
eral extracellular matrix components, laminin, agrin, and neur-
exin (32, 35-38), and it is heavily glycosylated with O-linked
mannosyl glycans (39-43). Mutations in POMT1, POMT2,
POMGNT1, and LARGE lead to altered glycosylation of a-dys-
troglycan with abolished laminin binding activity and are
believed to be a major underlying mechanism of muscular dys-
trophy and type II lissencephaly (10, 44 —46). In addition, there
is now evidence that glycoproteins other than «-dystroglycan
express O-mannosyl glycans, because a mouse model that lacks
a-dystroglycan expression shows little alteration in the expres-
sion pattern of glycans containing O-Man (47).

Some O-mannosyl glycans in vertebrate brain are clearly
modified and extended from the O-Manf(1,2)-GlcNAc disac-
charide; however, the function of these structures and the
enzymes that synthesize them are unclear. A recent study iden-
tified a unique, extended O-Man glycan located in the non-
mucin domain of a-dystroglycan that is essential for binding
to laminin (30). Recent work has shown that the glycosyl-
transferase N-acetylglucosaminyltransferase Vb (GnT-Vb,
also referred to as GnT-IX) branches the a-mannose in the
O-linked trisaccharide, O-Manf(1,2)GlcNAc, with a 81,6-
linked GIcNAc (Scheme 1) (48-52). GnT-Vb is therefore
responsible for the branching of at least some O-mannosyl
linked glycans, and these branched structures are clearly found
in significant amounts in rabbit brain. Our work has shown that
in two cell types GnT-Vb overexpression decreased adhesion to
and increased motility on laminin (48, 51, 53). Moreover, in a
neuroblastoma cell line, these effects were mediated through
the protein receptor tyrosine phosphatase ¢ (RPTP{, also
known as RPTP), a novel substrate glycoprotein for O-man-
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nosyl glycosylation (48). In addition, we determined that the
monoclonal antibody Cat-315 detects the O-mannosyl glycan
on RPTP{ synthesized by GnT-Vb.

In this study, we explored the expression and function of
GnT-Vb in the nervous system to investigate the role it plays
during neural development, and our initial results showed that
GnT-Vb is specifically and highly expressed in both developing
and adult nervous systems. To determine whether its deletion
produces phenotypes similar to those seen after the deletion of
other enzymes that function in the O-mannosyl glycosylation
pathway, and to assess further its function, we generated an
animal in which GnT-Vb was genetically ablated. In the brains
of these animals, we document a dramatic reduction in 1,6-
branched O-mannosyl structures using newly developed linear
ion-trap mass spectrometry methods for analysis of released,
permethylated glycans. The enzyme, GnT-V, is known to syn-
thesize N-linked glycans by transferring GIcNAc in B1,6-link-
age to Man (Scheme 1), but its ability to branch O-mannosyl
glycans in vivo is not known. We also show that in the absence
of GnT-Vb, GnT-V can synthesize low levels of some branched
O-mannosyl glycans. In the absence of GnT-V, however,
GnT-Vb does not branch N-linked glycans.

EXPERIMENTAL PROCEDURES

General Methods and Buffers—Restriction enzyme digests,
DNA ligations, PCR, Southern blotting, Northern blotting, and
other recombinant DNA procedures were performed using
standard protocols. All DNA constructs were verified by DNA
sequencing, which was performed by Integrated Biotech Labs,
University of Georgia.

RNA Extraction and RT-PCR Analysis—Total RNA was iso-
lated from the brain tissues of GnT-V(+/+)Vb(+/+), GnT-V(—/
+)Vb(—/+), GnT-V(—/—)Vb(+/+), GnT-V(+/+)Vb(—/—), and
GnT-V(—/—)Vb(—/—) mice using a TRIzol reagent (Invitro-
gen) followed by treatment with RNase-free DNase (Promega).
Semiquantitative real time one-step reverse transcription (RT)-
PCR was performed using the Superscript III first-strand syn-
thesis system (Invitrogen). The Platinum Blue PCR SuperMix
(Invitrogen) was employed to amplify a 319-bp GnT-Vb cDNA
region containing exon 6 and 7 with primers JKL103
(5"-CCTCTGACCCCTGCTACGCCTTCTTTG-3') and JKL33
(5'-TTGCTTCTGGTCCCTCCGAATGTCCCC-3'). GnT-V
expression was also analyzed with primer JKL51 and JKL24.
The PCR products were analyzed by agarose gel electrophore-
sis. Primer sequences used for genotyping and RT-PCR
are JKL33 (5'-TTGCTTCTGGTCCCTCCGAATGTCCCC-3")
,JKLI1 (5'-GAATCCAGTACAGGGAACTTGCTTGG-3'),JKL92
(5"-ATGTGTGCGAGGCCAGAGGCCACTTGT-3'), JKL93
(5"-CTGGGGACCCAATCAGCCCTGAATCAC-3"), JKL97
(5'-GACTGCATGATGTCGGTGCATGAAGAG-3'), and JKL103
(5"-CCTCTGACCCCTGCTACGCCTTCTTTG-3').

L-PHA Blotting—Brain tissue samples from adult mice were
homogenized in extraction buffer (50 mm MES, pH 7.4, 150 mm
NaCl, 1% Triton X-100) using a Dounce homogenizer. A pro-
tein inhibitor mixture complete Mini (Roche Diagnostics) was
added. The concentration of proteins in the homogenate was
established by the BCA method. 50 ug of proteins were added
to each lane of 7.5% gels (SDS-PAGE). Proteins were blotted to

JOURNAL OF BIOLOGICAL CHEMISTRY 28527



Developmental Expression and in Vivo Products of GnT-Vb (IX)

a PVDF-membrane in a tank blotter. The membranes were
blocked in TBS, 0.1% Tween 20 containing 5% dry milk and
incubated overnight at 4 °C. The membranes were probed with
0.5 mg/ml L-PHA (Vector Laboratories), followed by incuba-
tion with a rabbit antibody against L-PHA (1:1,000 dilution)
and with HRP-conjugated goat antibody against rabbit IgG
(Santa Cruz Biotechnology).

Mouse Brain and Sample Preparation—All mice were used at
an average of 8 weeks old, and these mice were killed by CO,
asphyxiation and rapid decapitation. The brain was removed
and isolated on ice. All brains for this study were immediately
frozen at —80 °C until glycomic analysis. The frozen whole
brains were homogenized and delipidated by extraction twice
for 3 h at room temperature on the rocker with a mixture of
chloroform/methanol/water (4:8:3, v/v/v) as described (54, 55).
The emulsion was centrifuged at 2,800 X g for 15 min at 4 °C to
remove the supernatant. The pellets were resuspended in the
solvent of acetone/water (10:1, v/v) mixture and incubated on
ice for 15 min to wash the pellets twice. The protein pellets were
collected by centrifugation and dried on the heating module at
45 °C with the mild nitrogen stream (Reacti-Therm™, Pierce).
The dried protein powder was weighed and stored at —20 °C
until analyzed.

Preparation of N-Linked Glycans—3 mg of the mouse brain
protein powder was resuspended in 200 ul of 40 mm ammo-
nium bicarbonate (NH,HCO,) by sonication and boiled at
100 °C for 5 min. After cooling to room temperature, 25 ul of
trypsin (2 mg/ml in 40 mm NH,HCO,, Sigma) and chymotryp-
sin (2 mg/ml in 40 mm NH,HCO,, Sigma), respectively, was
added. The samples were denatured with 250 ul of 2 M urea in
40 mMm NH,HCO, and incubated overnight (18 h) at 37 °C.
After digestion, the peptide samples were centrifuged, and 10
ul of supernatant was collected for protein assay. The peptide
amounts were measured by means of a micro-BCA (bicin-
choninic acid) protein assay kit (Pierce). The samples were
boiled at 100 °C for 5 min and acidified by 500 ul of 10% acetic
acid (AcOH) to deactivate proteases. The samples were loaded
onto the equilibrated C,4 extraction column (BakerBond™,
Mallinckrodt Baker), washed three times with 1 ml of 5%
AcOH, and eluted stepwise by 1 ml of 20% isopropyl alcohol in
5% AcOH, 40% isopropyl alcohol in 5% AcOH, and 100% iso-
propyl alcohol, respectively. The resulting glycopeptides were
dried down in a SpeedVac, resuspended in 48 ul of 1 X reaction
buffer of N-glycosidase F (PNGase F) and 2 ul of PNGase F
(Glyko®, Prozyme), and then allowed to incubate for 18 h at
37 °C. Following PNGase F digestion, released oligosaccharides
were separated by the C, 4 extraction column. The mixture was
reconstituted to 5% AcOH and loaded onto the equilibrated C, 4
extraction column. The N-linked oligosaccharides were eluted
three times with 1 ml of 5% AcOH and collected as purified
N-linked glycans and dried down in a SpeedVac for permethyl-
ation processes.

Preparation of O-Linked Glycans—O-Linked oligosaccha-
rides were released by reductive B-elimination and were puri-
fied by cation exchange resin as follows. 3 mg of delipidated
brain powder was weighted and transferred into a clean glass
tube. 500 wl of 50 mMm sodium hydroxide (NaOH) and 500 ul of
alkaline borohydride solution (a mixture of 2 M sodium boro-
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hydride (NaBH,, Sigma) in 50 mm NaOH) were added in a sam-
ple tube. The mixture was incubated for 16 h at 45 °C on the
heating block, and the reaction was stopped by addition of 10%
AcOH with vortexing. The acidified mixture was loaded on an
equilibrated cation exchange resin cartridge (AG-50W-X8,
Bio-Rad) with 5% AcOH. O-Linked glycans were eluted with 6
ml of 5% AcOH and dried down in a SpeedVac. The sample was
resuspended in 1 ml of a methanol/glacial acetic acid (9:1, v/v)
solution and dried on the heating module at 45 °C with the mild
nitrogen stream to remove borates for permethylation. This
step was repeated twice.

Permethylation of Glycans—To facilitate analysis of oligosac-
charides by mass spectrometry (MS), the released oligosaccha-
ride mixtures were permethylated as described previously (56).
Briefly, glycans were suspended in 200 ul of anhydrous
dimethyl sulfoxide (DMSO) and 250 pl of the fresh dehydrated
NaOH/DMSO reagent (mixture of 50 mg of NaOH in 2 ml of
anhydrous DMSO). After sonication and vortexing in nitrogen
gases, 100 ul of iodomethane (CH;I, Sigma) was added, and the
mixtures were vortexed vigorously for 5 min. 2 ml of distilled
water was added, and the excess iodomethane was removed by
bubbling with a nitrogen stream, and 2 ml of dichloromethane
(CH,CIl,, Sigma) was added. After vigorous mixing and phase
separation by centrifugation, the upper aqueous layer was
removed and discarded. The nonpolar organic phase was then
extracted four times with distilled water. Dichloromethane was
evaporated on the heating module at 45 °C with the mild nitro-
gen stream. The permethylated glycans were dissolved in
adjusted volumes (15-30 ul) of 100% methanol from the results
of protein assays for mass spectrometric analysis.

Mass Spectrometric Analysis—For mass spectrometry analy-
sis with five different genotypes of mouse brains performed in
duplicate, permethylated glycans were dissolved in a total of 50
ul of sample with 15 ul of sample in 100% methanol plus 35 ul
of 1 mM NaOH in 50% methanol and infused directly into a
linear ion trap mass spectrometer (LTQ XL, Thermo Fisher
Scientific Inc.) using a nanospray ion source with a fused-silica
emitter (360 X 75 X 30 wum, SilicaTip™, New Objective) at a
2.0-kV capillary voltage, 200 °C capillary temperature, and a
syringe flow rate of 0.4 wl/min. Full ion trap mass spectrometry
spectra in positive ion and profile mode were collected at 400 —
2000 m/z for 30 s with 5 microscans and a 150 maximum injec-
tion time (ms). The centroid MS/MS spectra following colli-
sion-induced dissociation were obtained from 400 to 2000 m1/z
at 34 and 28% normalized collision energy for N- and O-linked
glycans respectively, 0.25 activation Q, and 30.0-ms activation
time by total ion mapping. Parent mass step size and isolation
width were set at 2.0 m/z and 2.8 m/z, respectively, for auto-
mated MS/MS spectra with total ion mapping scans. MS?
experiments in the LTQ XL were manually carried out in pro-
file mode with the same instrumental parameters as described
above for tetraantennary N-linked glycan structure. Glycan
precursor ions were isolated for MS® using an isolation width of
2.5 m/z.

In Situ Hybridization—Frozen brains sectioned coronally or
tangentially (15-20 wm thick) were thaw-mounted onto gela-
tin-coated slides and postfixed in 0.1 M sodium phosphate-buft-
ered 4% paraformaldehyde, pH 7.4. Sections were rinsed in PBS
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and 2X SSC and acetylated with 0.5% acetic anhydride in 0.1 M
triethanolamine, pH 8.0. Sections were rinsed in 2X SSC and
PBS, dehydrated in ethanols, and delipidated in chloroform.
Sections were prehybridized in 2X SSC and 50% formamide at
55 °C for 1 h. Sections were then hybridized in 0.75 M NaCl, 50%
formamide, 1X Denhardt’s solution, 10% dextran sulfate, 30
mM dithiothreitol (DTT), 10 mm Tris-HCl, pH 7.5, 1 mM EDTA,
100 wg/ml salmon sperm DNA, 0.5 mg/ml yeast tRNA, and
1.5 X 10° cpm probe per slide for 12—15 h at 55 °C. **P-Labeled
probes were synthesized using an SP6/T7 transcription kit
(Hoffmann-La Roche). After hybridization, the sections were
washed in 2X SSC, 50% formamide, and 0.1% B-mercaptoeth-
anol at 55 °C for 1 h and treated with 20 wg/ml RNase A in 0.5 M
NaCl and 10 mm Tris-HCI, pH 8.0, at 37 °C for 30 min. The
sections were then washed in 2X SSC, 50% formamide, and
0.1% B-mercaptoethanol at 60 °C for 30 min and in 0.1X SSC
and 0.1% B-mercaptoethanol at 65 °C for 30 min and dehy-
drated. The slides were exposed to film (Kodak BioMax MR
Film) for 2-3 days.

Western Blot Analysis—Brain tissue samples were homoge-
nized in 10 volumes of 25 mm Tris-HCI, pH 7.4, containing
protease inhibitor mixture (Complete, EDTA-free, Roche
Diagnostics). Aliquots were equilibrated at a final total protein
concentration of 1-2 mg/ml in 40 mm Tris-HCI, 40 mm sodium
acetate, pH 8.0, containing 5 mm EDTA and treated with 0.25
units/ml of protease-free chondroitinase ABC (Seikagaku,
Tokyo, Japan) for 8 h at 37 °C as indicated. Chondroitinase
activity was stopped by boiling the samples in the presence of
SDS-PAGE gel-loading buffer. Samples (10 ug of total protein)
were electrophoresed on reducing 6% SDS-polyacrylamide gels
and analyzed by Western blotting. For semiquantitative analy-
sis, immunoblots were developed by chemiluminescence, and
the integrated optical density Cat-315 reactive bands were ana-
lyzed using the gel analysis package in Image J. Optical density
ratios (normalized to brevican expression) were then normal-
ized to expression relative to wild type samples and analyzed by
Student’s ¢ tests.

Laminin Overlay Assay—Laminin overlay assays were con-
ducted as described by Liu et al. (46). Briefly, to enrich for
a-dystroglycan, tissue homogenates were incubated with wheat
germ agglutinin-agarose (Ey Laboratories, San Mateo, CA) for
4 h. The samples were then centrifuged and extensively washed,
and the protein was eluted with SDS-PAGE loading buffer.
Samples were then separated by SDS-PAGE and blotted onto
nitrocellulose. IIH6C4 reactivity was detected using our stan-
dard Western blotting protocol. For laminin-overlay studies,
membranes were incubated with 1.25 pg/ml laminin-1 (Invit-
rogen) in TBST with 1 mm CaCl, and 1 mm MgCl, overnight at
4 °C. Subsequently, the membranes were washed extensively in
the same buffer, and bound laminin was detected by standard
Western blotting protocols.

Nissl Staining and Stereology—Serial 40- um frontal sections
(20 sections/mouse) spanning the barrel cortex region were
subjected to Nissl staining. Sections from animals were
matched using histological landmarks (beginning of the corpus
callosum), and every 10th section was imaged and analyzed.
Stereological analysis was carried out essentially as described
(54).
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RESULTS

Expression of GnT-Vb Transcripts in Mouse Embryos—Initial
quantitative RT-PCR studies showed high levels of GnT-Vb
expression in brain and testis, with little or no expression in
other human adult tissues. By contrast, GnT-V expression in
human adult tissues is relatively ubiquitous, including expres-
sion in the nervous system. To initially survey the function of
GnT-Vb during development, we first performed in situ
hybridizations. GnT-Vb is expressed very early in nervous sys-
tem development (E7.5, data not shown) and continues to be
present with relative specificity in the nervous system through-
out adulthood (Fig. 1). Images of in situ hybridizations are
shown at different stages of embryonic development from E9 to
adult. Early in neural development, GnT-Vb is expressed
throughout the growing neuroepithelia. At later stages of devel-
opment, coincident with neurogenesis, however, GnT-Vb
becomes somewhat more restricted in its pattern of expression.
Detailed analysis of the developing forebrain shows the expres-
sion of GnT-Vb is relatively absent from the ventricular zone
but is particularly highly expressed in the subventricular zone
into the intermediate zone. In the postnatal brain, GnT-Vb is
broadly expressed, but it is highly enriched in certain areas,
nuclei and pathways. GnT-Vb is particularly highly expressed
in the hippocampus, superficial layers of the cortex, the stria-
tum, nucleus accumbens, a subset of nuclei in the thalamus,
inferior colliculus, pontine nucleus in the brain stem, and the
rostral migratory stream into the olfactory bulb. GnT-V, by
contrast, is also highly expressed in the nervous system, but its
expression is not restricted to neural tissues. GnT-V expression
in the brain is generally broader and less spatially restricted; for
example, it is expressed throughout the cerebral cortex and in
the hippocampus. Overall, our data show that GnT-Vb expres-
sion is associated with some, but certainly not all, zones of
active cell migration in the embryonic forebrain. High levels of
GnT-Vb expression are maintained in the mouse nervous sys-
tem in a distinct, regionally restricted manner.

Generation of GnT-Vb Null Mice—To dissect further the
function of GnT-Vb, we generated a conditional null mouse
using standard cre-lox technology (supplemental Fig. 1). The
GnT-Vb conditional mice were crossed to transgenic mouse of
ubiquitously expressing Cre and resulted in GnT-Vb null
mouse. Crossing GnT-Vb null mice into the GnT-V null back-
ground yielded a mouse that was null for both GnT-V and GnT-
Vb. When transcripts of GnT-Vb, GnT-V, and control genes
were examined in adult brains of animals from these back-
grounds (Fig. 2), the transcript expression results for each
mouse showed the expected patterns. Lack of expression of
either GnT-V or GnT-Vb did not appear to affect the transcript
expression of its paralog. Measurements of GnT-V activity
using a synthetic trisaccharide acceptor agreed with the tran-
script results (data not shown).

Binding of L-PHA to Brain Glycoproteins—The lectin, L-phy-
tohemagglutinin (L-PHA), shows binding specificity for the
N-linked B1,6-glycan product of GnT-V that terminates with a
B1,4-galactose (Scheme 1). Therefore, it was of interest to
determine how deletion of GnT-Vb or GnT-V affected the
binding of L-PHA to endogenous brain glycans. Fig. 3 shows
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FIGURE 1. GnT-Vb is specifically and highly expressed in the developing and adult nervous system. In situ hybridization analyses were conducted on
embryos and adult brains to determine the timing and localization of GnT-Vb mRNA. GnT-Vb expression was first detected at embryonic day (E) 7.5 (data not
shown), but at all time points it was found almost exclusively within the nervous system. Expression was detected specifically in the nervous system of embryos
atE9 (A),E11 (B),and E13 (C). At E15 the expression of GnT-Vb message is shown (D) and the same section was then Nissl-stained (E) to demonstrate the specific
localization of GnT-Vb mRNA in neural tissue. F-H, brains from an E15 mouse was removed and sliced horizontally to investigate the spatial distribution of
GnT-Vb in the brain. GnT-Vb mRNA (F) and fluorescent Nissl stain (G) of the same section were overlaid (H) to show that GnT-Vb is highly expressed in the
subventricular zone (SVZ) and intermediate zone (/2) and more sparsely in the marginal zone and cortical plate (MZ/CP). It is largely absent from the ventricular
zone (VZ). Adult brains were sectioned parasagittally to investigate the spatial distribution of GnT-Vb (/and J) and GnT-V (K). GnT-Vb is highly expressed in the
inferior colliculus (/C), nuclei in the thalamus (Thal), the rostral migratory stream (RMS), the dentate gyrus (DG), CA fields of the hippocampus (CA), the striatum and
superficial layers of the cortex (/and J). In contrast GnT-V is more broadly expressed throughout the brain although it is largely absent from the striatum (K).

DNAs| V (+i+) V (-i+) V() V (+/+) V()
T voe) T v BT wbere) T viber) KT by T
Primers for
GnT-V 119 bps
GnT-Vb 319 bps
G6PDH 142 bps

FIGURE 2. RT-PCR analysis of different genotypes of GnT-V and GnT-Vb K/O mice. Total RNA was isolated from the brain tissues of GnT-V(+/+)Vb(+/+),
GNnT-V(—/+)Vb(—/+), GnT-V(—/=) Vb(+/+), GnT-V(+/+)Vb(—/-), and GnT-V(—/—)Vb(—/—) mice. Semi-quantitative, real time, one-step reverse transcrip-
tion (RT)-PCR was performed to amplify a 319-bp GnT-Vb cDNA region containing exons 6 and 7 as described under “Experimental Procedures.” GnT-V
expression was analyzed as described and showed a 119-bp PCR product. —RT, no reverse transcriptase reaction. G6PDH (glutaraldehyde-6-phosphate
dehydrogenase) PCRs were used as control.

that deletion of GnT-V results in a significant reduction in
biotinylated L-PHA binding to Western blots of mouse brain
glycoproteins following SDS-PAGE. By contrast, deletion of
GnT-Vb had little, if any, effect on L-PHA binding. These
results demonstrate that GnT-V, and not -Vb, synthesizes gly-
cans that are bound by L-PHA.

Relative Expression of N-Linked and O-Linked Glycans—The
use of NSI-LTQ-MS,, analysis of permethylated glycans allows
the identification of glycan structures using fragment ion iden-
tification. To determine how deletion of GnT-Vb and GnT-V,
separately and together, affected glycan expression, we utilized
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a recently developed methodology of glycoprotein extraction
from adult mouse brain, N-glycan and O-glycan release, fol-
lowed by permethylation and glycan mass spectrometric anal-
ysis (47). The results from the NSI-LTQ-MS/MS analysis of
O-linked trisaccharides to heptasaccharides from GnT-V(+/
+)Vb(+/+), GnT-V(—/+)Vb(—/+), GnT-V(—/—)Vb(+/+),
GnT-V(+/+)Vb(—/—), and GnT-V(—/—)Vb(—/+) mouse
brain tissues are shown in supplemental Fig. 2, A—F and are
summarized in Table 1. The permethylated O-linked trisaccha-
ride O-Man-(GlcNAc),-Gal, m/z 779.415, cannot be readily
distinguished from the O-linked trisaccharide O-GalNAc-
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[GIcNAc]-Gal; as expected, a species with this m1/z is present in
brain tissue from five mouse genotypes. The species with an
m/z of 983.515, corresponding to an O-Man tetrasaccharide
with two GlcNAc residues and one Gal residue, is present in
wild type, heterozygote, and GnT-V null mice, but it is com-
pletely absent (<<5%, compared with homozygous wild type)
from GnT-Vb null and double null brains. This result is con-
sistent with the hypothesis that GnT-Vb encodes the enzymatic
activity that transfers the second GlcNAc residue onto the
O-Man-GlcNAc disaccharide; as seen in Table 1, a species in
which Gal is present on one of the GIcNAc residues to make a
tetrasaccharide is identified. (All O-linked structures observed
are shown in supplemental Table 1.) A similar absence of struc-
tures was observed in the GnT-Vb null and double null brains
for the structures corresponding to this tetrasaccharide with a

V(#+) V(4) V()

V(++) V()

Vb(-/-)

Vb(+/+) Vb(-/+) Vb(+/+) Vb(-/-)

KDa
250

150

100

75

FIGURE 3. L-PHA-reactive glycoproteins of brain tissue homogenates.
Brain tissue samples from adult mice were homogenized in extraction buffer.
The proteins were subjected to SDS-PAGE and were blotted to a PVDF mem-
brane. The blot was probed with L-PHA followed by incubation with rabbit
1gG against L-PHA and HRP-conjugated goat anti-rabbit IgG.

TABLE 1

single Fuc residue attached, m1/z 1157.604, and a pentasaccha-
ride with two Gal attached, m/z 1187.615. Interestingly, struc-
tures corresponding to the next three higher m/z values were
observed in the GnTV(+/+)Vb(—/—) brains, with relative
amounts ranging from <10 to <60% compared with wild type,
but these structures were all absent in the double null brains.
The heptasaccharide product (Table 1, number 8) with two
sialic acids could be detected by analysis of fragmented ions, but
it was too low to allow relative quantification. The trisaccharide
was efficiently galactosylated and then was observed with either
one sialic acid or fucose. In the absence of GnT-V and GnT-Vb,
however, all these O-mannosylated products were not
observed. Taken together, these results are consistent with the
conclusion that in the absence of GnT-Vb, GnT-V can transfer
very low levels of GIcNAc to the O-Man-GlcNAc disaccharide
and synthesize branched O-Man structures, which can then be
extended by other glycosyltransferases.

Next, signature m/z ions corresponding to various tet-
raantennary N-linked glycans were examined to obtain
information on the relative abundance of structures that
require the activity of GnT-V for synthesis. The supplemen-
tal Fig. 3, A—C shows representative spectra obtained from
permethylated PNGase F-released glycans from mouse
brains prepared from mice with the five genotypes men-
tioned above, and Table 2 summarizes the results from these
data on N-linked glycan expression. Four signature ions were
identified as being diagnostic for tetraantennary glycans that
would require the activity of GnT-V or GnT-Vb, and the
results show that in the absence of GnT-V, none of the four
tetraantennary signature ions could be detected (Table 2).
(All N-linked structures observed are shown in supplemental
Table 2.) In the absence of GnT-Vb, by contrast, all these
tetraantennary structures were observed. These results are
consistent with the conclusion that when GnT-V is not
expressed, GnT-Vb cannot compensate for the lack of
GnT-V activity and synthesize N-linked glycans.

Specific O-linked oligosaccharides identified by MS/MS mass spectrometry in brain tissues of various genotypes

The relative amounts compared with wild type were calculated as follows: x, <0.05.

miz (mono)  V(+/+)Vb(+/+) V(~/+)Vb(-/+) V(~I-)Vb(+/+) V(+/+Vb(-/-) V(~/-)Vb(-I-)
No. O-linked oligosaccharide composition Structure
[M+Na]’ SC sC sC SC sC
1 (Hex)1(HexNAc)! or (HexNAc)1(Hex)1 :.or:p 779.415 1.000 0.630 0.650" 0.440° 0.370°
2 (Hex)1(HexNAc)2(Hex)! 0} 983515 1.000 0.720 0.750 X X
3 (Hex)1(Deoxyhexose)(HexNAc)2(Hex)1 °5’ 1157.604 1.000 0.937 0.940 X X
4 (Hex)2(HexNAc)2(Hex)t 8} 1187.615 1.000 1222 1370 X X
5 (NeuAc)1(Hex)1(HexNAc)2(Hex)1 ”} 1344.689 1.000 0.700 0.700 0.222 X
6  (Hex)2(Deoxyhexose)1(HexNAc)2(Hex)1 35' 1361.704 1.000 0.740 0.759 0.111 X
7 (NeuAc)!(Hex)2(HexNAC)2(Hex)1 ’g:. 1548.789 1.000 1.000 0.895 0.578 X
8  (NeuAc)2(Hex)2(HexNAc)2(Hex)1 i 1909.962 1.000° ~1.000° ~1.000° ~0.70° X
~ " Data are not unique.

© The signals were too low for accurate relative quantification. sc means charged. Red triangle indicates Fuc; green circle indicates Man; yellow circle indicates Gal; blue
square indicates GIcNAc; yellow square indicates GalNAc, and red diamond indicates NeuAc.
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TABLE 2

Specific N-linked oligosaccharides identified by MS/MS mass spectrometry in brain tissue of various genotypes
O indicates observed; X indicates below level of detection (<0.05 relative to wild type); dc indicates doubly charged; tc indicates triply charged; (), denotes triply charged

species.

m/z (mono),

No. N-Linked oligosaccharide composition [M + Na]*

V(+/+)
Vb(+/+), dc(tc) Vb(—/+),dc(tc) Vb(+/+),dc(tc) Vb(—/—), dc(tc) Vb(—/—), dc(tc)

V(=/+) V(=/-) V(+/+) V(=/-)

(Gal),(GlcNAc);(Man),(GlcNAc),(Fuc),
(NeuAc),(Gal),(GlcNAc),,(Man),(GlcNAc),(Fuc); 4226.099
(NeuAc),(Gal),(GlcNAc),(Man),(GlcNAc), 4413.183
(NeuAc),(Gal),(GlcNAc),(Man),(GleNAc),(Fuc), 4587.273

2775405 O

(©)
(©)
©)

B W N

(€] X O X

(0) (X) (©) X)
(0) (X) (©) X)
©) X) ©) X

>250 kDa
>250kD2 guy gy wm = o= 3F8

>250kD2 gy 4t o #» w H300
s Bcan

50 kDa

-
. ]

Relative Cat-315 reactivity
o
0

o

Wit KO

FIGURE 4. Western blot analysis reveals that genetic disruption of GnT-Vb reduces the expression of the Cat-315 epitope on RPTP{. A, postnatal day 0
(P0) brains were analyzed by Western blot analysis with known antibodies against RPTP{, including 3F8, H300, and Cat-315. H300 detects the RPTP{ protein
core, whereas 3F8 and Cat-315 detect specific carbohydrate epitopes on RPTP{ at this age. Brevican (Bcan) was detected to control for protein loading.
B, semiquantitative analysis of Cat-315 reactivity from wild types (Wt) and knock-outs (KO). The Cat-315 reactivity relative to brevican has been analyzed as
described under “Experimental Procedures.” The combined group of single or double knock-outs were used for KO because they did not differ from each other.

n = 4 for wild types and 6 for knock-outs (2 of each genotype).

Expression of Cat-315 in GnT-Vb Knock-outs and GnT-Vb
and -V Double Knock-outs—Our previous work demon-
strated that the monoclonal antibody Cat-315 detects a car-
bohydrate epitope on RPTP( early in development (48). Cat-
315-reactive punctae pre-patterned the surface of neurons
prior to synaptogenesis and seemed to define nonsynaptic or
perisynaptic sites on the surfaces of the cells. Several pieces
of circumstantial evidence led us to postulate that Cat-315
detects an O-mannosyl-linked glycan on RPTP{ that is pos-
itive for the HNK-1 epitope, including results which showed
that overexpression of GnT-Vb dramatically increased Cat-
315 reactivity with RPTP{ after immunoblotting. Therefore,
in this study, we hypothesized that elimination of GnT-Vb
would specifically reduce Cat-315 reactivity, reflecting
altered glycosylation of RPTP{. To test this hypothesis, we
performed immunoblot analysis of extracts from brains of
GnT-Vb,GnT-V,and GnT-Vb and -V double knock-out ani-
mals. For these studies, whole brains from wild type and
knock-out animals were analyzed for reactivities with a set of
known anti-RPTP{ antibodies. These experiments showed
that when RPTP{ was analyzed in GnT-Vb knock-out brains,
the Cat-315-reactive O-mannosyl glycans on RPTP{ are sig-
nificantly reduced; however, they are not completely elimi-
nated (Fig. 4). We next investigated the source of the remain-
ing Cat-315 reactivity on RPTP{ in the GnT-Vb null brains.
We envisioned two possible explanations. First, the remain-
ing reactivity could be due to compensation by GnT-V,
which could elaborate some O-mannosyl glycans in the
absence of GnT-Vb. Second, it is possible that the Cat-315-
reactive glycan could be present to some extent on both the
B1,2- and 1,6-branches of the elaborated O-mannosyl gly-
can. To distinguish between these two possibilities, we
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examined the reduction in Cat-315 reactivity in GnT-V/
GnT-Vb double knock-outs. Interestingly, we found no obvi-
ous further reduction in Cat-315 reactivity. These data indi-
cate that GnT-V is not contributing to synthesis of the Cat-
315 epitope in the absence of GnT-Vb. The Cat-315 epitope
on O-mannosyl glycans is likely present on the -1,2 branch,
at least when the B-1,6 branch is absent.

Analysis of a-Dystroglycan Glycosylation and Laminin Bind-
ing in Wild Type and GnT-Vb and -V Double Knock-outs—DPre-
vious work showed that in animal models in which O-mannosyl
glycosylation is altered, such as POMGnT1 knock-out animals,
that staining of «-dystroglycan with glycan-specific antibody
ITH6C4 is lost as is the ability of a-dystroglycan to bind laminin
(46). To test if a similar alteration were found in the GnT-V and
-Vb double knock-out, we performed Western blot analysis
with the IIH6C4 antibody and laminin overly assays (Fig. 5).
These studies showed that there is no alteration in the reactivity
of a-dystroglycan with IIH6C4 or any change in its affinity for
laminin. Therefore, it is likely that glycosylation of a-dystrogly-
can is not functionally altered in the GnT-V and -Vb double
knock-outs.

Neural Development and Function Are Not Obviously Per-
turbed in GnT-Vb and -V Double Knock-outs—We next exam-
ined if there were any morphological differences between the
brains of knock-out animals. Surprisingly, we found no quanti-
fiable anatomic changes in the brains of GnT-Vb and -V and
double knock-out mice compared with wild type controls.
Nissl-stained coronal sections from representative wild type,
heterozygote, and knock-out animals showed that there were
no reproducible, obvious differences in brain morphology, cell
number, or lamination (Fig. 6).
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DISCUSSION

Expression of GnT-Vb Transcripts in Mouse Embryos—Our
in situ hybridization analyses showed that early in development
GnT-Vb is expressed relatively specifically and highly in the
neuroepithelia. This is an area of active cell proliferation, dif-
ferentiation, and motility in the embryonic brain and suggestive
that GnT-Vb may play a role in one or more of these processes.
A recent study has also demonstrated that the brain-specific
expression of GnT-Vb (IX) can be epigenetically regulated and
that two regulatory proteins, NeuroD1 and CTCEF, activate the
promoter of this enzyme (57). This seminal study documented
for the first time that the expression of a glycosyltransferase is
epigenetically regulated, underscoring the complex and precise
regulation of GnT-Vb expression.

Work from several laboratories has confirmed that brain
abnormalities in some congenital muscular dystrophies are

IIH6C4

Laminin
' Overlay

150-

FIGURE 5. Analysis of a-dystroglycan glycosylation and laminin overlay
assay. Western blot and overlay analysis indicates that double deletion of
GnT-V and GnT-Vb does not alter the reactivity of a-dystroglycan to the
116C4 carbohydrate-specific epitope or its ability to bind laminin. Wheat
germ agglutinin-enriched samples from wild type (+/+, +/+) or GnT-V and
-Vb double knock-out (—/—, —/—) brains were analyzed by Western blot and
laminin overlay assays. Each two mice brain tissues were applied. The [IH6C4
antibody detects a specific carbohydrate epitope that is lost from a-dystro-
glycan in many forms of CMDs and animal models in which O-mannosylation
is disrupted. Itis, however, unaffected by the absence of GnT-Vb and -Va. The
ability of a-dystroglycan to bind laminin seems similarly unaffected.

often the result of disruption of the normal developmental
process of migration due to aberrant O-mannosyl glycosyl-
ation. In particular, the hypoglycosylation of «-dystroglycan
leads to fragility of the pial basement membrane and over-mi-
gration of developing neurons past this normally limiting mem-
brane (11,58 —69). The timing and localization of GnT-Vb raise
the possibility that it could also contribute to these disorders.
Consistent with this hypothesis, we demonstrated previously
that overexpression of GnT-Vb in a neuroblastoma cell line
decreased adhesion to and increased motility on laminin (51).
However, this study found no obvious changes in the migration
or positioning of neurons in either GnT-Vb null or GnT-V/
GnT-Vb double null brains. These data suggest that these
enzymes are dispensable for normal neuronal migration and
brain development and that these enzymes likely do not con-
tribute to the pathogenesis of CMDs.

In Vivo Function of GnT-Vb in Synthesis of B1,6-Branched
Brain Glycans—The discovery of a paralog of GnT-V immedi-
ately suggested that it could be involved in the synthesis of
O-mannosylated 81,6-branched glycans whose presence had
been documented in vertebrate brain. Although ubiquitous in
yeast, fungi, and other nonvertebrates, until only the last 10
years have the contributions of O-Man-containing glycans in
vertebrate tissues been investigated. Structural studies have
shown that O-Man-containing glycans constitute 30% of
O-linked glycans in rabbit brain, and the results from our labo-
ratories using mouse brain confirm this proportion. In both
rabbit and mouse brain, a substantial fraction of the O-manno-
sylated glycans contain a GIcNAc-31,6-Man. Taken together
with the results of this study, which demonstrates that GnT-Vb
is likely responsible for nearly all of the brain O-linked £1,6-
branched mannose, it is clear that GnT-Vb in vivo modifies

FIGURE 6. Nissl-stained brain sections from GnT-Vb and -V double knock-outs show no obvious malformations or changes in cell number or architec-
ture. Thin (3 um) sections from wild type (Wt) and GnT-Vb and -V double knock-outs were analyzed histologically and using stereological cell counts to
determine whether loss of these two enzymes alters brain structure. We found no obvious changes in the morphology of the brain and therefore no changes
in the cell number or cellular organization of the brain. These data argue that GnT-Vb and GnT-V are relatively dispensable for normal brain development.
Modification of O-mannosyl glycans by these enzymes does not contribute any phenotypes similar to those found in CMDs.
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substantial amounts of the Man-81,2-GIcNAc glycans
throughout the brain. Evidence also suggests some of these
products of GnT-Vb are further extended with poly-N-
acetyllactosamine repeats, as well as the HNK-1 epitope.

Although GnT-V and GnT-Vb show 45% identity and 53%
similarity at the amino acid level, our data clearly illustrate that
GnT-Vb cannot serve the role of GnT-V in N-linked glycan
synthesis and that GnT-V can partially, but not completely,
serve the role of GnT-Vb in O-Man branching in vivo in the
absence of GnT-V activity. The structure/function relation-
ships of these two enzymes that underlie these findings are not
understood and are an avenue of future exploration.

A recent study used mass spectrometry to study O-Man gly-
cans in mice that were a-dystroglycan null. The conclusion
from these experiments was that there was little overall change
in the total amount of O-Man glycans when a-dystroglycan was
not expressed, suggesting that the majority of this class of gly-
cans is actually found expressed on glycoproteins other than
a-dystroglycan. Our previous in vitro experiments identified
RPTP{ as a potential target of the O-mannosylation pathway
(48). Here, we provide the first in vivo evidence that RPTP({ is
indeed a physiological substrate of the O-mannosylation path-
way. We show that Cat-315 reactivity detects the elaboration of
O-mannosyl glycans on RPTP{ and that this reactivity is
reduced in knock-out animals. The in vitro studies showed that
overexpressing GnT-Vb in neuroblastoma cells resulted in
altered association of RPTP{ on the cell surface, which inhib-
ited its phosphatase activity, resulting in destabilized E-cad-
herin and inhibition of cell-cell adhesion, measured by either
aggregation or migration assays (48). It will be interesting to
determine whether other members of the RPTP family express
O-Man glycans and if their functions are altered when specific
O-Man glycans are deleted or overexpressed.

Our results concerning expression of the Cat-315 epitope
showed in the GnT-Vb knock-outs or double knock-outs that
reactivity is reduced but not lost. This result suggests that the
B1,2-branch likely also expresses distal glycans that makes the
O-Man glycan reactive for Cat-315. In the absence of GnT-Vb
activity in the knock-out animals, it is clearly possible that the
more distal sugars, such as the HNK-1 epitope and poly-N-
acetyllactosamine, may then show increased expression on the
B1,2-GlcNAc. In this case, the functions of RPTP{ could be
maintained by this O-mannosyl branch, resulting in the lack of
altered function. Future experiments will test this hypothesis.

Focusing specifically on a-dystroglycan function, the unique
phosphorylated O-mannosyl glycan described by Yoshida-
Moriguchi et al. (30) that is expressed on a-dystroglycan is
essential for its binding to laminin. This glycan contains a Ser/
Thr-O-Man with a phosphate group on its 6'-OH, as well as a
GlcNAc-linked B1,2. The phosphate group is normally in a
diester linkage with a moiety that is the product of the LARGE
and whose chemical structure is, as yet, not fully elucidated.
Because GnT-Vb transfers GIcNAc to the 6-OH of this
O-linked Man, it is possible that GnT-Vb action can inhibit the
activity or activities that result in the transfer of the phos-
phodiester LARGE product, thereby perturbing, and possi-
bly regulating, the adhesion between «-dystroglycan and
laminin. Understanding the biosynthesis and regulation of
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the unique glycan on a-dystroglycan that is responsible for
this adhesion is clearly at the forefront of research on the
group of congenital muscular dystrophies that are caused by
altered glycan expression.

GnT-V knock-out mice have been reported to exhibit several
phenotypic differences in immune function and embryonic
fibroblast adhesion and migration behaviors, but there are no
reports of altered neural function in these animals, despite
extensive expression of GnT-V throughout the brain and neu-
ral tissues (70 -73). Glycan analysis demonstrated that GnT-Vb
is primarily responsible for adding the 81,6-branch to O-man-
nosyl glycans but that GnT-Vb and GnT-V have varying
degrees of overlapping or compensatory functions. However, in
the absence of both enzymes, the 1,6-branch is eliminated
from both O-mannosyl glycans and N-linked glycans, demon-
strating that these two enzymes together are responsible for the
synthesis of GIcNAc-B1,6-Man linkages. Unexpectedly, how-
ever, either elimination of almost all of the branched O-man-
nosyl glycans in the GnT-Vb knock-out or all branched struc-
tures in the double knock-out had no obvious effect on brain
morphology, cellular numbers, or architecture of the brain. The
specific functions of these GIcNAc-B1,6-Man-branched struc-
tures in neural tissue, therefore, remain elusive. Despite not
identifying an obvious neural phenotype in these animals,
future studies likely will identify neural abnormalities. Future
studies will therefore be aimed at determining if the ability to
recover from neural insults or damage is impaired in the knock-
out mice. Consistent with a role that altered glycosylation of
RPTP{ could play in such processes, studies have demonstrated
that RPTP{ knock-out animal have impaired recovery after
experimental autoimmune encephalitis (74). We cannot pres-
ently rule out the possibility that the GnT-Vb animals would be
similarly impaired after these types of insults.
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