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1. Introduction

Drosophila melanogaster (fruit fly) has been used as a model organism in modern biology. There are
many benefits of using Drosophila as model organism. As about 60-70% of the Drosophila genes share
homology with human genes, biological mechanism of Drosophila has a lot in common with that of human.
Many of these shared genes are associated with diseases, such as cancer and muscular dystrophy. Another
advantage of Drosophila is short life cycle. Crossing experiments can be performed easily, as generation
interval of Drosophila is only 10 days at 25 °C. Moreover, genetic knowledges and techniques of Drosophila
are fully accumulated, facilitating analyses using advanced genetic techniques, such as tissue-specific gene
knockdown and genetic mosaic technique. Additionally, mutants and RNAI lines that cover almost all of
Drosophila protein-coding genes are available from stock centers. Human disease model flies are also
available. Therefore, Drosophila is very useful and excellent model organism to study gene function and
human disease mechanism.

Drosophila neuromuscular junctions (NMJs) are widely used as a mammalian synapse model. There are
some benefits of analyzing Drosophila NMJs. As Drosophila larval NMJs are large and easy to observe,
histological and electrophysiological analyses are performed easily. For this reason, Drosophila NMJs are
used as a model of the mammalian neuromuscular synapse. Moreover, Drosophila larval NMJ synapse is
analogous to mammalian synapse in central nervous system (CNS) because both the synapses are
glutamatergic. Drosophila NMJ synapse uses glutamate receptors (GIuRs) corresponding to AMPA-type
GluRs in the mammalian CNS, although mammalian NMJ synapse is acetylcholinergic. Therefore,
Drosophila NMJs are also used as a model of the mammalian CNS synapse.

In Drosophila embryos and larvae, each abdominal segment is bilaterally symmetric, and 30 muscle cells
numbered respectively are regularly arranged in each hemisegment (Fig. 1). Those muscle cells are
innervated by motoneurons of which axons extend from the CNS. Axon terminal of each motoneuron forms
NMJ boutons on each muscle. In this study, we focused on NMJs formed on muscles 6 and 7. NMJs are
initially formed at the late stage of Drosophila embryogenesis (Prokop, 1999). During NMJ formation, RP3
motoneuron, which is a synaptic partner of the muscles 6 and 7, arrives at the ventral surface of the boundary
between the two muscles and goes through the cleft between them (Chiba et al., 1993; Fig. 2). Then, on the
dorsal surfaces of muscle 6/7, the branched axon terminal establishes synaptic contact with the two muscles
and forms NMJ boutons. Subsequently, basement membranes (BMs) are formed and surround the surfaces of
presynaptic bouton and postsynaptic muscle, except for the cleft between bouton and muscle. The BMs are
essential for providing a rigid connection between bouton and muscle (Koper et al., 2012). During larval
development, NMJs exhibit morphological change: NMJs dramatically enlarge, the number of boutons rises,
and subsynaptic reticulum (SSR; postsynaptic structure) grows.
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Fig. 1. Schematic diagram of Drosophila larval muscles and neuromuscular junctions.

(A) A Drosophila larva is shown. Dorsal midline of the larva is indicated in a red dotted-line.

(B) The structure of nervous system and body wall muscles after cutting on the dorsal midline are shown. Each
abdominal segment is bilaterally symmetric, and 30 muscle cells are positioned in each hemisegment. Motoneuron
axons extend from central nervous system to each segment.

(C) Magnified view of the area bordered by a rectangle in B is shown. Each muscle is humbered. Axon terminals
contact with each muscle. Muscles 6 and 7, which are indicated in red, were analyzed in this study.

(D) Axon terminals form neuromuscular junction boutons near the boundary between muscles 6 and 7.
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Fig. 2. Formation process of neuromuscular junctions on muscles 6 and 7 at the late stage of embryogenesis.
Cross sectional view of the muscle 6 (M6) and muscle 7 (M7) are indicated. At the late stage of embryogenesis, growth
cone of RP3 motoneuron reaches ventral surface of the boundary between two muscles. Then, the RP3 growth cone
passes through the muscle 6/7 cleft. Subsequently, it branches and forms neuromuscular junctions on the dorsal surface
of two muscles.
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The BM is a specialized extracellular matrix that is localized on the basal surface of epithelium and
surrounds other tissues, such as nerve fibers, fat, and muscles (Timpl, 1989; Yurchenco and Schittny, 1990).
Collagen 1V (Col 1V), perlecan, laminin, and nidogen (Ndg) are main BM components. There are three
sources of BM proteins in Drosophila. Some parts of the epithelium produce their original BM proteins
(Martin et al., 1999; Denef et al., 2008; Sorrosal et al., 2010). On the other hand, both fat body and
hemocytes (blood cells) also produce BM proteins that are secreted to the body fluid and accumulated on the
various tissue surfaces (Le Parco et al., 1986; Kusche-Gullberg et al., 1992; Yasothornsrikul et al., 1997,
Pastor-Pareja and Xu, 2011).

The major BM components are proteins modified by glycans (sugar chains). The glycan is compound
consisting of various monosaccharides connected in chain. It can modify proteins and lipids and have
pleiotropic physiological functions in vivo. Protein glycosylation, which is one of the posttranslational
modifications, is the reaction catalyzed by glycosyltransferases that add glycan to proteins. About 50% of the
proteins synthesized in animal cells are glycosylated. There are two types of protein glycosylation. One is
O-glycosylation, in which glycan is added to the serine (Ser) or threonine (Thr) residue of the core protein,
the other is N-glycosylation, in which glycan is added to the asparagine (Asn) residue in consensus sequence
(Asn-X-Ser/Thr) of the core protein.

Mucin-type O-glycosylation, one of the major types of O-glycosylation, is an evolutionarily conserved
protein modification in the animals (Yang et al., 2012; Paschinger and Wilson, 2015). In this glycosylation,
N-acetylgalactosamine (GalNAc) is initially added in an al-linkage to Ser or Thr residues of the protein by
polypeptide N-acetylgalactosaminyl-transferases (Fig. 3). This glycan structure is called Tn antigen
(GalNAcal-Ser/Thr). In mammals, eight distinct forms of mucin-type O-glycan have been identified
(Brockhausen, 1999). T antigen (core 1 structure; Galf1-3GalNAcal-Ser/Thr) is the most general structure
and is synthesized by core 1 PB1,3-galactosyltransferase 1 (C1GalT1) that adds galactose (Gal) in a
B1,3-linkage to GalNAc residues (Ju et al., 2002a, 2002b). In mammals, C1GalT1 cannot synthesize T
antigen without Cosmc, which is a molecular chaperone for C1GalTl (Ju and Cummings, 2002).
Additionally, sialylated forms of mucin-type O-glycan such as sialylated T antigen
(Siao2-3GalB1-3GalNAcal-Ser/Thr) have been also identified (Brockhausen, 1999; Guzman-Aranguez and
Argleso, 2010).

Loss of Cosmc suppresses the capability of C1GalT1 to produce T antigen and leads to Tn syndrome,
which shows hemolytic anemia and thrombopenia (Ju and Cummings, 2002, 2005; Narimatsu et al., 2008;
Wang et al., 2010). Phenotypic analysis of Clgaltl-knockout mice has revealed the functions of T antigen.
The knockout mice exhibited embryonic lethality, brain hemorrhage, and angiogenetic defect (Xia et al.,
2004; Xia and McEver, 2006). Tissue-specific knockout of Clgaltl caused various aberrations, such as
blood/lymphatic misconnections, spontaneous colitis, and thrombopenia (Fu et al., 2008; Fu et al., 2011;
Kudo et al., 2013). Therefore, in mammals, T antigen can function in various tissues during development.

The functions of sialylated forms of mucin-type O-glycans have been also analyzed. The minus-charged
sialic acids on podocalyxin, which is a mucin-type O-glycoprotein, provide this core protein for
anti-adhesive properties required for filtration slit formation in the glomerular epithelium of the kidneys
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(Takeda et al., 2000; Doyonnas et al., 2001). In the lymphatic endothelium, sialylated core 1 glycans on
podoplanin prevent this protein from degradation and were required for the interaction with platelets (Pan et
al., 2014). Moreover, sialylated core 1 glycans on oa-dystroglycan were essential for the acetylcholine
receptor (AChR) clustering in a mouse myoblast cell line (McDearmon et al., 2003). Therefore, sialylated

mucin-type O-glycans also play various roles in mammals.
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Fig. 3. Biosynthesis of mucin-type O-glycans in mammalian and Drosophila.

In  mammalian, polypeptide N-acetylgalactosaminyl-transferases (ppGalNAcTs) transfer N-acetylgalactosamine
(GaINACc) in an al-linkage to serine (Ser) or threonine (Thr) residues of core protein to synthesize Tn antigen
(GalNAcal-Ser/Thr). Core 1 PBl,3-galactosyltransferase 1 (C1GalT1) transfers galactose (Gal) in a B1,3-likage to
GalNAc residues to synthesize T antigen (core 1; GalB1-3GalNAcal-Ser/Thr). Then, sialic acid (Sia) is transferred in
an a2,3-linkage to Gal residues, and sialylated T antigen (Siaa2-3GalB1-3GalNAcal-Ser/Thr) is synthesized. Moreover,
core 2, core 3, and core 4 structures are also synthesized, and then those glycan structures are extended by the addition
of GIcNAc, Gal, and Sia. In addition, core 5-8 structures are also synthesized.

In Drosophila, Tn antigen and T antigen are synthesized by ppGalNAcTs and Drosophila C1GalT1l (dC1GalT1),
respectively. Unlike the mammalian, glucuronic acid (GIcA) is transferred in a p1,3-likage to Gal residues of T antigen,
and glucuronylated T antigen (GIcAB1-3Galf1-3GalNAcal-Ser/Thr) is synthesized. This glycan structure is considered
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to correspond to sialylated T antigen in mammalian.

In Drosophila, three main structures of mucin-type O-glycan, i.e., Tn antigen, T antigen, and
glucuronylated T antigen (GlcAB1-3GalP1-3GalNAcal-Ser/Thr), have been identified (Kramerov et al.,
1996; Aoki et al., 2008; Breloy et al., 2008; Fig. 3). Drosophila C1GalT1 ortholog (dC1GalT1) can
predominantly synthesize T antigen (Muller et al., 2005). Unlike the mammalian orthologs, a molecular
chaperone such as Cosmc was not required for the enzymatic activity of dC1GalT1. Despite presence of
sialylated T antigen in mammals, this glycan structure has never been identified in Drosophila (Schwientek
et al., 2007; Aoki et al., 2008). However, a minus-charged glucuronic acid (GIcA) can modify T antigen in
Drosophila. In previous reports, glucuronylated T antigen was found in other species, including C. elegans,
mosquito, and several Rana species (Florea et al., 1997; Coppin et al., 1999; Guérardel et al., 2001; Mourad
et al., 2001; Kurz et al., 2015). Three Drosophila p1,3-glucuronyltransferases (dGICATS), i.e., dGICAT-I,
dGIcAT-S, and dGICAT-P, have been identified. Previous reports revealed that both dGICAT-S and dGICAT-P
had enzymatic activity toward T antigen in vitro, but only dGICAT-P had that activity in S2 cells (Kim et al.,
2003; Breloy et al., 2016).

In previous studies, we demonstrated that in Drosophila, T antigen produced by dC1GalT1 was localized
in various tissues, such as CNS, embryonic hemocytes, and lymph glands (Yoshida et al., 2008; Fuwa et al.,
2015). dC1GalT1 mutant larvae exhibited various phenotypes, e.g., the abnormal extension of ventral nerve
cord (VNC), malformation of brain hemispheres, reduced number of embryonic hemocytes, and
hyper-differentiation of hematopoietic stem cells (Lin et al., 2008; Yoshida et al., 2008; Fuwa et al., 2015).
Thus, T antigen has plural functions in various Drosophila tissues. In addition, as is the case with dC1GalT1
mutants, the abnormal extension of VNC was also observed in dGICAT-P null mutant larvae (Pandey et al.,
2011), indicating the possibility that the absence of glucuronylated T antigen may cause this phenotype.
However, in contrast to the core 1 glycan, the physiological roles of glucuronylated core 1 glycan has not yet
been clarified.

In this study, to elucidate the physiological functions of glucuronylated core 1 glycans, we analyzed the
phenotypes of both dC1GalT1 and dGICAT-P mutants. Both the mutant larvae exhibited three phenotypes,
i.e., (1) a partial absence of BM components at the border between muscles 6 and 7, (2) ectopic positioning
of NMJ boutons at the border between two muscles, and (3) reduced number of NMJ branches. We found a
genetic interaction between dC1GalT1 and dGIcAT-P. Furthermore, ultrastructural analysis of NMJ boutons
showed that both the mutants displayed shorter length of postsynaptic density (PSD). Together, these results
demonstrated that in Drosophila, glucuronylated core 1 glycans synthesized by both dC1GalT1l and
dGIcAT-P were required for the BM formation, NMJ bouton localization, NMJ arborization, and PSD

organization.



2. Materials and Methods
2-1. Fly stocks and mutant establishment

All flies were reared and maintained at 25 °C. Canton-S or w''8

strain of Drosophila melanogaster was
used as the wild-type (WT). The following stocks were also used: dC1GalT15"***"° (Bloomington Drosophila
Stock Center [BDSC]), dC1GalT1*! (BDSC), Df(2L)Exel7040 (BDSC), Df(3L)BSC817 (BDSC), and vkg®**
(Kyoto Stock Center [DGRC]). Df(2L)Exel7040 is a chromosomal deficiency in which dC1GalT1 gene is
completely deleted (Lin et al., 2008). Df(3L)BSC817 is a chromosomal deficiency in which dGICAT-P gene is
completely deleted (Pandey et al., 2011). The following stocks were used for the rescue experiments:
Act5C-Gal4 (BDSC), UAS-dC1GalT1l (Fly Stocks of National Institute of Genetics [NIG-Fly]), and
UAS-dGICAT-P  (NIG-Fly). dGIcAT-P™* and dGICcAT-P*® strains were established by using the

CRISPR/Cas9 system, as described previously (Kondo and Ueda, 2013).

2-2. Quantitative real-time PCR analysis

Total RNA was extracted from each genotype by using TRIzol 1l Reagent (Invitrogen, Carlsbad, CA,
USA). cDNA was synthesized by using a SuperScript First Strand Synthesis Kit (Invitrogen) and oligo-dT
primers (Invitrogen). Real-time PCR was carried out by using Fast Start Universal SYBR Green Master
(Rox; Roche Diagnostics, Basel, Switzerland) and an ABI PRISM 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). Real-time PCR primers are indicated in Table 1. Ribosomal
protein L32 (RpL32) mRNA in each cDNA sample was measured to normalize the efficiency of cDNA
synthesis among individual samples. Amplifications involved 40 cycles of 94 °C for 30 s and 60 °C for 4
min were carried out with a QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). For the quantification of dGICAT-P mRNA, the measurements were evaluated by
absolute quantification using standard constructs cloned into a nearly 400 bp amplicon in pGEM®-T Easy
Vector (Promega, Fitchburg, WI, USA). The standard constructs were amplified using standard PCR primers
indicated in Table 2.

Table 1. Primer sets for real-time PCR analysis.

Gene Detectable Real-time PCR primer

splicing variant Forward Reverse
RpL32 RA, RB, RC, RD GCAAGCCCAAGGGTATCGA CGATGTTGGGCATCAGATACTG
dGIcAT-P RB, RC, RE CTATCAGTACCACATATCCCGTGAA GTAGGTGGGCGTGATTATGTACAG

Table 2. Primer sets for amplification of standard constructs.

Gene Amplifiable Standard PCR primer
splicing variant Forward Reverse
dGIcAT-P RB, RC, RE TTTCATCCTGACCACCTG ATGTCGTAGGTGTTGTCG




2-3. Lectin blotting and immunoblotting

Ten third instar larvae were dissected in phosphate-buffered saline (PBS). The larval body walls,
including cuticulated epithelia and muscles, were homogenized in 100 pyL of buffer containing 150 mM NacCl,
5 mM MgCl,, 50 mM Tris-HCI (pH 7.4), 1% Triton X-100, 0.1% sodium deoxycholate, 5 mM
2-mercaptoethanol, and 10% glycerol with protease inhibitors (2 pg/mL pepstatin A, 2 pg/mL leupeptin, 2
pg/mL aprotinin, and 1 mM PMSF). After centrifugation at 5,000 rpm for 5 min, the supernatant was used as
the total extracts of larval body wall muscles. These extracts were subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were transferred to
Immobilon-P membranes (Millipore, Billerica, Massachusetts, USA), and then these membranes were
probed with following lectins and antibodies: horseradish peroxidase-conjugated Helix pomatia agglutinin
(HPA-HRP; 1000; EY laboratories, San Mateo, CA, USA), HRP-conjugated peanut agglutinin (PNA-HRP;
1:10000; J-Oil Mills, Tokyo, Japan), mouse anti-a-tubulin antibodies (1:10,000; Developmental Studies
Hybridoma Bank [DSHB], lowa City, IA, USA or 1:20,000; Sigma-Aldrich, St. Louis, MO, USA), and
rabbit anti-dGICcAT-P antibody (Eurofins Genomics, Tokyo, Japan). The mouse anti-a-tubulin was used as an
internal loading control. The rabbit anti-dGICAT-P antibody was produced against the dGICAT-P peptide
C-KNTNLEHIDRLLVR. Then, the membranes were labeled with an ECL Prime western blotting detection
reagent (GE Healthcare, Little Chalfont, UK) in accordance with the manufacturer’s instructions.

2-4. Lectin precipitation and immunoprecipitation

Sixty third-instar larvae of vkg®***/+ were bled in 100 pL of PBS containing protease inhibitors (2 pg/mL
pepstatin A, 2 pg/mL leupeptin, 2 pg/mL aprotinin, and 1 mM PMSF) and 5 mM EDTA. 5 pL of
streptavidin magnetic beads (New England Biolabs, Ipswich, MA, USA) or protein G magnetic beads (New
England Biolabs) was reacted with 400 pg of corrected total protein at 4 °C for 1 h in order to exclude the
proteins that bind to those magnetic beads. After the removal of the magnetic beads, the proteins were
reacted with 2 ug of biotinylated PNA (Cosmo Bio, Tokyo, Japan) or mouse anti-GFP antibody (12A6;
DSHB) at 4 °C for overnight. This solution was reacted with 10 uL of streptavidin magnetic beads or protein
G magnetic beads at 4 °C for 6 h. After washing the magnetic beads with PBS, the proteins binding to the
beads were eluted in 20 uL of sample buffer (0.25 M Tris-HCI [pH 6.8], 8% SDS, 4% 2-mercaptoethanol,
and 40% glycerol) at 99 °C for 5 min. Eluted proteins were used for lectin blotting by using PNA-HRP
(1:10,000) and immunoblotting by using a mouse anti-GFP antibody (1:1,000; Sigma-Aldrich).

2-5. Pretreatment for tissue observation

Wandering third instar larvae from each genotype were dissected along the dorsal midline in PBS or
zero-calcium HL3 saline. After removal of the digestive tracts, fat bodies, main tracheae, and CNS, the body
walls, including cuticulated epithelia and muscles, were fixed as indicated below.

2-6. Lectin staining and immunostaining
The larval body walls were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature for 20
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min. Then, these tissues were washed with either PBS for lectin staining or PBS containing 0.1% Triton
X-100 (PBS-T) for immunostaining. Tn antigen and T antigen were labeled with rhodamine-conjugated HPA
(HPA-rhodamine; 1:100; EY laboratories) and Alexa Fluor-488-conjugated PNA (PNA-488; 1:50; J-Oil
Mills), respectively. The following primary antibodies were used for the immunostaining: rabbit anti-Ndg
antibody (1:500; kindly provided by Anne Holz, Justus Liebig University Giessen, Giessen, Germany),
rabbit anti-HRP antibody (1:100; MP Biomedicals, Santa Ana, CA, USA), mouse anti-fasciclin 1l (Fas 1I)
antibody (1:20; DSHB), and mouse anti-Discs large (DIg) antibody (1:100; DSHB). Primary antibodies were
incubated with the fixed tissues in PBS-T at 4°C overnight. All lectins, secondary antibodies (1:300; Life
Technologies, Carlsbad, CA, USA), Hoechst 33342 (5 pug/mL; Invitrogen), and Acti-stain 555 phalloidin
(1:300; Cytoskeleton, Denver, CO, USA) were incubated with the tissues in PBS or PBS-T at room
temperature for 2.5 h. Subsequently, stained tissues were mounted in 90% glycerol in Tris-HCI (pH 7.4).
Images of the tissues were collected on an LSM 700 (Carl Zeiss, Jena, Germany) confocal laser microscope.
Relative fluorescence intensities of HPA-rhodamine and PNA-488 on the muscle surface and at NMJs were
guantified by using NIH ImageJ software.

2-7. Atmospheric scanning electron microscopy imaging

Tissues were fixed with 4% PFA in PBS at room temperature for 20 min. The tissues were stained using a
slight modification (Memtily et al., 2015) of the NCMIR method developed by the Ellisman group (Deerinck
et al., 2010). The tissues were washed with PBS and then further fixed with 2.5% glutaraldehyde and 2%
PFA in 0.15 M cacodylate buffer (pH 7.4) containing 2 mM CaCl, at room temperature for 15 min. Tissues
were then washed with 0.15 M cacodylate buffer (pH 7.4) containing 2 mM CaCl, and further fixed and
stained with 1.5% potassium ferricyanide (Sigma-Aldrich) and 2% aqueous osmium tetroxide (OsOy)
(Nisshin EM, Tokyo, Japan) in the same buffer containing 2 mM MgCI, at room temperature for 10 min.
After washing with deionized distilled water (DDW), the tissues were incubated with filtered 1%
thiocarbohydrazide (TCH; Tokyo Chemical Industry, Tokyo, Japan) at room temperature for 20 min, washed
with DDW, and further stained with 2% aqueous OsO, at room temperature for 5 min. After washing with
DDW, tissues were stained with filtered 2% uranyl acetate in DDW and incubated at 4°C overnight. Finally,
the tissues were washed with DDW and stained with 0.4% lead citrate (TAAB Laboratories Equipment,
Aldermaston, UK) at room temperature for 2 min.

Direct observation of wet tissues using atmospheric scanning electron microscopy (ASEM) was
performed as described previously (Nishiyama et al., 2010; Memtily et al., 2015). We used a 35-mm ASEM
dish that had eight 100-nm-thick, 250 x 250-um SiN film windows. After fixation and staining, a tissue was
placed on the SiN film windows, and a drop of 10 mg/mL (w/v) d-glucose (dextrose; MP Biomedicals) was
added on the tissue. A weighted cover glass was then positioned on the upper surface of the wet tissue, and
the electron beam was projected onto the tissue surface through the SiN film. The ClairScope ASEM system
(JASM-6200; JEOL, Tokyo, Japan) was used to record SEM images (Nishiyama et al., 2010). The
acceleration voltage of the SEM was 30 kV.



2-8. Transmission electron microscopy imaging

Transmission electron microscopy (TEM) was carried out as described previously (Ueyama et al., 2010).
Tissues were fixed with 2.5% glutaraldehyde in PBS at 4°C overnight. The tissues were then postfixed with
1% OsO, in 100 mM phosphate buffer (pH 7.3) at 4°C for 1 h and dehydrated in a graded series of ethanol.
After passage through propylene oxide, the specimens were embedded in Epon 812. Ultrathin sections were
cut, stained with uranyl acetate and lead citrate, and observed with a TEM (JEM-1010C; JEOL). From two to
four larvae of each genotype were analyzed. Vesicles diameter, PSD length, SSR thickness, bouton area, and
postsynaptic pocket (PSP) depth were measured using NIH ImageJ software. When measuring vesicle
diameter, 30 vesicles were randomly chosen from each bouton. SSR thickness and SSR density (layer
number/SSR thickness) were measured in accordance with previously described methods (Budnik et al.,
1996).

2-9. Construction, purification, and immunoblotting of FLAG-tagged dGICAT proteins

Each dGIcAT splicing variant (dGICAT-I, dGICAT-P-1, dGIcAT-P-Il, dGICAT-S-I, dGICAT-S-II, and
dGIcAT-S-111) was expressed in Sf21 insect cells by using GATEWAY™ Cloning Technology (Thermo
Fisher Scientific) in accordance with previously reported methods (Ichimiya et al., 2004). DNA fragments of
each dGIcAT splicing variants were amplified using PCR primers indicated in Table 3. The amplified DNA
fragments were recombined with the pDONR™201 vector, and the inserts were introduced to produce
pVL-FLAG-dGIcATs (dGIcAT-I, dGICAT-P-I, dGICAT-P-1I, dGICAT-S-1, dGICAT-S-1I, and dGIcAT-S-1II).
pVL-FLAG is a vector come from pVL1393 including the FLAG peptide (DYKDDDDK) and signal
sequence of human immunoglobulin x (MHFQVQIFSFLLISASVIMSRG) at the N-terminal. Each
pVL-FLAG-dGIcAT was transfected into Sf21 cells in accordance with previously reported methods
(Ichimiya et al., 2004). The culture of each infected cell including FLAG-tagged dGICAT proteins were
applied to an anti-FLAG M1 affinity gel for the purification of those proteins (Sigma-Aldrich). Each purified
FLAG-tagged dGIcAT protein and FLAG-BAP Control Protein (Sigma-Aldrich) were subjected to
SDS-PAGE. The separated proteins were transferred to an Immobilon-P membrane (Millipore), and then this
membrane was probed with a mouse anti-FLAG M1 antibody (Sigma-Aldrich). The membrane was then
stained by TMB Membrane Peroxidase Substrate (SeraCare Life Sciences, Milford, MA, USA). In order to
guantify the purified proteins, the band intensity was measured by a densitometer. The more information of
each FLAG-tagged dGICAT protein is indicated in Table 4.

Table 3. Primer sets for amplification of DNA fragments of dGIcAT splicing variants.

Gene Amplifiable PCR primer Source

splicing variant

Forward | AAAAAGCAGGCTACGGGAAGCGCACATGCCAG EST clone GH13618
dGIcAT-1

Reverse | AGAAAGCTGGGTTTAGACCTCCATGCCGCCATC
dGIcAT-P I Forward | AAAAAGCAGGCTTGTGGTCACCCATTTCCCTGCT cDNA of Canton-S
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Reverse | AGAAAGCTGGGTCAGTAAATATCCCTATGGCC embryos

Forward | AAAAAGCAGGCTTGCCGCCCCTGTACATAATCA

Reverse | AGAAAGCTGGGTCAGTAAATATCCCTATGGCC

Forward | AAAAAGCAGGCTCCGAGGATTCGGAGGAGGGATCT cDNA of Canton-S
I, 1

Reverse | AGAAAGCTGGGTTCAGCTAAGAATTTTGGAGTGTGG | embryos
dGIcAT-S

Forward | AAAAAGCAGGCTCCGAGGATTCGGAGGAGGGATCT cDNA of Canton-S
11

Reverse | AGAAAGCTGGGTTCAGCTAAGAATTTTGGAGTGTGG | third-instar larvae

2-10. Measurement of glucuronic acid transferase activity

We measured GIcA transferase activity of each dGICAT splicing variant toward p-nitrophenol labeled T
antigen (Galp1-3GalNAcal-pNP; Toronto Research Chemicals, Toronto, Canada), as an acceptor substrate.
The enzymatic reaction occurred at 25 °C for 4 h in 20 pL of a mixture that includes 2 picomoles of each
FLAG-tagged dGIcATs, 5 nanomoles of acceptor substrate, 95 uM UDP-GICA (Sigma-Aldrich), 5uM
UDP-[“C]GICA (300 mCi/mmol; PerkinElmer, Waltham, MA, USA), 2 mM MnCl,, and 50 mM MES buffer
(pH 6.5), respectively. The enzymatic reaction was stopped by adding 400 pL of H,O. After centrifugation,
the supernatant was applied onto a Sep-PakC18 column (Merck Millipore, Billerica, MA, USA) balanced
with H,0. The column was washed with H,O to remove unreacted UDP-GIcA and UDP-[**C]GIcA, and then
the enzymatic reaction products were eluted with methanol. Radioactivity of the products was detected by
using a liquid scintillation counter Tri-Carb 3100TR (PerkinElmer). In addition, The enzymatic reaction for
mass-spectrometry (MS) analysis was carried out at 25 °C for 22 h in 100 pL of a mixture that includes 150
picomoles of FLAG-tagged dGIcAT-P-Il, 30 nanomoles of acceptor substrate, 500 uM UDP-GIcA, 2 mM
MnCl,, and 50 mM MES buffer (pH 6.5).

2-11. Determination of glycan structure by mass spectrometry

The enzymatic reaction products were permethylated with **C-methyliodine before MS analysis in
accordance with previously described methods (Anumula and Taylor, 1992). Malto-series oligosaccharide
standards (maltotriose [Dp3] and maltotetraose [Dp4]; Sigma-Aldrich) were permethylated with
B3C-methyliodine (**C-Mel). Glycan structure of the products was examined by nanospray ionization-mass
spectrometry (NSI-MS). The amount of the enzymatic products was determined relative to that of
maltotriose (Dp3) and maltotetraose (Dp4) standards, and the products were added into the sample before
infusion (Mehta et al., 2016). Glycan samples were rearranged in 50% methanol including 1 mM NaOH
(Thermo Fisher Scientific) for infusion and transfused into a linear ion trap mass spectrometer (LTQ; Thermo
Fisher Scientific) by using a nanoelectrospray source. The instrument was tuned with permethylated
oligosaccharide standard for positive ion mode. For fragmentation by collision-induced dissociation (CID) in
MS/MS, normalized collision energy of 30% to 35% was used. Detection of glycans was carried out by using
total ion mapping functionality of Xcalibur software package version 2.0 (Thermo Fisher Scientific) in
accordance with previously described methods (Aoki et al., 2007). Glycans were identified as singly sodiated
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species [M+Na] in positive mode.

2-12. Assay of larval locomotor activity

A paper, on which multiple circles (1-8 cm in diameter) were drawn, was put under a 9 cm plastic dish
with 3% agar solution, as indicated in Figure 21A. A wandering third-instar larva of each genotype was laid
in the middle of circles. The moving distance of the larva during 30 s was determined. At least 18 larvae of
each genotype were assayed.

2-13. Statistical analysis

Statistical assessment was performed by Student’s t-test or multiple comparison tests, i.e., the Dunnett
test, Tukey-Kramer test, Steel test, and Steel-Dwass test, using Microsoft Excel 2010. A P-value of less than
0.05 was considered significant.
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3. Results
3-1. dC1GalT1 mutants showed decreased expression of T antigen in the muscles and neuromuscular
junctions

We used two mutant alleles of the dC1GalT1 gene. One is dC1GalT15***"° (T1%), which had a P-element
insertion in the first intron of the dC1GalT1 gene region (Fig. 4B, upper), the other is dC1GalT1*! (T1%),
which was previously described as a null allele (Lin et al., 2008; Fig. 4B, lower). Then, we analyzed
T15'/T1%" and T1%/T1*'as dC1GalT1 mutants. The mRNA levels of dC1GalT1 were significantly decreased
in T15/T1%" and T15"/T1%! compared with those in WT larvae (Fig. 4C).

PNA can recognize T antigen (Galp1-3GalNAcal-Ser/Thr) synthesized by dC1GalT1, while HPA can
recognize Tn antigen (GalNAcal-Ser/Thr) (Fig. 4A). Therefore, in order to estimate the expression levels of
T antigen in the muscles of the two mutant larvae, we performed PNA and HPA lectin blot analyses by using
the extracts of larval body wall muscles (Fig. 4D). The bands detected by PNA were reduced in the two
mutants compared with those in the WT larvae (Fig. 4D, left panel). In contrast, the bands detected by HPA
were increased in the two mutants compared with those in the WT larvae (Fig. 4D, right panel). Thus, T
antigen synthesized by dC1GalT1 was expressed in the muscles. For subsequent experiments, we analyzed
T15'/T1*! as the dC1GalT1 mutant rather than T15'/T1%" because the influence of potential secondary site
mutations was avoided and because the expression level of dC1GalT1 transcripts in T15"/T1*" was lower
than that in T15'/T1%".

We next test whether T antigen expression is reduced on the muscle surface in dC1GalT1 mutant larvae
using lectin staining without permeabilization with PNA-488 and HPA-rhodamine. T antigen expression on
the muscle surface was significantly reduced in dC1GalT1 mutants compared with that in WT larvae (Fig.
4E, left panels and Fig. 4G, left panel), while Tn antigen expression on the muscle surface was significantly
increased in dC1GalT1 mutants compared with that in WT larvae (Fig. 4E, right panels and Fig. 4G, right
panel). In this way, the absence of dC1GalT1 led to the reduction in T antigen expression and the increase in
Tn antigen expression on the muscle surface. We then analyzed the expression levels of T antigen and Tn
antigen at larval NMJs. Presynaptic NMJ boutons were labeled with anti-HRP antibody (Fig. 4F, left panels).
T antigen expression at the NMJs significantly reduced in dC1GalT1 mutants compared with that in WT
larvae (Fig. 4F, middle panels and Fig. 4H, left panel). However, Tn antigen expression at the NMJs was
similar in the WT and dC1GalT1 mutant larvae (Fig. 4F, right panels and Fig. 4H, right panel). Thus, T
antigen produced by dC1GalT1 was expressed on muscle surface and at NMJs.
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Fig. 4. Reduced expression of T antigen in muscles and neuromuscular junctions in dC1GalT1 mutants.

(A) The glycan structure of Tn antigen and T antigen (core 1 structure). To synthesize T antigen, Drosophila core 1
B1,3-galactosyltransferase 1 (dC1GalT1) adds galactose (Gal) in a $1,3-linkage to N-acetylgalactosamine (GalNAc) of
Tn antigen.

(B) Two mutant alleles of the dC1GalT1 gene are shown. In dC1GalT15"%¥ (T15"), P-element (E'Y13370) indicated by
a triangle was inserted into the first intron of the dC1GalT1 gene. The dC1GalT1%" (T1%%) was the null allele. Gray and
black boxes indicate noncoding and coding regions, respectively.

(C) Relative expression levels of dC1GalT1 transcripts in T15/T15" and T15Y/T1*!third instar larvae. The expression
level in the wild-type (WT) larvae was set as 1.0. Experiments were repeated three times. Data are indicated as the
mean + standard error for each genotype. Statistical significance was assessed by Dunnett’s test. **P < 0.01.

(D) Upper panel, peanut agglutinin (PNA) and Helix pomatia agglutinin (HPA) lectin blot analyses of WT, T15"/T15",
and T15"/T1%* larval body wall muscles. Lower panel, a-tubulin internal control. Experiments were repeated three times.
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A representative example is shown.

(E) Confocal images of muscle 6 at abdominal segment 3 in WT (upper) and T1%/T1%* (lower) third instar larvae.
Surface sectional views of the muscle are indicated. The width of muscle 6 (M6) is shown by a double-headed arrow. T
antigen and Tn antigen were labeled with Alexa Fluor-488-conjugated PNA (PNA-488) and rhodamine-conjugated HPA
(HPA-rhodamine), respectively, without permeabilization. Cell nuclei (DNA) are stained with Hoechst 33342.
Representative examples are shown. Scale bar: 50 pum.

(F) Confocal images of neuromuscular junctions (NMJs) on muscle 6 at abdominal segment 3 in WT (upper) and
T15'/T1%! (lower) third instar larvae. NMJs were stained with anti-HRP antibodies (a presynaptic NMJ bouton),
PNA-488, and HPA-rhodamine without permeabilization. Representative examples are shown. Scale bar: 5 um.

(G) Relative fluorescence intensities of PNA-488 (left) and HPA-rhodamine (right) on muscle surfaces normalized to
the average of the WT data. Data are the mean + standard error for each genotype (n = 8-10). Statistical significance
was assessed by Student’s t-test. **P < 0.01.

(H) Relative fluorescence intensities of PNA-488 (left) and HPA-rhodamine (right) at NMJs normalized to the average
of the WT data. Data are the mean + standard error for each genotype (n = 6-9). Statistical significance was assessed by
Student’s t-test. *P < 0.05, n.s.: not significant.

3-2. dC1GalT1 mutants exhibited an absence of collagen IV at the muscle 6/7 border

To test whether dC1GalT1 mutant larvae show muscle phenotype, we labeled the BMs on muscle cells.
For labeling the BM component, we used a Viking (Vkg) GFP-trap line, vkg®** (Morin et al., 2001), in
which a GFP protein-trap was inserted into the Drosophila vkg gene that encodes the a chain of collagen IV
(Col IV); a functional GFP-tagged Vkg (Vkg-GFP) protein was produced (Morin et al., 2001; Pastor-Pareja
and Xu, 2011). On the surface of muscles 6 and 7, Vkg-GFP was evenly expressed in both control (Fig. 5A)
and dC1GalT1 mutant (Fig. 5B) larvae. In internal sectional views of the muscles, Vkg-GFP was expressed
along the lines with border between muscles 6 and 7 in controls (Fig. 5A"), whereas Vkg-GFP was partially
lost at the muscle 6/7 border in the dC1GalT1 mutants (arrowheads in Fig. 5B’). The percentage of Vkg-GFP
loss phenotype in T15/T1%! and T1¥Y/Df (vkg®***, dC1GalT15"3¥"%/Df(2L)Exel7040) were much higher than
that in controls (Fig. 5D). The total range of Vkg-GFP loss at the muscle 6/7 border was significantly
increased in both T15/T1%! and T1¥/Df compared with that in controls (Fig. 5E). This Vkg-GFP loss
phenotype was completely restored by overexpression of dC1GalTl with a ubiquitous Gal4 driver
(Act5C-Gal4) in the T1¥'/T1?** background (vkg®*®**, dC1GalT15"*¥¥"%/dC1GalT1*!, Act5c-Gal4;
UAS-dC1GalT1/+; Fig. 5C-E). These data clearly showed that the loss of mucin-type O-glycans led to the
partial absence of Vkg-GFP at the muscle 6/7 border.
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Fig. 5. Partial absence of collagen IV at the muscle 6/7 border in dC1GalT1 mutants.

(A-C") Confocal images of basement membranes (BMs) on muscle 6 (M6) and muscle 7 (M7) at abdominal segment 3
in control (vkg®*/+) (A and A’), T1¥/T1%* (vkg®**, dC1GalT15"***"%/dC1GalT1*") (B and B’), and Act5C-Gal4
rescued (vkg®**, dC1GalT15**¥"%/dC1GalT1??, Act5C-Gal4; UAS-dC1GalT1/+) (C and C’) third instar larvae. Surface
sectional views of the two muscles are presented in A—C. Internal sectional views of the two muscles are presented in
A'-C'. BMs and cell nuclei (DNA) were stained with Vkg-GFP and Hoechst 33342, respectively. Arrowheads in B’
indicate partial absence of Vkg-GFP at the muscle 6/7 border. Scale bar: 50 pum.

(D) Frequency of Vkg-GFP loss phenotype in control (n = 39), T1¥/T1*' (n = 44), T1®IDf (vkg®*,
dC1GalT15"*¥"%/Df(2L)Exel7040) (n = 20), and Act5C-Gal4 rescued (n = 35) larvae.

(E) Total range of Vkg-GFP loss at the muscle 6/7 border in control (n = 19), T1¥/T1%! (n = 21), T1¥'/Df (n = 19), and
Act5C-Gal4 rescued (n = 35) larvae. Data are the mean + standard deviation for each genotype. Statistical significance
was assessed by Steel-Dwass test. *P < 0.01, n.s.: not significant.

3-3. A subunit of collagen IV (Viking) does not carry T antigen

We hypothesized that Vkg beard T antigen, and the absence of T antigen on Vkg caused VKg loss
phenotype in the dC1GalT1l mutants. To test this hypothesis, we carried out immunoprecipitation of
Vkg-GFP by using an anti-GFP antibody and PNA lectin blotting (Fig. 6A). As a previous study showed that
most of Vkg-GFP was produced in fat body and secreted into body fluid in larva (Pastor-Pareja and Xu,

2011), we used the proteins come from the body fluid of vkg®***/+

larvae for the immunoprecipitation. In the
fractions of immunoprecipitation, whereas a band corresponding to Vkg-GFP was recognized by the
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anti-GFP antibody, the band was not recognized by PNA. Thus, this result suggested that Vkg-GFP was not
modified by T antigen. In addition, we also performed PNA precipitation and immunoblotting by using the
anti-GFP antibody (Fig. 6B). Contrary to our expectation, in the fractions of PNA precipitation, a band
corresponding to Vkg-GFP was recognized by the anti-GFP antibody but not by PNA, indicating that
VKkg-GFP could be co-immunoprecipitated with other proteins modified by T antigen. Therefore, these data
showed that Col IV did not carry T antigen, and hypoglycosylation of Col IV could not cause Col

IV-deficiency phenotype.
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Fig. 6. Immunoprecipitation and lectin precipitation of Vkg-GFP come from larval body fluid.

(A) Vkg-GFP come from body fluid of vkg®**/+ third-instar larvae was immunoprecipitated with an anti-GFP antibody.
Western blotting (WB) by using the anti-GFP antibody (left panel) and PNA lectin blotting (LB) (right panel) were
carried out. IP means immunoprecipitation.

(B) Proteins come from body fluid of vkg®***/+ third-instar larvae were precipitated with PNA. PNA LB (left panel) and
WB by using the anti-GFP antibody (right panel) were carried out. LP means lectin precipitation.

3-4. dC1GalT1 mutants displayed the ectopic bouton localization at the muscle 6/7 border

We also found morphological defects of NMJs in dC1GalT1 mutant larvae. Although many boutons were
localized away from the border between muscles 6 and 7 in the controls (brackets in Fig. 7A), many boutons
were localized at the muscle 6/7 border in the dC1GalT1 mutant larvae (white arrowheads in Fig. 7B). We
measured distance from each bouton to the muscle 6/7 border in each genotype. This distance in the two
dC1GalT1 mutants tended to be shorter than that in WT larvae (Fig. 7D). Moreover, the frequency of
boutons positioned at the muscle 6/7 border (number of boutons positioned at the muscle 6/7 border per total
bouton number) was significantly higher in the two dC1GalT1 mutants compared with that in WT larvae (Fig.
7E). This percentage was completely restored in Act5C-Gal4 rescued larvae (Fig. 7C and E). In addition,
while the total number of boutons in the two dC1GalT1 mutants did not differ from that in WT larvae (Fig.
7F), the total number of branches was significantly lower in the two dC1GalT1 mutants compared with that
in WT larvae (Fig. 7G). Reduced number of NMJ branches was suppressed in Act5C-Gal4 rescued larvae
(Fig. 7G). Therefore, these results showed that absence of mucin-type O-glycans led to the mislocalization of
NMJ boutons and reduced number of NMJ branches on muscle 6/7.
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Fig. 7. Ectopic bouton localization at the muscle 6/7 border in dC1GalT1 mutants.

(A-C) Confocal images of NMJs on muscle 6 (M6) and muscle 7 (M7) at abdominal segment 3 in control (vkg®***/+)
(A), TIFT1* (vkg®®*  dC1GalT1F™*¥%/dC1GalT1?*) (B), and Act5C-Gald  rescued  (vkg®*,
dC1GalT15"¥¥%/dC1GalT1%*, Act5C-Gal4; UAS-dC1GalT1/+) (C) third instar larvae. Surface sectional views of the
muscles are presented. NMJ boutons were labeled with an anti-fasciclin 1l (Fas Il) antibody (a presynaptic bouton
marker; green). Muscle fibers and cell nuclei (DNA) were labeled with phalloidin (magenta) and Hoechst 33342 (blue),
respectively. Brackets in A and C show the distance between the bouton and muscle 6/7 border. Arrowheads in B
indicate mispositioned NMJ boutons at the muscle 6/7 border. Scale bars: 50 um (A-C).

(D) Distance between each bouton and muscle 6/7 border in control (n = 19), T1¥/T1*! (n = 21), T1¥IDf (vkg®**,
dC1GalT1F"**¥"Df(2L)Exel7040) (n = 20), and Act5C-Gal4 rescued (n = 36) larvae. Statistical significance was
assessed by the Steel-Dwass test. n.s.: not significant.

(E) Percentage of boutons positioned at the muscle 6/7 border in control (n = 19), T1¥/T1%* (n = 21), T1¥'/Df (n = 20),
and Act5C-Gal4 rescued (n = 36) larvae. Statistical significance was assessed by the Steel-Dwass test. **P < 0.01; n.s.:
not significant.

(F) Total number of boutons in muscle 6/7 NMJs at abdominal segment 3 in control (n = 19), T1¥/T1?! (n = 21),
T15/Df (n = 20), and Act5C-Gal4 rescued (n = 37) larvae. Statistical significance was assessed by the Tukey-Kramer
test. n.s.: not significant.

(G) Total number of branches in muscle 6/7 NMJs at abdominal segment 3 in control (n = 19), T1¥/T1%! (n = 21),
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T15'/Df (n = 20), and Act5C-Gal4 rescued (n = 34) larvae. A branch was defined as a terminal neurite containing at least
two boutons. Statistical significance was assessed by the Steel-Dwass test. *P < 0.05; **P < 0.01; n.s.: not significant.

3-5. Absence of basement membrane component was correlated with ectopic bouton localization in
dC1GalT1 mutants

Next, to test whether there is relationship between the two phenotypes, i.e., the partial absence of
VKkg-GFP and the ectopic bouton localization at the muscle 6/7 border, we examined the positional
relationship between the sites devoid of Vkg-GFP and mispositioned NMJ boutons at the muscle 6/7 border
in the dC1GalT1 mutants (Fig. 8). As described above, in the surface sectional view of the muscles, although
many boutons were distant from muscle 6/7 border in the controls (Fig. 8A-A"), many boutons were
mispositioned at the muscle 6/7 border in the dC1GalT1 mutant larvae (Fig. 8D-D"). In the internal sectional
view of the muscles, whereas Vkg-GFP was expressed at the muscle 6/7 border in the controls (Fig. 8B),
Vkg-GFP expression was partially lost at the muscle 6/7 border in the dC1GalT1l mutant larvae (white
arrowheads in Fig. 8E). In dC1GalT1 mutants, some NMJ boutons were ectopically positioned at the site
devoid of Vkg-GFP (Fig. 8E-F"). Moreover, some boutons were also positioned just above the site devoid of
Vkg-GFP in the surface sectional view (Fig. 8D-E"). In the cross sectional view of the muscles, muscles 6
and 7 were individually covered with separate BMs, and NMJ boutons were positioned on muscle surfaces in
controls (Fig. 8C-C"). In contrast, in the dC1GalT1l mutants, the two muscles were covered with a
continuous single BM (Fig. 8G-G"). Moreover, boutons were positioned at the muscle 6/7 border (black
arrowheads in Fig. 8G-G"). These data indicated that the two muscles may be connected through the
mispositioned boutons at the muscle 6/7 border in the dC1GalT1 mutants.

We found that there was a correlation between the total range of Vkg-GFP loss and the frequency of
boutons positioned at the muscle 6/7 border in the two dC1GalT1 mutants (Fig. 8H), showing that the two
phenotypes, i.e., the partial absence of Vkg-GFP and the ectopic localization of NMJ boutons, were directly
linked. Furthermore, to verify that NMJ boutons tend to be positioned at or just above the site devoid of
VKkg-GFP in the dC1GalT1 mutants, we compared the frequency of boutons positioned at or just above the
site devoid of Vkg-GFP vs. the frequency of boutons positioned at or just above VKg-GFP positive site at the
muscle 6/7 border in the two dC1GalT1 mutants (Fig. 81). In both mutants, the former was significantly
higher than the latter, clearly showing that NMJ boutons were preferentially positioned at or just above the
site devoid of Vkg-GFP at the muscle 6/7 border in the dC1GalT1 mutants. These results showed that the
absence of mucin-type O-glycan made NMJ boutons localize at or just above the site devoid of Col IV at the
muscle 6/7 border.
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Fig. 8. Correlation between collagen 1V loss and bouton mislocalization at the muscle 6/7 border in dC1GalT1
mutants.

(A-G") Confocal images of BMs and NMJ boutons on muscle 6 (M6) and muscle 7 (M7) at abdominal segment 3 in
control (vkg®***/+) (A-C") and T1¥/T1%* (vkg®**, dC1GalT15""%*"%/dC1GalT1%") (D-G") third instar larvae. Surface
sectional views of the muscles are presented in A-A” and D-D". Internal sectional views of the muscles are presented
in B-B", E-E”, and F-F". High-magnification views of the area bordered by a rectangle are presented in E-E” (F-F").
Cross-sectional views of the area within the white dotted-line are presented in A-A” and D-D” (C-C” and G-G"). BMs
were labeled with Vkg-GFP. NMJ boutons were stained with anti-HRP antibody (a presynaptic marker) and anti-Dlg
antibody (a postsynaptic marker). Cell nuclei (DNA) were labeled with Hoechst 33342. Closed arrowheads in E-E”
indicate partial absence of Vkg-GFP and mispositioned NMJ boutons, respectively. Open arrowheads in C-C” and G-
G” show positions of NMJ boutons. Scale bars: 50 um (A and D) and 10 um (C, F, and G).

(H) Correlation between the total range of Vkg-GFP loss and the percentage of boutons positioned at the muscle 6/7
border in T15/T1%! (n = 21; left) and T15'/Df (vkg®***, dC1GalT15"**3"/Df(2L)Exel7040) (n = 19; right) larvae. Values
of the Pearson's correlation coefficient r comprised 0.77 and 0.70 for T1%/T1%* and T15Y/Df, respectively. Black straight
line indicates the approximate line. Gray cross-dotted-lines indicate the average lines.

(1) A comparison between ‘the frequency of boutons positioned at or just above the site devoid of Vkg-GFP at the
muscle 6/7 border’ vs. ‘the frequency of boutons positioned at or just above VKg-GFP positive site at the muscle 6/7
border’ in T1¥'/T1*' (n > 20; left) and T1%"/Df (n > 17; right) larvae. Statistical significance was assessed by the
Student’s t-test. *P < 0.001.

3-6. Ultrastructural analysis of mispositioned NMJ boutons in dC1GalT1 mutants
To observe in detail mispositioned NMJ boutons in dC1GalT1l mutants, we performed ultrastructural

analysis by ASEM and TEM. ASEM permitted the wet tissues to be observed at atmospheric pressure after
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staining with heavy metals (Nishiyama et al., 2010; Memtily et al., 2015). Many NMJ boutons were
observed apart from the muscle 6/7 border in the WT larvae (Fig. 9A and A’). In contrast, in dC1GalT1
mutants, NMJ boutons were observed at the muscle 6/7 border (Fig. 9B and arrowhead in Fig. 9B’) as well as
near the border (Fig. 9B and arrow in Fig. 9B’).

We then observed the mispositioned NMJ boutons by TEM. No NMJ bouton was observed in the muscle
6/7 cleft in WT larvae (Fig. 9C and C’). However, in dC1GalT1 mutants, some NMJ boutons were observed
in the muscle 6/7 cleft and connected the two muscles (Fig. 9D and D’). Therefore, these results clearly
showed that mucin-type O-glycans were required for the positioning of NMJ boutons.

ASEM TEM

Fig. 9. Ultrastructure of the muscle 6/7 border in dC1GalT1 mutants.

(A-B") Atmospheric scanning electron microscopy (ASEM) observation of NMJs on muscle 6 (M6) and muscle 7 (M7)
in wild-type (WT) (A and A') and T1¥/T1*! (dC1GalT1¥"*¥"°/dC1GalT1*!) (B and B') third instar larvae.
Low-magnification images of the muscle 6/7 border are presented (A and B). High-magnification views of the area
bordered by a rectangle are presented in A and B (A’ and B’). Wet muscle tissues were directly observed through SiN
film. The arrowhead in B’ shows a mispositioned NMJ bouton at the muscle 6/7 border. The arrow in B’ shows a NMJ
bouton near the muscle 6/7 border. Scale bars: 50 um (A and B) and 10 um (A’ and B’).

(C-D") Transmission electron micrographs of the muscle 6/7 border in WT (C and C’) and T1¥/T1%* (D and D) third
instar larvae. Low-magnification images of the muscle 6/7 border are presented (C and D). High-magnification views of
the area bordered by a rectangle are presented in C and D (C’ and D’). Arrowheads in C' indicate BMs on the surfaces of
the two muscles. The presynaptic areas are indicated in green in D’. Scale bars: 10 pm (C and D) and 2 pm (C’ and D’).

3-7. dGIcAT-P is predominant glucuronyltransferase synthesizing glucuronylated core 1 glycan

In Drosophila, glucuronylated core 1 glycan (Fig. 10A) has been found in S2 cells, embryos, and larvae
(Aoki et al., 2008; Breloy et al., 2008). As mentioned above, three dGICATs, i.e., dGICAT-1, dGICAT-P, and
dGIcAT-S have been identified previously in Drosophila (Kim et al., 2003). In that paper, enzymatic
activities of each dGICAT toward core 1 glycan were determined. However, their specific activities were not
measured. As dGICAT-1, dGICAT-P, and dGIcAT-S enzymes have one, two, and four splicing variants,
respectively (Table 4), we prepared FLAG-tagged proteins of each dGICAT splicing variant and determined
their specific activities toward core 1 glycan (Galf1-3GalNAcal-pNP substrate). As dGICAT-S-PA was
considered to be functionless as a glycosyltransferase due to the absence of a transmembrane domain, the
specific activity of this splicing variant were not measured. FLAG-dGICAT-P-11 had strong activity, while
FLAG-dGICAT-S-I had poor activity (Fig. 10B). However, FLAG-dGIcAT-S-111 (-PC) hardly showed the
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activity, and FLAG-dGIcAT-1, FLAG-dGIcAT-P-I, and FLAG-dGIcAT-S-I1 (-PB) showed no activity.

Next, we determined the glycan structure of enzymatic reaction products derived from the incubation of
dGIcAT-P-1I with core 1 glycan (GalB1-3GalNAcal-pNP substrate) using NSI-MS. Permethylated
malto-series oligosaccharide standards (Dp3 and Dp4 permethylated with **C-Mel) were spiked into the
reaction samples before infusion for the quantification of the enzymatic products. MS analysis showed that
enzymatic reactions catalyzed by dGIcAT-P-I1 synthesized glucuronylated core 1 glycan (m/z 725) from the
starting material (m/z 527) (Fig. 10C). To determine the position of GIcA added onto core 1 glycan,
dGIcAT-P-1l enzymatic products were permethylated and analyzed by NSI-MS" multi-dimensional
fragmentation (Aoki et al., 2007, 2008). CID fragmentation of permethylated glucuronylated core 1 glycan
(m/z 844) showed position-specific carbohydrate ring-cleavage fragment ions at m/z 329, 359, and 373,
consistent with the presence of a terminal GIcA attached to position 3 of Gal residue (Fig. 10D). Thus, this
data showed that dGICAT-P-11 preferentially added GIcA to position 3 of the terminal Gal residue of core 1
glycan. Therefore, the glycan structure of enzymatic products synthesized by dGIcAT-P-11 was identified as
GlIcAl-3Galp1-3GalNAcal-pNP. Fragment ions that would show the synthesis of a branched form of
glucuronylated core 1 glycan, Galp1-3(GIlcAl-4)GalNAcal-pNP (Aoki et al., 2008), were not detected in the
dGIcAT-P-Il enzymatic products (Fig. 10D). Together, these data clearly showed that GIcA transferase
activity of dGICAT-P-1l was much higher than those of other dGIcATs, and dGIcAT-P-Il synthesized
glucuronylated core 1 glycan (GIcA1-3GalB1-3GalNAC).

In order to analyze the expression levels of dGICAT-P-RB, -RC, and -RE transcripts, which are translated
into dGICAT-P-II protein (Table 4), at various developmental stages and in different tissues, we carried out
guantitative real-time PCR analysis (Fig. 10E). Total transcripts of dGICAT-P-RB, -RC, and -RE were
expressed ubiquitously. However, they were insufficiently expressed at the latest stage of embryogenesis
(embryo 18-24h) and in the third-instar larval fat body, whereas they were highly expressed in the adult
female body. Therefore, these results indicated that glucuronylated core 1 glycan produced by dGICAT-P-I1I
was expressed and worked in various developmental stages and multiple tissues.
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Fig. 10. Glucuronylation of core 1 glycan by dGIcAT-P.

(A) The glycan structure of Tn antigen, T antigen, and glucuronylated T antigen. To synthesize T antigen, dC1GalT1
adds Gal in a f1,3-linkage to GalNAc of Tn antigen. To synthesize glucuronylated T antigen, Drosophila
B1,3-glucuronyltransferase-P (dGICAT-P) adds Glucuronic acid (GlcA) in a $1,3-linkage to Gal of T antigen.

(B) GlIcA transferase activities of each FLAG-tagged dGICAT splicing variants toward T antigen
(GalPB1-3GalNAcal-pNP substrate). Data are indicated as the mean + standard deviation of three independent
experiments.

(C) T antigen (Galp1-3GalNAcal-pNP substrate) was reacted with UDP-GIcA and dGICAT-P-Il enzyme, and glycan
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structure of the enzymatic products was analyzed by nanospray ionization-mass spectrometry (NSI-MS). T antigen was
detected at m/z 527.15, and glucuronylated T antigen was detected at m/z 725.16. Maltooligosaccharides (Dp3 and
Dp4) were used as reference standards (Dp3: m/z 692.37 and Dp4: 899.48).

(D) T antigen (GalB1-3GalNAcal-pNP substrate) was reacted with UDP-GIcA and dGICAT-P-11 enzyme, and the glycan
structure of the enzymatic products was determined by NSI-MS following permethylation of the products. The sodiated
ion detected at m/z 844 was subjected to MS" analysis and the fragmentation pattern shows that terminal GICA was
attached at the position 3 of Gal residue.

(E) Quantitative real-time PCR analysis of total transcripts of dGICAT-P-RB, dGIcAT-P-RC, and dGIcAT-P-RE, which
are translated into the dGICAT-P-II protein, at various developmental stages and in different tissues of wild-types. The
actual amounts of total transcripts of dGICAT-P-RB, -RC, and -RE were divided by that of the RpL32 transcript for
normalization. The measurements were evaluated by absolute quantification using standard constructs in known
concentration.

Table 4. Splicing variants of three dGIcATs.

Gene CG number Splicing variant Prepared Source
mRNA Protein FLAG-tagged protein™
dGICAT-I CG32775 RA PA 29"-306" aa FlyBase
RA PA X
1”2 80"-479" aa
RD PD
dGIcAT-P CG6207 RB PB FlyBase
RC PC | II” | 68"-316"aa
RE PE
I I 81%-275" aa DDBJ (LC146674)
I RB I PB | 81%-409"aa DDBJ (LC146675) FlyBase
dGIcAT-S CG3881 - -
m-= | rRC m-= i pc 81%-486" aa FlyBase
RA PA - FlyBase

"' FLAG-tagged protein which was used for the determination of specific activity toward the Galf1-3GalNAcal-pNP
substrate in this study.

“Z1n this study, dGICAT-P-PA and -PD are named as “dGIcAT-P-1” because their amino acid sequences are absolutely
identical. For the same reason, dGICAT-P-PB, -PC, and -PE are named as “dGIcAT-P-11".

“%1n this study, dGICAT-S-RC and -PC are designated as “dGIcAT-S-111”.

3-8. Expression level of T antigen was upregulated in the muscles and neuromuscular junctions of
dGICcAT-P mutants

To clarify the physiological roles of glucuronylated T antigen, we newly produced two dGICAT-P mutant
alleles, dGIcAT-P*! and dGIcAT-P*®, using the CRISPR/Cas9 system (Kondo and Ueda, 2013). In
dGIcAT-P** allele, 4 bases were inserted into the coding region, and frameshifts took place from the 61st to
the 91st amino acid residues of dGICAT-P-I protein and from the 61st to the 178th amino acid residues of
dGIcAT-P-11 protein (Fig. 11A and Table 5). In dGIcAT-P*® allele, 10 bases were deleted from the coding
region, and frameshifts took place from the 60th to the 83rd amino acid residues of dGICAT-P-I protein and
from the 60th to the 68th amino acid residues of dGICAT-P-1I protein. All the products derived from
dGIcAT-P**! and dGIcAT-P**° alleles never contain the catalytic domain of the enzyme. To exclude the
effects of potential secondary site mutations, we used Df(3L)BSC817, a chromosomal deficiency, in which
the dGICAT-P gene is deleted completely, and analyzed dGIcAT-P*!/Df(3L)BSC817 and
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dGIcAT-P**/Df(3L)BSC817 as dGICAT-P mutants. To confirm that normal dGICAT-P enzyme is not
expressed in both dGICAT-P mutants, we carried out immunoblotting by using an anti-dGICAT-P antibody.
This antibody is able to detect two splicing variants, dGICAT-P-1 (52.6 kDa) and dGIcAT-P-11 (35.8 kDa)
(Table 5). Additionally, because the antibody can recognize only the C-terminal domain of both dGIcAT-P-I
and dGICAT-P-II, it never recognized dGIcAT-P*! and dGIcAT-P*® products. A band corresponding to
dGIcAT-P-1 in WT samples was not detected owing to the detection of non-specific bands around 50 kDa
(data not shown). However, although a band corresponding to dGICAT-P-11 (35 kDa) was detected in WT, it
was not detected in both dGICAT-P mutant samples (Fig. 11B), demonstrating that normal dGICAT-P-II
protein was never expressed in those mutant larvae. Because T antigen is glucuronylated by dGICAT-P-I1 but
not by dGIcAT-P-I (Fig. 10), T antigen must not be glucuronylated in both dGICAT-P mutants. Moreover, the
extended VNC phenotype was observed in these two mutant larvae (data not shown), similar to that
described previously (Pandey et al., 2011). These findings revealed that the two dGICAT-P mutants were null
mutants.

To test whether the expression level of glucuronylated T antigen was reduced in the two dGICAT-P null
mutants, we carried out lectin blotting and staining using PNA that can bind the T antigen but not the
glucuronylated T antigen. T antigen expression was notably increased in the dGICAT-P mutant muscles (Fig.
11C and D), showing that T antigen is also glucuronylated by dGICAT-P in vivo. We also found that on the
muscle surface, T antigen expression in the two dGICAT-P null mutants was much higher than that in WT
larvae (Fig. 11E-G and K). Moreover, T antigen expression on the muscle surface disappeared in dC1GalT1l
and dGIcAT-P double mutants (Fig. 11M-0), demonstrating that the increased unmodified T antigen on the
muscle surface of dGICAT-P null mutants was really produced by dC1GalT1l. Thus, the depletion of
dGIcAT-P resulted in increased expression of non-glucuronylated T antigen on the muscle surface due to the
suppression of T antigen glucuronylation. We next examined the expression level of T antigen at larval
NMJs. To label presynaptic NMJ boutons, an anti-HRP antibody was used (Fig. 11H-J). At the NMJs, T
antigen expression in the two dGICAT-P null mutants was significantly higher than that in WT larvae (Fig.
11H-J" and L). Therefore, these data clearly showed that dGIcAT-P synthesized glucuronylated T antigen
localized on the muscle surface and at the NMJs.
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Fig. 11. Increase expression of T antigen in the muscles and neuromuscular junctions in dGICAT-P mutants.
(A) Two dGIcAT-P mutant alleles (dGICAT-P*! and dGIcAT-P¥®) are shown. dGIcAT-P¥ is a 4-base insertion mutant
allele, while dGICAT-P**® is a 10-base deletion mutant allele. These two alleles were produced by the CRISPR/Cas9
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system. Gray and black boxes show noncoding and coding regions, respectively.

(B) Immunoblotting of entire bodies of wild-type (WT), dGICAT-P¥*/Df, and dGIcAT-P**®/Df third-instar larvae using
an anti-dGIcAT-P antibody (upper). a-tubulin internal control (lower).

(C) Lectin blotting of larval body wall muscles of WT, dGIcAT-P*Y/Df, and dGIcAT-P¥*®/Df third-instar larvae using
peanut agglutinin (PNA) (upper). a-tubulin internal control (lower). Experiments were repeated independently three
times. A representative example is indicated.

(D) Relative band intensity of PNA normalized by band intensity of a-tubulin. Data are presented as the mean *
standard error of the mean for each genotype (n = 3). Statistical significance was evaluated by Dunnett test. *P < 0.01.
(E-G) Representative confocal microscopic images of muscle 6 at abdominal segment 3 in WT (E), dGIcAT-P**Y/Df (F),
and dGIcAT-P%*/Df (G) third-instar larvae. Surface sectional views of the muscles are indicated. The width of muscle 6
is shown by a double-headed arrow. T antigen was stained with Alexa Fluor-488-conjugated PNA (PNA-488; green)
without permeabilization. Tubule like-structures are shape of tracheae on muscle surface. Scale bar: 50 pum.

(H-J") Representative confocal microscopic images of neuromuscular junctions (NMJs) on muscle 6 at abdominal
segment 3 in WT (H-H"), dGIcAT-P¥Y/Df (1-1"), and dGIcAT-P¥®/Df (J-J") third-instar larvae. NMJs were stained with
an anti-HRP antibody (a presynaptic bouton marker; magenta) and PNA-488 (green) without permeabilization. Scale
bar: 10 pum.

(K and L) Relative fluorescence intensities of PNA-488 on the muscle surface (K) and at NMJs (L) normalized to the
average of the WT data. Data are presented as the mean + standard error of the mean for each genotype (n = 8-10).
Statistical significance was evaluated by Dunnett test. *P < 0.01.

(M-N") Representative confocal microscopic images of muscle 6 at abdominal segment 3 in dGICAT-P mutant
(dGICAT-P¥*/Df) (M and M) and dC1GalT1 and dGIcAT-P double mutant (dC1GalT15'/dC1GalT1*!; dGIcAT-P*¢/Df)
(N and N') third-instar larvae. Surface sectional views of the muscle are shown in M and N. Internal sectional views of
the muscle are shown in M’ and N'. T antigen and cell nuclei were labeled with PNA-488 (green) and Hoechst 33342
(blue), respectively, without permeabilization. Scale bar: 50 um.

(O) Relative fluorescence intensities of PNA-488 on the muscle surface normalized to the average of the dGICAT-P
mutant data. Data are presented as the mean + standard error of the mean for each genotype (n = 12-14). Statistical
significance was evaluated by the Student’s t-test. *P < 0.001.

Table 5. Details about mutant proteins in dGICAT-PS* and dGICcAT-P¥® alleles.

Allele Splicing variant Start point of | Stop codon Product
frameshifts Amino acid MW (kDa)

WT - 480" 479 52.6
dGIcAT-P%K! dGICAT-P-I 61" 92" 91 10.1
dGIcAT-PK® 60" g4t 83 9.2

WT - 317" 316 35.8
dGIcAT-PSt dGICAT-P-II 61% 179" 178 19.1
dGIcAT-PK® 60" 69" 68 75

3-9. dGIcAT-P mutants showed an absence of basement membrane components at the muscle 6/7 border
As described above, a partial absence of Col IV at the muscle 6/7 border was observed in dC1GalT1
mutant larvae (Fig. 5). We tested whether same phenotype was observed in dGICAT-P mutant larvae. To label
the BMs, we used vkg®*** and an anti-Ndg antibody. Ndg is one of the main BM components. On the muscle
6/7 surface, Vkg-GFP and Ndg were evenly expressed in control (Fig. 12A-C) and both dGICAT-P mutant
larvae (Fig. 12D-I). The expression levels of Vkg-GFP and Ndg on the muscle surface were not different
between the control and both dGICAT-P mutant larvae. In the internal sectional views of the muscles,
VKkg-GFP and Ndg were expressed along the line with muscle 6/7 border in the control larvae (Fig. 12A-C").

In contrast, they were partially abolished at the muscle 6/7 border in the two dGICAT-P null mutants
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(arrowheads in Fig. 12D'-I"). The percentage of Ndg loss phenotype and the total range of Ndg loss at the
muscle 6/7 border in the two dGIcAT-P null mutants were much higher than those in WT larvae (Fig. 12J and
K). Furthermore, Ndg-deficiency phenotype was completely restored by the overexpression of dGICAT-P in
whole body on the mutant background (Fig. 12J and K). This phenotype was identical to that observed in
dC1GalT1 mutants. Therefore, these data suggested that the partial absence of BM components at the muscle
6/7 border was caused by the loss of glucuronylated T antigen expression.
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Fig. 12. Absence of collagen IV and nidogen at the muscle 6/7 border in dGICAT-P mutants.

(A-T") Representative confocal microscopic images of BMs on muscle 6 (M6) and muscle 7 (M7) at abdominal segment
3 in control (vkg®**/+) (A-C'), vkg®***/+; dGIcAT-P**Y/Df (D-F’), and vkg®***/+; dGICAT-P**/Df (G-TI') third-instar
larvae. Surface sectional views of the muscles are shown in A—C, D-F, and G-I. Internal sectional views of the muscles
are shown in A-C’, D'-F’, and G'-I'. BMs were visualized with Vkg-GFP (green) and an anti-nidogen (Ndg) antibody
(magenta). Cell nuclei (DNA) were stained with Hoechst 33342 (blue). Arrowheads in D'-F’ and G'-I' indicate the
absence of Vkg-GFP and Ndg at the muscle 6/7 border. Scale bar: 50 um.

(J) Percentage of Ndg-deficiency phenotype in wild-type (WT; n = 32), dGIcAT-P*Y/Df (n = 27), dGIcAT-P¥®/Df (n =
28), and Act5C-Gal4 rescued (Act5C-Gal4/UAS-dGICAT-P; dGICAT-P*®/Df; n = 25) larvae.

(K) Total range of Ndg loss at the muscle 6/7 border in WT (n = 32), dGIcAT-P¥Y/Df (n = 27), dGIcAT-P***/Df (n = 28),
and Act5C-Gal4 rescued (n = 25) larvae. Statistical significance was evaluated by the Steel-Dwass test. *P < 0.01; n.s.:
not significant.

3-10. dGIcAT-P mutants displayed ectopic bouton localization at the muscle 6/7 border

As we showed that NMJ boutons were mispositioned at the muscle 6/7 border in the dC1GalT1 mutants,
we tested whether dGICAT-P null mutant larvae also display such bouton mislocalization. Whereas many
NMJ boutons were distant from the muscle 6/7 border in the WT (brackets in Fig. 13A), many boutons were
positioned at the muscle 6/7 border in both the dGICAT-P mutant larvae (white arrowheads in Fig. 13B and
C). The distance form each bouton to the muscle 6/7 border in the two dGICAT-P null mutants was
significantly lower than that in WT larvae (Fig. 13E). The frequency of boutons mispositioned at the muscle
6/7 border (number of boutons positioned at the muscle 6/7 border per total bouton number) in the two
dC1GalT1 mutants was significantly higher than that in WT larvae (Fig. 13F). Both the decreased distance
between each bouton and muscle 6/7 border and the increased frequency of boutons positioned at the muscle
6/7 border were suppressed in Act5C-Gal4 rescued larvae (Fig. 13D-F). In addition, although the total
number of boutons in the two dGICAT-P mutants did not differ from that in WT larvae (Fig. 13G), the total
number of branches was significantly lower in the two dGICAT-P mutants compared with that in WT (Fig.
13H). Reduced number of NMJ branches was restored in Act5C-Gal4 rescued larvae (Fig. 13H). Therefore,
these results suggested that absence of glucuronylated core 1 glycan led to the ectopic bouton localization
and reduced number of NMJ branches on muscle 6/7.
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Fig. 13. Ectopic bouton localization at the muscle 6/7 border in dGICAT-P mutants.

(A-D) Representative confocal microscopic images of NMJs on muscle 6 (M6) and muscle 7 (M7) at abdominal
segment 3 in wild-type (WT) (A), dGIcAT-P*'/Df (B), dGIcAT-P**/Df (C), and Act5C-Gal4 rescued
(Act5C-Gal4/UAS-dGIcAT-P; dGIcAT-P>*/Df) (D) third-instar larvae. Surface sectional views of the muscles are shown.
NMJ boutons were stained with an anti-fasciclin 1l (Fas Il) antibody (a presynaptic bouton marker; green). Muscle
fibers and cell nuclei (DNA) were stained with phalloidin (magenta) and Hoechst 33342 (blue), respectively. Brackets
in Aand D indicate the distance between the bouton and muscle 6/7 border. Arrowheads in B and C show mispositioned
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NMJ boutons at the muscle 6/7 border. Scale bars: 50 um (A-D).

(E) Distance from each bouton to muscle 6/7 border in WT (n = 32), dGIcAT-P**Y/Df (n = 27), dGIcAT-P¥®/Df (n = 28),
and Act5C-Gal4 rescued (n = 25) larvae. Statistical significance was evaluated by the Steel-Dwass test. **P < 0.01; n.s.:
not significant.

(F) Frequency of boutons positioned at the muscle 6/7 border in WT (n = 32), dGIcAT-P5*Y/Df (n = 27), dGIcAT-P*<*/Df
(n = 28), and Act5C-Gal4 rescued (n = 25) larvae. Statistical significance was evaluated by the Tukey-Kramer test. **P
< 0.01; n.s.: not significant.

(G) Total number of boutons on muscle 6/7 at abdominal segment 3 in WT (n = 32), dGIcAT-P*Y/Df (n = 27),
dGIcAT-P¥®/Df (n = 28), and Act5C-Gal4 rescued (n = 25) larvae. Statistical significance was evaluated by the
Steel-Dwass test. n.s.: not significant.

(H) Total number of branches of muscle 6/7 NMJs at abdominal segment 3 in WT (n = 32), dGIcAT-P**Y/Df (n = 27),
dGIcAT-P***/Df (n = 28), and Act5C-Gal4 rescued (n = 25) larvae. A branch was defined as a terminal neurite
containing at least two boutons. Statistical significance was evaluated by the Tukey-Kramer test. *P < 0.05; **P < 0.01;
n.s.: not significant.

3-11. Absence of basement membrane components was correlated with ectopic bouton localization in
dGICAT-P mutants

Next, to test whether there is a correlation between the two phenotypes, i.e., the partial absence of BM
components and the ectopic bouton localization at the muscle 6/7 border, we analyzed the positional
relationship between the sites devoid of Ndg and the mispositioned NMJ boutons at the muscle 6/7 border in
the dGIcAT-P mutants (Fig. 14). As described above, in the surface sectional view of the muscles, although
many boutons were distant from muscle 6/7 border in the WT (brackets in Fig. 14A and B), many boutons
were mispositioned at the muscle 6/7 border in both the dGICAT-P mutant larvae (white arrowheads in Fig.
14C-F). In the internal sectional view of the muscles, whereas Ndg was positioned along the line with
muscle 6/7 border in the WT (Fig. 14A"), its expression was partially abolished at the muscle 6/7 border in
both the dGICAT-P mutant larvae (white arrowheads in Fig. 14C’ and E’). In dGICAT-P null mutants,
mispositioned NMJ boutons were frequently positioned just above Ndg-negative site at the muscle 6/7
border (white arrowheads in Fig. 14C, C', E, and E’). In the cross sectional view of the muscles, muscles 6
and 7 were individually covered with separate BMs, and NMJ boutons were positioned on muscle surfaces in
WT (Fig. 14A"” and B"). In contrast, two muscles were in close contact with each other and were covered
with a continuous single BM in the two dGICAT-P null mutants (Fig. 14C"—F"). Furthermore, a bouton was
positioned at the muscle 6/7 border in both the dGICAT-P mutants (black arrowheads in Fig. 14C"-F").
Beneath the mispositioned boutons, the close contact of the two muscles and absence of Ndg expression
were frequently observed.

We found that there was a strong correlation between the total range of Ndg loss and the percentage of
boutons mispositioned at the muscle 6/7 border in the two dGIcAT-P null mutants (Fig. 141), showing that the
two phenotypes, i.e., the partial absence of BM components and the ectopic bouton localization, were
directly associated. Furthermore, to verify that mispositioned NMJ boutons are preferentially positioned just
above the missing site of Ndg in the dGICAT-P null mutants, we compared the frequency of boutons
positioned just above the missing site of Ndg vs. the frequency of boutons positioned just above
Ndg-positive site at the muscle 6/7 border in both the dGICAT-P mutants (Fig. 14J). In both mutants, the
former was significantly higher than the latter, clearly showing that mispositioned NMJ boutons tended to be
positioned just above the missing site of Ndg at the muscle 6/7 border in the dGICAT-P null mutants.
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Therefore, these data demonstrated that the lack of glucuronylated core 1 glycan made NMJ boutons localize
just above the site devoid of the BM components at the muscle 6/7 border.
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Fig. 14. Correlation between Ndg loss and bouton mislocalization at the muscle 6/7 border in dGICAT-P mutants.
(A-H") Representative confocal microscopic images of BMs and NMJ boutons on muscle 6 (M6) and muscle 7 (M7) at
abdominal segment 3 in wild-type (WT) (A-B"), dGIcAT-P**Y/Df (C-D"), dGIcAT-P*®/Df (E-F"), and Act5C-Gal4
rescued (Act5C-Gal4/UAS-dGICAT-P; dGIcAT-P**/Df) (G-H") third-instar larvae. Surface sectional views of the
muscles are shown in A—H. Internal sectional views of the muscles are shown in A’-H'. Cross-sectional views of the
areas within white dotted-lines in A—H are shown in A"-H"”. BMs and NMJ boutons were stained with an anti-nidogen
(Ndg) antibody (magenta) and an anti-fasciclin 1l (Fas Il) antibody (a presynaptic bouton marker; green), respectively.
Muscle fibers and cell nuclei (DNA) were stained with phalloidin (white) and Hoechst 33342 (blue), respectively.
Brackets in A, B, G, and H indicate the distance between the bouton and muscle 6/7 border. White arrowheads in C-F
and C'-F’ show mispositioned NMJ boutons and Ndg-negative site at the muscle 6/7 border, respectively. Black
arrowheads in A"-H" indicate positions of NMJ boutons. Scale bars: 50 um (A-H’) and 10 pm (A"-H").

(1) Correlation between the total range of Ndg loss and the percentage of boutons positioned at the muscle 6/7 border in
dGIcAT-P**Y/Df (n = 27; left) and dGICAT-P3*/Df (n = 28; right) larvae. Values of the Pearson's correlation coefficient r
comprised 0.62 and 0.69 for dGICAT-P**Y/Df and dGIcAT-P***/Df, respectively. Black straight line indicates the
approximate line. Gray cross-dotted-lines indicate the average lines.

(J) A comparison between ‘frequency of boutons positioned just above Ndg-negative site at the muscle 6/7 border’ vs.
“frequency of boutons positioned just above Ndg-positive site at the muscle 6/7 border” in dGICAT-P¥Y/Df (n > 21; left)
and dGIcAT-P¥®/Df (n > 26; right) larvae. Statistical significance was evaluated by the Student’s t-test. *P < 0.001.

3-12. Ultrastructural analysis of mispositioned NMJ boutons in dGICAT-P mutants

To analyze in detail mispositioned NMJ boutons in dGICAT-P null mutants, we carried out the
ultrastructural analysis by TEM. The surface and internal sections of muscles 6 and 7 were observed (Fig.
15A). Assessment of the BM with TEM showed that it was composed of the basal lamina, which was an
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electron dense band, and lamina lucida, which was an electron-lucent area between the basal lamina and
plasma membrane. In the surface section of the muscles, NMJ boutons were hardly observed at the muscle
6/7 border, and each muscle surface was covered with basal lamina in WT larvae (Fig. 15B and B'). However,
in the two dGIcAT-P null mutant larvae, NMJ boutons were observed at the muscle 6/7 border and connected
two muscles (Fig. 15D, D', F, and F’). Because light microscopic imaging revealed that the main BM
components were abolished beneath mispositioned NMJ boutons as described above (Fig. 14), we thus
expected that basal laminae would be absent beneath mispositioned NMJ boutons. In the TEM internal
section of muscles, against our expectation, basal laminae were observed at the muscle 6/7 border in the two
dGIcAT-P null mutants (Fig. 15E, E’, G, and G’) similarly as that in WT larvae (Fig. 15C and C'). However,
whereas single layered basal laminae were observed on each muscle in WT (Fig. 15C’, black arrowheads),
basal laminae were duplicated and ruptured in dGICAT-P*!/Df larvae (Fig. 15E’, black and white arrowheads,
respectively) and were duplicated and thin in dGIcAT-P*“*/Df larvae (Fig. 15G’, black arrowheads). Ectopic
bouton localization and defects of the basal lamina were completely restored in Act5C-Gal4 rescued larvae
(Fig. 15H-T").

Together, light microscopy and TEM analyses showed that in dGICAT-P null mutants, NMJ boutons were
ectopically positioned at the muscle 6/7 border and connected the two muscles (Fig. 15A). A continuous
single BM, which was Col IV/Ndg-positive, surrounded the dorsal surfaces of mispositioned NMJ boutons
and muscle 6/7. Moreover, beneath the mispositioned NMJ boutons, Col IVV/Ndg-negative BMs were
severely deformed. Therefore, these data clearly showed that glucuronylated core 1 glycan was required for
the positioning of NMJ boutons and formation of BMs on muscle 6/7.
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Fig. 15. Ultrastructural analysis of the muscle 6/7 border in dGICAT-P mutants.

(A) Schematic diagrams of cross sectional views of muscles 6 and 7 in wild-type (WT; left) and dGICAT-P null mutants
(right). Normal BMs (collagen 1V [Col 1V]/nidogen [Ndg]-positive) and NMJ boutons are shown in magenta and green,
respectively. Col 1V/Ndg-negative BMs in dGICAT-P mutants are shown in light magenta. Upper and lower dotted-lines
reveal surface and internal sections, respectively. A double-headed arrow reveals dorsal and ventral surface of the
muscles.

(B-I") Transmission electron micrographs of the muscle 6/7 border at abdominal segment 3 in WT (B-C),
dGICAT-P**Y/Df (D-E’), dGIcAT-P*®/Df (F-G’), and Act5C-Gal4 rescued (Act5C-Gal4/UAS-dGICAT-P;
dGIcAT—PSKGIDf) (H-T') third-instar larvae. Surface sections of the muscles are shown in B, B’, D, D', F, F’, H, and H'.
Internal sections of the muscles are shown in C, C', E, E’, G, G', I, and I'. Low-magnification images of the muscle 6/7
border are shown in B-I. High-magnification views of the area bordered by a rectangle in B-I are shown in B'-I".
Presynaptic boutons are shown in green in D, D', F, and F’. Arrows in C, E, G, and | reveal the muscle 6/7 border. Black
arrowheads in B, C’, H’, and I' reveal normal basal laminae on the muscle 6/7 surface. Black arrowheads in E' and G’
reveal duplicated basal laminae. White arrowheads in E' reveal the rupture of the basal lamina. Scale bars: 5 um (B-1),
500 nm (B’, C', E', G', H, and I'), and 1 um (D’ and F’).
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3-13. dGIcAT-P genetically interacted with dC1GalT1

As dGIcAT-P mutants displayed some phenotypes identical to those observed in dC1GalT1 mutants, we
expected that dGICAT-P may genetically interact with dC1GalTl. We then tested whether double
heterozygous mutants of dGICAT-P and dC1GalT1 showed BM and NMJ phonotype (Fig. 16). In the double
heterozygous mutants, some NMJ boutons were present just above Ndg-negative site at the muscle 6/7
border (white arrowheads, Fig. 16E-F’). Furthermore, in the cross sectional view of the muscles, a bouton
indicated by a black arrowhead was positioned at the muscle 6/7 border, and the two muscles were covered
with a continuous single BM (Fig. 16E” and F”). In contrast, single heterozygous mutants of dGICAT-P and
dC1GalT1 hardly show these phenotypes (Fig. 16A-B” and C-D"). Frequency of Ndg loss phenotype in the
double heterozygous mutants was higher than that in the single heterozygous mutants (Fig. 16G). In addition,
the total range of Ndg loss at the muscle 6/7 border was also significantly increased in the double
heterozygous mutants compared with that in the single heterozygous mutants (Fig. 16H). Together, these
results demonstrated that there was a genetic interaction between dGIcAT-P and dC1GalTl and that
glucuronylated core 1 glycan, rather than unmodified core 1 glycan, regulated the positioning of NMJ
boutons and organization of BMs on larval muscles.
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Fig. 16. Genetic interaction between dC1GalT1 and dGIcAT-P.

(A-F") Representative confocal microscopic images of BMs and NMJ boutons on muscle 6 (M6) and muscle 7 (M7) at
abdominal segment 3 in dC1GalT1*Y/+ (A-B"), dGIcAT-P*¢/+ (C-D"), and dC1GalT1*%/+; dGIcAT-P*%/+ (E-F")
larvae. Surface sectional views of the muscles are shown in A-F. Internal sectional views of the muscles are shown in
A'-F'. Cross-sectional views of the areas within white dotted-lines in A—F are shown in A”-F". BMs and NMJ boutons
were stained with an anti-nidogen (Ndg) antibody (magenta) and an anti-fasciclin 1l (Fas Il) antibody (green),
respectively. Muscle fibers and cell nuclei (DNA) were stained with phalloidin (white) and Hoechst 33342 (blue),
respectively. White arrowheads in E/F and E'/F’ reveal mispositioned NMJ boutons and Ndg-negative site, respectively.
Black arrowheads in A"—F” indicate positions of NMJ boutons. Scale bars: 50 pm (A-F’) and 10 pm (A"-F").
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(G) Percentage of Ndg-deficiency phenotype in dC1GalT1*Y/+ (n = 19), dGICAT-P¥®/+ (n = 20), and dC1GalT1%%/+;
dGICAT-P¥%/+ (n = 21) larvae.

(H) Total range of Ndg loss at the muscle 6/7 border in dC1GalT1*Y/+ (n = 19), dGIcAT-P*%/+ (n = 20), and
dC1GalT1*Y/+; dGIcAT-P**%/+ (n = 21) larvae. Statistical significance was evaluated by Steel-Dwass test. *P < 0.05;
**P < 0.01.

3-14. Absence of dC1GalT1 expression resulted in various ultrastructural defects in NMJ boutons

Next, we analyzed whether ultrastructural defects were observed in NMJ boutons of dC1GalT1l and
dGIcAT-P mutants using TEM. Schematic diagram of NMJ bouton ultrastructure is shown in Fig. 17. We
firstly observed the dC1GalT1 mutant NMJ boutons (Fig. 18 and Table 6). On the presynaptic side of NMJ
boutons, the diameter of vesicles was significantly increased in dC1GalT1 mutants compared with that in
WT larvae (Fig. 18D and F). It has been reported that vesicle smaller than 80 nm in diameter is considered to
be synaptic vesicle, and vesicle larger than 80 nm in diameter is considered to be large endosome-like
structure (cisterna), which is observed in endocytic mutants (Zhang et al., 1998; Guichet et al., 2002;
Kasprowicz et al., 2008; Matta et al., 2012; Winther et al., 2013; West et al., 2015). The diameter of vesicles
smaller than 80 nm in diameter (Synaptic vesicles) was not different between the WT and dC1GalT1 mutants
(Fig. 18E). However, percentage of vesicles larger than 80 nm in diameter (large endosome-like structures)
in the dC1GalT1 mutants was higher than that in WT larvae (arrowheads in Fig.18C’ and Fig. 18G). T-bars,
electron-dense T-shaped structures, frequently stand on the intracellular side of the presynaptic membrane
(Prokop, 1999; Verstreken et al., 2002). To release neurotransmitters, synaptic vesicles gather beside the
T-bar and fuse to the presynaptic membrane underneath the T-bar. However, the number of vesicles within
250 nm from T-bar and the number of T-bars per bouton were not different between the WT and dC1GalT1
mutant larvae (Table 6). Therefore, these results suggested that mucin-type O-glycans might be involved in
endocytosis in presynaptic NMJ boutons.

<ultrastructure>

A

axon terminal

axon terminal
(presynaptic cell)

subsynaptic reticulum
(SSR; postsynaptic cell)

Fig. 17. Schematic diagram of NMJ bouton ultrastructure.
(A) At the NMJs, axon terminal is surrounded by muscle cell that forms folded structure.
(B) Bouton ultrastructure observed by transmission electron microscope is shown. The folded structure of muscle cell is
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called subsynaptic reticulum (SSR).

(C) Magnified view of the area bordered by a rectangle in B is shown. In the presynaptic cell, a number of synaptic
vesicles accumulate around T-bar that locates on the intracellular side of presynaptic membrane. Neurotransmitters are
released beneath the T-bar. Postsynaptic density (PSD), which is electron-dense area of postsynaptic membrane,
includes neurotransmitter receptors, adhesion proteins, signaling molecules, scaffolding molecules, and ion channels.

On the postsynaptic side of NMJ boutons, the thickness of SSR per bouton area in the dC1GalT1 mutants
was significantly higher than that in WT larvae (Fig. 18H). However, SSR density (layer number per SSR
thickness) in the dC1GalT1l mutants was significantly lower than that in WT larvae (Fig.18l). Additionally,
the length of PSD was significantly reduced in the dC1GalT1 mutants compared with that in WT larvae (Fig.
18J). However, the number of PSDs per bouton and the depth of PSP in the dC1GalT1 mutants did not differ

from those in WT larvae (Table 6). Therefore, these results suggested that mucin-type O-glycans regulated
the SSR formation and PSD organization in postsynaptic NMJ boutons.
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Fig. 18. Ultrastructural aberrations of dC1GalT1 mutant NMJ boutons.
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(A-C") Transmission electron micrographs of NMJs (type Ib boutons) on muscle 6 at abdominal segment 3 in wild-type
(WT) (A and A") and T15/T1%! (dC1GalT15"**¥"%/dC1GalT1%!) (B—C') third instar larvae. High-magnification views of
T-bar in A and B are presented in A’ and B’. High-magnification view of the presynaptic area in C is presented in C'.
Arrowheads in A and B indicate postsynaptic density (PSD) and its length. The double-headed arrows in A—C indicate
subsynaptic reticulum (SSR) and its thickness. The U-shaped objects in A’ and B’ indicate postsynaptic pocket (PSP)
and its depth. Arrowheads in C' indicate vesicles larger than 80 nm in diameter, large endosome-like structures. V:
vesicle, M: mitochondria. Scale bars: 1 um (A—C), 250 nm (A’ and B’), and 500 nm (C’).

(D and E) Quantification of the diameters of all vesicles (D) and the diameters of vesicles smaller than 80 nm in
diameter (synaptic vesicles) (E) in WT and T15'/T1%* larvae. Data are the mean + standard error for each genotype.
Statistical significance was evaluated by the Student’s t-test. **P < 0.01; n.s.: not significant.

(F) Box and dot plot of the diameters of vesicles in WT and T15"/T1?* larvae. Gray and black dots indicate measured
values and outliers, respectively.

(G) Percentages of vesicles larger than 80 nm in diameter (large endosome-like structures) in WT and T15'/T1%* larvae.

(H-J) Quantification of SSR thickness per bouton area (H), SSR density (layer number per SSR thickness) (1), and PSD
length (J) in WT and T15/T1%* larvae. Data are the mean + standard error for each genotype. Statistical significance
was evaluated by the Student’s t-test. *P < 0.05.

The numbers in the bar graphs represent the number of NMJ boutons (D, E, H, I, and J) and vesicles (G) in which
respective measurements were performed.

Table 6. Ultrastructural analysis of dC1GalT1 mutant NMJ boutons.

Ultrastructure WT T1FY/T12t

Presynaptic side

Number of T-bars/bouton 20+£04 (n=10) 1.3+0.4 (n=10)
Diameter of vesicles (nm) 448 +15(n=11) 61.4 £5.5** (n = 10)
Diameter of vesicles (< 80 nm) (nm) 422+0.7 (n=11) 435+ 1.7 (n=10)
Percentage of vesicles (> 80 nm) (%) 3.2 (n=220) 16.8 (n = 280)
Number of vesicles < 250 nm from T-bar 43.9+3.2(n=10) 39.4+19(n=10)

Postsynaptic side

Number of PSDs/bouton 4.8+15(n=10) 46+15(n=10)
PSD length (um) 681.4+47.9 (n=12) 536.9+61.1* (n=12)
SSR thickness/bouton area (um™?) 0.4 £0.08 (n=10) 0.7+0.1*(n=10)
SSR density (um™) 6.6 +0.5 (n = 10) 5.2 +0.3* (n = 10)
PSP depth (nm) 216.6 + 37.6 (n =10) 158.1 £26.2 (n=11)

Data are presented as the mean + standard error of the mean. Statistical significance was assessed by either the Dunnett
or Steel test. * P < 0.05, ** P < 0.01.

3-15. Absence of dGICAT-P expression resulted in various ultrastructural defects in NMJ boutons

We then observed the dGICAT-P mutant NMJ boutons (Fig. 19 and Table 7). On the presynaptic side of
NMJ boutons, in contrast with the dC1GalT1 mutants, the diameter of vesicles was significantly reduced in
both dGICAT-P mutants compared with that in WT larvae (Fig. 19D). The diameter of vesicles smaller than
80 nm in diameter (synaptic vesicles) in both dGICAT-P mutants was significantly lower than that in WT
larvae (Fig. 19E). The frequency of vesicles larger than 80 nm in diameter (large endosome-like structures)
was reduced in both dGICAT-P mutants (Fig. 19F). Furthermore, the number of vesicles within 250 nm from
the T-bar was significantly decreased in both dGICAT-P mutants compared with that in WT larvae (Fig. 19G),
although the total number of vesicles per bouton area was not different between WT and both dGICAT-P
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mutant larvae (Table 7). However, the number of T-bars per bouton in both dGIcAT-P mutants did not differ
from that in WT larvae (Table 7). Therefore, these results showed that the depletion of dGICAT-P expression
reduced the synaptic vesicle size, frequency of large endosome-like structures, and number of synaptic
vesicles around the T bar in presynaptic NMJ boutons.

On the postsynaptic side of NMJ boutons, the PSD length in both dGICAT-P mutants was significantly
shorter than that in WT larvae (Fig. 19H). This phenotype was the same phenotype observed in the
dC1GalT1 mutants, suggesting that glucuronylated T antigen contributed to PSD organization. Moreover, the
PSP depth was expanded in both dGICAT-P mutants compared with that in WT larvae (Fig. 191). However,
the number of PSDs per bouton, SSR thickness per bouton area, and SSR density were similar in WT and
both dGIcAT-P mutant larvae (Table 7). Therefore, these data revealed that the absence of dGICAT-P
expression caused shorter PSD length and expanded PSP depth in postsynaptic NMJ boutons.
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Fig. 19. Ultrastructural aberrations of dGICAT-P mutant NMJ boutons.

(A—C") Transmission electron micrographs of NMJs (type Ib boutons) on muscle 6 at abdominal segment 3 in wild-type
(WT) (A and A’), dGICAT-P**Y/Df (B and B’), and dGIcAT-P***/Df (C and C’) third-instar larvae. High magnification
views of T-bar revealed by an arrow in A-C are shown in A'-C'. Arrowheads in A—C reveal the postsynaptic density
(PSD) and its length. The double-headed arrows in A-C reveal subsynaptic reticulum (SSR) and its thickness. The
double-headed arrows in A'-C’ reveal postsynaptic pocket (PSP) and its depth. Scale bars: 1 um (A-C) and 250 nm
(A-C).

(D-1) Quantification of the diameter of all vesicles (D), diameter of vesicles smaller than 80 nm in diameter (synaptic
vesicles) (E), percentage of vesicles larger than 80 nm in diameter (large endosome-like structures) (F), number of
vesicles within 250 nm from a T-bar (G), length of PSDs (H), and depth of PSPs (I) at WT and two dGIcAT-P mutant
NMJs. The numbers inside the bars show the numbers of NMJ boutons (D, E, G, H, and 1) and vesicles (F) in which
respective measurements were carried out. Data are shown as the mean + standard error of the mean for each genotype.
Statistical significance was evaluated by either the Dunnett or Steel test, as appropriate. *P < 0.05; **P < 0.01.

Table 7. Ultrastructural analysis of dGICAT-P mutant NMJ boutons.

Ultrastructure wT dGIcAT-PS*Y/Df dGICAT-PS**/Df

Presynaptic side

Number of T-bars/bouton

Diameter of vesicles (nm)

Diameter of vesicles (< 80 nm) (nm)
Percentage of vesicles (> 80 nm) (%)
Number of vesicles < 250 nm from T-bar

Total vesicle number/bouton area (um™)

1.8+0.3 (n=20)
46.9+1.2 (n = 14)
43.2+0.8 (n = 14)
6.4 (n = 420)
38.8+2.3 (n=14)
103.3£17.5 (n = 14)

1002 (n=17)
42.0 £ 0.7%* (n = 17)
41.4 +0.5% (n = 17)
0.8 (n = 510)

28.7 +1.4%* (n=17)
102.6 +16.1 (n = 17)

2.1+0.3 (n=20)
41.3 +0.5%* (n = 20)
40.9 + 0.5%* (n = 20)
0.7 (n = 600)

27.8 £ 1.7%* (n = 20)
109.8 +9.2 (n = 20)

Postsynaptic side

Number of PSDs/bouton

PSD length (um)

SSR thickness/bouton area (um™?)
SSR density (um™)

PSP depth (nm)

45+0.3 (n = 20)
0.8 +0.04 (n = 20)
0.3+0.04 (n = 20)
6.8+0.2 (n=20)
175.0 +24.9 (n = 14)

4404 (n=17)

0.6 +0.03* (n = 17)
0.2+0.02* (n=17)
7304 (n=17)
350.1 +66.4* (n = 17)

5.1+05 (n=20)

0.6 +0.04* (n = 20)
0.3+0.03 (n = 20)
6.6 £0.2 (n=20)
348.8 + 49.5* (n = 20)

Data are presented as the mean + standard error of the mean. Statistical significance was assessed by either the Dunnett

or Steel test. * P < 0.05, ** P < 0.01.
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TI1EY/T1%1 dGIcAT-PSYUDf  dGlcAT-PSK/Df

Presynaptic side

Number of T-bars/bouton
Diameter of vesicles (nm)
Diameter of vesicles (< 80 nm) (nm)
Percentage of vesicles (> 80 nm) (%)

Number of vesicles < 250 nm from T-bar

Total vesicle number/bouton area (um=2)

Postsynaptic side

Number of PSDs/bouton

PSD length (pum)

SSR thickness/bouton area (um™)
SSR density (um)

PSP depth (nm)

increased

unchanged

decreased

Fig. 20. Comparison of ultrastructural defects in dC1GalT1 and dGIcAT-P mutant NMJ boutons.

Magenta color means that mutant data are significantly increased compared with wild-type (WT) data. Black color
means that there is no significant difference between mutant and WT data. Green color means that mutant data are
significantly decreased compared with WT data. Statistical significance was assessed by either the Dunnett or Steel test.
*P <0.05 **P <0.01.

3-16. Locomotor activity of dC1GalT1 and dGICAT-P mutant larvae

As various ultrastructural defects were observed in NMJ boutons of both dC1GalT1 and dGICAT-P
mutants, we expected that these defects affected NMJ neurotransmission and motility function in larvae. To
examine this, we performed a larval locomotion assay. Contrary to our expectation, the locomotor activity
was not different between WT and both the mutant larvae (Fig. 21).

44



Fig. 21. Larval locomotion assay.
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(A) An image of a 9 cm plastic dish with 3% non-nutritive agar solution on multiple circles. A wandering third-instar
larva was put at the center of multiple circles, and the movement distance of the larva during 30 s was measured.
(B) Movement distance per 30 s of wild-type (WT) (n = 30) and T1¥/T1%* (n = 30) wandering third-instar larvae.

Statistical significance was evaluated by the Student’s t-test. n.s.: not significant.

(C) Movement distance per 30 s of WT (n = 20), dGIcAT-P*!/Df (n = 18), and dGIcAT-P***/Df (n = 18) wandering

third-instar larvae. Statistical significance was evaluated by the Steel test. n.s.: not significant.
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4. Discussion

We clarify for the first time the physiological functions of glucuronylated core 1 glycan in Drosophila.
Firstly, we found that glucuronylation of T antigen was predominantly catalyzed by dGICAT-P but not by
other dGICATs. dGIcAT-P null mutants, which we newly generated, exhibited increased expression of T
antigen on the muscle surface and at NMJs, showing that glucuronylated form of T antigen was expressed in
those tissues. Both dC1GalT1 and dGICAT-P mutant larvae displayed common three phenotypes, i.e., (1) the
partial absence of main BM components, (2) ectopic bouton localization, and (3) reduced number of NMJ
branches. We demonstrated that the mispositioned NMJ boutons were preferentially positioned at or just
above the sites devoid of BM components. We found that there was a correlation between the two
phenotypes, i.e., the partial absence of main BM components and the ectopic bouton localization, showing
that these two phenotypes were associated directly. Moreover, ultrastructural analysis of muscle 6/7 border
by TEM showed that two muscles were connected through the mispositioned NMJ boutons. In particular,
BMs beneath the mispositioned boutons were grossly deformed in the dGICAT-P mutants. We found that
there was a genetic interaction between dC1GalT1 and dGIcAT-P. Additionally, ultrastructural analysis of
NMJ boutons in dC1GalT1 and dGIcAT-P mutants showed various defects, most of which were not common
between the two mutants. However, shorter PSD length was observed in both dC1GalT1 and dGIcAT-P
mutant NMJs, suggesting that glucuronylated T antigen was required for the organization of PSD. Taken
together, these results clearly showed that glucuronylated core 1 glycan produced by dC1GalT1l and
dGIcAT-P was involved in the formation of BMs, positioning of NMJ boutons, arborization of NMJs, and
organization of PSDs.

A previous report showed that in Drosophila embryos, expression levels of glucuronylated T antigen and
T antigen occupied about 10% and 55%, respectively, of total O-glycan expression levels except for
glycosaminoglycans (Aoki et al., 2008). In addition, in Drosophila larvae, the expression levels of
glucuronylated T antigen and T antigen occupied about 18% and 45%, respectively (Kurz personal
communication), showing that glucuronylated form of T antigen is upregulated during development.
Although PNA lectin blotting and staining of muscle cells revealed that T antigen was poorly expressed in
WT larvae, T antigen expression was remarkably increased in dGICAT-P mutants (Fig. 11C-G and K),
suggesting that most of the T antigens were glucuronylated by dGICAT-P on the muscle surface. By contrast,
at the NMJs, T antigen was richly expressed in WT larvae, and T antigen expression in dGICAT-P mutants
was only about 1.5 times higher than that in WT larvae (Fig. 11H-J" and L), suggesting that the expression
level of T antigen was higher than that of glucuronylated T antigen at the NMJs. Thus, the proportion of
glucuronylated T antigen and T antigen expression levels differed between the larval muscles and NMJs. A
previous study showed that both laminin B1 and B2 could bear T antigen (Lin et al., 2008). Their molecular
weights were about 220 kDa and 180 kDa, respectively, both of which were determined by western blotting
(Montell and Goodman, 1988). Our PNA lectin blotting revealed that the intensity of a band at about 180
kDa in dGICAT-P mutants was higher than that in WT muscle extracts (Fig. 11C), implying that T antigen on
laminin B2 might be glucuronylated by dGICAT-P. Additionally, as laminin was expressed on the muscle
surface and at NMJs (Bogdanik et al., 2008), we expected that the lack of glucuronylated T antigen on
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laminin might cause the upregulated T antigen expression in the muscles and NMJs of dGICAT-P mutants
(Fig. 11E-L).

Previous studies showed that both dGIcAT-S and dGIcAT-P could catalyze glucuronylation of
non-sulfated HNK-1 epitope (GlcAB1-3Galp1-4GIcNAc; Kim et al., 2003; Breloy et al., 2016). However, in
larvae, its expression level was scarcely decreased despite the absence of dGICAT-P enzyme (Pandey et al.,
2011), suggesting that dGICAT-P was not predominant enzyme catalyzing the glucuronylation of HNK-1
epitope.

A previous report revealed that fasciclin | (Fas 1), which was homophilic cell adhesion molecule,
controlled arborization of NMJs (Zhong and Shanley, 1995). NMJ morphology of Fas | overexpressed larvae
resembled that of both dC1GalT1 and dGICAT-P mutant larvae. We therefore speculated that enhancement of
cell adhesion between neuron and muscle cell might cause morphological defects of NMJs. As GIcA bears a
minus charge, the surfaces of neuron and muscle cell can be negatively charged by glucuronylated core 1
glycans that can serve as an anti-adhesion molecule (Fig. 22). Therefore, we assumed that in dC1GalT1 and
dGIcAT-P mutants, neuron-muscle adhesion might be enhanced by the absence of glucuronylated core 1
glycans, leading to the morphological defects of NMJs, i.e., reduced number of NMJ branches and
mislocalization of NMJ boutons.

glucuronylated T antigen /‘ wild-type glucuronylated
/ N T antigen
Ser/Thr II /
A=
/
\ ' !I - \/ L

. cell adhesion molecule
axon termmal/

V4
B dGIcAT-P mutant

—

& N
muscle cell ~

Fig. 22. Expected mechanism of aberrant NMJ morphology in dGICAT-P mutants.

As GIcA has minus charge, glucuronylated T antigen is negatively charged. Given that homophilic cell adhesion
molecules, which are expressed on pre- and postsynaptic cells, carry glucuronylated T antigen, adhesion between pre-
and postsynaptic cells is diminished due to charge repulsion. However, in dGICAT-P mutants, the adhesion between
them is enhanced due to absence of the charge repulsion, resulting in the aberrant NMJ morphology, i.e., reduced
number of NMJ branches and mislocalization of NMJ boutons.

As mentioned above, in Drosophila, some BM components produced in hemocytes (blood cells) and fat
body are secreted to the body fluid and accumulate on various tissue surfaces. BMs are originally formed
after the initial formation of NMJs at the late stage of embryogenesis and surround the surfaces of NMJ
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bouton and muscle, except for the neuromuscular cleft. Our results revealed that in dC1GalT1 and dGIcAT-P
mutants, the NMJ boutons, through which muscle 6/7 were interconnected, were positioned just above the
site devoid of Col IV or Ndg at the muscle 6/7 border (Figs. 15A). As a single BM (Col 1VV/Ndg-positive)
surrounded the dorsal surfaces of mispositioned boutons and two muscles, we believed that the accumulation
of BM components on the lateral surface of two muscles was physically blocked by the mispositioned
boutons, resulting in the formation of BMs lacking Col IV and Ndg in that area (Fig. 23). Furthermore,
ultrastructural analysis revealed that in dGICAT-P mutants, Col 1\VV/Ndg-deficient basal laminae beneath the
mispositioned boutons were severely deformed, such as their duplication (Fig. 15E’ and G’). We considered
two causes of basal lamina deformations in dGICAT-P mutants. Firstly, the lack of Col IV and Ndg may
cause those deformations. Additionally, as a previous report revealed that Col IV was essential for the
deposition of perlecan into BMs (Pastor-Pareja and Xu, 2011), not only lack of Col IV and Ndg but also lack
of perlecan may lead to the deformations. Secondly, we assumed that an absence of glucuronylated form of T
antigen on laminin might cause the deformations. In dGICAT-P mutants, the lack of glucuronylated T antigen
on laminin might weaken the adhesion between the laminin localized in the basal lamina, and its receptors,
e.g., integrin and dystroglycan, causing the dissociation between the basal laminae and plasma membranes.
Thereafter, de novo formation of basal laminae on the plasma membranes results in their duplication.

dGIcAT-P/dC1GalT1

wild-type
P mutant

fat body
N\\)‘ /
NV

\Bl\/l components— &

bouton
muscle 7 Col IV/Ndg-
negative BM

Fig. 23. Expected mechanism of loss of BM components in dGICAT-P and dC1GalT1 mutants.

In wild-types, NMJ boutons are formed away from the muscle 6/7 boundary. Subsequently, BM components (Col 1V
and Ndg) secreted from fat body accumulate on the surface of two muscles and boutons. Each muscle is individually
surrounded by BM.

In dGICAT-P and dC1GalT1 mutants, NMJ boutons are formed at the muscle 6/7 boundary and connect the two muscles.
Because BM components secreted from the fat body cannot pass through the cleft between bouton and muscle, the
surfaces of two muscles and bouton are covered with a single BM, leading to the loss of BM components underneath
the mislocalized bouton.
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At the postsynaptic side of NMJs, the PSD composes a complex network of neurotransmitter receptors,
adhesion proteins, signaling molecules, scaffolding molecules and ion channels (Harris and Littleton, 2015).
Our ultrastructural observation of NMJ boutons demonstrated that both dC1GalT1 and dGICAT-P mutants

displayed shorter PSD length (Fig. 20), suggesting that glucuronylated core 1 glycans was required for the
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PSD organization. As DGIuRs cluster at the PSDs, the shorter PSD length can cause the reduction in cluster
size of DGIuRs and the depression of neurotransmission in both dC1GalT1 and dGICAT-P mutants. As a
previous report showed that sialylated form of core 1 glycan on a-dystroglycan played a role in AChR
clustering on C2C12 cells, a mouse myaoblast cell line (McDearmon et al., 2003), we assumed that at the
Drosophila NMJs, glucuronylated T antigen might be essential for DGIUR clustering.

dC1GalT1l mutant NMJs included many large endosome-like structures in presynaptic terminals and
showed SSR deformations, while dGICAT-P mutant NMJs did not exhibit those defects (Fig. 20). These
observations suggested that those defects were attributed to reduced expression of T antigen but not
glucuronylated T antigen. The large endosome-like structures observed in dC1GalTl mutant NMJs
morphologically resembled those observed in endocytic mutants (Zhang et al., 1998; Guichet et al., 2002;
Kasprowicz et al., 2008; Matta et al., 2012; Winther et al., 2013; West et al., 2015), indicating the possibility
that T antigen may be involved in endocytosis in the presynaptic NMJ boutons. A previous report showed
that a loss of B-spectrin expression caused SSR defects (Pielage et al., 2006), which resembled those
observed in dC1GalT1 mutant NMJs. Moreover, it was reported that at the Drosophila NMJs, spectrin was
heterotetramer composed of a- and B-spectrins and could interact with the dystrophin-glycoprotein complex
(DGC), which mechanically connected the extracellular matrix and cytoskeleton (Bogdanik et al., 2008).
DGC contains glycoproteins carrying mucin-type O-glycans, e.g., laminin and dystroglycan (Haines et al.,
2007; Bogdanik et al., 2008; Breloy et al., 2008; Lin et al., 2008; Nakamura et al., 2010). Therefore, it is
possible that T antigen on those glycoproteins may be required for the stabilization of DGC and the
formation of SSR.

dGIcAT-P mutant NMJs displayed four phenotypes that were never observed in dC1GalT1 mutant NMJs
(Fig. 20). In particular, (1) shorter diameter of synaptic vesicles, (2) reduced number of synaptic vesicles
around the T-bar, (3) decreased number of large endosome-like structures, and (4) expansion of PSP depth
were observed only in the dGICAT-P mutant NMJs. Previous studies demonstrated that dGICAT-P could also
synthesize other glycan structures, such as glycosaminoglycans (Kim et al., 2003), and that loss of sulfateless,
which was essential for the synthesis of heparan sulfate, resulted in decreased number of large
endosome-like structures and expansion of PSP at the NMJs (Ren et al., 2009). Therefore, we assumed that
those four phenotypes observed only in dGICAT-P mutants might be attributed to the absence of glycan
structures other than glucuronylated core 1 glycans.

We presumed that the reduced synaptic vesicle size led to a decreased amount of neurotransmitters in a
synaptic vesicle and that the reduced number of vesicles around the T-bar diminished neurotransmitter
release. Moreover, the shorter PSD length may lead to the suppression of neurotransmission because
neurotransmitter receptors, such as DGIuURs, are localized at the PSD, as mentioned above. However, both
dGIcAT-P and dC1GalT1 mutant larvae showed normal locomotor activity (Fig. 21), suggesting that in this
case, the larval locomotion was not affected by aberrant neurotransmission at the NMJs.

In conclusion, our analyses showed that glucuronylated core 1 glycan produced by dC1GalT1l and
dGIcAT-P regulated the arborization of NMJs, positioning of NMJ boutons, and formation of the BMs on
Drosophila muscles. Furthermore, ultrastructural observation of NMJ boutons suggested that glucuronylated
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core 1 glycan could be required for the PSD organization. This study unraveled for the first time the
physiological roles of glucuronylated core 1 glycan in Drosophila. Future analyses will identify the core
protein carrying glucuronylated core 1 glycan and clarify the molecular mechanism underlying the
positioning of NMJ boutons.
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