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CHAPTER ONE: SUMMARY



Notch is a transmembrane receptor that mediates cell-cell interactions and controls various
cell-fate specifications in metazoans. The extracellular domain of Notch contains multiple
epidermal growth factor (EGF)-like repeats. At least five different glycans are found in
distinct sites within these EGF-like repeats. The function of these individual glycans in Notch
signaling has been investigated, primarily by disrupting their individual glycosyltransferases.
However, we are just beginning to understand the potential functional interactions between
these glycans. Monosaccharide O-fucose and O-glucose trisaccharide (O-glucose-xylose-
xylose) are added to many of the Notch EGF-like repeats. In Drosophila, Shams adds a
xylose specifically to the monosaccharide O-glucose. We found that loss of terminal dixylose
of O-glucose-linked saccharides had little effect on Notch signaling. However, our analyses
of double mutants of shams and other genes required for glycan modifications revealed that
both the monosaccharide O-glucose and the terminal dixylose of O-glucose-linked
saccharides function redundantly with the monosaccharide O-fucose in Notch activation and
trafficking. The terminal dixylose of O-glucose-linked saccharides and the monosaccharide
O-glucose were required in distinct Notch-trafficking processes: Notch transport from the
apical plasma membrane to adherence junctions, and Notch export from the endoplasmic
reticulum, respectively. Therefore, the monosaccharide O-glucose and terminal dixylose of
O-glucose-linked saccharides have distinct activities in Notch trafficking, although the lack
of these activities is compensated for by the presence of monosaccharide O-fucose. Given
that various glycans attached to a protein motif may have redundant functions, our results
suggest that these potential redundancies may lead to a serious underestimation of glycan

functions.



CHAPTER TWO: INTRODUCTION



Cell-cell signaling is essential for development and homeostasis of multicellular organism
During development of multicellular organisms, a fertilized egg is transformed into the
complex structure of embryo. Embryogenesis requires precisely regulated cell proliferation,
cell differentiation, cell migration, and apoptosis. In general, these behaviors of cells are
strictly controlled through the intrinsic and extrinsic mechanisms. The extrinsic mechanisms
involve cell-cell interactions and subsequent cell signaling events inside of the cells. Besides
the functions in development, cell-cell interactions also play essential roles in homeostasis.
Cell-cell interactions are often mediated by ligand and receptor interactions. Ligands can be
secreted and diffused intracellularly, which enables it to bind to the receptors. Alternatively,
transmembrane ligands bind to and activate the receptor presented at the cell surface of
neighboring cells. Notch receptor plays important roles in the latter case and regulates a
broad range of cell fate specifications through the local cell-cell interaction.

The first Notch allele was found in Drosophila in Thomas Morgan laboratory in 1913
(Morgan et al., 1916; Morgan., 1917). The name of Notch is from its phenotype, since
heterozygote of Notch mutant has notched wing phenotype (Mohr et al., 1919; Daxter., 1920).
Poulson discovered that Notch mutant embryos lack endodermal and mesodermal tissues,
while ectodermal tissues produce nervous system at the expense of epidermal cells (Poulson.,
1937). Now this phenotype is called “neurogenic phenotype” (Lehmann et al., 1983) (Fig. 1).
Neurogenic phenotype is caused by the failure of “lateral inhibition,” that is mediated by
Notch signaling. Lateral inhibition prevents proneural cells that neighbor a neuroblast from
choosing the neuroblast-fate during neuroblast segregation. Thus, in the absence of Notch
signaling, proneural cells differentiate into neuroblast at the expense of epidermoblasts
(Hartenstein and Posakony., 1989) (Fig. 1). Neuroblast cells subsequently become various

types of neuronal linage cells, for example, sensory organ precursors (SOPs) (Fig. 1). In



Drosophila, genetic screens to isolate the mutants that showed neurogenic phenotype led to
the identification of genes encoding core Notch signaling components (Fortini., 2009) (Fig.
2). It was found that almost all components of Notch signaling pathway are evolutionarily
conserved in the metazoan (Fortini., 2009). In human, defects of the Notch signaling pathway
cause various diseases, such as Alagille syndrome (Li et al., 1997; Oda et al., 1997,
Artavanis-Tsakonas., 1997; Onouchi et al., 1999; Ahn et al., 2015), CADASIL (Joutel et al.,
1996; Joutel et al., 1997; Mizuno., 2012; Mizuno., 2013), and various types of cancers

(Taketo et al., 2011; Acar et al., 2016; litani et al., 2016).

Notch signaling activation

Notch protein is a type | transmembrane receptor (Kidd et al., 1989; Artavanis-Tsakonas et al.,
1983; Gordon et al., 2007). The structure of Notch is well conserved from Drosophila to human
(Artavanis-Tsakonas et al., 1983; Takeuchi et al., 2014). The ligand of Notch are Delta and
Serrate, which are also type | transmembrane proteins (Jarriault et al., 1998; Fortini., 2009;
Luca et al., 2015). Direct physical interaction between the extracellular domains of Notch and
Delta or Serra is essential for the activation of Notch signaling (Luca et al., 2015) (Fig. 2). The
Notch-ligand binding induce structure change of Notch and cleavage of Notch intracellular
domain by Kuzbanian/ADAM10 (S2 cleavage) and y-secretase (S3 cleavage) (Wong et al.,
1997; Ye et al., 1999; Struhl et al., 1999; De et al., 1999; Qi et al., 1999; Mumm et al., 2000;
Lieber et al., 2002), and the intracellular domain of Notch are liberated to the cytoplasm (Struhl
et al., 1999; De et al., 1999; Qi et al., 1999) (Fig. 2). Finally, the liberated Notch intracellular
domain is translocated to the nucleus (Schrieter et al., 1998; Ye et al., 1999; Struhl et al., 1999;
De et al., 1999; Qi et al., 1999) and make a complex with co-activator of transcription to

activate the expression of the downstream targets genes of its (Bray., 1998; Bray., 2006; Bray



and Bernar., 2010) (Fig. 2).

Glycan modification of Notch

Many proteins have glycan chain modifications, and these glycan modifications are essential
for many aspects of protein functions (Fig. 3) (Varki et al., 1993; Haltuwanger and Lowe.,
2004; Moremen et al., 2012; Pinho et al., 2013; Xu and Esko., 2014; Hart., 2014; ;Taniguchi
and Kizuka., 2015). Glycan modifications of proteins are occurred in the lumen of
endoplasmic reticulum (ER) or Golgi, except for O-GlcNac modification (Kollmann et al.,
2009; Hoseki et al., 2010; Hart et al., 2011; Xu and Ng., 2015) (Fig. 3). Thus, almost all
transmembrane proteins and secreted proteins are glycosylated (Fig. 4) (Dennis et al., 2009;
Moremen et al., 2012). It is shown that glycan modifications of transmembrane receptors,
including Notch, play important roles in the maturation and transportation of these proteins,
and physical interactions with their ligands (Fig. 3) (Fig. 4) (Moloney et al., 2000; Yamamoto
etal., 2012; Moremen et al., 2012; Pinho et al., 2013; Vasudevan and Haltiwanger., 2014;
Luca et al., 2015; Haltom et al., 2015).

The Notch-receptor family typically contains 36 epidermal growth factor (EGF)-like
repeats, which bind to transmembrane ligands belonging to Delta or Serrate family
(Chillakuri et al., 2012) (Fig. 5). An EGF-like repeat has a characteristic structure and
contains one Ca?* and six cysteine residues that form three disulfide bonds in an EGF-like
structure (Fig. 5). At least five different glycan modifications have been found on the Notch
EGF-like repeats: N-linked glycan modifications (Goto et al., 2001) and four O-linked glycan
modifications: O-fucose glycan (Okajima and Irvine.,2002; Sasamura et al., 2003; Moloney
et al., 2000; LeBon et al., 2014), O-glucose glycan (Acar et al., 2008; Lee et al., 2013), O-

GIcNAc (Okajima et al., 2008; Matsura et al., 2008; Sakaidani et al., 2010; Sakaidani et al.,



2011), and O-GalNAc (Boskovski et al., 2013) (Fig. 5). A potential O-xylosylation of the
EGF-like repeats has also been observed in vitro (Takeuch et al., 2011) (Fig. 5). The
individual modifications have been analyzed to determine their specific functions and form a
model of how glycosylation regulates receptor functions (Okajima et al.,2002; Sasamura et
al., 2003; Moloney et al., 2000; Acar et al., 2008; Lee et al., 2013; Sakaidani et al., 2011;
Boskovski et al., 2013; Takeuch et al., 2011). However, the functional interactions between

these various glycans are not well understood.

The functions of O-futl and O-fucosylation

Serine/Threonine residue of Cys-X-X-X-X-(Ser/Thr)-Cys sequence on Notch EGF-like repeats
has O-fucose glycan modification (Wang et al., 2001; Panin et al., 2001; Haltiwanger and
Stanley., 2002.). The O-fucose glycan modification is composed of disaccharide, “EGF-fucose-
GIcNAc” in Drosophila. First O-fucose is attached by O-fucosyltransferase 1 (O-futl), and
Fringe that is a 1,3 N-acetylglucosaminyltransferase adds GICNAc to this fucose (Moloney et
al., 2000; Okajima et al., 2002). O-futl gene is ubiquitously expressed, and O-futl gene is
essential for Notch signaling activation because its null mutant phenotypes are similar to those
caused by Notch-null mutant (Sasamura et al., 2003). In contrast, fringe is expressed region-
specifically, and fringe mutants reduce Notch signaling in only a subset of contexts that involve
Notch signaling (Singh et al., 2000; Moloney et al., 2000; LeBon et al., 2014). The GIcNAc
modification of monosaccaride O-fucose led to the changes in the affinity between Notch and
its ligands (Moloney et al, 2000; Okajima et al., 2003; LeBon et al., 2014; Taylor et al., 2014;
Luca et al., 2015) (Fig. 6). Notch with the monomeric O-fucose modified binds to Delta- and
Serrate-type ligands equally well (Fig. 6A) (Okajima et al., 2003; Sasamura et al., 2004).

However, when Notch has the O-fucose-GIcNAc disaccharide modified, Notch selectively



binds to Delta-type ligand but not Serrate-type ligand (Fig. 6B) (Moloney et al., 2000; Okajima
et al., 2002; Okajima et al., 2003; LeBon et al., 2014). This regulation is conserved from
Drosophila to mammals, although some exceptions were reported in mammals (Shimizu et al.,
2000; Wang et al., 2001; Martinez-Duncker et al., 2003; Shi et al., 2005; Shi et al., 2006).
Combination with cis-inhibition of Notch activity by Serrate-type ligands, the activation of
Notch signaling restrictedly occurs along the boundary between fringe-expressing and fringe-
non-expressing regions (Fig. 6) (Barrantes., 1999; Hicks., 2000; Cole et al., 2000; Moloney et
al.,, 2000; Yaron et al., 2012; Fleming., 2013; LeBon et al., 2014). Therefore, the
monosaccharide O-fucose modification is required for an acceptor for the GIcNAc
modification by Fng in a context-dependent manner (Moloney et al., 2000).

Besides the O-fucosyltransferase activity, O-Futl has two O-fucosyltransferase
activity-independent functions. The first is O-Futl has a Notch-specific chaperon function
(Okajima et al., 2005; Okajima et al., 2008). It was shown that Notch is accumulated in the ER,
and the secretion of the extracellular domain of Notch is reduced in O-futl knockdown cells
(Okajima et al., 2005). However, mouse Notchl is presented at the cell-surface in POFUT1
(mammalian O-futl ortholog) null-mutant cells, although it is accumulated in the ER (Okumura
and Saga., 2008). Thus, O-Futl chaperon activity requirement may be different among species.
Second is an enzymatic activity independent function of O-Futl. The O-Futl enzymatic
activity independent function is required for normal endocytosis of Notch. Notch protein can
be detected by an antibody which against the extracellular domain of Notch EGF-like repeats
at the cell membrane (Klueg and Muskavitch., 1999). The cell membrane Notch was not
significantly reduced in O-futl null-mutant cells in vivo (Sasamura et al., 2007). Notch failed
to be transported from cell membrane to endosome in O-futl null-mutant cells. However, an

addition of the O-Futl protein into cell-culture medium promotes the endocytosis of Notch in



O-futl knockdown cells (Sasamura et al., 2007). Interestingly, Notchl endocytic pathways are
changed from clathrin-dependent pathway to caveolin-dependent pathway in POFUT1 null-
mutant cells in mouse, and Notch is accumulated in caveolin-positive vesicles in POFUTL1 null-
mutant cells (Hasegawa et al., 2012). Therefore, it is possible that Notch endocytosis activity
of O-Futl may be conserved from mammalian to Drosophila, although it is still unknown
whether the POFUTL1 function in endocytosis depends on POFUT1 O-fucosyltransferase
activity or not in mammalian. However, although analyses of O-futl mutants in Drosophila
and mouse revealed that O-futl is essential for Notch signaling in these species, it was difficult
to determine whether monosaccharide O-fucose is essential for Notch signaling, because O-
futl has its enzymatic activity-independent roles, which may fully account for the essential role
of O-futl gene in Notch signaling. To address this issue, an O-futl mutant that results in amino
acid-substitution in its GDP-fucose binding site was generated, which is called Ofut1?2%A
(Okajima et al., 2005). The 245th arginine of O-Futl is essential for binding to GDP-fucose,
which is the fucose donor of O-fucose modification (Okajima et al., 2005). It was shown that
Ofut1R?*A encodes a mutant protein that largely lacks O-fucosyltransferase activity in vitro
(Okajima et al., 2005). However, Ofut1??4* promote the export of Notch extracellular domain
as efficient as a wild-type O-futl, suggesting Ofut17?45* maintains its Notch-specific chaperone
activity (Okajima et al., 2005). It was found that Ofut1??45* knock in mutant shows neurogenic
phenotype, reminiscent of Notch mutant phenotype, and accumulate Notch in the ER at 30 °C
but not at 25 °C (Ishio et al., 2015). Thus, monosaccharide O-fucose is essential for general

Notch signaling activation at 30 °C but not at 25 °C (Ishio et al., 2015).

The function of the monosaccharide O-glucose and terminal dixylose of O-glucose-

linked saccharides
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Serine residue of Cys-X-Ser-X-(Pro/ Ala)-Cys sequence on EGF-like repeats has O-glucose
glycan modification (Acar et al., 2008). The structure of the O-glucose glycan is a
trisaccharide, “EGF-glucose-xylose-xylose” (Acar et al., 2008; Lee et al., 2013). First, O-
glucose is attached by Rumi, and Shams adds xylose to this O-glucose. rumi-mutant shows
phenotype associate with missing of Notch signaling at 28 °C, but not at 18°C (Acar et al.,
2008). Thus, the monosaccharide O-glucose is probably essential for Notch signaling at 28
°C. Notch is accumulated in the ER and apical cell membrane at 28 °C in rumi-mutant (Acar
et al., 2008). However, binding affinity between Notch and Delta is normal at 28 °C in rumi
mutant cells (Leonaldi et al., 2012). Thus, it was suggested that the monosaccharide O-
glucose is essential for the S2 cleavage of Notch at 28 °C (Acar et al., 2008). Shams adds
xylose to the monosaccharide O-glucose (Lee et al., 2013). As a result, the O-glucose
trisaccharide becomes the trisaccaride of “EGF-glucose-xylose-xylose”. In shams-mutant
cells, accumulation of Notch on apical cell membrane and hyper activation of Notch
signaling are observed (Lee et al., 2013). Conversely, ectopic expression of shams in wing
disc cells led to reducing of Notch signaling activation (Lee et al., 2013). These results
suggest that the terminal dixylose of O-glucose-linked saccharides of Notch negatively regulates
Notch signaling activation (Lee et al., 2013).

As found in O-futl, glycosyltransferase could have an enzymatic activity-
independent function (Okajima et al., 2005). Thus, Shams may also have enzymatic activity-
independent function. Thus, to analyze the function of terminal dixylose of O-glucose-linked
saccharides of Notch, the terminal dixylose of the O-glucose glycan should be removed by
disrupting other gene required for xylosylation of O-glucose. Therefore, in this study, |
focused on a synthetase of UDP-xylose. UDP-xylose is xylose donor of the xylosylation of

O-glucose-linked saccharides of Notch. UDP-xylose is synthesized from UDP-GICNAC,
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which is catalyzed by UDP-xylose synthetase (Uxs). In chapter four, analyses of a Uxs

mutant are presented.

Redundant function of the monosaccharide O-fucose and O-glycan glycan on Notch

The monosaccharide O-fucose and O-glycan glycan are simultaneously found in many of
EGF-like repeats of Notch (Fig. 5). In addition, O-futl and rumi mutants show similar
temperature-sensitive neurogenic phenotype (Acar et al., 2008; Ishio et al., 2015). Therefore,
it was thought that monosaccharide O-fucose and O-glycan glycan may have a redundant role
in Notch signaling. Single mutants of Ofut1??**or rumi did not show neurogenic phenotype
at 25 °C. However, in double mutant of Ofut1R?4*and rumi showed neurogenic phenotype
even at 25 °C. Therefore, the monosaccharide O-fucose and O-glucose glycan on Notch have
redundant role in Notch signaling activation (Ishio et al., 2015).

The O-glycan glycan on Notch is the trisaccharide. Although the monosaccharide O-
fucose and O-glucose trisaccharide have redundant role in Notch signaling, it is still unknown
which part of O-glycan glycan functions redundantly with the monosaccharide O-fucose is
unknown. Therefore, in this study, | determined the moieties of O-glycan glycan displaying
the redundant roles with the monosaccharide O-fucose in Notch signaling activation and the

trafficking of Notch. These studies are described in chapter five.
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CHAPTER THREE:
EXPERIMENTAL PROCEDURES
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Drosophila strains

We used Canton-S as the wild-type strain. The following mutant alleles were used: O-fut14R® ;
the null allele of O-fut1(Sasamura et al., 2006) , O-fut1??**A (Ishio et al., 2015); the
previously described sham-null allele shams®* (Lee et al., 2013); the Uxs-null allele Uxs? (this
study); the UDP-xylose synthase (Uxs)-deletion mutant Df(2R)BSC783 (Bloomington

27355); and the rumi-null allele rumi** (Acara et al., 2008).

Drosophila genetics

The following stocks were established and used for genetic crosses in this study
1. w; FRTG13 O-fut1??¥%A /CyO Actin-GFP

2. w; FRTG13 O-fut1*R® /CyO Actin-GFP

3. y w; FRT82B shams®* /TM6B Th

4, y W;FRT82B rumi*4/TM6B Th

5. y W;FRT2A UxsY/TM6B Th

6. Efr 194/FM’ Actin-GFP x XX/Y

1. Gfr/ TM6B Th

8. Efr 194/FM’ Actin-GFP; Gfr/ TM6B Th x XX/Y; Gfr/ TM6B Th

9. w; FRTG13 O-fut1R?%A /CyO, Actin-GFP; FRT82B shams®* /TM6B Tb
10. w; FRTG13 O-fut1R?45A /CyO, Actin-GFP; FRT82B rumi** /TM6B Th
11. w; FRTG13 O-fut1R?%* /CyO, Actin-GFP; FRT82B Uxs/TM6B Th

12. w; FRTG13 O-fut1R?4%A /CyO, Actin-GFP; FRT82B Uxs}/TM6B Th

13. w; FRTG13 Ubi-GFP /Cy0O, Actin-GFP; FRT82B shams®* /TM6B Th
14. w; FRTG13 Ubi-GFP /CyO, Actin-GFP; FRT82B rumi** /TM6B Th

15.  yw Ubx-FLP;FRTG13 Ubi-GFP

14



16. y w Ubx-FLP; FRT2A Ubi-GFP
17. y w Ubx-FLP; FRT82B Ubi-GFP
18. y w Ubx-FLP; FRTG13 Ubi-GFP; FRT82B rumi** /TM6B Tb
19. y w Ubx-FLP; FRTG13 Ubi-GFP; FRT82B shams®* /TM6B Th
20. , Y W Ubx-FLP FRT19A
21. Sco/CyO Actin-GFP; MKRS/TM6B Th
22.  Sco/Cyo Actin-GFP
23.  P{EPgy2}CG7979EY00136
24, Dr/TMS Delta2-3
25.  yw UAS-dicer2; Apterous-Gal4/ CyO Action-GFP
26. w; TM3 Sb/ TM6 Tb
27.  w; patched(ptc)-Gal4, UAS-GFP/ CyO Action-GFP
28.  w; apterous(ap)-Gal4, UAS-GFP/ CyO Action-GFP
29.  w; hedgehog(hh)-Gal4, UAS-GFP/ CyO Action-GFP
30.  w; scabrous(sca)-Gal4, UAS-GFP/ CyO Action-GFP
31. w ;GMR-Gal4, UAS-GFP/ CyO Action-GFP
32. w; UAS-HA-Uxs/ TM6B Th
33.  w; UAS-inxxin2-inverted repeat(IR) /TM6B Th
34.  w; UAS-Uxs-IR /CyO Actin-GFP
35.  w; UAS-Notch-IR /CyO Actin-GFP
36.  w; UAS-Uxs-IR /CyO Actin-GFP; UAS-inxxin2-IR/TM6B Th
37.  w; UAS-O-xylosyltransferase(oxt)-IR /CyO Actin-GFP
| used FLP-FRT system to generate somatic mosaic clone (Fig. 7) (Lacroix et al.,

2011). FLP recombinase mediates site-specific recombination between FRT (FLP
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recombinase target) sites (Lacroix et al., 2011). FLP-mediated recombination between FRT
sites in each homologous chromosome generates mitotic clones homozygous for a mutant in
cells heterozygous for it (Lacroix et al., 2011). Somatic clones of O-fut1??*A rumi*4, and
shams®* were generated by FLP-FRT recombination in the wing discs of third-instar larvae of
1. y W Ubx-FLP; FRTG13 O-fut1®?**/FRTG13 Ubi-GFP
2. y w Ubx-FLP; shams** FRT82B/Ubi-GFP FRT82B
3. Ubx-FLP; Ubi-GFP; FRT82B/ rumi**, FRT82B,
4, y w Ubx-FLP; FRTG13 O-fut1R?**/FRTG13 Ubi-GFP; FRT82B shams®*,
5. y w Ubx-FLP; FRTG13 O-fut1R?*#/FRTG13 Ubi-GFP; FRT80B rumi**
| used GAL4- upstream activating sequence (UAS) system to overexpress genes listed
below in this study (Fig. 8). | used Gal4-UAS system in the wing discs of third-instar larvae
of
1. w UAS-dicer2; ap-Gal4/UAS-Uxs IR
2. w UAS-dicer2; ap-Gal4/UAS-Uxs IR; UAS-inx2 IR/+
3. w UAS-dicer2; ap-Gal4/+; UAS-inx2 IR/+
4, w; ptc-Gal4/ UAS-Uxs1-HA/ UAS-GFP; Uxs?
5. w; ap-Gal4/UAS-Notch IR
6. w; ap-Gal4/UAS-Uxs IR
7. w; ap-Gal4/+; UAS-oxt IR
8. w; sca-Gal4/+; UAS-oxt IR
9. w; GMR-Gal4/+; UAS-oxt IR

10. w; hh-Gal4/+; UAS-oxt IR

Generation of Uxs!

16



To generate a Uxs-deletion mutant, | imprecisely excised a P-element inserted in the Uxs locus
of P{EPgy2}CG7979EY00136 (Bloomington stock number 15001) using a standard procedure
(Rincon-Limas et al., 1999). | mobilized the P-element by crossing P{EPgy2}CG7979EY00136
with  w*; DrY/TMS Delta2-3 (Bloomington stock number 1016). | took
P{EPgy2}CG7979EY00136/TMS Delta2-3 flies and crossed it with w; TM3 Sb/ TM6 Th. |
established about 2000 potential deletion-mutant lines. Genomic DNA was purified from these
potential deletion-mutant lines, and deletions were detected by PCR using the forward primer
5’-GAGCTGTAACCTGCAAGAAGTC-3’ and the reverse primer 5’-

CACATTTCTGGATCTCAGCTAG-3".

Construction of UAS-Uxs-HA

A double-stranded oligo nucleotides encoding Hemagglutinin (HA)-tag were added to the 3°-
end of Uxs cDNA (Drosophila Genomics Resource Center stock number LD39939) by PCR
using a forward primer (5’-GAATTCGCCACCATGACTGCCACCAAAAAG-3’) and a
reverse primer (5 ’ -
CTAAGCGTAATCTGGAACATCGTATGGGTACGGTGTATGTGTATCAAAGTACTT-3").
After confirmation of DNA sequence, the resulting PCR fragment was subcloned into the Notl

and EcoRl sites of pUASTattP vector which have UAS promoter (Bischof et al., 2007).

Injection of vector

Transgenic fly lines were established by a standard procedure (Bischof et al., 2007). First, |
injected UAS-Uxs-HA Plasmid DNA (250ng/ul) dissolved in injection buffer (0.1mM NaHPo4
(pH6.8), 5mM KCI) into stagel-4 embryos of y* w''8; PBac{y*-attP-9A}VK00022 by glass

needle (eppendorf). These embryos were incubated in moisture chamber. Hatched larvae were
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collected and cultured at 25° C. Adult files obtained were crossed with w8: TM3, Sh*/ TM86,

Th*.

Immunostaining

Drosophila wing discs were immunostained as described previously (Ishikawa et al., 2010),
except for the 3G10 and 2H antibody staining. Briefly, wing discs were dissected from third
instar larva in PBS and fixed in PLP fixing solution (2% paraformaldehype, 0.01M NalOg,
0.075M lysine, 0.037M sodium phosphatase pH 7.2) for 40 minutes at room temperature.
Wing discs were washed three times in PBS-DT (0.3% sodium deoxycholate, 0.3% Triton X-
100 in PBS) and incubated in PBS-DT with primary antibody at 4°C overnight. Wing discs
were washed three times in PBS-DT and incubated in PBS-DT with each secondary antibody
at room temperature for two hours. Wing discs were washed three times in PBS-DT and
observed it by LSM700. For 3G10 antibody staining, fixed wing discs were incubated with
400 mU of heparinase 111 (NEB) for 4 hours at 37°C (Takei et al., 2004; Ishikawa et al.,
2010). For staining with 2H (C458.2H) antibody, recognizing the Notch extracellular domain,
fixed wing discs were washed in PBS (without detergent) and incubated with the 2H antibody
for 2 hours at room temperature. Those wing discs are washed by PBS and fixed again. Wing
discs were washed in PBS-0.5% Tween 20 (0.5% Tween 20 in PBS) and stained with an anti-
GFP antibody. Finally, wing discs were washed in PBS-0.5% Tween 20 and treated with a
secondary antibody. The following antibodies were used at the indicated concentrations:
mouse anti-NECD monoclonal antibody, (1:100; C458.2H (2H); the Developmental Studies
Hybridoma Bank (DSHB)) (Ishikawa et al., 2010), mouse anti-NICD monoclonal antibody
(1:1000; C17.9C6; DSBC) (Ishio et al., 2015), rat anti-NICD polyclonal antibody (1:1000;

gifted by Dr. Spyros Artavanis-Tsakonas) (Ishio et al., 2015), mouse anti-Wg monoclonal
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antibody (1:20; 4D4; DSBC) (Ishio et al., 2015) , rat anti-Cadherin monoclonal antibody
(1:20, 7TE8A10; DSBC) (Ishio et al., 2015), guinea pig anti-Senseless polyclonal antibody
(1:1000; gifted by Dr. Hugo Bellen) (Ishio et al., 2015), rabbit anti-GFP polyclonal antibody
(1:5000, MBL), and Alexa 488-, Cy3-, and Cy5-conjugated affinity-purified donkey
secondary antibodies (Ishio et al., 2015) (1:500; Jackson). Epitope of the 2H antibody is EGF
repeats 12-20 in the extracellular domain of Notch, and epitope of C17.9C6 is the

intracellular domain of Notch.

In situ hybridization

Awg cDNA, described before, was used as a template to synthesize RNA probes (Kuroda et
al., 2013; Shimizu et al., 2014; Aoyama et al., 2014). T7 and SP6 promoters were added to
5’- and 3’-end of the wg cDNA by PCR using a forward primer (5’-
AAATAATACGACTCACTATAGGGATGCGTGGAAAACTTACAAG -3’) and a reverse
primer (5° -AAACTATAGTGTGTCACCTAAATCGCATTCGATTTTTCTGC-3").
Digoxiginin-labeled wg RNA probe were synthesized from this template using DIG RNA
labeling mix (Roch). SP6 and T7 RNA polymerases were used for making anti-sense and

sense probes, respectively.

BLAST analysis

The potential sites of O-fucosylation and O-glucosylation were searched in proteins encoded
in Drosophila genome. First, protein coding sequences encoding EGF-like repeats
homologous to Notch EGF-like repeats (http://flybase.org/cgi-

bin/getseq.html?source=dmel &id=FBgn0004647&chr=X&dump=PrecompiledFasta&targets

et=translation) were searched by using NCBI Protein Basic Local Alignment Search Tool
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(BLAST) (http://blast.ncbi.nIm.nih.gov/Blast.cgi) and RefSeq pratein datebase. Crumbs,
Cubin, Delta, Serrate, Uninflatable, Dumpy, Eye shut, Weary, Slit, faulty attraction, Kugelei,
Draper, LDL receptor protein 1, ankyrin 2, Fat, C901, CG31999, Tenascin accessory,
CG3104, Shifted, Tankyrase, CG8526, Mind bomb 1, and Relishthe proteins were found.
Second, the consensus sequence of O-fucosylation and O-glucosylation were searched in

these proteins. by BLAST analyses.
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CHAPTER FOUR: The function of terminal
dixylose of O-glucose-linked saccharides of
Notch
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The terminal dixylose of O-glucose-linked saccharides negatively regulates Notch signaling in a
tissue-specific manner (Lee et al.,2013), as shown by loss- and gain-of-function analyses of
the shams gene, which encodes O-glucose-specific xylosyltransferase (Lee et al.,2013).
However, this negative regulation may not be due to its xylosyltransferase activity, since the
O-fucosyltransferase O-futl plays an essential role in Notch signaling that is independent of
its enzymatic activity (Okajima et al., 2005, Sasaki et al., 2007, Sasamura et al., 2007). Thus,
before addressing the functions of the terminal dixylose of O-glucose-linked saccharides, it is
important to confirm that phenotypes associated with shams mutations are indeed due to the
absence of the terminal dixylose of O-glucose-linked saccharides. Therefore, | attempted to

abolish Notch’s xylosylation by mutating a different gene in Drosophila.

CG7979 encodes a Drosophila UDP-xylose synthase

UDP-xylose, which is essential for xylosylation as the xylose donor, is synthesized
from UDP-glucuronic acid (Eames et al., 2010) (Fig. 10). In mammals, UDP-xylose synthesis
fully depends on UDP-xylose synthase 1, which encodes their only UDP-xylose synthase
(Bakker et al., 2009). The Drosophila ortholog of UDP-xylose synthase 1 is UDP-xylose
synthase (Uxs), the only gene in the Drosophila genome that encodes UDP-xylose synthase
(Gotting et al., 2000). The Drosophila Uxs gene, previously registered as CG7979, is
designated here as Uxs (Gotting et al., 2000). To generate potential Uxs-null mutants, I used
imprecise P-element excision. Excising the P-element from the {EPgy2}CG7979EY00136 |ine
produced the Uxs-deletion mutant Uxs® (Fig. 11). The Uxs! mutant has a 1201-base pair
deletion of the Uxs genomic DNA locus, which removes its putative initiation codon and
more than half of its coding region, corresponding to the N-terminal half of the Uxs protein

(including a nucleotide-binding site) (Gotting et al., 2000) (Fig. 11). The molecular changes
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in the Uxs® mutant suggest that it is a null-mutant allele of Uxs.

To analyze the defects associated with this Uxs mutation, we observed phenotypes of
Uxs! mutant. To avoid observing phenotypes associated with potential background mutations,
we analyzed trans-heterozygotes of Uxs! and Deficiency (Df) f(3L)Exel6112, a previously
reported deletion mutant uncovering the Uxs locus. These phenotypes were essentially the
same as those of the Uxs! homozygote, further indicating that Uxs! is a null allele. I also
compared these phenotypes with shams mutants, in which the O-glucose attached to the
Notch EGF-like repeats is not xylosylated (Lee et al., 2013). | found that Uxs* was a recessive
lethal mutant, although pharate adults were occasionally obtained (Fig. 12B, F, and J). In
contrast, homozygous sham-null mutants are viable, as previously described (Fig. 12C, G,
and K), indicating that the Uxs-mutant defects are more severe than those in shams mutants
(Lee et al., 2013). | found that all of the Uxs!-mutant pharate adults examined (n=14) were
missing bristles on the dorsal head capsule (Fig. 12B); this phenotype was also found in the
shams mutants (n=22) (Fig. 12C), as previously observed (Lee et al., 2012). This overlap in
phenotypes between Uxs! and shams mutants appears consistent with our hypothesis that both
genes are required for the xylosylation of O-glucose on Notch EGF-like repeats. In addition,
the Uxs! mutants (n=14) had a rough-eye phenotype and were missing scutellum bristles (Fig.
12F and J); these defects were not present in the shams mutants (n=22) (Fig. 12G and K). I
speculated that these phenotypes might result from defects in glycosaminoglycan (GAG)
synthesis, which requires UDP-xylose (Ishikwa et al., 2010). GAG synthesis begins with the
O-xylosylation of core proteins by O-xylosyltransferase (Couso et al., 1994). Thus, GAG
synthesis is probably abolished in the Uxs! mutant due to the absence of UDP-xylose. |
detected GAG by a specific antibody against the 3G10 epitope, which is exposed after GAG

is digested by heparitinase (The and Perimon, 2000; Takei et al., 2004). GAG staining was
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largely abolished in all of the wing discs in trans-heterozygotes of Uxs* and Df(3L)Exel6112
(n=23), (Fig. 13C-D) compared to wild-type wing discs (n=27) (Fig. 13A-B). Mutants of
other genes required for GAG synthesis, such as tout-velu and sulfateless, are also recessive
lethal at the same stage to Uxs®, which is consistent with our idea that GAG synthesis is
disrupted in Uxs' mutant (Takei et al., 2004).

Oxt is another galactosyltransferase required for GAG synthesis (Ueyama et al.,
2008). Although oxt mutant has not been reported, knock-down of oxt by RNA interference
(RNAI) was reported. As reported before, knock-down of oxt resulted in rough eye phenotype
(n=26) (Fig. 12L) (Ueyama et al., 2008). Here, we found that knock-down of oxt gave loss of
bristle phenotype in the scutellum (n=21) (Fig. 12H). However, we did not observed the
missing bristles on the dorsal head capsule by knock-down of oxt (n=28) (Fig. 12D). Thus,
with the limitation of RNA interference analysis, these results suggest that bristle loss in
scutellum and rough eye may be due to the disruption of GAG synthesis as found in Uxs-
mutant or oxt knock-down flies, whereas loss of terminal dixylose of O-glucose-linked
saccharides may be responsible for bristles missing on the dorsal head capsule as found in
Uxs- or shams-mutant flies.

To confirm that the mutation of Uxs gene is responsible for the absence of GAG, |
overexpressed UAS-Uxs-HA in the wing discs of Uxs! homozygote. Their overexpression
even in the limited part of a wing disc, which was driven by patched (ptc)-Gal4, was
sufficient to restore the GAG staining in a whole wing disc of Uxs* mutant, suggesting a cell-
autonomous function of Uxs (n = 16) (Fig. 14A-A’"). However, the Uxs proteins is
restrictedly detected in the region where the overexpression of UAS-Uxs-HA was driven,
indicating that Uxs protein does not diffuse intercellularly (n = 16) (Fig. 14B-B”). Previous

study showed that GDP-fucose is delivered intercellularly among the epithelial cells through
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the gap junction (Ayukawa et al., 2012). Therefore, | speculated that UDP-xylose is also
supplied intercelluialry through the gap junction. In wild type wing discs, local knock down
of either Uxs or innexin2 (inx2), encoding a component of gap junction, by RNA interference
did not affect the GAG staining (Uxs KD: n = 18) (inx2 KD: n = 18) (Fig. 15A-B and C-D).
However, simultaneous knock-down of Uxs and inx2 resulted in the marked reduction of the
GAG staining within the region where these two genes are knocked down (n = 19) (Fig. 15E-
F). Therefore, UDP-xylose is transported intercelluialry through the gap junction, suggesting
that gap junction-mediated intracellular transport is probably a general property of

nucleotide-sugars.

W(g signaling is decreased in the Uxs mutant

Previous analysis of the shams mutant showed that the xylosylation of O-glucose on the
EGF-like repeats of Notch negatively regulates Notch signaling in a tissue-specific manner,
although the shams mutant phenotype suggested that the hyper-activation of the Notch
signaling was subtle (Lee et al., 2013). Thus, | used the Uxs mutant to re-examine potential
roles of O-glucose xylosylation in other developmental processes controlled by Notch
signaling. The expression of wingless (wg), which is activated by Notch signaling along the
boundary of the dorsal and ventral compartments in the third-instar wing disc (Frise et al.,
1996), was analyzed by in situ hybridization in a Uxs-mutant trans-heterozygote of Uxs* and
Df(3L)Exel6112 (Fig. 16B and E). Although the wg expression may have been slightly
reduced in the Uxs-mutant wing discs (Fig. 16B), the pattern of expression was not markedly
different from wild type (Fig. 16A), indicating that the Notch-signaling activity was not
severely affected in any of the wing discs examined (n=19) (compare Fig. 16A and B).

Similarly, wg expression was slightly reduced in the region of wing disc where Oxt gene was
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knocked-down by RNAI (n=36) (Fig. 16C). In addition, the Wg protein was slightly reduced
and distributed more diffusely in the wing discs of all of Uxs-mutant (n=23) and 77% of oxt
knock-down wing discs (n=31) (Fig. 16C and F). Similar abnormalities in Wg protein
distribution were reported in mutants with defective GAG synthesis (Port et al., 2008). In
addition, the array of SOPs expressing senseless (sens), which depends on Wg signaling,
along the boundary of the dorsal and ventral compartments was interrupted in these wing
discs (Port et al., 2008; Franch-Marro et al., 2008) (compare Fig. 17A, B, and C and see
arrowheads in Fig. 17B and C). Therefore, Wg signaling is decreased in the Uxs-mutant and
oxt knock-down wing disc, probably due to disrupted GAG synthesis. This reduction in Wg
signaling may also account for the apparent slight reduction in wg expression | observed in

the Uxs mutant and oxt knock-down wing discs (Port et al., 2008; Franch-Marro et al., 2008).
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CHAPTER FIVE: Distinct functions of
monosaccharide O-glucose and the terminal
dixylose of O-glucose-linked saccharides in the
absence of monosaccharide O-fucose
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O-fucose and the terminal dixylose of O-glucose-linked saccharides on Notch EGF-like repeats
play redundant roles in Notch-signaling activation

The number of SOPs in wing discs is restricted by lateral inhibition though Notch signaling
(Lehmann et al., 1983). Knocking down Notch significantly increased the number of SOPs, which
subsequently formed SA neurons (compare Fig. 19A and B and see Fig. 18). However, the number
of SOPs in Uxs or shams-mutant wing discs was comparable to that in wild type at 25°C (permissive
temperature) (compare Fig. 17A, Fig. 17B, and Fig. 19C see Fig. 18). Therefore, Notch signaling
is not notably altered in the absence of the terminal dixylose of O-glucose-linked saccharides.
However, our group previously found that monosaccharide O-fucose and O-glucose trisaccharide on
Notch EGF-like repeats have redundant roles in Notch trafficking and Notch-signaling activation
(Ishio et al., 2015). Thus, although the Notch protein synthesized in the O-fut1??** mutant lacks the
O-fucose modification, the Notch protein is folded within the scope of the O-futl chaperone-like
function. The number of SOPs was not significantly affected in O-futl ***** homozygote wing discs at
25°C) (Fig. 19E and see Fig. 18), although the number increased markedly at 30°C (non-permissive
temperature) (Fig. 19F and see Fig. 18), as previously reported (Ishio et al., 2015). rumi—mutant also
shows temperature sensitive phenotype (Acar et al., 2008). The number of SOPs was not significantly
affected in rumi homozygote wing discs at 25°C (Fig. 19G and see Fig. 18), although the number
increased markedly at 30°C, as previously reported (Acar et al., 2008; Ishio et al., 2015). However the
number increased markedly in O-futl ***** and rumi double homozygote wing discs at 25°C (Fig.

20D ) (Ishio et al., 2015). Thus, although the loss of only the terminal dixylose of O-glucose-linked
saccharides did not significantly affect Notch signaling, it was possible that the concurrent loss of
monosaccharide O-fucose and the terminal dixylose of O-glucose-linked saccharides could cause
defects in Notch signaling. To address this possibility, we examined the effect of this xylosylation on

Notch signaling in the absence of O-fucosylation. In this study, to compare effects on Notch signaling
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under the same conditions, all of the other experiments were conducted at 25°C. In the O-fut1?**** and
Uxs! double-homozygote wing discs, the number of SOPs was not affected at 25°C (Fig. 20A and see
Fig. 18). However, in O-fut1®** homozygotes combined with Uxs' heterozygotes, the number of
SOPs increased significantly at 25°C (Fig. 20B and Fig. 18). This discrepancy can be explained if the
W(g signal-dependent induction of SOP fate, which occurs prior to its lateral inhibition, was disrupted
in the Uxs* homozygote at 25°C. In this case, SOP fate might be induced normally in the Uxs*
heterozygote wing discs, but a subsequent failure of the typical Notch-signal-dependent lateral
inhibition increases the number of SOPs. This idea was further supported by our analysis of O-
fut1"?*>A mutant wing discs in combination with shams-mutant wing discs, in which Wg signaling is
normal (Lee et al., 2013). The number of SOPs increased significantly in the wing discs of a O-
fut1?**** and shams double homozygote at 25°C (Fig. 20C and Fig. 18). These findings indicated that
the terminal dixylose moiety of O-glucose glycans and the O-fucose monosaccharides on Notch

function redundantly in Notch-signaling activation.

Monosaccharide O-fucose and the terminal dixylose of O-glucose-linked saccharides
function redundantly in Notch trafficking

To investigate the cause of the reduction in Notch signaling associated with the concurrent
loss of O-fucose and of the terminal dixylose of O-glucose-linked saccharides, I examined
Notch trafficking. O-fucose and O-glucose glycan contribute to normal Notch trafficking in a
temperature-dependent manner; Notch trafficking is defective at 30°C but largely normal at
25°C (Lee et al., 2013; Ishio et al., 2015). Using the FLP/FRT system, | generated somatic
mosaics of O-futl R24A or shams-mutant cells, or O-fut1??#* and shams double-mutant cells;
the mutant cells were identified by the absence of GFP expression in the wing discs. In these

experiments, Notch protein localized to the apical plasma membrane, adherens junctions
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(AJs), and endoplasmic reticulum (ER) was analyzed at 25°C (Fig. 21). Notch at the apical
plasma membrane was specifically detected by an anti-Notch extracellular domain antibody
(NECD) in non-permeabilized wing discs (Okajima et al., 2005). Notch localized normally to
the apical plasma membrane in mutant cells of either O-fut1 R?4* (n=23) or shams (n=24) in
all cases (Fig. 22A-A” and Fig. 23A-A”). However, in O-futl R?*A and shams double-mutant
cells, Notch showed excessive accumulation at the apical plasma membrane in all cases
(n=19) (Fig. 24A-A”). In permeabilized epithelial cells, Notch protein detected by an anti-
Notch intracellular domain antibody (NICD) localized predominantly to the AJs, as reported
previously (Sasamura et al., 2006; Sasaki et al., 2007). In these experiments, AJs were
detected by staining with an anti-Drosophila E-Cadherin (DE-cad) antibody (Sasamura et al.,
2006; Sasaki et al., 2007). Notch’s localization to the AJs was not markedly affected in either
O-futl %A (n=28) or shams (n=23) mutant cells (Fig. 22B-B’”’and 23B-B”"). However,
Notch protein was severely reduced in the AJs of all double-mutant cells examined (n = 24),
whereas the DE-cad staining appeared normal, suggesting that the AJ formation was not
disrupted under these conditions (Fig. 24B-B”’*). Thus, monosaccharide O-fucose and the
terminal dixylose of O-glucose-linked saccharides function redundantly in localizing Notch
to the AJs. It has been suggested that Notch is first transported to the plasma membrane after
synthesis, and is then relocated to the AJs through transcytosis (Sasamura et al., 2006; Sasaki
et al., 2007). Thus, I speculated that Notch’s relocation from the apical plasma membrane to
the AJs might be prevented in the double-mutant cells. In contrast, Notch protein in the ER,
detected by an anti-Protein disulfate isomerase (Pdi) antibody staining, appeared normal in
O-futl R?*5A (n=26) or shams-mutant (n=28) cells and in O-fut1??**A and shams double-mutant
cells (n=22) (Fig. 22C-C’”, 23C-C’”, and 24C-C’”). Thus, Notch was normally exported

from the ER in the absence of monosaccharide O-fucose and the terminal dixylose of O-
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glucose-linked saccharides (Fig. 24C-C").

Distinct functions of monosaccharide O-glucose and the terminal dixylose of O-glucose-linked
saccharides in the absence of monosaccharide O-fucose

In the shams mutant, terminal dixylose of O-glucose-linked saccharides is missing from the
O-glucose glycan on the EGF-like repeats of Notch, although monosaccharide O-glucose is
still present. Thus, I next examined whether Notch trafficking is affected differently by the
absence of the terminal dixylose of O-glucose-linked saccharides versus the absence of
monosaccharide O-glucose when Notch is not O-fucosylated. | generated somatic mosaics of
rumi-mutant cells in which O-glucosylation of the Notch EGF-like repeats was abolished at
25°C. In these cells, there was no marked difference in Notch detected at the apical plasma
membrane (n=31), at the AJs (n=42), or at the ER (n=26) (Fig. 25A-C’”). In contrast, in O-
fut1 R2%A and rumi double-mutant cells, in which both monosaccharide O-fucose and O-
glucose were missing, Notch was not detected at the apical plasma membrane (N=18) or AJs
(n=20) at 25°C in any of the cases examined (Fig. 26A-A’ and B-B’”*). Thus, it is likely that
the delivery of Notch to the plasma membrane fails under these conditions. | also observed
that in all cases examined (n=22), Notch accumulated in a portion of the ER in these double-
mutant cells (Fig. 26C-C’**). Thus, monosaccharide O-fucose and O-glucose share a
redundant but essential function in exporting Notch from the ER. Interestingly, our results
showed that in the absence of monosaccharide O-fucose, Notch-trafficking defects caused by
the absence of the terminal dixylose of O-glucose-linked saccharides were different from
those caused by the absence of monosaccharide O-glucose. Thus, although both the terminal
dixylose of O-glucose-linked saccharides and monosaccharide O-glucose function

redundantly with monosaccharide O-fucose in Notch trafficking and Notch activation, their
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functions are distinct; the terminal dixylose of O-glucose-linked saccharides is required for
relocating Notch from the apical plasma membrane and monosaccharide O-glucose is
essential for exporting Notch from the ER when monosaccharide O-fucose is absent. Thus,
the roles of the terminal dixylose of O-glucose-linked saccharides and monosaccharide O-
glucose are distinct (Fig. 27). However, both of these roles are complemented by

monosaccharide O-fucose when present
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CHAPTER SIX: DISCUSSION
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Multiple glycan modifications on a protein may have redundant roles

The EGF-like repeats in Notch contain multiple glycosylation sites to which specific and
distinct sugars are added (Moloney et al., 2000; Goto et al., 2001; Okajima et al.,2002;
Sasamura et al., 2003; Acar et al., 2008; Matsura et al., 2008; Okajima et al., 2008; Sakaidani
etal., 2010; Sakaidani et al., 2011; Boskovski et al., 2013; Lee et al., 2013; LeBon et al., 2014).
Most studies of the specific functions of these glycans have drawn conclusions based on the
consequences of the loss of a single sugar or a part of a single glycan chain. However, when
multiple glycans have redundant functions, it is difficult to fully assess their functions using
current approaches. In this study, | found that the terminal dixylose of O-glucose-linked
saccharides and the monosaccharide O-fucose on Notch EGF-like repeats play redundant roles
in Notch trafficking and activation.

A temperature-sensitive requirement of monosaccharide O-fucose in Notch signaling
and transport has been observed in Drosophila (Ishio et al., 2015). At a non-permissive
temperature (30 °C), the monosaccharide O-fucose modification becomes essential for Notch
signaling, and Notch lacking this modification accumulates in the ER (Ishio et al., 2015); this
effect is not observed at a permissive temperature (25 °C) (Ishio et al., 2015). Similarly, in the
absence of the terminal dixylose of O-glucose-linked saccharides, as observed in Uxs or shams
mutants, Notch signaling and transport was normal at 25 °C (Fig. 17A-B and Fig. 19F-G).
However, importantly, the concurrent loss of the terminal dixylose of O-glucose-linked
saccharides and of monosaccharide O-fucose significantly reduced Notch signaling (Fig. 19A
and Fig. 20C). However, some Notch signaling was still present, since the number of SOPs
increased even more markedly when the Notch gene was knocked down (Fig. 19A and Fig.
19C). Nevertheless, it is clear that monosaccharide O-fucose and the terminal dixylose of O-

glucose-linked saccharides function redundantly in Notch-signaling activation.
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Multiple roles of Notch O-glucose glycan

| found that in the absence of monosaccharide O-fucose, the terminal dixylose of O-glucose-
linked saccharides was required for relocating Notch from the apical plasma membrane to the
AJs, while monosaccharide O-glucose was essential for exporting Notch from the ER (Fig.
24C-C’”, Fig. 26C-C’”, and Fig. 27). These results suggest that the O-glucose trisaccharide
has multiple functions in Notch trafficking, and that these distinct functions are complemented
by monosaccharide O-fucose. Currently, the nature of these complex relationships between
structure and function remains unclear. The O-fucose glycan on Notch’s EGF-like repeats has
multiple roles in Notch signaling (Moloney et al., 2000; Okajima et al.,2002; Sasamura et al.,
2003). Fringe adds GIcNAc to the monosaccharide O-fucose, thereby modifying Notch’s
affinities for its ligands (Moloney et al., 2000; Okajima et al.,2002; Sasamura et al., 2003;
Taylor et al., 2014; Luca et al., 2015). Monosaccharide O-fucose plays a sole and essential role
in exporting Notch from the ER at a non-permissive temperature (Ishio et al., 2015).
Furthermore, in FGF signaling, FGF binds the GAG chain, which regulates its own signaling
activity (Forsten-Williams et al., 2005; Pan et al., 2006). Removing specific regions of the
GAG chain causes distinct defects in FGF signaling, suggesting that various GAG-chain
regions have distinct biochemical roles (Forsten-Williams et al., 2005; Pan et al., 2006).
Similarly, it is possible that monosaccharide O-glucose and the terminal dixylose of O-glucose-

linked saccharides perform distinct biochemical functions to control Notch trafficking.

Redundant role of monosaccharide O-fucose and the terminal dixylose of O-glucose-
linked saccharides may be involved in Notch transcytosis

When both monosaccharide O-fucose and the terminal dixylose of O-glucose-linked
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saccharides were absent, Notch specifically accumulated at the apical plasma membrane and
failed to localize to the AJs (Fig. 24A-A” and Fig. 27). Thus, the reduction in Notch-signaling
activity may be attributed to this mislocalization of Notch. However, the mechanism of this
mislocalization is still unknown. It has been suggested that Notch is not directly transported to
the AJs, but is instead relocated from the apical plasma membrane to the AJs by transcytosis
(Sasamura et al., 2006; Sasaki et al., 2007). Thus, the terminal dixylose of O-glucose-linked
saccharides and the monosaccharide O-fucose may be crucial in facilitating the transcytosis of
Notch. There are other cases in which the transcytosis of membrane proteins is required for
relocation to their final position (Watoson et al., 1999; Abad-Rodriguez et al., 2015). In neurons,
the transcytosis of tropomyosin-related kinase A (TrkA) from the somatodendritic membrane
is required for its specific localization to the axonal membrane (Watoson et al., 1999; Abad-
Rodriguez et al., 2015). TrkA has a terminal N-acetyllactosamine on an N-linked glycan
modification; galectin-4 binds the N-acetyllactosamine and promotes the transcytosis of TrkA
to the axonal membrane (Watoson et al., 1999; Abad-Rodriguez et al., 2015). However, the

molecular mechanisms of Notch transcytosis are not clear at present.

Are redundant roles of different glycan modifications general phenomena?

In this study, | demonstrated that two different O-glycan modifications on the EGF-like
repeats of Notch have redundant roles. In addition to Notch EGF-like repeats, EGF-like
repeats in many other proteins have monosaccharide O-fucose and O-glucose modifications.
For example, Blood coagulation factor V and VII have monosaccharide O-fucose and O-
glucose modifications, and these modifications were found in the X-ray crystal structure of
blood coagulation Factor VII (Natsuka et al., 1988; Hase et al., 1988; Hase and Ikenaka 1988;

Nishimura et al., 1989; Hase et al., 1990; Kuraya and Hase., 1992). Monosaccharide O-
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fucose were also found in Delta-like 1 (DLL1) and Delta-like 3 (DLL3) (Serth et al., 2015).
The O-fucosylation of DLL1 is dispensable for ligand function in vitro (Mdller et al., 2014),
however the O-fucosylation of DLL3 is required for its function during somitogenesis in vivo
(Serth et al., 2015). Recently, monosaccaride O-glucose were found in Eye-shut and Crumbs
(Haltom et al., 2014).

In this study, | found that EGF-like repeats of many Drosophila proteins also
simultaneously contain consensus sequences of O-fucosylation or O-glucosylation. As shown
in Tablel, Crumbs, Cubilin, Dumpy, Eyeshut, Delta, Serrate, Weary, Fat, Kugelei (Fat2),
CG31999, LDL receptor protein 1, Arrow, Lipophorin receptor 1, Lipophorin receptor 2, Slit,
Faulty attraction, Uninflatable, and Tenascin accessory have these consensus sequences
simultaneously. Although at this point, potential redundancy of these two O-glycan
modifications makes difficult to study their functions. However, based on the results in this
study, | speculate that monosaccharide O-fucose and O-glucose modifications redundantly
play specific functions in the trafficking and maturation of these proteins.

Since glycans in other protein motifs with multiple glycosylation sites may also
function redundantly, analyzing glycan function by disrupting individual glycans may not be
very informative. It is possible that a significant portion of information about the functions of
glycan modifications is missing from previous studies that were based on the mutation
analysis of single genes encoding a glycosyltransferase. To resolve this issue, it may be

necessary to develop a systematic approach to disrupting multiple glycan structures.
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Fig. 1: Notch signaling is essential for SOPs development, and defect of Notch signaling
causes hyperplasia of SOPs phenotype

(A-B) Sensory organ precursors (SOPs) in wing discs were detected by anti-Sens antibody
staining (magenta). Wing discs from a wild type (A) and mutant in which Notch signaling is
reduced (B). Insets show magnified views of the areas in white squares, which include SA-
neuron precursors, derivatives of SOPs that will form a specific neuron. (C)Scheme of SA
neuron development. In epithelial cells, cells that have potential to differentiate neuronal cells
are selected as cluster of proneural cells. One proneural cell starts to highly express Delta and

activates Notch signaling in surrounding cells. This cell differentiates into SOP, and the
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surrounding proneural cells become epithelial cells. This process is called “lateral inhibition.”

The number of SA neurons are increased when Notch signaling are diminishing.
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Fig. 2: Schema of Notch signaling activation

A

Notch is a single-span trans-membrane receptor protein and, its ligands, Delta and Serrate, are
also single-span trans-membrane proteins. Notch signal mediates direct cell-cell interaction
and is necessary for many cell-fate decisions. This figure represents a scheme of Notch
signaling activation. First, Notch is glycosylated in ER and Golgi. After glycan modifications
of Notch, Notch is translocated to the cell membrane. Notch binds to its ligand, either Delta or
Serrate. After Notch-ligand binding, Notch intracellular domain is cleaved, and the intracellular
domain is translocated to the nucleus. Consequently, the downstream target genes of Notch

signaling are activated.
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Fig. 3: Glycan chains are essential for many aspects of protein functions.

For example, protein quality control, antigen-antibody interaction, ligand-receptor interaction,
cell-adhesion, cell-extracellular matrix interaction, and cell-virus interaction depend on
glycosylation. Many of these phenomena are mediated by membrane proteins that have glycan

modifications.
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Fig. 4: Various membrane proteins have glycan chains
Most of membrane proteins are glycosylated. Glucosamine glycan, GPI uncured protein, N-

linked glycan, and O-linked glycan are schematically shown.
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O-fut1 Fng j f j
(Moloney et al.,2000, Nature) (Acar et al., 2008, Cell) (Boskoviski et al., 2013, Nature)
(Okajima et al., 2002, Cell) (Lee et al., 2013, PLOS Genetics)

(Sasamura a/ ., 2003, Development)
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Nature communication)
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Fig. 5: Glycan modification of Notch

This is Notch extracellular domain and intracellular domain. Notch have 36 EGF-like repeat
structure in its extracellular domain and there are many glycan modifications in this structure.
6 glycan modification are known glycan modification. O-fucose glycan, O-glucose glycan,
O-GalNAc modification, N-linked glycan modification, and O-GIcNAc modification. And
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Notch may have O-xylose modification.
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Fig. 6: The function of O-fucose glycan modification on Notch in Drosophila wing
imaginal discs

(A)O-fucosylation of Notch is catalyzed by O-futl, and the O-fucosylated Notch equally
binds to two ligands, Delta and Serrate. (B) Fringe adds GIcNAc to the O-fucose, and Notch
with this disaccharide chain binds to Delta but not to Serrate. Due to the O-fucose-GIcNAc
disaccharide modification of Notch EGF-like repeats, Notch signal is activated along the

boundary between fringe-expressing and fringe-non-expressing tissues (C).
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Fig. 7: FRP-FRT system

(A and B) FLP-FRT system was used to generation genetic mosaic in Drosophila. (A) A
schematic diagram demonstrating how somatic mosaic of O-futl mutant cells was formed using
FLP-FRT system. Larvae carrying a FRT-sequence and the flip (FLP), which is FRT-sequence
specific recombinant enzyme, were generated. Somatic recombination is occurred on FRT
sequence mediated by FLP in somatic cell division phase. (B) O-futl homozygote cells in O-
futl heterozygote animals (A and B). O-futl homozygote cells lack GFP expression, which is
the marker of wild type chromosome (A). Thus, GFP-negative cells are O-futl homozygote

cells.
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Fig. 8:GAL4-UAS system

GAL4-UAS system is commonly used for forced expression of genes in vivo. Gal4 is a yeast
transcriptional factor that binds and activates to UAS promoter. The Gal4 binding to UAS led
to the activation of an arbitrary gene that is inserted into the downstream of UAS promoter. For
example, Gal4 is expressed under the control of apterous (ap) gene promoter (AP) in ap-Gal4
line. UAS-Uxs-IR line carries inverted repeat sequence of Uxs in the downstream of UAS
promoter. Progenies obtained by genetics cross between these two lines carry ap-GAL4 and
UAS-Uxs-IR line (bottom) overexpresses Uxs-IR in the tissues expressing Gal4 driven by ap-

GALA4.
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Fig. 9: Drosophila wing imaginal discs

(A) Drosophila larva has various imaginal discs. Drosophila adult organs are delivered from
these imaginal discs, as indicated by colors. (B) Drosophila adult wings (bottom) are derived
from larval wing imaginal discs (top). Dorsal/Ventral boundary of Drosophila wings is a

signaling center controlling the development of wing and formed at the third instar larva stage.

f Dorsal
1 Ventral

-
-

Wing (adult)

7

Notch signaling is activated is along Dorsal/Ventral compartment.

(This figure is cited from “Essential developmental biology” and “Wolpert developmental

biology™)
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Fig. 10: Supply pathway of UDP-xylose to Notch

O-glucose glycan modification is composed of 3 glycan "EGF-glucose-xylose-xylose”. First
glucose (blue round) is attached by Rumi and Shams add xylose (orange star) to this glucose.
This is supply pathway of xylose to Notch. Donor of terminal dixylose of O-glucose-linked
saccharides is UDP-xylose. UDP-xylose is synthesided from UDP-GIcNACc catalyzed by Uxs.
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Fig. 11: Uxs! is null allele mutant of Uxs

(A)Genomic organization of the Drosophila Uxs locus, showing the untranslated (gray) and
protein-coding (orange) regions of the Uxs gene exon, introns (white), and the region encoding
a nucleotide-binding site (blue). A P-element (EPgy2) insertion site is indicated by a blue
triangle. (B) The 1201-bp deletion in Uxs? is indicated by parentheses; the end-points are shown

by the DNA sequence.
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Fig. 12: Overlaps in the Uxs- and shams-mutant phenotypes

(A-L) Phenotypes of the head (A-D), notum (E-H), and eye (I-L) of wild-type (A, E, and I),
and Uxs'/Df(3L)Exel6112 (B, F, and J) and shams* homozygotes (C, G, and K), and oxt
knock-down (D, H, and L) phenotypes. Ocellar and post-vertical bristles are indicated by
black (A-D) and white (E-H) arrowheads, respectively. sca-Gal4 (D), ap-Gal4 (H), GMR-

Gal4 (L) was used for oxt knock-down.
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Heparan stain

Uxs'/ Df Uxs'/ Df
Fig. 13: Hepasan sulfate are missing in Uxs mutant
(A-D) Wild-type (A, A’, and B) and Uxs!/Df(3L)Exel6112 (C, C’, and D) wing discs stained
with an anti-heparan sulfate antibody. A’ and C’ show optic-microscope images of Aand C,

respectively. B and D show magnified views of the white squares in A and C, respectively.
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Uxs-HA and GFP overexpression
in Uxs mutant

Fig. 14: Uxs! phenotype are rescued by ectopic expression of Uxs

Third instar wing discs isolated from homozygote for Uxs! were stained with anti-heparan
sulfate antibody (A-B). Wing disc overexpressing UAS-Uxs-HA and UAS-GFP under the
control of ptc-Gal4 (A-B”’). Anti-heparan sulfate antibody staining (A), anti-GFP antibody
staining (A”), showing where UAS-Uxs-HA expression was driven in optical microscopic
image, anti-HA antibody staining (A”’) to detect the Uxs-HA protein. B, B’ (fluorescence
image), and B”” are higher magnification of the eras indicated by white squares in A, A’, and

A”, respectively.
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Fig. 15: UDP-xylose is diffused intercellularly through gap junction

Third instar wing discs isolated from Uxs (A and B), inx2 (C and D), and Uxs and inx2 (E and
F) were knocked down in the notum and dorsal wing pouch region, under the control of ap-
Gal4. B, D, and F are higher magnification of the eras indicated by white squares in A, C,
and E, respectively. InA, C, and E, upper and lower parts of the images correspond to the
arias where each gene was knocked down (indicated by KD) and to the eras of wild type

(WT), respectively. All wing discs were dissected out from larvae raised at 25 °C.
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Fig. 16: Notch signaling is normal in D/V boundary when xylose modifications are
missing

(A-F)Wing imaginal discs from Wild-type (A and D), Uxs'/Df(3L)Exel6112 (B and E), and
and oxt knock-down (C and F). (A-C) Expression of wg, detected by in situ hybridization
(Blue) in wild-type (A), Uxs*/Df(3L)Exel6112 (B), and oxt knock-down (C) wing discs. Insets
show magnified views of the black squares. Black bucket in panel C indicate oxt knock-down
region (C). (D-F) Distribution of Wg protein, detected by anti-Wg antibody staining (blue) in
wild-type (C), Uxs'/Df(3L)Exel6112 (D), and and oxt knock-down (F) wing discs; insets
show magnified views of the white squares. White arrowhead indicates a gap between Wg
protein-expressing cells along the boundary of the dorsal and ventral compartments. White

bucket in panel F indicate oxt knock-down region. All wing discs were isolated from third-
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instar larvae at 25 °C except RNAI analysis. hh-Gal4 (C and F) was used for oxt knock-

down. All oxt knock-downed wing discs were isolated from third-instar larvae at 30 °C.
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Fig. 17: The number of SA neurons are normal when xylose modifications are missing
(A-C) SOPs in wing discs were detected by anti-Sens antibody staining (magenta). Wing
discs from wild type (A), Uxs! homozygote (B), and oxt knock-down (C) were isolated from
third-instar larvae. Insets show magnified views of the areas in white squares, which
contained SA-neuron precursors. White arrowhead indicates a gap between Sens protein-
expressing cells along the boundary of the dorsal and ventral compartments. All wing discs
were isolated from third-instar larvae at 25 °C except RNAI analysis. ap-Gal4 (C) was used
for oxt knock-down. All oxt knock-downed wing discs were isolated from third-instar larvae

at 30 °C.
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Fig. 18: Box plots of the number of SA neurons

(vertical axis) for each genotype (across the bottom). SA neurons were identified by anti-Sens
antibody staining in wing discs isolated from third-instar larvae raised at 25 °C (blue boxes)
or 30 °C (red boxes); black asterisks and n.s. indicate *p < 0.05 and no significant difference,
respectively, compared with wild type at 25 °C. Blue asterisks indicate *p < 0.05 compared
with O-fut1??4 homozygotes at 25 °C. Red asterisks and n.s. indicate *p < 0.05 and no

significant difference, respectively, compared with wild type at 30 °C.
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Wild-type kncl;lcﬁigoizvn shams mutant

R245A
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Fig. 19: The O-glucose glycan plays multiple roles in Notch-signaling activation and
shows redundancy with monosaccharide O-fucose

(A-1) SOPs in wing discs were detected by anti-Sens antibody staining (magenta). (A-H)
Wing discs from a Wildtype (A), Notch knock down (B), shams®**homozygote (C and D), O-
fut1®2%A homozygote (E and F), , rumi* homozygote (G and H); the wing discs were isolated
from larvae raised at 25 °C (C, E, and G) and 30 °C (A, B, D, F, and H). Insets show

magnified views of the areas in white squares, which contained SA-neuron precursors.

euron precursors.
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Fig. 20: Monosaccharide O-fucose have redundant role with monosaccaride O-glucose
and terminal dixylose modification of Notch for Notch signaling activation

(A-D) SOPs in wing discs were detected by anti-Sens antibody staining (magenta). (A-D)
Wing discs from O-fut1??*A and Uxs! double homozygote (A), O-futl R2454/0-futl R24°A;
Uxs/+ (B), O-fut1??A and shams®* double homozygote (C), and O-fut1??**A and rumi**
double homozygote (D); the wing discs were isolated from larvae raised at 25 °C. Insets

show magnified views of the areas in white squares, which contained SA-neuron precursors.
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Fig. 21: Notch specifically localizes to AJs

Correct Notch transportation are essential for correct Notch signaling activation. First Notch
are post-translational modification like glycan modification. Second, Notch is translocated to
cell membrane. Last, Notch translocated apical cell membrane to Adherence junction by

trans-endocytosis. And Notch bind its ligand Delta/ Serrate.
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Fig. 22: Missing of monosaccharide O-fucose on Notch doesn’t affect Notch trafficking

at25°C

Wing discs with somatic clones homozygous for O-fut1??A (A-C*”*) were stained with
antibodies against NECD (A’ and A”’), NICD (B’, B, C’, and C*”’), DE-cad (B”’), and Pdi
(C”, and C”). Optical images show planes corresponding to the apical membrane (A-A”),
AlJs (B-B’”’), and the medial region including the ER (C-C”’). Mosaic clones of mutant cells
are indicated by the absence of GFP. Clone boundaries are indicated by white lines. Wing
discs were isolated from larvae raised at 25 °C. A”, B*”, and C*” show merged images from

Aand A’, B and B’, and C-C” respectively.
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Fig. 23: Missing of terminal dixylose of O-glucose-linked saccharides on Notch doesn’t
affect Notch trafficking at 25 °C

Wing discs with somatic clones homozygous for shams (A-C*”’) were stained with antibodies
against NECD (A’ and A”), NICD (B’, B, C’, and C*”), DE-cad (B”’), and Pdi (C”, and
C’”). Optical images show planes corresponding to the apical membrane (A-A’"), Als (B-
B’”), and the medial region including the ER (C-C””’). Mosaic clones of mutant cells are
indicated by the absence of GFP. Clone boundaries are indicated by white lines. Wing discs
were isolated from larvae raised at 25 °C. A”, B, and C””” show merged images from A and

A’, B and B’, and C-C” respectively.
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O-fut1®** and shams homozygote clone

Fig. 24: Monosaccharide O-fucose and the terminal dixylose of O-glucose-linked
saccharides play redundant roles in relocating Notch from the apical plasma membrane
toAJsat 25 °C

Wing discs with somatic clones homozygous for double-homozygous for O-fut1??45* and
shams (A-C’””) were stained with antibodies against NECD (A’ and A”’), NICD (B’, B, C’,
and C””), DE-cad (B”’), and Pdi (C”’, and C*”*). Optical images show planes corresponding to
the apical membrane (A-A”), AJs (B-B””’), and the medial region including the ER (C-C’”).
Mosaic clones of mutant cells are indicated by the absence of GFP. Clone boundaries are
indicated by white lines. Wing discs were isolated from larvae raised at 25 °C. A”, B*”, and

C’” show merged images from A and A’, B and B’, and C-C” respectively.
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Fig. 25: Missing of monosaccharide O-glucose on Notch affect Notch trafficking at 25 °C

(A-F’’) homozygous for rumi** (A-C*’) were stained with antibodies against NECD (A’ and
A”), NICD (B’, B, C’, and C’””), DE-cad (B”’), and Pdi (C”, and C”). Optical images
show planes corresponding to the apical membrane (A-A”), AJs (B-B””’), and the medial
region including the ER (C-C””’). Mosaic clones of mutant cells are indicated by the absence
of GFP. Clone boundaries are indicated by white lines. Wing discs were isolated from larvae
raised at 25 °C. A, B’”, and C*” show merged images from A and A’, B and B’, and C-C”

respectively.
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O-fut1™** and rumi homozygote clone
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Fig. 26: Monosaccharide O-glucose and O-fucose play redundant roles in exporting Notch
from the ER at 25 °C

(A-F*”’) double-homozygous for O-fut1R?*A and rumi** (A-C*”*) were stained with antibodies
against NECD (A’ and A”), NICD (B’, B, C’, and C*”), DE-cad (B”’), and Pdi (C”, and
C’”). Optical images show planes corresponding to the apical membrane (A-A’"), AJs (B-
B’”), and the medial region including the ER (C-C”’). Mosaic clones of mutant cells are
indicated by the absence of GFP. Clone boundaries are indicated by white lines. Wing discs
were isolated from larvae raised at 25 °C. A”, B, and C””” show merged images from A and

A’, B and B’, and C-C” respectively.
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Fig. 27: Graphical representation of Notch distribution in each mutant

Schematic showing the final destinations of Notch transport at 25 °C in various genotypes
(indicated at the bottom). SAC/AJ, sub-apical complex/adherens junction; ER, endoplasmic
reticulum. Symbols: pink boxes, EGF-like repeats; red triangles, O-fucosylation; blue circles,

O-glucosylation; and red triangles, O-fucose.
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Table 1: Proteins containing EGF-like repeats with consensus sequence of O-fucose and O-

glucose glycan modifications

Name The n'umber of Structure or Function
EGF-like repeats
Crumbs 29 Transmembrane protein
Cubilin 6 Transmembrane protein
Dumpy 12 Transmembrane protein
Eyeshut 13 Transmembrane protein
Delta 5 Delta/Serrate/lag-2 (DSL) protein-like
Serrate 7 Delta/Serrate/lag-2 (DSL) protein-like
Weary 6 Notch binding?
Fat 3 Cadherin-like
Kugelei (Fat2) 5 Cadherin-like
CG31999 7 Fibrillin-like
LDL receptor protein 1 6 LDL receptor
Arrow 2 LDL receptor-like
Lipophorin receptor 1 3 LDL receptor-like
Lipophorin receptor 2 3 LDL receptor-like
Slit 5 Laminin G-like
Faulty attraction 11 Matrix metalloprotease
Uninflatable 12 tenascin family protein
Tenascin accessory 6 tenascin family protein
Shifted 5 Whnt inhibitory factor-1like
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