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Notch is a transmembrane receptor that mediates cell-cell
interactions and controls various cell-fate specifications in
metazoans. The extracellular domain of Notch contains multi-
ple epidermal growth factor (EGF)-like repeats. At least five dif-
ferent glycans are found in distinct sites within these EGF-like
repeats. The function of these individual glycans in Notch sig-
naling has been investigated, primarily by disrupting their indi-
vidual 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 the termi-
nal 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 ter-
minal dixylose of O-glucose-linked saccharides function redun-
dantly with the monosaccharide O-fucose in Notch activation
and trafficking. The terminal dixylose of O-glucose-linked sac-
charides and the monosaccharide O-glucose were required in
distinct Notch trafficking processes: Notch transport from the
apical plasma membrane to adherens junctions, and Notch
export from the endoplasmic reticulum, respectively. There-
fore, the monosaccharide O-glucose and terminal dixylose of
O-glucose-linked saccharides have distinct activities in Notch
trafficking, although a loss 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 func-
tions, our results suggest that these potential redundancies may
lead to a serious underestimation of glycan functions.

In transmembrane receptors, glycan modifications play
important roles in the receptors’ maturation, transport, and
physical interactions with ligands (1-4). Various types of gly-
cosylation are often found on small protein motifs, and the spe-
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cific functions of these glycosylation events are usually analyzed
by disrupting individual glycans (5). However, the functional
interactions between these various glycans are not well
understood.

The evolutionarily conserved Notch receptors typically con-
tain 36 epidermal growth factor (EGF)?>-like repeats, which bind
transmembrane ligands from the Delta and Serrate families (6).
Notch signaling functions in a broad spectrum of cell specifica-
tion processes through local cell-cell interactions (7). At least
five different glycan modifications have been found on the
Notch EGF-like repeats: N-linked glycan modifications (8) and
four O-linked glycan modifications: O-fucose (9-11), O-glu-
cose (12, 13), O-GlcNAc (14), and O-GalNAc (15). A potential
O-xylosylation of the EGF-like repeats has also been observed
in vitro (16). The individual modifications have been analyzed
to determine their specific functions and generate a model for
how glycosylation regulates receptor functions (8-15). For
example, O-fucosyltransferase 1 (O-futl) adds O-fucose to a
C2XXXX(S/T)C3 motif in the EGF-like repeats (Fig. 14) (9, 10).
Fringe, a 81,3 N-acetylglucosaminyltransferase, adds GlcNAc
to the O-fucose (11); this GlcNAc modification changes the
binding preference of Notch for different ligand types (9-11,
17). The function of the monosaccharide O-fucose was previ-
ously unclear, because O-futl has dual functions: an O-fucosyl-
transferase function and a Notch-specific chaperone-like func-
tion apparently independent of its O-fucosyltransferase activity
(18). However, it was recently found that the monosaccharide
O-fucose is essential for Notch signaling at high temperatures
(30°C) (19). Rumi adds O-glucose to a CXSX(P/A)C motif in
the EGF-like repeats, and this modification is also essential for
Notch activation (Fig. 14) (12). Shams adds a xylose to this
monosaccharide O-glucose, and this xylosylation negatively
regulates Notch signaling (Fig. 14) (13).

Recently, it was suggested that the monosaccharide O-fucose
and the O-glucose trisaccharide function redundantly in Notch
signaling, probably by promoting the proper folding of Notch
(19). Defects associated with the simultaneous loss of these two
modifications are far more severe than and qualitatively differ-
ent from the loss of only one of the modifications (19). How-

2 The abbreviations used are: EGF, epidermal growth factor; DE-Cad, DE-cad-
herin; ER, endoplasmic reticulum; GIcNAc, N-acetylglucosamine; NICD,
Notch intracellular domain; NECD, Notch extracellular domain; O-fut1,
O-fucosyltransferase 1; Sens, Senseless; SOP, sensory organ precursor; Wg,
Wingless; Uxs, UDP-xylose synthase; Ap, apterous; GAG, glycosaminogly-
can; AJ, adherens junction; PDI, protein-disulfide isomerase.
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ever, the specific sugar moiety in the O-glucose trisaccharide
that functions redundantly with O-fucose was previously
unknown. In this study, taking advantage of Drosophila genet-
ics, we addressed this question by combining various mutations
that affect these two glycan modifications. We here revealed
that the terminal dixylose and O-glucose have distinct roles in
Notch transport, both of which are redundant with the roles of
O-fucose.

Experimental Procedures

Drosophila Strains—We used Canton-S as the wild-type
strain. The following mutant alleles were used: O-futl*?**
(19); the previously described sham-null allele shams>* (13), the
UDP-xylose synthase (Uxs)-null allele Uxs’ (this study), the
Uxs-deletion mutant Df{2R)BSC783 (Bloomington 27355) (20),
and the rumi-null allele rumi** (12). The following UAS lines
were used for RNA interference (RNAi): UAS-Notch inverted
repeat (21) and UAS-peptide O-xylosyltransferase (Oxt)
inverted repeat (21). As lines expressing Gal4 specifically in the
dorsal side of the wing disc, posterior side of wing disc, eye, and
bristles on the dorsal head capsule, apterous (ap)-Ga4 (23),
hedgehog (hh)-Gal4 (24), GMR-Gal4 (25), and scabrous (sca)-
Gal4 (26) were used, respectively.

Generation of Uxs'—To generate a null allele of Uxs, we
deleted the genomic Uxs gene by imprecise excision of a P-ele-
ment inserted into the Uxs locus of P{EPgy2}CG7979EY00136
(Bloomington stock number 15001) using a standard procedure
(27). We mobilized the P-element by crossing P{EPgy2}
CG7979EY00136 with w*; Dr'/ TMS, P{ry**"? = Delta2—3}99B
(Bloomington stock number 1016). The genomic DNA was
purified from the potential deletion-mutant lines, and the dele-
tion was detected by PCR using the forward primer
5'-GAGCTGTAACCTGCAAGAAGTC-3" and the reverse
primer 5'-CACATTTCTGGATCTCAGCTAG-3'. We ob-
tained Uxs’ and confirmed the deletion by sequencing the
genomic DNA.

Immunostaining—Drosophila wing discs were immuno-
stained as described previously (28), except for the 3G10 and
2H antibody staining. Briefly, for most antibody stainings, the
wing discs were dissected from third-instar larvae in PBS and
fixed in PLP fixing solution (2% paraformaldehyde, 0.01 M
NalO,, 0.075 mlysine, 0.037 M sodium phosphate, pH 7.2) for 40
min at room temperature. The 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 the primary anti-
body at 4 °C overnight. The wing discs were then washed three
times in PBS-DT, and incubated in PBS-DT with the secondary
antibody at room temperature for 2 h. The wing discs were then
washed three times in PBS-DT and observed with an LSM700
confocal microscope. For the 3G10 antibody staining, the fixed
wing discs were incubated with 400 milliunits of heparinase III
(New England Biolabs) for 4 h at 37 °C (29, 30). For staining with
the 2H (C458.2H) antibody, which recognizes the Notch extra-
cellular domain, the fixed wing discs were then washed in PBS
(without detergent) and incubated with the 2H antibody for 2 h
at room temperature. The wing discs were washed in PBS and
fixed again. The wing discs were then washed in PBS, 0.5%
Tween 20 (0.5% Tween 20 in PBS) and stained with an anti-GFP
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antibody. Finally, the wing discs were washed in PBS, 0.5%
Tween 20 and treated with the secondary antibody.

The following antibodies were used at the indicated concen-
trations: mouse anti-NECD monoclonal antibody (1:100;
C458.2H (2H); from the Developmental Studies Hybridoma
Bank (DSHB)) (19), mouse anti-NICD monoclonal antibody
(1:1000; C17.9C6; DSBC) (19), rat anti-NICD polyclonal anti-
body (1:1000; gifted by Dr. Spyros Artavanis-Tsakonas) (19),
mouse anti-Wg monoclonal antibody (1:20; 4D4; DSBC) (28),
rat anti-Cadherin monoclonal antibody (1:20; 7E8A10; DSBC)
(19), guinea pig anti-Senseless polyclonal antibody (1:1000;
gifted by Dr. Hugo Bellen) (19), rabbit anti-GFP polyclonal anti-
body (1:500; MBL), and Alexa 488-, Cy3-, and Cy5-conjugated
affinity-purified donkey secondary antibodies (28) (1:500; Jack-
son). The epitope of the 2H antibody is EGF repeats 12-20 in
the extracellular domain of Notch, and the epitope of C17.9C6
is the intracellular domain of Notch (19).

In Situ Hybridization—In situ hybridization to detect the
wingless (wg) transcript was performed as described previously
(31). Briefly, a wg cDNA was used as a template to synthesize
RNA probes (32). T7 and SP6 promoters were added to the 5'-
and 3'-ends of the wg cDNA by PCR using a forward primer
(5'-AAATAATACGACTCACTATAGGGATGCGTGGAAA-
ACTTACAAG-3') and a reverse primer (5'-AAACTATA-
GTGTGTCACCTAAATCGCATTCGATTTTTCTGC-3"). A
digoxigenin-labeled wg RNA probe was synthesized from this
template using the DIG RNA labeling mix (Roche Applied Sci-
ence). The SP6 and T7 RNA polymerases were used to make
antisense and sense probes, respectively.

Generation of Somatic Mosaic Clones—Somatic clones of
O-fut1****4, rumi**, and shams®* were generated by FLP-FRT
recombination in the wing discs of third-instar larvae. FLP
recombinase mediates site-specific recombination between
FRT (FLP recombinase target) sites (33, 34). The FLP-mediated
recombination between FRT sites in each homologous chro-
mosome generates mitotic clones homozygous for a mutation
in cells heterozygous for it (33, 34). The following fly genotypes
were used: y w Ubx-FLP; FRTG13 O-futl®****/FRTG13 Ubi-
GFP, y w Ubx-FLP; shams®** FRT82B/Ubi-GFP FRT82B, Ubx-
FLP; Ubi-GFP; FRT82B/shams®*, FRT82B, Ubx-FLP; Ubi-GFP;
FRT82B/rumi**, FRT82B, Ubx-FLP; FRTGI3 O-futl®?**4/
FRTG13 Ubi-GFP; FRT82B shams®®, and Ubx-FLP; FRTG13
O-fut1®***4|FRTG13 Ubi-GFP; FRT80B rumi**, as described
previously (33, 34).

Results

CG7979 Encodes a Drosophila UDP-xylose Synthase—The
terminal dixylose of O-glucose-linked saccharides negatively
regulates Notch signaling in a tissue-specific manner (13), as
shown by loss- and gain-of-function analyses of the shams gene,
which encodes the O-glucose-specific xylosyltransferase (13).
However, this negative regulation may not be due to Shams’
xylosyltransferase activity, given the controversy of the role of
the O-fucosyltransferase O-futl. The essential role of O-futl in
Notch signaling was first proposed to be independent of its
enzymatic activity (18, 35), but a recent study indicated that
enzymatic activity of O-futl is essential in Notch signaling (19).
Thus, before addressing the functions of the terminal dixylose
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FIGURE 1. Overlaps in the Uxs-mutant, shams-mutant, and oxt knock-
down phenotypes. A, upper: schematic of the EGF-like repeats in Notch,
showing the O-glucose trisaccharide and monosaccharide O-fucose. The
extracellular domain of Drosophila Notch has 36 EGF-like repeats (pink); 23
can be O-fucosylated (red triangles) and 18 can be O-glucosylated (blue cir-
cles). Lower: O-fucose (red triangle) is added by O-fut1. During the synthesis of
the O-glucose trisaccharide (O-glucose-xylose-xylose), the O-glucose (blue
circle) and first xylose (yellow star) are added by Rumi and Shams, respectively.
B, schematic of UDP-xylose biosynthesis. Uxs is an essential enzyme for the de
novo synthesis of UDP-xylose in Drosophila. C, 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 encod-
ing a nucleotide-binding site (blue). A P-element (EPgy2) insertion site is indi-
cated by a blue triangle. The 1201-bp deletion in Uxs' is indicated by paren-
theses; the end points are shown by the DNA sequence. D-O, phenotypes of
the head (D-G), notum (H-K), and eye (L-O) of wild-type (D, H, and L), and
Uxs'/Df(3L)Exel6112 (E, I, and M) and shams®* homozygotes (F, J, and N), and
oxt knockdown flies (G, K, and O). Missing ocellar and post-vertical bristles are
indicated by black (D-G) and white (H-K) arrowheads, respectively. sca-Gal4
(G), ap-Gal4 (K), or GMR-Gal4 (O) were used for the oxt knockdown.

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 sac-
charides. Therefore, we attempted to abolish the xylosylatin of
Notch by mutating a different gene in Drosophila.
UDP-xylose, which is essential for xylosylation as the xylose
donor, is synthesized from UDP-glucuronic acid (36) (Fig. 1B).
In mammals, UDP-xylose synthesis fully depends on L/DP-xy-
lose synthase 1, which encodes their only UDP-xylose synthase
(37). The Drosophila ortholog of UDP-xylose synthase I is UDP-
xylose synthase (Uxs; CG7979), the only gene in the Drosophila
genome that encodes UDP-xylose synthase (38). To generate
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potential Uxs-null mutants, we used imprecise P-element exci-
sion. Excising the P-element from the {EPgy2}CG7979"Y00*3¢
line produced the Uxs-deletion mutant Uxs’ (Fig. 1C). 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)
(38) (Fig. 1C). The molecular changes in the Uxs’ mutant sug-
gest that it is a null-mutant allele of Uxs.

To analyze the defects associated with this Uxs mutation, we
observed the phenotypes of the Uxs’ mutant. To avoid observ-
ing phenotypes associated with potential background muta-
tions, we also analyzed a trans-heterozygote of Uxs’ and
Deficiency (Df) fI3L)Exel6112, a previously reported deletion
mutant uncovering the Uxs locus (20). These phenotypes were
essentially the same as those of the Lixs’ homozygote, further
indicating that Uxs’ is a null allele. We also compared these
phenotypes with shams mutants, in which the O-glucose
attached to the Notch EGF-like repeats is not xylosylated
(13). We found that the trans-heterozygotes of Uxs’ and
Df(3L)Exel6112 was lethal at the late pupal stage, although
pharate adults (adults that died before emerging from the pupal
case) were occasionally obtained (Fig. 1, E, I, and M). In con-
trast, homozygous sham-null mutants are viable, as previously
described (Fig. 1, F, J, and N), indicating that the Uxs’-mutant
defects are more severe than those in shams mutants (13). We
found that all of the trans-heterozygotes of Uxs’ and
Df(3L)Exel6112 pharate adults examined (n = 14) were missing
bristles on the dorsal head capsule (Fig. 1E); this phenotype was
also found in the shams mutants (n = 22) (Fig. 1F), as previously
observed (13). 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 Lxs’ mutants (z = 14)
had a rough-eye phenotype and were missing scutellum bristles
(Fig. 1, I and M); these defects were not present in the shams
mutants (n = 22) (Fig. 1, J and N). We speculated that these
phenotypes might result from defects in glycosaminoglycans
(GAG) synthesis, which requires UDP-xylose (39).

GAG synthesis begins with the O-xylosylation of core pro-
teins by O-xylosyltransferase (40). Thus, GAG synthesis is
probably abolished in the L/xs’ mutant due to the absence of
UDP-xylose. We detected GAG by a specific antibody against
the 3G10 epitope, which is exposed after GAG is digested by
heparinitase (29, 30). GAG staining was largely abolished in all
of the wing discs in trans-heterozygotes of Uxs’ and
Df(3L)Exel6112 (n = 23) (Fig. 2, C and D) compared with wild-
type wing discs (n = 27) (Fig. 2, A and B). Mutants of other
genes required for GAG synthesis and maturation, such as tout-
velu and sulfateless, are also recessive lethal at the same devel-
opmental stage as Uxs’, which supports our idea that GAG
synthesis is disrupted in the Uxs’ mutant (29, 41).

Oxt is another enzyme required for GAG synthesis (38).
Although an oxt mutant has not been reported, the knockdown
of oxt in Drosophila by RNA interference was reported (22). As
reported before, the knockdown of oxt resulted in a rough eye
phenotype (n = 26) (Fig. 10) (22). Here, we found that the
knockdown of oxt also resulted in bristle loss in the scutellum
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FIGURE 2. Notch-signaling activation is normal in the Uxs mutant. A-D, wild-type (4, 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. Band D show magnified views of the white squares in A and
C, respectively. E-G, expression of wg, detected by in situ hybridization (magenta) in wild-type (E), Uxs’/Df(3L)Exel6112 (F), and oxt knockdown (G) wing discs.
Insets show magnified views of the black squares. Black bracket in G indicates the oxt knockdown region. H-J, distribution of Wg protein, detected by anti-Wg
antibody staining (blue) in wild-type (H), Uxs’/Df(3L)Exel6112 (I), and oxt knockdown (J) 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 bracket in J indicates the
oxt knockdown region. K-M, SOPs detected by anti-Sens antibody staining (magenta) in wild-type (K), Uxs'/Df(3L)Exel6112 (L), and oxt knockdown (M) wing
discs. White arrowheads in L and M indicate gaps between Sens-expressing cells along the boundary (white brackets) between the dorsal and ventral compart-
ments. Insets show magnified views of the areas outlined in white, which contain SA neuron precursors. All wing discs were isolated from third-instar larvae
cultured at 25 °C except in the RNAi analysis. hh-Gal4 (G and J) or ap-Gal4 (M) was used for the oxt knockdown. All of the oxt knockdown wing discs were isolated

from third-instar larvae cultured at 30 °C.

(n = 21) (Fig. 1K), but not on the dorsal head capsule (n = 28)
(Fig. 1G). Thus, within the limits of RNAi analysis, these results
suggest that the bristle loss in the scutellum and rough eye
found in the Uxs-mutant or oxt knockdown flies may have been
due to the disruption of GAG synthesis, whereas the loss of
bristles on the dorsal head capsule found in the Uxs- or shams-
mutant flies may have been due to loss of the terminal dixylose
of O-glucose-linked saccharides.

Wy Signaling Is Decreased in the Uxs Mutant—Previous anal-
ysis of the shams mutant showed that the terminal dixylose of
O-glucose-linked saccharides on the EGF-like repeats of Notch
negatively regulates Notch signaling in a tissue-specific man-
ner, although the shams mutant phenotype suggested that
hyper-activation of the Notch signaling was subtle (13). Thus,
we used the Uxs mutant to re-examine potential roles of the
terminal dixylose of O-glucose-linked saccharides in other
developmental processes controlled by Notch signaling. The
expression of wingless (wg), which is activated by Notch signal-
ing along the boundary of the dorsal and ventral compartments
in the third-instar wing disc (42), was analyzed by in situ
hybridization in a Uxs-mutant trans-heterozygote of Uxs’ and
Df(3L)Exel6112 (Fig. 2F). Although the wg expression may have
been slightly reduced in the Uxs-mutant wing discs, the pattern
of expression was not markedly different from wild-type, indi-
cating that the Notch-signaling activity was not severely
affected in any of the wing discs examined (n = 19) (compare
Fig. 2, E and F). Similarly, wg expression was slightly reduced in
the region of the wing discs where the Oxt gene was knocked
down by RNAi (n = 36) (Fig. 2G). In addition, the amount of
Wg protein was slightly reduced and distributed more diffusely
in all of the Uxs-mutant wing discs (n = 23) and in 77% of the
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Oxt knockdown wing discs (n = 31) (Fig. 2,  and J). Similar
abnormalities in Wg protein distribution were reported in
mutants with defective GAG synthesis (43). Wg gradient is
modulated by GAG, through the binding between Wg and
GAG (44). In addition, the array of sensory organ precursors
(SOPs) expressing senseless (sens), which depends on Wg sig-
naling, along the boundary of the dorsal and ventral compart-
ments was interrupted in these wing discs (45, 46) (compare
Fig. 2, K—M, and see arrowheads in Fig. 2, L and M). Therefore,
Wg signaling is decreased in the Uxs-mutant and oxt knock-
down wing discs, probably due to disrupted GAG synthesis.
This reduction in Wg signaling may also account for the appar-
ent slight reduction in wg expression we observed in the Uxs
mutant and oxt knockdown wing discs (Fig. 2, Fand G) (45, 46).

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
(47). Knocking down Notch significantly increased the number
of SOPs, which subsequently formed SA neurons (compare
Figs. 2K, 34, and 4). However, the number of SOPs in Uxs or
shams-mutant wing discs was comparable with that in wild-
type at 25 °C (compare Fig. 2, K and L, and 3, E, and see Fig. 4).
Therefore, Notch signaling is not notably altered in the absence
of the terminal dixylose of O-glucose-linked saccharides. How-
ever, we previously found that monosaccharide O-fucose and
O-glucose trisaccharide on Notch EGF-like repeats have redun-
dant roles in Notch trafficking and Notch-signaling activation
(19). Thus, although the loss of only the terminal dixylose of
O-glucose-linked saccharides did not significantly affect Notch
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signaling, it was possible that the concurrent loss of monosac-
charide 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-fucosyla-
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FIGURE 3. The O-glucose trisaccharide plays multiple roles in Notch-sig-
naling activation and shows redundancy with monosaccharide O-fu-
cose. A-L, SOPs in wing discs were detected by anti-Sens antibodAy staining
(magenta). A-H, wing discs from a Notch knockdown (A), O-fut 172 homozy-
gote (B), O-fut1%2*** and Uxs’ double homozygote (C), O-fut 17244 /0-fut 17244,
Uxs/+ (D), shams homozygote (E), O-fut1%?**# and shams®** double homozy-
gote (F), rumi** homozygote (G), and O-fut1%?#*# and rumi** double homozy-
gote (H); the wing discs were isolated from larvae raised at 25 °C. I-L, wing
discs from wild-type (/), O-fut17?** homozygote (J), shams homozygote (K),
and rumi** homozygote (L) Drosophila; wing discs were isolated from third-
instar larvae raised at 30 °C. Insets show magnified views of the areas in white
squares, which contained SA-neuron precursors. The scale bar is 500 um and
applicable for all panels.
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tion. O-fut1%**** encodes a mutant form of O-fut1 protein that
largely lacks O-fucosyltransferase activity but maintains a
Notch-specific chaperone-like function that is independent of
its enzymatic activity (18, 19). Thus, although the Notch pro-
tein 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-fut1***>* homozygote wing discs
at 25 °C (permissive temperature) (Figs. 3B and 4), although the
number increased markedly at 30 °C (non-permissive temper-
ature) (Figs. 3/ and 4), as previously reported (19). However, in
this study, to compare effects on Notch signaling under the
same conditions, all 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 (Figs. 3C
and 4). However, in O-fut1®°*** homozygotes combined with
Uxs" heterozygotes, the number of SOPs increased significantly
at 25 °C (Figs. 3D and 4). This discrepancy can be explained if
the Wg signal-dependent induction of SOP fate, which occurs
prior to its lateral inhibition, was disrupted in the Uxs” homozy-
gote at 25 °C. In this case, the fate of SOP 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***** mutant wing discs in combina-
tion with shams-mutant wing discs, in which Wg signaling is
normal (13). The number of SOPs increased significantly in the
wing discs of a O-fut1™**** and shams double homozygote at
25 °C (Figs. 3F and 4). These findings indicated that the termi-
nal dixylose moiety of O-glucose glycans and the O-fucose
monosaccharides on Notch function redundantly in Notch-sig-
naling activation.
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FIGURE 4. The number of SA neurons in various single and double mutants. Box plots of the number of SA neurons (vertical axis) for each genotype (across
the bottom). Representative results are shown in Figs. 2 and 3. 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. The number of wing discs analyzed in each experiment (biological replicates) is shown

at the top of the graph. Each experiment was done three times.
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O-fut1™**homozygote clone

O-fut1™** and shams homozygote clone

NIC

o

FIGURE 5. Monosaccharide O-fucose and terminal dixylose of O-glucose-
linked saccharides play redundant roles in relocating Notch from the
apical plasma membrane to AJs. A-I", wing discs with somatic clones
homozygous for O-fut1%2*4 (A-C"") and shams (D-F"") or double-homozygous
for O-fut172**A and shams (G-I") were stained with antibodies against NECD
(A", A".D', D", G', and G'): NICD (8", B". C', C", E', E", F', F". H', H". I' and I");
DE-cad (B", E", and H"); and PDI (C", C", F", F”, I", and ["). Optical images show
planes corresponding to the apical membrane (A-A", D-D", and G-G"); Als
(B-B", E-E", and H-H"); and the medial region including the ER (C-C"”, F-F",
and /-I""). Note that NECD staining was increased at the apical membrane (G),
and NICD staining was abolished at the AJs (H') in the O-fut1%2*** and shams

I’
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Monosaccharide O-Fucose and the Terminal Dixylose of
O-Glucose-linked Saccharides Function Redundantly in Notch
Trafficking—T o investigate the cause of the reduction in Notch
signaling associated with the concurrent loss of O-fucose and
the terminal dixylose of O-glucose-linked saccharides, we
examined Notch trafficking. O-Fucose and O-glucose trisac-
charide contribute to normal Notch trafficking in a tempera-
ture-dependent manner; Notch trafficking is defective at 30 °C
(non-permissive temperature) but largely normal at 25 °C (per-
missive temperature) (12, 13, 19). Using the FLP/FRT system,
we generated somatic mosaics of O-fut1*?*** or shams-mutant
cells, or O-futl®** 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 (AJs), and
endoplasmic reticulum (ER) was analyzed at 25 °C. Notch at the
apical plasma membrane was specifically detected by an anti-
Notch extracellular domain antibody (NECD) in non-permea-
bilized wing discs (19). Notch localized normally to the apical
plasma membrane in mutant cells of either O-fut1?***4 (n =
23) or shams (n = 24) in all cases (Fig. 5, A-A" and D-D").
However, in O-fut1®**** and shams double-mutant cells,
Notch showed excessive accumulation at the apical plasma
membrane in all cases (1 = 19) (Fig. 5, G—G"). In permeabilized
epithelial cells, Notch protein detected by an anti-Notch intra-
cellular domain antibody (NICD) localized predominantly to
the AJs, as reported previously (48, 49). In these experiments,
AJs were detected by staining with an anti-Drosophila E-Cad-
herin (DE-cad) antibody (48, 49). The localization of Notch to
the AJs was not markedly affected in either O-fut1%**** (n = 28)
or shams (n = 23) mutant cells (Fig. 5, B-B" and E-E"). How-
ever, 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 dis-
rupted under these conditions (Fig. 5, H—H"). Thus, monosaccha-
ride O-fucose and the terminal dixylose of O-glucose-linked sac-
charides function redundantly in localizing Notch to the AJs. It has
been suggested that Notch is first transported to the plasma mem-
brane after synthesis, and then relocated to the AJs through tran-
scytosis (48, 49). Thus, we speculated that relocation of Notch
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 anti-protein-disulfide isomerase (PDI) antibody stain-
ing, appeared normal in O-futI"**** (n = 26) or shams-mutant
(n = 28) cells and in O-fut1***** and shams double-mutant cells
(n =22) (Fig. 5, C—C", F-F", and I-I""). Thus, Notch was normally
exported from the ER in the absence of monosaccharide O-fucose
and the terminal dixylose of O-glucose-linked saccharides (Fig. 5,
I-1").

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,
the terminal dixylose is missing from the O-glucose trisaccha-

double-homozygous cells (lacking GFP). 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”, C", D", E", F",
G",H”, and I show merged images from Aand A’, Band B’, C-C",Dand D', E
and E', F-F",Gand G', Hand H’, and I-I", respectively.
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FIGURE 6. Monosaccharide O-glucose and O-fucose play redundant roles
in exporting Notch from the ER. A-F", wing discs with somatic clones
homozygous for rumi**; A-C", or double-homozygous for O-fut1%?#*# and
rumi**; D-F" were stained with antibodies against NECD (A’, A", D', and D");
NICD (B’,B",C',C",E',E",F',and F"); DE-cad (B" and E"); and PDI (C", C", F",and
F").Optical images show planes corresponding to the apical membrane (A-A"
and D-D"), AJs (B-B" and E-E[tprime]), and the medial region including the ER
(C-C" and F-F"). Note that NECD and NICD staining was absent from the
apical membrane (D’) and AJs (E'), respectively, whereas NICD staining was
increased and co-localized with PDI (white arrowheads in F'-F") in the
O-fut1??*A and rumi** double-homozygous cells (lacking GFP). 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", C", D", E”, and F” show merged images from A-A’, B-B’, C-C", D-D’,
E-E', and F-F", respectively.

ride on the EGF-like repeats of Notch, although monosaccha-
ride O-glucose is still present (13). Thus, we 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. We 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 dif-
ference in Notch detected at the apical plasma membrane (n =
31), the AJs (n = 42), or the ER (n = 26) (Fig. 6, A—C"). In
contrast, in O-futI®**** and rumi double-mutant cells, in
which both monosaccharide O-fucose and O-glucose trisac-
charide were missing, Notch was not detected at the apical
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FIGURE 7. Graphical representation of Notch distribution in each mutant.
Schematic showing the final destinations of Notch transport at 25 °C in vari-
ous genotypes (indicated at the bottom). SAC/AJ, subapical complex/adher-
ens junction. Symbols: pink boxes, EGF-like repeats; red triangles, O-fucosyla-
tion; blue circles, O-glucosylation; and yellow stars, xylose. The thickness of the
bars qualitatively represents the amount of Notch protein at each location.

plasma membrane (n = 18) or AJs (1 = 20) at 25 °C in any of the
cases examined (Fig. 6, D-D" and E-E"). Thus, it is likely that
the delivery of Notch to the plasma membrane fails under these
conditions. We also observed that in all cases examined (7 =
22), Notch accumulated in a portion of the ER in these double-
mutant cells (Fig. 6, F-F", arrowheads). Thus, monosaccharide
O-fucose and O-glucose trisaccharide share a redundant but
essential function in exporting Notch from the ER. Interest-
ingly, our results showed that in the absence of monosaccharide
O-fucose, the Notch-trafficking defects caused by the absence
of terminal dixylose of O-glucose-linked saccharides were dif-
ferent from those caused by the absence of monosaccharide
O-glucose. Thus, not only are the O-glucose mono- and trisac-
charide in part functionally redundant with the O-fucose mon-
osaccharide, but the two types of O-glucose glycans also have
roles that are distinct in terms of their contribution to Notch
transport (Fig. 7).

Discussion

Multiple Glycan Modifications on a Protein May Have
Redundant Roles—The EGF-like repeats in Notch contain mul-
tiple glycosylation sites to which specific and distinct sugars are
added (8-16). 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, we found that the terminal dixylose of
O-glucose-linked saccharides and the monosaccharide O-fu-
cose 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 (19). At a non-permissive temperature (30 °C), the
monosaccharide O-fucose modification becomes essential for
Notch signaling, and Notch lacking this modification accumu-
lates in the ER (19); this effect is not observed at a permissive
temperature (25 °C) (19). Similarly, in the absence of the termi-
nal dixylose of O-glucose-linked saccharides, as observed in
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Uxs or shams mutants, Notch signaling and transport were nor-
mal at 25 °C (Figs. 2, F, [, and L, 3E, and 5, D—F", and Fig. 4).
However, importantly, the concurrent loss of the terminal dixy-
lose of O-glucose-linked saccharides and monosaccharide
O-fucose significantly reduced Notch signaling (Figs. 3F and 4).
However, some Notch signaling was still present, because the
number of SOPs increased even more markedly when the Notch
gene was knocked down (Figs. 34 and 4). Nevertheless, it is
clear that monosaccharide O-fucose and the terminal dixylose
of O-glucose-linked saccharides function redundantly in
Notch-signaling activation.

When both monosaccharide O-fucose and the terminal dixy-
lose of O-glucose-linked saccharides were absent, Notch spe-
cifically accumulated at the apical plasma membrane and failed
to localize to the AJs (Figs. 5, G-I", and 7). Thus, the reduction
in Notch-signaling activity may be attributed to this mislocal-
ization of Notch. However, the mechanism of this mislocaliza-
tion 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 (48, 49).
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 (50, 51). In mammalian neurons, the tran-
scytosis of tropomyosin-related kinase A (TrkA) from the
somatodendritic membrane is required for its specific localiza-
tion to the axonal membrane (50, 51). TrkA has a terminal
N-acetyllactosamine (LacNAc) on an N-linked glycan modifi-
cation; galectin-4 binds the LacNAc and promotes the transcy-
tosis of TrkA to the axonal membrane (50, 51). However, the
molecular mechanisms of Notch transcytosis are not clear at
present.

Multiple Roles of Notch O-Glucose Trisaccharide Glycan—
We 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, whereas monosaccharide O-glucose was essential for
exporting Notch from the ER (Figs. 5, G-I", 6, D-F", and 7).
These results suggest that the O-glucose trisaccharide glycan
has multiple functions in Notch trafficking, and that these dis-
tinct functions are complemented by monosaccharide O-fu-
cose. Currently, the nature of these complex relationships
between structure and function remains unclear. The O-fucose
glycan on the EGF-like repeats of Notch has multiple roles in
Notch signaling (9—-11). Fringe adds GIcNAc to the monosac-
charide O-fucose, thereby modifying the affinities of Notch for
its ligands (11, 17). Monosaccharide O-fucose plays a sole and
essential role in exporting Notch from the ER at a non-permis-
sive temperature (19). Furthermore, in FGF signaling, FGF
binds the GAG chain, which regulates its own signaling activity
(52, 53). Removing specific regions of the GAG chain causes
distinct defects in FGF signaling, suggesting that various GAG-
chain regions have distinct biochemical roles (52, 53). Similarly,
it is possible that monosaccharide O-glucose and the terminal
dixylose of O-glucose-linked saccharides perform distinct bio-
chemical functions to control Notch trafficking.
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In this study, we demonstrated that two different O-glycan
modifications on the EGF-like repeats of Notch have redundant
roles. Because 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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