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Abstract

In multicellular organisms, glycosylation regulates various developmental signaling pathways includ-
ing the Notch pathway. One of the O-linked glycans added to epidermal growth factor-like (EGF)
repeats in animal proteins including the Notch receptors is the xylose-xylose—glucose-O oligosac-
charide. Drosophila glucoside xylosyltransferase (Gxylt) Shams negatively regulates Notch signaling
in specific contexts. Since Shams adds the first xylose residue to O-glucose, its loss-of-function
phenotype could be due to the loss of the first xylose, the second xylose or both. To examine the
contribution of the second xylose residues to Drosophila Notch signaling, we have performed bio-
chemical and genetic analysis on CG11388, which is the Drosophila homolog of human xyloside
xylosyltransferase 1 (XXYLT1). Experiments in S2 cells indicated that similar to human XXYLT1,
CG11388 can add the second xylose to xylose-glucose-O glycans. Flies lacking both copies of
CG11388 (Xxylt) are viable and fertile and do not show gross phenotypes indicative of altered Notch
signaling. However, genetic interaction experiments show that in sensitized genetic backgrounds
with decreased or increased Notch pathway components, loss of Xxylt promotes Delta-mediated acti-
vation of Notch. Unexpectedly, we find that in such sensitized backgrounds, even loss of one copy of
the fly Gxylt shams enhances Delta-mediated Notch activation. Taken together, these data indicate
that while the first xylose plays a key role in tuning the Delta-mediated Notch signaling in
Drosophila, the second xylose has a fine-tuning role only revealed in sensitized genetic backgrounds.
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Introduction development and adult tissue homeostasis in metazoans (Artavanis-
Notch signaling is a highly conserved cell to cell communication Tsakonas and Muskavitch 2010). Canonical Notch signaling is
pathway which regulates numerous aspects of embryonic mediated by the activation of Notch receptors by Delta and Serrate/
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Jagged families of ligands and is modulated by multiple post-
translational modifications, including phosphorylation, acetylation,
ubiquitination and glycosylation (Siebel and Lendahl 2017).
Mutations in Notch pathway components cause various human
diseases, including developmental abnormalities and cancer
(Allenspach et al. 2002; Talora et al. 2008; Penton et al. 2012).
Notably, loss of one copy of some Notch pathway receptors and
ligands can cause significant phenotypes in animal model organisms
and human patients, indicating that a number of developmental pro-
cesses are highly sensitive to perturbations in the Notch pathway
activity (Penton et al. 2012; Masek and Andersson 2017).
Moreover, even in the absence of mutations in the core components of
the Notch pathway, dysregulation of Notch signaling has been impli-
cated in various other diseases, including several forms of cancer and
non-neoplastic diseases of the heart, lung, muscle and the liver (Siebel
and Lendahl 2017). Therefore, identification and characterization of
modulators of the Notch pathway has the potential to shed light on
the pathophysiology of Notch-related diseases and might establish
new paradigms for therapeutic manipulation of this pathway.

Notch sugar modifications affect Notch signaling (Stanley and
Okajima 2010; Takeuchi and Haltiwanger 2014; Haltom and Jafar-
Nejad 2015). One such modification is O-glucosylation, which
refers to the addition of an O-linked glucose residue by the enzyme
protein O-glucosyltransferase 1 (Poglutl) onto a specific consensus
sequence found on EGF repeats in Notch receptors and a number of
other animal proteins (Hase et al. 1988; Acar et al. 2008).
Drosophila Poglutl, which is encoded by rumi, promotes Notch
activation by adding O-glucose to multiple EGF repeats across the
Notch extracellular domain (Acar et al. 2008; Leonardi et al. 2011;
Perdigoto et al. 2011). Loss of O-glucose glycans from Drosophila
Notch impairs Notch cleavage without affecting Notch-ligand bind-
ing (Acar et al. 2008; Leonardi et al. 2011).

O-glucosylated EGF repeats can be extended to a trisaccharide
by addition of two xylose residues (Hase et al. 1988; Acar et al.
2008). In mammals, two glucoside xylosyltransferases (GXYLT1
and GXYLT2) are reported to add the first xylose to O-glucosylated
EGF repeats (Sethi et al. 2010). Drosophila has only one GXYLT
homolog, Shams, which negatively regulates fly Notch signaling in
specific contexts by adding xylose residues to a subset of Notch EGF
repeats (Lee et al. 2013). Moreover, transgenic overexpression of
human GXYLT1 impairs Notch signaling in the fly wing (Lee et al.
2013). Genetic, cell aggregation and ligand-binding assays indicate
that loss of the first xylose residue from O-glucosylated EGF16-20
specifically enhances the activation of Drosophila Notch by the
Delta ligand (Lee et al. 2017). Since Shams is the only GXYLT in
flies, loss of Shams results in the loss of both xylose residues from
Notch EGF repeats. Therefore, it is possible that the enhancement of
Notch signaling in shams mutant flies is at least in part due to the
loss of the second xylose.

In mammals, a type Il transmembrane protein called xyloside xylo-
syltransferase 1 (XXYLT1) adds a second xylose residue to the first
xylose to form xylose-xylose-glucose-O trisaccharides on Notch EGF
repeats (Sethi et al. 2012). Transgenic overexpression of human
XXYLTT1 inhibits Notch signaling in flies (Lee et al. 2013). Moreover,
human XXYLT1 is frequently amplified in several cancer types asso-
ciated with decreased Notch signaling (Cerami et al. 2012; Yu et al.
20135). Together, these observations suggest that the second xylose might
play an inhibitory role in Notch signaling. However, a loss-of-function
analysis has not been performed on mammalian or fly XXYLT1.

Based on the protein domain structure and percent amino acid
identity, Drosophila CG11388 is the only fly protein showing a high

degree of homology with human XXYLT1. Here, we report that
CG11388 possesses xyloside xylosyltransferase activity towards
Notch EGF repeats, but shows EGF repeat specificity, unlike the
human enzyme. CG11388-null flies are viable and do no show char-
acteristic phenotypes of altered Notch signaling. However, loss of
CG11388 promotes Delta-mediated signaling in sensitized genetic
backgrounds. In addition, genetic interaction studies suggest that
loss of shams (Gxylt) modulates Drosophila Notch signaling in a
dosage-sensitive manner. Altogether, our data indicate that the
enhanced Notch signaling observed in shams mutants is primarily
caused by the loss of first xylose residue from O-glucose glycans on
Notch EGF16-20, and that the second xylose can modulate Notch
signaling when the level of Notch or Delta is limiting.

Results

Drosophila CG11388 encodes a xyloside
xylosyltransferase (Xxylt), adding the second xylose to
xylose-glucose-O disaccharides on specific Notch EGF
repeats

Mutations in the fly glucoside xylosyltransferase Shams result in the
loss of both xylose residues from xylose—xylose—glucose-O glycans
on Notch and cause a mild gain of Notch signaling in flies (Lee et al.
2013). To understand the contribution of each xylose residue to the
observed phenotypes, we decided to compare the phenotypes of
shams mutants with those of the fly xyloside xylosyltransferase
responsible for the addition of the second xylose to these glycans. It
has previously been shown that recombinantly expressed
Drosophila Notch in S2 cells harbors limited xylosylation, with a
low amount of the full trisaccharide on a limited number of EGF
repeats, mostly in the EGF16-20 region (Lee et al. 2013; Harvey
et al. 2016). While this indicates that Xxylt activity exists in
Drosopbhila, it is not known whether CG11388, which is the fly
homolog of the human XXYLT1, has Xxylt activity.

To evaluate CG11388 and to compare its activity with its human
homolog, CG11388 and human XXYLT1 were overexpressed in
Drosophila S2 cells and analyzed by peptide mass spectrometry of a
co-expressed Notch EGF16-20 fragment. To avoid the endogenous
glucoside xylosyltransferase activity, shams knock-out S2 cells were
generated by CRISPR/Cas9 technique, as described in the Materials
and methods section. In the background of a knock-out of the
endogenous shams, overexpressed human GXYLT1 and Shams
both showed robust activity (i.e., addition of first xylose to O-gluco-
sylated EGF repeat) on the four EGF repeats 16, 18, 19 and 20 that
could be analyzed using an AspN proteolytic digest of the Notch
fragment (Figure 1). The observed activity of Shams and human
GXYLT1 provided a high level of putative acceptor (i.e., xylose-glu-
cose-O-EGF) for the second xylosyltransferase. We note that
xylose—xylose—glucose-O trisaccharide was observed on EGF16 and
less on EGF18 (hardly visible in Figure 1) even without overexpres-
sion of Xxylt, which is in accordance with previous observations
(Lee et al. 2013; Harvey et al. 2016).

Overexpression of human XXYLT1 together with GXYLT1
resulted in the appearance of xylose—xylose-glucose on all four analyzed
EGF repeats. This suggests that the xylosyltransferase activity of the
human enzyme is not limited to specific EGF repeats, as long as they
harbor the consensus sequence. Moreover, the data indicate that there
is no detection problem of peptides with trisaccharide modification.

Overexpression of Drosophila CG11388 together with Shams
clearly increased the trisaccharide signal on EGF16 and EGF18
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Fig. 1. CG11388 functions as a xyloside xylosyltransferase on Drosophila
Notch. A plasmid with Hisg-tagged EGF repeat 16 to 20 was transiently trans-
fected into plain S2 cells, S2 cells lacking endogenous Shams (Ashams), or
Ashams S2 cells co-transfected with expression vectors for the indicated
human and fly proteins. AspN digested peptides from the purified protein
were analyzed by mass spectrometry and revealed the glycosylation pattern
of EGF16, 18, 19 and 20. Shown here are extracted ion chromatograms of
expected masses of glycopeptides (all 2%). Black and blue chromatograms
represent naked and O-glucosylated (monosaccharide) EGF repeats, respect-
ively. Plain S2 cells (without any plasmid transfection) show limited

(Figure 1). Moreover, CG11388 overexpression was not able to
extend the O-glucose saccharides in shams knock-out cells, confirm-
ing that the xylose-glucose-O disaccharide is required for the activ-
ity of CG11388 (Figure 1). These data indicate that similar to
human XXYLT1, Drosophila CG11388 is a xylosyltransferase, cap-
able of generating the trisaccharide structure. However, no second
xylose was observed on EGF19 and EGF20 despite CG11388 over-
expression. These observations suggest that unlike human
XXYLT1, CG11388 shows specificity for certain EGF repeats, even
when the enzyme is overexpressed. Human XXYLT1 was previously
reported to show xylosyltransferase activity towards a synthetic
xylose—glucose oligosaccharide acceptor lacking an EGF repeat
backbone (Sethi et al. 2012). However, in agreement with our S2
cell assays, Drosophila CG11388 does not show any xylosyltrans-
ferase activity towards the same synthetic acceptor (data not
shown). Together, these data establish that fly CG11388 is a xylo-
side xylosyltransferase, although its function is limited to specific
EGF repeats.

Loss of Xxylt does not show impaired Notch signaling
phenotypes in flies

To examine the contribution of the second xylose residue of xylose—
xylose-glucose-O  trisaccharide on Notch EGF repeats to
Drosophila Notch signaling, we utilized CRISPR/Cas9 genome
engineering to generate a loss-of-function allele of CG11388, to
which we will refer as Xxylt hereafter. In this allele (called
Xxylt*“®) 87% of the gene region including the entire coding region
was replaced by the yellow wing2* marker (Li-Kroeger et al. 2018)
(Figure 2A). Flies homozygous for this allele (XxylgAcds/Ads)

viable at temperatures ranging from 18°C to 30°C (Table I). Unlike
A34

are

the flies homozygous for the shams®”* allele, which show loss of
wing vein and head bristles (Lee et al. 2013), XxyltA‘d‘/A‘d‘ flies do
not exhibit any phenotypes suggestive of aberrant Notch signaling
such as loss of wing vein (Figure 2C, D) or head bristles (data not
shown) at these temperatures. Moreover, both male and female
XxylAedAcds flies are fertile. We conclude that Xxylt is not essential
for embryonic and larval development and Notch signaling in flies.

xylosylation (column 1), which is completely abolished in Ashams cells (col-
umn 2). Both GXYLT1 and Shams (columns 4 and 5) formed xylose-glucose
(XylGlc) and acted similarly on all four EGF repeats. Only EGF16 showed the
relevant XylXylGlc peak, likely generated by the endogenous Xxylt.
Simultaneous overexpression of human XXYLT1 or Drosophila CG11388
(columns 6 and 7) showed that the human enzyme was able to transfer a
second xylose to all four EGF repeats, whereas the Drosophila enzyme only
acted on EGF16 and to some extent on EGF18. Importantly, overexpression
of CG11388 in Ashams S2 cells does not generate new glycopeptide peaks
(column 3), confirming that CG11388 can only add the second xylose to
xylose-glucose-O disaccharide. Of note, CG11388 showed relatively stronger
activity on EGF16 compared to the human enzyme. For each peptide of each
transfection condition, we set the highest peak as 100% and normalized the
other peaks accordingly. For example, in EGF16 with hGXYLT and hXXYLT
(column 6), the Glc peak is set at 100% and the other peaks are shown in pro-
portion to this highest peak. Asterisks (*) mark nonspecific peaks that
appeared within the extracted ion chromatograms because their m/z-values
were similar to the search mass + 0.3 Dalton. Double asterisks (**) mark
peaks corresponding to the 1040.42 Da masses of EGF16 (XylXylGlc), which
run close to the 1040.37 Da peaks of EGF20 (Glc). MS/MS spectra confirmed
the identity of 1040.42, 1061.41 and 1172.40 peptides from the hGXYLT1 +
hXXYLT1 sample (Supplementary data, Figures S1, S2 and S3).
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Fig. 2. Loss of Xxylt does not show impaired Notch signaling phenotypes in flies. (A) Generation of a CG11388 loss-of-function allele using CRISPR/Cas9 engin-
eering. Top panel shows schematic representation of the genomic region of second chromosome (2 R) containing CG11388 (Xxylt) and its neighboring genes.
Light gray box indicates the coding sequence. Red arrowheads mark the sgRNA binding sites. Homology arms used for homologous recombination-mediated
repair are shown upstream and downstream to the sgRNA binding sites. The red half arrow indicates a region of the CG71388 coding sequence used to confirm
deletion by PCR. Bottom panel shows yellow wing2* knock-in (dark gray box) and extended upstream and downstream homology regions used to confirm the
knock-in. Numbers written under the red half arrows refer to the lanes on the PCR gel shown in panel B. (B) PCR amplification products for CG11388 internal
(lanes 1 and 2), extended upstream homology region (lanes 3 and 4) and extended downstream homology region (lanes 5 and 6) from y w (control; lanes 1, 3
and 5) and Xxy/t*¢92°9 (lanes 2, 4 and 6) genomic DNA. Absence of PCR amplification product for CG71388 internal and presence of extended upstream and
downstream homology regions confirmed the replacement of CG11388 with yellow wing2*. L marks the DNA ladder. (C and D) Wings from adult Xxy/t:cdsAcds
flies raised at 25°C (C) and 30°C (D) show no sign of impaired Notch signaling.

Notch haploinsufficient phenotypes are partially
rescued by simultaneous loss of Xxylt

To examine if Xxylt shows any genetic interaction with Notch, we
assessed the effect of loss of Xxylt on a Notch heterozygous back-
ground, which shows haploinsufficient phenotypes like loss of wing
margin and wing vein thickening. At 25°C, N***'"* flies show a 39%
penetrant wing margin loss and a 100% penetrant wing vein thicken-
ing phenotype (Figure 3A). Loss of one copy of Xxylt does not mod-
ify these phenotypes (Figure 3B). However, simultaneous loss of both
copies of Xxylt in a N**!"* background partially rescues the wing
margin loss (27% penetrant) and wing vein thickening (79% pene-
trant) (Figure 3C). Addition of one copy of an Xxylt genomic trans-
gene reverts this rescue (37% and 100% penetrant wing margin loss
and wing vein thickening, respectively; Figure 3D). This indicates that
the partial rescue of N*¢"'* phenotypes in N°3¢114; XxylpAcds/Acds
flies is because of loss of both copies of Xxylt. At 30°C, the pene-
trance of wing margin loss and wing vein thickening in N*%!1* flies
is 40% and 100%, respectively (Figure 3E). Loss of Xxylt shows a
similar rescue of N°**!"* phenotypes at this temperature, as evi-
denced by the 23% and 73% penetrance of wing margin loss and
wing vein thickening, respectively, in N1+, Xyl qnimals
(Figure 3G). Again, addition of an Xxylt genomic transgene reverts
this rescue (38% and 100% penetrant wing margin loss and wing
vein thickening, respectively; Figure 3H). Loss of one copy of Xxylt
did not modify the penetrance of wing margin loss (39%) and wing
vein thickening (100%) in N**!* flies raised at 30°C (Figure 3F).
These observations suggest that in a Notch heterozygous background,
Xxylt negatively regulates Notch signaling in the Drosophila wing.

To further examine the role of fly Xxylt in Notch signaling, we
performed overexpression studies. Overexpression of an HA-tagged
version of Xxylt (Xxylt"*) in the developing wing by nubbin-GAL4
results in wing vein thickening, suggestive of a mild Notch loss-of-
function phenotype (Figure 4B; red asterisks). This favors a role for
Xxylt towards negative regulation of Notch signaling. Previously,
serine to alanine (S/A) mutations in O-glucosylation sites of EGF16-
20 of Notch (Figure 4C) were reported to rescue the severe Notch
loss-of-function phenotypes induced by overexpression of human
XXYLT1 in fly wings (Lee et al. 2013). Similar genetic interaction
studies show that S/A mutations in Notch EGF16-20 rescue the
wing vein thickening phenotype induced by overexpression of
Xxylt?* (Figure 4D-G). These data indicate that Xxylt overexpres-
sion induces wing vein thickening by adding xylose residues to one
or more EGF repeats in the EGF16-20 region, likely EGF16 and
potentially EGF18 based on our mass spectrometry data shown in
Figure 1 and previous reports (Lee et al. 2013; Harvey et al. 2016).

Xylosylation of the Notch receptor modulates Notch
signaling in a dosage-sensitive manner

N*3¢11% phenotypes was

As mentioned above, a partial rescue of
observed upon loss of both copies of Xxylt, but loss of one copy of
Xxylt showed no rescue. Moreover, homozygosity for the

ShdeeO1256

allele, which is a piggyBac transposon insertion in the
locus, was previously shown to suppress the Nozch haploinsufficient
phenotypes in the wing (Lee et al. 2013). However, it is not known

whether Notch haploinsufficient phenotypes are sensitive to the gene
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Table I. Xxy/t*°?¥A°% mutants are viable

enotype (Xxy yO x Xxy % emp served(% xpected(% i-square
G (Xoylt*“/CyO x Xxylt*“*/CyO) T Observed(%) E d(%) Chi
Heterozygous (XxyltACds/CyO) 30°C 121 (68.4%) 118 (66.7%) P=0.733
Homozygous (XxyltAcdAcds) 56 (31.6%) 59 (33.3%)
Heterozygous (Xxyl*“*/CyO) 25°C 144 (67.6%) 142 (66.7%) P=0.836
Homozygous (XaxylfAcdAcds) 69 (32.4%) 71(33.3%)
Heterozygous (XxyltACds/CyO) 18°C 102 (68.9%) 99 (66.7%) P=0.708
Homozygous (XxyltAcdsAcds) 46 (31.1%) 49 (33.3%)

Temp: temperature.

N55et1/+ NEset1/+ penetrance/rescue of N°**!* phenotypes is observed in XxylfAcdsAcds
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Fig. 3. Loss of Xxylt partially rescues Notch haploinsufficient phenotypes.
(A-D) Animals were raised at 25°C. (A) N®°®""* animals show wing vein
thickening (asterisk) and margin defects (arrowhead). Penetrance of wing
vein thickening and wing margin loss is 100% and 39%, respectively. (B)
Xxylt*¥* does not suppress the N°°’"* phenotypes. (C) Xxylt*9¥A°4s par-
tially rescues the N°%""* phenotypes (penetrance of 79% for wing vein thick-
ening and 27% for wing margin loss). (D) Providing a copy of wild-type Xxy/t
transgene (PBac{Xxylt9""*Ve}VK20) reverted the rescue of N°°°’"* pheno-
types in an Xxylt*°#4¢ds packground. (E-H) Animals raised at 30°C show a
similar trend.

dosage of shams in the presence or absence of Xxylt. To address this
question, we compared the penetrance/rescue of the Nozch haploin-
sufficient phenotypes in different genetic backgrounds with loss of
one or both copies of fly xylosyltransferases individually or together
(i.e., XxyltAcds/Jr, XxyltAcds/Acds’ Sham$A34/+’ XxyltAcds/AcdS; shamsA34/

+ and shamsA’M/A‘M

). Quantification of the penetrance of wing mar-
gin loss (Figure SA and B) and wing vein thickening (Figure 5C and
D) phenotypes in the animals harboring different gene dosages of
xylosyltransferases at 25°C and 30°C revealed a dosage-sensitive res-

cue of both phenotypes by loss of xylosylation. A comparable

and shams®>** backgrounds, while Xxyl*“®®; shams*3** back-
ground shows an additive degree of rescue of N**''* phenotypes. In
agreement with the temperature sensitivity of the shams loss-of-
function phenotypes (Lee et al. 2013), loss of xylosyltransferases
appears to better rescue the N°>*!1* phenotypes at a higher tempera-
ture (Figure 5B and D as compared to A and C). These observations
suggest that Drosophila Notch signaling is sensitive to the level of
Notch xylosylation, especially when the level of Notch is limiting.

The Delta haploinsufficient phenotype in the wing is
partially suppressed by simultaneous loss of Xxylt

We recently reported that loss of shams specifically enhances Delta-
mediated Notch signaling (Lee et al. 2017). In order to examine
whether loss of Xxylt also affects Delta-mediated Notch signaling,
we performed genetic interaction studies between Xxylt and Delta.
Loss of one copy of Delta shows fully penetrant wing vein thicken-
ing and extra wing vein material phenotypes (Figure 6A, C), as
reported  previously  (Vassin 1987).
Simultaneous loss of both copies of Xxylt partially rescues these
phenotypes (Figure 6B, C). These data indicate that loss of the
second xylose from xylose-xylose—glucose-O trisaccharides on
Notch EGF repeats also contributes to modulation of Delta-
mediated Notch signaling in shams mutants.

and  Campos-Ortega

Loss of Xxylt enhances the trans-activation of Notch by
ectopic Delta
The Notch receptor at the surface of the signal-receiving cells is
trans-activated by the ligands expressed on the signal-sending cells
(Bray 2006; Fortini 2009). In contrast, binding of Notch with
ligands from the same cell leads to cis-inhibition of the signaling
(Doherty et al. 1996; de Celis and Bray 1997; Micchelli et al. 1997;
Jacobsen et al. 1998). A balance between trans-activation and cis-
inhibition of Notch by ligands ensures optimal Notch singling in
some contexts (Sprinzak et al. 2010; del Alamo et al. 2011). Our
recent work showed that loss of the first xylose from O-glucosylated
EGF repeats of Notch (in shams*3**3* mutants) enhances the trans-
activation of Notch by ectopic Delta without affecting the cis-inhib-
ition of Notch by ligands (Lee et al. 2017). Considering the partial
rescue of the Delta (DI) haploinsufficient phenotypes in XxylA<4
Aeds, DPPPH flies, we aimed to examine the effects of loss of Xxylf on
trans-activation and cis-inhibition of Notch by ectopic Delta. We
used the GAL4-UAS system (Brand and Perrimon 1993) to overex-
press Delta along the anterior—posterior boundary of the developing
third instar wing imaginal discs.

Third instar wing imaginal discs from genetic control animals
(dpp-GAL4) show proper expression of the Notch downstream tar-
get Cut along the dorsal-ventral boundary, which generates the
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Fig. 4. Overexpression of Xxylt causes a mild wing vein thickening pheno-
type by adding xylose to one or more EGF repeats in the Notch EGF16-20
region. (A) Control y w; nubbin-GAL4 (nub-GAL4) wings show normal wing
veins. (B) Wing-specific overexpression of Xxy/t™ by nub-GAL4 shows mild
wing vein thickening (red asterisks). (C) Schematic of the EGF repeats of
wild-type and mutant Notch genomic transgenes. Blue boxes show EGF
repeats with a consensus O-glucosylation site; orange boxes denote EGF
repeats with a serine-to-alanine mutation in the O-glucosylation site, which
prevents the addition of O-glucose and therefore both xylose residues. (D)
N/Y: PBac{NS""'}VK22/+; nub-GAL4 males exhibit no wing vein thickening.
(E) N/Y: PBac{N9“™"9VK22/+; nub-GAL4 UAS-Xxylt™ (nub>Xxylt™) males
show mild thickening of wing veins (red asterisks). (F) N/Y; PBac{\N9""6-20}
VK22/+; nub-GAL4 males show a wing vein loss phenotype (red arrowhead).
(G) N/Y: PBac{N9""5-290/K22/+; nub>Xxylt"™ males do not show a wing vein
thickening phenotype. In most cases (89%), the wing vein loss phenotype is
not rescued by Xxylt overexpression (red arrowhead).

adult wing margin (Supplementary data, Figure S4). At 25°C, over-
expression of Delta within the Dpp expression domain (dpp > DI)
results in loss of the Cut-positive cells at the dorsal-ventral bound-
ary within the Dpp expression domain due to cis-inhibition
(Figure 7A-A”, arrowhead in A’; n = 12). It also induces ectopic
Cut-positive cells flanking the Dpp expression domain in the dorsal-
posterior quadrant due to trans-activation (Figure 7A’, arrows; n =
12). Removing one copy of Xxylt does not affect the expression pat-
tern of Cut in imaginal discs of the dpp > DI animals (Figure 7B-B”,
n = 11). However, loss of both copies of Xxylt results in ectopic
activation of Cut in a significant portion of the dorsal-anterior quad-
rant (Figure 7C-C”, yellow arrowhead; n = 14). This suggests that
loss of Xxylt enhances the trans-activation of Notch by Delta. For
the most part, loss of Xxylt does not affect the loss of Cut within
the Dpp expression domain, suggesting no effect on the cis-inhib-
ition of Notch by Delta. At the border of the Dpp-expression
domain, some cells seem to co-express Cut with Delta (Figure 7C-
C”, inset in C). Of note, this phenomenon is only seen in cells that

express low levels of Delta. This is compatible with a scenario in
which loss of xylose promotes the #rans-activation of Notch by
neighboring cells expressing high levels of Delta, while the low levels
of Delta expressed in the same cell are not sufficient to cis-inhibit
Notch.

We also examined the effect of one copy loss of shams on trans-
activation of Notch by dpp > DI. In shams*3** animals, a signifi-
cant ectopic activation of Cut by dpp > DI is observed in dorsal-
anterior quadrant of the wing imaginal discs (Figure 7D-D”, yellow
arrowhead; # = 13). A similar overlap between the expression of
Cut and low levels of Delta is seen in some cells (Figure 7>D-D”,
inset in D). Of note, ectopic activation of Cut by dpp > DIl is com-
parable in shams®*** and Xxyl#*“?<® backgrounds (Figure 7C’
and D’), but is much weaker than the strong and broad ectopic Cut
activation in the dorsal-anterior quadrant induced by dpp > DI in

SbamsA34/A34

animals (Lee et al. 2017). These observations match
the above-mentioned genetic interaction studies between Notch>*¢!!
and xylosyltransferases, and suggest that decreasing Notch xylosyla-
tion enhances the trans-activation of Notch by Delta in a dosage-

sensitive manner.

Discussion

Xylose-xylose-glucose-O  glycans and their shorter versions
(xylose-glucose-O and glucose-O) are found on EGF repeats with a
CXSX(P/A)C consensus sequence (Hase et al. 1988; Acar et al.
2008; Fernandez-Valdivia et al. 2011; Rana et al. 2011; Lee et al.
2013; Haltom et al. 2014; Ramkumar et al. 2015; Harvey et al.
2016). Previously, mass spectrometric analysis of the Drosophila
Notch showed that all 18 Notch EGF repeats with this consensus
sequence are efficiently modified with O-glucose, but xylosylation is
only observed in a subset of Notch EGF repeats, mostly in the
EGF14-20 region (Acar et al. 2008; Lee et al. 2013; Harvey et al.
2016). Furthermore, loss of function analysis of the Drosophila
enzymes that add the glucose and the first xylose to EGF repeats
(Poglut1/Rumi and Gxylt/Shams), combined with in vivo structure—
function analysis of Notch showed that glucose and xylose residues
play opposite roles in Drosophila Notch signaling. Specifically, mul-
tiple O-glucose residues across the Notch extracellular domain func-
tion in redundant and additive manners to promote Notch signaling
in all contexts studied so far (Leonardi et al. 2011). In contrast,
xylose residues on O-glucosylated EGF16-20 of Notch inhibit
Notch signaling in specific contexts (Lee et al. 2013, 2017). Here we
report the generation and characterization of a null allele of the fly
xyloside xylosyltransferase (Xxylt/CG11388). In agreement with the
limited presence of the second xylose on Notch EGF repeats (Lee
et al. 2013; Harvey et al. 2016), Xxylt mutant flies are viable and
fertile and do not show any gross morphological changes suggestive
of altered Notch signaling. These observations indicate that in wild-
type flies, the second xylose on EGF repeats is dispensable for
animal development and Notch signaling, and that the shams phe-
notypes are caused by the loss of the first xylose.

A number of Notch pathway mutants exhibit haploinsufficient
phenotypes in animal models and human patients (Masek and
Andersson 2017). Moreover, both decreased and increased Notch
signaling have been causally linked to cancer and other human dis-
eases (Allenspach et al. 2002; Siebel and Lendahl 2017).
Accordingly, it is of interest and potential clinical importance to
know whether mutations in a given gene can modify the Notch
pathway activity in sensitized backgrounds with decreased or
increased Notch signaling. Our genetic interaction studies indicate
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that loss of the second xylose residue in xylose-xylose-glucose-O
trisaccharide enhances Notch signaling in contexts where the gene-
dosages of Notch or Delta are altered. Moreover, in such sensitized
backgrounds, even loss of one copy of shams (Gxylt) is sufficient to
enhance Notch signaling. Therefore, when the level of Notch or
Delta is decreased, loss or even a decrease in Notch xylosylation
results in partial to near complete restoration of signaling. It has
been reported that loss of one copy of Poglutl/Rumi partially sup-
presses the haploinsufficient phenotypes of the Notch ligand Jag1 in
a mouse model of Alagille syndrome (Thakurdas et al. 2016).
Therefore, the sensitivity of the Jagl™~ phenotypes to the gene dos-
age of Poglut1 might be explained by a concomitant decrease in the
xylosylation of Notch and/or JAG1.

Although O-glucosylation occurs at high stoichiometry at all 18
Rumi/Poglutl targets in Drosophila Notch, elongation with xylose
is limited to a subset of Notch EGF repeats (Lee et al. 2013; Harvey
et al. 2016). This might in part be explained by the presence of two
Gxylt enzymes in mammals (GXYLT1 and GXYLT?2) but only one
in flies (Shams) (Sethi et al. 2010; Lee et al. 2013). Nevertheless,
semi-quantitative analysis of mass spectrometry data on Drosophila
Notch indicates that even on those EGF repeats that are modified by
Shams, the second xylose is found at a very low stoichiometry
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Fig. 7. Loss of Xxylt enhances the activation of Notch by ectopic Delta. (A-D)
Third instar wing imaginal discs from larvae raised at 25°C. Staining with a-
Cut and o-Delta antibodies are shown in red and green, respectively.
Anterior is to the left, and dorsal is up. Scale bar in (A) is 50 pm and applies
to all panels. (A-A”) Expression of Cut upon Delta overexpression using dpp-
GAL4 (dpp > DI) in a wild-type background. Arrows and the arrowhead indi-
cate trans-activation and cis-inhibition, respectively. (B-B”) Loss of one copy
of Xxylt does not alter the Cut expression pattern in a dpp > D/ wing disc. (C-
C”) In an Xxylt*°#"°d hackground, dpp > DI induces ectopic activation of
Cut anterior to the Dpp domain (yellow arrowhead). (D-D”) In a shams het-
erozygous background, dpp > DI results in ectopic activation of cut compar-
able to dpp > DI in an Xxylt*¢?¥4¢9 hackground (yellow arrowhead). Note
that in both C and D, some cells at the anterior border of the dpp expression
domain co-express Cut with low levels of Delta, likely because the Delta level
in these cells is not sufficient to cis-inhibit Notch (insets).

D’ D"

(Harvey et al. 2016). Given that Xxylt overexpression in S2 cells can
efficiently add a second xylose to EGF16 (Figure 1), the low stoichi-
ometry of the second xylose on EGF16 in wild-type cells (Figure 1)
might be due to low expression level of endogenous Xxylt. In con-
trast, our S2 cell overexpression experiments strongly suggest that the
limited distribution of the second xylose on Drosophila Notch is not
caused by low endogenous levels of the Drosophila Xxylt, but is due
to site specificity of this enzyme. This might also explain why the
Notch loss-of-function phenotype (i.e., wing vein thickening) upon
overexpression of the fly Xxylt (Figure 4) is much weaker than the
phenotypes observed upon overexpression of human XXYLT1 using
the same GAL4 driver (Lee et al. 2013).

The Notch pathway was originally found to have an oncogenic
effect in T-cell leukemia (Ellisen et al. 1991; Weng et al. 2004).
However, later work showed that loss-of-function mutations in
Notch pathway components can lead to other types of cancer
(Agrawal et al. 2011; Klinakis et al. 2011; Wang et al. 2011; Siebel
and Lendahl 2017). Notably, analysis of publically available cancer
genomics data in cBioPortal (Cerami et al. 2012) revealed that the
human XXYLT1 gene is frequently amplified in a number of cancer
types, some of which are associated with loss of Notch signaling
(Yu et al. 2015). Therefore, it is tempting to speculate that the role
of xylose in mammalian Notch signaling is similar to its role in flies
shown here and previously (Lee et al. 2013, 2017). It remains to be
seen whether xylosylation of Notch negatively regulates mammalian
Notch signaling, and whether Notch xylosyltransferases can be used
as therapeutic targets for modulation of Notch signaling.

Materials and methods

Drosophila strains and genetics

The following strains were used in this study: (1) y w, (2) y w; L/
CyO; DITM3,8b, (3) w; noc/CyO; TM3, Sb'/TM6, (4) dpp-
GAL4, (5) DIPY/TM6, Tb', (6) y w N°*° FRT19A/FM7, B!, (7)
N*¢11/EM7¢, B! (Bloomington Drosophila Stock Center), (8)
shams*3*/TM6, Tb' (Lee et al. 2013), (9) PBac{N¥"*“*}VK22, (10)
PBac{N&"16-20)VK22 (Leonardi et al. 2011), (11) w; UAS-DI (Wang
and Struhl 2004), (12) nubbin-GAL4 (Georg Halder), (13)
UASattB-CG11388-HA-VK20 (UAS-Xxylt'™), (14) PBac{Xxylts"
wEVSIVK20, (15) Xxylt*“®/CyO, (16) Xxylt*“*/CyO; dpp-GAL4/
TM6, Tb', (17) dpp-GAL4 shams*3*/TM6, Tb', (18) Xxyl*<®/
CyO; UAS-DI (this study).

All crosses were performed on standard media and incubated at
the indicated temperatures. To examine the effect of Notch muta-
tions on Xxylt overexpression in the wing, B*, S6™ male progeny
were scored from nubbin-GAL4 UASattB-CG11388-HA/TM3, Sb'
males crossed to y w N**1° FRT19A/FM7, B'; PBac{N¢"**)VK22/+
or N°*®/EM7, B'; PBac{N®"1°-20}VK22/+ females.

Biochemical characterization of CG11388

The complete open reading frames of CG11388 (sequence identical
to NCBI NP_611871.2) and Shams (NP_001097911 with Y108F
and 1255V) were amplified from Drosophila cDNA and cloned in
the HindIII/EcoRI sites of pIB (ThermoFisher). The open reading
frames of human GXYLT1 and XXYL1 (Sethi et al. 2010, 2012)
were cloned in the same vector. A Notch fragment containing amino
acid 638 to 832 (numbering as in NP_476859) was cloned in Aval
digested pMTBip/V5His (ThermoFisher). The secreted Notch frag-
ment contains EGF repeats 16 to 20 and a C-terminal V5-His, tag.

Ashams S2 cells were generated using CRISPR/Cas9 vector pAc-
sgRNA-Cas9 (gift from Ji-Long Liu; Addgene plasmid # 49330) (Bassett
et al. 2014) with oligo sequence GAGACCACCACGATGTAAAG.
Single clones were selected with puromycin in 96 well plates with un-
transfected S2 cells as feeder cells using a co-transfected plasmid with the
puromycin resistance gene. The clone used in this study contains a homo-
zygous 8 bp deletion in shams, resulting in a frameshift after amino acid
47 of the protein.

Plasmids were transiently expressed in S2 cells (WT or Ashams)
using Polyethylenimine (PEI, MW 40,000, Polysciences) transfec-
tion. S2 cells were grown in Xpress medium (Lonza) in suspension
culture flasks at 24°C with 30 rpm shaking. Ten-milliliter cultures
(in a T75 flask) were transfected with 20 pg plasmid/100 pg PEI in
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2mL of 20 mM HEPES buffer pH 7.4. Cells were transfected with
10 pg of Notch EGF16-20 combined with 5 pg of hGXYLT1 and
hXXYL1 each or Shams and Xxylt each. Empty vector was used to
reach 20 pg for the samples with only one or no xylosyltransferase.
On the next day, cells were induced with 0.2 mM CuSO, after a
medium exchange. After 3 additional days of culture, the cell culture
supernatant was collected, filtered (0.2 pm) and supplemented with
SmL of 500 mM NaCl, 20 mM TRIS/HCI pH 7.5. Imidazole was
added to a total concentration of 20 mM. Using 1 mL HisTrap HF
columns (GE Healthcare) and a linear gradient to 500 mM imid-
azole in 7mL, the His-tagged Notch fragment was purified. The
peak fraction was concentrated using acetone precipitation and
separated by SDS-PAGE. In-gel digestion using AspN and further
analysis by mass spectrometry on a Waters ESI Q-TOF Ultima
coupled to a nanoACQUITY was carried out essentially as described
(Shcherbakova et al. 2017). Extracted ion chromatograms were gen-
erated of expected masses of peptides of EGF16, EGF18, EGF19
and EGF20 without glycosylation and the putative glycosylated
forms. Fragmentation MS/MS analyses confirmed the identity of the
peptides shown in Figure 1 (see Supplementary data, Figures S1-S3).

Generation of Xxylt overexpression and genomic
rescue transgenes

To generate a V5-tagged genomic rescue transgene for Xxylz, the
following primer pairs were used in an overlap-extension PCR pro-
gram (Bryksin and Matsumura 2010) to insert a V5 tag after the
first methionine of CG11388 and to flank the genomic region with
Ascl and Notl restriction enzymes (restriction sites and the
sequences encoding the V5 tag are in uppercase):

5'-CG11388-Ascl: ggtGGCGCGCCatggggtcgtcttcta

3'-CG11388-VS:
GCCCAGCAGGGGGTTGGGGATGGGCTTGCCCcatttcgaaatcage-
ggagga

5'-CG11388-Vs:
CCCAACCCCCTGCTGGGCCTGGACTCCACCgccaagaacagcttta-
agact

3'-CG11388-Notl: tcgGCGGCCGCgttaactacgtatgetcg

The PCR product was cloned into the pSC-B vector (Stratagene).
Ascl and Notl were used to transfer the CG11388-V5 genomic
region from pSC-B to attB-Placman]|-ApR vector (Venken et al.
2006).

To generate an overexpression transgene for Xxylt, the following
primers were used to amplify the CG11388 coding region (restric-
tion sites are in uppercase):

5'-CG11388-Bglll: tatccAGATCTgatttcgaaatggccaagaacage

3'-CG11388-Xbal:
ctataTCTAGA ttatttattctggaattcgegtattacagttg

BgIII and Xbal were used to clone the CG11388 coding region
in a modified version of pUASTattB (Bischof et al. 2007) which con-
tains an HA-tag after the ATG.

After verifying the sequence, $C31-mediated transgenesis was
used to integrate the transgenes into the VK20 locus on the third
chromosome (Venken et al. 2006).

Generation of the Xxy/t*°® allele using CRISPR/Cas9
genome engineering

CRISPR/Cas9 gene editing utilizing homology directed repair
(HDR) was used to create a loss-of-function allele for Xxylt

(CG11388) by replacing 87% of the gene region including the entire
coding sequence (CDS) with yellow wing2*, a 2.9kb swappable
insertion cassette containing a dominant marker that expresses the
yellow gene product within wings of Drosophila melanogaster
(Li-Kroeger et al. 2018). Briefly, homology arms were PCR ampli-
fied from genomic DNA with Q5 polymerase (NEB) using the fol-
lowing primers (5’-3'). The Bsal recognition and restriction sites are
in uppercase:

Upstream Forward-ctctctCGTCTCtGACCagagcagcttgtectgggagtteg

Upstream Reverse-acacacCGTCTCgATCCgcaacagtacgtcggegtcaacg

Downstream Forward-tctct CGTCTCtTTCCtataggaatattaaattaattaaa
tgcagggtatttttatttgg

Downstream Reverse-acacacCGTCTCgTATAgagaccagtttgecggea
tee

The amplified products were run on an agarose gel and purified
with the QIAquick Gel Extraction Kit (Qiagen). The homology
arms, the pBH donor vector and the yellow wing2* dominant
marker cassette vector (Li-Kroeger et al. 2018) were combined by
Golden Gate assembly (Engler et al. 2008) using established meth-
ods (Housden and Perrimon 2016). The resulting reaction products
Stbl2  Chemically
(ThermoFisher), and plated overnight under kanamycin selection.
Colonies were cultured for 24 h at 30°C and DNA was prepared by
miniprep. The entire homology arm sequence and the adjacent yel-
low wing2* marker were verified prior to injection.

Two sgRNA constructs, one upstream (designated 5’, sense
sequence CGCCGACGTACTGTTGCAAT) and one downstream
(designated 3’, sense sequence AGAATAAATAAAATTGTTAT) of
the CDS were cloned into pCFD3 as described previously (Port et al.
2014). Sense and antisense oligos containing the 20 bp guide target
sequences  were and phosphorylated with T4
Polynucleotide Kinase (NEB), then inserted between BbsI sites in the

were transformed into Competent  Cells

annealed

pCED3 vector. Ligation products were transformed into TOP10
Competent Cells (ThermoFisher), and plated overnight. Colonies
were cultured, DNA prepared by miniprep, and sequences veri-
fied prior to injection. A mix of 25 ng/pL of each sgRNA and
150 ng/puL. donor DNA was injected into isogenized fly embryos
of the genotype y' M{nos-Cas9.PJZH-2A w*; isogenic (II) by
GenetiVision (Houston, USA). Injected founders were then
crossed to y flies and resultant offspring screened for the pres-
ence of yellow® wing. For this experiment, 450 embryos were
injected producing 16 fertile crosses. One vial of the 16 produced
two offspring with yellow™ wings, from which balanced lines
were established. PCR analysis followed by Sanger sequencing
was performed on genomic DNA of the positive strains to con-
firm that the coding sequence was correctly replaced with the
donor construct.

Dissections, staining, image acquisition and processing
Standard methods were used for dissection and staining. Antibodies
used were mouse «-Cut 1:500 (2B10; Developmental Studies
Hybridoma Bank) (Blochlinger et al. 1990), guinea pig o-Delta
1:3000 (Huppert et al. 1997), goat a-mouse-Cy3 1:500, donkey
a-guinea pig-Cy3 1:500 (Jackson ImmunoResearch Laboratories).
Zeiss Axioscope-Al and Nikon Ci-L upright microscopes were used
to image adult wings. Confocal images were obtained using a Leica
TCS-SPS microscope and processed with Amira5.2.2. Images were
processed with Adobe Photoshop CSS3; Figures were assembled in
Adobe Illustrator CSS.



858

A Pandey et al.

Statistics

Statistical analysis was performed using the Prism software
(GraphPad version 6.0, San Diego, CA, USA). One-way and two-
way ANOVA were used, followed by post-hoc tests Dunnett and
Bonferroni tests, respectively. To examine the Mendelian ratio, Chi-
square test was used. Statistical significance level was ascribed as
*P <0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Supplementary data

Supplementary data is available at Glycobiology online.
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