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Abstract

The epidermal growth factor (EGF)-like repeat is a common, evolutionarily conserved motif found in

secreted proteins and the extracellular domain of transmembrane proteins. EGF repeats harbor six

cysteine residues which form three disulfide bonds and help generate the three-dimensional struc-

ture of the EGF repeat. A subset of EGF repeats harbor consensus sequences for the addition of one

or more specific O-glycans, which are initiated by O-glucose, O-fucose or O-N-acetylglucosamine.

These glycans are relatively rare compared to mucin-type O-glycans. However, genetic experiments

in model organisms and cell-based assays indicate that at least some of the glycosyltransferases

involved in the addition of O-glycans to EGF repeats play important roles in animal development.

These studies, combined with state-of-the-art biochemical and structural biology experiments

have started to provide an in-depth picture of how these glycans regulate the function of the proteins

to which they are linked. In this review, we will discuss the biological roles assigned to EGF repeat

O-glycans and the corresponding glycosyltransferases. Since Notch receptors are the best studied

proteins with biologically-relevant O-glycans on EGF repeats, a significant part of this review is

devoted to the role of these glycans in the regulation of the Notch signaling pathway. We also discuss

recently identified proteins other thanNotchwhich dependonEGF repeat glycans to function properly.

Several glycosyltransferases involved in the addition or elongation of O-glycans on EGF repeats are

mutated in human diseases. Therefore, mechanistic understanding of the functional roles of these

carbohydrate modifications is of interest from both basic science and translational perspectives.
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Introduction

Glycosylation is defined as the covalent attachment of a sugar to lipids
or proteins, added post- or co-translationally. This type of modifica-
tion is the most common posttranslational modification of proteins
and plays many roles in protein structure and function. Glycans play
broad and important roles in animal development, as evidenced by
various studies in model organisms and the growing list of human de-
velopmental disorders caused by mutations in components of the gly-
cosylation machinery (Freeze et al. 2015). The two major types of
glycans are N- and O-linked glycans; an N-linked glycan is attached
to an asparagine residue, whereas an O-linked glycan is attached to a

serine or threonine residue. Some forms of O-linked sugars are only
added onto a specific sequence of amino acids; others have no
defined consensus sequence yet, such as O-mannosylation and
O-GalNAcylation (Breloy et al. 2008; Bennett et al. 2012). Some
types of O-linked glycans are specifically found on epidermal growth
factor (EGF)-like repeats (Harris and Spellman 1993; Matsuura et al.
2008). Although these glycans are relatively rare, our knowledge of
their function has grown significantly within the last several years.
This review will discuss the biological roles of O-linked glycans
found on EGF repeats and their corresponding glycosyltransferases
(Figure 1).
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EGF repeats

EGF is a small growth factor of 53 amino acids and is important for
cell motility (Segall et al. 1996), proliferation (Kato et al. 1998), differ-
entiation (Traverse et al. 1994) and survival (Arteaga 2001; Zaczek
et al. 2005). It is characterized by six conserved cysteine residues
that form three disulfide bonds (Savage et al. 1973; Winkler et al.
1986). Many larger proteins contain a 30–40 amino acid sequence
similar to EGF, which is frequently repeated and found only in se-
creted proteins and the extracellular domain of transmembrane pro-
teins. These are typically referred to as EGF-like repeats, or EGF
repeats. The repeat number can vary in different proteins from one
in several coagulation factors and other proteins to >300 repeats in
the Drosophila cell adhesion protein Dumpy. Moreover, a subset of
EGF repeats can bind calcium, which plays important roles in protein
folding and proper protein–protein interactions (Fehon et al. 1990;
Rebay et al. 1991; Downing et al. 1996; Rand et al. 1997). Addition-
ally, EGF repeats can be modified with several forms of O-linked
glycans, which are the focus of this review.

EGF repeats are found in functionally diverse proteins; for ex-
ample, many growth factors, signaling receptors, cell adhesion mole-
cules, plasma proteins, and extracellular matrix components contain
EGF repeats (Appella et al. 1988; Mosca et al. 2012; Muriel et al.
2012; Hudak et al. 2014). Most of the functions of these EGF repeats
involve mediating protein–protein interactions and trafficking. For
example, the EGF repeats in the epithelial cell adhesion molecule

(ep-CAM) are required for its adhesive properties between neighboring
cells (Balzar et al. 2001). Additionally, thrombomodulin, a cofactor in-
volved in preventing coagulation, requires its EGF repeats to bind to
thrombin and activate protein C (Kurosawa et al. 1988; Suzuki et al.
1989). Furthermore, EGF repeats are involved in protein trafficking.
For example, one of the EGF repeats of the low-density lipoprotein re-
ceptor is involved in the regulation of its recycling (Zhang et al. 2007).

Notch signaling

TheO-glycans found on EGF repeats play important roles in the func-
tion of Notch receptors and have been well studied in this context.
Notch signaling is a cell–cell signaling pathway that is critical for
the development and adult homeostasis of animals (Kopan and Ilagan
2009; Artavanis-Tsakonas and Muskavitch 2010). Mutations in the
Notch pathway components cause a variety of human diseases includ-
ing cancer, vascular dementia and developmental disorders (Louvi
and Artavanis-Tsakonas 2012; Penton et al. 2012; South et al.
2012). For signaling to occur, the transmembrane ligands from one
cell bind the transmembrane Notch receptor in a neighboring cell, in-
ducing the cleavage of Notch and the release of the Notch intracellular
domain into the cytoplasm, where it can translocate to the nucleus and
promote the expression of its target genes. Drosophila only has one
Notch receptor and therefore is frequently used to study Notch signal-
ing. However, mammals have four Notch receptors (Notch1–4) and
five canonical ligands: Jagged1, Jagged2, delta-like (DLL) 1, DLL3
and DLL4. In Drosophila, the only two ligands are Delta and the
Jagged homolog Serrate. The Drosophila Notch receptor and the
mammalian receptors have up to 36 EGF repeats. The EGF repeats
of the receptors contain all three types ofO-glycans found on EGF re-
peats, and two (O-glucose and O-fucose) are critical for Notch func-
tion (Bruckner et al. 2000; Moloney, Shair, et al. 2000; Okajima and
Irvine 2002; Sasamura et al. 2003; Shi and Stanley 2003; Acar et al.
2008; Matsuura et al. 2008; Zhou et al. 2008; Fernandez-Valdivia
et al. 2011; Takeuchi et al. 2011; Lee et al. 2013).

Role of O-glucose and protein

O-glucosyltransferase 1 in Notch signaling

O-Glucose is added to serine residues and was discovered nearly three
decades ago on the EGF repeats of bovine blood coagulation factors
VII and IX (Hase et al. 1988). O-Glucose glycans are found as a
disaccharide, extended by a xylose to form xylose-glucose, or a
trisaccharide (xylose-xylose-glucose). Comparison of the confirmed
O-glucosylation sites in human and bovine factor VII, factor IX, pro-
tein Z and human thrombospondin revealed the consensus sequence
to be C1-X-S-X-P-C2 (Nishimura et al. 1989), which was later modi-
fied to C1-X-S-X-P/A-C2 (Rana et al. 2011). Additionally, mouse
Notch1, Notch2 and Drosophila Notch were found to be modified
with O-glucose (Moloney, Shair, et al. 2000; Acar et al. 2008;
Whitworth et al. 2010; Fernandez-Valdivia et al. 2011; Rana et al.
2011). InDrosophilaNotch, 18 of 36 EGF repeats contain the consen-
sus sequence for O-glucose, more predicted sites than any other pro-
tein. Every consensus sequence identified in mass spectrometric
analysis of Drosophila Notch and mammalian Notch1 contains the
sugar modification (Acar et al. 2008; Rana et al. 2011; Lee et al.
2013), indicating that the consensus sequence is highly predictive for
the addition of O-glucose. However, not all of the consensus se-
quences in mammalian Notch1 are efficiently glucosylated (Rana
et al. 2011). Later work from the Haltiwanger group showed that

Fig. 1. O-Linked glycans found on EGF repeats in Drosophila and mammals.

Rectangles represent EGF repeats. Each modification is shown with the

corresponding enzyme that adds the sugar. CG11388 is the only protein

encoded by the Drosophila genome which shows a high level of homology

to mammalian XXYLT1. However, its enzymatic activity remains to be

verified. Addition of galactose and sialic acid to GlcNAc-fucose-O-glycans

has not been observed in flies. The consensus sequence for each glycan is

listed below, although the sequence for O-GlcNAc is based on a small

number of confirmed sites. O-Glycans are attached to the underlined amino

acid(s) in each consensus sequence. Note that a single EGF repeat can

possess all three modifications (Matsuura et al. 2008). C, cysteine (the

superscript numbers show the position of cysteines in the EGF repeat); X,

any amino acid other than cysteine; S, serine; T, threonine; P, proline; A,

alanine; Fng, Fringe; MFNG, manic fringe; LFNG, lunatic fringe; RFNG,

radical fringe. This figure is available in black and white in print and in color

at Glycobiology online.
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the folding state of the EGF repeat and the composition of the amino
acids surrounding the consensus sequence affect the efficiency of
O-glucosylation (Takeuchi et al. 2012).

In 2008, the corresponding O-glucosyltransferase, named Rumi,
was discovered in a screen for modulators of Notch signaling in
Drosophila (Acar et al. 2008). The official name for the mammalian
homolog of Rumi is “proteinO-glucosyltransferase 1” or POGLUT1.
Rumi is a soluble endoplasmic reticulum (ER) protein with a
lysine-aspartic acid-glutamic acid-leucine ER-retention motif, and is
required to prevent temperature-dependent loss of Notch signaling

in flies (Figure 2). Further characterization revealed that Rumi is
the sole protein O-glucosyltransferase able to modify EGF repeats at
the C1-X-S-X-P/A-C2 consensus sequence in both flies and mice (Acar
et al. 2008; Fernandez-Valdivia et al. 2011; Takeuchi et al. 2011).
O-Glucose is not required for Drosophila Notch and mammalian
Notch to bind to ligands, but seems to be required for Drosophila
Notch to undergo S2 cleavage (Acar et al. 2008; Fernandez-Valdivia
et al. 2011; Leonardi et al. 2011). It has been proposed that the pres-
ence of the glucose residues allows Notch to undergo the conform-
ational changes necessary to reveal the S2 cleavage site upon ligand

Fig. 2.Summaryof the roles ofO-glucose, xylose,O-fucose andGlcNAc inDrosophilaNotch signaling. Schematic of the Notch protein in the ER, Golgi and at the cell

membranewith its EGF repeatO-glucose andO-fucose glycans are shown in wild-type and various mutant backgrounds. The non-enzymatic chaperone function of

Ofut1, which is not reported for its mammalian homologs, is not shown in this figure. Although a non-enzymatic activity has not been formally ruled out for the fly

Rumi,O-glucosemutations in Notch recapitulate the rumi loss-of-function phenotypes in the context of Notch signaling. Therefore, rumimutation is assumed to be

equivalent to loss ofO-glucose. For simplicity, only EGF repeats are drawn in the extracellular domain, and the intracellular domain is not drawn to scale. The folding

of the extracellular domain is arbitrarily drawn. Since Drosophila Notch without O-glucose or O-fucose reaches the cell surface but shows a temperature-sensitive

loss of signaling, the extracellular domain of Notch without either of these glycans is drawn as somewhat misfolded. However, other mechanisms might underlie

the observed phenotypes. In the absence of both glycans, theDrosophilaNotch is trapped in the ER, hence themisfolded schematic. For details, please see the text.

It is important to note that themodels proposed in this figure are strictly based onDrosophila studies. This figure is available in black andwhite in print and in color at

Glycobiology online.
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binding (Jafar-Nejad et al. 2010; Leonardi et al. 2011), which will
provide access to a disintegrin and metalloproteinase/TNFα convert-
ing enzyme/Kuzbanian proteases responsible for the S2 cleavage
(Brou et al. 2000; Lieber et al. 2002).

In Drosophila, all O-glucose sites contribute to Notch function in
a redundant and/or additive fashion, althoughmutations in single sites
do not significantly affect Notch signaling (Leonardi et al. 2011). In
vivo structure–function analysis showed that a Notch genomic trans-
gene in which all 18 O-glucose sites are mutated recapitulates the
temperature-sensitive loss of Notch signaling observed in rumi null
mutants. Transgenes harboring 16 and 10 mutations showed less se-
vere phenotypes. Analysis of Notch transgenes harboring O-glucose
mutations in smaller subsets of Notch EGF repeats showed that the
O-glucose sites in EGF10–15 are more important than others. How-
ever, although the ligand-binding EGF repeats 11 and 12 reside in this
region, ligand binding is not decreased upon loss of Rumi inDrosophila
cells (Acar et al. 2008; Leonardi et al. 2011). Moreover, a single
mutation in the O-glucosylation site of EGF12 in a Notch genomic
transgene did not affect signaling (Leonardi et al. 2011). These obser-
vations are in agreement with a recent report indicating that addition
of mono- or disaccharide O-glucose glycans to a fragment of human
Notch1 containing EGF11–13 does not alter its binding to mamma-
lian ligands (Taylor et al. 2014). Recent crystal structure analysis of a
human Notch1 fragment containing EGF11–13 bound to a fragment
of DLL4 also supports the notion thatO-glucosylation of Notch EGF
repeats by Rumi does not directly affect Notch-ligand binding (Luca
et al. 2015). Specifically, O-glucose modifications at Rumi consensus
sites in EGF12 (serine458) and EGF13 (serine496) of the humanNotch1
are located away from theDLL4 binding face and cover a proline and a
phenylalanine residue in each of these EGF repeats. Accordingly, it is
possible that by covering hydrophobic surfaces in these EGF repeats,
O-glucose residues prevent Notch aggregation as Notch molecules
cluster at the cell surface and thereby allow for efficient proteolysis
(Luca et al, 2015). Of note, mass spectrometric analysis of human
Notch1 has recently identified an O-linked hexose attached to ser-
ine435 between cysteine residues 3 and 4 of EGF11 which does not
match the consensus O-glucose or O-fucose sequence (Andrawes
et al. 2013). The presence of this hexose on serine435 has also been ob-
served in the above-mentioned crystal structure of Notch1–DLL4
(Luca et al. 2015). Curiously, this hexose is present at the binding
interface between Notch1 and DLL4, suggesting that it might directly
regulate binding (Luca et al. 2015). The contribution of this novel
O-glycan to Notch signaling and the enzyme responsible for its add-
ition to Notch remains to be determined.

RNAi-mediated knockdown of Rumi in several mammalian cell
lines results in decreased Notch1 cleavage and reduced Notch target
gene expression (Fernandez-Valdivia et al. 2011; Ma et al. 2011).
However, because of the early lethality of Rumi (Poglut1) homozy-
gous mutant mouse embryos (Fernandez-Valdivia et al. 2011), the
in vivo role of Rumi in regulating the function of individual Notch re-
ceptors is not clear. Similar to the report on the flyNotch, mutations in
single O-glucose sites do not impair ligand-mediated Notch1 activa-
tion in a cell-based signaling assay, including an O-glucose mutation
in the ligand-binding EGF12. Curiously, a mutation in EGF28 signifi-
cantly decreases the ability of mouse Notch1 to respond to DLL1
without affecting Jagged1-induced signaling (Rana et al. 2011). This
site is not present in Drosophila Notch and in mammalian Notch re-
ceptors other than Notch1 (Jafar-Nejad et al. 2010; Fernandez-
Valdivia et al. 2011), and it is not clear whether the observed effect
on DLL1 signaling is due to the loss of sugar or a conformational
change in EGF28.

Although Drosophila Delta harbors a Rumi consensus sequence,
Rumi does not seem to be required in the signal-sending cell in flies
(Acar et al. 2008). Most mammalian ligands harbor 2–4 predicted
O-glucosylation sites (Jafar-Nejad et al. 2010), but it remains to be
seen whether O-glucosylation plays a role in the function of mamma-
lian Notch ligands. Finally, in addition to their well-established pro-
tein O-glucosyltransferase activity, mammalian and Drosophila
Rumi also exhibit a protein O-xylosyltransferase activity towards a
subset of their target EGF repeats which harbor a di-serine motif in
the C1-X-S-S-P-C2 consensus sequence (Takeuchi et al. 2011). Of
note, mass spectrometric analysis of a fragment of the Notch2 extra-
cellular domain expressed in 293T cells shows that Notch2 EGF16,
which contains a C1-Y-S-S-P-C2 motif, can have either an O-glucose
or an O-xylose, suggesting that addition of O-xylose to Notch might
be biologically relevant (Takeuchi et al. 2011). Further experiments
are required to examine the biological importance of this evolutionar-
ily conserved dual substrate specificity of Rumi.

Negative regulation of Drosophila Notch

signaling by xylose-glucose-O glycans

Asmentioned earlier,O-glucose in flies andmammals can be extended
by one or two xylose residues to form a xylose-glucose disaccharide or
a xylose-xylose-glucose trisaccharide. In humans, addition of the first
xylose residue to glucose is mediated by two enzymes, glucoside xylo-
syltransferase (GXYLT) 1 and GXYLT2, and the extension to a trisac-
charide is mediated by xyloside xylosyltransferase 1 (XXYLT1) (Sethi
et al. 2010, 2012). GXYLT1 and GXYLT2 add xylose specifically to
anO-glucosylated substrate, and although GXYLT1 appears more ac-
tive than its counterpart based on in vitro enzymatic assays using a
glucose-aglycone (glc-R) as an acceptor, no distinct specificity for ei-
ther is apparent. All three xylosyltransferases are predicted to be type
II transmembrane proteins typical for Golgi glycosyltransferases.
However, the Bakker lab has provided strong evidence that
XXYLT1 resides in the ER as a transmembrane protein (Sethi et al.
2010, 2012). Additionally, XXYLT1 is highly specific for the xylose-
glucose disaccharide, as it is unable to modify substrates harboring
only an O-linked xylose. The Drosophila gene that has the highest
homology with human XXYLT1 is computed gene 11388
(CG11388), but whether this gene actually encodes an XXYLT en-
zyme remains to be determined.

Recently, our group identified and characterized the soleDrosoph-
ila GXYLT, which was named Shams (Lee et al. 2013). Surprisingly,
loss of Shams leads to a gain of Notch signaling in certain develop-
mental processes (Figure 2), in contrast to loss of Drosophila Rumi,
which leads to a loss of Notch signaling in all contexts studied so
far (Acar et al. 2008; Leonardi et al. 2011; Perdigoto et al. 2011).
Mass spectrometric analysis of the Drosophila Notch expressed in
Drosophila Schneider 2 cells indicates that xylose only exists on a sub-
set of O-glucosylated Notch EGF repeats, namely EGF14–20. More-
over, in vivo mutational analysis of Notch indicates that EGF16–20
contains the functionally important sites of xylosylation (Lee et al.
2013). Together, these observations indicate that the activity of the
Drosophila Notch can be fine-tuned by altering the distribution and
structure of its O-glucose glycans. Interestingly, overexpression of
human GXYLT1 inDrosophilawing results inNotch loss-of-function
phenotypes but overexpression of Shams does not (Lee et al. 2013),
suggesting that human GXYLT1 is a more efficient xylosyltransferase.
This might explain the mass spectrometry data indicating that all the
O-glucosylated EGF repeats of the mouse Notch1 are xylosylated,
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albeit at variable stoichiometry (Rana et al. 2011). However, the in-
creased xylosylation of mouse Notch may also be, at least in part,
due to the fact that mammals have two GXYLT enzymes (Sethi
et al. 2010).

Shams is expressed at a higher level in the pupal wing than the
larval wing disc, and loss of Shams results in Notch accumulation in-
side and at the cell surface of pupal wing cells. Moreover, pupal wing
cells that express only a mutant form of Notch lacking all the function-
al xylosylation sites also exhibit increased cell surface expression.
Accordingly, a potential mechanism for the gain of Notch signaling
upon loss of Shams is increased Notch availability at the cell surface.
However, it remains to be determined whether xylose also affects
other steps in Notch signaling including ligand binding. Of note,
EGF16–20 in Drosophila Notch harbor the xylose modification, but
no specific functions have previously been assigned to these EGF re-
peats (Pei and Baker 2008; Yamamoto et al. 2012; Andrawes et al.
2013). The precise mechanisms underlying the regulation ofDrosophila
Notch signaling by xylose and the functional significance of GXYLT1/2
and XXYLT1 in mammalian Notch signaling remain to be determined.

An eye beyond Notch: Other targets of Rumi in

Drosophila development

Close to 50 proteins in mammals and 14 in Drosophila are predicted
to contain O-glucose modification (Fernandez-Valdivia et al. 2011;
Rana et al. 2011; Haltom et al. 2014; Takeuchi and Haltiwanger
2014). Recently, our group investigated the functional significance
of O-glucosylation in two other proteins with multiple consensus
O-glucosylation sites, Crumbs and Eyes shut (Haltom et al. 2014).
Crumbs is a highly conserved transmembrane protein required for
proper apical basal polarity, regulation of organ size and epithelial
tube size (Tepass et al. 1990; Laprise et al. 2010; Robinson et al.
2010). Loss of crumbs results in severe epithelial disorganization
and embryonic lethality in flies (Tepass et al. 1990). Additionally,
Crumbs is localized to the apical membrane of Drosophila photore-
ceptors and is required forDrosophila eye morphogenesis and for pro-
tecting the photoreceptors from light-induced degeneration (Izaddoost
et al. 2002; Johnson et al. 2002; Pellikka et al. 2002). Eyes shut is a
secreted protein with an important role inDrosophila eye morphogen-
esis (Husain et al. 2006; Zelhof et al. 2006). Since both of these
proteins are involved in the separation of the light-sensing units of
the Drosophila eye and the formation of an extracellular space be-
tween them (Gurudev et al. 2014), we will provide a brief description
of this stage of Drosophila eye development here.

The compound eye of Drosophila is composed of ∼800 repetitive
hexagonal units called ommatidia. Each tiny ommatidium contains
eight highly polarized photoreceptors, seven of which are visible in
any given cross section of the ommatidia (Figure 3). A round, electron
dense organelle called the rhabdomere resides at the apical side of each
photoreceptor and is composed of ∼10,000 stacks of microvilli. The
purpose of the microvilli is to increase the surface area for the localiza-
tion of rhodopsin, the light-sensing pigment. The photoreceptors in
each ommatidium are positioned in a trapezoidal pattern. The rhabdo-
meres face the extracellular space at the center of the ommatidium
which separates the rhabdomeres from one another and is called the
inter-rhabdomeral space (IRS) (Figure 3A). The secreted protein
Eyes shut is required for the rhabdomeres to separate. Eyes shut starts
to be secreted into the IRS around the middle of the pupal develop-
ment (PD) and continues to expand the IRS during PD (Figure 3B)
(Husain et al. 2006; Zelhof et al. 2006). Separation of rhabdomeres

(open rhabdom) in Drosophila and a number of other insect species
allows each rhabdomere in one ommatidium to sample light from a
separate point in the visual field. This is in contrast to the closed rhab-
dom found in many other insects like honeybees and butterflies, in
which all of the rhabdomeres from the photoreceptors belonging to
a given ommatidium are fused at the center of the ommatidium.
Open rhabdoms and their accompanying neuronal wiring allow for
an increase in light sensitivity without sacrificing resolution compared
with closed rhabdoms (Braitenberg 1967; Kirschfeld 1967; Borst
2009). Remarkably, overexpression of Eyes shut is sufficient to change
a closed rhabdom to an open rhabdom (Zelhof et al. 2006), highlight-
ing the major role that a single protein can play during eye evolution.

Among the many EGF repeats that Crumbs and Eyes shut have,
seven in Crumbs and five in Eyes shut contain consensus sequences
for O-glucose (Figure 4). Moreover, mass spectrometric analysis of
Crumbs and Eyes shut protein fragments expressed in a Drosophila
cell line indicate that both proteins harbor O-glucose modifications
on every consensus sequence tested, although the efficiency of
O-glucosylation varies among different sites (Haltom et al. 2014;
Figure 4, black circles). This raises the possibility that O-glucose is
important for their function, which our group sought to investigate.
Indeed, loss of Rumi or its enzymatic activity results in a failure of
rhabdomeres to completely separate from the neighboring rhabdo-
meres during IRS development (Haltom et al. 2014), suggesting that
one or more Rumi target proteins involved in IRS development require
O-glucose. The IRS phenotype of rumi mutants is present even when
the animals are raised at 18°C, which largely preserves the function of
Notch (Leonardi et al. 2011). Moreover, rhabdomeres are fully sepa-
rated in transgenic animals whose only source of Notch is from a
Notch transgene mutated in all O-glucosylation sites (Haltom et al.
2014). These observations indicate that other Rumi targets must be
involved in this phenotype.

In vivo mutational analysis indicates that loss of O-glucose from
Crumbs cannot explain the rhabdomere attachment phenotype ob-
served in rumi mutants. Specifically, animals homozygous for an
O-glucose deficient crumbs knock-in allele with mutations in all
Rumi consensus sites are viable and fertile and do not show any
gross morphological defects (Haltom et al. 2014). Of note, the number
of Crumbs+ puncta is increased in the photoreceptor cell body of
rumi−/− animals raised at 25°C (Haltom et al. 2014), suggesting a “be-
nign” trafficking defect in Crumbs lackingO-glucose. The Rumi con-
sensus sequences in Crumbs are highly conserved, as human CRB1
and CRB2 contain 13 and 8 O-glucosylation sites, respectively (Hal-
tom et al. 2014). Therefore, it is possible that O-glucosylation regu-
lates the function of mammalian CRB proteins. Interestingly, Rumi
knockout mice die at mid-gestation with embryonic phenotypes
more severe than global Notch loss-of-function phenotypes, such as
those reported in presenilin1 and 2, Rbpj, or Pofut1 knockouts
(Oka et al. 1995; Donoviel et al. 1999; Shi and Stanley 2003;
Fernandez-Valdivia et al. 2011). This suggests that Rumi regulates
additional targets during mouse embryonic development. Crb1
mutant mice survive but exhibit retinal dysplasia and light-induced
degeneration phenotypes (Mehalow et al. 2003; van de Pavert et al.
2004). Crb2 mutant mice exhibit severe developmental abnormal-
ities after E7.5 and die by E10.5 (Xiao et al. 2011). Therefore, it
is possible that loss of O-glucose from CRB2 contributes to the em-
bryonic phenotypes and lethality observed in Rumi mutant mice.
Further studies will be required to determine the importance of
O-glucose glycans in the function of mammalian CRB proteins
and in other roles of Drosophila Crumbs not examined in our
studies.
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Our data strongly suggest that loss of O-glucose from Eyes shut
can explain the eye morphogenesis phenotype in rumi mutants
(Haltom et al. 2014). Removing one copy of eyes shut strongly en-
hances the rumi mutant rhabdomere attachment defect. Additionally,
in rumi mutant eyes, Eyes shut protein accumulates intracellularly in
the pupal stage during the initial steps of rhabdomere separation,
though some Eyes shut can be seen in the IRS (Figure 3C). Further-
more, expression of a mutant version of Eyes shut with mutations in
the O-glucosylation sites results in its intracellular accumulation.
Together, these observations strongly suggest that Eyes shut is the

biologically-relevant target of Rumi during rhabdomere separation.
It is noteworthy that the intracellular accumulation of Eyes shut ob-
served in the mid-pupal stage in rumimutants is resolved at later stages
of development. However, the rhabdomere attachments persist, indi-
cating that presence of O-glucose on Eyes shut in a critical develop-
mental window (mid-pupal stage) is essential for full rhabdomere
separation.

Temperature-shift experiments indicate that when rumi null
animals are raised at higher temperatures, higher levels of Eyes shut
accumulate in photoreceptors and the IRS becomes smaller. A

Fig. 3. Amodel for the regulation of Eyes shut and IRS formation by Rumi. (A) A scanning electronmicrograph (SEM) of the adult fly eyewith its 760–800 ommatidia

is shown to the left. The close-up shows a number of ommatidia, with sensory bristles decorating alternating corners of each ommatidium. To the right is a

transmission electron micrograph of a single ommatidium, showing seven photoreceptor cells (PRCs). SEM images are courtesy of Jessica Leonardi. (B)

Schematic drawings of a developing ommatidium. At 45% PD, the apical surfaces of photoreceptors contact one another and rhabdomere formation has not

started. By 70% PD, disc-shaped rhabdomeres are formed at the apical side of photoreceptors, and secretion of Eyes shut (Eys) has separated the apical

surfaces of the rhabdomeres and has formed a continuous IRS. Most of the Eys protein, which is O-glucosylated by Rumi in wild-type animals, is found in the

IRS. By 100% PD, rhabdomeres have assumed their round adult morphology and are well separated by an Eys-filled IRS. (C) In rumi null eyes, a significant

amount of Eys, which should lack O-glucose and is likely misfolded, remains in the PRC body. At this stage, only a fraction of Eys is secreted into the IRS, which

is smaller than the wild-type IRS at the same developmental time. By 100% PD, rumi mutants do not show Eys accumulation in the PRC bodies anymore and

accumulate Eys in the IRS, whose size is comparable with wild-type IRS at this stage. However, the rhabdomere attachments are not resolved, and the IRS is

not continuous, suggesting that rhabdomere separation needs to occur in a critical time window during development. The ommatidium schematics are adapted

fromKnust (2007). Circles in PRCs depict the nuclei. Glc, glucose; ZA, zonula adherens. This figure is available in black andwhite in print and in color atGlycobiology
online.
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temperature-dependent phenotype is classically seen when the defect is
due to protein misfolding (Bross et al. 1999). In agreement with this
notion, removing one copy of the chaperone heat shock 70-kDa pro-
tein cognate 3, which promotes proper protein folding in the ER, re-
sults in an increase in rhabdomere attachments in a rumi null
background. Moreover, although total Eyes shut levels do not change
in head extracts from rumi null animals raised at lower temperatures,
Eyes shut levels are significantly decreased when animals are raised at
higher temperatures, suggesting a temperature-dependent degradation
potentially due to enhanced misfolding. In summary, the data suggest
that loss of O-glucose from Eyes shut results in a temperature-
dependent misfolding and therefore a decrease in Eyes shut secretion,
which results in impaired rhabdomere separation.

Eyes shut has been lost in a number species during evolution, in-
cluding mouse, rat and sheep (Abd El-Aziz et al. 2008). However, hu-
mans have an Eyes shut homolog (EYS) with a highly conserved
domain organization compared with its Drosophila homolog and
with seven predicted O-glucosylation sites (Abd El-Aziz et al. 2008;
Collin et al. 2008; Haltom et al. 2014). Importantly, mutations in
the human EYS cause a severe blindness disorder called autosomal re-
cessive retinitis pigmentosa (Abd El-Aziz et al. 2008, 2010; Audo et al.
2010), and autosomal recessive cone-rod dystrophy (Katagiri et al.
2014). Additionally, single nucleotide polymorphisms in EYS are as-
sociated with statin-induced myopathy (Isackson et al. 2011). Human
EYS is localized to the outer segment of the retina, which is homolo-
gous to the rhabdomere in flies, and is also expressed in the brain,
spinal cord and skeletal muscle (Isackson et al. 2011). The exact func-
tion of human EYS in the eye and other tissues is unknown. It remains
to be seen whether O-glucose is required for the folding, trafficking
and/or function of the human EYS function as well.

A unifying theme for the function of O-glucose

glycans on EGF repeats?

Notch, Crumbs and Eyes shut are the three Drosophila proteins with
the highest number of O-glucosylation sites. However, the effects of
loss of Rumi and O-glucose on these proteins at cell biological and
functional levels are not the same. When raised at 30°C, loss of
rumi phenocopies null alleles of Notch (Acar et al. 2008), indicating
that O-glucosylation is essential for the function of Notch at the re-
strictive temperature. Eyes shut shows an intermediate requirement
for Rumi, as even when rumimutants are grown at 30°C, they still ex-
hibit some degree of rhabdomere separation (Haltom et al. 2014), in

contrast to eyes shut null mutants, in which the IRS is completely lost
(Husain et al. 2006; Zelhof et al. 2006; Haltom et al. 2014). Loss of
O-glucose seems to be dispensable for the function of Crumbs during
rhabdomere morphogenesis when animals are raised between 18 and
25°C (Haltom et al. 2014). The effects of loss of O-glucose from
Crumbs at 30°C remain unknown, because both the glucosylation-
deficient knock-in allele and its wild-type progenitor strain are lethal
at this temperature. Nevertheless, since the IRS defects in rumi mu-
tants are evident even at 18°C, they cannot be explained by loss of
O-glucose from Crumbs. Collectively, these observations indicate
that despite the high predictive value of the C1-X-S-X-P/A-C2 consen-
sus sequence for O-glucosylation, factors other than the number of
O-glucosylation sites are involved in determining the impact of loss
of O-glucose from each protein.

As mentioned before, the available data strongly suggest that Rumi
is required for proper folding of Eyes shut and its adequate secretion
into the extracellular space (Haltom et al. 2014). In contrast, the sur-
face expression of Notch is increased in rumimutants raised at the re-
strictive temperature (Acar et al. 2008), indicating that loss of
O-glucose by itself is not enough to prevent Notch from exiting the
ER (Figure 2). However, the redundant role of O-glucose and
O-fucose in the ER exit of Notch (see the next section) and the wor-
sening of the Notch loss-of-function phenotypes upon growing rumi
mutants and glucosylation-defective Notch transgenes at higher tem-
peratures strongly suggest that O-glucose also affects Notch folding
(Acar et al. 2008; Leonardi et al. 2011; Ishio et al. 2015). A similar
argument can be made based on the increased number of Crumbs+

puncta in rumi mutants despite lack of morphological abnormalities
upon loss of O-glucose from Crumbs (Haltom et al. 2014). Based
on these observations, we propose that loss of O-glucose affects the
folding of all three proteins, and that the level of functional impair-
ment that each protein shows in the absence of glucose will depend
on several factors including the degree of misfolding, the level of func-
tional redundancy between O-glucose and other O-linked glycans,
and the context in which each protein functions. Of course, the avail-
able data do not allow us to rule out the possibility that each modified
protein is regulated by O-glucose residues in a unique fashion.

The biological roles of O-fucose and protein

O-fucosyltransferase 1

O-Fucose modifications were initially discovered in human urine in
the 1970s (Hallgren et al. 1975) and were later identified on an EGF

Fig. 4. Distribution of O-glucose and O-fucose consensus sequences on fly and human Eyes shut and Crumbs proteins. Domain predictions were performed by

using ScanProsite (http://prosite.expasy.org/). Black dots underneath EGF repeats indicate confirmed glycosylation sites (both O-glucose and O-fucose). Signal

peptides at the N-terminal of the proteins are not marked. LamG, laminin G; TM, transmembrane domain. This figure is available in black and white in print and

in color at Glycobiology online.
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repeat on urinary-type plasminogen activator (Kentzer et al. 1990).
The modification is also present on other proteins such as blood co-
agulation factors andNotch (Kentzer et al. 1990; Harris and Spellman
1993; Moloney, Shair, et al. 2000). The consensus sequence was
identified as C2-X-X-G-G-(S/T)-C3 (Harris et al. 1992; Harris and
Spellman 1993) but was latermodified toC2-X-X-X-X-(S/T)-C3 (Haines
and Irvine 2005). However, this sequence must be within a properly
folded EGF repeat for O-fucose to be added (Wang and Spellman
1998). The mammalian protein O-fucosyltransferase 1 (POFUT1)
was discovered by protein isolation and molecular cloning (Wang
and Spellman 1998; Wang et al. 2001) and the Drosophila homolog
was named Ofut1 (Okajima and Irvine 2002). Like Rumi, POFUT1/
Ofut1 is a soluble, ER localized enzyme (Luo and Haltiwanger 2005).

Only a few proteins have been identified to containO-fucose mod-
ifications, such as urokinase plasminogen activator, tissue type plas-
minogen activator, several blood coagulation factors and Notch
(Kentzer et al. 1990; Harris and Spellman 1993; Moloney, Shair,
et al. 2000). However, over 100 proteins contain the consensus
sequence forO-fucose and are predicted to beO-fucosylated (Rampal
et al. 2007). The most studied target of POFUT1/Ofut1 is the Notch
receptor, which has the highest number of O-fucose consensus sites
among animal proteins (Rampal et al. 2007). The first evidence that
O-fucose is required for Notch signaling was the loss of Jagged1-
induced Notch signaling in cells deficient in fucose (Moloney, Panin,
et al. 2000; Chen et al. 2001). These observations were followed by in
vivo experiments indicating that in Drosophila, Ofut1 is required for
the activation of Notch signaling in all contexts studied (Okajima and
Irvine 2002; Sasamura et al. 2003). Genetic experiments by the Stan-
ley lab indicated that loss of Pofut1 in mice is embryonic lethal and
causes phenotypes resembling a global loss of Notch signaling (Shi
and Stanley 2003). Conditional loss of Pofut1 in several contexts
shows phenotypes very similar to conditional loss of Rbpj, suggesting
that Pofut1 is a global regulator of Notch signaling in mice (Okamura
and Saga 2008; Tsao et al. 2009).

Both Notch and its ligands are modified withO-fucose in flies and
mice (Moloney, Shair, et al. 2000; Panin et al. 2002). However, in
Drosophila, Ofut1 does not seem to be required in signal-sending
cells, i.e., the cells expressing Notch ligands (Okajima and Irvine
2002). Similarly, studies with Pofut1-deficient mouse embryonic
stem cells show that POFUT1 is required in the signal-receiving cell
(Stahl et al. 2008). These studies indicate that Notch receptors are
the biologically-relevant targets of Ofut1. In contrast, mouse DLL1
with mutations in its O-fucosylation sites localizes to the cell surface
and can activate Notch in neighboring cells, although it shows some
intracellular accumulation as well (Muller et al. 2014). These data
suggest that O-fucose is not required for the function of DLL1. Of
note, this might not be true for all Notch ligands, as a recent report
provides in vitro and in vivo evidence that addition of O-fucose to
DLL3 and its elongation by Fringe proteins might be required for
the function of DLL3 during mouse somitogenesis (Serth et al. 2015).

Analysis of cell lines and mice deficient in Pofut1 or the machinery
required for the generation or the transport of GDP-fucose and rescue
experiments with exogenous fucose by taking advantage of the mam-
malian salvage pathway for the generation of GDP-fucose provide
strong evidence that POFUT1 regulates mammalian Notch signaling
through its O-fucosyltransferase enzymatic activity (Smith et al.
2002; Stahl et al. 2008; Zhou et al. 2008). Furthermore, the bulk of
data suggests that POFUT1 regulates mammalian Notch signaling at
the level of Notch-ligand binding and is not an essential chaperone of
the mammalian Notch receptors, although one in vivo study has sug-
gested that POFUT1 is also required for the exocytic trafficking of

Notch in the presomitic mesoderm and another group has reported
a slight decrease in the cell-surface level of Notch receptors upon
loss of POFUT1 from mammalian cells (Okamura and Saga 2008;
Stahl et al. 2008; Zhou et al. 2008; Yao et al. 2011). In contrast,
two non-enzymatic roles have been described for the fly Ofut1 in add-
ition to itsO-fucosyltransferase activity: promotion of the folding and
ER exit of Notch as a chaperone, and promotion of endocytic traffick-
ing of Notch (Okajima et al. 2005; Sasamura et al. 2007). As ex-
plained in the next section, Fringe glycosyltransferases add an
N-acetylglucosamine (GlcNAc) residue to O-fucose on EGF repeats
and play important roles in Notch signaling in flies, mice and humans
(Evrard et al. 1998; Zhang and Gridley 1998; Bruckner et al. 2000;
Moloney, Panin, et al. 2000; Sparrow et al. 2006). Therefore, there
was little doubt that the enzymatic activity of Ofut1/POFUT1 is im-
portant for Notch signaling. However, reports on the non-enzymatic
activity of Drosophila Ofut1 posed the following question: do
O-fucose residues on EGF repeats play a role inDrosophilaNotch sig-
naling beyond forming an acceptor site for GlcNAc?

To determine the biological importance of Ofut1’s non-enzymatic
activity in flies, a mutant genomic transgene of ofut1 containing a
point mutation in the GDP-fucose-binding domain was generated
(Okajima et al. 2005). This transgene, along with mutations in
other genes that prevent fucosylation without affecting Ofut1 levels
such as an enzyme responsible for the generation of GDP-fucose called
GDP-mannose 4,6-dehydratase (Gmd), was used to determine the
contribution of the chaperone and enzymatic activities of Ofut1 to
Notch function (Okajima et al. 2005, 2008). Phenotypic analysis of
the above-mentioned transgenic and mutant fly strains indicated that
the chaperone activity is the key role of Ofut1 in Notch signaling, and
suggested that its enzymatic activity is only important in Fringe-
dependent contexts. However, since the level of gene expression
from randomly inserted transgenes can vary depending on the site
of insertion into the fly genome, further studies were needed to defini-
tively determine whether O-fucose residues on Notch have any roles
other than providing a site for the addition of GlcNAc.

The Matsuno group recently sought to address this issue by gener-
ating a knock-in allele of the enzymatic null ofut1 (Ishio et al. 2015).
They found that embryos homozygous for the mutant allele ofutR245A
knock-in, which lacks enzymatic function, exhibit a severe, temperature-
sensitive neurogenic phenotype, indicative of loss of Notch signaling.
Since fringemutants do not show this phenotype, the data indicate an
important role forO-fucose inDrosophilaNotch signaling independ-
ent of its function as an acceptor for GlcNAc. It is important to note
that animals homozygous for the ofut14R6 null allele show a severe
neurogenic phenotype even at lower temperatures (Sasamura et al.
2003), unlike ofutR245A knock-in animals, which only show a neurogen-
ic phenotype at the restrictive (high) temperature (Ishio et al. 2015).
This indicates that at least when flies are grown at lower temperatures,
Ofut1 plays an important non-enzymatic role in Drosophila Notch
signaling, unlike POFUT1 which does not seem to play such a role
in mammalian Notch signaling. Additionally, animals deficient in en-
zymes required in the GDP-fucose synthesis pathway show a
temperature-sensitive neurogenic phenotype, further supporting the
notion that the temperature-sensitive neurogenic phenotype observed
in ofutR245A knock-in animals is due to the loss of Ofut1’s enzymatic
function. In animals homozygous for null alleles of rumi or for the
ofutR245A knock-in allele, the lateral inhibition defect and the loss of
wing margin are only observed when the larvae are raised at
28°–30°C (Acar et al. 2008; Ishio et al. 2015). However, in animals
double mutant for rumi and ofutR245A knock-in, these defects arise
even when raised at 18°C, indicating that O-fucose and O-glucose
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monosaccharides have a redundant role in the function of the Notch
receptor in these contexts (Ishio et al. 2015). Loss ofO-fucose does not
decrease surface localization of Notch at 30°C but causes Notch to ac-
cumulate intracellularly, similar to what has been reported in rumi
mutants (Acar et al. 2008; Ishio et al. 2015). However, simultaneous
loss of rumi and the enzymatic activity of Ofut1 results in a severe de-
crease in the cell surface levels of Notch and accumulation of Notch in
the ER (Ishio et al. 2015), strongly suggesting that O-glucose and
O-fucose play a redundant role in the ER exit of the Drosophila
Notch receptor, likely through promoting proper Notch folding
(Figure 2).

O-glucose andO-fucose are added to properly folded EGF repeats,
suggesting that these sugars are not required initially for proper fold-
ing of EGF repeats (Wang and Spellman 1998; Takeuchi et al. 2012).
How can one reconcile these observations with the role suggested for
these sugars in the folding of their modified proteins (Notch and Eys)
inDrosophila (Haltom et al. 2014; Ishio et al. 2015)? A potential clue
might come from a recent elegant study by theHaltiwanger group on a
noncanonical form of ER quality control mediated by glucose-
fucose-O disaccharides on thrombospondin repeats (TSRs) (Vasude-
van et al. 2015). According to this report, instead of adding the
carbohydrates to unfolded TSRs to help them fold, protein
O-fucosyltransferase 2 and β3-glucosyltransferase add the O-fucose
and the subsequent glucose to properly folded TSRs (Kozma et al.
2006; Luo, Koles, et al. 2006; Luo, Nita-Lazar, et al. 2006) to stabilize
the folded structure and thereby to drive the folding equilibrium for-
ward. WhetherO-linked glycans on EGF repeats play a similar role in
the quality control of proteins like Notch and Eys in flies remains to be
examined. As mentioned above, the evidence is lacking for an essential
non-enzymatic role of POFUT1 in mammalian Notch signaling,
strongly suggesting that the chaperone function described for the
Drosophila Ofut1 is not a conserved function of this protein. Fur-
ther experiments are required to determine whether EGF repeat
O-glycans play a redundant role in the ER exit of mammalian
Notch or other modified proteins similar to the role reported for
these sugars in the ER exit of the Drosophila Notch (Ishio et al.
2015).

In addition to Notch, a second biologically-relevant target of
POFUT1 has been identified in mammals. POFUT1 has been shown
to add an O-fucose residue to EGF4 of the mammalian AGRIN, an
extracellular matrix protein essential for neuromuscular junction
(Kim et al. 2008). O-Fucosylation modulates the ability of AGRIN
to induce the clustering of nicotinic acetylcholine receptors at the post-
synaptic membrane of the mammalian neuromuscular junction (Kim
et al. 2008). Interestingly, loss of POFUT1 results in a gain of AGRIN
function, such that without O-fucose, AGRIN recruits more acetyl-
choline receptors to the postsynaptic membrane, resulting in higher
acetylcholine receptor clustering. Together with our recent work on
the role of Rumi in the Drosophila eye (Haltom et al. 2014), this
study shows that Rumi and POFUT1 each have targets other than
the Notch receptors. However, so far Notch is the only protein
known to be regulated by both of these enzymes. It is noteworthy
that recent studies have identified mutations in POFUT1 and PO-
GLUT1 in Dowling-Degos disease, which is a rare, autosomal domin-
ant form of skin disease characterized by altered pigmentation and
other skin lesions (Li et al. 2013; Basmanav et al. 2014). It remains
to be seen whether these phenotypes result from a decrease in the en-
zymatic activity of these enzymes or from a reduction in a yet-
to-be-determined non-enzymatic role, and whether they are caused
by altered Notch signaling, which is a known regulator of skin homeo-
stasis and pigmentation (Moriyama et al. 2006; Kumano et al. 2008;

Nowell and Radtke 2013), or by impaired activity of a different com-
mon target of these enzymes.

Fringe proteins enable Notch to distinguish

between different ligands

The O-fucose on Notch can be extended to form a disaccharide, tri-
saccharide or tetrasaccharide. Fringe (Fng) proteins are a group of
enzymes that extend the O-fucose modification to GlcNAcβ1–
3Fucose-O to generate the disaccharide. Fng was first discovered
to be required for dorsal–ventral boundary specification in the
Drosophilawing. Loss of fng results in a loss of wing tissue, but juxta-
position of cells with andwithout Fng function leads to ectopic margin
formation, suggesting that Fng is involved in a boundary-specific cell–
cell communication (Irvine and Wieschaus 1994; Kim et al. 1995).
Fng was later shown to modulate Notch signaling (Fleming et al.
1997; Panin et al. 1997; Klein and Arias 1998; Bruckner et al.
2000; Moloney, Panin, et al. 2000). Addition of GlcNAc to O-fucose
by Fng results in sensitization of the Drosophila Notch to Delta-
mediated signaling and inhibition of Serrate-mediated Notch signaling
at the level of ligand binding (Figure 2) (Fleming et al. 1997; Panin et al.
1997; Bruckner et al. 2000; Moloney, Panin, et al. 2000; Okajima et al.
2003).

The same basic mechanism applies to mammalian systems, how-
ever, with more complexity. Mammals have four Notch receptors,
five Notch ligands and three Fng homologs: manic fringe (MFNG),
lunatic fringe (LFNG) and radical fringe (RFNG). Although biochem-
ically all three Fng homologs have the same enzymatic function,
the story is rather different in vivo. The Fng homologs can affect
Notch signaling differently depending on which ligand binds Notch.
Shown by co-culture and luciferase assays, LFNG promotes DLL1-
mediated Notch1 signaling and suppresses Jagged1-induced Notch1
signaling (Hicks et al. 2000; Yang et al. 2004). However, LFNG has
been reported to enhance Notch2 signaling in response to both DLL1
and Jag1 (Hicks et al. 2000). Additionally, MFNG inhibits Jagged1-
induced Notch1 signaling (Hicks et al. 2000; Moloney, Panin, et al.
2000; Chen et al. 2001; Yang et al. 2004) and promotes
DLL1-induced Notch1 signaling, although more weakly than LFNG
(Yang et al. 2005). RFNG promotes DLL1-induced Notch1 signaling
strongly, and interestingly also promotes signaling by Jagged1 (Yang
et al. 2005). The differential effects of mammalian FNG proteins on
signaling mediated by various Notch-ligand pairs might in part result
from the preference of each FNG protein to extendO-fucose on a dif-
ferent set of Notch EGF repeats. Similar to the effect of theDrosophila
Fng on Delta-mediated signaling, promotion of DLL-mediate Notch1
signaling by mammalian FNG proteins correlates well with increased
Notch1-ligand binding mediated by FNG proteins (Yang et al. 2005).
However, even though FNG proteins decrease Jagged1-mediated
Notch1 signaling, they do not decrease Notch1-Jagged1 binding
(Yang et al. 2005).

The above-mentioned functions of Fng are in the context of trans-
activation of Notch, during which ligand from a neighboring cell
binds to Notch and activates it. However, until recently, it remained
unknown whether Fng proteins function in the context of cis inhib-
ition. Cis inhibition is the binding of Notch to its ligand in the same
cell, resulting in the sequestration of the Notch receptor and the lig-
and, thereby making them unavailable to engage in trans signaling
(de Celis and Bray 1997; Micchelli et al. 1997; Becam et al. 2010;
Sprinzak et al. 2010). The Elowitz group sought to determine whether
Fng played a role onNotch in the context of cis inhibition (LeBon et al.
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2014). Using an elegant quantitative co-culture system with a
fluorescent-based Notch reporter and constructs capable of inducible
expression of fluorescently tagged DLL1 and Jagged1, they showed
that when any of the three Fng homologs are expressed, cis interac-
tions between Notch1 and DLL1 are stronger. However, expression
of MFNG or LFNG in cells expressing Notch1 and Jagged1 decreases
the level of cis interactions between them. In contrast, expression of
RFNG enhances cis inhibition between Notch1 and Jagged1, similar
to its role in Notch1-DLL1 cis inhibition. These observations are sup-
ported by in vivo fly genetic experiments in the developing wing. This
study supports a model in which MFNG, LFNG and theirDrosophila
homolog regulate cis and trans interactions of Notch with each class of
ligands in the same direction: they promote both trans and cis interac-
tions of Notch with DLL1/Delta, and they decrease both trans and cis
interactions of Notch with Jagged1/Serrate (LeBon et al. 2014).

The mechanism of the differential response of Notch to different
ligands when modified by GlcNAc has just begun to be elucidated.
The Handford lab performed in vitro experiments to determine
whether the effects of Fng on Notch signaling are due to structural
changes in the ligand-binding domain or due to a difference in ligand
affinity upon addition of GlcNAc toO-fucose. The group generated a
human Notch1 fragment (EGF11–13), which contains the ligand-
binding domain, and assessed the effect of different glycosylation
states on this fragment’s ability to bind to Jagged1, DLL1 and
DLL4 ligands (Taylor et al. 2014). They found that addition of
GlcNAc to O-fucose on EGF12 in this fragment substantially en-
hanced its binding to both DLL1 and Jagged1. These glycan modifica-
tions did not affect binding between the Notch fragment and DLL4,
possibly because the affinity between these two is high even without
sugars (Andrawes et al. 2013). However, crystal structure analysis in-
dicated that addition of GlcNAc-fucose-O to EGF12 does not induce a
conformational change in the EGF11–13 fragment. These results pro-
vide strong evidence that addition of GlcNAc to EGF12 of Notch pro-
motes DLL1-Notch signaling by directly increasing the affinity of
these two proteins. However, because of the discrepancy between
the inhibitory effect of LFNG on Jagged1-mediated Notch signaling
and the increased binding between Jagged1 and EGF11–13 upon add-
ition of GlcNAc, the authors propose that GlcNAc modifications on
other EGF repeats must function to inhibit Jagged1-Notch1 signaling.

Recently, the Garcia lab reported the co-crystal structure of a gly-
cosylated version of human Notch1-EGF11–13 bound to a fragment
from DLL4 (Luca et al. 2015). To facilitate crystallization, they per-
formed in vitro mutagenesis and generated DLL4 variants with in-
creased affinity for the human Notch1 fragment. This study
demonstrated that the O-fucose residue on EGF12 directly contacts
DLL4 and serves as a surrogate amino acid. Moreover, modeling of
the GlcNAc residue that would be attached to this O-fucose strongly
suggests that the GlcNAc residue on EGF12 contacts amino acids from
both Notch1 and DLL4 and thereby can directly contribute to
Notch1–DLL4 interaction (Luca et al. 2015). These observations pro-
vide an example of a posttranslational modification directly involved
in specific interaction between a signaling receptor and its ligand.

Although extensive work has been done to elucidate the effect of
each mammalian FNG homolog on Notch function, only LFNG
seems to be important for mouse development. LFNG is broadly ex-
pressed in the developing mouse embryo, including in the presomitic
mesoderm, rhombomeres 3 and 5, developing ear, retina and spinal
cord, and is required for proper skeletal development (Cohen et al.
1997; Johnston et al. 1997; Evrard et al. 1998). Mice mutant for
Lfng show a severe disorganization of the axial skeleton and reduced
viability and fertility, although some survive to adulthood (Evrard

et al. 1998; Zhang andGridley 1998).MFNG is expressed in the neur-
al tube, head, cranial nerves, dorsal root ganglia and otic vesicle
(Cohen et al. 1997; Johnston et al. 1997). RFNG is expressed in the
developing limb bud, head, anterior neural tube and branchial arches
(Cohen et al. 1997; Johnston et al. 1997). However, neither MFNG
nor RFNG appear to be required for viability and fertility in mice
(Moran et al. 1999, 2009; Zhang et al. 2002). Moreover, mutations
in human LFNG cause spondylocostal dysostosis (Sparrow et al.
2006), but to our knowledge, no diseases have been associated with
loss-of-function mutations in MFNG or RFNG. Of note, a recent re-
port provides strong evidence that MFNG plays an oncogenic role in a
form of breast cancer associated with poor prognosis (Zhang et al.
2015).

FNG proteins play important roles in the immune system. Notch1
signaling is required in the thymus to suppress B-cell development and
promote T-cell development (Radtke et al. 1999; Stanley and Guidos
2009). This process seems to require the function of LFNG, as loss of
LFNG from fetal liver hematopoietic stem cells results in defective
T-cell development, especially in competitive repopulation experi-
ments (Visan et al. 2006). FNG proteins also play a key role in the de-
velopment of marginal zone (MZ) B cells in the spleen. Although
neither LFNG nor MFNG is essential for MZ B-cell development in
the spleen, loss of each of them compromises the competitive ability
of MZ precursors to generate B cells in mixed chimeras (Tan et al.
2009). Moreover, loss of both proteins results in a significant decrease
in the number of MZ B cells even in non-competitive chimeras (Tan
et al. 2009). These observations indicate that LFNG and MFNG co-
operate to promote MZ B-cell development.

In mammals, the extension of GlcNAc-fucose disaccharide to a tri-
saccharide results in the formation of Galactose-GlcNAc-Fucose,
which is present on mammalian Notch1 (Moloney, Panin, et al.
2000; Moloney, Shair, et al. 2000). This trisaccharide can further be
extended to the tetrasaccharide, sialic acid-galactose-GlcNAc-fucose,
which was first observed on human clotting factor IX (Nishimura et al.
1992; Harris et al. 1993). In mammals, addition of Galactose to
GlcNAc can be catalyzed by β1,4-galactosyltransferase (B4GALT) en-
zymes (Lee et al. 2001). On Notch EGF repeats, this modification
seems to be primarily mediated by one of these enzymes, B4GALT1
(Chen et al. 2001). Loss of the B4galt1 gene in mice is semi-lethal,
and homozygous mice exhibit growth retardation, skeletal defects, im-
paired wound healing, endocrine insufficiency, abnormal differenti-
ation of intestinal villi and increased proliferation of skin cells and
cells of the small intestine (Asano et al. 1997; Lu et al. 1997; Mori
et al. 2004; Chen et al. 2006). Although B4galt1 null embryos showed
normal somitogenesis at embryonic (E) day 9.5, the mutant mice had
an extra lumbar vertebra at E18.5 (Chen et al. 2006). Themutant mice
also misexpress a number of Notch pathway components similar to
Lfng mutant mice (Evrard et al. 1998; Zhang and Gridley 1998;
Zhang et al. 2002; Chen et al. 2006). Only 20% of B4galt1 null
mice survive past 16 weeks (Asano et al. 1997). Therefore, B4galt1
is not required for early embryonic development, but is required for
late embryonic development and survival after birth. The relatively
mild phenotypes of B4galt1 null mice might be due to contribution
of other B4GALTs to Notch signaling in a redundant fashion (Stanley
2007).

Extension of GlcNAc-Fucose disaccharide has not been observed
in Drosophila. However, analysis of O-glycans from Drosophila em-
bryos by Tiemeyer lab has identified a novel branchedO-fucose trisac-
charide which harbors a GlcNAc-β1–3 (the same position to which
Fng adds GlcNAc) and a glucuronic acid β1–4 directly linked to
O-fucose (Aoki et al. 2008). In this study, O-glycans were released
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from proteins before analysis. Therefore, it is not clear whether this
glycan exists on EGF repeats or another protein module. However,
the prevalence of this branched form of O-fucose trisaccharide
shows a clear correlation with the level of Fng both in wing imaginal
disc and in embryonic extracts, suggesting that it might have functional
relevance to Drosophila Notch signaling. Identification of the enzyme
responsible for this modification will be required to test this hypothesis.

Evidence suggests that the terminal Galactose is important for
Notch signaling, but the sialic acid appears to be dispensable. In Chin-
ese hamster ovary (CHO) cells deficient in the transporter required for
cytidine 5′-monophosphate-sialic acid to enter the Golgi, loss of the
sialic acid does not affect the usual inhibition of Jagged1-Notch signal-
ing or the enhancement of DLL1-Notch1 signaling by LFNG (Chen
et al. 2001; Hou et al. 2012). However, in CHO cells deficient in galact-
ose, neither LFNG nor MFNG are able to inhibit Jagged1-induced
Notch signaling, and LFNG is unable to enhance DLL1-induced
Notch signaling. MFNG is still able to enhance DLL1-induced Notch
signaling in the absence of galactose (Hou et al. 2012). Since addition
of galactose to the GlcNAc-fucose-O glycan on EGF12 did not alter
the binding of the EGF11–13 fragment of the human Notch1 to
Jagged1 and DLL1 (Taylor et al. 2014), these results suggest that add-
ition of galactose to one or more Notch EGF repeats outside of the
core ligand-binding domain is required for Fng proteins to modulate
Notch signaling in some contexts.

O-GlcNAc on EGF repeats: Cell adhesion

and maybe Notch

While searching for O-linked glycans on the extracellular domain of
the Drosophila Notch, the Okajima group unexpectedly discovered
O-GlcNAc modification on EGF20 (Matsuura et al. 2008). They
performed western blots on fragments of Notch with an O-GlcNAc
antibody (CTD110.6) to search for other EGF repeats that may have
the modification and found that the EGF1–10 and EGF22–31
fragments, but not EGF6–10, contain the O-GlcNAc modification.
The signal is nearly eliminated in these fragments when treated with
β-N-acetylhexosaminidase, indicating that O-GlcNAc is attached to
its recipient amino acid in a β-anomeric configuration. This modifica-
tionwas later found on the EGF repeats of other proteins such asDros-
ophilaDelta, Serrate andDumpy (Matsuura et al. 2008; Sakaidani et al.
2011; Muller et al. 2013), the latter of which is a large 2.5 MDa extra-
cellular matrix protein with 308 EGF repeats (Wilkin et al. 2000). Com-
parison of sites with a confirmedO-GlcNAc has suggested the putative
consensus sequence C5XXGX(S/T)GXXC6 (Alfaro et al. 2012). As
more modified sites are identified, it is possible that this sequence
will be refined, like those of O-glucose and O-fucose.

In 2011, the Okajima group identified the enzyme responsible for
the addition ofO-GlcNAc on EGF repeats inDrosophila and called it
EGF domain-specific O-GlcNAc transferase or Eogt (Sakaidani et al.
2011). Eogt resides in the ER and is conserved in mice (Sakaidani et al.
2012). The maternal contribution of the Drosophila Eogt is required
for embryonic development in a Notch-independent manner. Eogt
mutant flies that receive the maternal component die between the se-
cond instar and early third instar larval stages. The mutant larvae dis-
play cuticle defects and defects in tracheal morphology similar to those
observed in animals that lack dumpy (Prout et al. 1997; Wilkin et al.
2000; Sakaidani et al. 2011). Additionally, loss of Eogt or Dumpy in
the wing results in wing blistering that is independent of integrin func-
tion. Moreover, Dumpy requires Eogt enzymatic activity and the
O-GlcNAc modification to function. These results highlight the

importance of O-GlcNAc modification on Dumpy (Sakaidani et al.
2011).

Although O-GlcNAc is found on Notch, Eogt mutants do not
show Notch mutant phenotypes (Sakaidani et al. 2011). To determine
whether other proteins are involved in the Eogt null phenotype and
requireO-GlcNAc to function, the Stanley and Jenny laboratories col-
laborated to perform genetic interaction experiments with genes that
were likely to play a role in the wing adhesion phenotype of Eogtmu-
tants (Muller et al. 2013). Removal of one copy of an integrin in an
Eogt knockdown wing did not alter the phenotype, but removal of
one copy of wing blister, which encodes laminin α chain, enhanced
the wing blistering phenotype. Surprisingly, although loss of Eogt
did not recapitulate Notch mutant phenotypes, removing one copy
ofNotch or Notch pathway components in Eogt-knockdown animals
suppressed the wing blistering phenotype. This may be due to the loss
of O-GlcNAc from Notch. However, dumpy alleles interact with the
γ-secretase Presenilin, which is crucial for Notch pathway activation
(Mahoney et al. 2006). Therefore, the genetic interaction may not be
due to the loss ofO-GlcNAc fromNotch, but instead it is possible that
Dumpy and Notch both contribute to wing adhesion.

Dumpy genetically interacts with components of the pyrimidine
synthesis pathway, and feeding pyrimidine synthesis inhibitors to
dumpy mutant flies reverses the defects in wing shape (Rizki and
Rizki 1965; Stroman 1974; Blass and Hunt 1980). Therefore, the
authors sought to determine whether components of the pyrimidine
synthesis pathway genetically interact with Eogt. Reduction of genes
that contribute to the synthesis of UMP/pyrimidine suppresses the
wing blistering caused by Eogt knockdown (Muller et al. 2013). Con-
sistent with this, the authors hypothesize that reducing the dosage of
genes responsible for pyrimidine degradation should enhance thewing
blistering phenotype, which proves to be correct, and such a genetic
interaction is lethal. Collectively, these data lead to the possibility
that increased pyrimidine synthesis, such as increased Uracil, could
cause the wing blistering phenotype in Eogt mutants.

Less is known about the mammalian EOGT. Okajima and collea-
gues identified and confirmed the biochemical function of mouse
EOGT and found that the enzyme is expressed in all tissues examined
(Sakaidani et al. 2012). Additionally, mammalian EOGT reaches op-
timal function when divalent cations, especially Mn2+, are accessible,
similar to the Drosophila enzyme (Sakaidani et al. 2011, 2012).
Transgenic expression of the mouse and human EOGTwas able to res-
cue the wing blistering phenotypes in Eogt knockdown fly wings, in-
dicating enzymatic and functional conservation between fly and
mammalian EOGT proteins (Sakaidani et al. 2012; Muller et al.
2013). Moreover, although mammals lack a Dumpy homolog,
O-GlcNAc has been identified on the extracellular domain of a num-
ber of mammalian proteins including Notch1 and Notch2 (Alfaro
et al. 2012; Sakaidani et al. 2012). Importantly, EOGT mutations
have recently been identified in patients with autosomal recessive
Adams-Oliver syndrome (AOS) (Shaheen et al. 2013; Cohen et al.
2014). AOS is a rare disorder characterized by aplasia cutis congenita
(vertex scalp defects) and terminal transverse limb defects (Burton
et al. 1976; Bonafede and Beighton 1979). Biochemical experiments
indicate that even those AOS-causing EOGT mutations that do not
affect the expression level of EOGT impair its ability to add
O-GlcNAc toNotch, strongly suggesting that a defect in the enzymatic
activity of EOGT underlies this disease (Ogawa et al. 2015). Muta-
tions in several Notch pathway components have been described in
AOS, such as heterozygous mutations inNOTCH1 andRBPJ (recom-
bination signal binding protein for immunoglobulin kappa J region),
which encodes the primary nuclear effector of the Notch pathway
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(Hassed et al. 2012; Stittrich et al. 2014). These observations indicate
that EOGT is important for mammalian biology and strongly suggest
that O-GlcNAc is important for mammalian Notch signaling,
although further studies are required to test these hypotheses.
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