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The evolutionarily conserved Notch signaling pathway
plays broad and important roles during embryonic devel-
opment and in adult tissue homeostasis. Unlike most other
pathways used during animal development, Notch signal-
ing does not rely on second messengers and intracellular
signaling cascades. Instead, pathway activation results in
the cleavage of the Notch intracellular domain and its
translocation into the nucleus, where it functions as a tran-
scriptional co-activator of the Notch target genes. To
ensure tight spatial and temporal regulation of a pathway
with such an unusually direct signaling transduction, ani-
mal cells have devised a variety of specialized modulatory
mechanisms. One such mechanism takes advantage of dec-
orating the Notch extracellular domain with rare types of
O-linked glycans. In this review, we will discuss the genetic
and biochemical data supporting the notion that carbohy-
drate modification is essential for Notch signaling and
attempt to provide a brief historical overview of how we
have learned what we know about the glycobiology of Notch.
We will also summarize what is known about the contribu-
tion of specific nucleotide-sugar transporters to Notch
biology and the roles—enzymatic and non-enzymatic—
played by specific glycosyltransferases in the regulation of
this pathway. Mutations in the Notch pathway components
cause a variety of human diseases, and manipulation of
Notch signaling is emerging as a powerful tool in regenera-
tive medicine. Therefore, studying how sugar modification
modulates Notch signaling provides a framework for better
understanding the role of glycosylation in animal develop-
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ment and might offer new tools to manipulate Notch
signaling for therapeutic purposes.
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Introduction

Intercellular communication is essential for the development
and maintenance of multicellular organisms. During animal
development, seven highly conserved signaling pathways
mediate the majority of cell-cell interactions: Hedgehog,
Jak-STAT, nuclear hormone receptor, Wnt, transforming
growth factor (3, receptor tyrosine kinase, and Notch (Barolo
and Posakony 2002). The Notch signaling pathway is widely
used during animal development and adult life, and regulates
a variety of processes including cell fate specification, differ-
entiation, left-right asymmetry, apoptosis, compartment
boundary formation, somitogenesis and angiogenesis (Fortini
2009; Kopan and Ilagan 2009; Tien et al. 2009). Notch sig-
naling also plays key roles in stem cell proliferation, the
interaction between stem cells and their microenvironmental
niche, and differential behavior of some stem cells in young
versus old animals (Chiba 2006; Carlson and Conboy 2007;
Wang et al. 2009). The Notch gene was first identified as a
spontaneous dominant X-linked mutation in the fruit fly
Drosophila melanogaster and takes its name from the
“Notches” of tissue loss in the wing blade of animals lack-
ing one functional copy of the gene (Dexter 1914; Morgan
and Bridges 1916; Mohr 1919). During the 1930s, Poulson
mapped the fly gene cytologically and reported that the loss
of both copies of Notch is lethal and results in a massive
hyperplasia of the embryonic nervous system (Poulson
1940). In the 1980s, the Artavanis-Tsakonas and Young
groups cloned the gene independently and reported that
the fly Notch protein contains 36 epidermal growth factor
(EGF)-like motifs (Wharton et al. 1985; Kidd et al. 1986).
Interestingly, cloning of the Drosophila Notch showed that it
is homologous to the Caenorhabditis elegans gene lin-12,
mutations in which were also reported to affect cell fate de-
cisions in this nematode (Greenwald et al. 1983; Greenwald
1985). Since then, a large number of studies have shown
important and broad roles for Notch signaling in the devel-
opment of various animals. The importance of this pathway
in animal biology is also highlighted by the observation that
both gain- and loss-of-function mutations in components of
the Notch signaling pathway play causative roles in a variety

© The Author 2010. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org 931



H Jafar-Nejad et al.

of human diseases, including developmental disorders and
cancer (Table ).

Detailed evolutionary analysis of Notch pathway compo-
nents and their conserved motifs in 35 different eukaryotic
species has shown that Notch signaling is only used by me-
tazoans, even though some of the pathway components have
homologs in other eukaryotes including plants and fungi
(Gazave et al. 2009). The core components of the canonical
Notch pathway are the Notch receptors (in the signal-receiving
cell), the Notch ligands (in the adjacent signal-sending cell),
and the CSL family of transcription factors (CBF1/RBP-J pro-
teins in vertebrates, Su(H) in flies and Lagl in worms). The
Drosophila genome encodes one receptor (Notch) and two li-
gands (Delta and Serrate), whereas mammals have four
receptors (Notch1—4) and five classical ligands (Delta-likel,
3 and 4; Jaggedl and 2) (Fortini 2009; Kopan and Ilagan
2009). Both Notch receptors and their ligands are type I trans-
membrane proteins. The newly synthesized Notch protein
undergoes its first proteolytic cleavage in the Golgi (the S1
cleavage) and reaches the plasma membrane as a heterodimer
(Figure 1) (Logeat et al. 1998; Lake et al. 2009). Even though
the predominant form of mammalian Notch receptors at the
membrane is the heterodimeric form, a recent report indicates
that the S1 cleavage might not be essential for productive
signalng (Gordon, Vardar-Ulu, et al. 2009). Upon binding of li-
gands to the Notch extracellular domain (NECD), Notch is
further cleaved at the S2 site by the ADAM10 metallopro-
tease Kuzbanian (Pan and Rubin 1997; Cagavi Bozkulak and
Weinmaster 2009; van Tetering et al. 2009). This cleavage
generates Notch extracellular truncation (NEXT), a mem-
brane-bound form of Notch which lacks most of the
extracellular domain (Figure 1). The y-secretase complex will
then cleave NEXT at S3 and S4 sites to release the Notch intra-
cellular domain (NICD) (Schroeter et al. 1998; Struhl and
Greenwald 1999). The NICD is translocated into the nucleus
and participates in a transcriptional activator complex with

Table I. Human diseases caused by mutations in the components of the Notch
pathway

Disease Mutated Notch pathway component
T-cell acute lymphoblastic leukemia® Notchl

Alagille syndrome” Jagged1, Notch2

Tetralogy of Fallot® Jaggedl

Aortic valve discases® Notchl

CADASIL syndrome® Notch3

Spondylocostal dysostosis” Delta-like3, Lunatic Fringe,
Mesp28, Hes7
Notch2

Jagged1

Diffuse large B-cell lymphoma"
Hearing loss'

“Ellisen et al. (1991); Weng et al. (2004)

i et al. (1997); Oda et al. (1997); McDaniell et al. (2006); Warthen et al.
(2006)

°Eldadah et al. (2001); Greenway et al. (2009)

dGarg et al. (2005); Mohamed et al. (2006); McKellar et al. (2007); McBride et
al. (2008)

®Joutel et al. (1996)

Bulman et al. (2000); Whittock et al. (2004); Sparrow et al. (2006); Sparrow et
al. (2008)

EMesp? is a transcription factor which regulates Notch signaling in the context
of somitogenesis (Takahashi et al. 2003)

"Lee et al. (2009)

'Le Caignec et al. (2002)
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CSL and Mastermind proteins to activate the expression of
Notch target genes, including the members of the “Hairy-
Enhancer of Split” (Hes) and Hairy-Enhancer of Split related
with YRPW motif (Hey) families (Figure 1) (Jarriault et al.
1995; Lecourtois and Schweisguth 1995; Tamura et al. 1995;
Petcherski and Kimble 2000; Wu et al. 2000; Fryer et al. 2002).

Since most of the above-mentioned developmental signaling
pathways use secreted ligands, they are able to activate their
corresponding receptors in both neighboring and distant cells.
Receptor activation in turn triggers the activation of cascades
of kinases and other signaling proteins and ultimately affects
the transcription of pathway target genes (Gerhart 1999). The
Notch signaling pathway, however, functions differently from
the rest of this evolutionarily conserved toolbox in two impor-
tant ways. First, since Notch ligands are transmembrane
proteins, in almost all cases only neighboring cells can use this
pathway to communicate. Secondly, since the Notch protein
functions both as the receptor (the ligand-responsive, extracel-
lular domain of Notch) and the transcriptional co-activator (the
NICD) of the pathway, Notch signaling does not rely on inter-
mediate signaling cascades for the transmission of signal
between cell surface and the nucleus. Perhaps due to these
unique qualities, a variety of mechanisms, including ubiquiti-
nation, endocytosis, recycling and glycosylation, are employed
by animal cells to ensure that the Notch pathway is precisely
regulated in time and space (Bray 2006). Indeed, the degree to
which animal cells dedicate their resources to control the Notch
pathway has come as a surprise in some recent studies. For ex-
ample, based on their yeast phenotypes, animal homologs of
genes like epsin and secl5 were thought to have “housekeep-
ing” roles in clathrin-mediated endocytosis and exocytic
trafficking, respectively. However, sec/5 mutations in flies
and epsin mutation in both flies and mice do not show general
defects in endocytosis and exocytosis but exhibit specific
Notch signaling defects (Overstreet et al. 2004; Tian et al.
2004; Wang and Struhl 2004; Jafar-Nejad et al. 2005; Chen
et al. 2009).

Given that carbohydrates cover the surface of all cells in na-
ture, it is not surprising that glycans play important roles in
multiple aspects of animal development and physiology (Varki
et al. 2009). To our knowledge, one of the first reports on the
role of glycosylation in animal development was published
three decades ago by Surani, who showed that blocking the
formation of N-glycans by tunicamycin results in severe de-
fects in the early stages of mouse embryonic development
(Surani 1979). Identification of the enzymes responsible for
the formation and elongation of sugar chains, advances in ge-
netics and molecular biology, and major improvements in
methods for biochemical identification and analysis of carbo-
hydrates allowed several groups to study the outcome of loss
of specific glycosylation events in the development of model
organisms. These studies have shown broad roles for a variety
of carbohydrate modifications in the regulation of both verte-
brate and invertebrate development (Haltiwanger 2002;
Haltiwanger and Lowe 2004).

Early work on the Notch protein showed that it binds Lentil
lectin (Johansen et al. 1989), indicating that it is decorated with
N-glycans (Kornfeld et al. 1981). In addition to N-glycosyla-
tion, three forms of unusual O-linked glycosylation have
been described on the EGF-like modules of the Notch proteins:



Signal-sending cell

Jagged/Delta

Extracellular
space

Pofut1

Rumi

Glycans and glycosyltransferases in Notch signaling

Fig. 1. A simplified model for canonical Notch signaling. Notch is synthesized in the ER and glycosylated by the soluble ER enzymes Pofutl and Rumi. In the
Golgi, the O-linked glycans of Notch are extended by the membrane-bound glycosyltransferases like Fringe and GXylT. Also, the S1 cleavage generates a
heterodimeric form of Notch, which is composed of the extracellular (NECD, black box) and intracellular (NICD, red box) domains of Notch. Binding of ligands to
the NECD and endocytosis of ligand into the signal-sending cell is thought to result in dissociation of the Notch heterodimer and the S2 cleavage of Notch. Notch is
further cleaved at S3/S4 sites. The intracellular domain of Notch (NICD) is then translocated into the nucleus. In the absence of Notch signaling, the CSL protein
functions as a transcriptional repressor because of its association with co-repressor (CoR) proteins. NICD will displace the co-repressors and result in the formation
of a transcriptional activator complex comprising CSL, NICD, Mastermind (Mam) and other co-activators (not shown).

O-fucosylation, O-glucosylation and O-GlcNAcylation
(Moloney, Shair, et al. 2000; Matsuura et al. 2008). A growing
body of literature indicates that glycosylation of the Notch re-
ceptors is a major regulator of Notch signaling (Stanley 2007;
Okajima, Matsuura, et al. 2008; Luther and Haltiwanger 2009).
There are also reports on the glycosylation of some other
Notch pathway components, including the Notch ligands, the
y-secretase complex component Nicastrin, and the glycosyl-
transferase Pofutl (Panin et al. 2002; Tomita et al. 2002;
Loriol et al. 2007). In this review, we will discuss those types
of Notch glycosylation for which a regulatory role has been
established in animal model studies. We will also review what
is known about the potential non-enzymatic roles of glycosyl-
transferases involved in Notch pathway regulation. Finally, we
will cover the literature on the roles played by nucleotide-sugar
transporters in Notch signaling.

Regulation of Notch signaling by enzymes involved in the
formation and elongation of O-linked fucose

In 1990, Sarin and colleagues published the first report on the
presence of O-linked fucose on the EGF-like repeat of a pro-
tein (urinary-type plasminogen activator) (Kentzer et al. 1990).

Since then, several other proteins were shown to be O-fucosy-
lated, including tissue-type plasminogen activator and human
coagulation factors VII and XII (Harris and Spellman 1993).
Originally, it was proposed that O-fucosylation occurs at a ser-
ine or threonine immediately preceding the third cysteine of
those EGF-like repeats that conform to the C;—X-X-G-G—
(S/T)-C5 consensus sequence (X can be any amino acid; G,
S, T are glycine, serine and threonine, respectively) (Harris
and Spellman 1993). The more flexible C,—X-X-X—(A/G/
S)—(S/T)—C; consensus sequence was later proposed to ac-
count for the growing number of confirmed O-fucosylated
EGF-like repeats (A stands for alanine) (Haines and Irvine
2003). The extracellular domain of the Notch proteins contains
between 29 and 36 EGF-like repeats, three Lin12-Notch Re-
peat (LNR) motifs and a heterodimerization domain (HD)
(Figure 2). Each EGF-like repeat is a 38- to 40-amino-acid mod-
ule with six cysteine residues, which form three disulfide bonds
and thereby give the EGF-like repeat its specific three-dimen-
sional structure (Figure 2) (Harris and Spellman 1993). All
mammalian Notch proteins and ligands and their Drosophila
homologs contain EGF-like repeats with consensus O-fucosy-
lation motifs (Figure 3) (Rampal et al. 2007). The presence of
O-linked fucose on Drosophila Notch, Delta and Serrate and
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Fig. 2. A schematic representation of the full-length Drosophila Notch is shown. The extracellular domain of Notch contains 36 EGF-like repeats, followed by the
Negative Regulatory Region (NRR), which consists of three LNR motifs and a heterodimerization domain (HD). The intracellular domain contains an RBP-J

association module (RAM), two nuclear localization signals (NLS), seven Ankyrin repeats (ANK) and a PEST domain. The C-terminal part of the intracellular
domain contains a trans-activation domain (TAD). Each EGF repeat has six cysteine residues (C; to Cg). The consensus motifs for O-linked glucose and O-linked
fucose and the enzymes responsible for their formation and elongation are shown. O-GIcNAc is added to a serine or threonine between Cs and Cg, but the exact
consensus motif is not known yet. S1-S4 show the position of Notch cleavage sites. TM, transmembrane. The lower drawing is based on the crystal structure of one
of the EGF-like repeats of human coagulation factor IX (Huang et al. 1989). The shown amino acid sequence is from EGF-like repeat 20 of the Drosophila Notch,
which has experimentally been shown to harbor all three forms of O-linked glycans discussed here (Matsuura et al. 2008). The green lines depict the three disulfide
bridges which form between pairs of cysteines in EGF-like repeats (C;—Cj3, C;—Cy4, and Cs—Cg). Blue S, red T and green T show the amino acids to which O-linked

glucose, fucose and GIcNAc are attached, respectively.

mammalian Notchl, Delta-likel and Jagged! has experimental-
ly been shown by the Irvine and Haltiwanger labs (Moloney,
Panin, et al. 2000; Moloney, Shair, et al. 2000; Panin et al.
2002). However, in vivo and co-culture experiments strongly
suggest that O-fucosylation is required in the Notch-expressing
signal-receiving cell but not in the ligand-expressing signal-
sending cell (Irvine and Wieschaus 1994; Kim et al. 1995;
Hicks et al. 2000; Moloney, Panin, et al. 2000). The O-linked
fucose can be elongated by sequential addition of three other
sugar residues: N-acetylglucosamine (GlcNAc), galactose
(Gal) and sialic acid (SA) (Figure 2). This process is protein-
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and EGF-like repeat specific, in the sense that some proteins/
EGF-like repeats only contain O-fucose monosaccharides,
while others are decorated with a combination of mono-, di-
and oligosaccharides (Moloney et al. 1997; Moloney, Shair,
et al. 2000; Shao et al. 2003; Rampal, Li, et al. 2005).

The enzymes responsible for the addition of O-fucose to
EGF-like repeats and its elongation have been identified and
extensively studied (Figure 2) (Stanley 2007). Addition of fu-
cose residues to the hydroxyl group of serine and threonine
occurs in the endoplasmic reticulum (ER) and is catalyzed
by “protein O-fucosyltransferase” or Pofutl (Ofutl is Drosoph-
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Fig. 3. Distribution of EGF-like repeats with consensus O-fucosylation and/or O-glucosylation motifs in Notch receptors and their ligands. Alignment of
extracellular domains of Drosophila Notch (dNotch), its human homologs (hNotch1—4) and their ligands are shown. Jag is Jagged; DIl is Delta-like. Blue and
yellow boxes indicate EGF-like repeats with a consensus motif for O-glucosylation and O-fucosylation, respectively. The red lines denote Ca"*-binding EGF-like
repeats. hNotch3 and hNotch4 have 34 and 29 EGF-like repeats, respectively. The dotted lines in the schematic of these two proteins show the EGF-like repeats
missing compared to dNotch, hNotch1 and hNotch2 (Uyttendaele et al. 1996). Note that the distribution of O-glucosylation, O-fucosylation and Ca"*-binding
EGF-like repeats is well conserved in Notch receptors. dSerrate and hDII3 do not have a predicted O-glucosylation motif. We note that mouse and rat DII3 have a
single predicted O-glucosylation motif (not shown). LNR, Lin12-Notch repeat; HD, heterodimerization; TM, transmembrane; DSL, Delta-Serrate-Lag2; CR,

cysteine-rich. S1-S4 show the position of Notch cleavage sites.

ila) (Wang et al. 2001; Luo and Haltiwanger 2005; Okajima et
al. 2005). GlcNAc can then be added to the O-linked fucose by
the Fringe family of Golgi p1,3N-acetylglucosaminyltrans-
ferases (Fringe in Drosophila; Lunatic, Manic and Radical
Fringe proteins in mammals) (Bruckner et al. 2000; Moloney,
Panin, et al. 2000). In Drosophila Schneider 2 (S2) cells, only
fucose monosaccharide and GlcNAc-Fuc disaccharides have
been reported (Xu et al. 2007). However, studies in Chinese
hamster ovary (CHO) cells indicate that two other enzymes
—P4galactosyltransferase-1 (4GalT-1) and «2,3sialyltrans-
ferase (a2,3SA-T)—elongate the O-linked disaccharide on
the mammalian Notchl to its longest form, the sia-a2,3-Gal-
1,4-GlcNAc-p1,3-Fuc-a-O-Ser/Thr tetrasaccharide (Stanley
2007; Luther and Haltiwanger 2009).

Fringe proteins regulate Notch signaling in specific contexts

Out of the above-mentioned enzymes, Fringe was the first to be
linked to the Notch signaling pathway. Several years before the
discovery of Fringe’s biochemical activity, fringe was found to
be essential for the formation of the dorsal-ventral compart-
ment boundary in Drosophila wing and was suggested to be
involved in the regulation of the Notch signaling pathway
(Irvine and Wieschaus 1994; Kim et al. 1995; Haines and Irvine
2003). Further genetic studies indicated that both Drosophila
Fringe and its mammalian homologs are involved in the regu-
lation of Notch signaling in a variety of developmental
processes, including vertebrate somitogenesis and the establish-
ment of the dorsal—ventral boundary in the Drosophila eye and
leg (Cho and Choi 1998; Dominguez and de Celis 1998; Evrard
et al. 1998; McGrew et al. 1998; Zhang and Gridley 1998;
Rauskolb and Irvine 1999). Importantly, among the well-known

paradigms through which Notch signaling functions during an-
imal development—TIateral inhibition, asymmetric division and
“inductive signaling”—only “inductive signaling” requires the
function of Fringe (Haines and Irvine 2003). The distant homol-
ogy of Fringe to a bacterial glycosyltransferase, the cell-
autonomous requirement for Fringe in the signal-receiving cell
and the presence of conserved O-glycosylation motifs in the ex-
tracellular domain of Drosophila and mammalian Notch
proteins suggested that Fringe might regulate the Notch path-
way by glycosylating Notch (Panin et al. 1997; Yuan et al.
1997; Moloney, Shair, et al. 2000). Indeed, it was later demon-
strated by the Cohen, Haltiwanger, Irvine, Stanley and Vogt
groups that Fringe is a glycosyltransferase that adds GlcNAc
to O-linked fucose on some of the Notch EGF-like repeats
and is required for Notch signaling (Bruckner et al. 2000; Mo-
loney, Panin, et al. 2000). By further showing that the
enzymatic activity of Fringe is essential for the regulation of
the Notch pathway, these studies provided the first direct evi-
dence for the importance of O-linked glycosylation of the
Notch receptor in Notch signaling (Bruckner et al. 2000; Molo-
ney, Panin, et al. 2000).

Loss of function studies indicate that Fringe promotes Delta-
to-Notch signaling and inhibits Serrate-to-Notch signaling dur-
ing Drosophila wing development (Panin et al. 1997). How
does the addition of GIcNAc to O-linked fucose on Notch
EGF-like repeats mediate differential response of the Notch re-
ceptor to Delta and Serrate? Fleming and colleagues showed
that replacing the Notch-binding domain of Serrate with the
Notch-binding domain of Delta prevents Fringe from blocking
the Serrate function and suggested that Fringe regulates Notch
signaling at the level of ligand binding (Fleming et al. 1997).
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This notion was later confirmed by assays developed in the Co-
hen lab. Specifically, by examining the effects of Fringe
expression on the binding of tagged, soluble forms of the
Notch extracellular domain to the surface of cells stably ex-
pressing Delta or Serrate (and reciprocal experiments with
soluble ligands and Notch-expressing cells), the Cohen and
Irvine groups showed that Fringe promotes Notch-Delta bind-
ing and opposes Notch-Serrate binding (Bruckner et al. 2000;
Okajima et al. 2003). These effects have also been confirmed
by using purified components in in vitro Notch—ligand binding
assays (Xu et al. 2007).

Given that mammals have four Notch proteins, five ligands
and three Fringe homologs, it is not surprising that studies on
the molecular mechanism of mammalian Notch pathway reg-
ulation by Fringe proteins have drawn a more complicated and
sometimes controversial picture. Reports from the Weinmaster
lab indicate that all three mammalian Fringe proteins are able
to increase the binding between Delta-likel and Notchl pro-
teins, and also Delta-likel-induced Notchl signaling in
luciferase reporter assays in NIH3T3 and C2C12 cells (Hicks
et al. 2000; Yang et al. 2005). These studies also showed that
expression of Manic or Lunatic Fringe in the Notchl-expres-
sing cell decreased Jagged1-induced signaling. But in contrast
to the Drosophila reports, binding between Notchl and
Jaggedl was not decreased upon Manic or Lunatic Fringe ex-
pression. Accordingly, Weinmaster and colleagues suggested
that rather than disrupting Jagged1-Notchl binding, Fringe
proteins might reduce signaling by decreasing the binding
strength between Jaggedl and Notchl (Hicks et al. 2000;
Yang et al. 2005). These authors also provided evidence that
Lunatic Fringe can enhance Jagged1-Notch2 signaling, sug-
gesting that upon Fringe activity, the same ligand might
elicit opposite responses from different Notch receptors
(Hicks et al. 2000). Results from the Stanley and Hirai groups,
however, do not fully agree with some of the above-men-
tioned observations. A recent report from the Stanley lab
indicates that Lunatic Fringe can decrease the binding of
Jaggedl to the surface of Notchl-expressing, Lecl CHO cells
(Stahl et al. 2008). Also, Hirai and colleagues report that not
only do Lunatic and Manic Fringe decrease Jaggedl-Notch2
signaling, but they also decrease the binding between these
two proteins (Shimizu et al. 2001). Considering the above dis-
crepancies, the exact mechanism for the modulation of
signaling between various mammalian ligand—Notch pairs
by Fringe proteins will need further exploration.

Even though at a biochemical level all three mammalian
Fringe proteins perform the same function (Rampal, Li, et al.
2005), several recent studies have highlighted the non-redun-
dant roles played by these proteins in different developmental
contexts (Visan et al. 2006; Ryan et al. 2008; Benedito et al.
2009; Moran et al. 2009; Tan et al. 2009). These observations
are in line with the notion that amino acids other than the O-
fucosylated S/T might determine which EGF-like repeats are
good substrates for the function of Fringe proteins and which
Fringe protein is the optimal enzyme for modification of any
given EGF-like repeat (Rampal, Li, et al. 2005; Luther and
Haltiwanger 2009). Understanding the molecular mechanisms
underlying the differences among the functions of the Fringe
proteins promises to uncover another layer of complexity in
the way Notch signaling is regulated in mammals.
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Protein O-fucosyltransferase 1 and O-fucose in fly Notch
signaling

Fringe proteins specifically add a GIcNAc residue to O-fuco-
sylated EGF-like repeats, and the enzymatic activity of Fringe
is essential for its effects on the Notch pathway in both Dro-
sophila and mammalian systems (Bruckner et al. 2000;
Moloney, Panin, et al. 2000; Chen et al. 2001; Yang et al.
2005). Accordingly, the enzyme responsible for the addition
of O-linked fucose to Notch EGF-like repeats was also pre-
dicted to be required for Notch signaling. Indeed, genetic
experiments by Irvine, Matsuno and Stanley labs have demon-
strated that the function of Pofut1/Ofutl is essential for Notch
signaling in flies and mice (Okajima and Irvine 2002; Sasa-
mura et al. 2003; Shi and Stanley 2003). As mentioned
above, fringe mutations only affect some aspects of Notch sig-
naling. However, Pofutl/Ofut] mutants show a full-blown loss
of Notch signaling in all aspects reported so far in both verte-
brates and invertebrates (Okajima and Irvine 2002; Sasamura
et al. 2003; Shi and Stanley 2003). These observations indicate
that either O-linked fucose on Notch EGF-like repeats has
functions independent of its elongation by Fringe or that
Pofutl/Ofut] uses an additional non-enzymatic mechanism to
regulate Notch signaling. Of course, these possibilities are not
mutually exclusive.

Reports by Okajima and Irvine provide strong support for a
simple model for Ofutl function in flies (Okajima et al. 2005;
Okajima, Reddy, et al. 2008). In their model, Ofutl plays two
roles in the regulation of Notch signaling: an enzymatic role
essential for the function of Fringe but dispensable for
Fringe-independent modes of Notch signaling, and a non-cat-
alytic role required for proper folding and cell surface
expression of the Notch receptor. In support of their model,
they have shown that Notch does not reach the cell surface
in Ofut! mutant clones and Ofutl knock-down Schneider 2
cells. They have also reported that overexpression of the
R245A mutant form of Ofutl—which lacks enzymatic activity
in vitro—can restore the cell surface expression of Notch
caused by loss of Ofutl (Okajima et al. 2005; Okajima, Reddy,
et al. 2008). Furthermore, they demonstrate that the severe neu-
rogenic phenotype observed in embryos lacking the maternal
contribution of Ofutl can be rescued by a genomic construct
encoding an enzymatically inactive form of Ofut/ (Okajima,
Reddy, et al. 2008). They also generated embryos lacking gua-
nosine diphosphate (GDP)-fucose by making germline mutant
clones of gmd, which encodes GDP-D-mannose dehydratase
(Figure 4). Gmd is essential for generation of GDP-fucose in
flies due to the absence of a salvage pathway for GDP-fucose
synthesis in these animals (Okajima, Reddy, et al. 2008). In-
deed, staining the mutant embryos with a fucosylation-
specific antibody confirmed lack of fucosylation in gmd
mutants. However, these embryos did not show a classical neu-
rogenic phenotype, strongly suggesting that O-fucose per se is
not required for Notch signaling except for contexts like the
wing margin development, where Fringe plays an essential role
(Okajima, Reddy, et al. 2008).

Work in the Matsuno lab suggests that Ofutl might also play
a role in the trafficking of Notch, and that O-fucose plays roles
beyond serving as a substrate for the addition of GIcNAc by
Fringe (Sasaki et al. 2007; Sasamura et al. 2007). These
authors report that exocytosis of Notch to the plasma mem-
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Fig. 4. Mechanisms for the synthesis of GDP-fucose and its transport into the secretory pathway. In the cytoplasm, GDP-mannose is converted into GDP-fucose by
GMD and FX enzymes. In mammalian cells, an alternative, salvage pathway exists, which uses the free fucose transported from the extracellular space or from the
lysosome to make GDP-fucose (Smith et al. 2002). FK stands for fucose kinase; GPP stands for GDP-fucose pyrophosphorylase. The salvage pathway allows the
rescue of GMD and Fx mutations by providing fucose in the medium. Drosophila cells lack the salvage pathway. Efr and Gfr transport GDP-fucose into the ER and
Golgi lumens, respectively. Genetic and biochemical experiments indicate that Gfr is essential for the addition of fucose to N-glycans on Notch and other proteins in
Drosophila larvae. For the addition of O-linked fucose to Notch—which occurs in the ER—Gfr and Efr function redundantly. Since Gfr resides in the Golgi,
retrograde transport of GDP-fucose from Golgi to the ER (the dashed arrow) is likely to underlie the ability of Gfr to compensate for the lack of Efr.

brane does not require the function of Ofutl but that transcy-
tosis of Notch from the plasma membrane to adherens
junctions requires the O-fucosylation of Notch by Ofutl
(Sasaki et al. 2007). They further show that Ofutl is required
for the endocytosis of Notch and that this role is independent
of Ofutl’s enzymatic activity because the endocytic defects
were not observed in a gmd null mutant lacking any detectable
GDP-fucose (Sasamura et al. 2007). The discrepancy between
some of the findings of the Irvine and Matsuno groups might in
part result from different techniques used to follow Notch traf-
ficking and localization (Vodovar and Schweisguth 2008). In
our opinion, the in vivo rescue experiments and analysis of
gmd mutant embryos by Okajima and Irvine (Okajima, Reddy,
et al. 2008) provide very strong evidence for the conclusion
that the enzymatic activity of Ofutl is not required for Notch
signaling during embryonic neurogenesis. However, we cannot
rule out the possibility that later during development, O-fuco-
sylation of Notch plays a role in regulating Fringe-independent
aspects of signaling. This issue can be addressed by testing
whether gmd mutants show defects in the lateral inhibition pro-
cess during adult sensory organ development. fringe mutants
do not exhibit lateral inhibition defects in adult peripheral ner-
vous system (Haines and Irvine 2003). Therefore, lateral
inhibition defects in adult Drosophila with gmd mutant clones
would strongly suggest that in some Fringe-independent con-
texts, O-fucose might be required for optimal Notch signaling
(lack of fucose in other types of glycans, like N-glycans, might
contribute to this phenotype as well). Also, it is worth mention-

ing that to our knowledge, the glycosylation status of the Notch
protein has not been tested in gmd mutant flies or Ofut/ mutant
flies rescued by R245A Ofutl transgene. Therefore, one can
speculate that in gmd mutants a sugar other than fucose might
be added to the O-fucosylation sites that can partially compen-
sate for the lack of fucose but does not allow the addition of
GlcNAc by Fringe or that although the R245A mutant Ofutl
does not show enzymatic activity in vitro, it could still have
residual activity in vivo, which might transfer low levels of
O-linked fucose to Notch and mask the phenotypes that a com-
plete loss of O-fucose would show. We note that a requirement
for O-fucosylation of Notch in Fringe-independent contexts
would be consistent with earlier experiments from Irvine, Mat-
suno and Baker labs indicating that the presence of O-linked
fucose on Drosophila Notch affects its binding to Delta and
Serrate in the absence of Fringe (Li et al. 2003; Okajima et
al. 2003; Sasamura et al. 2003).

Protein O-fucosyltransferase 1 and O-fucose in mammalian
Notch signaling

Genetic studies from the Stanley lab showed that mouse Pofutl
is essential for Notch signaling (Shi and Stanley 2003). Studies
on an independent Pofut/ null allele recently generated by the
Saga group showed similar results and genetically placed the
function of Pofutl upstream of the Notch intracellular domain
(Okamura and Saga 2008). Similar to Drosophila Ofutl mu-
tants, Pofutl null allele mouse embryos show Notch pathway
defects much broader than those of the Fringe mutant animals
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(Shi and Stanley 2003; Okamura and Saga 2008). Interestingly,
analysis of a hypomorphic allele of Pofutl by the Gossler
group indicates that somitogenesis is much more sensitive to
Pofutl levels compared to other Notch-dependent processes
in the mouse embryo (Schuster-Gossler et al. 2009). This ob-
servation suggests that Fringe-dependent aspects of Notch
signaling require higher levels of Pofutl. Although loss of
Ofutl/Pofutl results in global loss of Notch signaling in both
flies and mice, there might be differences between the molec-
ular mechanisms of Notch pathway regulation by Pofutl in
flies and mice. In Pofutl mutant mouse embryos, Notchl
shows decreased cell surface expression and ER accumulation
(Okamura and Saga 2008) similar to what has been observed in
Ofutl mutant Drosophila cells and tissues (Okajima et al.
2005; Okajima, Reddy, et al. 2008). However, another report
indicates that the total level and cell surface expression of
Notch1-3 receptors are normal in Pofut! null mouse embryon-
ic stem (ES) cells, even though these cells fail to bind the
Notch ligands Jaggedl and Deltal and do not show ligand-in-
duced Notch signaling (Shi et al. 2005; Stahl et al. 2008). To
examine whether mouse Pofutl also plays a non-enzymatic
role similar to its Drosophila homolog, Stahl and colleagues
overexpressed an enzymatically inactive form of Pofutl in
Pofutl null ES cells and observed a partial rescue of ligand
binding and signaling. To test the specificity of this effect,
they overexpressed an enzymatically inactive form of an un-
related ER a-glucosidase in Pofut/ null cells and observed a
similar partial rescue of Notch signaling (Stahl et al. 2008).
These results cast doubt on the specificity of the observed
non-enzymatic activity of Pofutl in mouse ES cells and high-
light a potential difference between the ways Drosophila
Ofutl and mouse Pofutl may regulate Notch signaling.

Genetic manipulation of the glycosyltransferases involved in
the formation and elongation of O-linked fucose on Notch is
not the only experimental setting used to demonstrate the im-
portance of O-fucosylation in mammalian Notch signaling.
Indeed, studies on cell lines and mice deficient in the synthesis
of GDP-fucose have provided independent evidence for the
critical role played by O-linked fucose in the regulation of
Notch signaling in mammals (Stahl et al. 2008; Zhou et al.
2008). The Lecl13 CHO cells have a mutation in Gmd and
therefore lack GDP-fucose if cultured in the absence of fucose
(Stahl et al. 2008). Co-culture studies have indicated that
Lecl13 cells are defective in Delta- and Jagged-mediated Notch
signaling, despite having normal levels of Pofutl and surface
Notch expression (Stahl et al. 2008). Moreover, the Lowe
group has generated a mouse strain mutant for the Fx gene,
whose product functions downstream of the Gmd protein to
generate GDP-fucose (Figure 4) (Smith et al. 2002). In mice,
a salvage pathway for the generation of GDP-fucose from di-
etary fucose exists that does not depend on the functions of
Gmd and Fx (Smith et al. 2002). Because of this salvage path-
way, the Fx/~ strain has been used as an elegant model in
which the fucosylation of Notch and other proteins can be
abolished in a conditional and reversible manner (Smith et
al. 2002; Zhou et al. 2008; Liu et al. 2009). For example,
the Fx /" model has recently been used to show that the loss
of Notch fucosylation results in aberrant myleoproliferation
(Zhou et al. 2008) and intestinal secretory cell hyperplasia
(Waterhouse et al. 2010).
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Does elongation of O-linked fucose beyond the disaccharide
play a role in Notch signaling?

As mentioned above, the GlIcNAcp 1,3Fuc-O-S/T disaccharide
is further elongated via the sequential addition of galactose
and sialic acid residues (Figure 2). However, several lines
of evidence from Irvine and Haltiwanger labs indicate that
the disaccharide form is sufficient for the full activity of the
Notch receptor in flies. Drosophila homologs of p4GalTs—
the enzymes which add galactose to GlcNAc—are dispens-
able for normal development and do not seem to be
required for Notch signaling (Haines and Irvine 2005). In-
deed, in vitro reconstitution studies indicate that addition of
GlcNAc to the O-linked fucose is sufficient to explain the dif-
ferential effects of Fringe on the binding of Notch to its
ligands (Xu et al. 2007). Together, these observations demon-
strate that Drosophila Notch signaling does not depend on the
elongation of the O-fucose glycans on Notch beyond the
GIcNAcp1,3Fuc disaccharide.

Work from the Stanley lab indicates that at least in some
contexts, elongation of the GIcNAcP1,3Fuc disaccharide
might contribute to optimal Notch signaling in vertebrates, al-
though it does not seem to be an essential step in Notch
signaling in vivo. In CHO cells, p4GalT-1 is required to add
galactose to GIcNAcP 1,3Fuc-O-S/T disaccharides on Notchl
EGF-like repeats. Loss of p4GalT-1 blocks the modulatory ef-
fects of Fringe on Jaggedl-induced Notch signaling in these
cells, indicating that in CHO cells Fringe can only affect Notch
signaling if a galactose is added to the disaccharide generated
by sequential activities of Pofutl and Fringe on Notchl EGF-
like repeats (Chen et al. 2001). However, in E9.5 p4GalT-1-
null mutant embryos, the number and morphology of somites
are identical to their wild-type littermates, indicating that the
function of Lunatic fringe is not perturbed in the absence of
P4GalT-1 (Chen et al. 2006). The mutant embryos do exhibit
a mild increase in the number of lumbar vertebrac at E18.5, a
phenotype which might result from defective activation of Hox
gene expression due to decreased Notch signaling (Zakany et
al. 2001). It is possible that in mouse embryos, loss of p4GalT-
1 is compensated by other mammalian 34GalTs (Chen et al.
2000).

Drosophila Notch signaling depends on a protein
O-glucosyltransferase

More than 20 years ago, Hase and colleagues reported the pres-
ence of a trisaccharide containing two xyloses and an O-linked
glucose on the first EGF-like repeat of the bovine blood coag-
ulation factors VII and IX (Hase et al. 1988). Chemical
analysis determined the structure of the trisaccharide on factor
IX to be Xyl-al,3-Xyl-a1,3-Glc-p1-O-Serine (Hase et al.
1990). Subsequent studies identified Xyl-Glc disaccharide
and Xyl-Xyl-Glc trisaccharides on several other secreted pro-
teins including human factors VII and IX, human and bovine
protein Z and bovine Thrombospondin (Nishimura et al. 1989,
1992). By comparing the sequences of the confirmed O-gluco-
sylated EGF-like repeats, it was proposed that the O-linked
glucose consensus site is located between the first and second
cysteines of those EGF-like repeats harboring the C;—X-S—
X—P-C, consensus sequence (X represents any amino acid,
S is the glucosylated serine) (Figure 2) (Harris and Spellman



1993). Using database searches on this consensus sequence,
the Haltiwanger lab identified the Notch receptors as proteins
with the largest number of predicted O-glucosylation sites and
initiated a detailed biochemical analysis of O-glycans on the
mammalian Notchl proteins (Figure 3) (Moloney, Shair, et
al. 2000). Radioactive labeling experiments showed that en-
dogenous Notchl in CHO cells is O-glucosylated and that
the major form of the O-glucose glycans on Notchl is a trisac-
charide (Moloney, Shair, et al. 2000). Although the presence of
xylose residues was not formally shown by Moloney and col-
leagues in the O-linked trisaccahrides found on Notchl, a
recent report strongly suggests that the O-linked glucose on
Notchl is extended by two xylose residues (Bakker et al.
2009). Indeed, the identity of the trisaccharides on mouse
Notchl was recently confirmed to be Xyl-al,3-Xyl-al,3-
Glc-p1-O-Serine (Figure 2) (Whitworth et al. 2010).

An enzymatic activity able to covalently attach an O-linked
glucose to EGF-like repeats has been found in cell extracts
from a variety of metazoan cell and tissue extracts (Shao et
al. 2002). The invertebrate cell extracts were able to catalyze
the glucosylation of a vertebrate EGF-like repeat, indicating
the evolutionary conservation of this process (Shao et al.
2002). Also, the Hase group characterized two distinct enzy-
matic activities mediating the Xyl-to-Glc and Xyl-to-Xyl
linkages in a human cell line and purified the glucoside xylo-
syltransferase (GXyIT) activity from bovine liver (Minamida et
al. 1996; Omichi et al. 1997; Ishimizu et al. 2007). However,
none of the three enzymes responsible for the generation of this
trisaccharide was identified in these studies. On a functional
level, a serine-to-alanine mutation in the consensus O-glucosy-
lation motif of the recombinant human factor VII resulted in a
40% decrease in its clotting activity but did not alter its proteo-
lytic activity toward factors IX and X or its interaction with
tissue factor (Bjoern et al. 1991). The same mutation was also
reported to decrease the secretion of recombinant factor VII
from COS-7 cells by 50% (Bolt et al. 2007). In summary, de-
spite the evolutionary conservation of O-linked glucose and its
extended versions, until recently, the biological significance of
this posttranslational modification or the enzymes responsible
for it remained largely unknown.

Rumi: a protein O-glucosyltransferase required for Notch
signaling in flies

The first in vivo evidence for the functional importance of pro-
tein O-glucosylation came from identification of the gene
encoding the Drosophila protein O-glucosyltransferase, rumi,
in a collaborative effort between Drosophila geneticists and
glycobiologists (Acar et al. 2008). rumi mutations were isolat-
ed in a chemical mutagenesis screen for regulators of the Notch
pathway in Drosophila. Mutations in rumi result in a temper-
ature-sensitive loss of Notch signaling. When raised at 18°C,
rumi homozygous mutant animals are viable and only show
mild Notch signaling defects in certain developmental con-
texts. As the temperature at which the mutant animals grow
increases, the Notch pathway defects become more severe
and widespread. When raised at 28—30°C, rumi homozygous
animals do not reach adulthood. Furthermore, clonal analysis
shows that at 28—30°C, the phenotypes of rumi homozygous
tissues are equivalent to null phenotypes of Notch itself. These
data indicate that at the restrictive temperature, the function of
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Rumi is essential for Drosophila Notch signaling. Interestingly,
a small deletion that removes ~95% of the coding region of
rumi also displays temperature-sensitive phenotypes (Acar et
al. 2008). This observation demonstrates that the temperature
sensitivity of rumi mutants is not a characteristic of specific
missense alleles but is rather a quality of the step(s) during
the Notch signal transduction which Rumi regulates.

rumi encodes a soluble ER protein with a C-terminal ER-
recycling KDEL motif (Munro and Pelham 1987) and a
CAP10 domain. This domain takes its name from the
CAPI10 protein, one of the four capsule-associated proteins
(CAP10, CAPS9, CAP60, and CAP64) required for the syn-
thesis of the polysaccharide capsule and the virulence of the
pathogen Cryptococcus neoformans (Chang and Kwon-Chung
1999; Okabayashi et al. 2007). Although the biochemical
function of the CAP proteins is not known, both CAP10 and
CAP59 show homology to other cryptococcal glycosyltrans-
ferases (Sommer et al. 2003; Klutts et al. 2007). Moreover,
using sophisticated homology searches, Ponting and collea-
gues found similarity between the CAP10 domain and
glycosyltransferases from Bacillus anthracis and Synechocys-
tis sp. (Ponting et al. 2001). Together, these reports suggested
that Rumi might be a glycosyltransferase. Indeed, biochemical
experiments demonstrated that Rumi is able to catalyze the
transfer of a glucose residue from UDP-Glc to an EGF-like
repeat from human factor VII, which contains the consensus
O-glucosylation motif (Acar et al. 2008). As mentioned above,
Ofutl regulates Drosophila Notch signaling via both enzymat-
ic and non-enzymatic mechanisms (Okajima et al. 2005;
Sasamura et al. 2007; Okajima, Reddy, et al. 2008). However,
a point mutation in the CAP10 domain which abolishes the
Rumi enzymatic activity but does not alter its expression level
or stability also results in severe loss of Notch signaling (Acar
et al. 2008). This observation strongly suggests that the main
role of Rumi in Drosophila Notch signaling is mediated via its
enzymatic activity. Altogether, these experiments resulted in
the identification of a protein O-glucosyltransferase enzyme
and suggested that O-glucosylation of one or more of the
Notch pathway components is required for the regulation of
this pathway.

Out of the 36 EGF-like repeats present in the extracellular
domain of the Drosophila Notch, 18 contain the C;—X-S—
X—P-C, motif (Figure 3). One of the EGF-like repeats of
the ligand Delta has this motif, but none of the EGF-like re-
peats of the ligand Serrate is predicted to be O-glucosylated
(Figure 3). When overexpressed in rumi mutant clones, Delta
and Serrate are able to signal to their neighboring cells, suggest-
ing that the function of Rumi is not essential for the activity of
Notch ligands. However, loss of rumi fully suppresses the over-
expression phenotype of full-length Drosophila Notch (Acar
et al. 2008). Moreover, while the level of Delta and Serrate
are normal in rumi mutant clones, Notch protein accumulates
in rumi mutant tissues in a cell-autonomous manner. Finally,
RNAi-mediated knock-down of Rumi in a Drosophila cell line
results in a severe decrease in the level of O-linked glucose on
Notch (Acar et al. 2008). Altogether, these data strongly sug-
gest that the Notch protein itself is the biologically relevant
target of Rumi. It should be noted that the epistasis analysis be-
tween the Notch ligands and rumi has been performed in
overexpression studies. Therefore, it is possible that at endoge-
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nous levels, Delta signals better when it is O-glucosylated. Giv-
en the inherent limitations of overexpression studies—
especially when it comes to temperature-sensitive phenotypes
of dosage-sensitive genes like Notch and Delta—the proof for
the above notions will await in vivo structure—function analyses
on Notch and Delta at endogenous levels.

Potential molecular mechanism for temperature-sensitive
phenotypes of rumi mutants

How does the lack of glucose on Notch result in a temperature-
sensitive loss of signaling? In order for canonical Notch signal-
ing to occur, Notch needs to reach the plasma membrane, bind
the ligands and undergo proteolytic cleavages, so that the
Notch intracellular domain is released from the membrane to
enter the nucleus (Figure 1). Cell surface staining of Drosoph-
ila imaginal discs harboring rumi mutant clones raised at 28—
30°C with an antibody against the extracellular domain of
Notch indicates that high levels of Notch accumulate at the sur-
face of rumi-null clones, ruling out lack of cell surface
expression as the cause of rumi mutant phenotype (Acar et
al. 2008). Also, several lines of evidence suggest that a defect
in ligand binding cannot explain the temperature-sensitive loss
of Notch signaling in rumi clones: (1) a secreted hybrid protein
comprising the Notch extracellular domain and Alkaline phos-
phatase (N-AP) made in Rumi knock-down cells can bind
Delta as strongly as N-AP made in control cells; (2) overex-
pression of Delta or Serrate in cells adjacent to rumi mutant
cells in Drosophila tissues fails to induce signaling at high
temperatures; (3) the ligand-independent gain of Notch signal-
ing observed in mutant clones of the Drosophila tumor
suppressor gene lethal giant discs (Igd) can be fully suppressed
by simultaneous loss of rumi (Acar et al. 2008). However,
Western blots on protein extracts from Drosophila larval brains
and imaginal discs indicate a severe decrease in the Notch
cleavage products in rumi animals raised at 28—30°C (Acar
et al. 2008). Importantly, »umi mutations cannot suppress the
overexpression phenotypes of NEXT, a membrane-bound form
of Notch which is independent of the S2 cleavage but still re-
quires the S3 cleavage (Figure 1). Therefore, based on the
above data, we propose that the best explanation for the tem-
perature-sensitive phenotypes of rumi is that a critical step
between the ligand binding and the S2 cleavage of Notch re-
quires the function of Rumi.

A series of reports from the Blacklow lab has provided sig-
nificant insights into the role of the so-called negative
regulatory region (NRR) of Notch in preventing its proteolytic
S2 cleavage in the absence of ligands (Sanchez-Irizarry et al.
2004; Malecki et al. 2006; Gordon et al. 2007; Gordon, Roy, et
al. 2009). The NRR consists of three LNR motifs and a hetero
dimerization (HD) domain and resides between the EGF-like
repeats and the transmembrane domain of Notch (Figure 2).
The S2 cleavage site is normally buried in a hydrophobic in-
terface between the HD domain and the LNR motifs
(Figure 5). Therefore, in the absence of ligand, Notch is prote-
ase-resistant because the S2 cleavage site is not exposed
(Gordon et al. 2008). Ligand binding induces conformational
changes in the NRR region and results in disengagement of
LNR motifs and relaxation of the interaction between the N-
terminal and C-terminal parts of the HD domain (Gordon,
Roy, et al. 2009). Thereby, the S2 cleavage site becomes acces-
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sible to a disintegrin and metalloproteinase (ADAM) proteases,
rendering Notch protease-sensitive (Figure 5). Ligands bind to
the EGF-like repeat region of the Notch extracellular domain
(Xu et al. 2005). Therefore, in order for Notch to switch from
protease-resistant to protease-sensitive, the effects of ligand
binding should somehow be transmitted to the NRR. Genetic
and cell biological studies in Drosophila and mammalian cell
culture systems suggest that endocytosis of the Notch-bound
ligand into the signal-sending cell exerts a pulling force on
the Notch extracellular domain and thereby allows the protease
cleavage and activation of Notch to occur (Figure 5) (Parks et
al. 2000; Nichols et al. 2007; Windler and Bilder 2010). Since
Rumi glycosylates the EGF-like repeats of Notch, one way to
explain the rumi phenotype is that when rumi mutants are
raised at high temperature, the “unglucosylated” extracellular
domain of Notch undergoes conformational changes which
are still compatible with ligand binding but do not allow the
transmission of the pulling force from the ligand binding do-
main to the NRR. We should also note that even though the
above-mentioned data argue against a defect in Notch—ligand
binding as the underlying mechanism for temperature-sensitive
phenotypes of rumi (Acar et al. 2008), it is still possible that at
endogenous levels of these proteins in vivo, the Notch—ligand
binding is not strong enough to ensure the transmission of the
endocytosis-generated pulling force to the NRR.

An alternative, but not mutually exclusive, explanation for
the temperature-sensitive phenotypes of rumi comes from the
possible role of inter- or intramolecular interactions of the
Notch receptors in regulating the signaling (Xu et al. 2005;
Pei and Baker 2008). A recent study by the Baker group
showed that a fragment of Notch containing EGF-like repeats
11-20 bound another fragment of Notch containing EGF-like
repeats 21-30 with a strength comparable to that between
EGF-like repeats 11-20 and Delta (Pei and Baker 2008). Work
from the Downing and Handford groups indicates that when
neighboring EGF-like repeats are both Ca'"-binding, they
form a rigid, rod-like structure and that non-Ca' " -binding
EGF-like repeats can form flexible links with their neighboring
EGF-like repeats (Downing et al. 1996; Hambleton et al.
2004). The distribution of the non-Ca"" binding EGF-like re-
peats of Notch suggests that the Ca™-binding EGF-like repeats
11-21 might form a rigid structure flanked by flexible links
with non-Ca""-binding EGF-like repeats 10 and 22 (Figure 3)
(Xu et al. 2005). Accordingly, it is possible that interaction be-
tween regions containing EGF11-20 and EGF21-30 of the
same Notch molecule or other Notch molecules contributes to
the stability of Notch in a protease-resistant conformation and/
or its proper response to ligand binding. Given that the majority
of EGF-like repeats in the 11-21 region are Rumi targets
(Figure 3), loss of Rumi might affect the intra- or intermolecular
Notch—Notch interactions and therefore result in a temperature-
sensitive phenotype. Although speculative in nature, this model
could potentially explain how ligand-independent activation of
Notch in /gd mutants can be suppressed by rumi mutations
(Acar et al. 2008).

As mentioned previously, Fringe proteins add a GIcNAc res-
idue to the O-linked fucose and thereby regulate Notch
signaling in some contexts. It is therefore reasonable to hypoth-
esize that addition of xylose residues to O-linked glucose might
also have a modulatory effect on Notch signaling. The Bakker
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Fig. 5. Ligand endocytosis makes Notch sensitive to the S2 proteolytic cleavage. The negative regulatory region (NRR) consists of the LNR motifs (green ovals)
and the N-terminal and C-terminal parts of the heterodimerization domain (HD). At the cell membrane, the S2 cleavage site (orange circle) is buried in a cleft in the
C-terminal part of the HD domain (yellow). A loop between the first two LNR motifs functions as a plug to ensure that the ADAM protease cannot gain access to
the S2 cleavage site (Gordon et al. 2007). Binding of ligand from the neighboring signal-sending cell to the Notch receptor and endocytosis of the Notch-bound
ligand into the signal-sending cell lead to the disengagement of the LNR motifs from the HD domain and relaxation of the interaction between the C-terminal and
N-terminal parts of the HD domain. As a result, the S2 cleavage site is exposed, and Notch becomes a substrate for cleavage by the ADAM protease. The force
generated by ligand endocytosis is thought to cause the above-mentioned conformational changes in the extracellular domain of Notch, but it is also possible that
allosteric changes—independent of force—are involved (Gordon et al. 2008). The folds drawn in the Notch ECD are based on the reports that the linkage between
non-Ca*"-binding EGF-like repeats and their neighboring EGF-like repeats can be flexible, whereas the linkage between two Ca**-binding EGF-like repeats is rigid
(Downing et al. 1996; Hambleton et al. 2004; Irvine 2008). See Figure 3 for the distribution of Ca'*-binding EGF-like repeats in Notch receptors. Although not

shown in this schematic, the three-dimensional structure of the Notch ECD might also change upon ligand binding and endocytosis.

group recently reported the identification and biochemical char-
acterization of two human glucoside xylosyltransferases
(GXylT1 and GXylT2) capable of adding a xylose residue to
O-glucose (Figure 2) (Sethi et al. 2010). It would be interesting
to examine whether these enzymes or their Drosophila homo-
log play a role in Notch signaling.

Is the function of Rumi conserved?

As mentioned above, mouse Notchl is decorated with many O-
linked glucose residues (Shao et al. 2002). As shown in
Figure 3, all four human Notch receptors contain numerous
predicted O-glucosylation sites. Moreover, several C;—X—-S—
X—P—-C, motifs are found in each human ligand, except for
Delta-like3 (Figure 3). Therefore, given the evolutionary con-
servation of many aspects of Notch pathway regulation
between flies and mammals (Fortini 2009; Kopan and Ilagan
2009), it is possible that Rumi homologs also regulate mamma-
lian Notch signaling. Database searches indicate that mouse
and human genomes contain three genes predicted to encode
soluble, ER-recycling proteins with a CAP10 domain:
CAP10-like protein 46 kDa (CLP46; also called KTELCI),
KDEL-containing 1 (KDELCI; also called ER protein 58 or
EP58) and KDELC2. CLP46 cDNA was originally isolated

from CD34+ hematopoietic stem/progenitor cells obtained
from myelodysplastic syndrome patients who had entered the
leukemic phase of the disease (Teng et al. 2006) and was re-
cently reported to be overexpressed in peripheral blood cells of
acute myeloblastic leukemia and T-cell acute lymphoblastic
leukemia patients and in several leukemic cell lines (Wang et
al. 2010). KDELC! and CLP46 are broadly expressed in mam-
malian tissues (Kimata et al. 2000; Teng et al. 2006). Tagged
versions of both proteins were shown to be localized to the ER
upon overexpression in COS-7 cells (Kimata et al. 2000; Teng
et al. 2006). However, biochemical and physiological functions
of these proteins have not been reported yet. Preliminary data
from our group and the Haltiwanger lab suggest that the func-
tion of Rumi might indeed be conserved. Further biochemical,
cell culture and in vivo studies are needed to establish whether
O-glucosylation is required for mammalian Notch signaling.

Nucleotide-sugar transporters and the regulation of Notch
pathway

Glycosylation of Notch in ER and Golgi requires nucleotide
sugars as substrates for the glycosyltransferases. Most nucleo-
tide sugars are synthesized in the cytosol and transported into
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Table II. Substrate specificity of the Drosophila NSTs involved in the Notch pathway

NST (subcellular localization)

Substrate(s)

Frc (Golgi)
Gfr (Golgi)
Efr (ER)

UDP-GIcNAC™®, UDP-GlcA™, UDP-GaINAc?, UDP-Gal®, UDP-Glc* , UDP-XylI”
GDP-Fuc®
GDP-Fuc?, UDP-GlcNAc?, UDP-Xyl®

aGoto et al. (2001).
®Selva et al. (2001).
“Ishikawa et al. (2005).
9Ishikawa et al. (2010).

the lumen of ER and the Golgi apparatus by nucleotide-sugar
transporters (NSTs) (Kawakita et al. 1998; Liu et al. 2010).
Given the crucial roles that glycosylation plays in various as-
pects of Notch pathway regulation, at least some NSTs should
be required for Notch signaling. Indeed, genetic studies in Dro-
sophila have led to the identification of three NSTs involved in
Notch signaling: the Golgi GDP-fucose transporter (Gfr)
(Ishikawa et al. 2005), the ER GDP-fucose transporter (Efr)
(Ishikawa et al. 2010) and fringe connection (frc), which en-
codes an NST involved in the regulation of several important
signaling pathways, including the Notch pathway (Goto et al.
2001; Selva et al. 2001).

Fringe connection is an NST with broad substrate specificity
and biological roles

Mutations in frc were identified in two independent genetic
screens in flies (Goto et al. 2001; Selva et al. 2001). Removal
of the maternal and zygotic components of frc in Drosophila
embryos results in phenotypes compatible with loss of fibro-
blast growth factor (FGF) signaling and also an impairment
in the positive feedback loop between Wingless and Hedgehog
signaling pathways (Selva et al. 2001). These embryos also
show an overproliferation of neural tissue at the expense of
epidermal cells (Goto et al. 2001), a phenotype usually ob-
served in Notch pathway mutants. Furthermore, loss of fic
results in impaired Notch signaling in a variety of postembry-
onic developmental contexts, including wing margin and eye
and leg development (Goto et al. 2001; Selva et al. 2001). In-
terestingly, many—but not all—of the Notch-related fic
phenotypes resemble the fringe mutant phenotypes. Moreover,
in the context of external mechanosensory organ formation in
adult flies, removing one copy of frc strongly enhances the
mild haploinsufficient phenotype of fringe (Goto et al. 2001;
Selva et al. 2001). These observations strongly suggest that
the function of Frc is required for proper glycosylation of
Notch by Fringe.

Transport assays in a yeast cell-free system indicate that Frc
has rather broad substrate specificity toward UDP-sugars and is
able to mediate the transport of UDP-GalNAc, UDP-GIcA,
UDP-Gal, UDP-Glc and UDP-GIcNAc into the lumen of mi-
crosomes (Table II) (Goto et al. 2001). A similar transport
assay using Leishmania microsomal vesicles shows that Frc
can serve as a transporter for UDP-GIcNAc, UDP-GIcA and
UDP-Xyl (but not for UDP-Glc and UDP-Gal) (Selva et al.
2001). Homologs of Frc in human (hFrcl and UGTrel7/
SLC35D1) and C. elegans (Sqv-7) are also able to function
as a transporter for various UDP-sugars (Suda et al. 2004; Hir-
aoka et al. 2007), although the substrate specificities of these
homologous proteins are not identical.
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Several of the UDP-sugars transported by Frc (UDP-Xyl,
UDP-GIcA and UDP-GIcNAc) are required for the formation
and elongation of the heparan sulfate proteoglycans (HSPGs).
Moreover, genetic experiments in Drosophila have demon-
strated a critical role for HSPGs in Wingless, Hedgehog
and FGF signaling (Hacker et al. 2005). Finally, altering
the level of Frc in Drosophila embryos or the level of its hu-
man homolog hFrcl in a human cell line affects the
expression of HSPGs (Selva et al. 2001; Suda et al. 2004).
These observations strongly suggest that defects in HSPG
biosynthesis underlie the impairments of FGF and Wing-
less/Hedgehog signaling pathways in frc mutants. As
mentioned above, Fringe proteins add GlcNAc to the O-
linked fucose on some Notch EGF-like repeats and thereby
regulate both Drosophila and mammalian Notch signaling
in some contexts (Rampal et al. 2007). The Golgi localization
of Frc (Goto et al. 2001), its ability to transport UDP-GIcNAc
into the secretory pathway (Goto et al. 2001; Selva et al.
2001), the similarity between many of the frc phenotypes
and the fringe phenotypes, and the synergistic, dosage-sensi-
tive interaction between frc and fringe mutants strongly
suggest that Frc regulates Notch signaling primarily by pro-
viding the UDP-GlcNAc substrate required for the
modification of the Notch receptor by Fringe. Interestingly,
a recessive mutation in the bovine gene Slc35a3 results in
a cattle disease called Complex Vertebral Malformation,
which is characterized by multiple axial skeleton defects
and other deformities in calves (Thomsen et al. 2006). Since
this gene encodes a Golgi-resident UDP-GIcNAc transporter
and because mutations in some Notch pathway components
(including Lunatic fringe) result in axial skeletal defects in
mice and human (Table I) (Evrard et al. 1998; Zhang and
Gridley 1998), it is possible that defects in Notch glycosyla-
tion due to decreased levels of UDP-GIcNAc in the Golgi
play a causative role in the pathophysiology of this disease
(Thomsen et al. 2006).

It is important to note that ~30% of the embryos lacking
both maternal and zygotic fic exhibit a classic neurogenic phe-
notype, which indicates an impairment in the Notch-mediated
lateral inhibition process in the embryonic nervous system.
fringe mutants do not affect the lateral inhibition process
(Haines and Irvine 2003). Therefore, another glycosylation
event involved in the regulation of Notch signaling must
rely on the transport of substrate sugar-nucleotides by Frc
(Table II). A review of the literature suggests at least five
potential mechanisms to explain the neurogenic phenotype
of frc mutants: (1) Even though Frc is localized to the Golgi
membrane, it might also provide UDP-Glc or UDP-Xyl for
the ER glycosyltransferases via retrograde transport from



Golgi, similar to what has recently been shown for GDP-fucose
(Ishikawa et al. 2010). Therefore, Frc might be required for the
addition of O-glucose to Notch by Rumi or its elongation by
GxylT. We note, however, that unlike frc mutants, rumi mutant
cells show a strong accumulation of the Notch receptor both in-
tracellularly and at the cell surface. (2) RNAi-mediated knock-
down of heparan sulfate 3-O sulfotransferase-B in flies results in
loss of Notch signaling in various developmental contexts (Ka-
mimura et al. 2004), suggesting that HSPGs might regulate
Notch signaling. As mentioned above, the level of HSPGs is
controlled by Frc. Accordingly, the Fringe-independent pheno-
types of frc mutants might result from defects in HSPG
biosynthesis. (3) Mutations in the Golgi glycosyltransferases
brainiac and egghead result in neurogenic phenotypes in Dro-
sophila embryos (Goode et al. 1992, 1996). Brainiac is a
3GlcNAc-transferase, which uses UDP-GIcNAc to catalyze
an early step in glycosphingolipid (GSL) synthesis and is essen-
tial for GSL biosynthesis in flies (Schwientek et al. 2002;
Wandall et al. 2005). Accordingly, it has been proposed that
GSLs might be involved in Notch pathway regulation. Schweis-
guth and colleagues have recently reported that Drosophila
Notch signaling is sensitive to the level of the N5 GSL at the
membrane (Hamel et al. 2010). Therefore, defects in GSL syn-
thesis due to a decrease in UDP-GlcNAc pool in the Golgi might
contribute to the neurogenic phenotype observed in fic mutants.
(4) Even though embryos lacking complex and hybrid N-gly-
cans do not appear similar to embryos with impaired Notch
signaling (Stanley 2007), milder Notch pathway defects have
not been ruled out in these mutants. Biochemical and cell culture
studies indicate that the mammalian Nicastrin protein needs to
be decorated with mature N-linked glycans in order to partici-
pate in the active y-secretase complex (Kimberly et al. 2002;
Tomita et al. 2002). Therefore, a decrease in the ER/Golgi levels
of UDP-GlcNAc, UDP-Glc and UDP-Gal in frc mutants could
potentially affect Notch signaling by altering the N-glycosyla-
tion of the Notch pathway components. (5) Okajima and
colleagues recently reported that several EGF-like repeats of
the Drosophila Notch and at least one EGF-like repeat of Delta
contain an O-linked GIcNAc on conserved serine/threonines be-
tween cysteines Cs and Cg (Figure 2) (Matsuura et al. 2008). If
future work establishes functional importance for this unusual
glycosylation, a loss or decrease in the level of O-GlcNAc on
Notch can provide an alternative explanation for Fringe-inde-
pendent phenotypes of frc. Of note, one of the Notchl
missense mutations identified in patients with bicuspid aortic
valve (T596A) alters a threonine in EGF-like repeat 15 predicted
to be O-GlcNAcylated (Mohamed et al. 20006).

ER- and Golgi-resident GDP-fucose transporters play a
partially redundant role in Notch signaling

Further insight into the role of NSTs in the regulation of Notch
pathway comes from biochemical and genetic analyses of two
Drosophila GDP-fucose transporters by the Matsuno lab: Gfr-
(localized to the Golgi) (Ishikawa et al. 2005) and Efir (local-
ized to the ER) (Ishikawa et al. 2010). Mutations in the human
homolog of Gfir (SLC35C1) cause congenital disorders of gly-
cosylation (CDG) Type Ilc, which is characterized by slowed
growth, mild dysmorphism, mental retardation and immunode-
ficiency (Lubke et al. 2001; Luhn et al. 2001). Loss of Slc35¢1
in mice phenocopies some of the phenotypes observed in CDG
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Ic patients (Hellbusch et al. 2007). Flies homozygous for null
alleles of Gfi are viable but show a cold-sensitive loss of wing
margin (Ishikawa et al. 2005). Moreover, Gfir mutants exhibit
genetic interaction with several genes involved in the Notch
pathway. Gfr transports GDP-fucose into the lumen of Golgi
(Ishikawa et al. 2005). Therefore, decreased Gfr function could
affect O-linked fucosylation of proteins like Notch and/or ter-
minal fucosylation of N-linked glycans. In Drosophila, loss of
Gfr resulted in a severe decrease in terminal fucosylation of N-
linked glycans on larval proteins, including the Notch receptor.
Moreover, at restrictive temperature, Gf mutants suppressed
the gain-of-function phenotype resulting from Fringe overex-
pression, strongly suggesting a decrease in the level of
O-linked fucose on Notch (Ishikawa et al. 2005). These obser-
vations indicate that loss of Gfi decreases the activity of the
Notch pathway by reducing the supply of GDP-fucose in the
secretory pathway.

As mentioned above, Gfr-null mutant flies are viable. Since
Ofutl is essential for Notch signaling and animal viability, an-
other GDP-fucose transporter must compensate for the loss of
Gfr in flies. Given that Pofutl/Ofutl is a soluble ER protein,
the alternative GDP-fucose transporter is predicted to reside in
the ER membrane (Luo and Haltiwanger 2005; Okajima et al.
2005). Indeed, the Matsuno group has recently reported the
identification and characterization of an ER GDP-fucose trans-
porter, Efr (Figure 4) (Ishikawa et al. 2010). Unlike Gft, which
is fairly selective to GDP-fucose, biochemical assays indicate
that Efr is able to transport GDP-fucose, UDP-GIcNAc and
UDP-xylose (but not CMP-mannose or UDP-glucose) (Table
I1). Null alleles of Efi- are homozygous lethal. Genetic experi-
ments indicate that Efr and Gfr together provide the GDP-
fucose required for the O-fucosylation of Notch by Ofutl
and that the weak phenotypes of Gfr are due to compensation
by Eft. Indeed, even at 25°C—which is permissive for Gfi- mu-
tations—Efr, Gfrr double-mutant animals completely lose the
expression of the Notch downstream target Wingless in the
wing margin (Ishikawa et al. 2010). Furthermore, the gain-
of-function phenotype caused by Fringe overexpression is fully
suppressed in Efr; Gfi double-mutant imaginal discs (Ishikawa
et al. 2010). Since the function of Fringe is strictly dependent
on the presence of O-linked fucose on Notch (Sasamura et al.
2003), these observations indicate a lack of Notch O-fucosyla-
tion in the absence of both Efr and Gfr. Moreover, in these
assays, Efr; Gfr double mutants behave identically to animals
mutant for gmd, which is essential for GDP-fucose synthesis in
flies (Okajima et al. 2005; Sasamura et al. 2007). Altogether,
these results indicate that Efr and Gfr play a redundant role in
the transport of GDP-fucose into the secretory pathway and in
the regulation of those aspects of the Notch signaling pathway
which depend on the presence of O-linked fucose on Notch.

Efr and Gfr only show 10% sequence identity. Interestingly,
analysis of null mutations in another Drosophila NST with sig-
nificantly higher sequence similarity to Gfr, CG14971, does
not show any role for this protein in GDP-fucose transport
(Ishikawa et al. 2010). This provides further evidence for the
notion that the primary sequence of NSTs has a limited predic-
tive value for their substrate specificities (Berninsone and
Hirschberg 2000). The observation that a Golgi NST (Gfr) is
required for the function of an ER glycosyltransferase (Ofutl)
suggests that retrograde vesicular transport from Golgi to the
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ER might be involved in the transport of sugar-nucleotides
(Figure 4).

The Gfr phenotypes in flies can be rescued by transgenic
expression of the human SLC35C/ (Ishikawa et al. 2005). Al-
so, ShARNA-mediated knock-down of mouse Gfr results in a
significant decrease in Notch pathway activation in C2C12
mouse myoblast cells (Ishikawa et al. 2005). These observa-
tions indicate functional conservation between Gfr and its
mammalian homologs and suggest that a reduction in Notch
signaling might underlie some of the abnormalities observed
in CDG Ilc patients. It is worth mentioning though that bio-
chemical experiments on a fibroblast cell line established
from a CDG Ilc patient showed a severe decrease in the bulk
addition of terminal fucose to N-glycans but no changes in the
level of O-linked saccharides containing fucose (Sturla et al.
2003). Specifically, the level of Notchl O-fucosylation seemed
similar in CDG and control fibroblasts. Accordingly, it was
suggested that at least in some CDG Ilc patients, a decrease
in terminal fucosylation of N-glycans but not a decrease in
O-linked fucosylation of proteins is probably responsible for
the disease phenotypes (Sturla et al. 2003).

There are at least 17 human proteins in the solute carrier
family SLC35—which comprises NSTs—with homologs in
other vertebrate and invertebrate species (Ishida and Kawakita
2004). Even though Gftr, Efr and Frc are so far the only NSTs
for which an important role in the Notch pathway has been re-
ported, it is possible that other NSTs are also involved in the
regulation of this pathway. As suggested by the analysis of Gfr
and Efr mutants, redundancy between various NSTs might
complicate the analysis of single gene NST mutants in the reg-
ulation of the Notch pathway. Nevertheless, the observation
that loss of one copy of frc results in a significant enhancement
of the heterozygous phenotypes of several Notch pathway
components strongly suggests that at least in Drosophila,
Notch signaling is sensitive to the level of UDP-sugars in the
secretory pathway and that altering the level of these sugar do-
nors in the Golgi (and possibly ER) can change the efficiency
of Notch glycosylation and signaling.

Conclusions

“Look what a grain of sugar does to my intoxicated
soul!”—Rumi (translated from Persian)

Starting with two landmark reports on the glycosyltransfer-
ase activity of Fringe (Bruckner et al. 2000; Moloney, Panin, et
al. 2000), the body of evidence published during the last de-
cade on the glycobiology of Notch leaves no doubt that
glycosylation of the Notch receptors is a critical mechanism
for regulation of this pathway in animals. Genetic studies in
model organisms combined with biochemical experiments
have shown that lack of O-linked glycans can have profound
effects on the activity of the Notch pathway and the develop-
ment of organisms. However, analysis of the effects of
abolishing O-fucosylation sites and loss of Pofutl in several
animal and cellular models has started to show that, although
the role of O-fucose glycans in Notch pathway is evolutionari-
ly conserved, the way these carbohydrates regulate Notch at
molecular and cellular levels might not always be similar be-
tween invertebrates and vertebrates (Lei et al. 2003; Okajima
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et al. 2005; Rampal, Arboleda-Velasquez, et al. 2005; Ge and
Stanley 2008; Stahl et al. 2008). Many important questions
remain unanswered. Controversy in the cell biological mechan-
isms of Notch modulation by O-fucose and its elongated forms
still exists, even between reports studying the same model or-
ganism (Hicks et al. 2000; Shimizu et al. 2001; Okajima et al.
2005; Sasaki et al. 2007; Sasamura et al. 2007; Okajima,
Reddy, et al. 2008; Okamura and Saga 2008; Stahl et al.
2008). Most of the analysis on the profile of carbohydrates
on Notch has been performed on Notch fragments overex-
pressed in cell lines. Therefore, the glycosylation pattern of
the full-length Notch expressed at endogenous levels needs
to be analyzed. What’s more, the level of occupancy of various
predicted O-fucosylation and O-glucosylation sites on different
Notch receptors has not been explored in vivo, and little is
known about tissue- or cell type-specific variations in the dis-
tribution of O-linked glycans on Notch proteins. The effects of
addition and elongation of O-linked carbohydrates on the
three-dimensional structure of Notch EGF-like repeats in isola-
tion or in the context of the full-length Notch is not clear. The
recent identification of several novel glycosyltransferases that
modify Notch provides new avenues for studying the glyco-
biology of this pathway (Acar et al. 2008; Sethi et al. 2010). It
is not known how O-linked glucose regulates fly Notch sig-
naling, whether it is evolutionarily conserved and whether its
elongation plays a context-specific role in the pathway (like
the addition of GIcNAc to O-fucose by Fringe). These and
other questions will keep those of us interested in studying
the glycobiology of Notch busy for the next few years. We
anticipate that collaboration among geneticists, biochemists
and structural biologists will continue to push this exciting
field forward.
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