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Notch signaling is essential for cell-fate specification in metazoans, and dysregulation of the pathway
leads to a variety of human diseases including heart and vascular defects as well as cancer. Glycosylation
of the Notch extracellular domain has emerged as an elegant means for regulating Notch activity,
especially since the discovery that Fringe is a glycosyltransferase that modifies O-fucose in 2000. Since
then, several other O-glycans on the extracellular domain have been demonstrated to modulate Notch
activity. Here we will describe recent results on the molecular mechanisms by which Fringe modulates
Notch activity, summarize recent work on how O-glucose, O-GlcNAc, and O-GalNAc glycans affect Notch,
and discuss several human genetic disorders resulting from defects in Notch glycosylation.
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1. Introduction

Notch signaling is an evolutionarily conserved signaling
pathway that is required for proper development and homeostasis
[1–4]. Mutations of Notch receptors and the other components of
this signaling pathway lead to congenital disorders such as Alagille
syndrome and Spondylocostal dysostosis, and adult onset diseases
such as CADASIL [5,6]. Activating and inactivating mutations in
Notch result in a variety of hematopoietic and solid tumors,
indicating that Notch can function as a tumor suppressor or tumor
promoter depending on context [7]. As a result, Notch signaling has
emerged as molecular target of a variety of cancers [6,8–10]. Thus,
a thorough understanding of this pathway and how it is regulated
will contribute to advancement of basic biology as well as medical
science.

The basic molecular structure of the Notch receptors and
ligands is well-conserved from flies to humans (Fig. 1) [2,11]. Both
receptors and ligands are type-I transmembrane proteins
expressed at the plasma membrane. Ligand binding to the Notch
extracellular domain (NECD) triggers receptor activation by
inducing a conformational change of the negative regulatory
region (NRR) [12–14]. This conformational change exposes site 2
(S2) that is cleaved by ADAM10/17 metalloproteases, followed by
an S3 cleavage catalyzed by the c-secretase complex. These
successive cleavages result in liberation of the Notch intracellular
domain (NICD) that moves into the nucleus and regulates
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Fig. 1. Potential glycosylation on mouse Notch1. Mouse Notch1 is a heterodimer where the NECD is bound non-covalently to the transmembrane-intracellular domain
(shown for the top diagram, not drawn to scale). The positions of the S2 and S3 protease cleavage sites are shown. The NICD is released upon cleavage at S3. The NECD of
mouse Notch1 consists of 36 EGF repeats (ovals) and 3 Lin12-Notch repeats (LNR, open rectangles). EGF repeats 11–12 are the ligand binding domain (LBD). EGF repeats
containing the consensus sequence for O-Fucose (red), O-Glucose (blue), or O-GlcNAc (green) are shown. EGF repeats with any of these O-glycans are shown in different colors
according to whether they have one, two or three potential O-glycan modifications. Ca-binding EGF repeats are shown in black. O-GalNAc glycans may exist near the
ADAM10/17-cleavage site 2 (S2) and thereby regulate a subsequent cleavage by c-secretase complex at S3 within the transmembrane.
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transcriptional activation of Notch target genes. Notch receptor
activation is regulated at multiple steps to ensure its specificity
and robustness.

Since obtaining the sequence of the Notch receptor in 1985
[15], the presence of multiple tandem epidermal growth
factor-like (EGF) repeats in the NECD has been a mystery. Recent
evidence points to significance of the NECD for robustness and
paralog-specificity in Notch signaling [16]. The number of EGF
repeats are different among Notch paralogs: Drosophila has a
single Notch receptor with 36 EGF repeats, while humans have
four Notch receptors, designated as NOTCH1–4. Both NOTCH1
and NOTCH2 have 36 EGF repeats while NOTCH3 and NOTCH4
have 34 and 29 EGF repeats, respectively [2]. Early work suggested
that the 11th and 12th EGF repeats of Drosophila Notch are
necessary and sufficient for ligand binding and Notch activation
[17], and recent mutagenesis work has revealed specific amino
acids in EGF12 involved in ligand binding [18]. Other regions of
the NECD have also been implicated in ligand binding [19–22].
Endocytosis of the NECD-bound ligand into the signal sending
cells generates a pulling force that relaxes the closed conforma-
tion of the NRR, which leads to the exposure of the S2 cleavage
sites [12,23–25]. Thus, the NECD somehow links the binding of
ligand and the pulling force generated from endocytosis of ligand
to an alteration in the conformation of the NRR. How the NECD
does this is unknown, but glycosylation of NECD has been impli-
cated both in ligand binding and in linking ligand binding to
proteolysis.
Table 1
Mammalian glycosyltransferases that preferentially modify EGF repeats.

Gene Acceptor substrate Donor substrat

POFUT1/Ofut1 EGF GDP-Fuc
Lunatic fringe Fuc-EGF UDP-GlcNAc
Manic fringe Fuc-EGF UDP-GlcNAc
Radical fringe Fuc-EGF UDP-GlcNAc
POGLUT1/Rumi EGF UDP-Glc UDP-X
GXYLT1 Glc-EGF UDP-Xyl
GXYLT2 Glc-EGF UDP-Xyl
XXYLT1 Xyl-Glc-EGF UDP-Xyl
EOGT1 EGF UDP-GlcNAc

a POGLUT1/Rumi can utilize UDP-Xyl when acceptor substrates have a diserine-motif
b Fringe activates Notch signaling from Delta ligands, but typically inhibits signaling
2. Types of glycosylation as post-translational modifications of
Notch

The NECD is modified with different types of carbohydrates
including asparagine-linked N-glycans and several serine- or thre-
onine-linked O-glycans (Fig. 1). O-Glycans are classified by types of
monosaccharides that are directly attached to serine or threonine
residues of proteins. O-Glycans observed on the EGF repeats of
the NECD include O-fucose [26], O-glucose [26], O-GlcNAc
(N-acetylglucosamine) [27], and O-xylose [28]. Recently, conven-
tional mucin-type O-GalNAc glycans were described in the NECD,
although not modifying the EGF repeats [29]. Modification of
Notch proteins by glycosylation occurs during transit through the
endoplasmic reticulum (ER) and Golgi apparatus where the
glycosylation machinery (glycosyltransferases) work just like an
assembly line, adding glycans in a progressive manner. In this
section, we will review our current knowledge of carbohydrate
structures and their roles for Notch activation based on existing
biochemical and genetic evidence.

2.1. O-Glycan modifications of NECD EGF repeats

There are nine different glycosyltransferases that preferentially
modify properly folded EGF repeats with O-glycans (Table 1). A sin-
gle EGF repeat contains six cysteine residues that form three disul-
fide bonds in a distinct pattern, C1–C3, C2–C4, and C5–C6 where C1

indicates the first cysteine in a primary sequence [30]. EGF repeats
e Subcellular localization Effect on Notch

ER Essential
Golgi Notch activationb

Golgi Notch activationb

Golgi Notch activationb

yla ER Essential
Unknown Inhibitory
Unknown Inhibitory
ER Inhibitory
ER ?

(C-X-S-S-P/A-C) within the O-glucose consensus sequence [28].
from Serrate/Jagged ligands.
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in the NECD are linked by a short spacer (5–7 amino acids)
between C6 of one EGF repeat and C1 of the next. The last four
amino acids of this spacer region and a part of the EGF repeat
can coordinate a calcium ion depending on their amino acid
sequences [31]. Many EGF repeats in NECD are predicted to bind
calcium (Fig. 1), and these sites are highly conserved in Notch
receptors across species [19]. Bound calcium ions are thought to
enhance the rigidity of tandemly connected EGF repeats, and
possibly the stability of individual EGF repeats [31].

2.1.1. O-Fucose
O-Fucose glycans were originally described as amino acid fuco-

sides isolated from human urine in 1975 [32] and then were found
on EGF repeats from urokinase plasminogen activator (PA), tissue-
type PA, several blood coagulation factors, and Notch [26,33,34].
The fully extended structures of O-fucose glycans differ among
species [26,35]. O-Fucose monosaccharides are elongated to a
GlcNAcb1-3Fuc disaccharide by the action of N-acetylglucosami-
nyltransferase Fringe in Drosophila. The disaccharide can be further
elongated to the tetrasaccharide, Neu5Aca2-3/6Galb1-4GlcNAcb1-
3Fuc, by the sequential action of several glycosyltransferases in
mammals. O-Fucosylation occurs on distinct serine or threonine
residues within the consensus sequence C2-X-X-X-X-(S/T)-C3

(where X is any amino acid). While database searches identify over
100 proteins containing EGF repeats with this consensus sequence
[36], the Notch family of receptors has more O-fucose consensus
sites than any other protein (Fig. 1).

Fringe was originally named because mutants result in tissue
loss of the edge, or ‘‘fringe’’ of fly wings, a Notch-like phenotype
[37]. Subsequent work demonstrated that Fringe is a modulator
of Notch activity [38]. Three Fringe homologs exist in mammals:
Lunatic fringe, Manic fringe, and Radical fringe [39,40]. Demon-
strating that Fringe modulates Notch activation through elongating
O-fucose with a b3-linked GlcNAc provided a clear example of how
altering glycan structures on a receptor could regulate a signaling
pathway [41,42]. However, we and the others are still working to
understand how changes in O-fucose structure regulate Notch sig-
naling. We recently reviewed our knowledge about the significance
of O-fucosylation and Fringe for Notch signaling [43,44]. In this
article, we summarize these points briefly and emphasize more
recent data.

Protein O-fucosyltransferase-1 (designated as Pofut1 in
mammals and Ofut1 in Drosophila) solely catalyzes the addition
of O-fucose to EGF repeats. The gene encoding mammalian Pofut1
was identified by conventional protein purification and molecular
cloning [45]. Unlike the other known fucosyltransferases, Pofut1
is a soluble protein with a C-terminal KDEL-like ER retention sig-
nal, suggesting that O-fucosylation of EGF repeats by Pofut1 occurs
in the ER [46]. Pofut1 transfers fucose from GDP-fucose to properly
folded EGF repeats containing the O-fucose consensus sequence
[47,48]. Gene-targeted elimination of Pofut1 in mice results in
embryonic lethality with Notch-like phenotypes that are similar
to those in mice lacking core components of Notch signaling like
RBP-Jk [49]. Since the Pofut1 null phenotype is more severe than
that of mice lacking individual Notch paralogs, O-fucosylation by
Pofut1 is thought to be involved in proper function of all Notch
paralogs. RNAi-mediated knockdown of Ofut1 showed that Ofut1
is cell-autonomously required for proper Notch function in
Drosophila [50]. Identification of a mutation in Ofut1, neurotic,
supported this notion [51]. These data indicate the essential nature
of Pofut1 for function of Notch receptors.

Fringe-mediated elongation of O-fucose glycans regulates Notch
receptor activation in several distinct contexts [43,44]. In flies,
Fringe regulates Notch activation cell-autonomously by making
Notch more sensitive to Delta and less sensitive to Serrate, which
was explained by showing that addition of GlcNAc to O-fucose by
Fringe enhances Delta binding to Notch and decreases Serrate
binding to Notch using Drosophila components [35]. The mamma-
lian system is significantly more complex, with three different
Fringes, four different Notch receptors and five different ligands.
The mechanism by which Fringe modulates Notch in mammals is
not fully understood even after significant effort [52–55].
Moreover, it is not known how individual O-fucose modification
sites contribute to Notch ligand binding in any system. Early work
suggested that EGF repeats 11–12 are necessary and sufficient for
ligand binding [17]. Consistent with this view, bacterially
expressed (and therefore unglycosylated) EGF repeats 11–13 from
human Notch1 bind to Notch ligands, albeit weakly [18,20,31].
Very recently, in collaboration with the Handford and Lea labs,
we found that Fringe-mediated extension of O-fucose on EGF12
of EGF11–13 from human Notch1 enhances binding to ligands
from both families, Delta-like1 (Delta homolog) and Jagged1 (Ser-
rate homolog) [56]. These results show that Fringe modification of
O-fucose on EGF12 enhances Delta-like1 binding, providing at least
a partial explanation for the enhancement of Delta-Notch signaling
caused by Fringe. Nonetheless, these results do not explain the
Fringe-mediated inhibition of Jagged-induced Notch signaling
[43,44]. Thus, inhibition of Jagged-induced signaling must involve
Fringe modification of other O-fucose sites. Preliminary data have
suggested that O-fucose on EGF repeats outside of the ligand bind-
ing domain (e.g. EGF26 and EGF27) are also modified with Fringe
and are important for Notch1 activation [57]. Several reports have
suggested physical interaction between the ligand binding domain
and other regions of the NECDs [58,59]. These findings may help to
explain how Fringe modifications at other sites inhibit Jagged-
induced signaling.

To examine whether the addition of GlcNAc to O-fucose on
EGF12 induces a conformational change in the protein backbone,
EGF11–13 was crystallized in the absence of O-fucose, with
O-fucose monosaccharide, and with O-fucose disaccharide. Com-
parison of the structures revealed that addition of GlcNAc by Fringe
does not alter the backbone structure of EGF repeats 11–13, sug-
gesting that the increase in ligand binding (to both Delta-like1
and Jagged1) can be explained by direct interactions with the
sugars (Fig. 2) [56]. The crystal structure also revealed that the
GlcNAcb1-3Fuc disaccharide is highly ordered resulting from sig-
nificant interactions with the underlying amino acids, consistent
with earlier studies on O-fucose glycans on EGF12 alone [60].

2.1.2. O-Glucose
O-Glucose glycans on EGF repeats were originally found on

several coagulation factors and defined structurally as O-glucose
elongated to a linear trisaccharide by the addition of two a1–3
linked xylose residues [61–63]. Subsequently, mouse Notch1 and
Notch2 isolated from mammalian cell lines were found to be mod-
ified with O-glucose glycans [26,28,64–66]. Based on the amino
acid sequences surrounding the serine residue modified with O-
glucose glycans, a consensus sequence for O-glucosylation was
proposed: C1-X-S-X-P-C2. We recently revised this to C1-X-S-X-
(P/A)-C2 based on our biochemical and mass spectral analyses of
O-glucose glycan modification sites on mouse Notch1 and Drosoph-
ila Notch [67]. Database searches for this consensus sequence iden-
tify over 40 proteins predicted to be O-glucosylated, although like
O-fucose, the Notch family of receptors has more consensus sites
than any other protein (Fig. 1) [67].

O-Glucose glycans are also essential for Notch activity in both
mice and flies [66,68]. The enzymatic activity responsible for addi-
tion of O-glucose to EGF repeats was initially characterized in
crude cell lysates and shown to be a soluble enzyme [69]. Shortly
thereafter, rumi was identified as a temperature-sensitive mutant
in a forward genetic screen designed to identify novel players in
the Notch signaling pathway in Drosophila [68,70]. The predicted



Fig. 2. Structure of O-fucosylated variants of human Notch1 EGF repeats 11–13. (A) Superimposed X-ray structures of the unmodified human Notch1 EGF11–13 (PDB ID code
2VJ3) and the monosaccharide and disaccharide structures with the subsequent additions to the O-fucose site (Thr466) region highlighted. Calcium ions are shown in red. (B)
Details of human Notch1 EGF12 X-ray structure highlighting contacts between the C6 methyl group of the O-fucose with Ile477 (yellow) and Met479 (orange), the C6 methoxy
group of GlcNAc with Asp464 (violet), and the N-acetyl group of GlcNAc with Met479 (orange). Thr466 is highlighted in cyan. Reproduced with permission from [56].
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protein product of rumi has a signal peptide, a CAP10 domain, and
a KDEL ER-retention signal, indicating that Rumi would be a
soluble, ER-localized protein. CAP genes are thought to be glycosyl-
transferases involved in the formation of capsule of Cryptococcus
neoformans [71]. RNAi on Rumi in S2 cells showed Rumi is required
for proper O-glucosylation on Notch. More directly, in vitro enzy-
matic assays showed that Rumi is a protein O-glucosyltransferase
(Poglut) acting on EGF repeats with the O-glucose consensus
sequence. To determine whether catalytic activity of Rumi is criti-
cal for Notch function, one allele that showed full-blown Notch
phenotypes resulting from a single point mutation (G189E), rumi79,
was further analyzed [68]. Rumi-G189E was expressed at normal
levels in rumi79, and it was expressed in Drosophila S2 cells simi-
larly to wild type Rumi, which indicates the G189E mutation does
not alter protein expression or stability [68]. In vitro enzyme assays
with Rumi-G189E showed no detectable activity, indicating that
O-glucosylation is essential for Notch activation [68].

Three Rumi homologs exist in mammals. Only the one with
highest homology to Drosophila Rumi (56%, termed POGLUT1)
shows in vitro enzymatic activity and rescues Notch-phenotypes
in Rumi mutant flies [28]. The functional significance of the other
Rumi homologs (termed KDELC1 and KDELC2) is not known.
Elimination of Poglut1 in mice results in embryonic lethality with
many Notch-like phenotypes (e.g. somitogenesis, cardiogenesis,
and vascular remodeling) but others that are distinct from Notch
(e.g. defects in neural tube development) [66]. These results clearly
indicate that addition of O-glucose to Notch is fundamentally
required for proper Notch activation, but that O-glucosylation of
other targets is also essential for mammalian development.

Elongation of O-glucose glycans by two a3-xylose residues is
catalyzed by specific xylosyltransferases. Mammals have three
xylosyltransferases: UDP-xylose: glucoside a1–3 xylosyltransfe-
rases 1 and 2 (GXYLT1 and GXYLT2) and UDP-xylose: xyloside
a1–3 xylosyltransferase 1 (XXYLT1) [72,73]. They are all type II
transmembrane proteins with the putative catalytic domain in
the luminal domain. In mammalian cells, overexpressed XXYLT1
was localized in the ER although it does not bear an obvious
ER-localization signal in its primary sequence.

To begin to understand how O-glucose glycans regulate Notch
activation at the molecular level, we have analyzed whether pre-
dicted O-glucose consensus sequences are modified with O-glucose
glycans. Multiple EGF repeats in the NECD contain O-glucose
consensus sequences, and the sites are conserved relatively well
in the middle region of the NECD (EGF 10–20) (Fig. 1) [43]. Using
mass spectral-based glycoproteomic methods, we mapped
O-glucose glycans to each predicted site on mouse Notch1 [67].
Essentially all predicted O-glucose sites are modified at high stoi-
chiometry, and the major structure at each site is the trisaccharide.
Only EGF27 was not fully modified. In vitro Poglut assays revealed
the EGF27 is a poorer substrate for Rumi/POGLUT1 than other EGF
repeats that are efficiently modified [48]. An arginine adjacent to
the modified serine in the EGF27 consensus sequence (C1DSRPC2)
is at least partially responsible for making EGF27 a poor substrate,
suggesting that efficiency of modification at a particular site is
affected by the primary sequence of an individual EGF repeat
[48]. Site mapping on Drosophila Notch has shown that most pre-
dicted sites are also modified at high stoichiometry, but interest-
ingly elongation of O-glucose to di- or tri-saccharide is limited to
EGF14–20 [74]. These results suggest that the xylosyltransferases
also show preference for some EGF repeats over others.

Although we do not yet know how O-glucose glycans affect
Notch activity at the molecular level, several clues have emerged
during analysis of mutants. An initial clue came from the observa-
tion that Rumi mutant flies showed a temperature-sensitive Notch
phenotype [68]. Since the temperature sensitivity was not due to
instability of Rumi (Rumi protein null alleles also showed temper-
ature sensitivity), we hypothesized that lack of O-glucose some-
how destabilized Notch. Notch accumulates intracellularly and at
the surface of cells lacking Rumi, but fails to signal [68]. Further
analyses showed that O-glucose glycans are required for S2
cleavage of Notch during activation, however Delta ligand binding
was not affected [68]. These results indicated that O-glucose gly-
cans are required for proper folding and/or trafficking of Notch,
thereby regulating its activation. The molecular basis for the
temperature-sensitivity of the Rumi mutant was further investi-
gated by the Jafar-Nejad group by mutating O-glucose sites [75].
No single mutation from serine to alanine causes a significant
decrease in Notch activation. Rather, all of the potential sites con-
tribute to robust Notch activation at higher temperatures, espe-
cially the EGF repeats in and around the ligand-binding domain.
They also showed Rumi is required for ligand binding-independent
Notch activation caused by deletion of LNR repeats. These results
strongly suggested that O-glucosylation at multiple EGF repeats
of Notch allow proper S2 cleavage at higher temperatures in
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Drosophila. We have investigated the contribution of individual O-
glucose sites in mouse Notch1 to the regulation of Notch signaling
by using co-culture Notch reporter assays. As in flies, elimination of
single sites had little effect on Notch1 activity, except for a muta-
tion of the O-glucose site of EGF28, which caused a statistically sig-
nificant decrease in Delta1-mediated Notch1 activation in NIH3T3
cells [67]. EGF28 is not a highly conserved site, so it may play a
unique role in regulation of mouse Notch1. Additional work needs
to be done to resolve context-dependent differences.

The Jafar-Nejad group recently published a very interesting
report suggesting that xylosyl extension of O-glucose glycans on
Notch inhibits Notch activation in Drosophila [74]. RNAi knock
down of the Drosophila GXYLT homolog, Shams, increases Notch
activation while overexpression of human GXYLT1 decreases
Notch activation in Drosophila. The overexpression of GXYLT1
reduced cell surface expression of Notch, providing a potential
molecular explanation for this effect. Thus, elongation of O-glucose
with xylose residues appeared to inhibit proper trafficking of
Notch. This is the first data suggesting that elongation of O-glucose
with xylose could modulate Notch activity much like Fringe-
mediated elongation of O-fucose. Much work remains to be done
to better understand the regulation of Notch activation by
O-glucose glycans.

2.1.3. O-GlcNAc
Up until recently, the O-GlcNAc modification was thought to be

found primarily on nuclear and cytoplasmic proteins [76], but O-
GlcNAc modifications have also been found to occur between the
5th and 6th cysteine residues of EGF repeats of Drosophila Notch
[27] and Dumpy [77]. Subsequently, O-GlcNAc was found in mam-
malian Notch [78]. Notch ligands such as Delta and Serrate are also
modified with O-GlcNAc [79]. Unlike O-Fucose or O-Glucose, the
stoichiometry of modification does not appear to be high based
on the sites mapped to date [27]. The consensus sequence of
attachment of O-GlcNAc has been proposed as C5-X-X-G-X-(S/T)-
G-X-X-C6 based on experimental mapping by mass spectral meth-
ods [80].

The enzyme responsible for O-GlcNAc modification on EGF
repeats has been identified and is designated as EGF-specific
O-GlcNAc-transferase (Eogt) in Drosophila [77] and Eogt1 in
mammals [78]. Their enzymatic activities detected in vitro are very
similar. Mammalian Eogt1 can rescue blistering phenotype of the
fly Eogt mutant, which strongly suggests that both fly Eogt and
mammalian Eogt1 are functionally equivalent.

A role for the O-GlcNAc modification in Notch signaling is not
yet clear. While loss of Eogt in flies does not cause obvious defects
in Notch signaling [77], genetic interactions of Eogt with Notch
pathway components have been reported [79]. Elimination of Eogt
in flies results in a severe wing blistering defect which is similar to
phenotypes caused by loss of Dumpy, suggesting O-GlcNAc is
essential for Dumpy function [77]. There is no homologous protein
to Dumpy in mammals. While elimination of mouse Eogt1 has not
yet been reported, recent studies have shown that mutations in
human EOGT1 cause a rare autosomal recessive disorder called
Adams–Oliver syndrome, clearly demonstrating the significance
of EOGT1 in human disease [81,82]. Interestingly, some forms of
Adams–Oliver syndrome are caused by defects in the Notch path-
way [83], raising the possibility that O-GlcNAc modifications on
Notch may affect its function.

2.2. O-Glycans outside the NECD EGF repeats

In addition to the variety of O-glycans that occur on the EGF
repeats of Notch described above, a mucin-type O-GalNAc glycan
outside the EGF repeats was very recently reported as a novel
regulator for Notch activation [29]. Mucin-type O-GalNAc glycans
are widely distributed on mucins and many secreted or transmem-
brane glycoproteins. Addition of O-GalNAc to core proteins is initi-
ated by a family of polypeptide N-acetylgalactosaminyltransferases
(GALNT) which consists of 20 isoforms in human [84]. There is no
consensus sequence for O-GalNAc attachment, and the specificity
of GALNT isoforms appear to be redundant in many cases. For these
reasons, it is challenging to identify a biologically relevant target of
a specific GALNT isoform.

The Khokha group identified a copy number deletion of
GALNT11 as a candidate gene responsible for heterotaxy [85].
Heterotaxy is a congenital disorder of left–right patterning during
development. Using biological assays in Xenopus, they successfully
found that GALNT11 alters left–right patterning and Notch signal-
ing. They identified a synthetic peptide (NIPYKIEAVQSETVEPPPPA)
corresponding to a S2 cleavage region from human NOTCH1 that
can be modified by GALNT11. Moreover, they showed that attach-
ment of GalNAc at this distinct threonine facilitates the S2 cleavage
by ADAM17. Further work will need to be done to clarify the
underlying mechanism of O-GalNAc glycan-mediated Notch
activation. In addition, Libisch and co-workers recently identified
GALNT11 as a new molecular marker for chronic lymphocytic
leukemia (CLL) [86]. Interestingly, Notch signaling is known to be
oncogenic in CLL [7]. O-GalNAc glycans may also be important in
this context.
2.3. N-Glycans on EGF repeats and other regions of NECD

There are multiple consensus sequences for N-glycan attach-
ment (N-X-S/T where X is any amino acid except proline) in the
Notch ECD (Fig. 1), several of which are known to be modified
[26]. Studies in mutant CHO cell mutants show that alterations
in N-glycan structure (i.e. complex versus high-mannose struc-
tures) have little or no effect on Notch signaling [41,87]. Thus, little
is known about the biological role of these modifications.
3. Human diseases caused by mutations or aberrant expression
affecting Notch glycosylation

Mutations of Notch and the components of Notch signaling
pathway are found in human developmental disorders such as
Alagille syndrome and CADASIL and in different types of cancer
[6,36]. Increasingly, defects in Notch-related glycosylation have
been reported to cause human disease, confirming the importance
of these modifications in human biology. The defect in GALNT11
resulting in heterotaxy described above is one such example
[85]. Several others are highlighted below.

Dowling–Degos disease (DDD) is a rare autosomal-dominant
form of a reticulate pigmentary disorder causing a postpubertal
reticulate hyperpigmentation that is progressive and disfiguring,
including small hyperkeratotic dark-brown papules [88]. No
effective therapy is available. Loss-of-function mutations in KRT5
(Keratin 5) had been identified in two families of DDD patients;
however, there are affected individuals who do not possess any
mutations in KRT5. Genome-wide linkage analysis and exome
sequencing of patients affected by generalized DDD identified a
nonsense mutation (p.Glu144⁄) in POFUT1 and a heterozygous
deletion mutation (p.Lyc161Sefs⁄42) in POFUT1 [89]. Knockdown
of POFUT1 causes reduction in the expression of NOTCH1, NOTCH2,
a Notch downstream target, HES1, and KRT5 in human keratino-
cyte HaCaT cells [89]. Similarly, Basmanav et al. found nine
different heterozygous POGLUT1 mutations in 13 DDD-affected
individuals, including a nonsense mutation located at the very
beginning of the POGLUT1 protein (p.Trp4⁄) [88] and a point
mutant (p.R279W) with no detectable enzymatic activity (HT and
RSH, Unpublished). Thus, haploinsufficiency of either POFUT1 or
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POGLUT1 is a plausible explanation for DDD. Of note, similar skin
defects have not been reported in the mice heterozygous for Pofut1
or Poglut1 [49,66]. Intriguingly, several lines of evidence have
pointed out significance of Notch signaling in the context of skin
homeostasis and diseases [90–93]. Future work will elucidate
why partial loss of POFUT1 or POGLUT1 function results in DDD
in this context.

The role of Notch signaling in breast cancers has been well stud-
ied. Early work in mice revealed that insertion of the mouse mam-
mary tumor virus into either the Notch1 or Notch4 loci leads to
constitutive Notch activation and formation of mammary tumors
[94,95]. Notch1 and Notch4 are known to be upregulated in breast
cancers and correlate with malignancy and poor clinical prognosis
[96–99]. The role of Notch2 in breast cancer remains controversial
where it may have a tumor-suppressive role [98,100]. A recent
study demonstrated that deficiency in Lunatic Fringe leads to
basal-like breast cancer [101]. This was important since there
had not been clear indication that upregulation of Notch pathway
components associated with this particular breast cancer subtype.
Similarly, a tumor-suppressive role of Lunatic Fringe has also been
suggested in prostate cancers [102].

In addition, an increasing number of studies have reported aber-
rant expression of Notch-modifying glycosyltransferases in differ-
ent types of cancers. Upregulation of POFUT1 has been detected
in brain tumors, hepatocellular carcinoma, colorectal cancers, and
oral squamous cell carcinoma [103–106]. POGLUT1 is overexpres-
sed in primary acute myelogenous leukemia and T cell-acute lym-
phoblastic leukemia [107]. RNAi-mediated knockdown of
POGLUT1 results in reduction in Notch activation in human mye-
loid leukemia U937 cells [108]. The precise roles of POFUT1 and
POGLUT1 in cancers are still unclear. Both O-fucosylation and O-
glucosylation are present at high stoichiometry on mouse Notch1
produced in HEK293T cells or Drosophila Notch produced in S2 cells
[67,74]. If stoichiometry of O-fucosylation and O-glucosylation on
Notch is low in the context of these cancers, overexpression of
POFUT1 or POGLUT1 might affect Notch function through changing
the levels of modifications. Alternatively, overexpression of these
enzymes might increase the biosynthetic capacity of the cells and
allow more Notch to be expressed on the cell surface.
4. Conclusions and perspectives

Since the discovery of O-fucose and O-glucose glycans on Notch
in 2000 [26], we have learned a great deal about the significance of
Notch glycosylation. The enzymes required for the addition of sug-
ars to Notch have been identified, and mutations in several of these
enzymes cause Notch phenotypes in model organisms (Table 1).
More recently human diseases resulting from mutations in some
of these enzymes have been described. Significant advances in
the molecular details describing how these glycans affect Notch
function have been made, but more work remains to be done. Site
mapping has revealed that most O-fucose and O-glucose sites are
modified at high stoichiometry, but that elongation past the mono-
saccharide is site specific. The first crystal structure of the Notch
ligand-binding domain modified with a GlcNAcb1-3Fuc disaccha-
ride has been solved (Fig. 2), and binding studies suggest that
Fringe-mediated elongation of O-fucose on EGF12 enhances bind-
ing to both Delta and Jagged ligands [56]. These results nicely
explain how Fringe enhances Delta-initiated Notch signaling but
suggest that Fringe modification of O-fucose on other EGF repeats
are responsible for Fringe inhibition of Jagged-initiated Notch
signaling. Studies to identify which EGF repeats are involved in
inhibition of Jagged-initiated signaling are in progress.

While our understanding of how glycosylation affects Notch
function continues to grow, our understanding of how these
glycans affect other proteins is in its infancy. O-Fucosylation has
already been shown to be required for proper function of agrin
[109], but its importance on the nearly 100 other Pofut1 predicted
targets [36] remains unstudied. Similarly, the effects of O-glucose
on the other 40 predicted POGLUT1 targets remain unknown. The
fact that Poglut1 null mice show phenotypes that are not associated
with Notch suggests that other relevant targets exist [66]. Detailed
analysis of mutants in model organisms as well as phenotypes
observed in patients with mutations in these enzymes should shed
more light on which of these other targets are affected by
glycosylation.
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