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Notch is a cell surface receptor that controls cell fate decisions in metazoans. Notch
signaling is regulated by O-glycans attached to epidermal growth factor-like (EGF) repeats
in its extracellular domain. Protein O-fucosyltransferase 1 (POFUT1) is responsible for the
addition of O-fucose to EGF repeats and is essential for Notch signaling. Constitutive
activation of Notch is associated with a variety of human malignancies. Therefore, tools for
the inhibition of Notch are being sought for the development of cancer therapeutics.
Towards this end, we screened L-fucose analogs for their effects on Notch signaling.
Treatment with 6-alkynyl and 6-alkenyl fucose reduced Notch ligand binding and Notch
signaling induced by Notch ligands DII1 and D114, but not Jag1. Inhibition was partially
rescued by Fringe elongation of inhibitory fucose analogs. The inhibitory analogs
effectively prevented Notch-dependent T-cell differentiation, inhibited glioma cell
proliferation and inhibited Notch signaling in T-ALL associated Notch mutants.
Additionally, we examined the role of O-fucosylation in a human patient’s congenital
disorder resulting from a mutation in POFUT1, hepatocellular carcinoma, and regulation of
a protein associated with Weill- Marchesani-like syndrome. Finally, we characterize the
function of a novel 0-glucose modification found on Notch EGF repeats.
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Chapter 1: Introduction



1.1 Fucose and fucose metabolism

Fucose is an unusual carbohydrate that is present in a variety of glycolipids and
glycoproteins produced by mammalian cells. It is unique in having an L-configuration,
whereas all other naturally occurring sugars in mammals exist in the D-conformation (Fig.
1.1). It is also structurally distinct in lacking a hydroxyl group on its C-6 carbon. A study of
3299 mammalian oligosaccharides revealed that fucose was found in 7.2% of
oligosaccharides studied, second only to sialic acid, making fucose a relatively common

component of carbohydrate modifications on proteins and lipids (1).

O\J/H O\l/H Figure 1.1: Fischer projection formula of L-
HO—R 1 H—P2 on fucose. The six carbons of fucose are labeled. Note
that most naturally occurring sugars, such as
H—F—OH HO—F—H galactose, are present in the D-configuration, as can
H—4—0H HO——H be determined by the arrangement of the hydroxyl-
HO—F—H H—b—OH group bound to the C-5 carbon. Note further that the
& s C-6 carbon lacks a hydroxyl group. L-Fucose can

Ha CH,0OH

also be described as 6-deoxy-L-galactose.

L-Fucose D-Galactose

Fucose can be incorporated into the terminal portions of N-, O- or lipid-linked
oligosaccharide chains, can modify the core of complex-type N-linked glycans, or can be
linked directly to serine or threonine residues on some proteins. N-Linked glycans are
extremely structurally diverse, but all contain a 5-saccharide core with an N-
acetylglucosamine (GlcNAc) attached to the amide nitrogen of asparagine within the
appropriate consensus sequence (Asn-X-Ser/Thr) of target proteins (2). Two types of O-
linked glycans can be modified with fucose: mucin type O-linked glycans are initiated by

the attachment of N-acetylgalactosamine (GalNAc) to the hydroxyl group of a serine or



threonine; alternatively fucose can be directly attached to serine or threonine residues
within the appropriate consensus sequence. There are 13 known fucosyltransferases
responsible for the synthesis of these fucosylated glycans (Fig. 1.2). The modifications
made by these enzymes play an important role in a variety of biological systems, many of
which are discussed here. Knockout of three of these fucosyltransferases, FUT8, POFUT1
and POFUT2, are lethal to mice, demonstrating their biologic importance (3-5).

All fucosyltransferases utilize a nucleotide-charged form of fucose (GDP-fucose) to
modify target proteins or lipids. In mammals, GDP-fucose is synthesized through two
pathways - the de novo synthesis pathway and the fucose salvage pathway (Fig. 1.3). The
de novo pathway synthesizes GDP-fucose from GDP-mannose through a three-step reaction
catalyzed by two enzymes, GDP-mannose 4,6 dehydratase (GMD) and GDP-keto-6-
deoxymannose 3,5 epimerase (the FX protein) (6, 7). It is estimated that ~90% of GDP-
fucose in mammals is generated by the de novo pathway under ordinary circumstances (8).
The fucose salvage pathway utilizes free fucose derived from dietary sources or added to
culture medium (9, 10). Fucose is transported across the plasma membrane through a
poorly understood mechanism, likely L-fucose specific facilitated diffusion (11). A two-step
mechanism catalyzed by two alternative enzymes then converts fucose to GDP-fucose (12).
Once synthesized, GDP-fucose is transported into the lumen of the Golgi or endoplasmic
reticulum (ER) to be used by the fucosyltransferases. The Golgi transporter has been
identified (SLC35C1), mutations in which result in the human disorder Leukocyte Adhesion
Deficiency Type II (see below) (13). An ER-localized GDP-fucose has been identified in
Drosophila (14), but the human ortholog of this gene has been shown to be a UDP-

xylose/GIcNAc transporter (15). Other candidates for a human ER GDP-fucose candidate



transporter have been reported (16), but this remains an open question. Fucose
metabolism has been previously reviewed in detail (17). The remainder of this
introduction will summarize what is known about the physiological and pathophysiological
significance of fucose. Several very recent observations and their potential implications will

be emphasized.

1.2 Terminal Fucosylation

Terminal fucosylation is a common modification found on many N-linked glycans,
mucin-type O-linked glycans and glycolipids. The processing and maturation of these
glycan chains is quite complex and is carried out by the concerted action of a staggering
number of enzymes. Ten fucosyltransferases (FUT1-7, FUT9-11) are responsible for the
addition of terminal fucose to these oligosaccharide chains. These enzymes are all localized
to the Golgi apparatus and add fucose to oligosaccharides by a(1,2)-linkage to a terminal
galactose or a(1,3/4)-linkage to a subterminal GIcNAc to generate blood group and Lewis
antigens (Fig. 1.2). Many serve redundant functions and due to these redundancies, despite
the biological importance of these modifications, loss of function for any one of these

enzymes is not lethal in mice.



Common Name(s) Representative Major Product(s)

H blood group FUT1A H ;’%ﬁg;:' type 2

a2fucosyltransferase A0

Secretor (Se) blood group FUT2A Hg;ﬁgﬁe3"’ O L

a2fucosyltransferase A0

Fuc-TIN FUT3A Sialyl-Lewis*  Sialyl-Lewis? Lewis®
a3 B4 a3_p3 a2 B3

a3/4fucosyltransferase Q_Q_I_
a3 a aa

Lewis blood group

fucosyltransferase Lewis Lewis® LewisY

B4 B3 a2 B4

a3| aa Ot3|
Fuc-TIV FUT4A B4_p3 B4 :B4 B3 B4 a3, B4
a3fucosyltransferase : a{ i a3l a
ELAM-1 ligand fucosyl B4 B3 B4 o3, Bd B3 B4
transferase a%l a3| o3|

Fuc-TV FUT5A B4 a3 B4
a3fucosyltransferase a3| a3|
Fuc-TVI FUT6"

a3fucosyltransferase a3| a3|
Fuc-TVII FUT77 a3 B4
a3fucosyltransferase aa

0 ¥ B2
Fuc-TVIll FUTS 26 B4_B4__ [<Core structure of all N-glycans
abfucosyltransferase 82 . E —
<—“Core fucose”
Fuc-TIX FUTOA B4

a3fucosyltransferase a3|
Fuc-TX FUT10A B4
a3fucosyltransferase a3
Fuc-TXI FUT11A
a3fucosyltransferase a3|

Protein O- POFUT1
rotein / 0—(‘13 )—A‘.—A—B ) & Ser/Thr* 0—((16 )—4.—A—B ik & Ser/Thr*

fucosyltransferase 1 FUT12
Protein O- POFUT2 / B3\ a .
fucosyltransferase 2 FUT13 @A ser/Thr

Figure 1.2: List of thirteen known fucosyltransferases in humans. Major representative
products of each fucosyltransferase are listed. The linkage of the fucose added by each enzyme
appears in bold. *"These enzymes can add fucose to oligosaccharide chains on glycolipids, N-linked
glycans or mucin-type O-linked glycans. #This enzyme only adds core fucose to N-linked glycans
*These modifications are only observed in O-fucose consensus sequences on epidermal growth
factor-like (EGF) repeats (C2XXXX(S/T)C3). **This modification is only observed in O-fucose
consensus sequences on Thrombospondin-1 type repeats (TSRs) (C1-2XX(S/T)C23). This figure was
adapted from a figure made by Dr. Esam Al-Shareffi.




ABO blood groups

The ABO blood group antigens are perhaps the most-well known fucosylated
glycans. Two a(1,2)-fucosyltransferases, the H-transferase (FUT1) and the Secretor (Se)
transferase (FUT2), synthesize the structure known as the H-antigen by adding fucose to
terminal galactose residues (18). The H-transferase is expressed in erythroid precursors
and is responsible for the generation of H-antigen on red blood cells. The Se transferase is
expressed in epithelial tissues and salivary glands and is responsible for the formation of
H-antigen in saliva and other bodily secretions. Individuals without at least one copy of a
functional FUT2 gene are considered non-secretors and do not produce soluble H-antigen.

ABO locus-encoded glycosyltransferases can modify the H-antigen to generate A and
B antigens in A, B or AB blood type individuals. In O blood type individuals, only
unmodified H-antigen is expressed. These antigens are highly immunogenic and are found
in high quantities on glycoproteins and glycolipids in red blood cells (RBCs). As a result,
they notoriously prevent successful blood transfusions between incompatible individuals.

Patients lacking functional copies of both a(1,2)-FucT enzymes (FUT1 and FUT2),
display the rare “Bombay phenotype” (present in only ~0.01% of the population) (19), and
are entirely deficient in type A, type B and H blood group antigens (20). These individuals
contain robust anti-A, anti-B and anti-H antibody titers and can only receive blood
transfusions from other Bombay individuals (21). Similarly “para-Bombay” individuals lack
functional copies of FUT1, but still have functional Se transferase (FUT2 gene product),
resulting in the absence of blood group antigens only in RBCs (22). These individuals may
have low titers of antibodies against the H-antigen, but can typically receive normal blood

transfusions without complication (23). Aside from potential issues with blood



transfusions, these individuals appear unaffected, prompting questions about the
physiological importance of these antigens.

Although the functional significance of ABO antigen expression remains unclear,
ABO blood type has been linked with other processes, suggesting medical importance
beyond blood typing. ABO blood type and ability to secrete soluble H-antigen have been
linked with plasma von Willebrand Factor (vWF) levels, a protein vital to the process of
blood coagulation (24). Consequently, these characteristics are also related to vWF disease
and other related coagulopathies. ABO blood type has also been linked to increased risk for
several types of cancer (25-27), possibly suggesting a role in the immunogenicity of tumors
and the associated opportunity for host recognition. The blood groups also appear to affect
susceptibility to a number of pathogens (28-31) (discussed further below), suggesting that
variation in blood types among individuals in a population might help to prevent the

spread of disease.

Host-microbe interactions

Blood group antigens fucosylated by the Se transferase and Lewis
fucosyltransferase (FUT3) also play an important role in mediating host-microbe
interactions. Heliobacter pylori, a pathogen that can lead to peptic ulcer disease and gastric
cancer, utilizes host expression of the LewisP antigen, generated by the joint action of the Se
and Lewis fucosyltransferases, to recognize and attach to the gastric epithelial tissue (29).
Other pathogens including Norovirus (30, 32) and Vibrio cholera (31) also take advantage
of specific blood group antigens to attach to host cells. Additionally, Bacteroides

thetaiotaomicron, a prominent resident of the human intestinal tract, can sense low fucose



availability in the gut and induce expression of host fucosyltransferases. It is able to harvest
fucose from secreted oligosaccharides using a-fucosidases (32). Other bacteria exploit the

release of free fucose by B. thetaiotaomicron using their own fucose sensors (33).
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Figure 1.3: Fucose metabolism pathways and variation in types of fucosylated glycans. This
figure illustrates the de novo fucose synthesis pathway, which converts GDP-mannose to GDP-
fucose and the fucose salvage pathway, which converts free fucose taken up from outside the cell to
GDP-fucose. GDP-fucose can then be taken up into the Golgi apparatus by the GDP-fucose
transporter (Slc35c1) and possibly into the endoplasmic reticulum (ER) by an as-yet unknown
transporter (possibly Slc35c2), (56). Proteins are then modified with GDP-fucose and other
carbohydrates within the Golgi and ER and can then be secreted or expressed on the cell surface. A
variety of types of fucose modifications are shown.

Fucosyltransferases also play an important role in maintaining the gut microbiome.
The activity of Se fucosyltransferase promotes normal microbial diversity and composition
in the gut (34). Its up-regulation during sickness serves as a protective mechanism to

increase tolerance to infection and maintain host-microbiome symbiosis (35, 36).
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Inactivating FUT2 mutations, seen in about 20% of the human population (37, 38), result in
a non-secretor phenotype that is associated with a distinct community of bacteria in the
gut. Among the notable distinctions in non-secretors is an increased association with the
genus Prevotella, which can promote breakdown of the gut’s mucus barrier (39, 40).
Additionally, bacteria thought to promote good intestinal health including members of the
Lactobalcillus and Bifidobacterium genera are decreased in non-secretors (39, 41). This
abnormal gut microbiome composition can result in dysregulation of the local immune

response (42) and is associated with increased risk of Crohn’s disease (43-45).

Learning, memory and cognitive processes

Synaptic plasticity, neurite outgrowth and neuron morphology are regulated by
fucosylation and are responsible for many cognitive processes including learning and
memory. It was initially recognized that fucosylation of structures in the hippocampus was
a component of learning and long-term potentiation (LTP) (46). Further, injections of L-
fucose enhanced LTP in the rat brain (47). Additional work demonstrated that fucose
a(1,2)-linkages formed by FUT1 and FUT2 were directly involved in synapse formation and
neurite outgrowth (48). These fucose modifications can also direct neurite migration and
mediate pathfinding for sensory neurons, including those in the olfactory bulb (49, 50).

One glycoprotein involved in these processes that has been well characterized is
Synapsin |, a protein involved in neurotransmitter release and formation of new synapses.
Fucosylation regulated turnover and stability of this protein (51). Fucosylation of neural
cell adhesion molecule (NCAM) has also been suggested to regulate its function (52, 53).

More recent work suggests that a wide array of olfactory bulb proteins involved in cell



adhesion, ion and solute transport, ATP binding, synaptic vesicle formation, and cell
signaling are all modified with a(1,2)-fucose (54). Fucosylation of these proteins contribute

to olfactory bulb development (54).

Leukocyte rolling and extravasation

Leukocyte trafficking is a process mediated by selectins and their counter-receptors
(reviewed previously in (55)). E-, P-, and L-selectins are expressed in platelets (P-selectin),
leukocytes (L-selectin), and endothelial cells (E- and P-selectins) allowing for their
adhesion to oligosaccharide containing ligands expressed by specialized endothelial cells
lining post-capillary venules. Mucin-type O-linked glycans can make up ~70% of these
ligands by mass and are heavily decorated with fucose (55, 56). Two «(1,3)
fucosyltransferases, encoded by the FUT4 and FUT7 genes, are responsible for the addition
of these fucose residues (57). Inactivation of FUT7 in particular causes a severe deficit in
selectin-dependent endothelial cell adhesion and lymphocyte homing (58). Fucose
modifications on glycolipid E-selectin receptors are required for neutrophil extravasation
during inflammation (58, 59).

Leukocyte Adhesion Deficiency II (LAD2), a rare congenital disorder of glycosylation
(CDG) caused by mutation of the gene encoding a GDP-fucose transporter in the Golgi
apparatus (SLC35C1), exemplifies the importance of fucose in leukocyte trafficking. LAD2 is
characterized by immunodeficiency, leukocytosis without pus formation, mental
retardation, and growth retardation, all directly attributed to the absence of neutrophil
sialyl LewisX, of which fucose is an essential component (60). Dietary supplementation with

fucose can reduce symptoms of LAD2 in some patients (61, 62), including some with
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mutations causing complete inactivation of Slc35c1 (63), suggesting that at high
concentrations GDP-fucose might be transported to the Golgi by the more recently

described Slc35c2 (16) or other as yet unknown transporters (Fig. 1.3).

Cancer metastasis

As a byproduct of their role in promoting selectin-mediated rolling and adhesion,
Sialyl Lewis antigens play an important role in promoting cancer migration and metastasis
(64). These antigens are upregulated in a variety of cancer types including lung (65), breast
(66) and colorectal (67, 68) cancers and serve as positive prognostic factors for increased
risk of metastasis (69). Studies have even shown that elimination of fucose from these
antigens with an a-L-fucosidase can impair their ability to roll within endothelial tissue and
decrease cancer cell invasion (70). Additionally, one study demonstrated that preventing
terminal fucosylation by knocking down FUT1 and FUT4 inhibits tumor growth (71).

Altered fucosylation has also been implicated in affecting TNF-related apoptosis
inducing ligand (TRAIL) activity in colon cancer, a ligand important for promoting
destruction of oncologenically transformed cells. Although the precise role for fucose in the
regulation of this signaling pathway remains unclear (72), defects in the de novo synthesis

of GDP-fucose caused increased tumor growth and metastasis of colon cancer in mice (73).

Fertilization and Development
Fucosylated N-linked glycans in the zona pellucida facilitate sperm binding in a
variety of mammalian species (74-76), including humans (77). Fucosylated LewisX antigens

also promote cell-cell adhesion in early stage embryos (78). Fuc-TIX (FUT9 gene product),
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responsible for the generation of LewisX in the brain, plays an important role in neural
development and promotes normal migration of motor neuron progenitors (79). Fut9
knockout in mice results in development of anxiety like behavior (80). Additionally,
knockout of Fut2 in mice resulted in altered hepatic vasculature and hepatic fibrosis

resulting in microcirculatory disturbances and sensitivity towards bile salt toxicity (81).

1.3 Core Fucosylation

Core fucosylation is the most common type of fucose modification that occurs
exclusively on N-linked glycans. Like terminal fucosylation, core fucosylation occurs in the
Golgi and is characterized by a(1,6)-linkage to the innermost GlcNAc of the N-glycan core
(Fig. 1.2). However, while enzymes responsible for terminal fucosylation catalyze the
formation of redundant linkages, FUT8 is the sole enzyme responsible for catalyzing this
reaction. Fut8 knockout mice lack core fucose, and while born with no apparent anomalies,
about 70% die within three days of birth due to major developmental growth and
respiratory defects (5, 82). Survivors display severe growth retardation and emphysema-
like changes in the lungs. Core fucosylation of a331 integrin also plays a critical role in

kidney and lung organogenesis (83).

Inflammation and the immune system

Core fucosylation plays several important roles in regulating the immune system.
Perhaps of greatest interest is the observation that antibody dependent cellular
cytotoxicity (ADCC) is inhibited by the presence of fucose on the Fc region of IgG1

antibodies. Core fucose on IgG1 N-linked glycans causes a 50-100 fold reduction in binding
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to FcyRlIlla (CD16), an Fc receptor found on the surface of natural killer cells and
macrophages that is partially responsible for crosslinking these immune effector cells with
antibody bound cells targeted for destruction (84). A co-crystal structure demonstrated
that the addition of this core fucose causes a steric clash that weakens carbohydrate-
carbohydrate interactions required for high affinity receptor recognition (85). This
observation is of particular importance because therapeutic antibodies, used in the
treatment of cancer and other diseases, can be generated without this core fucose to
significantly enhance their potency (84, 86).

Several pharmaceutical companies have begun to take advantage of this knowledge
and glycoengineered monoclonal antibodies (mAb) are being developed for therapeutic
purposes (87). Two afucosylated mAbs have already been approved by the FDA for use in
cancer patients: mogamulizumab and obinutuzumab. Mogamulizumab targets chemokine
receptor 4 (CCR4), an important signal transducer that is upregulated in T-cell leukemia
and lymphoma (88, 89). Obinutuzumab is an afucosylated mAb against CD20, an antigen
found on developing B-cells, and has been effective for the treatment of chronic
lymphocytic leukemia (CLL). Rituximab, a mAb also targeting CD20, has been approved for
use in autoimmune diseases and CLL since 1997. However, obinutuzumab has been shown
to be more effective in CLL treatment due more effective promotion of ADCC (90). Inspired
by these successes, drug companies have continued development of similarly
glycoengineered mAbs and have more than 20 currently in clinical trials (91-94).

Additionally, inflammatory cytokine TGFf1 and o331 require core fucose to
function (5, 83). Down-regulation of these signaling pathways causes enhanced matrix

metalloproteinase expression and inflammation. Lack of core fucosylation also disrupts
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epidermal growth factor receptor (EGFR) (95) and vascular endothelial growth factors
(VEGF) mediated signaling (96). Core fucosylation is vital for appropriate growth factor

receptor signaling (5, 82).

Cancer and cancer biomarkers

Many fucosylated oligosaccharides on proteins can serve as important cancer
biomarkers (97, 98). Elevated a-fetoprotein (AFP) levels are a well-established marker for
hepatocellular carcinoma. Unfortunately, elevated AFP is not entirely specific for cancer
and may also be associated with other forms of benign liver disease (i.e. cirrhosis,
hepatitis). Only in hepatocellular carcinoma, however, is the fraction of core fucosylated
AFP elevated, making this a more reliable biomarker for cancer (99, 100). In prostate
cancer, prostate-specific antigen (PSA) is another well-established ‘tumor-specific’
biomarker that lacks true specificity as it may also be elevated in benign prostatic
hyperplasic (BPH), a very common diagnostic confounder. In patients with prostate cancer,
the fraction of core fucosylated PSA is significantly increased relative to patients with BPH
(101), again increasing the value of this biomarker. Increases in core fucosylation of serum
proteins have also been associated with increased risk of metastasis in prostate cancer
(102). In pancreatic cancer, core fucosylated haptoglobin is another potential biomarker
for cancer detection (103, 104). Pancreatic cancer has a very poor prognosis largely due to
lack of reliable early detection methods, so the discovery and development of more reliable
detection biomarkers would be of tremendous clinical utility (105).

Additionally, increased core fucosylation of N-glycans on E-cadherin and integrins

has been shown to decrease cell adhesion and promote cell migration and metastasis in
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cancer (106, 107). Increased expression of FUT8 promotes this mechanism causing for
increased tumor growth and metastasis in non-small cell lung cancer (NSCLC) and ovarian
cancer (108, 109). FUT8 inhibitors might rationally be developed as anti-neoplastic agents

in this context.

1.4 O-Linked Fucosylation

Fucose can also be added directly to serine or threonine residues on proteins by two
protein O-fucosyltransferases: POFUT1 or POFUT2. POFUT1 is responsible for the addition
of fucose to epidermal growth factor-like (EGF) repeats containing the consensus sequence
C2XXXX(S/T)C3, where C? and C3 are the second and third conserved cysteines of the EGF
repeat and X represents any amino acid (110, 111) (Fig. 1.4a). EGF repeats can also be
modified with O-glucose and 0-GlcNAc at distinct consensus sequences. POFUT2 is
responsible for similar modifications on thrombospondin type 1 repeats (TSRs) with the
consensus sequence C1XX(S/T)C? in group 1 TSRs and C2XX(S/T)C3 in group 2 TSRs (112-
114) (Fig. 1.4b). TSRs can also be modified with C-mannosylation of tryptophans. Both EGF
repeats and TSRs contain six conserved cysteines, which form three disulfide bonds that
are crucial for the structure of these motifs. POFUT1 and POFUT2 only modify properly
folded EGF repeats or TSRs, respectively (113, 115). Over 100 proteins contain EGF repeats
with consensus sequences for O-fucose modification (116) (Table 1.1) and about 50
proteins contain TSRs with O-fucose consensus sequences (117) (Table 1.2). Modification
of many of these proteins remains unconfirmed and much remains to be determined about
the role of O-fucose on these proteins. Unlike the other fucosyltransferases, the protein O-

fucosyltransferases are localized in the endoplasmic reticulum (112, 118). The fact that
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POFUT1 and POFUT?2 only modify properly folded modules and are ER-localized has led to

the hypothesis that both enzymes participate in quality control (119).

O-Fucosylation of EGF repeats

The Notch family of receptors has more predicted O-fucose sites than any other
protein (see Table 1.1) (120). Pofutl knockout is embryonic lethal in mice. These knockout
mice show severe growth retardation during early embryogenesis, particularly in somite
formation. Neural tube, cardiac, and blood vessel defects are also evident in these mice
(121) - all phenotypes associated with defects in Notch signaling. POFUT1 also plays a
critical role in mediating other Notch dependent processes including promotion of T-cell
differentiation during lymphopoiesis (122). Results from many groups reveal that POFUT1
is essential for normal Notch-ligand binding and Notch signaling (4, 118, 123-125). A
recently reported Notch-DLL4 co-crystal structure has additionally shown that at least one
fucose on EGF repeat 12 of the extracellular domain of Notch1 directly interacts with the
Notch activating ligand DLL4, demonstrating the importance of these fucose residues at the
interface of protein-protein interactions (126). In addition to its fucosyltransferase activity,
the Drosophila homolog of POFUT1, Ofutl, also acts as a chaperone for Notch protein
folding (118), although it is not clear that this function is conserved in mammalian systems
(124).

Fringe enzymes can elongate O-fucose residues with an N-acetylglucosamine
(GIcNACc) to further regulate Notch signaling (Fig. 1.4a) (127). Fringe was originally
described in Drosophila, where it was recognized that mutations in fringe caused a

Notching phenotype in wings (128). Further work demonstrated that Fringe is an
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important regulator of Notch signaling (129, 130). While Drosophila express only one
Fringe enzyme, there are three mammalian homologues (Lunatic Fringe, Manic Fringe and
Radical Fringe) (131). Fucose elongation by any of the three Fringes causes an increase in
Notch signaling mediated by members of the Delta-like ligand (DIl) family, but can have
variable effects on signaling initiated by the Jagged (Jag) family of ligands in mammals
(125, 132). These enzymes play extremely important roles in regulating Notch signaling
throughout development. For instance, Lunatic Fringe is required for normal somitogenesis
(133, 134). Recent work has demonstrated that addition of GIcNAc by Fringe to Notch’s
extracellular domain create a “Fringe-mediated Notch code,” where modifications at
specific EGF repeats can either enhance Dll-mediated signaling or inhibit Jag-mediated
Notch signaling (125, 135).

While POFUT1 is predicted to modify many other proteins based on consensus
sequences, modification of most of these proteins has not been confirmed (Table 1.1).
Dysregulation of POFUT1 activity has, however, been shown to play an important role in
several disorders and processes involving other proteins. Heterozygous mutations in
POFUT1 have been associated with a rare dermatologic condition, Dowling-Degos Disease
(DDD), characterized by pigmentation abnormalities (136, 137). O-Fucosylation of EGF
repeats also appears to play an important role in allowing agrin to cluster acetylcholine
receptors (138). Amplification of POFUT1 has also been implicated as a prognostic marker
and potential drug target for several cancer types including breast cancer (139), oral

squamous cell carcinoma (140), and hepatocellular carcinoma (141, 142).
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GXYLT1, 2 SiaT Figure 1.4: Cartoon showing Kkey
(X) Fm.g? features of EGF repeats and TSRs. (a)
P°F"V Cartoon showing a single EGF repeat.
/ Each circle represents one amino acid.
O Conserved cysteines (yellow) are
numbered and disulfide bonds are
indicated. O-Glucose and O-GlcNAc sites
are shaded blue and the O-fucose site is
shaded red. Enzymes responsible for the
addition of each sugar are indicated. (b)
Cartoon showing a typical TSR.
POFUT2 Conserved cysteines (yellow) and
//BSGLCT disulfide bonds are indicated. C-
Mannose sites are shown in green and
the O-fucose site is shaded red. (S
0“. cooH Serine; (T) Threonine; (G) Glycine; (\(N%
Tryptophan; (X) any amino acid.

O-Fucosylation of TSRs

Like Pofut1, knockout of Pofut2 in mice is embryonic lethal with severe defects in
gastrulation, indicating its importance in development (3). A recent report strongly
suggests that ADAMTSO is the target protein responsible for these defects, as knockout of
Adamts9 resulted in a phenotype essentially identical to Pofut2 knockout (143). Other
target proteins play an important role in regulating cell proliferation, migration and
differentiation. O-Fucosylation of CCN1, which is required for its secretion, has been shown
to be vital to these processes (144, 145). Additionally, members of the A Disintegrin and
Metalloproteinase with ThromboSpondin motifs (ADAMTS) family of metalloproteinases
play critical roles in mediating angiogenesis, extracellular structuring, inflammation, and
other developmental processes (146). Several proteins in this family also depend on O-
fucosylation for their secretion (143, 147-150). One of the affected proteins, ADAMTS13, is
particularly noteworthy as its deficiency results in thrombotic thrombocytopenic purpura

(TTP), a life threatening hematologic disorder (149). More work will be needed to
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determine the importance of O-fucosylation for processes mediated by other specific
proteins.

O-Fucose residues on TSRs can be elongated with glucose by $3-glucosyltransferase
(B3GLCT) further promoting secretion of target proteins. Mutations in this enzyme cause
the human disease Peters Plus Syndrome (PPS), characterized by a number of defects in the
eye chambers, limbs and intellectual development (151). Elimination of B3GLCT activity
results in reduced secretion of some, but not all of the proteins regulated by POFUT2
modification (147). A recent report from our lab suggests that the carbohydrate
modifications added by POFUT2 and B3GLCT serve as a novel quality control system that
recognizes and stabilizes properly folded TSRs. POFUT2 recognizes and sequentially
fucosylates properly folded TSRs in the ER allowing B3GLCT to bind and add glucose to
these TSRs. The data suggests that addition of these sugars stabilizes the folded form of the
TSR, removing it from a folding cycle in the ER. Once all TSRs on a protein have been

processed the protein can exit the ER (147).

1.5 Fucose analogs

The development of fucose analogs has revolutionized the study of fucose and
fucosyltransferases by providing a valuable tool for modifying, tracking and inhibiting
fucosylation of proteins. As early as 1992, it was recognized that the Lewis
fucosyltransferase could tolerate GDP-fucose modified at the C-6 position by even a large
structure and that this could be used as a powerful tool for labeling lipids and proteins that
incorporated this modified form of fucose (152). Taking advantage of this enzymatic

promiscuity, researchers have developed a strategy using fucose analogs with an azide or
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alkyne group at the C-6 position to metabolically label fucosylated proteins. Once
incorporated into target proteins, “click”-chemistry can be used to attach fluorophores or
other groups. This strategy has allowed for successful in vivo imaging of fucose in several
model organisms (153, 154), bacteria (155) and cell culture (156, 157). Others have used
this strategy to tag fucosylated proteins with biotin allowing for their identification using
anti-biotin or streptavidin probes for Western blot or isolation using a streptavidin
pulldown (158, 159), potentially allowing for the identification of unknown fucosylated
proteins. These tools continue to develop, as one group recently showed that 7-alkynyl
fucose is more efficiently utilized by FUT8 than 6-alkynyl fucose (160). This type of
development could ultimately allow for more efficient and/or targeted labeling of
glycoproteins.

In addition to their utility for identifying and tracking fucosylated proteins, fucose
analogs have also been developed as potential inhibitors of fucosyltransferases.
Carbohydrate analogs have already been approved for the treatment of lysosomal storage
disorders, diabetes and are being developed for potential use in other diseases (161). As
discussed above, fucose plays an important role in many cancer types and other disorders,
so the development of fucosyltransferase inhibitors might serve as a valuable clinical tool.
Several groups have begun screening and developing inhibitors towards this end (162-
165). One group used click chemistry to generate fucose analogs with a variety of different
groups “clicked” on and screened them as potential fucosyltransferase inhibitors,
identifying several candidates (166). Fucose analogs that inhibit transfer of fucose by
several fucosyltransferases including FUT4, 7, and 8 can be used to prevent selectin-

mediated cell migration, a process that plays an important role in cancer metastasis (167,
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168). Similar inhibitors are orally active and slow tumor cell proliferation in mice (169).
Additionally, taking advantage of the role fucosylation plays in regulating learning and
memory, fucose analogs have been used to cause reversible amnesia and inhibition of long-

term memory formation (170-172).

1.6 Aims of this dissertation

As indicated above, much is known about the critical roles fucose and other
carbohydrates play in regulating protein function. This knowledge has led to the
development of many novel or improved therapeutics. It remains important to continue to
identify new roles for carbohydrates and new methods to study and manipulate
carbohydrate modifications. In this dissertation I addressed two major aims: (1) to better
understand the role O-linked fucose plays in regulating protein activity and (2) to identify
and characterize the function of novel O-linked glucose modifications on Notch receptors.

As a part of the first aim, [ investigated the use of fucose analogs as inhibitors of
Notch signaling (Chapter 3). I also examined the effect of a novel congenital mutation,
causing decreased enzymatic activity of POFUT1, on Notch signaling (Chapter 4) and began
to examine the effect of amplified POFUT1 on hepatocellular carcinoma (Chapter 5). I also
used mass spectrometry to map O-fucose and O-glucose sites on mouse Notch3 (Chapter 6).
Finally, I investigated the importance of fucose in regulating secretion of ADAMTS17
(Chapter 7). In the second aim, | used mass spectrometry to identify novel O-glucose sites
on mouse Notch3. I also began to characterize the importance of the novel O-glucose

modification in regulating Notch receptor function (Chapter 8).
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Name and UNIPROT | Consensus | Known human pathology (if any)

ID / total

AGRIN (000468) 2/4 Myasthenia, limb-girdle, familial (LGM) (173, 174)

ATRAID (Q6UW56) 1/1

CD93 (Q9NYP3) 1/5

CD97 (P48960) 1/5

CELSR1 (Q9NYQ6) 2/8 Neural tube defects (NTD) (175)

CELSR2 (Q9HCU4) 2/7

CELSR3 (QI9NYQ7) 2/8

CFC1 (POCG37) 1/1 Heterotaxy, visceral, 2, autosomal (HTX2);
Transposition of the great arteries dextro-looped 2
(DTGAZ2); Conotruncal heart malformations (CTHM)
(176,177)

CFC1B (P0CG36) 1/1

CNTNAPS5 (Q8WYK1) | 1/2

CRB1 (P82279) 8/19 Retinitis pigmentosa 12 (RP12); Leber congenital
amaurosis 8 (LCA8); Pigmented
paravenouschorioretinal atrophy (PPCRA) (178-
180)

CRB2 (Q51]48) 8/15

CSPG2 (P13611) 2/2 Wagner vitreoretinopathy (WGVRP) (181, 182)

CUBN (060494) 4/7 Recessive hereditary megaloblastic anemia 1 (RH-
MGA1) (183, 184)

DLK1 (P80370) 3/6

DLK2 (Q6UY11) 1/6

DLL1 (000548) 4/8

DLL3 (Q9NY]7) 2/6 Spondylocostaldysostosis 1, autosomal recessive
(SCDO01) (185)

DLL4 (Q9NR61) 5/8

DNER (Q8NFT8) 6/10

EDIL3 (043854) 1/3

EGF (P01133) 1/9 Hypomagnesemia 4 (HOMG4) (186)

EGFL7 (Q9UHF1) 1/2

EGFLAM (Q63HQ2) 2/3

EMR1 (Q14246) 4/6

EMR2 (Q9UHX3) 1/5

EYS (Q5T1H1) 11/27 Retinitis pigmentosa 25 (RP25) (187-190)

F7 (P08709) 1/2 Factor VII deficiency (FA7D) (191-196)

F9 (P00740) 1/2 Hemophilia B (HEMB); Thrombophilia, X-linked, due
to factor IX defect (THPH8) (197-200)

F12 (P00748) 1/2 Factor XII deficiency (FA12D); Hereditary

angioedema 3 (HAE3) (201-204)
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FAT1 (Q14517) 2/5

FAT2 (Q9NYQ8) 1/2

FAT3 (Q8TDW?7) 3/4

FAT4 (Q6VO017) 5/6 Van Maldergem syndrome 2 (VMLDS2) (205)

FBLN1 (P23142) 1/9 Complex type of synpolydactyly; Associated with
human breast cancer (206, 207)

FBLN7 (Q53RD9) 1/3

FBN2 (P35556) 1/47 Arthrogryposis, distal 9 (DA9) (208-213)

FBN3 (Q75N90) 1/44

HABP2 (Q14520) 1/3

HGFAC (Q04756) 2/2

JAG1 (P78504) 11/16 Alagille syndrome 1 (ALGS1); Tetralogy of Fallot
(TOF) (214-216)

JAG2 (Q9Y219) 9/16

LRP1 (Q07954) 5/22

LRP1B (Q9NZR2) 4/14

LTBP2 (Q14767) 1/20 Glaucoma 3, primary congenital, D (GLC3D);
Microspherophakia and/or megalocornea, with
ectopialentis and with or without secondary
glaucoma (MSPKA); Weill-Marchesani syndrome
3 (WMS3)(217-219)

MEGF6 (075095) 1/27

MEGF8 (Q7Z7M0) 2/5 Carpenter syndrome 2 (CRPT2) (220)

MEGF10 (Q96KG7) 2/15 Myopathy, early-onset, areflexia, respiratory
distress, and dysphagia (EMARDD) (221, 222)

MEGF11 (A6BM72) 2/14

MMRN1 (Q13201) 1/1 Factor V Quebec (223)

NCAN (014594) 2/2

NELL1 (Q92832) 1/5

NID2 (Q14112) 1/5

NOTCH1 (P46531) | 20/36 Aortic valve disease 1 (AOVD1) (224)

NOTCH2 (Q04721) | 20/36 Alagille syndrome 2 (ALGS2); Hajdu-Cheney
syndrome (HJCYS) (225-227)

NOTCH2NL 5/6

(Q7Z359)

NOTCH3 (Q9UM47) | 14/34 Cerebral arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL); Myofibromatosis,
infantile 2 (IMF2)(228-231)

NOTCH4 (Q99466) 18/29

PAMR1 (Q6UXH9) 1/1

PEAR1 (Q5VY43) 1/9

PGBM (P98160) 3/4 Schwartz-Jampel syndrome (S]S1); Dyssegmental

dysplasia Silverman-Handmaker type (DDSH)(232,
233)
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PGCB (Q96GW7) 1/1

PROC (P04070) 1/2 Thrombophilia due to protein C deficiency,
autosomal dominant (THPH3) and autosomal
recessive (THPH4) (234-236)

PROZ (P22891) 1/2

RELN (P78509) 2/8 Lissencephaly 2 (LIS2) (237)

SLIT1 (075093) 2/9

SLIT2 (094813) 3/7

SLIT3 (075094) 3/9

SNED1 (Q8TERO) 10/15

SREC2 (Q96GP6) 1/7 Van den Ende-Gupta syndrome (VDEGS) (238)

STAB1 (Q9NY15) 3/16

STAB2 (Q8WWQ8) 6/17

SUSD1 (Q6UWL2) 2/3

SVEP1 (Q4LDE5) 4/9

TEN1 (Q9UKZ4) 1/8

TEN2 (QINT68) 2/8

TEN4 (Q6N022) 2/8

TIE1 (P35590) 1/3

TPA (P00750) 1/1 Increased activity results in excessive bleeding;
Defective release results in thrombosis or embolism.
(239)

TSP3 (P49746) 1/3

UMOD (P07911) 3/3 Familial juvenile hyperuricemic nephropathy 1
(HNFJ1); Medullary cystic kidney disease 2
(MCKD2); Glomerulocystic kidney disease with
hyperuricemia and isosthenuria (GCKDHI)(240, 241)

UMODL1 (Q5DIDO0) 1/3

UROK (P00749) 1/1 Quebec platelet disorder (QPD) (242)

VASN (Q6EMK4) 1/1

VWAZ2 (Q5GFL6) 2/2

VWDE (Q8N2E2) 3/7

WIF1 (Q9Y5WS5) 2/5

Table 1.1: List of putative human gene targets of POFUT1. Potential targets of POFUT1
are listed based on a ScanProsite database search of all human proteins containing EGF
repeats that also contain the C2XXXX(S/T)C3consensus sequence for O-fucosylation cross-
referenced with the Uniprot database. Splice variants were not considered. The number of
EGF repeats containing the consensus sequence/total number of EGF domains is listed, as
well as any known human pathologies associated with the putative targets. Confirmed
POFUT1 targets are listed in boldface. This table was adapted from a table made by Dr.

Esam Al-Shareffi.
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Name and UNIPROT ID | Consensus | Known human pathology (if any)
/ total

ADAMTS1 (Q9UHI8) 3/3

ADAMTS2 (095450) 2/4 Ehlers-Danlos syndrome 7C (EDS7C) (243)

ADAMTS3 (015072) 2/4

ADAMTS4 (075173) 1/1

ADAMTS5 (Q9UNAO) 2/2

ADAMTS6 (Q9UKP5) 3/5

ADAMTS7 (Q9UKP4) 5/8

ADAMTSS8 (Q9UP79) 2/2

ADAMTS9 (Q9P2N4) 12/15

ADAMTS10 (Q9H324) 3/5 Weill-Marchesani syndrome 1 (244, 245)

ADAMTS12 (P58397) 6/8

ADAMTS13 (Q76LX8) 7/8 Thrombotic thrombocytopenic purpura,
congenital (TTP) (149, 246-249)

ADAMTS14 (Q8WXS8) 2/4

ADAMTS15 (Q8TES8) 3/3

ADAMTS16 (Q8TES57) 6/6

ADAMTS17 (Q8TES56) 4/5 Weill-Marchesani-like syndrome (250)

ADAMTS18 (Q8TE60) 4/5 Microcornea, myopic chorioretinal atrophy, and
telecanthus (MMCAT) (251)

ADAMTS19 (Q8TES59) 4/5

ADAMTS20 (P59510) 11/15

ADAMTSL1 (Q8N6G6) 8/9

ADAMTSL2 (Q86TH1) 6/7 Geleophysic dysplasia 1 (252)

ADAMTSL3 (P82987) 8/10

ADAMTSL4 (Q6UY14) 2/6 Ectopialentis 2, isolated (ECTOL2) (253);
Ectopialentis et pupillae (ECTOLP) (254)

ADAMTSLS (Q6ZMM2) 1/1

BAI1 (014514) 4/5

BAI2 (060241) 4/4

BAI3 (060242) 4/4

C6 (P13671) 1/3 Complement component 6 deficiency (C6D)
(255)

CILP2 (Q8IUL8) 1/1

CTGF (P29279) 1/1

CYR61 (00062) 1/1

HMCN1 (Q96RW7) 6/6 Age-related macular degeneration 1 (ARMD1)
(256)

ISM1 (B1AKI9) 1/1

NOV (P48745) 1/1

PPN (095428) 4/5




PROP (P27918) 4/7 Properdin deficiency (PFD) (257-259)
SEM5A (Q13591) 2/7

SEM5B (Q9P283) 2/5

SPON1 (Q9HCB6) 5/6

SSPO (A2VEC9) 10/24

THS7A (Q9UPZ6) 4/15

THS7B (Q9C014) 4/18

THSD1 (Q9NS62) 1/1

THSD4 (Q6ZMPO0) 3/6

TSP1 (P07996) 3/3

TSP2 (P35442) 3/3 Intervertebral disc disease (IDD) (260)
WISP1 (095388) 1/1

WISP2 (076076) 1/1

WISP3 (095389) 1/1 Progressive pseudorheumatoidarthropathy of

childhood (PPAC) (261)

Table 1.2: List of putative human gene targets of POFUT2. Potential targets of POFUT2
are listed based on a ScanProsite database search of all human proteins containing TSRs
that also contain the CX2-3(S/T)C2G consensus sequence for O-fucosylation cross-
referenced with the Uniprot database. Splice variants were not considered. The number of
TSRs containing the consensus sequence/total number of TSR domains is listed, as well as
any known human pathologies associated with the putative targets. Confirmed POFUT2
targets are indicated in boldface. This table was adapted from a table made by Dr. Esam Al-

Shareffi.
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Chapter 2: Materials and Methods
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2.1 Expression Constructs

Mouse Notch1 (mNotch1) expression plasmid containing EGF1-18 with C-terminal
Myc-His6 tags (pSecTag2, Invitrogen) was described previously (262). The plasmid
expressing full-length mNotch1l (mN1; pcDNA1-mN1-myc) was generously provided by Dr.
Jefferey Nye (263). The plasmid expressing full-length mNotch2 (mN2; pTracer-CMV-mN2-
Flag) was kindly provided by Dr. Shigeru Chiba (264). Fringe plasmids SEAP (EV) and Lfng-
AP were previously described (127). The TP-1 luciferase reporter construct (Ga981-6) was
a gift form Dr. Georg Bornkamm and the gWIZ 3-galactosidase construct was from Gene
Therapy Systems. A plasmid expressing GFP (pEGFP-N1) was from Clontech. Note that “N1”
in this plasmid name refers to a Not1 restriction site following the GFP coding region. T-
ALL mutant plasmids were a gift from Dr. Stephen Blacklow. The construct used for
POFUT1 overexpression has been previously described (265). For RNAi experiments the
LPE retroviral vector (Mirimus) was used (266). The plasmid expressing full length
mNotch3 fused with GFP (pEGFP) (267) and the secreted extracellular domain of mNotch3
(pSecTag2) (268) have been previously described. Plasmids used for ADAMTS17 site

mapping and secretion assays have been described (269) (described in Chapter 7).

2.2 Cell culture

HEK293T, NIH3T3 (NIH3T3 CRL-1658), U-87 MG (HTB-14), T98G (CRL-1690), and
A172 (CRL-1620) cells were obtained from the American Type Culture Collection
(ATCC)(Manassas, VA). These cells were authenticated and tested for mycoplasma
contamination by ATCC at the time of purchase. U20S WT and POFUT1 knockout cells were

generously provided by Dr. Steven Blacklow (Harvard Medical School). L cells stably
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expressing Jagged1 (Jagl) or Delta-like 1 (DII1) were a gift of Dr. Gerry Weinmater (UCLA).
MSS5 cells stably expressing Delta-like 4 (D114) were a gift from Dr. Stephen Blacklow.
HEK293T, NIH3T3, L cells, MS5 cells, and U20S cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM)(Invitrogen) supplemented with 10% bovine calf serum. U87MG
and T98G cells were grown in minimum essential media (Invitrogen) supplemented with
sodium pyruvate, essential amino acids and fetal bovine serum. A172 and HepG2 cells were
cultured in DMEM supplemented with fetal bovine serum. Skin derived fibroblasts were
grown in DMEM-low glucose (Invitrogen) supplemented with 10% FBS. All cells were

grown at 37°C in a humidified incubator at 5% CO-.

2.3 Production of sugar and sugar analog-modified proteins

HEK293T cells were co-transfected with plasmids encoding mouse N1 EGF1-18-
MycHis (2 ug) and either SEAP (EV) or Lfng-AP (Lfng) (1 pg); mouse N3 EGF1-34 (2 ug)
and either SEAP (EV), Lfng-AP (Lfng), Mfng-AP (Mfng), or Rfng-AP (Rfng) (1 ug); or
ADAMTS17 1C or 25P constructs (2 ug) in a 10 cm plate containing 8 mL media using 6 ul
of PEI reagent (polyethyleneimine)(270) per 1 ug of DNA mixed with 100 ul of OPTI-MEM
(Invitrogen) per 1 ug of DNA. Cells were washed with PBS and media was changed to OPTI-
MEM containing 50 uM of the appropriate fucose analog after 6 hours for fucose analog
experiments or pure OPTI-MEM (Invitrogen) for other experiments. Four days later the
media was collected and protein was purified using Ni-NTA resin (Qiagen) and eluted with
250 mM imidazole as described previously (271). For analysis of protein O-fucosylation,
ADAMTS17 constructs 1C and 25P were transiently expressed in HEK293T cells and
proteins were purified from conditioned medium using Ni?*-NTA resin (Qiagen). The
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purified proteins were reduced, alkylated, and subjected to digestion with trypsin or

chymotrypsin (Promega, Madison, WI).

2.4 Glycoproteomic analysis of purified Notch and ADAMTS17 protein

Affinity-purified protein from each culture condition was reduced, alkylated and
digested (in-gel) with trypsin, chymotrypsin or V8 as described previously (262, 271). The
resulting peptides were analyzed by nano LC-MS/MS using Agilent nano-HPLC-CHIP
system coupled to a model 6340 lon Trap mass spectrometer as described (262, 271). O-
Fucosylated and O-glucosylated peptides were identified by neutral loss searches and semi-
quantitative Extracted lon Chromatograms (EICs) of selected ions were generated to
compare relative amounts of relevant glycoforms of each peptide (262, 271). EICs were

smoothed using a Gaussian algorithm.

2.5 Cell-based co-culture Notch reporter assay

NIH3T3 cells (0.5 x 104 cells/well) were seeded in a 24-well tissue culture plate and
co-transfected with 0.1 pg of pcDNA1-mN1-myc or pTracer-mN2-Flag, and either 0.05 pg of
SEAP (EV) or Lfng-AP (Lfng) plasmid (0.1 pug Lfng-AP was used in DII1-N2 experiments to
better evaluate the effects of Fringe), along with 0.12 pg of TP-1 luciferase Notch signaling
reporter construct and 0.06 pg of gWIZ 3-galactosidase construct for transfection efficiency
normalization using Lipofectamine 2000 (Invitrogen), according to the manufacture’s
instructions. After 4 hours, media were changed to media containing the appropriate
peracetylated fucose analog (50 uM, unless otherwise specified) or DMSO. Then L-cells

stably expressing Jag1 or DIl1, or MS5 cells stably expressing D114, were overlaid on the
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NIH3T3 transfectants at a density of 1.5 x 10> cells/well. Cells were lysed after an
additional 24 hour culture and luciferase and 3-galactosidase assays were performed based
on the manufacture’s instructions (Luciferase Assay system, Promega) as described
previously (262, 272). Three biological replicates were performed in at least two
independent experiments (total n26, as indicated in figure legends).

Similar assays were performed with T-ALL constructs in U20S cells. Briefly, U20S
cells were plated in 24 well plates at 0.5 x 104 cells/well and incubated overnight. Cells
were transfected with EV, human WT Notch1 or T-ALL mutant Notch1 plasmids (0.1 pg),
TP-1 Notch luciferase reporter (0.12 pug) and gWIZ 3-galactosidase (0.06 pg). Cells were
washed, lysed and luciferase and -galactosidase were performed, as above. Cells were
incubated for 4 h and media was changed to either normal growth media or normal growth
media with DIl1-expressing L-cells (1.5 x 10> cells/well). Three biological replicates were
performed in at least two independent experiments (total n>6, as indicated).

For signaling assays in glioma cells, glioma cell lines were plated in 24 well plates at
0.5 x 10% cells/well. Cells were incubated overnight and transfected with TP-1 Notch
luciferase reporter (0.12 pg) and gWIZ 3-galactosidase (0.06 pg). After 4 h cells were co-
cultured with DII1 expressing L-cells and were incubated for 24 additional hours. Cells

were lysed and endogenous Notch activity was measure, as above.

2.6 Notch ligand coated plate induction assay of Notch signaling
24-well tissue culture plates were coated with DIl1-Fc (R&D Systems, 3970-DL-
050), DIl4-Fc (Sino Biological, 10171-HO02H-50) or Jag1-Fc (R&D Systems, 599-]G-100) (4

ng/mL per well for each ligand) in PBS for 2 hours at room temperature. NIH3T3 cells (0.5
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x 10° cells/well) were plated in ligand-coated wells and incubated overnight. Transfection
of control and Notch reporter constructs, media changes, -galactosidase, and luciferase
reporter assays were carried out, as above. Three biological replicates were performed for

each condition (n=3).

2.7 Cell surface Notch expression

HEK293T cells were co-transfected 1.5 pg of either EV or pcDNA-N1-MycHis, and 0.4
ug of GFP (pEGFP-N1) in a 3.5-cm plate using PEI transfection reagent. After 4 hours in
culture, media was changed to media containing 50 uM of the appropriate peracetylated
fucose analog or DMSO. At 28-30 h post-transfection, the cells were dissociated with cold
PBS pH 7.4 containing 1% bovine serum albumin, (BSA) and resuspended in 1 mM CaCly,
1% BSA and 0.05% NaN3 in Hanks’ balanced salt solution (Gibco). Cells were incubated
with 100 ul of anti-mN1 (ECD) antibody (R&D systems, AF5267) at 10 pg/ml for 1 h at 4°C.
Cells were washed with the binding buffer and then incubated with PE-anti-sheep IgG
(1:100; Santa Cruz, SC-3757) for 30 min at 4°C. After two washes with binding buffer, the
cells then were analyzed with a FACSCalibur (BD, Bioscience) flow cytometer. The gate was
set to collect the GFP positive population of 30,000 events for each sample and analyzed
using Flow]o software (ver. 9.4.10). Three independent experiments were performed for

each condition (n=3).

2.8 Cell-based Notch ligand binding assay
HEK293T cells (8.5 x 105 cells/well) were seeded in a 3.5 cm culture plate and co-

transfected with 1.5 pg of pcDNA1-mN1-myc, 0.4 pg of GFP and 0.75 pg of either SEAP (EV)
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or Lfng-AP (Lfng) using PEI reagent. After 4 hours in culture, media was changed to media
containing 50 uM of the appropriate peracetylated fucose analog or DMSO. Cells were
dissociated 24-28 hours post-transfection with cold PBS pH 7.4 containing 1% bovine
serum albumin (BSA). Cells were then resuspended in binding buffer (1 mM CaClz, 1% BSA
and 0.05% NaN3 in Hanks’ balanced salt solution, pH 7.4, Gibco). DI11-Fc (R&D Systems,
3970-DL-050), DIl4-Fc (Sino Biological, 10171-H02H-50) or Jagl-Fc (R&D Systems, 599-]G-
100) (each at 0.5 pg/mL) were pre-clustered with fluorescent secondary antibody PE-goat
anti-mouse IgG (1:100; Invitrogen, P-852) or PE-anti-human IgG (1:100; Jackson Immuno
Research, 109155-098) for 30 min at 4°C. Cells were incubated with clustered ligands at
4°C. After 1 hour, the cells were washed twice with binding buffer and analyzed using a
FACSCalibur (BD, Bioscience) flow cytometer. The gate was set to collect 30,000 GFP-
positive events for each sample and analyzed using Flow]o software (ver. 9.4.10).
Experiments were performed at least three independent times (n>3, as indicated in figure
legends).

For reverse binding assays, HEK293T cells were transfected with 1.5 pg of full-
length mDII1 (pTracer) and 0.4pg of GFP, as above. Cells were dissociated and incubated
with 0.5 pg/mL of soluble Notch1-Fc chimera, containing EGF repeats 1-13 (R&D Systems,
5267-TK-050), for 1 hour. Cells were washed in binding buffer and incubated with PE-anti-
human IgG (1:100; Jackson Immuno Research, 109155-098). Cells were then washed twice
and analyzed, as above. Three independent experiments were performed for each

condition (n=3).
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2.9 Mutagenesis of O-fucosylation and 0-glucosylation sites

O-Fucosylation site mutants at EGF repeats 8, 12, or both of the pcDNA1-mN1myc
plasmid were provided by Dr. Shinako Kakuda (125). Mutations were designed to eliminate
the modified residue (threonine to valine) within the O-fucosylation consensus sequence,

CXXXX(S/T)C (273). The mutants were confirmed by DNA sequencing.

Primer Sequence (5 to 3’)
mN1 S435A Fwd CTCAACACACTGGGTGCTTTTGAGTGCCAGTG
mN1 S435A Rev CACTGGCACTCAAAAGCACCCAGTGTGTTGAG
mN3 S415A Fwd GTGTGAATACACAGGGCGCATTCTTGTGCCAATG
mN3 S415A Rev CATTGGCACAAGAATGCGCCCTGTGTATTCACAC
Pofutl S162L Fwd CAACAAGTTGGAGCTTTTTACAGGCATTTCCTT
Pofutl S162L Rev AAAGCTCCAACTTGTTGAAACTCACATGAAACTGAT

Table 2.1: Primers used for site directed mutagenesis of Notch receptors.

Site directed mutagenesis was also used to generate mutants for novel O-glucose
sites on mouse Notch1 and mouse Notch 3. The QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies) was used according to the manufacturer’s protocol.
Mutants were confirmed using DNA sequencing of the entire plasmid. The S162L mutant
was generated similarly by Dr. Hideyuki Takeuchi. Primers used for mutagenesis are

shown in Table 2.1.

2.10 Glioma and hepatocellular carcinoma cell MTT assay

Cells were plated in 96-well plates at 3,000 cells per well and were grown in the
presence of experimental compounds or DMSO for 96 hours. To assay proliferation at the
end of an experiment, one-tenth volume of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide reagent (Vybrant Cell Proliferation Assay Kit, ThermoFisher)

was added to each well and incubated at 37 °C. After 4 hours, 100 pL of SDS buffer (Vybrant
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Cell Proliferation Assay Kit, ThermoFisher) was added to each well and the absorbance at

570 nm measured using a plate reader, as per manufacturer’s instructions.

2.11 RT-qPCR assays for cancer cells and patient fibroblast

RNA was isolated from cells using TRIzol (Thermo Fisher Scientific) according to
manufacturer’s protocol. RNA was quantified following purification and SuperScript II
Reverse Transcriptase (Thermo Fisher Scientific) was used to generate cDNA according to
manufacturer’s protocol. cDNA was quantified and used for RT-qPCR analysis. The SYBR
Green Real-Time PCR kit was used with 1 pg cDNA and 1 pg primers (Table 2.2). Mixtures
were added to wells of a 384 well plate and run on the Light Cycler 480 (Roche) for 40
cycles. The 2-22CT method was used for analysis of results. At least three technical replicates

were run for each condition.

RT-qPCR Primer Sequence (5' to 3')
MGAPDH Fwd CCAATGTGTCCGTCGTGGATCT
MmGAPDH Rev GTTGAAGTCGCAGGAGACAACC
mHEY1 Fwd TACCCAGTGCCTTTGAGAAG
mHEY1 Rev AACCCCCAAACTCCGATAGTC
mHES1 Fwd CTACCCCAGCCACTGTCAAC
mHES1 Rev ATGCCGGGAGCTATCTTTCT
hPofutl Fwd AACAGCTCTTCAAAGGGAAG
hPofutl Rev ACAGTTGCCAATAAAGTGGT
hGAPDH Fwd ACATCGCTCAGACACCATG
hGAPDH Rev ATGACAAGCTTCCCGTTCTC
hHES1 Fwd TCAACACGACACCGGATAAA
hHES1 Rev CCGCGAGCTATCTTTCTTCA
hHEY1 Fwd TGAGCTGAGAAGGCTGGTAC
hHEY1 Rev ATCCCAAACTCCGATAGTCC
hNotchl Fwd AGGACCTCATCAACTCACACGC
hNotchl Rev CGTTCTTCAGGAGCACAACTGC
hNotch2 Fwd TTTGGCAACTAACGTAGAAACTCAAC
hNotch2 Rev TGCCAAGAGCATGAATACAGAGA

35



hNotch3 Fwd AAGGACGTGGCCTCTGGT

hNotch3 Rev TCAGGCTCTCACCCTTGG
hNotch4 Fwd CAGCCCAAGCAGATATGTAAGGA
hNotch4 Rev CGTCCAACCCACGTCACA

hLfng Fwd ACGTCTTCATCGCTGTCAAG
hLfng Rev CTCATCTTCCCCGTCAGTG

hMfng Fwd GGGAAACTCAACGTCATTAAGC
hMfng Rev AGCAGTTCAGGATTCATCGG
hRfng Fwd AGCAGACGTTTATCTTCACCG
hRfng Rev AACTTCTCATACTCCACGGAC

hPOGLUT2 Fwd | ATTCAGGCAGTGGATACATCAG

hPOGLUT2 Rev TGAAGGACCCATCTTTTCGG

hPOGLUT3 Fwd CCCGGAGGTGCTGGTCA

hPOGLUT3 Rev GACCGCCTGCAGGTAGAAAT

mPOGLUT2 Fwd | CGTTGGCTTTAGGATTTTCATGG

MPOGLUT2 Rev | AGATCGGCTGAATGTTGGAG

mPOGLUT3 Fwd | TGAAATTTTGCTGTCACTGGC

MPOGLUT3 Rev | AGCCACACCAGGAAATGATAG
Table 2.2: RT-qPCR primer sequences used in this dissertation.

2.12 Statistical analysis

For signaling and binding assays two-way ANOVAs were used to assess significance.
Tukey’s post-hoc test was used to evaluate differences between individual treatment
conditions. Statistically identical conditions were grouped together in graphs. Sidak’s
multiple comparisons test was used to evaluate significance between -Fng and +Lfng
conditions. Student t-tests were used to assess significance for T-cell differentiation assays.

All statistical tests were carried out using Prism 7 software (Graphpad).

2.13 Viral transduction and selection of infected cells
To generate shRNA virus, LinX-A retroviral producing cells were plated at 10 x 10>

cells/well in 3.5 cm dishes and were transfected with anti-POFUT1 shRNA constructs using
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1 pg plasmid and 6 pL PEIL. Media was changed to fresh media after 4 h. After an additional
48 h incubation period media was collected and filtered with a 0.22 micron filter. This
supernatant was then added to HEK 293T cells plated at 70% confluence. After 48 h media
was changed to fresh media with 2 ug/mL puromyecin to select for successfully transduced
cells.

Following puromycin selection, fluorescence-activated cell sorting (FACS) was used
to select cells expressing the highest levels of GFP. A FACSAria III cell sorter (BD
Biosciences) was used to collect the top 10% of GFP expressing cells. Selected cells were

cultured, passaged and used for further experiments.

2.14 Fluorescence microscopy

In order to examine levels of GFP expression in cells the Nikon Eclipse Ti-S
florescence microscope was used to observe cells. The digital interference contrast (DIC)
setting was used to observe all cells and a FITC lens was used to observe GFP expressing

cells.

2.15 ADAMTS17 secretion assays

To determine the impact of O-fucosylation on ADAMTS17 secretion, control, POFUTZ
and B3GLCT knockout cells were generated (by Stephen Berardinelli and Hideyuki
Takeuchi). Cells were plated in 3.5 cm plates and co-transfected with 1C, 25P, or full length
ADAMTS17 constructs (1 pg) and human IgG (0.5 pg). Media was changed to OPTI-MEM
after 4 hours and was collected after an additional 24 hours. Cells were lysed in 1% NP-40

with a protease inhibitor and lysates were collected. The media and lysates were analyzed
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by reducing SDS-PAGE followed by Western blotting with anti-myc (9E10) and anti-hIgG
(Rockland). Results from control HEK293T cells were compared with HEK293T cells with
CRISPR-Cas9 mediated knockout of POFUTZ or B3GLCT, using co-transfected IgG as a

control as recently described (274).

2.16 Zebrafish embryo experiments (Wu lab, Einstein)

All Zebrafish (Danio rerio) were maintained following standard procedures and
embryos were staged as previously described (275). AB and casper fish [roy®®;mitfa¥? (AB)]
(276) were used as wild type fish. The SuH:GFP transgenic line [Tg(TP1bglob:gfp) ™13]
(277) was maintained in an AB background. The towhead (twd)r685 mutant (79) was
maintained by intercross. Only healthy Zebrafish larva with normal shape and behavior, as
judged by pre-established criteria (275), were analyzed. Larvae were assigned randomly to
treatment conditions. The gmds Morpholino was used at 2 ng per embryo, as previously
described (79). GDP-fucose and GDP-fucose analogs were re-suspended in pure water at
20-60 mM and 60 pmol of each analog was injected into embryos at the 1-cell stage. After
reaching the desired developmental stages (48 hpf), embryos were mounted to the desired
position in 1.5% methyl-cellulose in E3 medium. Images were taken using an Olympus
SZ16 fluorescent dissecting microscope and Microfire digital camera (Olympus). To ensure
that each embryo had one allele of GFP-Notch reporter, heterozygous or homozygous
[Tg(TP1bglob:gfp)*™13] fish were crossed to wild type AB fish. The progeny were collected
and injected as described above. At 48 hpf, GFP-positive embryos were collected and each
fish was put into one well of a 96-well plate. A group of 60 embryos was treated for each

condition. The final number of survived Zebrafish larva ranged from 23 to 48 due to
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different fertilization rates. Since the treatments of different GDP-fucose analogs created
100% penetrance, no statistical methods were used to determine required sample size. All
Zebrafish maintenance and usage was performed with the full compliance of ethical
regulation and was approved by the Institutional Animal Care and Use Committee (IACUC)

of Albert Einstein College of Medicine.

2.17 In vitro Pofutl and Lfng glycosyltransferase assays (Dr. Hideyuki Takeuchi, Stony
Brook)

In vitro glycosyltransferase assays were performed as previously described (265).
The first EGF repeat from human factor IX (hFA9) was expressed in E. coli BL21 (DE3) cells
and purified by Ni-NTA affinity chromatography and subsequently, reverse phase HPLC.
For in vitro O-fucosylation, a 30-ul reaction mixture contained 50 mM HEPES pH 6.8, 10
mM MnCl2, 10 uM hFA9, 200 uM GDP-fucose analogs, and approximately 300 ng of
recombinant mouse Pofutl. The reaction was performed at 37°C overnight. Reaction
products were purified by reverse phase HPLC (Agilent Technologies, 1200 Series)
equipped with a C18 column (10 x 250 mm, Vydac) with a linear gradient of solvent B
(80% acetonitrile and 0.1% trifluoroacetic acid (TFA)) from 10% to 90% in solvent A
(0.1% TFA) for 60 min, monitoring absorbance at 214 nm. Peak fractions were dried down
in a SpeedVac centrifuge and analyzed by mass spectrometer as described above. For Lfng
reactions, hFA9 modified with fucose analogs were quantitated with a BCA Protein assay
(Thermo Fisher) with BSA as a standard, and used as acceptor substrate. The 10-ul
enzymatic reaction with Lfng contained 50 mM HEPES pH 6.8, 10 mM MnClz, 0.5% Nonidet

P-40, the indicated amounts of acceptor substrate, 0.25 uM UDP-['H]GlcNAc (Perkinelmer,
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1.46 TBq/mmol), 20 uM UDP-GIcNAc and 1 ug of recombinant Lfng. The reaction was
performed at 37°C for 20 min and stopped by adding 900 ul of 100 mM EDTA pH 8.0. The
samples were loaded onto a C18 cartridge (100 mg, Agilent Technologies). After the
cartridge was washed with 5 ml of water, the EGF repeat was eluted with 1 ml of 80%
methanol. Incorporation of [3H]-GlcNAc into the EGF repeat was determined by
scintillation counting of the eluate. Reactions without substrates were used as background

control.

2.18 Purification of LSK cells from bone marrow (Stanley lab, Einstein)

LSK cells were purified from bone marrow of FVB littermates, 2 males and 2
females, chosen at random. The first experiment was performed with an FVB female
heterozygous for each of three Fringe genes (Lfng, Mfng and Rfng) (278). Mice were housed
in a barrier facility, allowed to eat and drink ad libitum, and used in experiments at 8-10
weeks of age. All experiments were performed with permission from the Albert Einstein
Institutional Use and Animal Care Committee. Since only FVB mice were used, no blinding
was performed. Briefly, bone marrow cells were prepared by crushing the femur, tibia, hips
and vertebrae of FVB mice in cold Flow Buffer (PBS pH 7.4 lacking cations, containing 4%
FBS and 100 U/ml penicillin/streptomycin). Cells were incubated in 5 ml RBC lysis buffer
(0.15 M NH4(Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2-7.4) for 3 min before adding 40 ml
Flow Buffer. After centrifugation at 1200 rpm for 10 min at 4 °C, cells were counted using a
Coulter counter. Approximately 1.5 x 108 cells were incubated with 3 pl FcR blocking
solution (rat-anti-mouse CD16/CD32) in 250 pl Flow Buffer on ice for 15 min and then

depleted of Lineage* cells using biotin-conjugated antibodies against B220 (1:100; clone
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RA3-6B2), CD11b (1:500; clone M1/70), Gr-1 (1:500; clone RB6-8C5), CD4 (1:200; clone
GK1.5), CD8a (1:200; clone 53-6.7), CD3¢ (1:100; clone 145-2C11), Ter119 (1:100; clone
TER-119), and CD19 (1:100; clone 6D5) (all biotinylated antibodies were from Biolegend)
in a final volume of 300 pl Flow Buffer. After 30 min on ice, cells were washed with 10 ml
cold Flow Buffer and the pellet resuspended in 9 ml cold Flow buffer to which 1 ml anti-
biotin microbeads (Life Technology) was added. After rotation for 30 min at 4 °C, bead-
coated cells were removed by magnetic separation. Lineage-depleted cells were incubated
with anti-Sca-1-PE (1:50; Biolegend, clone D7), anti-cKit-APC (1:50; BD Pharmingen, clone-
1B8) and streptavidin-PE-Cy7 (1:200; Biolegend) in a final volume of 300 ul Flow Buffer.
After 30 min on ice, cells were washed with 10 ml cold Flow buffer, the pellet resuspended
in 300 pl Flow Buffer containing 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI;
1:1000). Live, DAPI-negative, Lin-Scal*cKit* (LSK) cells were collected by cell sorting using
an Aria flow cytometer (BD Biosciences), and analyzed using Flow]o™ (Flow]o, LLC)

software.

2.19 LSK cell differentiation assay (Stanley lab, Einstein)

OP9-GFP, OP9-DII1 and OP9-Dl14 cells(279) were kindly provided by Cynthia Guidos
and were cultured in a-Minimum Essential Medium (MEM, Gibco), supplemented with 10%
FBS (Hyclone), 100 U/mL penicillin/streptomycin. OP9-GFP, OP9-DIl1 and OP9-Dll4 cells
were plated in 24-well plates (Corning) in 1 ml MEM, supplemented with 20% heat-
inactivated FBS (Hyclone), 100 U/mL penicillin/streptomycin and 25 ng/ml Amphotericin
B (Gibco), to achieve ~90% confluency after 24 hour. Co-cultures were initiated by

overlaying LSK cells (3 x 103 per well) in 1 ml MEM containing 5 ng/mL FIt3-L and 1 ng/mL
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IL-7 (both from Preprotech, Rocky Hill, NJ). Compound 9 or 10 in DMSO was added to co-
cultures to a final concentration of 25 pM and an equal volume of DMSO was added to
control wells. Plates were incubated at 37°C in a humidified atmosphere with 5% CO..
Every 2 days, half the medium was refreshed to maintain the final concentration of DMSO,
9 or 10. On day 8, co-cultures were harvested by forceful pipetting, filtered through a 40
micron cell strainer, and centrifuged at 1200 rpm for 5 min at room temperature. Cell
pellets were fixed in 4% paraformaldehyde (PFA) in PBS (pH 7.4, lacking cations) for 15
min at room temperature, and stored at 42C.

For flow cytometry, fixed cells were washed with 1 ml cold FACS binding buffer
(FBB; Hanks’ balanced salt solution (HBSS), 2% bovine serum albumin (BSA), 0.05%
sodium azide, pH 7.2-7.4) by centrifugation for 5 min at 1200 rpm. Cells were resuspended
in 90 pl FBB containing 1 pl Fc block (rat-anti-mouse CD16/CD32), and incubated for 15
min on ice. Antibody diluted in FBB (10 ml final volume) was added, and the tube was
incubated for 30 min at 4°C. To detect differentiated T-cells, CD44-PE (1:200; clone-IM7,
eBioscience) and CD25-PerCPCy5.5 (1:200; clone-PC61.5, eBioscience) and for B-cells
CD19-PE-Cy7 (1:100; clone-6D5, Biolegend) were used. Cells were washed twice in 1 ml
FBB and transferred to a 5 ml Polystyrene round bottom tube in 250 pl FBB.
Immunofluorescence of GFP-negative (non-stromal) cells was analyzed using FACSCalibur
(BD Biosciences), and data were analyzed using Flow]o software (Flow]o, LLC). One of four
FVB mice gave reduced numbers of CD25+ cells and is not included in the analysis shown in
Figure 3.10. However, when the data are normalized to DMSO control, the results for the 4

mice were qualitatively similar (compound 9 (Ac-GDP-Fuc) averaged 0.97+/-0.15 for DII1
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and 1.11+/-0.11 for D114 and compound 10 averaged 0.0+/-0.002 for DII1 and 0.01+/-0.003

for DIl4.

2.20 Synthesis of GDP-fucose and GDP-fucose analogs (Wu lab, Einstein)

GDP-fucose and GDP-fucose analogs were prepared following the protocol reported
in (280). Crude reaction products were purified by Bio-Gel P2 gel filtration
chromatography (1.5 x 75 cm) and eluted with H20. GDP-L-fucose or analog containing
fractions from P2 separation were pooled and evaporated to a volume of 3 ml under
reduced pressure (20 mbar) at 25°C (no more than 30 °C). HPLC separation was performed
on a C18 column (ES Industries; Epic C18 51120 A 20 x250 mm) at a flow rate of 20
mL/min. The gradient had the following steps: 0-20 min, 100-98% phosphate-buffer; 20-21
min, 98-10% phosphate-buffer; 21-25 min, 10% phosphate-buffer; 25-26 min, 10-100%
phosphate-buffer; 26-30 min, 100% phosphate-buffer. The GDP-L-fucose or analog
containing fractions were collected (between 11-16 min), pooled, and concentrated under
reduced pressure (20 mbar) at 25°C (no more than 30 °C). For the desalting, a gel filtration

on a Sephadex G-10 column (GE Health and Life Sciences) was used.

2.21 Synthesis of peracetylated fucose analogs (Wu lab, Einstein)

Peracetylated L-fucose (Carbosynth, 24332-95-4), 2-fluoro-L-fucose (Calbiochem,
344827-10MG), and L-galactose (Carbosynth, 604-69-3) and all other chemical reagents
and solvents were obtained from commercial sources and used without further purification
except for the following: Anhydrous THF was obtained using a Pure Solv™ AL-258 solvent

purification system and pyridine was dried over activated 4 A molecular sieves.
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Chromatography was performed on a Teledyne ISCO CombiFlash R¢ 200i using disposable
silica cartridges. Analytical thin layer chromatography (TLC) was performed on Merck
silica gel plates and compounds were visualized using ceric ammonium molybdate (CAM)
stain. NMR spectra were recorded on a Bruker DRX 300 or 600 spectrometers. 'H chemical
shifts (8) are reported relative to tetramethyl silane (TMS, 0.00 ppm) as internal standard.
Mass spectra were recorded on a Shimadzu LCMS 2010EV (direct injection).

Synthesis

HO O znciy His0, HO

1,2:3,4-Di-O-isopropylidene-a.-L-galactopyranose (15): Acetone (33 mL), zinc chloride
(1.21 g, 8.88 mmol, 1.6 equiv.) and H2S04 (0.03 mL, 0.056 mmol, 0.1 equiv.) were added to
a flask that was then purged with argon. L-Galactose (1 g, 5.55 mmol, 1 equiv.) was added
and the reaction mixture stirred at room temperature for 15 hours. TLC analysis
(hexanes/EtOAc 1:1; CAM) showed full conversion and the reaction was quenched with
sodium carbonate (3 g) and water (6 mL). Stirring continued for 10 minutes and the solids
was filtered and rinsed with acetone. Concentration in vacuo gave the title compound in
quantitave yield (152).

TLC: Rr= 0.27 (Hexanes/EtOAc 1:1; CAM). 1H NMR (300 MHz, CDCl3) 6 5.58 (d, /= 5.1 Hz,
1H), 4.62 (dd, /= 7.9, 2.4 Hz, 1H), 4.34 (dd, J = 5.1, 2.4 Hz, 1H), 4.28 (dd, /= 7.9, 1.6 Hz, 1H),

3.96 - 3.83 (m, 2H), 3.85 - 3.71 (m, 1H), 2.38 (d, ] = 8.8 Hz, 1H), 1.55 (s, 3H), 1.46 (s, 3H),
1.34 (s, 6H).

WL Dess-Martin O\A
\N penodmane OHC o d
CHZCIZ o0
i 16
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1,2:3,4-Di-0-isopropylidene-a-L-galacto-hexadialdo-1,5-pyranose (16): A solution of
alcohol 15 (1.57 g, 6.03 mmol, 1 equiv.) in CH2Clz (50 mL) was cooled in an ice/water bath.
Dess-Martin periodinane (3.38 g, 7.97 mmol, 1.32 equiv.) was added in portions over 8
minutes. After 3 hours, TLC analysis (hexanes/EtOAc 1:1, CAM) indicated full conversion
and the reaction mixture was diluted with Et,0 (60 mL) and quenched with sat. aq. NaHCO3
(60 mL) and NazS203 (2.5 g). The resulting biphasic mixture was stirred vigorously until
both phases became clear. The phases were separated and the organic layer was washed
with sat. aq. NaHCO3 (50 mL) and brine (50 mL). The combined aqueous phases were back-
extracted with CH;Clz (50 mL) and combined extracts were dried over MgSO4 and filtered
thought celite. Concentration in vacuo gave aldehyde 16 (1.48 g, 5.73 mmol, 95%) in
acceptable purity (281).

TLC: Rr= 0.52 (Hexanes/EtOAc 1:1; CAM). 1H NMR (300 MHz, CDCl3) 6 9.62 (s, 1H), 5.67

(d,] = 4.9 Hz, 1H), 4.65 (dd, ] = 7.8, 2.4 Hz, 1H), 4.60 (dd, J = 7.8, 2.1 Hz, 1H), 4.39 (dd, ] = 4.9,
2.4 Hz, 1H), 4.19 (d, ] = 2.1 Hz, 1H), 1.51 (s, 3H), 1.45 (s, 3H), 1.35 (s, 3H), 1.32 (s, 3H).

P\OMe

PJ# ﬁ*

MeOH
16 17

6,7-Dideoxy-1,2:3,4-Di-O-isopropylidene-a-L-galacto-hept-6-ynopyranose (17):
Methanol (20 mL), K2CO3 (412 mg, 2.98 mmol, 2 equiv.), and dimethyl (1-diazo-2-
oxopropyl)phosphonate (384 mg, 2.00 mmol, 1.34 equiv.) were added to a flask containing
aldehyde 16 (385 mg, 1.49 mmol, 1 equiv.) under argon. After 15 hours, TLC analysis
(Hexanes/EtOAc 1:1; CAM) showed full conversion. The reaction mixture was transferred
to a separatory funnel and diluted with water (100 mL). The product was extracted with

EtOAc (3 x 30 mL), and the combined organic phases were dried (Na2S04), filtered and
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concentrated. Column chromatography (12 g silica, gradient of 0-20% EtOAc in hexanes)
gave pure alkyne 17 (282).
TLC: Rr= 0.56 (Hexanes/EtOAc 1:1; CAM). 1H NMR (300 MHz, CDCl3) 6 5.55 (d, /= 5.0 Hz,

1H), 4.67 - 4.56 (m, 2H), 4.37 - 4.25 (m, 2H), 2.54 (d, ] = 2.3 Hz, 1H), ), 1.55 (s, 3H), 1.54 (s,
3H), 1.39 (s, 3H), 1.34 (s, 3H).

\A 1)TFAIH20 OAc
2)A 0, DMAP %A"
C2!
oyr. A':'OOAc
10

6,7-dideoxy-1,2,3,4-tetraacetate-L-galacto-hept-6-ynopyranose (10): A vial with
alkyne (38 mg, 0.15 mmol) was cooled in an ice/water bath and a pre-cooled mixture of
water (0.2 mL) and TFA (1.8 mL) was added. After 30 minutes, TLC analyses
(hexanes:EtOAc 1:1 and CH2Cl2:MeOH 4:1, CAM) showed full conversion. The reaction
mixture was co-evaporated with PhMe (3 x 2 mL) and dried in vacuo. The crude tetra-ol
was dissolved in pyridine (1 mL) and DMAP (18 mg, 0.15 mmol, 1 equiv.) and acetic
anhydride (0.5 mL, 5.3 mmol, 36 equiv.) were added. Stirring continued overnight and the
mixture was diluted with EtOAc (5 mL) and transferred to a separatory funnel. Washing
with 1 M HCl (2 x 5 mL) and sat .aq. NaHCO3 (5 mL), followed by drying (Na2S04) and
removing of volatiles gave crude product which was purified by column chromatography
(4 g silica, gradient of 0-75% EtOAc in hexanes). Tetraacetate 10 (39 mg, 0.11 mmol, 76%)
was isolated as an anomeric mixture of both pyranosides and furanosides (156).

TLC: R¢= 0.09 (Hexanes/EtOAc 3:1; CAM). 1H NMR (300 MHz, CDCl3; Major signals) 6
6.41 (d,] = 3.0 Hz), 6.35 (d, ] =4.6 Hz), 5.51 (dd, ] = 3.5, 1.4 Hz), 5.07 (d, ] = 3.4 Hz), 4.90
(ddd, ] =2.3,1.5,0.7 Hz), 4.61 (dd, ] = 2.2, 1.4 Hz), 4.42 (dd, ] = 6.4, 4.6 Hz), 4.23 (dd, ] = 8.4,

5.6 Hz), 2.52 (s), 2.51 (s), 2.50 (s), 2.49 (s), 2.22 (s), 2.21 (s), 2.17 (s), 2.12 (), 2.12 (s), 2.02
(s), 2.01 (s). ESI-MS: calc’d for C1sH18NaOg (M+Na)* 365.1 found 364.9.
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3716 18
6,7-Dideoxy-1,2:3,4-Di-O-isopropylidene-a-L-galacto-hept-6-enopyranose (18):
Methyltriphenyl-phosphonium bromide (389 mg, 1.09 mmol, 3.3 equiv.) and THF (3 mL)
were added to an oven dried Schlenk flask under argon. The flask was cooled in an
ice/water bath and tBuOK (111 mg, 0.99 mmol, 3 equiv.) was added to give a bright yellow
mixture. After stirring for 60 minutes, a solution of aldehyde 16 (85 mg, 0.33 mmol, 1
equiv.) in dry THF (3 mL) was added drop-wise. After stirring for 90 minutes, sat. aq.
NaHCO3 (3 mL) was added to quench the reaction. The product was extracted with Et,0 (3
x 3 mL) and the combined organic phases were dried over MgSO,, filtered and
concentrated. The alkene 18 (46 mg, 0.18 mmol, 54%) was obtained after column
chromatography (4 g silica, gradient of 0-85% EtOAc in hexanes) (283).
TLC: Rr= 0.53 (Hexanes/EtOAc 3:1; CAM). 1H NMR (300 MHz, CDCl3) 6 5.93 (ddd, ] = 17.4,
10.6, 6.0 Hz, 1H), 5.58 (d, ] = 5.0 Hz, 1H), 5.37 (dt, ] = 17.4, 1.6 Hz, 1H), 5.28 (dt,] = 10.6, 1.5

Hz, 1H), 4.62 (dd, ] = 7.9, 2.4 Hz, 1H), 4.31 (m, 2H), 4.23 (dd, ] = 7.8, 2.0 Hz, 1H), 1.54 (s, 3H),
1.47 (s, 3H), 1.35 (s, 6H).

\A 1)TFAIH20 X\ OAc
2)A O, DMAP \WBAC
C2
oyr. AcoOAc
1

6,7-dideoxy-1,2,3,4-tetraacetate-L-galacto-hept-6-enopyranose (11): A vial with
alkene 18 (40 mg, 0.16 mmol) was cooled in an ice/water bath and a pre-cooled mixture of
water (0.2 mL) and TFA (1.8 mL) was added. After 45 minutes, TLC analyses
(hexanes:EtOAc 1:1 and CH2Cl2:MeOH 4:1, CAM) showed full conversion. The reaction
mixture was co-evaporated with PhMe (2 x 2 mL) and dried in vacuo. The crude tetra-ol

was dissolved in pyridine (1 mL) and DMAP (2 mg, 0.016 mmol, 0.1 equiv.) and acetic
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anhydride (0.5 mL, 5.3 mmol, 34 equiv.) were added. Stirring continued overnight and the
mixture was diluted with EtOAc (5 mL) and transferred to a separatory funnel. Washing
with 1 M HCl (2 x 5 mL) and sat .aq. NaHCO3 (5 mL), followed by drying (Na>S04) and
removing of volatiles gave crude product which was purified by column chromatography
(4 g silica, gradient of 0-40% EtOAc in hexanes). Tetraacetate 11 (43 mg, 0.13 mmol, 80%)
was isolated as an anomeric mixture of both pyranosides and furanosides (283).

TLC: R¢= 0.15 (Hexanes/EtOAc 3:1; CAM). 1H NMR (600 MHz, CDCl3; Major signals) 6
6.44 (d,] =29 Hz), 6.33 (d,] =4.6 Hz), 5.78 - 5.63 (m), 5.27 (ddt, ] = 12.2, 10.7, 1.3 Hz), 5.12
(dd, ] =10.4, 3.4 Hz), 4.68 - 4.61 (m), 4.33 (dt, ] = 5.2, 1.4 Hz), 2.16 (s), 2.14 (s), 2.13 (s),

2.13 (s), 2.05 (s), 2.05 (s), 2.03 (s), 2.01 (s), 2.00 (s). ESI-MS: calc’d for C1sHz20NaOg (M+Na)*
367.3 found 368.0.
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Chapter 3: Inhibition of Delta-induced Notch signaling
using fucose analogs
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3.1 Introduction

The Notch signaling pathway is highly conserved across all metazoa and plays
important roles in cell fate determination during development and in adult tissue
homeostasis (284-286). In mammals there are four Notch receptor homologs (Notch1-4)
and five Notch ligands: Jagged (Jag) 1, 2 and Delta-like (Dll) 1, 3 and 4 (285). Notch
signaling is initiated upon binding of Notch ligand to Notch receptor leading to a cascade of
events that ultimately culminates in the cleavage of the Notch intracellular domain (NICD)
by a y-secretase. NICD then translocates to the nucleus, where it regulates transcription of
target genes (287).

Given the critical role that Notch plays in tissue development and maintenance, it is
not surprising that defects in Notch signaling lead to several human disorders. As early as
1991, it was shown that the breakpoint of a defining chromosomal translocation seen in T-
cell lymphoblastic leukemias occurs within the Notch1 gene (288). Since then, excessive
Notch signaling has been implicated in a wide range of human cancers including cervical,
renal, lung, hepatocellular, hematologic, and neurologic malignancies (289-291). Initial
efforts to inhibit Notch signaling in the treatment of these cancers had focused largely on
the development of y-secretase inhibitors (GSIs), small molecules that prevent NICD
cleavage and thereby block Notch signaling. Unfortunately, this strategy has not been
successful to date, largely due to dose limiting gastrointestinal and other side effects (292).
Alternative anti-Notch therapeutic strategies which are now in development include the
use of monoclonal antibodies targeting either specific Notch homologues (293) or Notch
ligands that induce signaling (294-296), with the hopes that these may prove more

selective and less toxic.
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The Notch extracellular domain (NECD) consists of up to 36 tandem epidermal
growth factor-like (EGF) repeats including those that interact directly with ligands (126,
297). EGF repeats with appropriate consensus sequences are post-translationally modified
with O-glycans, initiated by O-fucose, O-glucose, or O-GlcNAc (120, 298). Protein O-
fucosyltransferase 1 (Pofutl) is responsible for the addition of O-fucose to EGF repeats
with an O-fucose consensus sequence (C2-X-X-X-X-(S/T)-C3 where S/T is the modified
amino acid, C? and C3 are the second and third conserved cysteines of the EGF repeat, and X
represents any amino acid) and is an essential component of Notch signaling during
embryogenesis (4). Members of the Fringe family of enzymes often extend the O-fucose
modification by the addition of GIcNAc to further regulate Notch activity (127, 299).

Considering the critical role of O-fucosylation for Notch function, we hypothesized
that inhibition or interference with the normal O-fucosylation process might lead to the
development of anti-Notch therapeutics. Recent work has demonstrated that peracetylated
fucose derivatives are metabolized to their corresponding GDP-fucose analogs within cells
by exploiting a promiscuous fucose salvage pathway (157, 167, 169). The presence of some
of these analogs causes feedback inhibition of the de novo biosynthesis of GDP-fucose,
which thereby inhibits fucosylation of oligosaccharide chains on target proteins, resulting
in altered behavior of these glycoproteins (167, 169). One such analog, peracetylated 6-
alkynyl fucose (10), is tolerated by O-fucosyltransferases and was previously shown to be
incorporated into a single Notch EGF repeat (159).

Here, we report the synthesis of a small panel of fucose analogs and evaluate
whether they can be used to affect Notch activity. We demonstrate that some GDP-fucose

analogs inhibit Notch signaling when injected into Zebrafish embryos. We have developed
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peracetylated versions of these inhibitory analogs, which are taken up by cells and
successfully incorporated into Notch EGF repeats, where they disrupt Delta-, but not
Jagged-induced Notch signaling. Additionally, we show that Lunatic Fringe (Lfng) can
elongate fucose analogs and thereby partially rescue Notch signaling. Finally, we
demonstrate that these analogs inhibit Notch dependent T-cell differentiation and cancer
cell proliferation. Fucose analogs thus represent a novel alternative approach to anti-Notch

signaling therapeutics.

3.2 Identification of fucose analogs that inhibit Notch signaling in Zebrafish

We generated a panel of GDP-fucose derivatives with different substituents at the 6-
carbon position (Fig. 3.1a). In order to screen for analogs with an inhibitory effect on Notch
signaling, we utilized transgenic Zebrafish Tg(Tp1bglob:eGFP)um14 embryos expressing a
Notch reporter (GFP under the control of DNA bound by NICD) (277). GDP-fucose analogs
were injected into the yolk sac of embryos at the one cell stage and GFP fluorescence was
visualized to monitor Notch signaling at 48 hours post-fertilization (Fig. 3.1c). The analogs
in our panel had a range of effects on Notch signaling. As expected, untreated and natural
GDP-fucose (1) treated embryos expressed relatively high levels of GFP indicating robust
Notch signaling. Inhibition of GDP-fucose biosynthesis by knocking down GDP-mannose-
4,6-dehydratase (gmds MO) (79) served as a positive control for Notch inhibition, and
effectively reduced Notch signaling (Fig. 3.1c, bottom left panel). Analogs 2 and 5 did not
cause any substantial reduction in Notch signaling compared to negative controls. By

contrast, compounds 7 and 8 caused a partial reduction in GFP levels, whereas compounds
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3, 4 and 6 with the C-6 ethynyl, ethenyl or OH substituent respectively, had the greatest

inhibitory effect, almost entirely eliminating the GFP Notch reporter signal (Fig. 3.1c).

a b Figure 3.1: Effects of fucose
59 a /)N\“ oac analogs on Notch signaling in
RPQZBﬂ/é(;O/égo o) NTUNH RPQZSAC Zebrafish embryos. Numbered
Ho°H AcoPAC structures of (a) GDP-fucose analogs
HO OH . screened as potential inhibitors of

R= Hcd H¥  HOSCH HC=C. R= H;C¥ HC=C¥ Notch signaling and (b) acetylated

! 2 3 + " ? " fucose analogs selected for further

F=Chly HO-Chly HyCO-Cly Ny=Chiy HyC=C analysis in cell culture systems. (c)

5 6 7 8 11 H Transgenic  Zebrafish  embryos

expressing a GFP fluorescent Notch
signaling reporter showed that some
injected GDP-fucose analogs,
indicated in each panel, reduced
Notch signaling. Knock down of GDP-
mannose-4,6-dehydratase (gmds
MO) to inhibit endogenous GDP-
fucose biosynthesis was used as a
positive control for the effect of
eliminating Notch O-fucosylation.
Scale bar represents 0.5 mm.
Performed by Wu lab, Einstein.

3.3 Fucose analogs are utilized by Pofut1 and incorporated into Notch EGF repeats
Based on previous literature describing the importance of fucose for Notch
activation (4, 300) and the effects of sugar analogs in other systems (167, 169, 301-303),
we hypothesized that one of two possible mechanisms is likely responsible for the
inhibitory function of synthetic GDP-fucose derivatives on Notch signaling (Fig. 3.1c);
either the analogs inhibit the transfer of fucose by Pofutl resulting in unmodified EGF
repeats or the analogs are transferred by Pofut1, and when incorporated into EGF repeats,

interfere with Notch signaling. In order to address this question, we examined selected
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analogs from the no effect (1, 2), partial effect (8), and high effect (3, 6) groups for their
ability to affect Pofutl transferase activity. All five GDP-analogs were efficiently
incorporated into an EGF repeat from human factor 9 (hFA9) after overnight incubation
with purified Pofutl (Fig. 3.2a). However, kinetic analysis over a 20 min incubation period
showed that fucose analogs were incorporated into the hFA9 EGF repeat to a lesser extent
than control GDP-fucose (Fig. 3.2b). Additionally, Lunatic Fringe (Lfng) was able to
efficiently add GIcNAc to each fucose analog-modified hFA9 EGF repeat (Fig. 3.2¢).

Having shown that GDP-fucose analogs were substrates for Pofutl in vitro, we next
investigated their ability to be incorporated into EGF repeats of Notch receptors in cultured
cells. To this end, the most potent fucose analog inhibitors of Notch signaling in Zebrafish
were peracetylated (Fig. 3.1b), to increase cell membrane permeability(167), and tested in
cell culture systems. The success of this approach requires that a peracetylated analog be
taken up by cells, efficiently converted to the corresponding GDP derivative and
transported into the endoplasmic reticulum for utilization by Pofutl (167, 169). In Figure
3.1, we injected GDP-fucose analogs directly, bypassing the need for conversion of analogs

to their corresponding GDP derivatives.
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Figure 3.2: GDP-Fucose analogs are Pofutl substrates that are transferred to EGF repeats,
and can be elongated by Lfng in vitro. (a) Indicated (top left) GDP-fucose analogs were incubated
with Pofutl and hFA9 EGF repeats overnight at 37°C. hFA9 EGF repeats were purified using HPLC
and the addition of each analog was confirmed by mass spectrometry (m/z shown). (b) Twenty-
minute incubations of varying concentrations of GDP-fucose analogs with Pofutl and hFA9 EGF
repeat demonstrate that Pofutl utilizes some analogs less efficiently than unmodified GDP-fucose.
Extracted ion chromatograms (EICs) showing relative levels of unmodified EGF repeats (black
peaks) and EGF repeats modified with the corresponding analog (colored peaks) were generated.
(c) Lfng transferred [3H]GlcNAc from UDP-[3H]GIcNAc to fucose analog-modified hFA9 EGF repeats
from A (as indicated). An unmodified EGF repeat was used as a negative control (NC). The data
were from three independent assays. All bars represent mean + SEM. Performed by Dr. Hideyuki
Takeuchi, Stony Brook University.

Using mass spectral glycoproteomic methods, we confirmed that HEK293T cells
treated with compounds 10 and 11 (the peracetylated versions of 3 and 4, respectively)
incorporated the corresponding fucose analog into a secreted Notch1 ECD fragment. Figure
3.3 shows the selection and fragmentation of a Notch1 peptide from EGF6 that contains an
O-fucose consensus sequence. In the sample treated with control peracetylated fucose (9),
we identified an ion corresponding to the mass of this peptide plus the mass of a fucose and

an ion with a clear neutral loss of the fucose after fragmentation (Fig. 3.3a). In the samples
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treated with test compounds 10 and 11, we used the same strategy to identify ions
corresponding to the mass of the EGF6 peptide plus the mass of the corresponding fucose
analog and again observed a clear neutral loss of the analog after fragmentation (Fig. 3.3b
and 3.3c). Searches for the ions representing the fucose analog and fucose-modified
glycoforms of this peptide resulted in the extracted ion chromatograms (EICs) shown in
Figure 3.3d-f, which indicate that these analogs were incorporated into Notch1 EGF repeats
at high stoichiometry. Similar analyses in the presence of Lfng demonstrated that EGF
repeats modified with compounds 10 and 11 were efficiently elongated with GIcNAc in cell
culture (Fig. 3.3g-1). All other peptides with O-fucose modification sites that were identified
by mass spectrometry were similarly modified with these fucose analogs (Fig. 3.13 and
3.14).

Although compound 6 was transferred by Pofutl in vitro (Fig. 3.2a) and had a strong
inhibitory effect in Zebrafish embryos (Fig. 3.1c), in its peracetylated form (compound 12,
Fig. 3.4a), it was not incorporated into Notch1 EGF repeats in cell culture and did not affect
the incorporation of unmodified fucose (Fig. 3.4b). Compound 13, a known inhibitor of
fucosyltransferase (FUT) enzymes (167), was also tested. We observed no effect on Notch
fucosylation (Fig. 3.4c) or Notch signaling in the co-culture reporter assay (Fig. 3.4e).
Compound 14 was also tested because other reports demonstrated that it had an inhibitory
effect on FUT enzyme activity (167, 169). This compound was efficiently incorporated into
Notch1 EGF repeats (Fig. 3.4d). However, it had no significant effect on Notch signaling in a
co-culture reporter assay, consistent with the Zebrafish embryo data using the GDP version
of this sugar analog (Fig. 3.1c, compound 5). Thus, we focused on compounds 10 and 11 as

potential candidates for development of inhibitors of Notch signaling in vivo.
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Figure 3.3: Peracetylated fucose analogs are efficiently incorporated into Notch EGF repeats
and elongated by Lfng. EGF1-18-MycHis from mNotchl was transfected into HEK293T cells
expressing no Fng (a-f) or Lfng (g-1) and the cells were grown in the presence of compounds 9 (a, g),
10 (b, h), or 11 (c, i) for 72 hours. Purified EGF1-18-MycHis was digested and subjected to nano-LC-
MS/MS analysis. Spectra are shown for the triply-charged form ([M+3H]3+) of the molecular ion
resulting from peptide 217’LPYVPCSPSPCQNGGTCRPTGDTTHE?42 from mNotchl EGF6 modified
with fucose analogs. Mass spectrometry data for this peptide has been previously described
without peracetylated fucose or fucose analog treatment (125). Top panels show MS spectra at
~6.0 min and bottom panels show MS/MS spectra confirming the assignment. (d-f) Extracted ion
chromatograms (EIC) of the ions corresponding to glycoforms (see key) of this peptide show
efficient incorporation of the corresponding compounds. (g-1) Similar experiments in the presence
of Lfng demonstrate elongation of these fucose analogs with GIcNAc. See Figures 3.13 and 3.14 for

m/z ratios used to generate EICs.
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Figure 3.4: Fucosyltransferase inhibitors L-galactose, 2-fluoro-fucose and 6-fluoro-fucose do
not reduce Notch signaling. (a) Structures of fucosyltransferase inhibitors. (b-d) EICs showing
relative amounts of each glycoform of the same peptide from mNotch1 EGF6 as shown in Figure 3.3
(217LPYVPCSPSPCQNGGTCRPTGDTTHE?42) produced by HEK293T cells grown in the presence of
the indicated peracetylated fucose analog (See Figure 3.13 and 3.14 for mass spectra). (e) Co-
culture Notch1 reporter assays were performed to evaluate the effects of these analogs on ligand-
induced mNotch1 signaling.

3.4 Alkyne and alkene fucose specifically inhibit DIl-induced Notch signaling

To further evaluate the effect that incorporation of inhibitory fucose analogs into
Notch EGF repeats has on Notch signaling, we used a cell-based co-culture Notch reporter
assay. Treatment with peracetylated fucose (9) served as a control and did not inhibit
Notch signaling levels under any of the tested conditions (Fig. 3.5). As reported previously,
Notch signaling stimulated by DII1 and D114 was enhanced by Lfng, whereas Notch signaling
stimulated by Jagl was reduced by Lfng for both Notch1 and Notch2 (Fig. 3.5) (304, 305).
In contrast, treatment with fucose analogs 10 and 11 reduced DIl1-induced Notch1

signaling to background levels in the absence of Lfng (Fig. 3.5a). Similarly, D114-induced
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Notch1 and DIl1- and Dll4-induced Notch2 signaling were all significantly inhibited by
compounds 10 and 11 relative to DMSO and compound 9 treated controls (Fig. 3.5b, d, e).
In each of these cases, co-expression of Lfng in Notch receptor-expressing cells partially
rescued Notch signaling (Fig. 3.6a, b, d, ). Interestingly, these compounds had no
significant effect on Jag1l-induced Notch signaling in the absence of Lfng (Fig. 3.5c and f),
although they did amplify the inhibitory effect of Lfng on Notch1 signaling (Fig. 3.6¢). Both
of these inhibitors were effective at nanomolar concentrations (Fig. 3.5g), and only caused

a minimal (~10%) reduction in cell surface expression of Notch1 (Fig. 3.5h).
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Figure 3.5: Peracetylated fucose analogs inhibit DIl1- and DIl4- but not Jagl-induced Notch
signaling. NIH3T3 cells expressing mNotch1 (a-c) or mNotch2 (d-f) with or without Lfng, were co-
cultured with cells expressing DII1 (a, d), DIl4 (b, e), or Jagl (c, f) in the presence of peracetylated
fucose analogs (compounds 9, 10, 11). Cells transfected with empty vector (EV) were used as a
negative control and cells grown in DMSO were used as a control for normal Notch signaling. (g)
Inhibition of DIll1-induced mNotchl signaling was examined at varying concentrations of
peracetylated fucose analogs. (h) Cell surface expression of mNotchl was determined by flow
cytometry using the NECD antibody after treatment of transfectants with the indicated compounds.
All experiments were performed three independent times. In (a-f) data represents nine biological
replicates (n=9) and in (g-h) three biological replicates were used (n=3) for each condition. All bars
represent mean + SEM. *p<0.05, **p<0.01, ***p<0.001, Tukey post-hoc test, adjusted p values.
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Figure 3.6: Lunatic Fringe partially rescues Notch signaling inhibition by fucose analogs. Co-
culture assays from Figure 3.5 replotted to show the effects of Lfng on ligand-induced Notch1 (a-c)
and Notch2 (d-f) signaling following incorporation of control versus inhibitory fucose analogs. All
bars represent mean + SEM (n=9). *p<.05, **p<.01, ***p<.001, Sidaks multiple comparison test
adjusted p values.

3.5 Inhibition of Notch signaling correlates with reduced ligand-receptor binding

Next, we used a flow cytometry based Notch ligand binding assay to determine if the
decreased Notch signaling caused by fucose analogs 10 and 11 was a result of reduced
ligand-receptor binding. Binding experiments with DIl1 and D114 correlated well with

Notch signaling data. DII1-Notch1 binding was reduced to background levels after
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treatment with compounds 10 and 11 in the absence of Lfng (Fig. 3.7a). DIl1-Notch2, D114-
Notch1 and Dll4-Notch2 binding were all significantly reduced, but to a lesser extent (Fig.
3.7b, d, e). All four of these binding interactions were partially rescued by Lfng (Fig. 3.7a, b,
d, e); similar to what we saw in our signaling assays. Ligand binding is required in order to
induce activation of Notch signaling. The reduced levels of Dll1-Notch1 binding shown here
suggests that this reduced ligand-receptor binding is at least partially responsible for the

effects of inhibitory fucose analogs on Dll-induced Notch signaling.
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Figure 3.7: Alkyne and alkene fucose analogs inhibit Notch DII ligand binding. Notch ligand
binding experiments were performed to measure the effect of fucose analogs on the ability of
mNotch1 (a-c) or mNotch2 (d-f) transfectants to bind soluble DIl1-Fc (a, d), Dl14-Fc (b, e), or Jag1-Fc
(c, f) using cell-based flow cytometry assays. Experiments were performed on cells that were either
not expressing (black) or expressing (gray) Lfng. EV transfected cells were used as a negative
control and cells cultured in the presence of only DMSO served as a positive control. Six
independent experiments were performed for all -Fng samples (n=6, black bars) and three
independent experiments were performed for all +Lfng samples (n=3, gray bars). All bars represent
mean + SEM. *p<0.05, **p<0.01, ***p<0.001, Tukey post-hoc test, adjusted p values.
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As others have reported, mammalian Jag1 binding activity does not necessarily
correlate with signaling intensity (125, 305, 306). Relative to DMSO and compound 9
treated controls, treatment with compounds 10 and 11 caused a modest reduction in Jagl
binding to Notch1 and Notch2 in both the presence and absence of Lfng (Fig. 3.7c and f).
This reduction in binding did not result in a significant effect of these inhibitors on Jag1-
induced Notch signaling, although it did correlate with trends in Jagl-induced signaling.
This supports the idea that Jag1 signaling is dependent on more than just ligand binding

strength (125, 305, 306).

3.6 Modification of EGF repeats on Notch ligands is not responsible for the inhibitory
effect of fucose analogs

In the co-culture Notch reporter assay, both ligand-expressing cells and Notch
receptor-expressing cells were exposed to the same treatment conditions, and ligands also
contain EGF repeats modified with O-fucose (111, 307). Thus, we assessed if exposure of
the ligand-expressing cells to these conditions reduced their ability to induce Notch
signaling and thereby contributed to the inhibitory effects of fucose analogs 10 and 11. In
order to do this, we used a reverse binding assay, in which cells overexpressing full-length
DIl1 were grown in the presence of each of the experimental compounds and then stained
with a soluble fragment containing the ligand-binding portion of the Notch1 ECD that was
generated in the absence of any fucose analogs. None of the treatment conditions caused
any significant change in the ability of DII1 to bind NECD (Fig. 3.8a-b). Subsequently, we
used a plate-coating assay, in which plates were coated with Notch ligands generated in

untreated cells. Notch1 reporter cells were plated onto the bound ligands and incubated
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RLU

with fucose analogs. The results showed the same pattern of inhibition of Notch signaling
as in the co-culture Notch reporter assay (Fig. 3.8c). Taken together, these data strongly
support the hypothesis that the incorporation of compounds 10 and 11 into EGF repeats
on Notch receptors, not into EGF repeats of Notch ligands, is responsible for their

inhibitory effect.

o

Figure 3.8: Modification of Notch
receptors, not Notch ligands, with
fucose analogs is responsible for
Notch signaling inhibition. (a) Cells
expressing full length DII1 and grown in
the presence of the indicated compounds
were stained with soluble mNotchl
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3.7 Further insights into the mechanism of fucose analog inhibition of Notch signaling

In order to gain further insights into the mechanism by which compounds 10 and
11 inhibit Notch signaling, we generated Notch1 mutants that eliminated the O-fucose
modification sites on EGF8, EGF12 or both. The fucose on EGF12 is involved in interactions
at the interface of Notch-ligand interactions (123, 126, 308) and the fucose on EGF8 also
plays an important role in Notch-ligand binding (125). We hypothesized that if steric

clashes caused by incorporation of fucose analogs at either of these sites were responsible
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for inhibition of Notch signaling, then eliminating the fucose at these sites might reduce the

inhibition by fucose analogs.
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Figure 3.9: Minor steric clashes, at multiple EGF repeats, might contribute to the inhibitory
effect of fucose analogs on Notch ligand binding and signaling. (a) Bar graph showing the effect
of mutations at EGF8, 12 or both without normalization on DII1 and Dll4-induced signaling. (b)
Notch1 constructs with T to V mutations at fucose modification sites for EGF8 and EGF12 were
generated and used in Notch luciferase reporter signaling assays in the presence and absence of
100 nM fucose analog. This concentration was chosen based on results in Figure 3.5 to achieve only
partial elimination of Notch signaling to allow better evaluation of the effects mutations. Both
analogs could still inhibit DIll1-induced mNotch1 signaling, suggesting that incorporation of the
analogs at non-mutated sites allowed mNotch1 activation. (c) Similar experiments for Dll4-induced
Notch signaling using 50 pM fucose analogs. An EGF8/12 double mutant was also tested. Each
condition was compared to the DMSO control. All bars represent mean +* SEM (n=6). *p<0.05,
**p<0.01, ***p<0.001, Tukey post-hoc test, adjusted p values.

As expected, in the DMSO and compound 9 treated controls, elimination of each of
these sites caused a substantial reduction in DIll1-induced Notch signaling, although
residual signaling remained (Fig. 3.9a). Treatment with 100 nM compounds 10 and 11

caused a further decrease in Notch signaling by these mutants, indicating that steric clashes
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at either of these individual sites were not solely responsible for the inhibitory effects of
the fucose analogs. Normalizing DMSO treated controls for each mutant to one allowed us
to compare the relative decrease caused by each analog with each mutant. We saw
decreased inhibition by compounds 10 and 11 in the EGF8 mutant, but the EGF12 mutant
was inhibited as potently as WT Notch1 (Fig. 3.9b). An EGF8/12 double mutant entirely
eliminated DIlI1-induced Notch1 signaling in the absence of inhibitors (125) and therefore
the effects of the fucose analogs could not be tested with this construct.

Similar experiments using Dll4-induced Notch signaling also demonstrated that
elimination of the fucose site at EGF8, EGF12 or both did not entirely prevent the effect of
the fucose analogs on Notch signaling. Elimination of the fucose site on EGF8 again resulted
in a reduced level of Notch inhibition by compounds 10 and 11 compared with controls
(Fig. 3.9c). Mutation of the EGF12 fucose site had no significant effect on the ability of the
analogs to inhibit signaling and the EGF8/12 double mutant had a similar effect to the EGF8
single mutant data. These data suggest that incorporation at EGF8 plays a role in mediating
the effects of fucose analogs 10 and 11, but incorporation of these analogs at other sites

must also be important.

3.8 Notch-dependent T-cell differentiation is inhibited by the alkyne fucose analog
To assess the functional consequences of remodeling Notch glycosylation, we
investigated the impact of fucose analog 10 treatment on Notch-dependent T-cell
differentiation in a co-culture assay. LSK (Lineage-Scal*ckit*) bone marrow stem cells
isolated from mice heterozygous or wild type for all three Fringe enzymes (278) were

overlaid on OP9-GFP cells alone or OP9-GFP cells expressing DII1 (OP9-DIl1) or D114 (OP9-
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Dll4) to promote differentiation. Both OP9-DIl1 and OP9-Dll4, but not OP9 alone, promoted
differentiation to CD25* T-cell progenitors of LSK cells grown in the control compound 9
(Fig. 3.10a). However, after treatment with compound 10, neither DII1 nor D114 promoted
T-cell differentiation (Fig. 3.10a and c). This same result was obtained when co-cultures
were incubated with 1 uM DAPT to inhibit Notch signaling (data not shown). To examine B-
cell production in LSK/OP9 co-cultures, a default pathway when T-cells are not produced in
the thymus (309), CD19+* cells produced from co-cultured LSK cells were quantified (Fig.
3.10b and d). A robust proportion of CD19* cells were produced when LSK cells were
incubated with OP9 cells under all treatment conditions. This proportion decreased
markedly when LSK cells were co-cultured with OP9-DII1 or OP9-DIl4 stromal cells in the
presence of DMSO or compound 9. However, an increase in CD19+* B-cells was observed

when cells were co-cultured in compound 10 and OP9-Dl14 stromal cells.
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Figure 3.10: Fucose analog 10 inhibits the development of T-cell progenitors. Representative
flow cytometric profiles of cells produced from bone marrow LSK cells co-cultured with OP9-GFP,
OP9-DII1 or OP9-Dll4 stromal cells in the presence of DMSO, compound 9 or compound 10 for 8
days. (a) Production of CD25+ T-cell progenitors was evaluated by the expression of CD44 and
CD25. (b) Production of B-cells was evaluated by the expression of CD19. (c) Percentage of CD25+ T-
cells from mice with a profile typical of panel a (n=3). (d) Percentage of CD19+ B-cells from mice
with a profile typical of panel b (n=3). Mean = SEM, each symbol represents average data from
duplicate wells of LSK cells from one mouse. Data shown are representative of three experiments
performed in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student t-test.
Performed by Stanley lab, Einstein.

3.9 Inhibition of Notch signaling in cancer cells using fucose analogs

Glioma cell lines have been reported to rely on DII1 mediated Notch signaling (310),
so these were an ideal target for our inhibitors. We chose to look at the effects of fucose
analogs on glioma cell growth to examine their therapeutic potential for the treatment of

Notch dependent malignancies. Our inhibitors effectively reduced Notch signaling in the
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glioma cell lines that we studied, although not to the same extent as a GSI (Fig. 3.11a). This
is likely due to expression of Fringe enzymes and a variety of Notch receptors in these cells
(Fig. 3.11c), which prevent complete inhibition of Notch signaling by our fucose analogs,
but does not affect GSI induced inhibition. However, our inhibitors still caused significant
reduction in proliferation of these cell lines at similar levels to GSI (Fig. 3.11b). The

inhibitors had no effect on 3T3 cell proliferation (Fig. 3.11d).
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Figure 3.11: Fucose analogs can be used to inhibit glioma cell proliferation. (a) A luciferase
based signaling assay was used to determine the effect of fucose analogs on Notch signaling in
glioma cell lines after 24 hours of treatment. (b) Cells from three glioma cell lines dependent on
DII1 for growth (310) were grown in the presence of the indicated compounds for 96 hours. An
MTT assay was used to assess cell proliferation. (c) RT-qPCR was used to assess relative levels of
the four Notch homologues and three Fringe enzymes in each cell line. (d) Proliferation of control
cells (NIH3T3 cells) is not affected by the presence of the fucose analogs.
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Additionally, we examined the effect of compound 10 on signaling from Notch1
mutants found in human T-cell acute lymphoblastic leukemia (T-ALL). Some of these
mutants have been shown to be activated in ligand independent manner (311). Initial
experiments demonstrated that compound 10 inhibited Dll1-mediated Notch signaling
from T-ALL mutants (Fig. 3.12a) in WT U20S cells. Similar experiments in POFUT1
knockout cells demonstrated, as expected, that POFUT1 plays a critical role in promoting
Notch signaling, even for constitutively active Notch mutants. These experiments also
demonstrated that compound 10 did not further reduce the already low Notch signaling in
the absence of POFUT1 (Fig. 3.12b). Interestingly, compound 10 did inhibit ligand
independent Notch signaling in all T-ALL mutants tested (Fig. 3.12c).
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Figure 3.12: 6-Alkynyl fucose inhibits Notch signaling in constitutively active Notch mutants
found in T-ALL. (a) Luciferase based co-culture assay showing the effect of compound 10 on DII1-
stimulated activation of Notch T-ALL mutants in WT U20S cells. (b) Similar assay performed in
POFUT1 knockout U20S cells. (c) Luciferase based assay showing the effect of compound 10 on
ligand independent activation of Notch T-ALL mutants. U20S cells were provided generously by Dr.
Stephen Blacklow’s lab, Harvard University.

3.10 Discussion
We demonstrate here that fucose analogs serve as inhibitors of Notch signaling,
preferentially inhibiting Notch activation from Delta-like ligands. These analogs are

converted to GDP-fucose analogs, utilized by Pofut1 and incorporated into Notch EGF
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repeats. Further, Lfng can elongate incorporated fucose analogs and alter their effect on
Notch signaling strength. Here, we posit that this type of manipulation of Notch receptor
glycosylation may lead to a better understanding of exactly how glycan modifications alter
Notch function. We further show that this may then be directly applied toward the
development of novel strategies that may allow us to gain control over Notch signaling in
functional processes such as T-cell differentiation and cancer cell proliferation.

Interestingly, the effects of these inhibitory fucose analogs (10 and 11) differed
between the various Notch-ligand interactions assessed. Among Delta ligands, we saw
complete inhibition of Dll1-Notch1 signaling, but only partial inhibition of Dl14-Notch1,
DIl1-Notch2, and DI114-Notch2 signaling. Others have shown that the DIl1-Notch1
interaction is relatively weaker than the other interactions we examined (305, 312). This
suggests that the inhibitory effect is more potent in the setting of lower receptor-ligand
affinity complexes. This hypothesis could also explain why elongation by Lfng, which has
been shown to enhance receptor-ligand affinity (305), is able to partially rescue the
inhibitory effect of these analogs. Despite reduced binding affinity in the presence of
inhibitory fucose analogs, Jagl-induced Notch signaling was relatively unaffected by these
compounds. This could be due to an alternative signaling mechanism, which does not
necessarily correlate with binding affinity. There was a trend toward decreased signaling in
the Jagl stimulated signaling assays, which may have been a result of slightly decreased
cell surface expression of Notch.

We also show that peracetylated fucose analogs are taken up by cells, converted to
their corresponding GDP-fucose derivatives and incorporated into Notch EGF repeats by

Pofutl. It is notable that although GDP-L-galactose (6) inhibited Notch signaling in
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Zebrafish embryos, peracetylated L-galactose (12) was not incorporated into EGF repeats
(Fig. 3.4b). This was likely due to a failure of this compound to be converted to GDP-L-
galactose by the fucose salvage pathway. Additionally, peracetylated 2F-Fuc (13), an
established fucosyltransferase inhibitor, neither inhibited incorporation of fucose into
Notch EGF repeats nor was it incorporated. Based on the cePofut1-GDP-fucose co-crystal
structure, the hydroxyl group on carbon in the second position appears to play a critical
role in the binding and transfer of GDP-fucose (313). This likely explains why a fucose
derivative modified at the 2-carbon position would not be utilized by Pofutl. Perhaps at
higher concentrations or with longer treatment durations, peracetylated 2F-Fuc (13) might
cause feedback inhibition of GDP-fucose synthesis and effectively prevent the transfer of
fucose to Notch EGF repeats, as others have seen in different systems (169).

Our data also indicate that the incorporation of fucose analogs 10 and 11 at EGF8
appears to play a role in mediating their inhibitory effects, while EGF12 is less important.
This suggests that EGF8 plays an important role at the interface of D111/4 and Notch1
binding or is particularly important in regulating Notch’s conformation. However,
incorporation at EGF8 is still only partially responsible for the decrease that we see in
Notch signaling caused by analogs 10 and 11. Others have shown that mutations outside
the ligand binding domain (126) and carbohydrate modifications on other Notch EGF
repeats (125, 305, 314) play an important role in stabilizing the conformation of Notch and
its ligands, thereby affecting their binding affinities. It is possible that the presence of
fucose analogs, both within and outside of the ligand-binding domain, could cause

conformational changes in Notch that destabilize Notch-ligand interactions.

71



The importance of excess Notch signaling in the etiology of human malignancy has
stimulated intense interest in the development of Notch inhibitors as novel cancer
therapeutics. However, complete inhibition of Notch with GSIs in the clinic has proven
excessively toxic and new, more selective, strategies are much needed (292). More targeted
inhibitors of specific components of the Notch signaling pathway are currently being
developed in an attempt to reduce this toxicity (293-295). However, none of these efforts
take advantage of Notch glycosylation, a crucial component in the Notch signaling pathway.

This work demonstrates that that fucose analogs can be used as targeted inhibitors
of Notch signaling that can reduce proliferation of glioma cells. While Notch signaling was
only partially reduced in these cell lines, this can be explained by the expression of a
variety of Notch receptors and Fringe enzymes expressed in these cells and did not have
much of an effect on the ability of these analogs to reduce glioma cell proliferation.
Additionally, we demonstrate that we can reduce Notch signaling mediated by
constitutively active T-ALL mutants in a manner dependent on POFUT1. Interestingly, 6-
alkynyl fucose also caused a reduction in ligand independent signaling mediated by these
mutants. This suggests that its role in reducing cell surface expression might play a more
important role these systems (Fig. 3.5h), where higher receptor turnover might be required
to allow for increased Notch signaling. It is also possible that the slower transfer of this
fucose analog compared with L-fucose affects turnover rate or slows the transport of
receptors from the ER to the cell surface (Fig. 3.2c).

In this work, we demonstrate that two fucose derivatives can be used as effective
targeted inhibitors of Dll-mediated Notch signaling. We show that these inhibitors

effectively inhibit T-cell differentiation in a Dll-dependent assay requiring the activity of
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endogenous Notch receptors in mouse LSK cells and can be used to interfere with Notch
signaling in cancer cell lines reducing proliferation. Such an agent that may effectively
inhibit Notch signaling without excessive human toxicity would be a welcome addition to

the current collection of anti-neoplastic treatment strategies.
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== pPeptide A Fucose

A Fucose Analog

Figure 3.13. Mass spectra and extracted ion chromatograms (EICs) for O-fucose
glycoform of additional peptides from EGF repeats containing an O-fucose consensus
sequence in mNotch1 EGF1-18. Samples were generated in HEK293T cells transfected
with plasmids encoding EGF1-18 and SEAP (EV). Cells were grown in the presence of the
indicated compound as described in Materials and Methods (Chapter 2). Upper panels
show an MS spectrum at a specific time, with the ion corresponding to the m/z of the
peptide containing an O-fucose consensus sequence indicated. Lower panels show the
MS/MS spectra confirming the identity of corresponding glycopeptides. Tables (right)
show the m/z used for the EIC searches for glycoforms of the peptide and EICs represent
relative amounts of these glycoforms. Mass spectrometry data for these peptides has been
previously described without peracetylated fucose or fucose analog treatment (315). Key: black
bar, peptide; red triangle, fucose; empty red triangle, fucose analog; blue square, GIcNAc;
yellow circle, galactose; purple diamond, sialic acid.
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Figure 3.14. EICs for Lfng elongated peptides from EGF repeats containing an O-
fucose consensus sequence in mNotch1 EGF1-18. Samples were generated in HEK293T
cells co-transfected with plasmids encoding EGF1-18 and Lfng. Cells were grown in the
presence of the indicated compound as described in Materials and Methods (Chapter 2).
Tables (below each EIC) show the m/z used for the EIC searches for glycoforms of the
peptide and EICs represent relative amounts of these glycoforms. Mass spectrometry data
for these peptides has been previously described without peracetylated fucose or fucose
analog treatment (315). EGF5 and 16 are not elongated by Lfng (315). Key: black bar,
peptide; red triangle, fucose; empty red triangle, fucose analog; blue square, GIcNAc; yellow
circle, galactose; purple diamond, sialic acid.
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Chapter 4: A novel mutation in human POFUT1
eliminating an N-glycosylation sequon reduces its
enzymatic activity and ability to rescue Notch signaling
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4.1 Introduction

Notch signaling plays critical roles in regulating cell-fate decisions throughout
development and into adulthood (287, 316). Dysregulation of Notch signaling can cause
several human diseases including Alagille syndrome (214), CADASIL (317) and T-cell
leukemia (318). Although over 100 potential targets contain the consensus sequence for
modification by POFUT1 in mammals (Table 1.1) (319), elimination of Pofut1 in mice
results in embryonic lethality with a phenotype that is very similar to Notch knockout mice,
suggesting that at least during development, Notch is its primary target. In addition to
POFUT1’s enzymatic activity, it may also play a role as a chaperone for Notch, which could
also contribute to these phenotypes (118). The extent to which POFUT1’s enzymatic
activity is required for proper Notch signaling in vivo remains unclear.

There are some examples of the effect of reduced or defective POFUT1 in mammals.
Cax mice contain a hypomorphic Pofut1 gene caused by an insertion into its fourth exon
and produce only about 25% of WT Pofut1 mRNA levels. This results in defective Notch
signaling-dependent somitogenesis (320). In this setting, some tissues (e.g. presomitic
mesoderm) appear to be more sensitive to the expression level of Pofutl than others. In
humans, haploinsufficiency of POFUT1 has been associated with Dowling Degos Disease
(DDD), a rare dermatologic condition (136).

Here we describe a patient bearing an S162L missense mutation in the POFUT1 gene.
The patient displays some clinical features overlapping with defects resulting from loss of
Notch signaling. We show that the S162L mutation disrupts POFUT1’s second N-

glycosylation site (Fig. 4.1a) and significantly reduces its enzymatic activity. We also
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demonstrate that the S162L POFUT1 mutant has a weaker ability to rescue Notch signaling

in a cell-based assay compared with WT POFUT1.

a
WT M X !KS
Y Figure 4.1: Patient mutation eliminates an N-
Ste2L lH N NRC_ H glycosylation site on POFUT1. (a) Diagrams
Istsite  2nd site indicating the locations of N-glycan sites in WT

and S162L mutant POFUT1. Y indicates
predicted N-glycan sites. The mutated amino
acid within the N-glycosylation consensus
sequence is shown in red (b) The solved
structure of C. elegans POFUT1 (313). The two N-
glycan sites have been modeled in and are
indicated by red arrows (note that C. elegans
POFUT1 does not contain these sites). The GDP-
fucose catalytic site is also indicated. Note that
the 2nd site is the site mutated in this patient and
appears to be far from the catalytic site of the
enzyme.

4.2 Clinical features and identification of POFUT1 mutation

The patient displayed clinical features including failure to thrive, developmental
delay, microcephaly, hypotonia, abnormal fat distribution, malnutrition, multiple fractures
with osteopenia. Other symptoms included coagulopathy with low factor I1, V, VII, IX,
protein C and anti-thrombin III, which could not be explained by liver disease. Portal vein
agenesis, regenerative nodular hyperplasia of the liver with persistent low-grade
cholestasis, ventricular septal defect and aortic coarctation were also observed. The patient
had a normal ophthalmologic exam and normal skeletal survey, with no evidence of
vertebral abnormalities in contrast with what was seen in Cax mutant mice (320). Cardiac

and vascular defects have been associated with Notch signaling.
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A homozygous c.485C>T variant (p.S162L) in POFUT1 was identified in this patient
using Sanger sequencing (Fig. 4.1a). The mutation was also confirmed to be present in
heterozygous form in both the mother (R12-22483) and father (R12-22489). POFUT1
mRNA levels in the fibroblasts from the affected patient (CDG402) was normal compared
with those from control patients (GM0038 and GM3348) (Fig. 4.2a).

Based on the primary sequence of POFUT1, the S162L mutation eliminated the
consensus sequence (160NKS162) for N-glycosylation on POFUT1 (the underlined asparagine
residue is the predicted N-glycosylation site), one of two N-linked glycosylation consensus
sequences on human POFUT1 (Fig. 1.1). Analysis of POFUT1 protein levels in extracts of
patient fibroblasts showed that the POFUT1 levels were comparable to controls (Fig. 4.2b);
however, the enzyme’s size in the affected patient appeared to be smaller than its size in
controls, presumably due to loss of N-glycosylation at N160, PNGase F digestion to remove
N-glycans on the protein caused a further decrease in size in the samples from the patient.
This size was consistent with the size of POFUT1 from control fibroblasts digested with
PNGase F (Fig. 4.2b). This data strongly suggests that WT POFUT1 is modified with N-
glycans at two sites (N°2 and N160), while the S162L mutant is modified with an N-glycan

chain at N2, but not at N160,
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Figure 4.2: The S162L mutant disrupted an N-glycosylation site in POFUT1 leading to
reduced enzymatic activity. (a) The mRNA expression levels of POFUT1 in fibroblasts from the
patient and control individuals were detected by qPCR analysis. The data indicate mean + SEM from
three independent experiments (n=9). (b) POFUT1 protein from fibroblast cells from the patient
(CDG402) and control individuals (GM0038 and GM3348) were detected by Western blot before
and after treatment with PNGase F. A representative image is shown from three biological
replicates. (c) POFUT1 activity and POGLUT1 activity from the extracts of fibroblasts from the
affected patient and control individuals. Assays were performed three independent times. Values
indicate mean + SEM. Data in panels b and c provided by Dr. Hideyuki Takeuchi.

In order to examine whether the S162L mutation affects the ability of POFUT1 to
modify its substrates with fucose, we measured enzymatic activity for POFUT1 extracted
from patient fibroblasts. Using a bacterially expressed epidermal growth factor-like (EGF)
repeat from human coagulation factor IX (FA9) as an acceptor substrate and GDP-fucose as
the donor substrate, we measured POFUT1 activity in fibroblast extracts from the affected
patient and controls (Fig. 4.2c). The POFUT1 activity in the fibroblast extracts from the
patient was significantly lower than that from controls, although not eliminated. As a
control for ER-associated enzymatic activity, we examined the activity of POGLUT1 from
these extracts and found no significant difference between the patient and controls (Fig.
4.2c). Taken together with results showing that the S162L mutation did not reduce POFUT1
mRNA or protein levels significantly (Fig. 4.2a-b), this result suggests that the mutation had

a direct effect on POFUT1 enzymatic activity.

4.3 POFUT1 mutant only partially rescues Notch signaling

The clinical features seen in the patient including defects in cardiogenesis and
vasculogenesis overlap with some of the Notch-like phenotypes observed in mice lacking
Pofut1 (4). To examine whether the reduced enzymatic activity observed with the S162L

POFUT1 mutant affects Notch activity, we performed cell-based Notch1 signaling assays in
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POFUT1-null U20S cells in which the Notch activity is profoundly reduced compared with
control U20S cells. As expected, transfection of WT POFUT1 rescued DLL1-mediated
Notch1 activity in POFUT1-null cells (Fig. 4.3a). Transfection of the S162L mutant only
partially rescued Notch1 activity, consistent with its decreased fucosyltransferase activity.
DLL1 ligand-mediated signaling in control U20S cells was not affected by overexpression of
either WT or mutant POFUT1. To avoid saturation of POFUT1 activity in the cells, we varied
the amount of POFUT1 expression plasmid against the constant NOTCH1 plasmid to
carefully determine the appropriate NOTCH1:POFUT1 ratio. At the 1:0.1 ratio, the Notch
activity upon the overexpression of WT POFUT1 was significantly lower than those at the
1:0.5 or 1:0.25 ratios (Fig. 4.3b). At all ratios tested, the S162L mutant of POFUT1 rescued
the Notch activity to a significantly lower extent compared with WT POFUT1. Western blot
analysis revealed that WT and S162L mutant POFUT1 were expressed at similar levels in
these cells, consistent with the expression levels of the WT and S162L mutant of POFUT1 in

the patient fibroblasts (Fig. 4.3c).
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Figure 4.3. The POFUT1 S162L mutant did not fully rescue Notch activity in cells. (a)
Luciferase reporter assays for DLL1-mediated NOTCH1 signaling were performed in WT or POFUT1
knockout U20S cells. Cells were transfected with NOTCH and either empty vector (EV), WT POFUT1
(WT) or mutant POFUT1 (S162L) at a 1:0.5 ratio. The experiment was performed two independent
times with six biological replicates (n=6). Values indicate mean + SEM ***p<.001. (b) U20S cells
lacking POFUT1 were co-transfected with EV, WT POFUT1 or mutant POFUT1 at varying
NOTCH:POFUT1 ratios. Three biological replicates were performed for each condition. Values
indicate mean + SEM ***p<.001. (c) Protein expression levels of overexpressed WT and S162L
mutant POFUT1 were measured in U20S cells at varying NOTCH:POFUT1 ratios by Western blot
using an anti-His antibody.

4.4 Discussion

This work investigates a patient with an S162L missense mutation in POFUT1, who
showed severe developmental and physiological defects, some of which are consistent with
a Notch phenotype. We show that this mutant disrupted an N-glycosylation site at N169,
which was modified in WT POFUT1, and that the mutation resulted in significantly lower
enzymatic activity compared to WT controls. Additionally, we showed that the S162L
mutant of POFUT1 was less able to rescue Notch activity compared with WT POFUT1,
which suggests that some of the phenotypes in the patient are likely due to altered Notch
signaling.

The structure of C. elegans POFUT1, which has ~41% identity with higher eukaryotic
enzymes, has been solved (313). Although C. elegans POFUT1 does not have any predicted
N-glycosylation sites, the N160 residue of human POFUT1 mapped into the structure of C.
elegans POFUT1 indicates that the residue is not near the enzyme’s catalytic site or the
predicted EGF binding pocket (313). This suggests that the N-glycans at N1¢0 are unlikely to
be involved in the enzyme’s catalytic reaction (Fig. 4.1b). The reduced activity of the S162L
mutant might be due to an allosteric effect caused by the mutation itself, loss of N-glycans

at N160, or both. Any of these possibilities might result in decreased enzyme-enzyme or
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enzyme-substrate affinity. It is worth noting that both of POFUT1’s N-glycosylation sites
are well-conserved in mammals.

The observation that this mutation causes a significant decrease in the enzymatic
activity of POFUT1 provides important biological insights into the requirement of this
activity for Notch signaling in vivo. Previous reports have demonstrated that Pofut1
knockout in mice results in embryonic lethality with Notch-like phenotypes, but
heterozygous loss of Pofut1 does not cause any detectable defects (4). It has also been
reported that Cax mice, expressing only ~25% of WT Pofut1 mRNA levels, show
somitogenesis defects - a process dependent on Notch signaling (320). The patient
described here did not display any skeletal abnormalities, but did show developmental
defects consistent with defective Notch signaling including problems with cardiogenesis
and vasculogenesis. Other defects in this patient are not typically associated with defective
Notch signaling and more work will be needed to determine their cause. It is possible that
other POFUT1 target proteins may be responsible (See Table 1.1).

Finally, this data suggests that N-glycosylation of POFUT1 is critical for its function.
The elimination of this N-glycan site almost entirely eliminates enzymatic activity. The
mechanism for this effect remains unclear and further work will be needed to determine
the role this N-glycan plays in regulating POFUT1 activity.

Contributions to this work: Data presented in Fig. 4.1b-c was generated by Hideyuki

Takeuchi, a post-doc in our lab. Dr. Hudson Freeze and members of his group made all
clinical characterizations and conducted genome sequencing of the affected patient.
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Chapter 5: Investigating the role of POFUT1
amplification in hepatocellular carcinoma
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5.1 Introduction

It is projected that there will be over 33,000 new cases of hepatocellular carcinoma
(HCC) diagnosed and 23,000 HCC related deaths in the United States in 2014. Worldwide,
HCC is the fourth most common cancer and the third leading cause of cancer death,
resulting in over 500,000 deaths a year (321). Early stage HCC may be effectively treated
with surgery, radiation or embolization techniques, but systemic treatment options have
been extremely limited for more advanced disease, where the median survival is only 6-20
months (322). Sorafenib, a tyrosine kinase inhibitor with activity against the vascular
endothelial growth factor receptor (VEGF-R), has been introduced as the first systemic
therapy for HCC, suggesting the importance of neo-angiogenesis in supporting HCC
progression, but has only modest activity (323). Notch signaling modulates VEGF signaling
output and increased Notch signaling mediates resistance to anti-VEGF cancer therapies
(324, 325). Thus, an increase in Notch signaling might partially explain the poor response
of HCC to Sorafenib. Razumilava and Gores identified an increased Notch activity signature
in approximately 30% of human HCC specimens, despite the absence of frequent mutations
or copy number alterations in Notch genes (326). This increased Notch signaling may be a
result of alterations in other Notch related genes, including those responsible for its post-
translational modifications.

Increased activation of the Notch signaling pathway is also associated with a wide
range of other human cancers including cervical, renal, lung, prostate, oral, and
hematologic malignancies (142, 291, 327). This increased activity can promote cellular
proliferation, tumor angiogenesis and epithelial to mesenchymal transition (EMT) (328).

Notch activity also plays an important role in the maintenance of cancer stem cells (CSCs),
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which are particularly important targets in the prevention of cancer relapse and metastasis
(329).

Notch cell surface levels, signal strength and the resulting cellular effects appear to
be dependent on each homologue’s specific extracellular domain (330), which might be
caused by differences in glycosylation patterns within these domains (120, 331). Protein O-
Fucosyltransferase 1 (POFUT1) adds O-fucose to consensus sequences in Notch EGF
repeats during Notch maturation (273, 332). Fucose modifications can be extended further
via the addition of other carbohydrates by supplementary enzymes, further regulating
Notch activity (273). Enzymes involved in post-translational protein processing can
promote cancer survival and represent promising prognostic and therapeutic targets
(333). Recent work suggests that POFUT1 is amplified in ~34% of HCC and promotes
Notch signaling in these cells (141, 142). Additionally, amplifications of POFUT1 have been
linked with cervical cancer (334), oral squamous cell carcinoma (0OSCC)(140), and
glioblastomas (335). Genome database searches indicate that POFUT1 is amplified in
several additional cancer types including uterine and colorectal cancers (Fig. 5.1a) (336).

Although POFUT1’s role as a fucosyltransferase and chaperone involved in post-
translational processing of Notch is well established (4, 118, 124), its physiologic
importance in the context of cancer and other diseases remains poorly understood.
Additionally, POFUT1’s role in promoting Notch cell surface expression, ligand binding and
ultimately Notch signaling varies when examined in different contexts. For example, recent
reports are in disagreement regarding the effects of POFUT1 knockdown on Notch1 cell
surface expression (121, 124). Studies have identified increased Notch signaling in cancer,

but in many cases the cause of this increased activity remains unclear (326). POFUT1
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amplification or overexpression might be one mechanism responsible for this increased
Notch activity. Prior work has demonstrated that increased POFUT1 contributes to cancer
growth (140, 141) and is associated with several cancer types (334, 335), but no published

report has examined the precise mechanisms causing this effect.
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Figure 5.1: POFUT1 is amplified in several cancer types and many hepatocellular carcinoma
(HCC) cell lines. (a) POFUT1 is amplified in greater than 10% of uterine, colorectal and cervical
cancers according to some studies (336). (b) mRNA expression robust Z-scores for POFUT1 and
Notch downstream reporters in a panel of HCC cell lines. POFUT1 overexpression appears to
correlate with an increased Notch activation signature in some, but not all cell lines (337).

5.2 Preliminary data indicating a role for POFUT1 in HCC

Preliminary data from Dr. Scott Powers’ lab suggested that POFUT1 causes an
increase in Notch activity (Fig. 5.2). Overexpression of POFUT1 in p53-/-, Myc
overexpressing mouse hepatoblasts (PHM1 cells) caused an increase in HEY1 expression, a
downstream reporter for Notch signaling (Fig. 5.2a). HCC cell lines with amplified POFUT]1,

as determined by comparative genomic hybridization array (aCGH), expressed high levels
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of HEY1 relative to HCC cell lines without POFUT1 amplification. These elevated HEY1

levels were reversed using a y-secretase inhibitor (GSI) to inhibit Notch activation (Fig.

5.2b-c). Additionally, GSI treatment has a significantly larger effect on cell growth of HCC

cell lines with amplified POFUT1 relative to other HCC cell lines tested (Fig. 5.2d).
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Figure 5.2: POFUT1 overexpression
increases Notch activity and cell
growth in hepatocytes. (a) HEY1
mRNA levels are increased in
immortalized mouse hepatocytes over-
expressing POFUT1. (b) POFUTI1
amplified cell lines (HepG2 & Li7)
show higher levels of HEY1 mRNA
expression than cell lines without
POFUT1 amplification (SNU423 &
SNU449). Increased HEY1 expression
is reversed by GSI treatment. (c) HEY1
protein levels are increased in
hepatocytes overexpressing POFUT1.
This is reversed by GSI treatment. (d)
POFUT1 amplified cell lines treated
with a GSI show reduced cell growth
relative to cells treated with DMSO. No
effect is seen when cell lines without
POFUT1 amplification are treated.
Performed by Dr. Eric Sawey, Powers
lab.

Database searches supported the idea that POFUT1 might be elevated in HCC and

other types of cancer, but a correlation between POFUT1 expression levels and expression

levels of downstream Notch signaling reporters HES1 and HEY1 was seen in some, but not

all HCC cell lines (Fig. 5.1b) (337).

5.3 Generation and characterization of cells overexpressing POFUT1

In order to begin my own characterization of the role of POFUT1 in HCC, [ began by

overexpressing a Flag-tagged POFUT1 construct in PHM1 cells and examining expression of
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well-established Notch downstream reporters HEY1 and HES1. In order to optimize
transfection efficiency for this cell line, I used two transfection reagents: Lipofectamine
2000 (L2K) and polyethylenimine (PEI). While both regents resulted in successful
overexpression of POFUT1, L2K promoted more efficient protein expression (Fig. 5.3a), so
L2K was used for the remainder of my experiments. Additionally, PHM1 cells stably over-
expressing POFUT1 were generated and over-expression of POFUT1 was confirmed by
Western blot with both anti-POFUT1 and anti-Flag antibodies (Fig. 5.3b).

[ then used qPCR to evaluate the effects of this overexpression on Notch signaling.
Primers for HEY1 and HES1 were validated on a DNA gel (Fig. 5.3c) and qPCR experiments
were performed for PHM1 cells transiently overexpressing POFUT1 at three different time
points (Fig. 5.3d). While we observed small increases in HEY1 and HES1 expression levels,
these changes were not significantly different from WT PHM1 cells. Similar experiments
were performed with cells stably over-expressing POFUT1 and again only very small
differences were seen between experimental cells and controls (Fig. 5.3e). These results
suggest that increased expression of POFUT1 in mouse hepatoblasts results in, at most, a

minimal increase in Notch signaling.
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Figure 5.3: Overexpression of POFUT1 in PHM1 cells causes no significant increase in HEY1
or HES1 expression. (a) Western blot showing POFUT1 expression levels in empty vector (EV) and
POFUT1 (mP1) transfected cells using Lipofectamine 2000 (L2K) or polyethylenimine (PEI) (b)
Expression levels of POFUT1 in transiently and stably transfected PHM1 cells. (c) DNA gel
validating primers used for gPCR analysis of HEY1 and HES1. (d) mRNA expression levels of HEY1
and HES1 in PHM1 cells transiently transfected with POFUT1 relative to EV transfected controls at
24 h, 48 h, or 72 h post-transfection. (¢) mRNA expression levels of HEY1 and HES1 in cells stably
expressing EV or POFUT1.

5.4 Generation and characterization of POFUT1 knock down cell lines

Although over-expression of POFUT1 in PHM1 cells did not appear to have a large
effect on Notch signaling, | next examined the effects of POFUT1 knockdown in HCC and
other cells. I first screened a panel of retroviral plasmids containing anti-POFUT1 shRNA in
order to identify one that most efficiently knocked down POFUT1 levels effectively (Table
5.1). Each plasmid also contained a vector for GFP expression, allowing for selection and
tracking of successfully transfected cells. These constructs were screened using HEK293T

because they express high levels of endogenous POFUT1 and are easy to handle.

99




shRNA Sequence (5' to 3')
construct

296 GAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGCCCATGTGTCCTACCAGAAGT
ATAGTGAAGCCACAGATGTATACTTCTGGTAGGACACATGGATGCCTACTGCCTCGGAC
TTCAAGGGGCTAGAATTCGAGCA

322 GAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGCCCAGAAGTACTTCAAGCTGG
ATAGTGAAGCCACAGATGTATCCAGCTTGAAGTACTTCTGGTTGCCTACTGCCTCGGACT
TCAAGGGGCTAGAATTCGAGCA

366 GAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGATCATCAGCTTGGAGGATTTC
ATAGTGAAGCCACAGATGTATGAAATCCTCCAAGCTGATGACTGCCTACTGCCTCGGACT
TCAAGGGGCTAGAATTCGAGCA

454 GAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGACCAGCGAAGCCCAGATAAGA
ATAGTGAAGCCACAGATGTATTCTTATCTGGGCTTCGCTGGGTGCCTACTGCCTCGGACT
TCAAGGGGCTAGAATTCGAGCA

513 GAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGCTCTGGGATCAGTTTCATGTG

ATAGTGAAGCCACAGATGTATCACATGAAACTGATCCCAGAATGCCTACTGCCTCGGACT
TCAAGGGGCTAGAATTCGAGCA

Table 5.1: shRNA construct sequences screened for POFUT1 knock down.

[ then generated retroviruses containing each of these constructs and transduced

HEK293T cells with the resulting virus. After transduction, cells were sorted using

fluorescence-activated cell sorting (FACS) to isolate GFP positive cells. GFP expression was
confirmed using fluorescence microscopy (Fig. 5.4a). Cells were passaged and mRNA was

isolated from cells containing each shRNA construct. RT-qPCR was used to quantify levels

of POFUT1 mRNA from each sample and identify the most effective shRNA for POFUT1

knock down. Based on these results, we determined that the “513” construct knocked down

POFUT1 mRNA levels most effectively (Fig. 5.4b). Knockdown was confirmed by Western

blot for POFUT1 protein (Fig. 5.4c).
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Figure 5.4: Identification of shRNA vector effective for POFUT1 knock down. (a) Images of
cells showing negative control (NC) and POFUT1 knock down cells (513) taken using differential
interference contrast (DIC) microscopy or fluorescence microscopy for GFP. Images show nearly all
cells express GFP containing shRNA constructs. (b) RT-qPCR showing POFUT1 expression levels in
HEK293T cells after transduction with a panel of shRNA containing plasmids. *indicates most
effective knock down (c) Western blot showing knock down of POFUT1 protein levels in cells
transduced with the 513 construct.

Further characterization of POFUT1 knock down HEK293T cells showed that cell
surface expression of Notch was reduced in the absence of POFUT1 (Fig. 5.5a) Additionally,
both DII1 and Jag1 ligand binding were dramatically reduced compared to controls (Fig.
5.5b).

Using the 513 shRNA plasmid, which was most effective for POFUT1 knock down
based on experiments in HEK293T cells, we then knocked down POFUT1 in HepG2 cells, an
HCC cell line with amplified POFUT1. We confirmed expression of the GFP containing
plasmid in these cells (Fig. 5.6a) and examined POFUT1 knock down levels by RT-qPCR and
Western blot (Fig. 5.6b-c). We saw about a 40% knock down in mRNA levels, but only
minimal change was detected at the protein level. Further experiments showed a minor
reduction in the Notch downstream reporter gene HES1, but only a minimal decrease in

HEY1 mRNA levels (Fig. 5.6d). We did, however, see a reduced rate of proliferation in
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POFUT1 knock down cells compared with controls (Fig. 5.6€). Fucose analogs (see Chapter

3) did not significantly affect HepG2 cell proliferation (Fig. 5.6f).
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Figure 5.5: Knock down of POFUT1 reduces Notch cell surface expression and ligand binding
(a) Histogram of Notch cell surface expression levels in negative control (NC) and POFUT1 knock
down cell (513) HEK293T cells. (b) Plots of cells stained with soluble Delta-like ligand 1 (DII1) or
Jagged1 (Jagl). Percentage of ligand bound cells is indicated in each panel.

5.5 Discussion

The studies described here suggest a potential role for POFUT1 in promoting Notch
signaling and proliferation in HCC. We demonstrate successful overexpression of POFUT1
in mouse hepatoblasts, but saw only a minimal effect on Notch signaling in these cells.
Additionally, we efficiently knocked down POFUT1 in HEK293T cells causing a reduction in
Notch cell surface expression and ligand binding. Finally, we show a partial knock down of

POFUT1 in a human HCC cell line, which causes decreased proliferation of these cells.
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Figure 5.6: Knock down of POFUT1 in HepG2 cells may reduce Notch signaling and cell
proliferation. (a) Images of HepG2 cells showing negative control (NC) and POFUT1 knock down
cells (513) taken using differential interference contrast (DIC) microscopy or fluorescence
microscopy for GFP. (b) POFUT1 mRNA expression levels in NC and 513 knock down cells. (c)
POFUT1 protein expression levels in NC and 513 knock down HepG2 cells. (d) mRNA expression
levels of Notch downstream reporters HEY1 and HES1 in NC and 513 knock down HepG?2 cells. (e)
MTT assay for NC and 513 cells measuring relative absorbance (570 nm) at 24, 48 and 72 hours
after cells were plated. (f) MTT assay evaluating the effect of fucose analogs on HepG2 proliferation.

This work suggests that targeting Notch or factors causing its increased activation,
such as POFUT1, may provide a mechanism for reducing HCC growth. Because Notch
signaling plays an important role in regulating CSCs (338) and angiogenesis (328),
inhibition of this pathway might be a useful tool for inhibiting these processes. Further
work will be needed to determine the precise effects of POFUT1 amplification on Notch
signaling and cancer phenotype in the context of HCC. Additional work will be needed in
order to develop tools that might be useful for the inhibition of Notch signaling and
POFUT1. One possibility is the use of fucose analogs (discussed in Chapter 3) to inhibit

Notch signaling that relies on the transfer of fucose by POFUT1.
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Similarly, based on this work and the work of others (141), we might be able to use
POFUT1 amplification as a screening tool to identify cancers likely to respond to anti-Notch
therapies and other anti-angiogenic treatments given the suggested role of Notch signaling
in cancer dependent neo-vascularization. There has been much effort put into the
development of y-secretase inhibitors (GSIs), small molecules that inhibit Notch cleavage
and activation, into anti-Notch signaling therapeutics for cancer. Unfortunately, these drugs
have been shown to cause dangerous side-effects, most notably severe gastrointestinal
tract toxicity (292). More recently, monoclonal antibodies targeting specific Notch
homologues (339) or specific Notch activating ligands (294) have been developed in an
effort to avoid this toxicity. However, no drugs have yet been developed to target Notch’s
post-translational modifiers, which might also serve as an effective mechanism to inhibit
Notch signaling in disease states. This work suggests that targeting these post-translational
modifiers might be a more effective way to target cells over-expressing POFUT1 or the
genes of other post-translational modifiers.

Finally, results presented here demonstrate only a small effect of POFUT1 on Notch
signaling, potentially suggesting a role for other targets of POFUT1 in HCC. Work examining
other POFUT1 target proteins in the context of HCC might reveal new insights into these
cancers and more potential therapeutic targets for its treatment.

Contributions to this work: Data presented in Figure 5.2 was generated by Eric Sawey, a
former graduate student from Dr. Scott Powers lab. Data presented in Figures 5.4, 5.5 and

5.6 was generated with the help of Allen Lee, a former undergraduate student working in
our lab.
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Chapter 6: Mouse Notch3 site mapping
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6.1 Introduction

Protein O-fucosyltransferase 1 (POFUT1) is responsible for modifying EGF repeats
containing the consensus sequence C?2XXXX(S/T)C3 (see section 1.4). Although POFUT1 is
predicted to modify about 100 proteins, its knockout in Drosophila or mice results in
embryonic lethality with Notch-null phenotypes suggesting that Notch is its major target, at
least throughout development (4, 340). The Fringe family of $3-GlcNAc-transferases can
elongate O-fucose residues on EGF repeats with GIcNAc further regulating Notch activity
(127). In mammals there are three Fringe enzymes: Lunatic Fringe (LFNG), Manic Fringe
(MFNG) and Radical Fringe (RFNG). Only in mammals, GIcNAc residues can be further
elongated to a trisaccharide by a [34-galactosyltransferase (341) or a tetrasaccharide by a
sialyltransferase (120).

The three Fringe enzymes have varying specificities for different EGF repeats,
although it remains unclear what factors determine this specificity (125). Nonetheless,
these differing specificities result in distinct effects on Notch signaling (125). Thus,
determining which EGF repeats are modified by which Fringe enzymes is important to gain
a better understanding of the mechanism by which these carbohydrates regulate Notch
signaling. Our lab and others have done much work using mass spectrometry to map O-
fucose sites on Notch EGF repeats.

Mutations in Notch3 can lead to the human disease cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), which causes a
number of physiological abnormalities that lead to dementia and strokes in patients (317).
CADASIL mutations can directly impair elongation of O-fucose residues by Fringe enzymes

(267), suggesting that GIcNAc modifications might play a role in the pathophysiology of this
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disease. Notch3 is also overexpressed or constitutively active in a number of cancer types
including lung cancer (342), hepatocellular carcinoma (343), breast cancer (344),
colorectal cancer (345), and T-cell leukemia (346). Fringes have been implicated in

regulating the activity of Notch3 in these contexts (347, 348).
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Figure 6.1: Mouse Notch3 site mapping summary. (a) Summary slide showing the 34
mNotch3 (mN3) EGF repeats and their modifications with LFNG (+L), MFNG (+M), or RFNG
(+R). * indicates a site where a fucose modification was identified, but no consensus
sequence was present. Peptides that require further work to confirm their identity are
indicated with ?s. Spectra and EICs used to generate this summary are shown in Figure 6.3.
(b) Western blot showing the input and flow through (FT) after purification of secreted
mN3 EGF repeats in the absence of Fringe (-F) or with the three Fringe enzymes (+L, +M or
+R). (c) Gel Code Blue stain showing purified mN3 ECD in the absence of Fringe or with
each of the three Fringe enzymes.

For these reasons it is important to understand how POFUT1 and Fringe enzymes

modify Notch3 EGF repeats. Here [ mapped several O-fucose sites on mNotch3 and
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evaluated the differential effects of the three Fringe enzymes on these modifications. I also

begin to characterize the effects of different Fringe enzymes on Notch3-ligand binding.

6.2 Mouse Notch3 0-glycosylation site mapping

Based on the current consensus sequence for O-fucose modification on EGF repeats,
mNotch3 has 14 predicted modification sites (Fig. 6.1a). In order to map glycan sites on
mNotch3, I transfected HEK293T cells, which do not express endogenous Fringe enzymes,
with a secreted form of mNotch3 and either empty vector, LFNG, MFNG, or RFNG. Protein
was purified, reduced and alkylated, digested and analyzed by nano-LC-MS/MS (Fig. 6.1b-c,
Fig. 6.3).

[ was able to identify high stoichiometry O-fucose modifications at ten of the 14
predicted O-fucose sites on mNotch3 (Fig. 6.1a). At least one predicted modification site
was identified as unmodified (EGF6). Additionally, [ saw a fucose modification at one site
without a classical consensus sequence for O-fucose (EGF23, CGPGTC, only 3 residues
between C2 and the modified T). This modification has been seen previously in our lab
(Eugene Tan’s Undergraduate honor’s thesis). These sites were modified differentially by
the three Fringe enzymes. Of the ten sites modified with fucose, all but two were modified
with GlcNAc by LFNG. Eight of these sites were not elongated with GlcNAc by MFNG and
five were not elongated by RFNG. This data suggests that LFNG modifies Notch EGF repeats
most efficiently. Interestingly, on mNotch3, RFNG modified EGF repeats more efficiently

than MFNG, which represents a departure from what our lab has seen on mNotch1 (125).
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There are also 14 predicted 0-glucose modification sites on mNotch3. [ was able to
confirm the presence of glucose at seven of these sites. All but one of these modifications
were efficiently modified to trisaccharide with xylose.

[ also began to examine the effect of the three Fringe enzymes on mNotch3 ligand
binding. While the Fringe effect was relatively small for mNotch3 relative to what our lab
has seen in mNotch1 and mNotch2, there were some interesting findings. All three Fringes
appeared to cause a slight increase in DLL1 binding (Fig. 6.2a). Only LFNG caused a slight
increase in DLL4 binding, while RFNG caused a slight decrease in DLL4 binding (Fig. 6.2b).
LFNG and MFNG also appeared to cause a slight increase in JAG1 binding to mNotch3 (Fig.
6.2c). Further work will be needed to evaluate the importance of these findings and
determine their effect on mNotch3 signaling.
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Figure 6.2: Ligand binding experiments with mNotch3. Cells were transfected with
mNotch3 and either empty vector (-F), LFNG (+L), MENG (+M), or RFENG (+R). Cells were
isolated and stained with soluble (a) DLL1, (b) DLL4 or (c) JAG1. Ligand concentration
increases along the x-axis.

6.3 Discussion
Here, I have begun to map the 0-glycosylation sites on mNotch3 and investigate
their effects on ligand binding. While more work will be needed to fully validate these

results, they do provide some interesting information. Based on the sites that [ have
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mapped so far, it appears that LFNG most efficiently elongates O-fucose residues on
mNotch3 EGF repeats, a result consistent with previous work on mNotch1 (125). However,
[ see more elongation of mNotch3 O-fucose residues by RFNG than MFNG, which is
different from what our lab has seen in mNotch1 and 2. This may be a way for cells to
differentially regulate Notch signaling from different receptors.

I also identified an O-fucose modification on EGF23 in the absence of a classical
consensus sequence. This EGF repeat has only three residues between C? and the modified
threonine, while the classical consensus sequence requires four residues between these
amino acids. Similar sites on Notch1 and DLL1 are not modified based on previous
literature (110, 111). Further evaluation, such as electron transfer dissociation (ETD)
fragmentation, will be needed to confirm that this fucose is on the indicated threonine.

Finally, preliminary data suggests some differences between the effects of Fringe
elongation on mNotch3 binding compared with mNotch1 and 2. Notably, RFNG appeared to
cause a slight decrease in DLL4 binding and did not affect JAG1 binding levels. More work
will be needed in order to determine how these binding differences affect Notch3 signaling.
The effects on binding were relatively very small, so it will be important to look into the

extent of their effects on signaling.
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Figure 6.3
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Figure 6.3: Spectra and EICs for mNotch 0-glycosylation sites. Samples were generated
in HEK293T cells co-transfected with plasmids encoding mNotch3 EGF1-34 and either
empty vector, LFNG, MFNG, or RFNG. Spectra are representative of data from all four
samples and to the left of each spectra it is indicated which sample that spectra came from
(-F =EV, +L = LFNG, +M = MFNG, +R = RFNG). Above spectra the EGF repeat and peptide
sequence is indicated. Sites predicted to be modified with glucose are highlighted in blue
and fucose modification sites are highlighted in red. Tables (next to each spectra) show the
m/z used for the EIC searches for glycoforms of the peptide and EICs represent relative
amounts of each glycoform. EICs represent empty vector, LFNG, MFNG, and RFNG samples
from left to right. Key: black bar, peptide; red triangle, fucose; empty red triangle, fucose
analog; blue square, GIcNAc; yellow circle, galactose; purple diamond, sialic acid; blue
circle, glucose; yellow star, xylose.
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EGF Sequence [M+H]* | Deglyco | Predicted | O-glycoform
product mass
4 144ACAACPPGYQGQSCQSDIDECRSGTT | 4676.2 | 4368.6 4368.7 G + Fuc
CRHGGTCLNTPGSF182

8 326HGATCHDRVASF337 1504.6 | 1358.5 1358.5 Fuc

11 | ¥>TGPRCETDVNECLSGPCRNQATCLD | 4087.0 | 3514.2 3513.9 GXX + Fuc
RIGQF#54

13 | 598 DVDECASTPCRNGAKCVDQPDGYEC | 4067.0 | 3641.8 3641.9 GXX

RCADGF>38
16 195L,CRCPPGTTGVNCEVNIDDCASNPC | 3542.8 | 3116.0 3116.5 GXX
TF221

19 | 735APDACESQPCQAGGTCTSDGIGFRCT | 3908.6 | 3335.0 3337.6 GXX + Fuc
CAPGF765

21 | 808CQQDVDECAGASPCGPHGTCTNLPG | 3254.2 | 3107.5 3107.3 Fuc

NFR835

23 | 881AGPRCARDVDECLSSPCGPGTCTDH | 3753.8 | 3181.4 3181.5 GXX + Fuc
VASF?09

28 1071CVCPEGRTGSHCEHEVDPCTAQPC | 4211.8 | 3861.5 3862.1 GIcNAc + Fuc

QHGGTCRGY110
29 | 1111CPAGYAGDSCEDNIDECASQPCQNG | 3996.6 | 3423.0 3422.9 GXX + Fuc
GSCIDL1141
34 1321SGPSCRVSRASPSGATNASCASAPC | 4695.8 | 4123.6 4123.8 GXX + Fuc
LHGGSCLPVQSVPFF1360

Table 6.1: Peptides from the MS analysis of mNotch3. Calculated and observed masses
of the glycopeptides in Figure 6.3. All peptides were generated from chymotryptic digests
except EGF21, which was generated from a tryptic digest. Glycoform of the peptide in the

1+ charge state ([M+H]*) is indicated (Fuc, Fucose; G, Glucose; X, Xylose; GIcNAc, N-

acetylglucosamine). Predicted fucose (red), glucose (blue) and GlcNAc (green) modification
sites are indicated on peptide sequences.
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Chapter 7: ADAMTS17 requires O-fucosylation of TSRs
for its secretion
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7.1 Introduction

Extracellular proteases perform many important functions throughout the
formation, remodeling and destruction of the extracellular matrix. The 19 members of the
A Disintegrin And Metalloproteinase with ThromboSpondin motifs (ADAMTS) family
remodel matrix and play important roles in many physiological and pathological processes
(349). These proteins are all secreted zinc metalloproteinases with thrombospondin type-1
repeats (TSR), many of which have consensus sequences (C1-2XX(S/T)C?-3) for O-fucose
modification by POFUT2 (see Table 1.2). These O-fucose residues can be elongated with
glucose by B3GLCT. Many of these proteins require these carbohydrate modifications for
efficient secretion into the extracellular space (143, 147, 149).

ADAMTS17 is an orphan member of the ADAMTS family and has no known
substrates or biological functions. Mutations in ADAMTS17, however, do have well-
established significance in human disease and can cause Weill-Marchesani-like syndrome.
Individuals with this disorder have short stature, ectopia lentis, myopia, and glaucoma
(250, 350). They do not, however, have the joint stiffness, brachydactyly or cardiac valve
disease typically associated with Weill-Marchesani Syndrome (WMS) (351, 352).
ADAMTS17 has also been linked with primary open angle glaucoma (353) and abnormal
height (354, 355).

The ADAMTS17 protein has five TSRs, four of which contain a consensus sequence
for O-fucose modification (Fig. 7.1a). Here, I show that three of these TSRs are efficiently
modified with O-fucose and elongated with glucose. Additionally, I show that these

modifications are required for efficient secretion of ADAMTS17.
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7.2 ADAMTS17 O-fucose site mapping

In order to map O-fucose sites on ADAMTS17, I purified recombinant ADAMTS17
fragments, 1C and 25P (Fig. 7.1a), from the media of transiently transfected HEK293T cells.
Purified fragments were reduced and alkylated, digested with proteases, and analyzed by
LC-MS/MS. ADAMTS17 contains four predicted O-fucose modification sites, three of which
(TSRs 1, 3 and 5) were efficiently modified with the O-fucose-glucose disaccharide. TSR4

was almost entirely unmodified (Fig. 7.1c, Fig. 7.3, Table 7.1).

a * * % *
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FL I A domain domain 1| module module |2 |34 |5 [P
* O-fucosylation site 1‘ T
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6390P 1C | 11 module 25P 12131415 |P
b TSR O-fucosylation
POFUT2 4 B3GLCT Peptide
CXX(S/T)C CXX(S/T)C CXX(S/T)C A Fucose
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Figure 7.1: ADAMTS17 is O-fucosylated by POFUT2. (a) Constructs used for secretion assays and
LC-MS/MS. O-Fucosylation sites are indicated by asterisks. (b) Schematic of TSR O-fucosylation with
enzymes and substrates. (c) Extracted ion chromatograms (EICs) of the ions corresponding to
unmodified (black), O-fucose (red), and O-fucose-glucose (blue) glycoforms of peptides as identified
by nano-LC-MS/MS. The peptide from each TSR (as indicated) that was used for generation of EICs
is shown above each chromatogram. Modified residues are indicated in red. Spectra for these
glycopeptides, and the masses used to generate the EICs, are shown in Figure 7.3.
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7.3 O-Fucosylation is required for ADAMTS17 secretion

In order to evaluate the importance of O-glycosylation for ADAMTS17 secretion, we
utilized POFUT2 and B3GLCT CRISPR-Cas9 knockout HEK293T cells, eliminating O-
fucosylation of TSRs or elongation with glucose, respectively. The 1C and 25P ADAMTS17
fragments and full length ADAMTS17 bearing an E390A mutation (ADAMTS17E4) (Fig.
7.1a) were used to evaluate secretion of ADAMTS17 proteins with variable numbers of
modified TSRs. ADAMTS17E4 was used instead of WT ADAMTS17 in order to eliminate its
auto-catalytic activity, which allows for easier detection of protein in the media (269). IgG
was used as a secretion control because it does not contain any TSRs.

Analysis of lysates from transfectants demonstrated minimal effect of POFUT1 or
B3GLCT knock outs on production of ADAMTS17 protein in HEK293T cells (Fig. 7.2a).
However, levels of ADAMTS17 secreted into the media were reduced in knock out cell lines
(Fig. 7.2b). Quantification of Western blot bands confirmed that the B3GLCT and POFUT2
knockouts had no significant effect on protein levels in cell lysates (Fig. 7.2c). However, in
the B3GLCT knockout secretion of 1C was not affected, but secretion of 25P and
ADAMTS17EA were each significantly reduced, correlating with the presence of 1, 2 or 3 O-
fucosylation sites, respectively (Fig. 7.2d). In the absence of POFUT?2, secretion of 1C into
the medium was significantly reduced and secretion of 25P and ADAMTS17EA were nearly
eliminated (Fig. 7.2d). These results demonstrate that ADAMTS17 is extensively modified
with O-fucose-glucose disaccharide and that these modifications play an important role in

the regulation of ADAMTS17 secretion.
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Figure 7.2: O-Fucosylation of TSRs on ADAMTS17 is required for its efficient secretion. (a-b)
Representative images from Western blot analysis of (a) lysates and (b) media from negative
control (NC1 and NC2) HEK293T cells or B3GLCT or POFUT2-null HEK293T cells that were
transiently transfected with ADAMTS17-1C (1C), ADAMTS17-25P (25P) and ADAMTS17EA (E390A).
Co-transfected IgG (green) was used as a secretion control for quantification because it does not
contain TSRs. (c-d) Quantification of the integrated densities of the respective bands normalized to
IgG (n=3) for (c) lysates and (d) media samples. Statistical significance was calculated using a two-
sided Student t-test and compared to the band intensity measured after secretion from the average
of NC1 and NC2 cells. *p<.05, **p<.01, ***p<.001
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7.4 Discussion

O-Fucosylation is an unusual modification found on TSR-containing proteins,
including the ADAMTS family members, all of which contain the consensus sequence for
this modification in one or more TSRs (119). Here, [ show that ADAMTS17 is in fact
modified by POFUT2 and elongated by B3GLCT at three sites. Additionally, I demonstrate
that knock out of either of these glycosyltransferases results in impaired secretion of this
protein.

My mass spectrometry data shows that three of four TSRs containing a consensus
sequence for POFUT2 modification are efficiently modified with disaccharide. It is of note
that the three sites that are efficiently modified by POFUT2 are all modified with fucose at
threonine residues. The TSR that is not modified contains a serine at this position. This
supports previous work suggesting that threonine is the preferred substrate for POFUT2
relative to serine (114).

These results support the idea that O-fucosylation serves as a quality control
mechanism allowing only for the secretion of proteins with properly folded TSRs (147). It
has previously been shown that other members of the ADAMTS family, including
ADAMTS9, ADAMTS13, ADAMTSL1, and ADAMTSL2 (143, 147, 149, 150), are subject to
similar regulation. Here, | additionally demonstrate that ADAMTS17 is not only subject to
this type of regulation, but protein fragments with a greater number of O-fucosylation sites
appear to be more affected by elimination of POFUT2 and B3GLCT.

Interestingly, in Peters Plus Syndrome, a disorder caused by mutations in B3GLCT,
patients exhibit ocular anterior segment dysgenesis, short stature and brachydactyly (151).

These are all features that are also associated with mutations in ADAMTS17 (250, 350).
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Our data suggests that elimination of B3GLCT causes reduced secretion of ADAMTS17,

which might be partially responsible for these Peters Plus Syndrome phenotypes.
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Figure 7.3
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Figure 7.3: Mass spectra of O-glycosylation on ADAMTS17. ADAMTS17 fragments were purified
from HEK293T cells and prepared for mass spectrometry. Peptides corresponding to TSRs with
fucose modification sites were identified and are indicated above each spectrum. The top panel for
each peptide shows the MS spectra at a specific retention time. Red diamonds indicate ions chosen
for fragmentation. Bottom panels represent the MS2 spectra corresponding to the appropriate
parent ion. Blue diamonds in the MS2 spectra indicate the position of the parent ion. Peaks
representing different glycoforms of each peptide and predicted b and y ions are indicated. Tables
to the right of the spectra show ions searched in the EICs in Fig. 7.1c. Red triangles represent fucose
(dHexose). Blue circles are glucose (Hexose).
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TSR Sequence Charge | [M+nH]"* |[M+nH-Hex]"*([M+nH-dHex-Hex]"*| Calculated
(n) mass
1 555CSRTCGTGARF565 2 791.5 709.9 636.9 636.8
1 555CSRTCGTGARF565 3 528.0 473.7 425.0 424.9
3 871SPCSATCEKGF88! 2 776.9 695.3 622.4 622.3
4 931SQCSASCGKGVW942 2 -- -- 664.3 663.8
5 978TGDWSTCSSTCGK?90 2 820.2 738.8 665.9 666.3

Table 7.1: Peptides from the MS analysis of ADAMTS17: Calculated and observed masses of the
glycopeptides in Figures 7.1 and 7.3. All peptides were generated from chymotryptic digests except
TSR5, which was generated from a tryptic digest. Three forms of each peptide were detected: fully
modified with fucose and glucose ([M+nH]»+), the monosaccharide form modified only with fucose
([M+nH-Hex]»*) and unmodified form ([M+nH-dHex-Hex]n+). Average mass of the peptide was used
for theoretical calculations. Note that for TSR 1 two different charge states of the same peptide
were observed.
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Chapter 8: Characterization of two novel Notch
modifying protein O-glucosyltransferases: POGLUT2 and
POGLUT3
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8.1 Introduction

EGF repeats can be modified with several O-linked carbohydrate modifications. O-
Fucose modifications have been the major focus of this dissertation to this point and are
discussed in detail in previous chapters. However, EGF repeats can also be modified with O-
GIcNAc (298) and O-glucose (356) (Fig. 8.1a). EGF Domain Specific O-linked N-
Acetylglucosamine Transferase (EOGT) is responsible for the addition of O-GlcNAc
modifications between the fifth and sixth cysteines of EGF repeats (357). These
modifications appear to be important for normal Notch signaling (358) and mutations in
EOGT have been associated with Adams-Oliver syndrome, a rare congenital disorder in
humans causing scalp and terminal limb defects (359, 360). The enzyme Protein O-
Glucosyltransferase 1 (POGLUT1) modifies EGF-repeats with O-glucose between the first
and second cysteines (356). [t is also required for normal Notch signaling (356) and its
knockout in mice results in embryonic lethality with strong Notch phenotypes including
somitogenesis and cardiogenesis defects (361).

In addition to these well-studied modifications, mass spectrometry data from
another group suggested that EGF repeat 11 on Notch1 can be modified with an additional
O-linked hexose between its third and fourth cysteines (312). Significantly, this is a distinct
location from O-glucose modification added by POGLUT1 (Fig. 8.1a). A recent co-crystal
structure of Notch1 and Delta-like ligand 4 (DLL4) also identified this O-linked hexose
residue. Further, the crystal structure suggested that this sugar is located at the Notch1-
DLL4 binding site and participates directly in the binding interaction between Notch1 and

DLL4 (Fig. 8.1b) (126).
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Figure 8.1: EGF repeats can be modified with a hexose between their third and fourth
cysteines. (a) Cartoon showing O-linked carbohydrate modifications on EGF repeats and the
enzymes responsible for their transfer. The novel 0-glucose modification is highlighted by a red
oval (331). (b) Co-crystal structure showing this novel 0-glucose modification at the binding site
between Notchl and DLL4 (126). (c) Extracted ion chromatograms (EICs) showing EGF repeats
with potential novel O-glucose sites. See Figure 8.6 for spectra, peptide information and m/z ratios
used to generate EICs. (d) Sequences of EGF repeats shown in Figures 8.1c. Conserved cysteines are
bolded. O-Fucose modification sites are highlighted in red and novel O-glucose modification sites
highlighted in blue. Dr. Hideyuki Takeuchi generated EIC for mNotch1 (mN1) EGF11.

The finding of a novel O-linked hexose on an EGF repeat suggested that a novel
enzyme must be responsible for its addition. CAP10-domain (a fungal glycosyltransferase
domain) containing proteins, KDELC1 and KDELC2, show homology with POGLUT1 (Fig.
8.2a), but cannot modify EGF repeats at POGLUT1 consensus sequences or rescue
POGLUT1 knockout (362). These enzymes have endoplasmic reticulum (ER) localization

sequences (KDEL) and are presumably localized to the ER. KDELC1 has recently been
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implicated to play a role in hepatic dysfunction (363), but the function of these enzymes
remains poorly understood.

Here, we confirm the presence of an O-glucose residue between the third and fourth
cysteines of EGF 11 on mouse Notch1 (mNotch1). Additionally, we identify other similar
glucose modification sites on mNotch1 and mNotch3 EGF repeats. We demonstrate that
KDELC1 and KDELC2 are protein O-glucosyltransferases that transfer glucose to these
sites. Finally, we show that these modifications play an important role in regulating Notch

cell surface expression and signaling.

8.2 POGLUTZ2 and POGLUT3 modify novel O-glucose sites on EGF repeats

Using nano-LC-MS/MS we identified an unusual hexose residue on peptides from
EGF11 on mNotch1 and EGFs 4, 10 and 27 on mNotch3 (Fig. 8.1c). This modification at EGF
11 has been previously described (126, 312), but to our knowledge this modification has
not been identified on other EGF repeats. Interestingly, we did not see any modification on
EGF8 of mNotch3 (Fig. 8.1c), which contains a similar sequences between its third and
fourth cysteines (Fig. 8.1c-d). Further work will be needed to determine a true consensus
sequence for this modification.

Due to their homology with POGLUT1 (Fig. 8.2a), we next assessed whether KDELC1
or KDELC2 were able to modify a peptide from mNotch1 EGFs 11-13 containing this site.
Since neither the mass spectral data (Fig. 8.1c) nor the electron density in the crystal
structure (126) could distinguish between hexoses, we used both UDP-glucose and UDP-
galactose as donor substrates. We incubated a fragment of mNotch1 with each of the UDP-

hexoses and either POGLUT1, KDELC1 or KDELC2. The products were digested with
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trypsin and analyzed by nano-LC-MS/MS (Fig. 8.2b). Results demonstrated that both
KDELC1 and KDELC2 were able to transfer an O-glucose onto the peptide from EGF11, but
POGLUT1 could not. O-Galactose was not transferred by any of the three enzymes (Fig.
8.2b). Thus KDELC1 and KDELC2 are protein O-glucosyltransferases and will be referred to

as POGLUT2 and POGLUTS3, respectively.
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Figure 8.2: KDELC1 and KDELC2 modify a novel O-glucose site on mNotchl EGF11 (a)
Structures of mouse CAP10 containing proteins and their homology to Drosophila Rumi (dRumi)
(361). (b) EGF repeats 11-13 from mNotch1 was incubated with POGLUT1, KDELC1, or KDELC2 and
either UDP-glucose (UDP-Glc) or UDP-galactose (UDP-Gal). Products were reduced/alkylated,
digested with trypsin, and analyzed by nano-LC-MS/MS. EICs of modified (blue lines) or unmodified
(black lines) peptide from EGF11 (shown above) are shown. Masses used to generate EICs are
indicated. Data presented in this figure was generated by Dr. Hideyuki Takeuchi.
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8.3 Elimination of the novel O-glucose modification site causes decreased cell surface
expression of Notch and reduced Notch signaling

We next set out to determine whether these glucose residues play a role in
regulating Notch signaling. In order to do this, we eliminated the serine residue on
mNotch1 EGF11 that is modified with O-glucose (S435A) using site directed mutagenesis.
We chose this site because it was modified at high stoichiometry based on our mass
spectrometry data (Fig. 8.1c) and is located at the binding site between Notch1 and Delta-
like ligands (Fig. 8.1b) (126). We then examined cell surface expression and ligand binding
ability of this mutant compared to a WT control (Fig. 8.3). Neither cell surface expression
nor ligand binding by DLL1 or Jagged1 (JAG1) was affected by this mutation alone (Fig.
8.3).

In order to further probe this question, we generated mNotch1 double mutants,
bearing both the S435A mutation and mutations at O-fucose modification sites on either
EGF8 or EGF12. O-Fucose residues at these sites play important roles in regulating Notch-
ligand binding and Notch signaling (125, 126). We hypothesized that O-glucose residues
might serve a redundant function with O-fucose at these sites and that we might see a more
dramatic reduction in Notch ligand binding and signaling in the double mutants compared
with the O-fucose site single mutants. Our data showed that the S435A/EGF8 double
mutant bound both DLL1 and JAG1 ligands significantly less efficiently than the EGF8 single
mutant. Binding levels for both DLL1 and JAG1 in the S435A/EGF12 double mutant,
however, did not differ significantly from the EGF12 single mutant (Fig. 8.3a-b).
Interestingly, cell surface expression of the S435A/EGF8 double mutant was dramatically

reduced relative to the EGF8 single mutant, suggesting that reduced cell surface expression
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of Notch receptors is at least partially responsible for the reduction in ligand binding seen

in this mutant. Cell surface expression of other mutants was relatively unaffected (Fig. 8.3c-

d).
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Figure 8.3: 0-Glucose on mNotch1 EGF11 is involved in regulation of Notch ligand binding
and cell surface expression. (a) Cell based ligand-binding assays with Delta-like ligand 1 (DLL1)
and mNotch1l mutants. (b) Cell based ligand-binding assays with Jagged1 (JAG1) and mNotch1l
mutants. (c) Cell surface expression levels of mNotch1 based on cell surface antibody staining. (d)
Western blot showing expression levels of full length (FL) and transmembrane (TM) mNotch1 in
mutants. The S435A/EGF8 mutant has markedly lower levels of TM protein. One-way ANOVAs with
Tukey’s post hoc analysis were used to assess statistical significance, *p<.05, **p<.01, ***p<.001.

Cell-based co-culture assays showed similar results. The S435A mutation did not
significantly affect either DLL1 or JAG1 induced Notch signaling on its own (Fig. 8.4a-b).

The S435A/EGF8 double mutant showed significantly reduced DLL1-mediated signaling
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compared to the EGF8 single mutant. Interestingly, DLL1 mediating signaling in the
S435A/EGF12 double mutant was significantly reduced relative to the EGF12 single mutant
(Fig. 8.4a). There were no significant differences in JAG1 mediated signaling between the

double mutants and single mutant controls.
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Figure 8.4: 0-Glucose on mNotchl EGF11 is important for Notch signaling. (a) Cell based
signaling assays with Delta-like ligand 1 (DLL1) and mNotch1l mutants. (b) Cell based signaling
assays with Jagged1 (JAG1) and mNotchl mutants. (c) Plate coating assays for DLL1, DLL4, and
JAG1 mediated signaling with Notch mutants at low concentrations of ligand. ANOVAs with Tukey’s
post hoc analysis were used to assess statistical significance, *p<.05, **p<.01, ***p<.001.

However, we did see a trend towards decreased activity in both of the double
mutants compared with their respective controls (Fig. 8.4b). We also used a plate-coating
assay with low concentrations of ligand to evaluate the effect of the S435A mutation under

weaker signaling conditions. Interestingly, under these conditions the S435A mutation

134




caused a decrease in DLL1 mediated Notch signaling (Fig. 8.4c). DLL4 and JAG1 mediated
signaling were not significantly affected by the S435A mutation (Fig. 8.4c). We confirmed
expression of POGLUTZ2 and POGLUTS3 in cell lines used for these analyses to reduce the
likelihood that the binding and signaling defects seen in the mutants were unrelated to

enzymatic modification of EGF repeats (Fig. 8.5).

a Primer
Figure 8.5: POGLUT2 and POGLUT3 are
GAPDH POGLUT2POGLUTS expressed in HEK293T cells and NIH3T3 cells.
293T |16.08333) 24.55 22.31 (a) Total mRNA was isolated from HEK293T and
3T3  |15.76666/23.79333]  22.62 NIH3T3 cells. Random primers were used to
generate cDNA. Primers specific for POGLUT2 or
b HEK293T NIH3T3 POGLUT3 were used in a RT-qPCR reaction to
estimate mRNA levels of each of these genes.
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8.4 Discussion

0-Glycosylation of EGF repeats plays an extremely important role in the regulation
of protein behavior. The data shown here confirms the presence of a novel 0-glucosylation
site on Notch EGF repeats. We identify several EGF repeats on mNotch1 and mNotch3 that
are substrates for this modification. Further, we show that the enzymes responsible for
these modifications are POGLUT2 and POGLUT3 (formerly KDCLC1 and KDELC2). Finally,
our data indicates that modification of this site on mNotch1 EGF11 plays an important role
in regulating Notch behavior.

Previous work has suggested the presence of a hexose residue on $43> of mNotch1

EGF11 (126, 312). We confirmed the presence of this residue using mass spectrometry and
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identified several other similar sites on other Notch EGF repeats. Further, we demonstrated
that UDP-glucose, not UDP-galactose, is the substrate added to these EGF repeats. We also
identified an EGF repeat that appears to have a similar sites between its third and fourth
cysteines, but was not modified. However, we did not identify any characteristic features of
modified sites that were not seen on this unmodified site. Further work examining more
EGF repeats on Notch and other proteins will be important in determining a consensus
sequence for this modification.

We also identify the enzymes responsible for catalyzing this reaction. POGLUT2 and
POGLUT3 were previously orphan enzymes without a known function. Based on their
homology with POGLUT1, we were able to identify them as candidate O-
glucosyltransferases that might be responsible for this unusual glucose modification (361).
Further work will be needed in order to characterize differences between these two
enzymes and examine their specificities for different EGF repeats. While they both modified
EGF11 of mNotchl, this may not be true for other modification sites.

Finally, we demonstrate that these enzymes play an important role in regulating
Notch activity. While elimination of EGF11 alone had only a minimal effect on Notch
behavior, this modification appeared to have a redundant function with O-fucose residues
at EGFs 8 and 12. Interestingly, it appeared to be especially important in promoting cell
surface expression and Notch signaling in the absence of fucose on EGF8. This suggests a
role for these carbohydrate modifications in protein folding and/or transport through the
ER and Golgi apparatus.

We also identified an important effect on Notch signaling and binding in the absence

of these same O-fucose residues. While much of this effect, especially for the S435A/EGF8
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double mutant, was likely caused by decreased cell surface expression, there did appear to
be an additional decrease in DLL1 mediated signaling in the S435A/EGF12 double mutant.
Both the O-fucose on EGF12 and this novel O-glucose on EGF11 of mNotch1 are located at
the binding site between Delta-like ligands and the Notch1 receptor (126) and this data
suggest that they both contribute to enhancing ligand-receptor binding affinity. This data
was supported by the plate coating assay data, which also suggested that under weaker
signaling conditions the S435A mutation disrupted DLL1 mediated Notch signaling.
Together, this data suggests that in weaker signaling conditions (i.e. the absence of O-
fucose on EGF12 or low concentrations of ligand), the glucose on EGF11 becomes

important for promoting Notch-DLL binding and signaling.
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Figure 8.6: Mass spectra of novel 0-glucose sites on Notch receptors. A secreted form
of the extracellular domain of mNotch1 or mNotch3 was overexpressed in HEK293T cells,
purified and prepared for mass spectrometry. Peptides corresponding to EGF repeats with
potential novel 0-glucose modification sites were identified and are indicated above each
spectrum with predicted glucose modification sites shown in blue and fucose modification
sites shown in red. The top panel for each peptide shows the MS spectra at a specific
retention time. Red diamonds indicate ions chosen for fragmentation. Bottom panels
represent the MS2 spectra corresponding to the appropriate parent ion. Blue diamonds in
the MS2 spectra indicate the position of the parent ion. Peaks representing different
glycoforms of each peptide and predicted b and y ions are indicated. Tables to the right of
the spectra show ions searched in the EICs in Fig. 8.1c. Red triangles represent fucose
(dHexose). Blue circles are glucose (Hexose).
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EGF Sequence [M+H]* | Deglyco | Predicted | O-glycoform
product mass

mN1 | 429CLNTLGSFECQCLCLQGYTGPR182 | 2526.1 | 2364.1 -- Glu

EGF11

mN3 | *ACAACPPGYQGQSCQSDIDECRSG | 4676.2 | 4368.6 4368.7 Glu + Fuc

EGF4 TTCRHGGTCLNTPGSF182

mN3 326HGATCHDRVASF337 1504.6 | 1358.5 1358.5 Fuc

EGF8

mN3 409CVNTQGSFLCQCGR#22 1848.0 | 1686.2 1687.0 Glu

EGF10

mN3 1066GRSHYCVCPEGR1077 1639.3 | 1477.0 1478.6 Glu

EGF27

Table 8.1: Peptides from the MS analysis of potential novel 0-glucosylation sites:
Calculated and observed masses of the glycopeptides in Figures 8.1 and 8.6. Glycoform of

the peptide in the 1* charge state ([M+H]*) is indicated (Fuc, Fucose; Glu, Glucose).

Predicted fucose (red) and glucose (blue) modification sites are indicated on peptide
sequences.
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Chapter 9: Conclusions and future directions
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9.1 Conclusions

In this dissertation I have outlined my work studying the roles of O-linked glycans in
regulating protein behavior. The major focus of this work was to characterize the effects of
fucose analogs on Notch signaling. Previous work, from our lab and others, suggested that
fucose analogs could be tolerated by POFUT1 and affect protein behavior. Here, I
demonstrated that they could be used to specifically inhibit Delta-like ligand mediated
Notch signaling. This result is significant because it suggests that altering glycan
modifications on Notch receptors can have different effects on different Notch activating
ligands. To our knowledge, this is the first small-molecule inhibitor that has different
effects on the two families of Notch ligands. These fucose analogs expand the panel of tools
available for the inhibition of Notch signaling and provide a unique specificity that allows
for an inhibition of Notch activation more broad than with monoclonal antibodies, but
more specific than with y-secretase inhibitors. Here, I additionally showed that they could
be used to slow proliferation of glioma cells and inhibit signaling in constitutively active T-
ALL mutant Notch receptors, suggesting at least some therapeutic potential. Further, these
fucose analogs have the potential to help us better understand mechanisms behind Notch
signaling, especially as we examine differences between Delta-like ligand and Jagged ligand
mediated signaling.

[ also began to characterize the effects of increased or decreased O-fucosylation in
several systems. This work demonstrates the importance of O-fucose in human physiology
and pathology. I first described a patient with a POFUT1 mutation causing deficient
fucosyltransferase activity. We showed that this mutation eliminated an N-glycosylation

consensus sequence on POFUT1 and dramatically reduced its enzymatic activity. I showed
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that this resulted in reduced Notch signaling, suggesting one potential mechanism for some
of this patient’s congenital defects. Next, | examined the role of POFUT1 in hepatocellular
carcinoma. [ was able to generate POFUT1 knockout cell lines and demonstrated that this
knockout affected Notch signaling and hepatocellular carcinoma proliferation. Finally, I
examined the effect of O-fucosylation on ADAMTS17 secretion. Mutations in this
metalloproteinase can cause Weill Marchesani-like syndrome in humans. I showed that
reduced glycosylation was required for efficient secretion of ADAMTS17, which may
explain some phenotypes associated with POFUT2 knockout in mice.

Additionally, I began to map O-glycan sites on mouse Notch3 revealing some
interesting findings. In my search for carbohydrate modifications on Notch3, I identified a
novel O-glucose modification on some Notch EGF repeats. This prompted further work to
characterize these modifications. Our lab was able to identify the enzymes responsible for
catalyzing these O-glucose additions. [ also began to characterize the effects of these novel
glycans on Notch signaling. These results suggest that under weaker signaling conditions
these residues become important for promoting Notch cell surface expression and ligand

induced signaling.

9.2 Questions requiring further examination

While the work presented here helps to advance our understanding of Notch
signaling and O-glycosylation, there remain many questions to be answered. Further work
will be needed to pinpoint the mechanism behind fucose analog inhibition of Notch
signaling. Once this is more precisely understood, we can begin to rationally generate new

sugar analogs or other tools that can be used to more precisely target Notch signaling
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initiated by specific ligands. We now know that POFUT1 tolerates modifications at the C6
position of fucose, so altering the modifications at this site might affect ligand specificity of
Notch receptors containing this fucose analog modifications. Generating analogs at other
carbon positions will also be interesting and if utilized by POFUT1, modifications at other
positions might also alter ligand specificity or block Fringe elongation. Experiments to
examine the effects of fucose analogs in vivo will also be useful in determining their off
target effects. It is likely that the utility of blocking Notch for inhibition of cancer
proliferation will be more pronounced in vivo where Notch signaling that is involved in
complex systems including angiogenesis, cancer stem cell maintenance, cell-cell
interactions, etc. becomes relevant.

More work will also be needed to improve our understanding of the role of O-
glycans in disease. As we improve our understanding of the role of O-fucosyltransferases in
regulating protein function as it relates to human disease, this will open up the door to new
potential therapies to treat these disorders. As genomic sequencing becomes more readily
available, it is likely that we will continue to identify mutations in these types of genes
similar to those described here. Understanding the role these enzymes play in regulating
protein behavior will be extremely important as we try to better understand and treat
these disorders. Hepatocellular carcinoma may be one potential target for a specific
POFUT1 inhibitor, but much more work will need to be done to better understand the role
this enzyme plays in the disease. Additionally, a better understanding of which proteins are
POFUT1 and POFUT?2 targets and how they are affected by O-fucosylation will be important

for interpreting disease symptoms.
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Lastly, more work will be needed to fully map and understand the role of O-fucose
residues on specific EGF repeats, as has been done for Notch1. Work will be needed to
complete the glycosylation site mapping of this Notch3 and examine the effects of
individual site mutants on Notch-ligand binding and signaling. It will also be extremely
important to continue to characterize the role that the novel O-glucose that we identified at
sites on mouse Notch1 and mouse Notch3 plays in regulating Notch cell surface expression
and signaling. Further site mapping will be needed in order to determine a consensus
sequence for this unusual O-glucose modification. POGLUT2 and POGLUT3 knockout cell
lines and potentially knockout mice will be useful in determining the role these enzymes

play in regulating Notch signaling and perhaps their role in regulating other proteins.
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